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Line width parameters for a number of spectral linés
in the pure rotational spectrum of formaldehyde (CH, ®) énd
formic acid (HCOOH) have been measured using a source- .
modulated microwave spectrograph. All transitions studied
in this investigation were of the type AJ=0 (i.e. Q-br%nch

transitions), with AK . =0 and AK,,=+1. The center fre~;

1
quencies of the measured lines varied from 8662.0 MHz té
48612.70 Mz, '

All experimentally measured line width's Av, were
corrected for broadening due to Modulation and Doppler
effects. No corrections had to be made for line broadeding
due to saturation effects, collisions with the walls ofé
the cell, etc. as their contribution to the line width i%
negligible, l

Line width parameters Avp,'for the several observed
transitions were determined by graphing half-widths vers%s
pressure for each spectral line, and performing a linear
least-square fit on the data points. Repeatability meas%re—

ments indicated the accuracy of the line width parameter%

to be better than *7 per cent. Broadening of each spectral

- line was measured for self broadening and foreign-gas




broédening bf atomic helium and diatomic hydrogen. Effective
collision diameters were calculated for each broadening
interaction, based on the observed rates of broadening.

Measurements on the formic acid system indicate that,
for self broadening interactions, there is a dependence of
the collision diameters on the quantum number J. The
collision diameters (for HCOOH-HCOOH interactions) were
found to be approximately constant (12,3 3) for J<12, then to
decrease in the range 35J%32. Collision diameters for He
and H, were found to he approximately constant over fhe
range 3<J<32. |

For the formaldehyde system, the self broadening
collision diameters (at low pPressures) were found to vary
in magnitude from 11.70 - 15.90 K over the range 7<J<25.
Diameters due to foreign-gas (He and H,) broadening also
displayed fluctuations for the different lines over the
fange 75J=225,

The experimentally determined collision diameters for
self broadening interactions involving HCOOH and CH,O0
molecules were found to be 2 - 27 per cent less than fhose
caléulated by the MUIphy—Boggs theory of collision broadening.
Much better agreement between a simplified broadening scheme
for symmetric top molecules and the observed foreign-gas

collision diameters is obtained by using Birnbaum's theory.
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For a number of CH,O lines an anomalous behavior was
observed in some of the graphs of half-widths Yersus pressure.
Namely, the slope of the graphs décasionally changed abruptly
at a particular pressure. This éffect was found to be
pressure and temperature dependent and a possible explan-

ation based on collisional pumping of rotational levels is

discussed.
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CHAPTER I
INTRODUCTION

Although one can trace the beginning of microwave
spectroscopy to the historic experiments of Cleeton and
Williamst in 1934 on the inversion spectrum of ammonia, no
further papers appeared in the literature until 1946. The
concentrated research on microwave radar during World War
IT provided the necessary instrumentation and the stimulus
for a rapid development of this field of spectroscopy during
the past three decades. Absorption spectroscopy in the
microwave region has revealed not only new information on
intermolecular interactions but has provided researchers
with an extremely precise method of obtaining important
molecular and nuclear parameters. Some of the parameters
which can be obtained from microwave analysis are bond
angles, interatomic distances, molecular dipole and molecular
quadrupole moments, atomic masses, nuclear spins, and nuclear
gquadrupole moments.

The microwave region comprises that part of the electro-
magnetic spectrum which lies between the far infrared and
the conventional radio frequency region. Though its bound-
aries are not precisely fixed, the region may be regarded

as extending from about 1 mm to 30 cm in wave length




(300,000 MHz to 100 MHz in frequency). One may also define
the microwave region on the basis of the type of spectral
studies to which it is best suited. Bearing in mind a
number of outstanding exceptions, I may say that in the
microwave region transitions between rotational energy
levels are directly observed with nuclear effects appearing
as first order perturbations.2 As examples of the exceptions
mentioned above, there are differences between certain
electronic energy levels which fall within the microwave
Tegion. The most notable example of this is the Lamb-
Retherford shift> in the spectrum of hydrogen. There are
also a few outstanding examples of certain light molecules
like HC1l and NH, for which pure rotational lines have been
measured in the far infrared region. Nevertheless, by far
the greater proportion of pure rotational lines are measur-
able in the microwave region only.

Two restrictions are commonly placed on molecules which
exhibit pure rotational absorption spectra: (1) they must
possess a permanent dipole moment {(with certain exceptions
of induced dipole moments in non-polar liquids), and (2)
they should have sufficient vapor pressure to give an
observable microwave spectrum. The first restriction is
imposed because the intensity of a rotational spectral line
1s directly proportional to the square of the dipole moment
matrix element? connecting the two rotational levels in

question. The second restriction is also essential since




extremely high resolution is achieved only with gaseous
samples.> Despite these two restrictions there are large
classes of compounds to which microwave analysis 1s possible.

A basic apparatus for observing microwave absorption
spectra is shown in Figure 1. The source of radiation (a
klystron) is varied inlfrequency by a saw-tooth voltage
pulse in such a way that the frequency output produces time
varying signals from the molecular transitions being induced.
As the frequency of the source is swept through 'a frequency
corresponding to an allowed transition within the molecule
present in the absorption cell, a part of the radiation is
absorbed by the molecule. This absorption appears as a
power 'dip" at the detector (generally a crystal diode).
Application of the time varying saw-tooth to the radiation
will produce a display on the read-out device, here an
oscilloscope. The apparatus shown in Figure 1 is very
basic and gives only the minimum requirements for doing
microwave spectroscopy. A more detailed description of the
microwave spectrometer used in this study is given in
chapter V.

Since the rotational motion of a molecule is quantized,
transitions between rotatienal energy levels are characterized
by well defined resonances or spectral line "shapes.'" Figure
2 shows a typical resonance pattern for a rotational energy
transition in the microwave region. Microwave spectral lines

at low pressures ( P < 1 atm.) have a Lorenztian shape.6
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Fig. 1. Basic apparatus for observing microwave spectra.
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Fig. 2. Absorption profile of a Lorentzian line shape.




The frequency at maximum absorption, « is known as the

0 »
line frequency of the transition and is normally labelled

vﬂ. The total frequency width of the line at half maximum
absorption is denoted by 2Av, where Av is referred to

as the half width of the spectral line.

From a systematic and precise determination of half
widths of spectral lines it is possible to infer interaction
parameters and interaction processes which take place between
molecules being observed. Two groups of interactions are
generally studied. These can be broadly classified under
the headings "self-broadening" and "foreign-gas broadening."

When investigations of self broadening are being made
all the molecules within the absorption cell are of one
kind. On the other hand, in the foreign gas broadening
scheme interactions between different types of molecules are
studied. In these investigations the quantity of physical
importance is the "line width parameter" denoted by Avp
This quantity is the slope of the curve obtained by plotting

Av against pressure. From a knowledge of Ay along with

P
other molecular parameters it is possible to deduce an
effective collision diameter for interactions between the
type molecules being studied.

The molecules under investigation in this study are
formaldehyde (also known as methanal or oxomethane) and

formic acid (also known as methanoic acid). Both CH,0 and

HCOOH are planar, near-prolate asymmetric top molecules




(i.e., no two principal moments of inertia are equal, but the
two largest moments are approximately equal}. The structures
of CH,0 and HCOOH in their electronic ground states are
shown in Figures 3 and 4 respectiveiy.

Formaldehyde is a gas at temperatures above -19°C,

although it has a tendency to polymerize7

at temperatures
near 100°C. It has a large permanent dipole moment® of 2.34
Debyes ( 1 D = 10 '°® esu) parallel to the a-axis (i.e., the
axis of smallest inertial moment), and has a rotational
spectrum 1in the microwave region.

On the other hand, formic acid is a liquid at room
temperatures with an appreciable vapor pressure ( ~10.96 Torr
ar 300°K). Unlike formaldehyde, formic acid has components
of the permanent dipole moment both parailel and perpendicular
to the axis of the smallest inertial moment (the a-axis). The
direction of the dipole moment is shown in Figure 4. The
magnitudeg of the total dipole moment is 1.415 Debyes. The
two components b, and wy ) have magnitudes 1.39 Debyes and
0.26 Debyes respectively. Due to the small magnitude of By
all transitions dependent on this component of the dipole
moment are extremely weak and only a few have been observed. 10
Only p,-type transitions have been studied in this investigation.
Like formaldehyde, formic acid has a rotational spectrum in the
microwave region. Consequently, it can be studied by microwave

techniques.
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Fig. 3. Electronic ground state structure of
monomeric formaldehyde.
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Fig. 4. Electronic ground state structure of formic acid.




10

The purpose of this investigation is to study the
effects of_pressure broadening (both self and foreign gas)
on a number of Q branch ( AJ=0) transitions in the rotational
spectrum of formaldehyde and formig acid. An incentive to
carry out this investigation has been provided by the recent
discoveryll of complex molecules (including CH,0 and HCOOH)
in interstellar space, which are observed to have anomalous
distributions in their rotational energy states. There
1s reason to believe that such an anomalous distribution
may be caused by molecular collisions.l? Microwave collision
diameters obtained from pressure broadening experiments
should prove useful in establishing this collision mechanism
for anomalous distribution. Also, these collision diameters
(or collision cross sections) are useful to astrophysicists
studying formation rates of interstellar CH,0 and HCOOH.
Finally, pressure broadening studies on these molecules
should shed 1ight on the nature of the intermolecular forces
involved when self collisions (i.e., CH20-CH20 and HCOOH-HCOOH)
and foreign gas collisions of CH20 and HCOOH with H, and He
take place.

This dissertation is divided into five chapters. Chapter
IT contains a brief survey of the previous microwave studies
on CH20 and HCOOH. The shape of microwave spectral lines and
the various broadening mechanisms (except pressure broadening)

are discussed in chapter III. 1In Chapter IV, the various




11

theories of pressure broadening are reviewed. A description
of the pertinent experimental apparatus used in this investi-
gation can be found in Chapter V. And finally, Chapter VI
contains the presentation and the analysis of the experimental

data obtained in this investigation.




