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A source-modulation microwave spectrograph was utilized

to measure line width parameters for several spectral lines

in the pure rotational spectrum of formaldehyde (H2 CO). The

spectrograph featured high-gain ac amplification and phase-

sensitive detection, and was capable of measuring microwave

lines having absorption coefficients as small as 10- cm 1

with a frequency resolution on the order of 30 kHiz. Center

frequencies of the measured lines varied from 4,830 MHz to

72,838 MHz; hence, most of the observations were made on

transitions between K-doublets in the rotational spectrum.

Corrections were applied to the measured line width

parameters to account for Doppler broadening and, where

possible, for deviations due to magnetic hyperfine structure

in some of the K-doubled lines. Low modulation voltages and

low microwave power levels were used to minimize modulation

and saturation broadenings; other extraneous broadenings

were found to be insignificant. The primary broadening

mechanism at low gas pressure is pressure broadening, and a

review of this topic is included.



Line width parameters for the several observed transitions

were determined by graphing half-widths versus pressure for

each spectral line, and performing a linear least-squares fit

to the data points. Repeatability measurements indicated the

accuracy of the line width parameters to be better than 10

percent. The reasons for this repeatability spread are

discussed, Broadening of each line was measured for self-

and foreign-gas broadening by atomic helium and diatomic

hydrogen. Effective collision diameters were calculated for

each broadening interaction, based on the observed rates of

broadening.

Within experimental error, collision diameters for

formaldehyde self-broadening were constant at about 14 R.

Diameters due to foreign-gas broadening displayed some

fluctuations for the different lines, and the collision

diameters for the two lowest-energy K-doublet transitions

were rather high ( 6 R) .

The experimentally observed line width parameters were

found to be 20-30 percent less than the parameters calculated

from the collision theory of Murphy and .Boggs, even assuming

the dipole-dipole interaction to be the only significant

intermolecular potential. Moderately good agreement between

a simplified broadening scheme for symmetric top molecules

and the observed foreign-gas broadening parameters is

obtained for the lowest-energy K-doublet transition.



Anomalous behavior was observed in some of the graphs

of half-width versus pressure. Namely, the slopes of the

graphs occasionally changed abruptly at a particular pressure.

Attempts to explain this anomaly in terms of saturation,

sample composition, and impact theory were all unsuccessful.

Neither could the effect be attributed to magnetic inter-

actions because changes in slope also occurred in some lines

that can have no magnetic hyperfine structure. The impli-

cations of the observed effect, if assumed real, are also

discussed.

Several general comments are made concerning the large

collision diameters observed for the two lowest K-doublets

under the conditions of foreign-gas broadening by H2 , as

they relate to the observed "inverse masing" of H CO molecules

in interstellar dust clouds. A brief outline of a more

definitive test for the broadening due to collisionally-

induced transitions between these levels is also included.
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CHAPTER I

INTRODUCTION

Absorption spectroscopy in the microwave region of the

electromagnetic spectrum has proven to be a useful labora-

tory tool in the three decades subsequent to the development

of reliable, essentially monochromatic microwave sources in

World War II. Significant progress in both theoretical

modeling and experimental methods has enabled the highly

accurate techniques of microwave spectroscopy to be applied

in studies of the physical properties of many substances.

The greatest fraction of these efforts has been concerned

with gaseous molecular samples because very high resolution

of microwave spectra in low-pressure gases is attainable with

a good microwave spectrometer. 12

Microwave spectra in molecules are typically due to

rotational (as opposed to electronic or vibrational)

transitions. The rotational motions are quantized, so that

allowed transitions between rotational states yield a well-

defined set of rotational resonances, generally called

spectral "lines."

Pure rotational spectra are observed in molecules that

possess permanent dipole moments; the existence of a dipole

moment is essential (except in rare cases of induced dipole

moments in non-polar molecules) because the intensity of a

rotational spectral line is proportional to the square of the

1
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dipole moment matrix element connecting the two rotational

energy levels in question. Additionally, the molecule of

interest must have moments of inertia that are sufficiently

large so that the rotational levels are separated by (small)

energies corresponding to microwave frequencies (0.3 to

300 GHz). Finally, the molecular sample must have adequate

vapor pressure to yield a detectable microwave spectrum. The

three restrictions just mentioned might seem to be severe,

but actually many substances meet these criteria.

Experimentally, the transitions are observed as

absorptions of microwave power. Radiation from a microwave

source (e.Ig., a klystron) is allowed to pass through an

"absorption cell" (waveguide) containing a polar gas of

interest. The power transmitted at a given source frequency

is monitored with a suitable detector (e.g., a crystal diode).

At certain values of source frequency, the molecules are

observed to absorb power from the microwave field; knowledge

of the source frequency at a "power dip" serves to determine

the frequency of that transition.

If a series of rotational transitions are "mapped" for

a specific molecule, and if the transitions can be ascribed

to specific energy levels, a significant amount of infor-

mation about the structure of that molecule may be deduced.

For instance, one may determine the moments of inertia (hence

average interatomic separations), centrifugal distortion

coefficients, etc., to high accuracy, because frequencies may

be measured accurately.



3

Actually, spectral lines have finite frequency "widths"

due to several broadening mechanisms (Chapters II and III).

The spectral distribution of the absorption coefficient, a(v) ,

as a function of frequency, v, typically has a resonant shape

like that shown in Figure 1. The curve obtained by plotting

acv) versus v for a particular transition is called the "line

shape." Microwave lines in low-pressure (p < 1 atm) gases

have approximately Lorentzian line shapes, as discussed in

Chapter II. Figure 1 is a representation of a Lorentzian

line. The frequency at maximum absorption, o, is called

the center (or line) frequency of the transition, and is

generally labeled by v o . The total frequency width of the

line at half-maximum absorption is typically denoted as 2Av

where Av is the frequency half-width at half-maximum

absorption.

Some of the perturbing mechanisms that broaden spectral

lines are functions of the molecular environment. If the

line shape is sensitive to changes in the sample conditions

such as, for example, pressure, then it should be possible

to obtain information about the molecular sample by measuring

variations in line shape as a function of pressure; this is

essentially the technique used in so-called "pressure

broadening" studies such as this one. The information ob-

tained from pressure broadening experiments is a measure of

intermolecular interactions (collisions) that change with

pressure. Generally, the particular line shape parameter
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Fig* 1. Absorption profile of a Lorentzian line shape.
The frequency at the maximum absorption is v . The frequency
"width" at half-maximum absorption is 2v.0
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that is measured in actual studies of pressure broadening

is the half-power half-width, Av. The slope of the curve

obtained by plotting Av versus pressure, p, is called the

"line width parameter," denoted symbolically as Av .

Formaldehyde (H2CO, also called methanal) is the mole-

cule of prime interest in this investigation. Monomeric

formaldehyde is a planar, near-prolate asymmetric top mole-

cule (i.e., no two principal moments of inertia are equal,

but the two largest moments are nearly equal). The structure

of a formaldehyde molecule as determined by microwave spec-

troscopy (see p. 110 of Ref. 1) is shown in Figure 2. H2CO

is a gas at temperatures above -19 C, although it has a

tendency to polymerize at temperatures as high as 100 0C.3

It has a large dipole moment of 2.34 debye units" (1 debye =

1 D = 10- 8$esu), and has a rotational spectrum in the micro-

wave region. Consequently, it can be studied by microwave

techniques.

The bulk of spectroscopic investigation on H2CO has

involved measurements of the ultraviolet spectra that result

from electronic transitions. Brand5 '" assigned many of the

electronic transitions to specific electronic energy levels,

and subsequent investigations in the last decade have involved

extensive studies of the optical spectrum of formaldehyde. 7'
8

These experiments have revealed quite a bit of information

about formaldehyde structure, such as the fact that H2CO is

non-planar in excited electronic states. 9
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1.21 A

C

1.12.Ax..12A

Hx1H
Fig. 2. Structure of monomeric formaldehyde. The

molecule is an asymmetric top, and is planar in the ground
electronic state.
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Formaldehyde was first studied in the microwave region

by Bragg and Sharbaugh1 0 in 1949. They observed and

assigned a few lines to K-doubling transitions in the

rotational spectrum. (K-doubling refers to the splitting

of rotational energy levels in asymmetric top molecules

that occurs when the K-degeneracy of symmetric top levels

is removed by "turning on" the asymmetry; K is the quantum

number for the component of angular momentum along the

molecular axis in symmetric rotors.) Lawrance and Strandberg"

treated the centrifugal distortion of asymmetric top molecules

with specific emphasis on monomeric formaldehyde. Recent in-

vestigators have measured the frequencies of many microwave

transitions (down to millimeter wavelengths) so that the

rotational spectrum is well-known.1 2 ,1 3 Magnetic hyperfine

structure that appears in some H2 CO K-doubling lines due to

interaction of the proton spins with the magnetic field of

rotation has been observed experimentally1 4 '1 5 and examined

theoretically. 16

In spite of the extensive studies mentioned above, no

detailed investigation of microwave spectral line broadening

has ever been performed on H2 CO. This class of information

has recently acquired new relevancy because of the discovery

of formaldehyde molecules in interstellar space by radio

telescope detection of microwave transitions.17'18  The mere

existence of complex molecules in the destructive radiation

of the interstellar medium has forced some restructuring of
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19

previously-held theories of interstellar chemistry. Even

more spectacular, however, has been the discovery of anomalous
20

microwave absorption by formaldehyde in dark nebulae, where

H2CO apparently absorbs radiation from the 2.8 K universal

microwave background. The anomalous absorption indicates

that the interstellar H2CO molecules are not in thermal equi-

librium with their environment, but are instead "cooler,"

with overpopulated lower energy levels (a situation that is

characterized as an inverse maser) .

Microwave collision diameters for various rotational

transitions in formaldehyde, measured in pressure broadening

experiments, are directly applicable to the problem of anom-

alous interstellar absorption; in fact, "collisional pumping"

has been proposed as a possible mechanism for the observed
21

masing. Additionally, collision cross sections should be

helpful to astrophysicists studying recombination rates of

molecule formation in the interstellar medium. Finally, line

width studies in monomeric H2CO should permit a general

determination of the types of interaction forces that occur

in collisions between H2CO molecules, or in collisions be-

tween H2CO molecules and non-polar molecules such as He and

H2 , because these collisional interactions will depend on

the pressure.

The collision-broadening problem will be discussed

fully in subsequent chapters. Line shapes, "extraneous"

(i.e., non-collisional) line broadening, and corrections
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that are applied to experimentally measured half-widths to

account for the extraneous contributions, are discussed in

Chapter II. Chapter III is a brief review of some of the

results of pressure-broadening theories. A detailed

exposition of the experimental apparatus and experimental

techniques comprises Chapter IV. The fifth chapter will

involve the presentation of experimental data and conclusions

deduced from that data.



CHAPTER II

LINE SHAPES AND LINE BROADENING

Microwave spectral lines have finite frequency widths

because the molecular energy levels between which transitions

occur are perturbed by several broadening mechanisms. Sources

of line broadening which may be significant in rotational

spectroscopy can be categorized as natural line breadth, wall

broadening, the Doppler effect, saturation broadening, modu-

lation broadening, overlapping spectral lines, and collision

(pressure) broadening. Frequency dependent reflections of

microwave power (standing waves) within an absorption cell

can also broaden spectral lines, " but no systematic method

of correcting for broadening due to standing waves exists;

standing waves near a spectral line under investigation must

be removed or minimized. Standing waves can be altered by

changing the cell geometry (by adjusting junctions, shorting

stubs, etc.), so this source of broadening is assumed to be

eliminated, or at least reduced to an insignificant level,

during the tuning process.

In studies of pressure broadening of spectral lines,

all other sources of broadening must be accounted for before

the pressure-broadened line width can be ascertained. Some

of the extraneous sources of line broadening can be minimized

10
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by proper experimental method, while corrections based upon

theoretical arguments must be applied to account for the

broadening that cannot be eliminated experimentally.

Derivations of the correction formulas depend on the

shape of the absorption line, so line shapes will be discussed

briefly. In the discussion of extraneous broadening that

follows the section on line shapes, emphasis is placed on

pointing out the physical reasons for each broadening effect,

and the basic grounds for either ignoring the contribution to

the half-width, Av, or calculating a correction. A detailed

derivation of the Doppler contribution to half-widths is

included to demonstrate the procedure used to arrive at

numerical corrections, and to fill in certain gaps that appear

in the published derivation.

Line Shapes

The shape of a spectral line is a composite of contri-

butions from all of the various sources of line broadening.

Low-pressure microwave line shapes are observed to be

symmetrical about the center frequency of the transition,

with widths determined primarily by pressure and Doppler

broadening. A line broadened only by the Doppler effect

has a Gaussian line shape; this is because Doppler broadening

is a function of the distribution of molecular velocities

which, at ordinary temperatures, is the Maxwellian distri-

bution with a well-known velocity dependence exp (-mv 2 /2kT).
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Pressure-broadened line shapes have generally been

assumed to be Lorentzian, based on theoretical predictions.

However, experimental evidence that the Lorentzian line shape

is the true pressure-broadened shape has lately been provided

by a series of measurements on the profiles of the first

through fifth derivatives of spectral lines of ammonia at low

pressure. Separations between points of steepest slope of

the derivative profiles indicate strongly that the pressure-

broadened shape of absorption lines is indeed Lorentzian. 2 3

The Lorentz line shape was first predicted for collision

broadened lines by Lorentz, 2 4 who treated the molecules as

radiators that undergo random phase changes in collisions.

Van Vleck and Weisskopf2 5 modified Lorentz's expression by

assuming the radiation phases are determined by the equi-

librium Boltzmann distribution instead of being completely

random. Later collision theories of Anderson 2 6 and Murphy

and Boggs 27 also predict the modified Lorentzian line shape.

The Van Vleck-Weisskopf line shape for an electric dipole

transition between energy levels i and j, with center fre-

quency v is28

-M 8i2Nfp 22 (AV +Av (1)

0 (v= p.| v(13ckT vv )a(A)2 (v)2+( )2

where N is the number of molecules per unit volume, f is the

fraction of the molecules in the lower energy state involved
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in the transition, y,. is the dipole moment matrix element

for the transition, and Av is the half-maximum half-width.

The symbols c, k, and T have the usual meanings of speed of

light, Boltzmann's constant, and absolute temperature,

respectively.

For most microwave lines, and certainly for lines as

narrow as the H CO lines measured in this investigation, the

second term in square brackets in Equation (1) is completely

negligible because Av<<v0 the half- widths were on the order

of 100 kHz while v0 is several GHz at the least). Ignoring

the second resonant term in Equation (1), therefore, the

shape equation is

v) r2 Nf 2v 2 v{vv)2 + (Av)2 -1. (2)

When Av<O.01v0, the absorption curve is strongly resonant and

for all practical purposes the v2 factor in front of the

brackets does not modulate the line shape.2 9 Hence, for

narrow microwave lines the frequency dependence of the line

shape is effectively represented by

F(v) = {(v-v0)2 + (Av)2}-1

where Av is constant at a given pressure.

Experimentally, one generally observes derivatives of

the absorption profile, &(v); the derivatives are inevitable

if source modulation is used, and in any case the derivatives
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are easier to measure accurately (the half-power points of a

line are difficult to establish because of baseline noise).

The points of zero slope of any derivative of a (v) may be

related to the half-power points by repeated differentiation

of Equation (3). It is a simple matter to discover that the

peaks of the first derivative are related to the half-width,

Av, by 26v= 2A=2/v3, where, following convention, the sepa-

ration between the peaks of a derivative profile are denoted

by 26v. The widest peaks of the second derivative profile

coincide with the half-power points of a(v): 26v2 = 2Av.

The profiles of the first two derivatives of the resonance

profile are shown, along with a Lorentzian absorption profile,

in Figure 3.

Care should be exercised by noting that the relations

between 6v and &v above obtain only if the original shape of

the line is strictly Lorentzian. Hence, corrections for

other types of broadening may occasionally be very important,

especially if the extraneous broadening does not of itself

give a Lorentzian shape (such as the Gaussian contribution

from Doppler broadening).

Typically, most of the non--collisional sources of line

broadening are either essentially constant or else contribute

very little to the line width, at least when compared to the

pressure-broadened contribution. However at very low pressure

the Doppler effect may become important, and overlapping

spectral lines can distort line shapes at higher pressures.
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Natural Line Width

Spontaneous electric-dipole transitions from excited

states of a molecule to the ground state can cause a broaden-

ing of a line, called the "'natural" width. Quantum-

mechanically, the transitions are attributed to disturbances

of the molecule by zero-point modes (i.e., mean energy per

mode is hv, corresponding to the ground state of a harmonic

oscillator), of naturally-occurring electromagnetic fields.

The expression for the natural half-width is obtained

by starting with the probality per unit time for a spontaneous

transition of frequency v to the ground state, 30

P 6414Wv3I 12  (4)

3hc

If the dipole moment matrix element, i, is non-zero, obviously

the excited state has a finite lifetime, T. The half-width

of the broadened line is related to T by the well-known

relation (obtained from the uncertainty principle)

AV = - T , (5)

where Av is the natural half-width.

Since the lifetime of the excited state is T, the prob-

ability of a transition in time T is essentially unity. If

Equation (4) is written as l/T and combined with Equation (5)

the result for the natural half-width is

=V32r
3 v3

1 1 2 (6)

3hc
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Equation (6) gives the natural half-width provided only

zero-point electromagnetic fields perturb the molecule. As

discussed in Chapter IV, fields are generated in a waveguide

due to the thermal motions of electrons in the guide walls;

these fields are more intense than zero-point fields by the

ratio of the mean energy per mode of the finite-temperature

fields (i.e., kT) to the energy per mode of the zero-point

fields ( hv). Equation (6) must therefore be multiplied by

a factor of 2kT/hv. For typical values of v~ 30 GHz and

T = 300K, this ratio is about 400.

The approximate natural halfrwidth may now be estimated

from Equation (6). Values for v and T are the same as chosen

above. For HaCO the maximum value of p is on the order of

2 D. Calculating tv from Equation (6) and multiplying by

the factor 400 gives a natural half-width of a spectral line

in gas contained in an absorption cell of about 1.6x0"",Jz,

which is immeasurably small. Consequently, natural line

broadening may be ignored whenever most of the molecules in

the system are in ground electronic states, which is certainly

the case for formaldehyde at room temperature.

Wall Broadening

Broadening of microwave lines due to molecular collisions

with the walls of an absorption cell has been analyzed by

Danos and Geschwind. 3  They derived expressions for the

wall-broadened half-widths for rectangular and circular cross
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section cells. The expression for the half-width due to wall

collisions in a circular cell is

Av-f1.25(2kT/m) , (7)

here a * cell radius and m = mass of each molecule.

The cell used in this study had a radius of 2,5 cm,

and the mass of a formaldehyde molecule is 4.99x102 2gm.

A calculation of the wall-broadened half-width of formalde-

hyde molecules at T = 3000C yields Av = 1.6 kHz. This

contribution is negligible, but more importantly, it is a

constant independent of pressure. Therefore, wall-broadening

cannot affect the slope of a graph of pressure-broadened

half-widths plotted versus pressure.

Doppler Effect

Random thermal motions of gaseous molecules in an

absorption cell introduce a broadening of spectral lines via

the Doppler effect. If source radiation of frequency v is

incident upon molecules that have translational motions with

respect to the radiation source, then the frequency perceived

by a given molecule depends on its velocity. The apparent

spread in source frequencies broadens the microwave lines.

A correction for Doppler broadening has been obtained by

Parsons and Roberts; 3 this correction will be rederived in

some detail.
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Let source radiation be incident along the axis of an

absorption cell, assumed to be the z-axis. A molecule with

z-component of velocity vz observes a longitudinal Doppler-

shifted frequency v ' given by 33

{l (v /c) }

{l-(v /c)z

and a transverse frequency v" given by

v" = v{l-(vt/c) }- , (9)

where v.t is the transverse component of velocity (perpendi-

cular to the z-direction).

At ordinary temperatures, the molecular velocities are

distributed according to the Maxwellian distribution, provided

the gas is sufficiently dilute and is in thermal 
equilibrium.

The fraction of molecules per unit volume with velocities

between v and v+dv, denoted as dNv, is therefore 3 4

dNv = N (m/2kT) 2exp (-mv2/2kT) dv, (10)

where all symbols have been previously defined. The average

molecular speed may be calculated by converting Equation (10)

to a distribution of speeds, and the result is

v = (8kT/3rm) .i(11)

For a formaldehyde molecule at room temperature, Equation (11)

gives 7~- 4.&x104 cm/sec. The ratio v/c is about 1.5x10~ ,
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and only first-order terms need be retained in the Doppler-

shift formulas. By this argument, the transverse Doppler

effect is negligible and the longitudinal Doppler shift

reduces to

v -= vL vz/c). (12)

Eence, to first order, only the component of velocity

parallel to the direction of radiation propagation causes a

frequency shift. Equation (10) is therefore specialized to

a one-dimensional form in vzy

dN = N (/27rrkT) exp (m '/2kT)dvz. (13)

Reference is now made to Equation (2). The partial

contribution that molecules with z-components of velocity

between vz and vz + dvz make to the absorption coefficient

may be written as da,,where

dot(v) = kf] 1 2  A{(v'vy2+(Av)2}"l dN (14)

To compute a, it is necessary to integrate over all possible

values of vz. It is easier to convert to the variable v'

with Equation (12), whence dvz = (c/v)dv', and the exponential

term in Equation (13) becomes

exp (rmv4/2kT) = exp{-(&nc 2 /2kTv 2 ) (v' ̂v) 2 }. (15)

The plus sign has been used in Equation (12), so the limits

on v are from minus to plus infinity.
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For very narrow lines (where the Doppler effect becomes

important), the line shape is strongly "peaked." Therefore,

only values of V localized about the center frequency v0

make significant contributions to the absorption coefficient;

hence, the v 2 term in the denominator of the argument of the

exponential term in Equation (15) may be approximated by v.

For compactness, define a coefficient 3 = mc2 /2kTv02, then

combine Equations (13) and (14), and integrate over v' to

obtain the expression

c v) = ANAvf Y e{22' Y 1  dv', (16)

where all pressure-independent terms (assuming T to be held

constant) have been collected into a single constant, A.