CHAPTER 11
BACKGROUND

CH20

Bragg and Sharboughl3

were the first investigators to
study formaldehyde in the microwave region. They observed
and assigned a few lines to the K-doubling transitions in
the rotational spectrum of CH,0. (K-doubling refers to the
splitting of rotational energy levels in asymmetric top
molecules that occurs when the K-degeneracy is removed by
"turning on'" the asymmetry; K is the quantum number for the
component of the angular momentum J along the molecular axis
in symmetric rotors.) The problem of centrifugal distortion
in CH:0 was studied in detail by Lawrence and Strandberg.l4
In the past ten years a number of investigators have measured
the frequency of many microwave transitions (down to the
millimeter wavelengths) so that the rotational spectrum of

15,16

CH,0 i1is well known. In addition, magnetic hyperfine

structures that appear in the K-doubling transitions as a
result of the proton spin interactions with the magnetic

field due to molecular rotation have been experimentally

measuredl’ and also examined theoretically.18

In recent years a number of complex molecules (including

11

CH,0) have been discovered in interstellar space. Absorption

12
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of the isotropic radiation of‘4830.0 MHz by the (1;; ~151)
rotational transition of formaldehyde in cool dust clouds in
our Galaxy have been reported by Palmer e-t_al.19 They point
out that this absorption implies an effective temperature for
these two levels below the temperature of both isotropic
radiation and the expected kinetic temperature. Such an
excess population in the lower state 1;; requires a noh~
thermal cooling mechanism, just as maser action in OH and
H,0 requires a non-thermal excitation temperature. Townes
and Cheung12 have proposed molecular collisions as a possible
mechanism for the above mentioned maser effect.

Pressure broadening studies for a number of CH;0
transitions have been carried out by Rogers and Roberts. 2V
They observed transitions of the type AJ = 0O (i.e. Q-branch
transitions) with 1 < J < 5. Pressure ranges from 0.001-0.1
Torr were explored in obtaining line width parameters Av
for each transition. The collision diameters obtained from
the experimentally determined Avp were found to be constant
(14.0 A°) for CH;O0 - CH,0 interactions, 2.5 - 5.8 A° for
CH,O0 - H, interactions and 2.7 - 3.5 A° for CH,0 - ile inter-

actions.

HCOOH

Formic acid was first studied in the microwave region

21

by Rogers and Williams in order to obtain the structure

of the molecule. Although they were able to eétablish the
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planarity of the HCOOH molecule, their values for the
interatomic distances and bond angles were found to be in
wide disagreement with the values obtained from electron

and x-ray diffraction21 data. Lerner et alZ? analyzed the
microwave 5pectfum of five isotopic species of formic acid

to arrive at the present known structure of the molecule
{(with excellent agreement with electron and x-ray diffraction

data). Bellet et a1.23

have examined the problem of centri-
fugal distortion in the HCOOH molecule and also measured

the frequencies of a large number of Q-branch (AJ = 0) and
R-brancin (AJ = +1) transitions in the microwave region. The
dipole moment of formic acid has been precisely determined
by Kim et al? using the Stark effect. Their results confirm
the fact that the dipole moment has components both parallel
and perpendicular to the a-axis (axis of smallest inertial
moment).

Like formaldehyde, formic acid has also been detected
in interstellar space. Zuckerman et a1?4 have observed an
emission line in the direction of Sgr BZ, and identified it
as the (1,, — 1,,) transition of interstellar HCOOH at a
frequency of 1638.8 MHz. The authors point out the fact
that since the formic acid line is observed -in emission,
either the excitation temperature describing the relative
population in the 1,, and 1,, levels is greater than 150°K

(the continuum background temperature) or negative. In
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either case, it appears that the relative populations in
1,; and 1;4 are determined by processes other than ordinary
kinetic collisions, since kinetic temperatures |in dense

interstellar clouds are generally believed to be less than

°
150 K.




CHAPTER I1II
LINE SHAPES AND LINE BROADENING

A perfectly isolated, undisturbed,.and stationary
molecular system would be characterized by definite and
fixed energy levels, but various unavoidable disturbances
exist which tend to vary the energy levels, giving a width
to spectral lines and varying their mean or central frequencies.
The various sources of spectral line broadening may be listed
as:

1. Natural line width

2. Doppler cffects

3. Pressure broadening

4. Collisions with the walls of the absorption cell

5. Saturation broadening

6.  Modulation broadening

7. Overlapping of spectral lines

Since the purpose of this study is the investigation
of pressure broadening effects on rotational spectral lines,
all other scurces of line broadening have to be first
accounted for before one can obtain pressure broadened line
widths. A number of the sources of broadening listed above
can either be ignofed (since they are small in magnitude)
or experimentally minimized; corrections based on theoretical

16
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arguments have to be made on the remaining sources of line
broadening. All such corrections depend upon the shape of
the spectral line., In the following section, a brief account
of the microwave spectral line shapes is given., Following
this, a detailed account of the sources of line broadening
(except pressure broadening) with emphasis on their origin

1s discussed. In addition, the procedure used to arrive at
numerical corrections for broadening due to Doppler effects,
modulation effects, and overlapping spectral lines is also

given.

Line Shapes
Low pressure microwave spectral lines are observed to
be symmetrical about their center frequency (Figure 1)}. On
theoretical grounds the shape of these lines has been gen-
erally assumed to be Lorentzian. The Lorentzian shape has
been confirmed experimentally by the work of Netterfield

et al.z5

on a number of rotational lines of ammonia., It
is further observed that in most molecules (including CH,O
and HCOOH) the Lorentzian shape is "approximately'" retained
even in the presence of the various broadening mechanisms
listed above. Doppler effects and overlapping spectral
lines are the principal sources which can cause appreciable
distortion of the Lorentzian line shape.

The Lorentzian line shape was first predicted by Lorentz

16

for pressure broadened lines. He treated the molecules as
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radiators that undergo random phase changes on collisions.
Lorentz's theory was found to be good only in the cases
where the line widths were smaller than the resonance
frequency. Van Vleck and Weiskoff?’ modified the Lorentz
theory by assuming that the radiation phases are not com-
pletely random but are determined by equilibrium Boltzmann
distribution. The Van Vleck-Weiskoff theory predicts the
right shape for all ratios of the line width to the resonant

28

frequency and also over a wider pressure range. Although,

Van Vleck and Weiskoff's theory is based on classical rea-

sonings a quantum mechanical treatment gives identical

29

results. The absorption coefficient based on the Van

Vlieck-Weiskoff theory is given by 30

8m? LN Av . N Av

o) = Ty |“ij'z"2[£v-ve)2+(m)2 (vivg) 2+ (av) 2|, (1)

where N 1s the total number of molecules per unit volume,
f the fraction of molecules in the lower energy state, “ij
the dipole moment matrix element connecting the two states
in question, v, the resonant frequency, and Av the half width
at half maximum of the spectral line. The constants c and
k have the usual meaning with T, the temperature, usually
fixed at a constant value for the experiment.

At low pressures (where Av<<v0), the first term in
equation (1} is the predominant one and the expression for

a(v) reduces to
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B8m3ANE .
OL(\)) :SCkT ‘uijiz\)zA\){(\’"\)o)z + (A\))z} . (2)
Furthermore, the presence of the factor v2 in equation (2)
does not affect the line shape as long as Av<<v0.30 Hence,

for narrow microwave spectral lines the frequency dependence

for the line shape may also be written as
2 2..1
F(v)e{(v-vo) ™ + (&v) 1, (3)

with Av being constant at a given temperature.
Experimentally, one generally observes derivatives of
the absorption profile, a(v). Figure 5 shows the Lorentzian
profile and the first and second derivatives of the profile.
The chief advantage of using these derivatives is the ease
with which the half-power points can be established. It is
a simple matter to show that peaks of the first derivative
are related to the half;width Av by 28v = 2%3 where, following
convention, the distance between peaks of the derivatives is
denoted by 8v. The peaks of the second derivative coincide
with the half-power points of a(v): 26g;2Av. It should be
noted that the relation between Av and &v applies only when

the line is Lorentzian and the amplitude of the modulating

signal applied to produce the derivatives 1s small.

Natural Line Width
The natural line width may be interpreted as due to

radiation damping, or quantum mechanically as the disturbance
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Fig. 5. Profiles of a Lorentzian and its first two derivatives.
(A) Lorentzian line shape; (B) First Derivative; (C) Second
derivative profile,
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of the molecule by zero-point vibrations of electromagnetic
fields which are always present in free space. For a tran-
sition of frequency v from an excited state to the ground

state of the system, zero-point electromagnetic fields give

an absorption line a half widthSl at half maximum intensity
of
327 °y° 2
LAV 4
3}’1(:3 |UI ] ( )

where p is the quantum-mechanical matrix element of the
dipole moment. For microwave frequencies and ordinary temp-
eratures thermal radiation consists of stronger elect?o-
magnetic fields than the usual zero-point fields, since each
nmode of vibration of the field has a mean energy kT rather
than hv/2. This increases the value of Av above by a factor
of ZkT/hv;Bl or approximately 400 at room temperature.

An estimate for the value of the natural line width for
CH,0 may be obtained by substituting apprbpriate values for
y and v in Bquation (4) above. The dipole moment of CH,0 is
2.34 Debyes,and,using a typical frequency of 30 GHz for v,
the value for Av is found to be 1.8 x 10~ " KHz. Similarly,
one can also estimate the natural line width for HCOOH (for
the same frequency, v) by substituting p=1.39 Debyes in
FEquation (4). This gives a value of 8.5 x 10'5 KHz for Av
at room temperature. These widths are quite small in

comparison to those due to other broadening mechanisms
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(observed line width's for CH,O and HCOOH are generally in
the range 50« 200 KHz). Therefore, no corrections have to
be made for broadening due to the presence of stray electro-

magnetié fields.

Doppler Effect
The Doppler effect occurs when a molecule is moving
parallel to the direction of propagation of the radiation
being absorbed. There is an apparent shift in the radiation

frequency, as seen by the moving molecule, given by32

sv' = : 5
v v(v/vp) (5)

where v is the frequency of the radiation, v the velocity of
the molecule, and vp the phase velocity of the incident
radiation.

Doppler broadening does not become dominant until the
pressure of the gas in the absorption ﬁell is reduced to a
small value. At these low pressures the molecules are able
to travel more freely; hence, they describe longer paths
(before they collide with one another) as compared to the
paths that they travel at higher pressures. The Doppler
contribution to the line width approaches a constant value
at higher pressures. Therefore, for low pressure studies
on spectral lines in the microwave region (as in this investi-
gation) the Doppler effect becomes one of the dominant width

factors. This contribution to the line width has to be
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considered if accurate pressure broadened line widths are
required. - Parsons and Roberts~> have worked out a correction
procedure to compensate for the line width error due to
Doppler broadening. An analysis of their correction pro-
cedure is given below.

If radiation of frequency v in the lab frame of reference
is incident in the x-direction on molecules whose x-component
of velocity is vy, the frequency relative to these molecules

is given by  [from Equation (5}]
v
yto= v(lt_§) . (6)

The number of molecules per unit volume will be given by

the Maxwellian distribution33

mvy 2
- m % . 2KT
GNVX N[T?KT] e va . (7)

The contribution that they make to the absorption coefficient
a{v) 1s given by the Van Vleck-Weiskoff equation at low

pressures [i.e. Equation (2)]

8'{T2f|}l"|2 2 2 2_-1 )
Sa(v) = 1] v [(w'-v) +(Av)Y 1 8Ny Av 8
(v) et )+ (av) - (8)
with the line shape profile obtained by integrating Equation
(8) to obtain the total contribution of all the elements to

the 1line shape.
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For microwave transitions at low pressures, the approx-

imate33 line shape

o]

a(v) = A(T)NAv | SXPL=BVzv!) ]y o)
vty ) (A ?

is obtained by combining equations (6), (7), and (8). A(T)
is a constant characteristic of the gas at a given temperature
and g=mc”/2kTv,?,

Values for a(v} have been calculated from Equation (9)
and plotted in Figure 6, as a function of v for a proper
molecular transition with v =25.0 GHz. This line shape pro-
file was calculated at a temperature of 27°C. To make a
comparison between the true line shape and the distorted
line shape, the corresponding Lorentzian shape is also plotted,
after proper normalization, so that the peaks of the two
curves coincide. Examination of the two curves clearly
reveals that line width measurements at low pressures will
yield larger line widths than should be observed.

For Figure 5 the peaks of the first derivative profile
correspond to the points of steepest slope of the function
a(v). Thus the second derivative of a(v) can be used to get
the critical points of the first derivative. Equating the
second derivativé of a(v) with respect to v of Equation (9)

to zero gives




A~ Doppler Shape

{/ A\ B - True Line
\ Shape

Fig. 6. Line profile for Doppler and non~-Doppler .
‘broadened spectral line of Lorentzian shape.
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(1-2gx?)exp(-8x2%)
dx

(x+v-v )2+ (Av)?

=0, (10)

0

where the substitution x=v'-v has been made. Equation (10)
allows one to determine where the peaks of the first deri-
vative of o(v) are located for a line which is both pressure
and Doppler broadened.

Denoting the points of steepest slope of a(v) by

v=v v Equation (10) becomes

0

J[(l—Zsz]exp(—sz)
dx = 0 . | (11)
/.

(x£8v) 2+ (4v) 2

Therefore, given the absolute temperature, the central fre-
quency v,, and the mass m of the molecule under study,
Equation (11) can be solved for the values of §v that give
a zero integral for any value of Av. Solutions of Equation
(11), using Av as a parameter,arc best obtained using the
Gauss-Hermite quadrature method of numerical integration,

which is defined by>%

o

L2
fe ™ frodx = wyf(xy) (12)
1

-0

where the roots x; and weight factors w; are obtained from
tables.35 A computer program has been written for an IBM-
360/50 computer to solve Equation (11) for the value of §v

that correspond: to any value of Av.
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The correction that must be applied to the second
derivative of the line shape (as used in this investigation)

to take into account the Doppler broadening is given by
C = §vu-Av . (13)

Correction curves obtained by plotting C against §v for
a number of transition frequencies of formaldehyde and formic
acid are shown in Figures 7 and 8 respectively. From the
shape of these corrections curves it is evident that the
correction év-Av is always greater for smaller &v (i.e.
lower pressures). Therefore, the Doppler correction always
increases the slope of the plot of Av versus P over the
uncorrected Avp. This can be seen in Figure 9 where both
the uncorrected line widths as well as the Doppler corrected
line widths have been plotted against pressure for the
92’QMM6 92’7 transition of CH,0. Doppler correction for the
line width data results in an increase in slope from 16.72
MHz/Torr to 19.0 MHz/Torr for this particular transition.
Similar increases 1n slope are observed for all the lines
studied in this investigation.

Although the Doppler correction discussed above is
based purely on theoretical arguments, experimental evidence
based on our measurements confirm the validity of Equation

{11). We have found the Doppler corrected line widths fall

more closely along a straight line than do uncorrected line
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widths when plotted against pressure. In addition, it was
found that the rms deviation of the experimental points from
the best-fit straight line was reduced if the points were

first corrected for Doppler broadening.

Wall Broadening
Danos and Geschwind®® have analyzed the problem of
broadening of microwave spectral lines due to collisions of
the molecules with the walls of the absorption cell. Their
expression for the wall broadened half width in a cell having
circular cross section is given by

hy = L:25(2KTYs

da m ’ (4

where a is the radius of the cell and m the mass of the
molecule being studied. The cell used had a radius of 2.5
cm and the mass of the CHzo molecule 1s 5.0 x 10'25gm.
Substituting these values in Equation (14} gives Av=2.4 KHz
at 27°C.

For HCOOH, a rectangular cell was used. For such a

cell, the wall broadened line width is given by37

Av = _l_fa+b (ZKT)I/Z , (15)
3mhdab ‘4t m

with a=1.8 cm and b=2.5 cm. Substituting the mass of HCOOH

in Equation (15) gives Av=1.90 KHz at 27°C. Since wall
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broadened line widths are small (compared to other sources
of broadening), no corrections had to be made for this source

of broadening.

Saturation Broadening
Effects of saturating the molecules with resonant

radiation were first discovered in the microwave region by

38 39

Townes and Bleaney and Penrose. The principal results

of saturation are a decrease in the absorption coefficient
and a broadening of the absorption line. These effects,
which result from a disturbance of the thermal equilibrium,

have been confirmed a number of times40’41

42

and theoretically
explained by Karplus and Schwinger.

Saturation effects become evident when the incident
power is sufficient to 1ift molecules from the lower to the
higher state at a rate comparable with their return to the
former state. Since collisions with other molecules are the
principal mode of relaxation of the molecules, the effects
become significant only at relatively low pressures.

The maximum power that can be absorbed by the molecules

is given by the expression37

Pmax = L/Z[(Nl”Nz)/T]h\) y (16)

wnere N, and N, are the populations of the two states con-
sidered, T is the average relaxation time, and hv is the

energy difference between the states. 1In the absence of
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saturation the population densities of the two states are

related by the equilibrium Boltzman distribution

N, = N,exp(-hv/kT) , (17)

with the difference in population densities given by
N_-N, = Nl[l-exp(—hv/kT)} . (18)

1 2

Combining Equations (16} and (18) gives

Punax = Nl[l—exp(~hq/kT)]hv . (19)
2T

Since hv<<kT for microwave radiation, the exponent in

Equation (19) may be expanded,i.e.,

2
Py » No(hV)™ (20)
]
T Tk
Using the above definition for Py, Carter and Smith have
shown that the absorption coefficient o in terms of that
for no saturation effects o, is given by41
Sy

o =

= . (21)
[(vwvo)/Av012+1+ Pmax/(Av)z

Similarly, the line width, 2Av, with saturation in terms of

that without saturation, Z2Av , 1is given by
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20V = 2A\)0[1+_.I~)M__]1/2 . (22)
(hve)®

Experimentally, saturation is often noticed when the
power flux is as high as 1 milliwatt per square centimeter.
In this investigation great care was taken to avoid saturation
by carefully determining the power levels at which saturation
becomes detectable; that power level was never exceeded
during the course of the experiment. Thus, no corrections

had to be made for saturation broadening.

Modulation Broadening

The microwave spectrograph used in this study uses
frequency modulation of the source radiation in order to
observe derivatives of the line shape. Application of a
periodic sine or square wave modulation voltage of frequency
f to the klystron results in the source radiation being
modulated at the frequency f, with a frequency swing
("excursion') over one period that is dependent on the
amplitude of the applied voltage. Line broadening due to

43

modulation has been analyzed by Karplus™” and experimentally

verified by a number of investigators.37
Karplus's theory has been modified by Reinhart et 3144
tor the case of "low-amplitude” modulation (as used in our

spectrometer). In low-amplitude modulation the frequency

excursion over one period of the modulation is less than
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the half width. The correction that has to be applied to
the second derivative profile to convert to the non-broadened

line width is given by

'3 £ 2.'1 £ 2
§v = 1+ ol e 23
v Av[ - AV)+2 @v)]’ (23)

where f' is the frequency of the klystron over one period
of the modulation, and f the modulation frequency (which was
17 KHz in these measurements).

Equation (23) was derived under the assumption of "slow-
amplitude" modulation, i.e. %¥>f. For a modulation frequency
of 17.0 KHz, this inequality is easily satisfied since
measured line widths were usually in the range 50+ 200 KHz.

Equation (23) can be re-written as a quadratic equation

in Av, with roots determined by

AV = %[Gvi{(sv)2~(%f~2+2f2)}%3 . (24)

Only the positive root is retained in the above equation,
otherwise Av=0 for no modulation (f£'=f=0). Using the positive
root gives Sv=Av for zero modulation (as is expected).

Equation (23) therefore becomes

Av = % av+{(5v)2-(gf'2+2f2)}% . (25)
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Using the experimentally determined half widths. §v. and f'
as parameters, correctlon curves were calculated in order to
obtain the non-modulated half width Av. Figure 10 shows
correction curves for several values of f', and over a wide
range of §v values.