By the same argument used above to obtain vivo for

narrow lines, the approximation v'2/v v 2 /v v0 is used to

simplify the integrand of Equation (16), viz.,

a(v) = ANAvf ep{l(v 2 dv'. (17)
(v' -v 0 ) 2 +(Av)2

The functional form of the integrand indicates correctly that

a spectral line that is both pressure and Doppler broadened

has a Lorentzian shape (denominator of equation above) modified

by a Gaussian contribution due to random molecular motions

(numerator of equation above).

In source-modulation microwave spectroscopy, the first

derivative of the absorption profile is generally observed
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in actual experiments. The peaks of the first derivative

profile correspond to the points of steepest slope of a (v) .

Thus the second derivative of a (vY is zero at the peaks of

the first derivative. Equating the second derivative with

respect to v of Equation (27) to zero gives

f S21x ) exp% x 2 ) dx B (18)

where the substitution x = v'-v has been made. Equation (18)

allows one to determine where the peaks of the first deriva-

tive of a(vY are located for a line that is both pressure

and Doppler broadened.

Denote the points of steepest slope of a(l) by v=v0 6V;

then Equation (18) becomes

f(_26x2 ) e(dx = 0. (19)
(x 6v) 2 +(Av) 2

Recall that F = mc2 /2kTv 2. Hence, given the absolute tem-

perature T, the center frequency v0, and the mass m of the

molecules in which a transition occurs, Equation (19) may be

solved for the values of $v that give a zero integral, for any

value of Av, Now, Av is the pressure-broadened half-width,

so by solving Equation (19), it is possible to calculate the

value of &v that corresponds to a Dopplerebroadened line

with a pressure-broadened halfrwidth of AV.

Solutions of Equation (19), using iv as a parameter, are

best obtained using the Gauss-Hermite quadrature method of
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numerical integration, which is defined by the following

expression 9 5 :

2
f0edX f(x)dx ~ w f(x.), (20)

where the roots xi and weight factors wi are obtained from

tables. A computer program using point integration has

been written for an IBM 360/50 computer to solve Equation

(19) for the value of 6v that corresponds to any Nv.

The correction that must be applied to a first derivative

profile to account for Doppler broadening is calculated as

Ca = 6v (v//G), (21)

where the S/ factor relates the first derivative peaks to the

half-power points of ctKV)? see Figure 3. Equation (21) may

be rewritten as

N = (T)1 C 1 q(22)

For second derivative profiles (as used in this investigation)

the /3 factor does not occur because the second derivative

peaks coincide with the half-power points. The correction

for second derivatives is therefore

V &v 2v2 c2. (23)

Figure 4 shows some of the correction curves that have

been obtained using the computer program. All of the curves
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are for H 2CO molecules at 300
0 K; values of va for the various

transitions are indicated on the figure. Formaldehyde is

massive enough that the Doppler correction makes at most a

few percent difference in the line width parameter, Avp.

The shapes of the correction curves indicate that the

correction 3v-Av is always greater for smaller Av. Hence,

the Doppler correction always increases the slope of a plot

of AV versus p over the uncorrected tv

The Doppler correction derived above has been based upon

purely theoretical considerations. However, experimental

evidence supports the validity of the correction. Corrected

values of the half-width generally lie more nearly along a

straight line, as predicted by theory, than do uncorrected

half-widths, when plotted versus pressure. Simultaneously,

the standard deviations of experimental points from a best-

fit straight line are typically reduced when the points are

corrected for Doppler broadening.3 2

Saturation Broadening

As pointed out in Chapter IV, precautions were taken to

eliminate saturation broadening in actual experiments by

empirically determining the incident power levels where

saturation became detectable; that power level was subse-

quently never exceeded. Therefore, numerical corrections

were not applied for saturation broadening. A brief dis-

cussion is included to show the reason saturation occurs.
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Karplus and Schwinger3 7 have formulated a theory of

steady-state saturation broadening (i.e., the molecules have

been subjected to radiation for some time), while a theory

of time-dependent saturation has recently been advanced by

Schwendeman and Pickett. 38 Steadystate saturation is

applicable to this investigation.

Saturation broadening of spectral lines ensues whenever

the Van VleckeWeisskopf assumption that colliding molecules

populate excited energy levels according to the equilibrium

Boltzmann distribution is invalidated. If molecules are

subjected to a radiation field that is sufficiently weak

so that transitions to excited levels occur at a rate that

is negligible compared to the collision rate, the molecules

will maintain thermal equilibrium by collisional depopulation

of the excited states. When subjected to a strong microwave

field, the molecules may absorb energy from the field at a

greater rate than the collisional depopulation rate. Energy

level populations can then no longer be specified by the

Boltzmann distribution, and "saturation" is said to have

occurred.

The effect that saturation induces in a microwave line

can be ascertained by writing Equation (2) in an alternate

but equivalent form. Consider an allowed transition from an

excited state to the ground state, with the number of

molecules per unit volume in the states being N,. and No,

respectively. If saturation effects are negligible, the
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populations of the levels are related by the equilibrium

Boltzmann distribution

N1 = N exp(-hv/kT) , (24)

v being the frequency of the transition between the two

levels. The difference in population densities is simply

No N i= {le=p(hV/kT}N o. (25)

For microwave frequencies and Te3OO 0 K, the factor hv/kT

is on the order of 1O"", The exponential may therefore be

expanded and only the first-order term retained:

No - Ni (hv/kt)No. (26)

In Equation (2), Nf represents the number of molecules per

unit volume in the lower energy state, which in the present

notation is No. From Equation (26), therefore,

Nf = No N oT Ni) . (27)

If this new expression for Nf is used in Equation (2), the

result is

a(v) =. (No- Nj) hto1 2v .v(28)

(vr7v 0 ) 
2+(AV) 2

It is easy to show that the maximum intensity is decreased

and the half-width increased by saturation.3 9 However, these

expressions will not be derived.
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Equation (28) shows explicitely that any disturbance

of the equilibrium populations of the two energy levels by

strong radiation fields will indeed affect a(v), altering

measured half-widths. Consequently, saturation must be

avoided in line broadening experiments. The saturation

formulas have been confirmed experimentally. 4 0 ' 41

Modulation Broadening

The microwave spectrograph used in this study employs

frequency modulation of the source radiation, to permit

phase-sensitive detection of absorption signals (Chapter IV).

The application of a periodic sine or square wave modulation

voltage of frequency f to a klystron causes the source radi-

ation to be frequency modulated at the frequency f, with a

frequency swing ("excursion") over one period that depends

on the amplitude of the applied voltage. Source modulation

introduces a new frequency component to the microwave field

which necessarily introduces another broadening perturbation

to the molecular energy levels.

Karplus 4 2 has formulated a general theory of modulation

broadening of microwave lines. His theory has been modified

for the case of "low-amplitude" modulation (i.e., the fre-

quency excursion over one period of the modulation is less

than the line width) , by Rinehart et. al. 4' 3  The general

procedure is to write a time-dependent modulation term into

the Hamiltonian, then use the equation of motion for the

density matrix to get the line shape with modulation.
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The theory shows that line shape components occur at the

fundamental modulation frequency f and also at harmonics of

f (only odd harmonics for square wave modulation, since there

are no even components in the Fourier expansion). If the

fundamental component is detected in a narrow-band amplifying

system, both square and sine wave modulation give a signal

that is very nearly the first derivative of the Lorentzian

line shape, with additional broadening due to the modulation.

Harmonics of a square wave modulation voltage give essentially

the same shape as the fundamental, but sine wave harmonics

produce signals that are proportional to the higher deriv-

atives of the absorption curve, a(v). For instance, detection

of the first harmonic of a sine wave modulation signal gives

the second derivative profile of a((v).

Measurements in the H2CO experiments were made on

second derivatives of a(v). The correction to be applied

to the separation between second derivative peaks (26v) to

convert to the non-broadened line width, 2Av, is 4 3

26v = 2Av{l + (f'/Av)2 + (f/Av)2 }; (29)

f' is the frequency excursion of the klystron source over

one period of the modulation, and f is the modulation fre-

quency (which was 17 kHz in these experiments; see Chapter

IV).

Equation (29) is derived under the assumption of "slow

modulation," which requires that f< AV. For a modulation
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frequency of 17 kHz, this restriction is easily fulfilled

except for a few H2 CO lines at very low pressure (p < 1 mTorr).

The requirement of slow modulation is one reason for observing

second derivatives in the experiments; a modulation frequency

of 34 kHz would be necessary to obtain first derivative pro-

files with the tuned amplifier used in these experiments.

Equation (29) may easily rewritten as a quadratic

equation in Av, with roots determined by

Av = {6v {(Sv)2 f2+2f2)} }. (30)

Clearly the plus sign must be used in front of the radical,

else ®v = 0 for no modulation (f = f' = 0). With the positive

sign, 6v = A for zero modulation, which is to be expected.

Equation (30) has been used to calculate correction

curves for modulation broadening, using fV and 6% as param-

eters; these curves relate experimentally observed separations

between points of steepest slope, &\, to non-modulated half-

widths, AV. Figure 5 shows correction curves computed for

several values of f', over a wide range of v values.

The frequency excursion, f', must be obtained empiri-

cally. This can be done by viewing "frequency markers" that

are displayed (along with a spectral line) on chart recorder

output of experimental data. These markers are generated

by mixing the signal from a frequency standard with part of

the (modulated) klystron output, so the markers are also

modulated by the frequency excursion. The marker pattern
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for sine wave modulation is generally unresolved for low-

amplitude modulation, but if the modulating voltage is

reasonably high, the pattern is one of several marker com-

ponents separated by the modulation frequency, f, with

relative amplitudes of the components determined by the

Bessel functions J (f'/2f). 44

The marker pattern for sine wave modulation is not

easily interpreted, so experimental determinations of the

modulation broadening of low pressure H2CO lines were made.

It was determined that the modulation voltage could be set

at a sufficient level (typically on the order of 50 mV) to

obtain adequate modulation without measurably broadening the

formaldehyde lines; the limits on the amplitude of the

modulating voltage were always observed.

The fact that modulation broadening is negligible

reveals that f' is less than 10 kHz for low modulating

voltages. From Figure 5, it is noted that the correction

6v7Av varies by about 3 kHz over the range 6v = 40 kHz to

100 kHz, for f' = 10 kHz. If the pressure change over this

range of line widths were 10 mTorr, the correction to the

line width parameter, Avp, would be about 0,3 MHz/Torr, an

effect not quite detectable in these experiments. Therefore,

numerical corrections did not have to be applied for modu-

lation effects, which was a fortunate circumstance because

of the difficulty of obtaining the frequency excursion, f',

from the marker pattern.
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Overlapping Spectral Lines

Occasionally, frequency separations between the center

frequencies of separate transitions in a molecule may be

small enough to allow the absorption profiles of the different

lines to overlap when the lines are sufficiently broad (e.g.,

at high pressures). A line that is distorted by nearby lines

no longer has a pure Lorentzian shaper the experimentally

measured half-widths will depend on where the inflection

points of the line are after the overlap ensues, and the net

effect may be a broadening or narrowing of a given line.

All of the 12C lines measured in this study were quite

narrow compared to separations between center frequencies of

the individual rotational transitions. Thus, no broadening

due to overlap of spectral lines from separate rotational

transitions was possible.