In a series of measurements made by Rogers45 (using the
same spectrometer). it was found that f' was approximately
10.0 KHz. This low value for f' was achieved by setting the
modulation voltage at about 50.0 mV. Care was taken in
these measurements not to exceed this modulation voltage.
From Figure 10, we observe that the correction $v-Av varies
from about 5.0 KHz to about 2.0 XHz for measured line widths
in the range 40.~ 150. KHz. Tf the pressure change in this
range of line widths is about 12.0 mTorr, the correction
that has to be applied to the line width parameter Avp

is about 0.4 MHz/Torr. All our experimental line widths

have been corrected for modulation broadening effects.

Overlapping Spectral Lines
It is occasionally observed that the frequency separation
between the center frequency of separate transitions in a
molecule is small enough to allow the absorption profiles of
different lines to overlap when the lines are sufficiently
broad (e.g., at high pressures). A line that is distorted
by the presence of nearby lines is no longer characterized

by a Lorentzian shape. The net result of such a distortion

[
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is a broadening of the given line. All the formaldehyde and
formic acid lines studied in this investigation were quite
narrow compared to the center frequencies of the individual
rotational transitions. Therefore, no distortion due to
overlap of spectral lines from separate rotational transitions
was possible.

However, a problem similar to. that discussed above
arises in CH,0 and HCOOH due to the presence of magnetic
hyperfine structure in these molecules. This magnetic hfs,
proportional to f-j, is due to the interaction of the mag-
netic moments of the nuclear protons with the magnetic field

of molecular rotation.46

Therefore, a rotatiomnal transition
line observed in the laboratory for these molecules may
actually be a composite of several hyperfine components.
Figure 11 shows a typical hyperfine split line for CH,O
observed in this study. Similar hyperfine splitting was
also observed for a number of formic acid lines. An analysis
was undertaken to determine if the composite line was still
Lorentzian in shape and a method has been worked out to
correct for the presencé of these hyperfine components.
This analysis was necessary since corrections for Doppler
and modulation broadening were made on the assumption that
the observed line 1is Lorentzian.

The assumption is made that all the overlapping hyper-

fine components are Lorentzian in shape, have the same half
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width, Av, and that the envelope being measured 1is the re-
sultant of these hyperfine spectral lines. An equation can
be written for these lines as f(x), where f(x) is composed
of the number of hyperfine lines which make up the envelope
being measured. If the respective line intensities are Ij
., then the equation for the

J
composite spectra can be written as

and the frequency spacings are a

n 2. -
o = L Ti[(v-ve+a;) +(av) 17T zE(x) . (26)
j=1 J J
For convenience in handling the above equation, the substi-
tution x=v-v,, which is the difference between the klystron
frequency and a rather arbitrarily chosen "center' frequency
for the system of lines, is made. The equation of £(x) is
then
n 2 2-~1
f(x) = ¢ T.0(x+*a;) +(Av)“] . (27)
j=1 J
The peaks of the second derivative of f(x) are found by

equating the third derivative of f(x) to zero; this gives

2 2
1 (xra;) (Av)~-(x+a,) =0 . (28)
[(x+aj)2+(ﬂv)2]“

N4

j=1
Equation (28) can be solved numerically for the values
of x that satisfy the requirement that the third derivative

of f£(x) is zero. The half width, Av, is used as a parameter.
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The frequency separation between the two outer peaks of the
second derivative profile will then equal the value of 2&v
observed experimentally for the unresolved envelope. However,
before Equation (28) can be solved the intensities and the
frequency spacing of each hyperfine component has to be

known. FExperimental data on these quantities is available

for only a few CH,O0 1ines.47’48 Magnetic hfs is such a small
effect that it can only be fully resolved in beam maser
spectrometry.49 Unlike formaldehyde, no hyperfine splitting
has yet been reported in the literature for formic acid.

47

Published values of Ij and a. for five CH,O transitions

]
were used to obtain the curves shown in Figure 12. From these
curves, it is evident that the dependence of &v on Av is very
nearly linear except for very narrow lines (i.e., at very low
pressures). In fact, the ratio év/Av is very nearly equal
to one, indicating that the unresolved line broadens at the
same rate as would a pure Lérentzian line.

An estimate for the error due to the presence of hfs
‘can be made by examining Figure 12. Taking the 111—1,,
transition as an example, the ratio §v/Av is found to be about
1.05. If the line width parameter Avp is 20 MHz/Torr after
making all other corrections, the true value of Avp would be
(20)(1.05)=21.0 MHz/Torr i.e. an increase of about 5%.
Since only a few CH,0 lines could be precisely corrected

for hfs, we estimate an error of about £ —5% in the values
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Fig. 12. Relation between 6v and Av for CH O lines -
with magnetic hfs. 2 .
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of Av_ for lines which could not be corrected for the presence

of hyperfine structure.




CHAPTER IV
PRESSURE BROADENING

The most important source of spectral line broadening
in many microwave experiments 1s pressure broadening. It 1is
also the most interesting because it provides information
about how molecules behave in intermolecular collisions and
hence about molecular force fields. This broadening arises
as a result of collisions between molecules.

As mentioned in chapter III, the line widths of micro-
wave spectra at low pressures can be adequately described
by the concept that collisions initiate and terminate the
molecular radiation or absorption. The Fourier analysis of

the resulting wave trains gives a Lorentzian or resonance

type variation in intensity of absorption with frequency27
with the half-width Av of the absorption line related to
the mean time T between collisions by
o i
Ay = Tt . (29)

Although the collision time is in general shorter than would
be derived from kinetic theory cross sections, it is useful

to define a cross section o for microwave collisions by

44
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P e L (30)

where v is the relative velocity of impact and n the total
number of molecules in the system. Combining Equations (30)

and (31) gives.
Av = —— . (31}

Equation (31) reveals the linear relationship existing
between the pressure broadened line width and pressure. The
slope of the line obtained by plotting Av vs. pressure or

the line width paramater, Avp, is then given by

_ Voo (32)

Although the Van Vleck-Weiskoff theory correctly predicts
the linear dependence of Av on pressure, the theory is

incomplete since Av or Av_ is used as a parameter which has

P
to be determined empirically. What is required is a theory
which can correctly predict the value of Av at a given pres-
sure, given certain information about the molecular proper-
ties {(e.g., the dipole moment, quadrupole moment, etc).

Experimentally measured Av or Av, may then be interpreted in

p
terms of intermolecular forces that arise during collisions.



46

Theories of Pressure Broadening
A complete treatment of pressure or collision broadehing
and evaluation of Av is so complex that a variety of treat-
ments and approximations have been developed over the years.
The various theories of pressure broadening can generally be
classified into two categories: statistical and impact
theories. The statistical theory developed by Kuhn and

London50 51

and Margeneau assumes that molecules are always
under the influence of intermolecular interactions, even
though these may be weak, and that the frequency radiated
depends on the amount of interaction occurring during radi-
ation. The intensity radiated at a particular frequency v
depends simply on the probability that a molecule is perturbed
by other molecules just the correct amount to make its
frequency v. Statistical theories hence always involve
finding the probabilities of molecules being within a range

R and R+AR apart with various possible angles of orientation
and hence of their levels being perturbed by various amounts.
Statistical theories cannot very well take into account the
changes'of interaction with time due to molecular motion

and hence are good only when the molecular velocities are

so low that the rate of change of intermolecular interactions
may be neglected. This limitation prevents the statistical
theory from being very accurate in the microwave region,

52

although it has been used as a guide and rough approximation

for determining pressure broadened line widths.
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On the other hand, impact theories assume that, during
most of the time a molecule is sufficiently far from other
molecules, it may be considered free. Occasiohally, it comes
close enough to one or more molecules for the intermolecular
field to perturb its energy levels appreciably. After collision
the molecule may be in the same state as before the encounter
(i.e., an "adiabatic'" collision), with only a change in phase
of its wave function, or a transition to another state may
have been induced by the collision (i.e., a "diabatic" colli-
sion). Both types of collisions contribute to pressure
broadening. Since kT>>hv for microwave frequencies, almost
all collisions which are effective in broadening the spectral
line are also strong enough to leave the molecule more or
less in the upper or lower energy state. Therefore, diabatic
collisions predominate in the microwave region.

Anderson53

was the first one to propose a theory for
pressure broadening due to diabatic collisions. His second-
order perturbation treatment of pressure broadening is still
the most frequently used method for analyzing intermdlecular
forces. However, Anderson's theory is very difficult to
apply and does not work very well in many cases, frequently
predicting\mluesfarﬂvp which are too 1arge.54 Various modi-

fications and extension555’56

to Anderson's theory exist in
the literature and are frequently found to be easier to
work with than the former (i.e., Anderson's treatment).

Murphy and Bogg554’57_60 have developed an alternative
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formulation of the impact theory that works extremely well
for pressure broadening of microwave spectral lines of

linear and symmetric top molecules. However, the Murphy-
Boggs theory often.fails for asymmetric top molecules. For
the sake of completeness, the basic assumptions of the impact
theories and the results of the Anderson and Murphy-Boggs

theories are given in the following sections.

Assumptions of Impact Theories

The basic assumptions common to all impact theories
are: (1) the '"impact approximation," (2} the "assumption
of a classical path,” and (3) all spectral lines are well
resolved.

In the impact approximation, it is assumed that (a)
the duration of a collision is small compared to the mean
time between collisions, and (b) the collisions are binary.
Both these assumptions are valid at low pressures.61

The assumption of classical paths is equivalent to
assuming that the molecules are point dipoles that follow
definite classical paths. In very close collisions this is
a poor assumption, but the errors introduced are unimportant
since any path giving a close collision involves complete
interruption of the radiation, and details of the paths are
unnecessary. Collisions near the limit of the effective
collision radius are the ones which must be accurately treated,

and the quantum-mechanical wave packet for each molecule
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may in almost all cases be considered sufficiently small
compared with this distance to make the classical path a
very good assumption.