Unfortunately, a problem analogous to that described

above arises because of magnetic hyperfine structure that

occurs in H2CO Rdoubling lines with the quantum number K-

an odd integer.' This magnetic hfs, proportional to 1-t,

is due to interaction of the magnetic moments of the nuclear

protons with the magnetic field of molecular rotation. The

hfs is seldom resolved in a conventional microwave spectro-

graph, so a K-doubling transition observed in the laboratory

may be a composite of several hyperfine components; the

broadening of the composite envelope may be different from

the broadening of the individual components. In addition,
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the modulation and Doppler corrections would be suspect, for

they were derived under the assumption that the line shape is

Lorentzian, which is not precisely true for a composite line.

A method which allows the measured 6v to be corrected to

the proper Av can be developed by assuming the composite line

shape is a sum of the m Lorentzian components, viz.,

c(v) = Can{ (v-v )2+ (Av) 2}1'".e(31)
n=1Gnn

The an are relative intensities, and von are center fre-

quencies of the individual components. The constant C is

simply to account for units. As the form of Equation (31)

suggests, all components are assumed to have identical half-

widths Av; hence, an implicit assumption is that each com-

ponent is pressure broadened primarily by the effects of the

induced K-doubling transition and not by the small magnetic

interactions. Another way of stating the assumption is that

proton spin orientations are not expected to significantly

alter the collisional interactions between separate molecules,

and this is supported by experimental evidence.' 5

Upon transforming all frequencies with the substitution

vi = v"'vo (where v0 is the center frequency of the K-doubling

transition), Equation (31) becomes

m
a(v') = C Z n{(v'-an)2+( )arl, (32)

n=1

where an is the frequency displacement of the mth component
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from the frequency v0 . The peaks of the second derivative

of a(v') are found by equating the third derivative of a (v')

to zero; this gives

m (v' -a ){C(V) 2 jfjanjj 0. (33)
n i n 1 

(s'a 2+( 2 (33)

Equation (33) can be solved numerically for the values

of v' that satisfy the requirement that the third derivative

of a (v') be zero. The half-width, Av, is used as a parameter.

The frequency separation between the two outer peaks of the

second derivative profile will then equal the value of 26v

observed experimentally for the unresolved envelope. 6) and

AV can then be correlated to construct correction curves.

Of course, the relative intensities and hyperfine

splittings must be known before Equation (33) is useful.

Magnetic hfs is such a small effect in H2CO lines that it

can generally be resolved only in beam maser spectrometers;

only a few of the HaCO transitions have been studied this way.

The most accurate measurements of hyperfine frequency

splittings in formaldehyde have been made on the 1 l1
10 11

transition by Kukolich and Ruben, 1 4 who used a two-cavity

maser with 0.3 kHz resolution. Approximate relative

intensities for the components of this line have been calcu-

lated by Okaya,4 who has also calculated intensities for

some other H2CO transitions. However, Okaya's values are in

doubt because he used a conventional spectrometer, and could
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only resolve two components of the 413+ 414 line to use as

the basis of his calculations. Thaddeus et. al. 1 5 have re-

solved and measured most components of the 211+ 212 tran-

sition, and Takuma et. al. 4 7 have made measurements on the

three strongest ( F = 0) compenents of the 31i2-+ 313 K-doubled

line. (Okaya 1 6 and Posener4 8 have treated the theory of

magnetic hfs in asymmetric top molecules.)

Published values of a and an were used to make approx-

imate calculations of 6v for a range of Av values, for the

10o+ 111 and 2 11+ 2 12 transitions; the results are displayed

in Figure 6. From the graphs for these two transitions, it

is evident that the dependence of 6v upon Av is very nearly

linear except for very narrow lines where the components are

almost resolved. This is not surprising because the com-

ponents are closely spaced and sharply peaked; contributions

to the wings of the envelope (where 6v is measured) are

therefore primarily due to the outermost components on either

side of the unresolved envelope.

This assertion is borne out by Figure 7, which is a plot

of a(v) versus v for the li0+ lii line for several values of

Av, calculated using Equation (32). The fact that 6v broadens

at about the same rate as Av also means that Doppler and

modulation corrections can be applied if necessary, since the

unresolved line broadens almost like a purely Lorentzian line.

The percent error that neglecting the overlapping lines

would make in the determination of the line width parameter,
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Fig. 6., Relation between Av and &v for two of the 2CO
microwave spectral lines that have magnetic hfs.
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Avp, can be estimated from Figure 6. For instance, suppose

readings are made on the 1 + 1 line for values of 6v from
10 11

30 kHz to 100 kHz; these are typical values of half-width,

for pressures in the range 0.5 to 10 mTorr. The slope of the

graph for the 1 - 1 line, treated as linear between the

specified values of 6v, is about 1,1; if the measured line

width parameter were 20 MHz/Torr after applying other

corrections, the true slope would be (20) (1.1) = 22 MHz/Torr.

In this "worst-case" example where the curve is assumed to be

linear, an error of approximately 10 percent would be intro-

duced into the line width parametser by ignoring the correction.

Realistically, the contribution to 4vp from overlapping

lines will be less than 10 percent, because initial values of

$v are generally greater than 30 kHz, and the slopes of the

curves in Figure 6 are very nearly unity for values of &

above about 40 kHz.

The resolution and sensitivity of the spectrometer used

in this investigation were such that the hfs of some lines

was partially resolved. Figure 8 shows a second derivative

profile obtained during the course of this work with an

extra peak due to magnetic hyperfine structure. Naturally,

the hfs can only be partially resolved at very low pressure,

where the pressure broadening is not so large as to totally

obscure the splitting.
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CHAPTER III

PRESSURE BROADENING

The predominant broadening mechanism of microwave lines

in low-pressure gases is usually molecular collisions, or

pressure broadening. In Chapter II, contribution to half-

widths of H2CO lines from other sources of broadening were

seen to be minor except for very narrow lines where pressure

broadening has been reduced to low levels. The extraneous

broadenings were considered simply to improve the accuracy

of experimentally observed pressure broadened half-widths,

by removing non-collisional contributions to 6v.
An implicit assumption in source-modulation microwave

spectroscopy is that the true pressure broadened line shape

is Lorentzian; this line shape is well-established both

theoretically2 3and experimentally. 28 For example, Lorentz-

type collision theories predict that Av should be related to

t, the mean time between molecular collisions, by the well-

known equation

Av = 1/2Trt. (34)

From considerations of kinetic theory, t should be inversely

proportional to pressure, p, at low pressures where bimolecular

collisions predominate. Hence, Equation (34) predicts that

41



42

the collision broadened half-width should depend linearly on

pressure at low pressures; this is confirmed experimentally.

in spite of the success of the Lorentz and Van Vleck-

Weisskopf theories in predicting line shapes, the theories

are incomplete because Av is used as a parameter to be de-

termined empirically. It is desirable to have a theory

which can predict the value of Av at a particular pressure,

given certain information about the molecular properties

(e.g,, the magnitude of the dipole moment). Laboratory

measurements of Av or Avp might then be interpreted in terms

of intermolecular forces that arise in molecular collisions.

Values of molecular quantities such as quadrupole moments

could then be adjusted to bring theory and experiment into

coincidence.

Collision Theories

Theories of collisional broadening fall into two main

categories; statistical and impact theories. The statistical

theory, due mainly to Kuhn" 9 and Margenau, 50- 5 2 focuses on a

single radiating molecule that is perturbed by an average

effect due to all other molecules in the system. This static

perturbation approach cannot take into account any changes of

molecular interactions with time due to motions of the mole-

cules, hence cannot provide for possible transitions in

"violent" collisions. The statistical theory therefore

applies only when molecular velocities are sufficiently
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small so that time-dependent variations in intermolecular

interactions may be ignored, 5 3 a criterion which is seldom

fulfilled in rotational spectroscopy; however, Spitzer 54 and

Holstein55 have shown that the statistical theory is valid

in the wings of low-pressure microwave lines (the impact

theory being valid near the line center).

Impact theories, conversely, assume that molecules

radiate only when undisturbed by collisions. The molecular

collisions are infrequent at low pressures, and of short

duration compared to the mean time between collisions.

Because they neglect radiation that may occur during col-

lisions, impact theories tend to fail at high pressures

(several atmospheres) where collisions are frequent. 5

Two types of collisions may occur. Adiabatic collisions

(involving no transfer of energy) simply alter the radiation

phases of colliding molecules. Nonadiabatic collisions

induce transitions to other molecular states. Since energy

separations between rotational states are small, nonadiar-

batic collisions are very important in microwave spectroscopy.

Anderson26 was the first to advance a theory that allowed

for nonadiabatic molecular collisions. His second-order

pertubation treatment of collisional broadening is still the

approach most frequently used in attempting to analyze

intermolecular forces. Tsao and Curnutte5 6 have presented

a rederivation and extension of Anderson's theory to include

nonresonant terms. B3irnbaum5 7 has reviewed the state of the
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impact theory and some experimental results as of 1967.

Yamamoto and Aoki5 8 have recently extended Tsao and Curnutte's

work to include expressions for asymmetric top molecules for

some types of intermolecular interaction potentials.

Unfortunately, Anderson's theory is difficult to apply

and does not work well in many cases, frequently predicting

linewidths that are too large .27 The general broadening

trend from line to line is often predicted correctly, and by

"normalizing" the theoretical widths, good agreement with

experiment may often be obtained. 2z 6

In point of fact, no impact theory now available gives

consistently good agreement with experimental data; the

problem may be considered yet unsolved. There have been many

recent attempts to improve the theoretical framework, 5 9 -6 3

because the pressure broadening method should be a powerful

method of analyzing intermolecular potentials. Murphy and

Boggs Z716 4-67 have developed an alternative formulation of the

impact theory that appears promising for some cases. However,

recent experimental investigations,6 7 '6 8 including this work

(Chapter V) , indicate that the Murphy-Boggs theory often

fails for asymmetric top molecules, although occasionally

the agreement is good.6 9

For purposes of reference, the basic assumptions of

impact theories and some important results of the Anderson

and Murphy-Boggs theories are given in this chapter.
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Assumptions of Impact Theories

The basic assumptions common to most impact theories

are 5 7 : (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 any collision is short compared to the mean time

between collisions, and (b) collisions are binary so that

the resulting perturbation is proportional to the gas pressure

as in Equation (34). Both of these restrictions apply in

general to molecular gases at pressures of less than one

atmosphere.70

The assumption of a classical path is equivalent to

assuming that the molecules are point dipoles that follow

definite classical paths. Justification for this assumption

resides in the fact that intermolecular forces are effective

at distances that are several times larger than the extent

of the de Broglie wave packet associated with a molecule.

However, in very close collisions this assumption fails; but

in very close collisions there is complete interruption of

the radiation (i.e., arbitrary phase shifts) so that precise

details of the molecular path are unimportant.7 1

In order to neglect some difficult terms that arise in

impact formulations of pressure broadening (e.g., see p. 649

of Ref. 26), it is commonly assumed that all spectral lines

are well-resolved. This might seem to invalidate the treatment
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for lines, such as some of the formaldehyde K-doubling lines,

that have fine structure, but Anderson 26 has shown that if

the lines are not resolved at all compared to the line width,

the separate components may be treated as degenerate.

All of the above assumptions are valid for the H2CO

experiments. The impact approximation is always valid for

the low pressures (p ~=1 mTorr) used in this investigation.

Since H CO has a large dipole moment (2.34 D) , the intermo-

lecular forces should be long range, thereby meeting the

criterion for using classical paths. The third assumption

has been discussed in the preceding paragraph.