The third and final assumption is that all microwave
spectral lines are well resolved. Although this 1s not
quite true for the spectral lines of CH,0 and HCOOH which
have fine structure (as discussed in Chapter III), Anderson
has shown that if the lines are not resolved at all compared
to the line width, the separate components may be treated as
degenerate.

The general procedure in impact theories is to make use
of these assumptions and knowledge of the rotational energy
levels to calculate the probability that various types of
collisions occur. Disturbances of molecular radiation (phase
shifts and transitions) are accounted for in each type of
collision. Then a Fourier analysis is performed to determine
the distribution of the spectral intensity as a function of

frequency.

Anderson's Theory
Using the assumptions discussed in the preceding section,
Anderson has obtained a line shape for microwave spectral
lines similar to that of Vaﬁ Vleck and Weiskoff [Equation
{(2)] with the possibility of a shift in the center frequency
87 Nf

a(v) = ———=

2 2 2 2. -1
— Uijl voAv{ (v-v -adv) T+ (Av) ) . (33)
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The pressure-induced shifts in center frequencies is given
by adv, where a is a constant and Av the half width. These
shifts are very small for microwave lines and only a few are

62 Anderson's expressions for the

reported in the literature.
line widths and frequency shifts, in mixtures of two dif-
ferent types of molecules (denoted by the subscript 1 and

2), where the number of molecules per unit volume is n; and

n,, respectively, may be written as

2TAV = N, V, ;01 * N,V1,072 (34)

= 3 1 3r ~Y
Zmhvy = MgV a0y, F V0, (35)

Subscript 1 refers to the molecule ("absorber') whose line
is being observed, and subscript Z applies to the other type
of molecule ("perturber'") invelved in the binary collisions.
The symbol V refers to the mean relative velocity between
the molecules, and o' and ¢" are the real and imaginary
parts of the collision cross sections, respectively. Note
that when n,=0,i.e., for self broadening, Equation (34)
reduces to Equation (31) obtained from.the Van Vleck-Weiskoff
theory.

In Anderson's theory the total collision cross section

o 1is defined as

o0

o = ¢'+ig" = {ZﬂbS(b)dB s (36)

where b is the impact parameter, or distance of closest
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approach of the colliding molecules, so that Zmb db is
proportional to the probability of a collision with impact
parameter b, and S(b) is a weight factor which indicates
whether or not a collision is effective in disturbing the
process of molecular radiation. The impact parameter b is

defined by the equation
r? = bP+v?it? | (37)

with the physical picture of the binary collision being
represented by Figure 13.

Anderson has shown that as a first approximation53 it
is possible to write the weight factor, S(b), as a combin-

ation of two terms
S(b) = S,(b)+S,(b) , (38)

where S,(b) is imaginary and may be defined as the weight
factor for collisions which are responsible for causing
frequency shifts, and S,(b) is the weight factor for colli-
sions causing line broadening. The behavior of S,(b) as a
function of the impact parameter b is shown in Figure 14.
Using Equation (38) and the fact that for 0<b<h,, S,(b)=1,
the collision cross section for line broadening may be
written as

Gt = wboz.,.bf?nsz(b) b db , (39)
. |
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with b, determined by the condition
S5,(by} = 1. (40)

Expressions for S,(b) for various interactions are available
in the literature. In particular, the expressions derived
by Birnbaumﬁ3 for dipole-quadrupole interactions, and
dipole-induced dipole interactions have been utilized to
calculate cross sections for collisions between HCOOH (and
CH,0) and foreign gases. (H, and He). The results of these

calculations are discussed in Chapter VI.

Murphy and Boggs Theory
Murphy and Bogg554 have developed a theory of pressure
broadening in which the line width is computed using the
relation
1 1

Ay = + 5 (41)
4WTi 4WTf

where T1; and t1¢ are, respectively, the average lifetimes of
the initial and final rotational energy levels of the
radiating molecule. By neglecting the effects of phase
shifts on the line width and ignoring the probability of the

molecule making a transition back to the original level once

it has left, that is J'#J, they obtained for the lifetime of

state J1
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Ao xe; 9(3,32) (42)

i

where P is the relative population of the rotational state

J2
J,, and @(J,J) is the number of transitions per unit time
out of the J, energy level caused by collisions with molecules

in the J, levels and is written explicitly as
o(J,J,) = Zngbdb{vdvF(V){1-exp[—FJ1J2(b,v)]} , - (43)

where N is the number of molecules per unit volume, F(v) is
the Maxwell-Boltzmann velocity distribution function, and b
is the impact parameter. The quantity FJIJz(b,v) evaluated
on the basis of the straight line path approximation and a

perturbation expansion of the interaction matrix,s4

1s given
by

Ly g, (bsv) = 28 (b, (44)

where Sz(b)o’ is Anderson's weight factor with the term

1

Jy=J, omitted.
The most important difference in the two theories

discussed in this chapter is the average of the Sz(b) function

over the impact parameter b. Anderson first normalized S, (b)

for the value of b (say b,) then integrated over b from b,

to » [Equation (39}]. On the other hand Murphy and Boggs

evaluated the double integral of the function T(b,v) by means

of a 15-point Gauss-Laguerre guadrature procedure. This
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Fig. 14. Graph of S (b,) for the two impact theories

summarized in this chapte#. (&) Anderson theory;
(B} Murphy-Boggs theory. :
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difference can be seen in Figure 14. Because of this differ-
ence in weight factors the line widths calculated using the
theory of Murphy and Boggs are generally smaller than those

calculated by Anderson's theory.




CHAPTER V
INSTRUMENTATION

One of the most important phases of microwave line
width spectroscopy is the instrumentation needed to produce
a dependable spectrograph that can be used to obtain reliable
data. Such an instrument has to be capable of measuring
small frequency intervals accurately. A number of low-
pressures spectral lines of CH,0 and HCOOH have line widths
on the order of 40.0~60.0 KHz, so frequency differences
must be measurable to a few kilochertz.

A block diagram of the line width spectrograph used in
this investigation is shown in Figure 15. This spectrograph

has been discussed in detail by Roberts®? 20,45

and Rogers.
For the sakg of convenience, the spectrograph is divided
into five main sections: (1) the radiation source (klystron)
and associated electronics, (2) the absorption cell, (3)
signal detection, amplification, and display, (4) frequency

measuring system, and (5) vacuum and gas handling system.

Each section will be discussed separately in this chapter.

Microwave Source and Controls
Reflex klystrons manufactured by OKI and Varian were
utilized as sources of microwave radiation in this spectro-

graph. These klystrons produced fundamental frequencies at

57
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the desired CH,0 and HCOOH transition frequencies; some
higher frequencies could only be reached by frequency
doubling in crystal harmonic generators. This is a common
technique, and adequate power is available at the first
harmonicy but occasionally spurious modes are generated,
$o that this method was avoided whenever possible

Coarse frequency tuning of the klystron is performed
by mechanically adjusting the cavity size with a tuning stub
attached to the cavity. Fine tuning (over a range of
several MHz) is accomplished by varying the focus and
repeller voltages. In order to minimize source broadening
the klystron was submerged in an oil bath to reduce instabil-
ities due to mechanical vibrations and thermal gradients.

Two power supplies were used in the spectrograph. They
were a Hamner Model N-4035 high-voltage supply (maximum
voltage 3600 V} and an Electronic Measurements Model C612
constant current supply (voltages to 300 V). The Hamner
supply must be used for OKI klystrons as these require
negative repeller voltages of the order of 2000 V.

The klystron control unit (Figure 15) is designed so
that the focus, anode (beam}, and reflector potentials may
be conveniently adjusted. Fine adjustments are necessary to
properly bias the klystron into oscillation and also for
fine tuning of the source frequency. 1In addition, the con-
trol unit has special provisions for applying source modulation

and oscilloscope sweep voltages to the klystron repeller.
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Modulation of the.repeller by a square or sine wave
voltage is a feature of "source modulation' spectrographs,
and serves to modulate the output frequency so as to permit
narrow-band éc amplification and phase sensitive detection
of the absorption signal {(the source frequency 1s modulated,
not the source power). The required klystron modulation was
provided by a slow sweep sawtooth signal generated by the
horizontal sweep of the time base generator of the oscillo-
scope upon which was superimposed a sine.wave signal generated
by a Heath Company Model EUW 27 Sine-Square wave generator.
Sine wave modulation was used in order to experimentally

detect the second derivative of the resonance profile.

Absorption Cell

Two types of absorption cells were used in this investi-
gation. These were, a copper cell of circular cross-section,
with an inside diameter of 5 cm, and a rectangular aluminum
cell with dimensions 1.8 cm and 2.5 cm respectively. Both
these cells were coiled with a mean coil diameter of about
1 meter to conserve space and to place the source and
detector ends close together. The ends of the cells were
vacuum sealed with Teflon plates that were approximately 7
mm thick. The dimensions of the cells were so chosen that
the cut-off frequencies of the propogating waves in these
cells are far lower than the transition frequencies of most

of the known CH,0 and HCOOH lines.
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An important factor concerning the cell is its length.
Townes and Schaw10w65 have shown that the optimum cell length
is given by the expression L=2/a,, where a 1is fhe attenu-
ation constant. The value of a; is typically of the order
107%cm™, the "best" length would be in the range 5 to 30 m.
The length of both the above mentioned cells is about 12 m,

thereby meeting the criterion of an ideal absorption cell.

Signal Detection, Amplification, and Display

Power absorption due to microwave transitions in a
gaseous sample is often less than 1/106 of the off-resonance
power level in the cell, and it is these small power absorp-
tions that must be measured to.obtain accurate line widths.
This makes the detection and amplification of the signal an
extremely critical stage of the experimental process.
Detection of the microwave power absorption was achieved by
the standard method of crystal rectification. Crystal diodes
used were generally IN26 silicon type, with 1IN23 diodes
employed for frequencies below 12 GHz.

Voltage signals from the crystal detector (5-20 mV)
were first amplified in a high-gain transistor pre-amplifier,
designed and constructed in the department electronics shop.
A detailed discussion of this pre-amplifier is given by

45

Rogers. After the signal was amplified in the pre-amplifier

it was sent to a PAR Model 122 phase-sensitive detector.
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Sensitivity settings of 50 and 20 mV were typically used in
these experiments.

Visual display of the phase detector output signal was
provided by using the Tektronix 502 A dual-trace oscillo-
scope. The phase detector signal was also sent to one pen
of a dual-channel Rikadenki B-261 strip chart recorder for
a permanent record of the data. Figure 11 shows a typical
recorder display of a second derivative profile of a spectral
line.

There are four main reasons for experimentally observing
derivatives of the line instead of the absorption profile.
First, modulating the klystron output frequency permits use
of high-gain ac amplification. Second, base line noise makes
precise detection of the half-power points very difficult,
whereas the inflection points of the derivatives are easy to
locate. Third, distortions due to standing waves are reduced
by using derivatives. Finally, frequency resolution was
improved by observing second derivatives. The overall fre-
quency resolution of this spectrograph is found to be about
20 KHz based on measurements on parfially resolved magnetic

hfs of CH,0 and HCOOH (Figure 11).

Frequency Measurements
The small frequency intervals that have to be determined
in line width measurements can be obtained by producing

"frequency markers'" of known frequency on the same chart
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that records the derivative of the line shape. The half
power half-widths can then be determined by using the marker
separation as a frequency basis.

The markers were generated by mixing part of the source
radiation (extracted with a 30-db coupler) with radiation
from a Hewlett-Packard Model 612A UHF signal generator. Sum
and difference frequencies were obtained by crystal-mixing
the two signals; the difference frequencies were in the
radio-frequency range, and were detected with a Wells-Gardner
Model BC-348Q radio receiver. The receiver was typically
tuned to receive 250 KHz difference frequencies. The net
result 1s the appearance of two frequency markers at intervals
+250 KHz from the line center. The visual display of these
markers is shown in Figure 11. The total separation of 500

KHz 1is used as a basis for measuring the line width.

Vacuum and Gas Handling Systems

Evacuation of the absorption cell was carried out by
using LN, cold-trapped Van Waters and Rogers HV-1 oil-vapor
diffusion pump connected to a Welch Duo-seal Model 1405
forepump. Pressures within the cell were measured with a
Hastings gauge that had been calibrated against a standard
McLeod gauge. The Mcleod gauge was not suitable for pressure
measurements on CH,O ahd HCOOH as these gases could not with-
stand the compression in the gauge chambers above a few

microns of pressure. The Hastings gauge proved to be quite
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satisfactory as a secondary standard after calibration.
Calibration of the Hastings gauge was carried out by adjusting
the Hg level in the capilliary of the McLeod gauge to as
small a compression ratio as could be tolerated and still
obtain reasonable height readings.

Graphs of the Hastings gauge readings versus the corre-
sponding McLeod gauge readings were used to determine cali-
bration constants for the Hastings gauge (it is assumed that
the Mcleod gauge gives the correct préssure reading)}. Linear
least square fits were then performed on the data points to
obtain the calibration factors. The Hastings gauge readings
have to be multiplied by the following factors to get the
true pressures: (H,0-0.725, HCOOH-0.61, H,- 0.639, and
He -1.14.

Gases were admitted into the cell from a series of
"dosing" reservoirs. Four such reéervoirs were used, one
each for the above mentioned gases. The He and H, used in
these investigations were high purity samples obtained from
Union Carbide Company. The formic acid used was purchased
from Eastman Kodak Company and was 99.5 per cent pure.

The gas CH,0 used in this investigation was prepared
by evacuating the space abcve a sample of pure paraformalde-
hyde. When all the residual gases had been pumped off, the
sample was gently heated to release CH,0 .of about 95 per

cent purity.7 The main impurity in the vapor of formaldehyde
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is water which was removed by passing CH,0 through a P,0q
trap. The pure gas (99.7 per cent pure) was then pumped

into the dosing reservoir for storage.

Temperature Studies on CH,0 Lines .

Temperature studies on the self-broadening of CH,0 for
the 3,,,—» 3,,, and 17, ;5> 17, ,, transitions were carried
out by heating the absorption cell by high-intensity lamps
mounted on top of the cell. The cell was contained in a
thermal jacket made of an insulating material. The cell
was heated for 6-8 hours prior to each line width parameter
measurement. After the gas was introduced into the cell,
it was allowed sufficient time to acquire the temperature of
the cell and stabilize itself. The line width was then
measured. The corresponding pressure of the gas was also
corrected for increase in temperatures by using the ideal
gas law. The temperature of the cell was measured by using
five Fe-Cu thermocouples mounted in series (i.e.,a thermo-
pile) with each junction placed at different points along
the cell. The accuracy of these temperature measurements

is about *0.5°C.



CHAPTER VI
EXPERIMENTAL RESULTS AND ANALYSIS

The experimentally measured line width parameters Av
for both self broadening and foreign-gas (H, and He)
broadening of the rotational lines of formic acid and
formaldehyde are shown in Tables I and II respectively. All
transitions studied in the investigation were of the type
AJ=0 (i.e., Q-branch transitions), with ﬁKm=D.and AK+2+1.

J 1s the total angular momentum quantum number of the rota-
tional state, K_ is the projection of J on the symmetry axis
of a limiting prolate top, and K_ is the projection of J on
the symmetry axis of a limiting oblate top. The rotational
energy levels of asymmetric top molecules like CH,0 and HCOOH
are normally labelled by the notation JK,K+ orT JT, where
7=K_-K,. The arrows between the states (as shown in Tables

I and II) indicate the direction of transition for absorption.
Some of the low-lying rotational energy levels for HCOOH and
CH,0 are shown in Figures 16 and 17 respectively.

All measurements listed in Tables I and II were made at
300°K on binary gas mixtures using the spectrometer described
in Chapter VI. All experimentally determined line widths
Av  were corrected for broadening due to Doppler and Modulation

effects. As stated in Chapter TII, no corrections had to be

66
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made. for broadening due to saturation effects, collisions
with the cell walls, etc.,as their contribution to the line
width is negligible. Values for the line width parameters
Avp for the various gaseous mixtures were determined by
plotting.the corrected line widths Av vs. pressure, and
performing a linear least square fit on the data points.
Figure 18 shows a typical line width parameter curve obtained
in this investigation. For a number of CH,0 lines, it was
found that the best fit to data points could only be obtained
by using two pressure ranges and employing two linear least
square fits (see Figure 19). We have statistically examined
the possibility of other fits such as a single line or curve,
however, all other fits result in a much greater departure
from the data points than that obtained by using a two range
linear fit. In those transitions of CH,0, which produced
two distinct line width parameters, both are reported in
Table II.

The collision diameters listed in Tables I and II for
the interactions HCOOH-HCOOH, CH,0-CH,0, HCOOH-H,, CH,0-H,,
HCOOH-He, and ClI,0-He are equivalent hard sphere diameters

calculated from the experimental values of Av. with the aid

p

of the equations66
by, = (o) *(M,rkT/4N,)% (45)
by = (8)2(M,mkT/2N,)% . O (46)
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Fig. 18. Line width parameter curve for deduc1ng
collision diameters in HCOOH-HCOOH mixtures.
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where b, and b, are the collision diameters for self and
foreign-gas broadening respectively, o is the value of Avp
under conditions of self broadening, and 8 1is the foreign-
gas broadening parameter (due to H, or He). N, is Avogadro's
number.

M, is the molecular mass of either HCOOH or CH,0 and
M, is the "reduced" molecular mass of HCOOH (or CH,0) and

either of the foreign-gas molecules H, or He with a molecular

mass Mf
I/Mz = 1/M1+]/Mf . (47)

The measurements on the formic acid system indicate
that for HCOOH-HCOOH inteiactions, there is a dependence of
the line width parameters (and collision diameters) on the
quantum number J (see Figure 20). The values for Avp {and
b,} are approximately constant for J<12, then decrease in
the range 125J532. The results of the line broadening
parameter determinations for the foreign-gases did not
yield a general trend in the values of Avp as a function of
J. However, the values of the collision diameters for H,
and He seem to be approximately constant over the quantum
number range 3<J<32.

The behavior of the collision diameters at low pressures

[i.e., the values labelled (a) in Table IT] as a function of

the quantum number J for the various interactions involving
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the CH,0 molecule is shown in Figure 21. The microwave
collision diameters were found to vary in magnitude from
11.70 —15.90 & for CH,0-CH,0 interactions, 2.40—4.55 &

for CH,0-He interactions, and 4.08~5.70 & for CH,0-H,
interactions. The much stronger dependence of the various
collision diameters on J (as compared to the collision
diameters involving the HCOOH molecule) can generally be
attributed to two causes. First, the larger dipole moment
of the CH,0 molecule and second, the difference in énergy
spacings of the molecules. This dependence of the collision
diameter on the dipole moment and energy spacings is examined
later on in this chapter.

The physical interpretation given to collision diameters
is that they measure the relative effectiveness of molecular
collisions in broadening the various rotational energy levels
by inducing transitions from a given level. For instance,
CH,0-He Interactions are more effective in broadening the
two levels involved in the transition 112;1¢m9 11, 4 (with
b,=3.90 E) than they are in broadening the two levels involved
in the tramsition 25, ,,—»25, ,, (with b,=2.40 £).

In pressure broadening experiments two quantum levels
(1 and 2) are specified as initial levels for the collision
induced transitions and the broadening gives the sum of the
probabilities of transitions from the two levels to all

possible final levels, i.e., Z(<P1f>+<P2f>)/N, where Pj ¢
£
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is the probability of a collisionally-induced transition
from an initial state 1, and N the normalization factor.
These measurements give the average time that a molecule
stays 1in the particular rotational state 1 or 2, but do not
give direct information on the selection rules, i.e., the
relation between the initial and final levels. This is why
the collision diameters are said to measure the relative
effectiveness of collisional broadening; they don't serve to
establish the absolute rate of collisionally-induced tran-

sitions between two particular states.