Now, the general program in impact theories is to use

the assumptions above, plus knowledge of the rotational

energy levels, to calculate the probability that various

types of collisions occur. Disturbances of molecular radi-

ation (phase shifts and transitions) are accounted for in

each type of collision. Then a Fourier analysis of the (now

incoherent) radiation is performed to determine the distri-

bution of the spectral intensity as a function of frequency.

The process described above is quite tedious and compli-

cated. Nonetheless, expressions for collision cross sections

have been obtained for several of the possible types of

intermolecular interactions. A brief outline of Anderson's

theory, and some results of impact theories, will now be

presented. These results will be used to draw some conclusions

in Chapter V.
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Results of Anderson's Theory

By introducing a time-dependent dipole moment operator

into the expression for the intensity of spontaneous emission

obtained from the quantum theory of radiation, Anderson2 6 has

obtained general formulas for line widths and shifts, subject

to the assumptions previously discussed. His expression for

the shape of a pressure broadened line is

a v) = - rI H-' 2 v 2 v(!vve1Av) 2 + (A) 2}"", (35)

where the notation is the same as for Equation (2), except

that a possible line shift in frequency has been introduced

by the shift term, Av0 . As in Equation (2), a second resonant

term has been omitted for the case of Av«v0  The shape of

the function in Equation (35) is identical to the Van Vleck-

Weisskopf shape of Equation (2) , except for the line shift.

Pressure-induced shifts in center frequencies of micro-

wave lines may be expressed as Av, - aAv, where a is constant

and Av is the half-power half-width. These shifts are very

small for microwave lines, and only a few shifts have actually

been observed.7" They are typically of the order 10 L'I), and

hence do not affect pressure broadening studies since they do

not alter the line shape.

Anderson's expressions for the line width and frequency

shift, in mixtures of two different types of molecules (de-

noted by subscripts 1 and 2), where the number of molecules
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per unit volume of each type is N1 and N2, respectively, may

be written as

211A\= Niviiol i + N2v2i2V (36)

2iTAv0 = N:vicKi + N2vi22O'2. (37)

Subscript 1 applies to the molecule ("absorber") whose line

is being observed, and subscript 2 applies to the other type

of molecule (the "pertuber") involved in the binary collisions.

The width and shift of course have contributing terms from

both "self" broadening (collisions between two molecules of

type 1) and "foreign-gas" broadening (collisions between a

molecule of type 1 and one of type 2), as shown in the two

equations above. The symbol v refers to the mean relative

velocity of colliding molecules, and &s' and $^" are the real

and imaginary parts of the collision cross section, respec-

tively. (For example, .x is the real part of the self,

broadening cross section.) Note that N2 = 0 for pure self

broadening, when only molecules of type I are present.

With the assumption of a classical path, an impact

parameter b may be defined by the equation

r2 = b2 + v 2 t2 , (38)

the physical picture being represented in Figure %. As

previously pointed out, close collisions typically induce

transitions, while more distant collisions are adiabatic.
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Consequently, some type of weighting factor must be employed

with the classical impact parameter to differentiate between

the strengths of various collisions. In this fashion, the

quantum effects can be introduced through the weighting

factor.

Define the weighting factor, dependent on b, of course,

by S (b). The collision cross section may then be written as

a = a' + 1" = f27tbS(b)db. (39)
01

The problem is now reduced to finding S (b) , which is by no

means a trivial task.

However, by writing a Hamiltonian with-a time-dependent

collision term, H (t), then using the "time-development op-

erator," U(t) , 7 3 and finally expanding S(b) to the second

order with a collision operator defined in terms of U(t) and

He (t), it is possible to obtain expressions for S(b) that

have some general utility (although actual calculations are

still prohibitively complex).

If the orders of S (b) in the expansion are denoted by

subscripts, i.e.,

$(b) = So(b) + S1 (b) + s2(b) + .. , (40)

one finds that S od(b) = 0 (corresponding to no interaction at

all), and that Si(b) is purely imaginary so that it contributes

only to the line shift of Equation (37), and not to the half-

width as determined by Equation (36).
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There are two second-order terms, which are called

52 (b)o and S2(b)m; these give the intermolecular coupling

of colliding molecules which contributes to the line width

for an intermolecular potential, H (t), which must of course

be specified. In fact, S2 (b)m gives the diagonal elements

of the coupling matrix and S2(b) gives the off diagonal

elements.

Asymmetric rotors, having no equal principal moments of

inertia, have no diagonal dipole moment matrix elements.

Therefore, S2(b) has no diagonal elements, either, and so

for the special case of asymmetric top molecules,

52(b) = 0. (41)

Complications arise in formulating an expression for

S2 (b)0 that is suitable for general interactions where one

or both of the colliding molecules are asymmetric tops; this

is because it is necessary to expand the coupling potential

He (t) into a series of multipoles using spherical harmonics,

before a tractable form of S2 (ble can be derived. However,

a form can be obtained for symmetric rotors that subsequently

can be altered to include some of the important interactions

for asymmetric top molecules. The multipolar expansion for

S2 (b) is written for symmetric rotors as7

2 (b) = a Sf(b)o , (42)
p

where p is the order of the multipole interaction, and the
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individual terms in the expansion have a complicated form

that is expressed in terms of ClebschGordan coefficients,

C(JkJ';ROK), as

ep) o=) { C(JckJ K OR.) 2 C(J2k2J;K2K2 p(k)
31 J'J

i2

+ (i+f)

2

Ctcnk JR.t)K2OK2 C(J k2J';2OK )f (k)

2

+ Qi-*f)}. (43)

The initial and final states of the absorber are i and f,

respectively, and the initial state of the pertuber is denoted

by the subscript 2. States of either molecule that are

connected to initial states by the perturbation He(t) are

marked with primes. The notation (Sf) means that another

term must be included by replacing i with f in the term

immediately preceding. The prime on the sum over J. means

that the term for Ji = J is to be ommited.

Table I lists values of Cp, k1, k2 , and the exponent n

for some important interactions. The function fp(k) must be

found in tables.56'7'5'7 6 The value of k is calculated using

k b (E - E). (44)

The quantity (EJ EQ is the total change in rotational energy

of molecules 1 and 2 in a particular transition (determined by
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TABLE I

IMPORTANT INTERMOLECULAR INTERACTIONSa

Molecular
p Multipole separation n k k2

Interaction Dependence

-3 4(p21 z 2
I Dipole-dipole R 4 1.1

-4 16P iQz22

2 Dipole- R 6 1 2 45 (Qav
quadrupole

-s5 16 /QiQ2
4 Quadrupole-R 8 2 2 4-

quadrupole

-6 217 2  22 a21
5 Dipole- R 10 2 0

induced dipole

-7 27Tr2 (iiQioa2
7 Quadrupole- d R 12 1 0 32 v

induced dipole

12 3 0 1792 V W7\
I792\ vl

aCompiled from Ref. 2, p. 349, and Ref. 57, pp. 500-501.

bThe p = 3 term (quadrupole-dipole) can be obtained by
interchanging subscripts 1 and 2 in the p = 2 term. Terms
for p = 6 are dispersion terms that are considered negligible
in this investigation.

cNotation: p = dipole moment; Q = quadrupole moment;
a = isotropic polarizability; v = mean relative velocity;

and pf = h/2

dThe k = 3 term will contribute less than 10% to the
cross section (Ref1. 76) .
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the J, K quantum numbers of the initial and final states). As

might be suspected, a calculation of S2(b) 0 from Equations

(42) and (43) is extremely difficult for most interactions.

Obviously, Equation (43) cannot be applied as it now is

written to asymmetric rotors because the quantum number K is

not a good quantum number for asymmetric tops. To convert

Equation (43) to a form applicable to asymmetric rotors,

replace the dipole terms (i.e., those for k1 = 1) given by

C(JlJ';KOKi, by the "line strengths" of the various tran-

sitions in the asymmetric molecule (as obtained from tables.7 7)

divided by (2J+l). This alteration is only valid for the

dipole-dipole, dipole-quadrupo le, and (approximately) the

quadrupole-induced dipole interactions of Table I.

Now, S 2 (b) was obtained from a perturbation expansion

of S(b), so it does not hold for very small values of the

impact parameter, b. However, the maximum value of S (b) in

Equation (39) should be unity (or at least average to unity

for the very strong collisional interactions that are expected

for small b, since strong collisions give arbitrary phase

shifts of molecular radiation). Hence, for small values of b

it is commom to use Sa(b) = 1, where the value of b at which

Sa(b) becomes unity is designated by b0 , and is determined

from the condition S 2 (b0) = 1. Therefore, for b<b0 the

weighting factor S2(b) is unity, and for b>b Equations (42)

and (43) must be employed to compute S 2 (b) .
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The magnitude of S2 (b)0 for various values of b is

sketched in Figure 10. It is of course still true that a

calculation of S2 (b) 0for the several interactions listed in

Table I is very difficult, and Figure 10 only indicates the

trend of S2 (b) . Using the behavior of S2 (b) o for the values

of b to either side of b0 as discussed in the previous para-

graph, Equation (39) may be rewritten as

a' = irb2 + f/21bS 2 (b) 0 db, (45)

where use has been made of Equation (41) for asymmetric top

molecules, and there is no contribution to the imaginary part

of the cross section, a", because the imaginary portion of

the expansion for S (b) , namely S (b) of Equation (40), has

been discarded.

Results of Murphy-Boggs Theory

Murphy and Boggs2 7 have derived expressions for widths

and shifts of spectral lines, using methods analogous to

those of Anderson, in terms of the lifetimes of initial and

final rotational states of colliding molecules. Their

expression for the shape of pressure broadened microwave

lines is identical to Equation (35). That is, they obtain

the modified Van Vleck-Weisskopf line shape with the possible

shift in resonance frequency obtained by Anderson. If the

average lifetimes of the initial and final states of the

absorbing molecule (averaged over all possible states of the
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colliding molecules) are m and Tf, respectively, then the

equations for the half-width, Av, and frequency shift, Ave,

are expressed by

Av = (1/4nt.) + (l/4'TtfY (46)

lan% {&frE>(EpEj)}/hr (47)

with E and Eg being the average perturbed energies of the

states, and E and F being the unperturbed energies of the

two states. The symbol h represents Planck's constant.

By defining a function C(J1 ,J2 ) which gives the number

of transitions per unit time induced out of the J1 level of

the absorber by collisions with perturbing molecules in the

rotational level J2 , and averaging over all possible J2

levels with the aid of the Boltzmann distribution PB 2 '

then lifetimes of the energy states of the absorber are

given by

SPE(J2 Y1)(11,J2 ). (48)

The function N(JJ 2 ) is given by Equation (44) of Ref. 27.

Equation (48) above allows one to compute the average life-

times of any two levels J and Jf between which transitions

may occur; then Equation (46) determines the theoretical

pressure broadened half-width. Calculations of half rwidths

with the Murphy-rBoggs theory are also very difficult.
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However, calculations for the line width parameters of

several H2CO transitions have been performed by Murphy and

Boggs 6 7 using only the dipole-dipole potential of Table I.