Error Estimate

Based on repeatability of measurements of the line width
parameters, the values for Avp are estimated to be in error
by no more than *5.0 per cent for measurements on the spectral
lines of ICOOH, and 7.0 per cent for CH,0 lines. These
errors can be attributed to four main causes. First, some
of the spectral lines were distorted by the presence of
standing waves close to them. Whenever possible attempts
were made to reduce the amplitude of these standing waves to
a small value relative to the spectral line being observed.
Complete elimination of this problem wasn't possible and
hence the slight error in the value of Av was unavoidable.
Second, the thermocouple gauge proved to be slightly nbnw
linear in measuring pressure. Third, the repeatability of

individual measurements of Av at a constant pressure suffered
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occasionally from fluctuating klystron sweep rates, when the
klystron could not "follow'" the applied sawtooth with perfect
consistency. Finally, a liberal error estimate should be
chosen because many of the lines could not be corrected for
overlapping hfs components, as the relative intensities and

frequency splittings are unavailable.

Line Broadening Mechanisms

60 67

Murphy and Boggs and Mehrotra and Boggs have cal-
culated theoretically the collision diameters for several
self broadened CH,0 and HCOOH 1lines. The results of these
calculations along with the corresponding experimental values
are shown in Table III. All calculations were made assuming
only dipole-dipole interactions, This assumption is valid
since both molecules have permanent dipole moments and at

low pressures the dipole-dipole interactions should pre-
dominate. From Table III, one notices that in general the
theoretical values are greater than their experimental
counterparts., The only exception being the 254,25“* 254 21
transition of CH,0. The reason for the theoretical collisions
diameters being larger than the experimental ones is not
clear, since the dipole-dipole interactions used in these

calculations are not the only intermolecular potentials

present in these collisions, yet the calculated diameters
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TABLE III

COMPARISON OF THEORETICAL AND EXPERIMENTAL
COLLISION DIAMETERS FOR SELF-BROADENING
INTERACTIONS OF HCOOH AND CH,O

Molecule Transition Collision Diameter (R)\
Calculated |Experimental
30,5 3y, 13.26 12.10
HCOOH 24y 2y 244 5, 14.36 10.41
325 40— 32, 4, 12.85 |, 11.95
9 =9, , 18.20 13.51
CH,0 17, 517, ,, 15.77 15.48
25, 20— 25, 5, 11.30 12.13
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are already too large. Any inclusions of higher order inter-

actions like dipole-quadrupole,etc., interactions would further
increase the values of the calculated collision diameters and

produce even poorer agreement with the measured ones.

It should be noted that the discrepancies observed in
Table III are not confined to the HCOOH and CH,0 systems;
similar differences between theory (using Murphy-Boggs type
calculations) and experiment are observed for most asymmetric

top molecules.60

There are two possible sources of errors
that may account for this discrepancy. First, Murphy-Boggs
type calculations tend to over-estimate the contributions
from strong collisions,i.e., b<b, (see Figure 14), and under-
estimate the effects from more distant approaches,i.e., b>b,.
Due to the large dipole moments of CH,0 and HCOOH it is felt
that moré emphasis should be given to distant encounters
(particularly at low pressures). Secondly, the disordered
arrangement of the rotational energy levels of asymmetric

top molecules6O

may "accidently" result in two levels being
relatively close together and all other levels to which
transitions can occur being far apart. This effect is
important for 1light molecules or for high J transitions.
Such an effect can lead to saturation of the K-doubled
energy levels before transitions to other levels can occur.
The spacings of energy levels should therefore be carefully

examined before theoretical calculations on line broadening

are attempted.
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Despite the differences between the calculated and
measured values for b;, which range from approximately 2.0-
27.0 per cent, it can be concluded that dipole-dipole inter-
actions are primarily responsible for self-broadening of
the rotational lines of HCOOH and CH,O.

In establishing the likely mechanism for HCOOH-H, and
CH,0-H, broadening, the strongest interaction should be
between the dipole moment of the absorber (either HCOOH or
CH,0) and the quadrupole moment of hydrogen (since diatomic
hydrogen has no dipole moment). The quadrupole moment of
H, is thought to be about 1.0 D—E, but experimental deter-
minations of the magnitude vary.68 The quadrupole moments
of formaldehyde and formic acid are not known, but there may
be some quadrupole-quadrupole coupling also present in these
interactions. In addition, there also exists the possibility
of a weak dipolé~induced dipole coupling. From Table IV,
however, the dipole-quadrupole should be the dominant one
with the other pdtentials contributing to a lesser extent.

On the other hand, for interactions of CH,O0 (or HCOOH)
with helium, the possible intermolecular potentials are
rather limited since He has neither a dipole moment or a
quadrupole moment. It is, however polarizable and has an
isotropic polarizability69 of 0=2.06x10"%° cm®. Hence, the
only possible interactions are of the type, dipole-induced
dipole and quadrupole-induced dipole. From Table IV, the .

dipole-~induced dipole potential should dominate in these
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TABLE 1V

TMPORTANT INTERMOLECULAR INTERACTIONS®

Molecular b
P Multipole Interaction Separation Cp
Dependence
1 | Dipole-dipole R-3 ( )
2
2 | Dipol d 1 R~ 16 Q )
' ipole-quadrupole .
_ ] Les
3 | Quadrupole-quadrupole R™® 22 Q,Q, )
W1,
4 |Dipole-induced dipole | R-¢ 21w (
640
o
5 tQuadrupole-induced dipole R™7 27m° Ql )

aCompiled from Ref. 4, p. 349.

PNotation: u=dipole moment; Q=quadrupole moment; a=isotropic
pelarizability; v=mean relative velocity; and %=h/2T7.
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collisions with some contribution from the quadrupole-induced
dipole interactions.

To check the assumed foreign-gas broadening interactions
in a rough fashion, approximations for the weighting factor
S,(b) given in Equation (38) may be used to calculate the
collision diameters for He and H, with the aid of Equation
(39). Birnbaun’’ has shown that, for a symmetric top molecule
perturbed by a linear molecule, the function S, (b) can be
approximated in rather a simple form. Although HCOOH and
CH,0 are asymmetric top molecules, they are both nearly
prolate (asymmetry parameters of -0.95 and -0.96 respectively).
Therefore, as a first approximation both molecules may be
treated as prolate symmetric top molecules and Birnbaum's
expressions should give some information as to the validity
of the assumed interactions.

Starting with the interactions involving the hydrogen
molecule, and taking the dipole-quadrupole potential as the

dominant one, the expression for S,(b) is given by
5,(0) = 25 QUL K (1K / (3, + 1)) (48)

The subscript 1 on the J,K quantum numbers refers to the
absorber (either HCOOH or CH,0) and subscript 2 refers to
the perturbing molecule (He or H,). Considering the 31’3

—3% 3, , transition of HCOOH, and treating the HCOOH molecule
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as a limiting prolate top, the appropriate quantum numbers
are Jy=3 and K,=1. Since H, is a linear molecule (i.e.,
K,=0), Birnbaum has shown it is permissible to use the
approximation Q(J,,0}~1/4. For the above transition, the

quantity S,(b) reduces to.

0.47 C,

_bB

S,(b) = (49)
From the term for P=2 in Table IV, wifh n=l.4 D, Q,=1.0 D-R
(the quadrupole moment of H,), and v=1.82x10" cm/sec (the
relative velocity of HCOOH and H, at 300°K), one calculates
C,=1893 A8,

Since the interactions between HCOOH and H, are short
range in nature, it is safe to apply the condition that
S,(by)=1, giving b,=3.12 R [from Equation (49)],Using Equation
(39) and the definition of be (effective collision diameter)

gives

thy = wby + 2m0.47 C,(1/4bY) . (50)

Solving Equation (50) for b using the values for b, and

e’
C, obtained above, yields the calculated value for the
collision diameter b,=3.78 i; The corresponding experimental
value for the collision diameter of H, for this transition

{see Table I) is 4.31 A. Aithough there is about 14.0 per

cent difference between theory and experiment, the agreement

L T N - PRrE .
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is rather good considering the approximate nature of the
calculations. Similar calculations made on the other lines
of HCOOH broadened by H, yield calculated values of the
collision diameters to be in the range 3.70—3.83 R. The
almost constant value of the calculated collision diameters
gives the correct trend for the variation of b,(H,) with J
(see Figure 22). The lower values obtained from theory
suggest the strong possibility of some quadrupole-quadrupole
etc., coupling also present in these iﬁteractiOHS.

On the other hand, calculated values of b,(H,) for
CH,0-H, interactions were found to be in the range 4.51 —
4.82 A. The measured values of b, (H,) are seen to be far
more dependent on J (see Figure 21) than is revealed from
Birnbaum's theory. It may be that for some of the high J
lines of CH,0 other factors like the spacing of energy levels
enter the picture. Nevertheless, these calculations do
indicate that dipole-quadrupole interactions dominate in
CH,0-H, interactions with the possibility of higher order
interactions also contributing.

In a similar fashion to that above, a check was made of
the dipole-induced dipole coupling between HCOOH (or CH,O0)
and He. An approximate expression of §,(b) for this inter-

action is gilven byy70

2 C
Sz(b) = 105 {1 - Qm(JlsKl)} ’ (51)
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where

gk = KT 3K - (3,41 (9,+2)
me-~1s*1

(52)
(J,+1)(2J,+1) (J,+1) (27 ,+3)

, transition of HCOOH, and treating

Considering the 3, .—s 3,
] ?

the molecule as a limiting prolate symmetric top, the appro-
priate quantum numbers are J,=3 and K, =1. Substituting
these quantum numbers in the definition of Qu(J,,X,) gives

Qp(3,1)=0.152, and so Equation (51) becomes

1.72 C,
bl

b

2 Cg _
§ (b) = —% (1-0.152) = {53)
z b
From Table IV, C; is calculated using the quantities u=1.4 D,
0=2.06%x10" " cm, and v=1.32x10° cm/sec (the mean relative
velocity of HCOOH and He at 300°K). The value of Cs; 1is
found to be 2660x10°°° cm!®.