These theoretical parameters will be used in Chapter V of

this thesis,

Ralf-widths of spectral lines calculated with the

Murphy-Boggs theory are typically less than v lues obtained

from Anderson's theory. This is because the variation of

S2 (b)o with the variation in impact parameter is different

in the two theories. Murphy and Boggs have shown that by

converting their formulation to that of Anderson gives an

equivalent curve for S 2 (b)0 as Shown in FigurelQ. The value

of S2 Cbi for Anderson's theory is obtained from the

discussion preceding Equation (45). Comparison of the two

curves shows that the cross section computed using Murphy

and Bogg's theory will be less than that calculated from

Anderson's theory because the average value of S2(b) is

less in the MurphyrBoggs theory. This is an important

difference in the results of these two impact theories.
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Fig, 10. Graphof Sa(hi versus - for the two impact
theories summarized in this chapter. (A) Anderson theory;
(B) Murphy-Boggs theory.
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CHAPTER IV

EXPERIMENTAL METHOD

Experimental investigations of widths of spectral lines

require that the width of each line be measured as a function

of pressure for a pressure range that allows on to obtain an

accurate value of the line width parameter for each line. A

suitable line width spectrograph must be capable of measuring

small frequency intervals accurately. Some low-pressure lines

have widths on the order of 100 kHz, so frequency differences

must be measurable to a few kilohertz.

Usually, highly accurate absolute frequency measurements

are not essential in line width studies. Center frequencies

for many known rotational transitions are available from

tables. The frequency separations between individual res-

onances are usually great enough that an absolute frequency

determination of one part in 104 is sufficiently accurate to

positively identify a desired transition.

Line Width Spectrograph

A block diagram of the line width spectrograph used in

this study is shown in Figure 1. This spectrograph has been

discussed in the literature,78 as have similar precursor

spectrometers. 79 '2 2  Factors governing the proper use of the

apparatus, plus a few modifications, are now discussed.

59
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For simplicity, the spectrograph is divided into five

sections: (1) the radiation source (klystron) and asso-

ciated supply, control, and sweep circuits; (2) the absorption

cell, attenuators, etc.; (3) signal detection, amplification,

and display circuitry; (4) the frequency measuring system;

and (5) the vacuum and gas handling system, including a mono-

meric H2CO "generator." Each segment of the equipment will

be separately discussed.

Microwave Source and Controls

Reflex klystrons manufactured by OKI, Varian, and

Raytheon were utilized as sources of microwave radiation in

the spectrograph. Usually, klystrons were available which

produced fundamental frequencies (in the rectangular TE1 0

mode) at the desired formaldehyde transition frequencies.

However, 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 harmonic, but spurious modes may be generated, so the

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. Consequently, the stable operation of a klystron

is dependent on both mechanical and electrical factors.
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The klystron potentials must be well-regulated to

minimize incoherent frequency components in the output

spectrum of the source. Two power supplies were used in tthe

spectrograph, and both performed satisfactorily. 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 on the order of 2000 V. Both supplies have a

combined noise and ripple voltage rating of 1 mV or less.

Two other factors which can significantly affect the

frequency stability of a klystron are mechanical vibrations

and thermal fluctuations of the cavity, since both effects

can alter the cavity dimensions. A satisfactory solution to

these problems was effected by mounting the klystrons in oil

baths. The bases of the oil-bath containers were placed on

vibration-absorbing material. Source noise from environmental

factors was found to be generally small, so the above pre-

cautions were felt to be adequate.

The klystron control unit (Figure 1) is designed so

that the focus, anode (beam), and reflector potentials may

be conveniently adjusted. Such adjustments are necessary to

properly bias the klystron into oscillation and also for

fine tuning of the source frequency. Also, the control unit

has special provision for applying source modulation and

oscilloscope sweep voltages to the klystron repeller.
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Because of the high dc potential at the repeller, the

oscilloscope sweep voltage cannot be applied directly to the

repeller; a method must be used which allows for electrical

isolation of the oscilloscope and repeller. This can be

accomplished by modulating the oscilloscope ramp signal with

a high frequency (133.33 kHz) square wave carrier. The

mixed signal is then fed through a 4 kVDC standoff capacitor

to a demodulator circuit which recovers the sawtooth. The

recovered ramp voltage is then applied to the repeller.

Electrical isolation is provided by the standoff capacitor.

Figure 12 is a schematic of the combined carrier

generator and klystron control circuitry. The 6BQ7 tube is

a crystal-driven Schmitt trigger which provides the square

wave carrier. Mixing of the carrier and sawtooth takes place

in a 6AQ5 pentode. Filtering of the mixed signal to recover

the ramp voltage is accomplished by a LCR circuit.

The "modulation in" terminal shown in Figure 12 is pro-

vided for an additional modulation signal that is applied to

the repeller. Modulation of the repeller by a square or sine

wave voltage is a feature of "source modulation" spectro-

graphs, and serves to modulate the output frequency so as to

permit narrow-band ac amplification and phase-sensitive

detection of the absorption signal. (The source frequency

is modulated, not the source power.)

Sine wave modulation was used in.this investigation.

I]tection at the first harmonic of the modulation frequency
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(f = 17 kHz) resulted in a display of the second derivative

of the absorption profile (Figure 3) . It was found that

resolution was improved by using second derivatives instead

of first. Line shape distortion introduced by standing waves

was also reduced, as previously observed by Netterfield et.

al. 2 3 (Certain electronic aspects of modulation frequency

and voltage are discussed under "signal detection' below.)

Naturally, distortion of the line shape by electronic

factors can lead to errors in line width measurements. A

possible source of distortion results from the nature of

klystron power modes, which are typically of the shape shown

in Figure 13a. If a spectral line is observed at a fre-

quency where the power mode has appreciable curvature (as

indicated in Figure 13b), the power variations detected as

being due to the resonance are superimposed on a nonlinear

baseline; this causes the absorption line (and all derivative

profiles) to depart from the true shape.

This problem can usually be overcome by adjusting the

focus, beam, and reflector potentials so that the power mode

peaks near the center frequency of the observed line.

Klystron power modes are generally essentially flat over a

reasonably wide frequency range (about 2 MHz) near the center

of the mode, so distortion due to curvature is minimal there.

Of course, the degree of distortion is less for very

narrow lines. Power modes are typically on the order of

30 MHz wide; most lines measured in this study had total line
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Fig. 13. Characteristic mode curvature of a typical
klystron power mode. (A) Mode with no absorption. (B) Mode
with of f -center spectral line absorption.
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widths on the order of 100-200 kHz. For narrow lines,

Figure 13 (b) shows the width of the line grossly exaggerated

compared to the width of the mode. Therefore, line shape

distortion due to nonlinear power modes was minimal for the

H2CO lines, even for lines not perfectly centered on the

klystron mode.

Absorption Cell

The absorption cell used in the spectrograph was copper

pipe of circular cross section, with an inside diameter of

5 cm and length of 12 m; it was coiled with a mean coil

diameter of about 1 m to conserve space and to place the

source and detector ends of the cell close together. With

the source and detector close together, short coaxial con-

necting cables may be used, and the electrical equipment may

be placed in a compact manner. The ends of the cell were

vacuum sealed with teflon plates that were 7 mm thick.

Microwave source radiation is introduced to the cell through

the teflon covers, which are virtually transparent to micro-

wave frequencies.

An inside diameter of 5 cm was chosen for the cell so

that the important ho e- l11, K-doubling transition in H2CO at

4.82973 GHz would not be below cutoff. The cutoff frequency

for the dominant TEn2 mode in circular waveguide is80

v -\(49)
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with a = guide radius and c = the speed of light in the cell.

For the cell employed, the radius was 2.5 cm, so solution of

Equation (49) gives v1, 3,6 GHz, well below the limit

imposed above.

A large diameter cell offers advantages other than a

low cutoff frequency. Wall broadening effects are minimal

(Chapter it), and the power flux can be more easily controlled

in a large cell (important when saturation effects are

significant), A disadvantage of the large cell is the large

volume, which requires longer pumping times to purge the cell

between runs, but this is a minor inconvenience.

Regarding a choice of cell length, there are two

competing factors that must be considered. First, sensitivity

is generally improved with increased length because more

molecules can be enclosed along the radiation path length at

a given pressure. The intensity of the absorption signal is

enhanced because more molecules are participating in radiation

absorption at the observed frequency, resulting in a better

signal-to-noise-ratio (it being assumed that detector and

amplifier noise are independent of cell length). However,

attenuation of the microwave power occurs along the cell

length due to losses in the imperfectly conducting cell

walls. Thermal agitation of electrons in the walls generates

thermal noise; this noise must be considered when choosing

a suitable cell length.
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The optimum cell length has been discussed by Townes and

Schawlow. 8 1 If the attenuation coefficients for the gas and

cell walls are a and aQ , respectively, then the smallest

detectable gas absorption for a cell of length L is found

to be

a = {2kTaf/(P exp{-.aL}) } .(50)

P 0 is the power at the source and Af is the bandwidth of the

(approximately monochromatic) radiation in the waveguide . It

may be noted from Equation (50) that Af needs to be small if

small absorptions are to be detectable;. this is why the pre-

cautions mentioned previously concerning source noise were

necessary.

The expression for a in Equation (50) may be minimized

by equating da/dL = 0, which will determine the length L

which permitssdetection of the weakest absorption signal.

The result of this operation is

L = 2 /oL, (51)

which determines the optimum cell length. The attenuation

coefficient a0 depends on the conductivity of the walls, the

frequency of the radiation in the guide, and the particular

mode being propagated. 8 "Typically, a0 has a value on the

order of 10-3 cm~ ; the "best" length will be in the range

5 to 30 m. 8 1 The length of 12m for the cell used in this

study was within the optimum limits, yet still convenient.
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To admit source radiation to the cylindrical cell, pro-

vision had to be made to convert the rectangular TE mode

microwave radiation from the klystron to the dominant TE11

mode of the absorption cell. A reverse process was necessary

at the detector end because most of the crystal detector

mounts available were made of rectangular guide. These mode

conversions were effected by using tapered, copper transition

sections, fashioned to gradually change from rectangular to

circular cross section over a length of several wavelengths

of the radiation being used. This type of. mode transformer

has been discussed in the literature 8 3; the mode conversion

is good if the transition section has relatively smooth

inner surfaces. The transition sections constructed for use

in this investigation provided for ample conversion of

microwave power into the TE 1 1 mode, although some power was

probably lost in other propagating modes.

The rectangular-to-circular transformers had the

important feature of being easily rotated in the circular

flange mounts attached to the ends of the abso ption cell.

This allowed the source and detector transition sections to

simply be rotated to match polarizations of the TE1 1 mode at

the two ends of the cell, and also provided some freedom in

controlling standing wave patterns in the cell,.

Several of the other devices depicted in Figure 11 may

also be considered a part of the absorption cell (although

all of these are outside the teflon "windows" that seal the
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ends of the copper pipe). The 30-db coupler diverts a small

fraction of the klystron source power to a crystal mixer,

for use in the frequency-measuring system. The wavemeter is

a commercially available resonant cavity with a calibrated

frequency adjustment, and is used for rough absolute fre-

quency measurements when searching for a spectral line. An

attenuator to control the power input to the cell was located

between the wavemeter and source end of the cell. The

attenuator also serves to partially isolate the klystron

from the cell by attenuating microwave power that is re-

flected from the cell.

Signal Detection, Amplification, and Display

Power absorptions due to microwave transitions in a

gaseous molecular sample are often less than 1/106 of the

of f-resonance power level in the absorption cell, and it is

these small power absorptions that must be measured to obtain

line widths. Therefore, signal detection and amplification

is a critical stage in the experimental process. The max-

imum sensitivity of a spectrograph is limited by the noise

that appears during absorption, detection, and amplification,

so the performance characteristics of the equipment used for

this purpose are very important.

Detection of the microwave power absorption was accom

plished by the standard method of crystal rectification.

Crystal diodes used were generally 1N26 silicon type, but
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1N23 diodes were employed at frequencies below 12 GHz; the

microwave signal was detected in the standard way, utilizing

tunable detector mounts.

Limits on usable crystal sensitivity are imposed by

crystal noise, which may be attributed to thermal noise and

noise attendant in the rectification process. An approximate

expression for the noise power generated in a crystal is 8

P = {kT + (CI 2 /v) }Af. (52)

T is the absolute temperature, k is Boltzmann's constant,

I is the rectified dc current in the crystal, v is the de-

tection frequency, and Af is the frequency bandwidth of the

detection system. C is a constant whose value depends on

the particular crystal in hand, but which generally has a

-7
value of about 10 ohm. 85

At room temperature, kT is about 4x10 -21 watt/Hz. If

C and I have typical values of 10- ohm and 1 pA, respectively,

the second term in brackets in Equation (52) is only about

3x10 2 4 watt/Hz, for a detection frequency of 34 kHz (i.e.,

detection at the first harmonic of the modulation frequency

f = 17 kHz). Consequently, at low power levels, the thermal

noise in the crystal predominates, and is irreducible except

by narrowing the detection bandwidth (which would require

slower sweep times) or by cooling the detector. Neither of

these alternatives were considered feasible. (It should be

pointed out perhaps that slow sweep times are necessary when
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the detection bandwidth, Af, is narrow to avoid rejection of

of high frequency components to the line shape.)

An auxiliary experiment performed during the course of

this work indicated that the detection system could handle

signals for output crystal currents as low as 0.06 vA (as

measured with a HewlettrPackard Model 425A microvoltrammeter)

but that the signal was degraded somewhat by noise at such

low current levels. Adequate signal-tornoise ratios were

obtained for crystal currents above 0.1 VIA.

Alternatively, experiments on saturation effects revealed

that saturation broadening did not become noticeable for

HaCO spectral lines at low pressure (p= 1 mTorr) until the

transmitted power into the cell was intense enough to produce

currents somewhat above 0.5 -PA in a 1N26 crystal diode.

Taken together, these two ancillary experiments indicate that

crystal currents of 0.1-0.5 pA may be used for observing H2CO

resonances at low pressure to give adequate signal while also

avoiding saturation, At higher formaldehyde pressures,

greater power levels can of course be used without saturation

broadening the lines.

The fact that these small crystal currents can be used

at all is a tribute to the method of phase sensitive detection

because such low currents are too small to give good con-

version gain (efficient rectification) in a crystal. Currents

on the order of a few PA were desirable, but the limits

imposed by saturation forbade their use.
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Voltage signals from the crystal detector (about 5-20

mV) were first amplified in a tuned high gain transistor pree

amplifier, designed and constructed in the departmental

electronics shop,86 and shown schematically in Figure 14.

The gain was variable so that signals of differing amplitudes

might be displayed on the recorder chart; gains on the order

of O.5x108 were typical. The amplifier was tuned to a reso-

nant frequency of 34 kHz in order to selectively amplify the

first harmonic of the 17 kHz modulation frequency.

Shortedzinput equivalent noise generated in the pre-

amplifier was measured to be less than 0.6 1v, which was

about as large a value as could be tolerated when crystal

currents were below a few PA; this is because it would be

preferable to have crystal noise predominate over amplifier

noise to achieve best sensitivity.85 Fetunately, any

random output noise was filtered in the phase detector.

After the detected signal was amplified in the pre-

amplifier, it was sent to a PAR Model 122 phase-sensitive

detector. The "lockrin" was also tuned to 34 kHz, and was

referenced to the square wave output from the same Heathkit

EUW 27 audio generator that produced the sine wave source

modulation as well. The gain of the lock-in was variable in

steps, determined by a "sensitivity" control with a range

from 50,0.1 mV, the gain being calculated for a 10 V output

signal, Sensitivity settings of 50 and 20 my were typically

used in the experiments.
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Visual display of the phase detector output signal was

provided by using the Tektronix 502A dual-trace oscilloscope

that also generated the klystron sweep (i.e., the klystron

and oscilloscope were synchronously swept) . The phase de-

tector signal was also sent to one pen of a dual-channel

Rikadenki B-261 strip chart recorder for a permanent record

of the data. (The second chart pen was used to display fre-

quency markers, discussed in the next section.) A typical

recorder display of the second derivative profile of a

spectral line is shown in Figure 15.

As previously discussed in Chapter II, detection at the

first harmonic of a sine wave modulation signal yields a

crystal signal which is proportional to the second derivative

of the absorption profile, a(v). The appearance of the first

derivative can be seen to occur because the slowly-swept

klystron output is "chopped" by a high-frequency modulation

which essentailly samples the instantaneous slope of the

power output curve at the rate of the chopper frequency. The

higher derivatives of the absorption curve arise because the

absorption profile is nonlinear .3

There are several reasons for experimentally observing

derivatives of the line instead of the absorption profile.

First, modulating the klystron output frequency permits the

use of high-gain ac amplification. Second, baseline noise

would make location of the precise half-power points very

difficult, whereas the inflection points of the curve may be
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2 Bv

500 kHz
Fig, 15. Chart ;recording of l163,-3 l63:14 transition

in formaldehyde. Pressure is about 1.5 mTorr.
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observed relatively clearly. Third, distortion due to

standing waves is reduced by using higher derivatives,. 23

Finally, the frequency resolution of the lines was found to

be improved by observing second derivatives (as previously

mentioned).

Overall, the detection and amplification system was

found to be sensitive enough to measure microwave lines with

absorption coefficients as small as 10~7 cm-'. The frequency

resolution of spectral lines was estimated to be about 30

kHz, based on measurements of partially-resolved magnetic

hfs that appeared in some of the formaldehyde lines (see

Figure 8 for a recorder trace of a HzCO line with noticeable

fine structure).

Frequency Measurement

The small frequency intervals that must be determined

in line width studies can be conveniently measured by pro-

ducing as recording "frequency markers" of known frequency

separation on the same chart that records the derivative of

the line shape. The half-power half-width may then be cal-

culated by using the marker separation as a frequency basis.

The markers were generated in the standard way by

mixing part of the source radiation (extracted with the 30-

db coupler) with microwave radiation from General Radio

Models 1112A and 1112B frequency standards (or occasionally

with output from a Hewlett-Packard Model 612A UHF signal
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generator). Sum and difference frequencies were obtained by

crystal-mixing the two signals; the difference frequencies

for the above configuration were in the radiofrequency range,

and were detected with a Wells'rGardner Model BC-348Q radio

receiver. The receiver was typically tuned to receive 250

kHz difference frequencies, By adjusting the frequency

standard so that one of its harmonics was approximately

equal in frequency to the transition frequency of the line

being observed, two frequency markers appeared at intervals

of 250 kHz from the line center. The total separation of

500 kHz between these markers was then used as a basis for

measuring frequency separations between derivative peaks.

This method is only accurate if the klystron sweep is

very nearly linear over the 500 kHz marker interval. At

high sweep rates, the ramp voltage from the carrier-generator

demodulator was observed to be nonlinear due to the LCR

filtering. However, at the slow sweep rates (a few MHz/mn)

used when taking data, the sweep was very linear, except for

a gentle slope immediately after retrace. Consequently, the

line was generally situated to be near the center of the

oscilloscope trace, with the markers symmetrically placed

to either side of the line. Because both the line width and

marker separation were small, distortion due to nonlinear

sweeping was considered to be small.

Figure 15 shows a secondrderivative profile of a line

displayed with frequency markers.
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Vacuum, Gas Handling, H2 CO Preparation

Evacuation of the absorption cell was performed by a

vacuum system consisting of a LN cold-trapped Van Waters and

Rogers HV-l oil-vapor diffusion pump connected to a Welch

Duo-seal Model 1405 forepump. Pressure measurements made

with a calibrated McLeod gauge indicated that the system was

capable of an ultimate vacuum at room temperature of 10 mm

of Hg. Complete evacuation of gas from the cell was primarily

dependent on the nature of the gaseous sample. H 2 and He

were easily pumped from the cell; H CO was more difficult to

purge, but formaldehyde lines that were intense at initial

H2 CO pressures of about 1 mTorr were usually undetectable

after about 20 min of continuous pumping.

Pressures within the absorption cell were measured with

a Hastings thermocouple gauge that had been calibtated against

a standard McLeod gauge. The calibrated McLeod gauge was not

suitable for general pressure measurements of H2CO or H 2 CO-

foreign gas mixtures because H 2CO partially polymerized under

the high compression in the closed capillary tube. The

Hastings gauge was calibrated by comparing pressures against

pressures measured by the McLeod gauge for several low HZCO

pressures. To minimize polymerization effects in the McLeod

gauge, pressures were read very quickly, and the Hg levels in

the capillaries were kept as low as possible. A similar pro-

cedure was used for the H2 and He calibrations, except a wide

range of pressures were used (no polymerization in these).
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Graphs of the Hastings gauge pressure readings versus

the McLeod gauge readings were used to obtain calibration

constants for the Hastings gauge (the McLeod gauge readings

were assumed to be the correct pressures). Linear least

squares fits of the data points gave the following constant

factors that the Hastings gauge pressures had to be multi-

plied by to obtain the true pressure for the various gases:

HaCO - 0.725; H2 - 0.639; He - 1.15. (These factors are

reasonable because the dc output from the thermopile of a

thermocouple gauge is inversely proportional to the thermal

conductivity of the surrounding gas.)

Gases were admitted into the cell when desired from a

series of "dosing" reservoirs mounted on a dosing manifold.

The H 2 and He samples were high-purity laboratory gases

purchased from Union Carbide. Monomeric formaldehyde had

to be generated locally because it cannot be marketed in

gaseous form. A "generator" was designed which made it

possible to have small amounts of monomeric H2 CO available

at all times. This device was constructed in the Chemistry

Department glass blowing shop8 7; it is shown in Figure 16.

The H 2C0 was generated by using the natural vapor pres-

sure of a solid polymer of formaldehyde, called paraformalde-

hyde. The vapor of para-H2CO is composed primarily of mono-

meric formaldehyde (% 95 percent) and water vapor (% 5 per-

cent), with traces of formic acid, methanol, methylal, and

methyl formate as contaminants88 The H2O and other
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contaminants stimulate polymerization of H 2Co at ordinary

pressures, but no polymerization was detected at the low

pressures used in these experiments.

However, the presence of 5 percent water vapor was con-

sidered undesirable because H20 has a permanent dipole moment

of 1.85 D; the water vapor could possibly cause some foreign-

gas broadening of the H 2 CO lines. Hence, the paraformalde-

hyde sample was vacuum dessicated for several days (to remove

adsorbed H20), and the paraformaldehyde vapor used in the

experiments was filtered in a phosphorus pentoxide (P 20) trap

to remove any H2O that was released as the para-H 2 CO began to

depolymerize. Small amounts of phosphoric acid formed in the

trap as a result of the reaction between H 2 0 and the P2 05 ,

but this was actually beneficial because phosphoric acid is

a catalyst for depolymerization of para-H2CO. 88  The filtered

vapor was stored in a reservoir, at the normal vapor pressure,

for subsequent use.