Combining Equations (39) and (53) gives the expression

for the effective collision diameter be
mb2 = whg + 2m(1.72 C5)(1/8 by) , (54)

with b, being determined by the condition S, (b,)=1. Using
the values of b, and C; thus obtained, the calculated value
for be=2.92 A. The corresponding experimental collision

diameter of He for this transition (see Table I) is 3,34 A.

The agreement between theory and experiment is favorable.
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Similar calculations made on the other rotational lines of
HCOOH gave values for b, (He) in the range 2.89-2.94 A.
Birnbaum's theory therefore correctly predicts the dependence
of b, (He) on J, except the calculated values are smaller than
the measured ones, suggesting a strong possibility of contri-
bution from quadrupole-induced dipole interactions in ad-
dition to the dominant dipole-induced dipole interactions.

In a similar fashion calculations were made for'CHzO-He
interactions; this yielded values for b (H,) in the
range 3.06- 3.3 4. As in the case of calculations made on
the CH,0-H, interactions, the above values for b, do not
show the dependency of the collision diameters on J (see
Figure 21),again indicating that other factors (spacing of
energy levels etc.) may be responsible for lack of better
agreement between theory and experiment. The calculated
values do indicate that dipole-induced dipole interactions
are primarily responsible for the broadening with small
contributions from other higher order interactions (e.g.,

quadrupole-induced dipole etc.).

Anomalous Behavior of CH,0 Lines
Pressure broadening experiments conducted on formalde-
hyde revealed that for a number of transitions, the 1line
width parameter exhibited a curious behavior. It was observed
that the slope of Av versus pressure undergoes an abrupt

change as P becomes sufficiently high. A graph of 4v vs.
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P for one transition that exhibits this effect is seen in
Figure 19. The line width parameter Avp,‘for the 173’15~—§
173,14 transition of CH,0 broadened by He, is found to change
its value from 5.37 MHz/Torr to 3.27 MHz/Torr at a pressure
of about 4.0 mTorr. Examining Table II, one notes that
this discontinuity in Avp is more common for transitions
iﬁvolving high J values (i.e.,&:15); however, similar effects
do exist for a few low J lines.Z20 Except for the 153,13“4
155 12 and 175 15 175 14 transitions where this effect
occurs for both seif-broadening as well as for foreign-gas
broadening in general, it is found that mostly self-broadened
lines exhibit this behavior (see Table I1).

The appearance of the "knee" in the plot of Av vs. p is
seen to be pressure as well as temperature dependent for
both foreign-gas broadening and self-broadening of CH,O.
In Figure 22, the line width parameter curve for self-
broadening of the 17; ,4—> 17, ,, line at various temperatures
is shown. At room temperature (T=300°K) the pressure at
which the slope change occurs (Py) is seen to be about 2.9
mTorr. As the temperature increases, the value of Py
increases correspondingly and at T=309QK, PB¥6.0 mTorr.
Furthermore, at any constant temperature it is found that
the pressure required to produce the 'knee'" in the line
width parameter curve is lower for self-broadening interactions

than it is for foreign-gas interactions. This can be observed
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from Figures 19, 22, and 23 where the values of Py are found
to be 4.0 mTorr, 2.9 mTorr, and 4.0 mTorr for CH,0-He, CH,O-
CH,0, and CH,0-H, interactions respectively (for the 173’15—%
173,14 transition of Fformaldehyde at 300°K). Before an
explanation for this 'knee" effect can be given, the strong
possibility of a number of causes which could be responsible

for this abrupt change in Av, has to be carefully examined.

P

External causes such as saturation and modulation
effects can be discounted as extreme precautions were taken
in these measurements (as discussed in Chapter III) to keep
the power level of the radiation source (cause of saturation)
and modulation voltage at low settings. In fact, to confirm
the absence of ahy external effects on the system, the fol-
Jowing analysis was conducted. Following measurements on
the self-broadening of the 25, ,,— 254 21 line of CH,0
(which was characterized by the "knee" effect), the gas in
the cell (i.e., CH,0) was pumped out and replaced by HCOOH
vapor. Without changing any settings on the power level,
modulation voltage,etc., pressure broadening experiments
(both self and foreign-gas) were then carried out on a number
of HCOOH lines. The results showed no discontinuity in Avp
indicating not only are external causes not responsible for
the "knee'" effect but that the latter is a real physical
effect characteristic of the CH,0 molecule.

A second possible explanation for this effect could be

attributed to the presence of hyperfine splitting observed
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in a number of CH,0 lines. However, it was found that for

a number of lines where the splitting was as much as 20-30
KHz, no discontinuity in Avp was observed. In addition, a
theoretical model of overlapping Lorentzian shaped spectral
lines failed to establish any relationship between hyperfine
structure and the non-linear behavior of line width with
changing pressure. One can therefore exclude hyperfine
splitting in spectral lines as a possible cause of‘the "knee'
effect.

The possibility of formaldehyde undergoing a chemical
reaction (e.g., polymerization) or being absorbed (or desorbed)
by the walls of the absorption cell has been considered. CH,0
does have a strong tendency to polymerize in the presence of
such contaminants as water.7 Assuming that a polymer of
CH,0 is formed at a certain pressure, the broadening of CH,0
with the '"new" gas may well be less, causing a decrease in
the value of the line width parameter _Avp. Such a molecule
would have greatly different moments of inertia, hence, very
different characteristic frequencies. Of course, this would
still not explain the non-linearity in the line width plot
in the case of foreign-gas broadening (Figures 19 and 23),
as the partial pressure of formaldehyde was only a millil
Torr or so, and remained constant throughout such measurements;
however, if polymerization were to take place at a certain

pressure, a gradual decrease in pressure would have to occur

e e N e A
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as the gaseous phase was consumed into the polymer state.

No such effect was observed; quite the contrary, the sample
(i.e., CH,0) appeared extremely stable and no polymerization
was observed to occur even in the CH,0 reservoir, where CH,0
has remained for weeks at pressures much higher than that

in the cell.

Similarly, if formaldehyde is being absorbed (or desorbed}
by the cell walls, a gradual decreasec (or increase) of the
cell pressure would be detected. As already mentioned above
no pressure fluctuations were observed throughout these
measurements indicating the absence of such a phenomenon.

From the above discussion, it is evident that the dis-
continuity in Avp is a real physical effect. A possible
explanation for this effect can be arrived at by recognizing

that the experimentally determined Av, is actually a measure

P
of the total collisionally inducéd transition rate from a
given rotational energy level. An abrupt change in Avp
could indicate the strong possibility of a population-
depopulation mechanism coming into existence at the critical
pressure Pp.

In Figures 24 and 25, the natural log of the pressure
at which the "knee" appears (i.e., Pg) have been plotted as
a function of 1/T, where T is the temperature of the cell

for the transitions 31,3-#31,2 and 173,15—4 1'7’.:,’14 respec-

tively. For the 3, ;7 3, , transition, a positive slope
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was obtained indicating a possible decrease in the number of
molecules being distributed amongst the '"lower'" rotational
levels [since the cell pressure is proportional to n from
Equation (31), and.each rotational state has a fraction of
these molecules distributed acording to Boltzmann statistics].
This effect can also be seen in Figure 26 where the line
width parameter curves for the interaction (CH,0-CH,O at

various temperatures are displayed. For the 175 157 174 4,

)
transition, the temperature study (Figure 25) shows a4 negative
slope (for the plot of In Py vs 1/T) indicating a possible
increase in the number of molecules being distributed amongst
the "higher'" rotational 1eveis.

Molecular collisions are the main reason for the abrupt
change in the value of Avp however, there has to exist some
other factor which makes this phenomenon unique to the CH,O
molecule. The logical candidate for this factor could be

the relative spacing of the rotational energy levels. For

level and the

example, if the spacing between the 163’13

173,15 level is such that collisions are capable of over
populating the latter at the expense of the former, then one
should expect the value of Avp for the 163,1¢“¢ 163,13 tran-
sition to be less than that for the 173’15“@ 175 1y line.

The values of Av, for the two above mentioned transitions

p
(for self-broadening) are 20.0 MHz/Torr and 24.96 MHz/Torr

respectively, indicating a strong possibility of one level
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being populated at the expense of the other. Similarly, the
value of Avp for the 31’5*9 31’2 transition is 14.5 MHz/Torr

compared to 20.00 MHz/Torr for the 4, ,—> 4, , line, indi-
»

* »

cating the possibility of depopulation of the 31’2 level at
the expense of filling up the 41,u level.

In conclusion, it can be stated that the major objectives
of this research problem have been rcalized in that precise
measurements of microwave collision diameters, and an analysis
bf the inter-molecular forces responsible for broadening of
the rotational lines of CH,0 and HCOOH have been successfully
carried out. Furthermore, this investigation has revealed
that the anomalous behavior of the line width parameter for
several CH,0 transitions is a real physical effect which is
strongly temperature and pressure dependent. Further
investigation is, however, necessary to firmly establish the
collisional pumping mechanism which is suspected to be the
cause of this anomalous behavior. Such an investigation
would require the separate monitoring of the population
densities in the two or more rotational levels which are
suspected to be involved in the population-depopulation
effect. It is felt that application of "double resonance"”
techniques should shed more light on this problem. Such
double resonance work is planned for the future in this
laboratory, but it is not considered to be a part of this

research problem,




APPENDIX

The rotational constants, asymmetry parameters, and

the selection rules on the pseudo-quantum numbers K_, and

1
K, for the two asymmetric top molecules CH,0 and HCOOH are

shown in Tables V and VI for the convenience of the reader.
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TABLE V

ROTATIONAL CONSTANTS AND ASYMMETRY PARAMETERS
FOR CH,0 AND HcCoou

Molecule A (MHz) B (MHz) C (MHz) K
CH,0 282029.00 38835.30 34003.20 -0.96
HCOOH 77512.25 12055.01 10416.20 -0.95
TABLE VI

ASYMMETRIC ROTOR SELECTION RULES FOR
THE LIMITING PROLATE K

Component of T AK
Hy +0, +2, 4,
Ub 1, 3, 5,

Ue Poxl, £3, 5,
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