The normal vapor pressure of the paraformaldehyde was

sufficient to allow storage of enough H2 CO to provide a

maximum pressure of about 20 mTorr in the absorption cell,

which was usually adequate pressure to obtain suitable graphs

of Av versus p. When greater quantities of H 2 CO were needed,

the polymer was gently heated to stimulate more rapid evo-

lution of the gas. This technique of heating was seldom

used in actual experiments.



CHAPTER V

EXPERIMENTAL RESULTS AND ANALYSIS

Line width parameters, Avp, obtained in this investi-

gation are shown in Table I. Each transition is designated

as being between states of an asymmetric top molecule, where

the notation for each state is JK+, where J is the total

angular momentum quantum number of the state, K- is the pro-

jection of J on the symmetry axis of a limiting prolate

symmetric top, and K+ is the projection of J on the symmetry

axis of a limiting oblate symmetric top. (K, the projection

of J on the symmetry axis of a molecule, is not a good

guantum number for an asymmetric top such as HaCO, but the

limiting values K- and K+ may be used in conjunction with J

to specify rotational states.) The arrows between the states

show the direction of the transition for absorption. All of

the transitions measured were K-doubled lines, except the

AJ = I line for ow- 0 o o. Figure 17 shows the location of

several of the low-lying rotational states in HCO.

Broadening parameters were obtained for HCO self

broadening and for foreign-gas broadening of H2CO lines by

Hz and He. Values of Axv for the various binary gaseous
p

mixtures were determined by plotting values of 4A (corrected

as per Chapter II) versus pressure, and performing a linear

84
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TABLE II

EXPERIMENTAL VALUES OF LINE WIDTH PARAMETERS
AND COLLISION DIAMETERS

Frequency Lv (MHz/Torr) Collision Diam. ( )

Transition (MHz) H2CQ H 2  He 2CO H2  He

101+0 0 72 838.14 21 2.9 1.6 14.2 3.14 2.72

110i11 4 829.73 22 10 1.6 14.5 5.82 2.72

211+21z 14 488.65 22 9,5 2.4 14.5 5.67 3.33

312+313 28 974.85 21 1.8 2,6 14,2 2.47 3.47

4 1 3+4 14 48 284.60 20 3.0 1.8 13.8 3.19 2.89

514+515 72 409.35 18 3.3 1.7 13.1 3.34 2.81

725+726 8 884.87 21 6.3 3.8 14.2 4.62 4.20

826+827 14 726.74 14 4.1 2.6 11.6 3.73 3.47

153, 1z-153,13 11 753.13 22 3.0 1.9 14.5 3.19 2.97

163, 1 316 3 , 1 4 17 027 .60 20 4.6 2.6 13 .8 3,.95 3,47
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least squares fit to the data points. The only corrections

to Av that were ever important were those for Doppler broad-

ening and overlapping spectral lines, and these were only

significant for the lowestrpressure lines, The parameters

in Table II are the values for the behavior of A p at the

lower pressures (some of the lines had an anomaly in their

broadening rates, which is discussed in detail below).

All collision diameters given in Table II for the

interactions H CO+H2CO, H2 CO+4H2, and H2 CO+He are equivalent

hardrsphere diameters calculated from the experimental

values of Avp with the aid of the relations8 9

= a/(M rkT/4N) (53)

b2 =$ (M2nkT/2N0 . (54)

Diameters for self and foreign gas broadening are b and b2'

respectively; a is the value of Avp under conditions of self

broadening, and 3 is the foreign-gas broadening parameter

(due to Ha or He). N is Avogadro's number.

MI is the molecular weight of formaldehyde (0.03003

kg/mole) and M2 is the "reduced" molecular weight of H2CO

and either of the foreign-gas molecules H2 or He, with a

molecular weight M f

= J--+ 1 (55)
,a Mf

M 2 0,0020l6 kg/mole, and Mee= 0.004026 kg/mole.)
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The collision diameters are given to three places in the

table (even though the Avp' s were assumed reliable to only

two places) because a change of 1 MHz/Torr in Avp typically

causes a variation in the third place of the collision di-

ameter. However, it is not intended to imply that the

collision diameters are accurate to three places, just to

indicate more clearly the dependence of b1 or b2 on Avp'

The physical interpretation given to collision diameters

is that they measure the relative effectiveness of molecular

collisions in broadening the various energy levels, through

the process of inducing transitions from a given level., For

instance, collisions between H2CO and diatmic hydrogen are

more effective in broadening the two levels involved in the

2 + 2.12 Krdoubling transition (with b = 5.67 i) than in

broadening the levels associated with the 3_ 33 line (with

b2 = 2.47 ).

Because energy levels can be broadened by collisionally-

induced transitions to all states allowed by the selection

rules (e.g., the 21., level will also be broadened somewhat

by induced 211+ l , transitions), the collision diameters

obtained by pressure broadening experiments are a measure of

total transition rates from a given level. 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

transitions between two particular states.
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Error Estimate

Based on the repeatability of measurements of the line

width parameters, the values for tvp are estimated to be in

error by no more than 10 percent. This error is somewhat

larger than typically encountered with the spectrometer used

in this study,7 8 and may be attributed to several sources.

First, some of the formaldehyde spectral lines had a

peculiar discontinuous behavior in the rate of line broadening

with increasing pressure (this interesting phenomenon will be

discussed in more detail later in this chapter), Second, the

thermocouple gauge proved to be slightly nonlinear in meas-

uring pressure (as discovered by monitoring the increase in

pressure in the absorption cell under slow-leak conditions).

Third, the repeatability of individual measurements of A%

for a constant pressure suffered occasionally from fluctu-

ating 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.

An Anomaly

Some of the H2CO transitions for which line broadening

parameters were measured revealed a curious, behavior in the

line width parameter. Namely, the slope of the Av versus p
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appeared to change when p became sufficiently high. This

discontinuous behavior occurred in some lines for all of the

broadening interactions studied (i.e., self and both foreign

broadenings). A graph of Lv versus pressure that exhibited

this behavior is shown in Figure 18, which is experiemtnal

data for the 153,12 153,13 transition of H2 CO for self

broadening.

The low pressure slope of the self-broadened line was

22 MHz/Torr, but the slope changed to Av ~ 7.7 MHz/Torr for

pressures above about 4 mTorr. For broadening of the same

line by H2 (partial pressure of H 2 CO ~I1 mTorr), the slope

changed from 3.0 MHz/Torr to about 0.35 MHz/Torr when the

total gas pressure became about 11 mTorr. No clear change

of slope occurred in this line in the H2 CO+He broadening, at

least for total pressures as high as 25 mTorr (partial HzCO

pressure again about 1 mTorr). Unfortunately, no reasonable

explanation can be given for this effect. Several alternative

points of view were explored, but none appear likely, as will

be explained below.

Because the abrupt change of slope is pronounced in some

lines (as in the example cited above), the first impression

is that there must be some strong external influence other

than collision broadening. The natural choice for this

external perturbation is of course saturation broadening.

However, many thorough investigations of saturation effects

were made in the course of this study (Chapter IV); no
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saturation was ever observed in any of the formaldehyde lines

for low pressure (p ~ 1 mTorr) until power levels in the cell

were raised to several times the power levels typically used.

in addition, the power level, was often not increased as the

formaldehyde pressure was, increased, so saturation effects

should have been very negligible for the higher pressures

where the change in slope occurred. Besides, the behavior of

the graphs of half width versus pressure is not the trend

expected for saturation effects; If the saturation broadening

of lines does occur at low pressures, then Av at low pressure

will be collision broadened and saturation broadened; as p

increases, the pressure broadening should increase linearly,

but the saturation would initially decrease (for a constant

power level in the cell), then tend toward a constant value

as p is further increased. The net result would be a decrease

in slope at the lowest pressure, and a true representation of

the pressure-broadened slope at higher pressures; this is

contrary to the observed decrease in slope at high pressure.

A second possible explanation might be attempted on the

basis of the magnetic hfs that is present in H2 CO k-doubled

lines for which the pseudo-quantum number Km has an odd"

integer value (Chapter II), However, this possibility can be

excluded because the phenomenon was, also observed in the

725 72, line for self -broadening by H2 CO and foreign-gas

broadening by helium, and in the 826÷ 827 line for broadening

by H2 . Llncidentally, no change in slope was observed for
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either self or foreign-gas broadening in the l6 3 , 13+l6 3r,1

transition.) In any case, the curves of Figure 6 in Chapter

II imply that effects due to the hfs should be so small as

to be almost undetectable except for the narrowest of lines

(i.e., Av ~ 30 kHz).

Nonlinearities due to equipmental (electronic) broadening

can also be generally discounted. Since the values of Avp

were obtained as the slope of a graph of half-width versus

pressure, the error would have to reside in the measurement

of Av or p. The error would have to be large, and ensue

abruptly at a particular pressure; it could not be a random

error (and still explain the decrease in slope that was

observed in many lines). Several measurements of Av were

made for each pressure, and although it is true that

occasionally these individual values fluctuated by as much

as 20 percent from each other (when the klystron tracking of

the applied sawtooth was particularly poor), the fluctuation

was random and the average of ten or so runs usually gave a

value for &v that fit rather well to a best-fit straight line

drawn through the points in that region. An observed non-

linearity in the thermocouple gauge has already been pointed

out in the discussion of estimated error; however, this

effect was also random (and was apparently due to character-

istics of the heater filament in the gauge, since it could

not be eliminated by regulating the voltage to the gauge).

No pronounced deviations of Hastings gauge pressure readings
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were observed in the thermocouple-McLeod gauge calibration

experiments for formaldehyde pressures to 15 mTorr, diatomic

hydrogen pressures to 40 mTorr, and helium pressures to 80

mTorr.

It was also thought that variations in sample compo-

sition might be responsible for the observed anomaly. If the

monomeric H 2 CO from the generator changed composition as the

pressure was increased, the broadening between H2CO and the

"new" gas might well be less, causing a decrease in the line

width parameter at high pressures. Of course, this would

still not explain the anomalies in foreign-gas broadening, as

the partial pressure of formaldehyde was only a millitorr or

so, and remained constant throughout any given run.

If it is assumed that a new gas does begin to form at

higher formaldehyde pressures, there are only several

possibilities. First, small amounts of water vapor might be

present. But the chemically-combined H2O that remains in

vacuum-dessicated paraformaldehyde is only 2-4 percent of

the total.9 0 Even if the P20s trap in the H2 CO generator

(Figure 16) removed none of the water (which is not true; the

formation of phosphoric acid in the trap proves that H2 0 is

removed in the trap) , the fact that the H2 CO vapor is kept in

storage at all times would require that there be an equilibrium

ratio of H2CO and H2O in the gas used in the experiments.

Any broadening due to the water vapor (p = 1.85 D) would have

to be constant. The only way that H2O could affect Avp in a
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non-constant way would be if H2O stimulated polymerization

(which would have already occurred in the storage reservoir

where pressures are much higher than in the absorption cell)

or if H2O adsorbed on the cell walls at lower pressure and

did not further adsorb at the higher pressures. But a

presence of the maximum amount of 4 percent water vapor could

not account for a fraction of the observed change in Avp.

(This last assertion can be justified by reference to the

dipole-dipole intermolecular interaction of Table I, Chapter

III. Reduce pa=2.34 0 by 4 percent of the ratio 1,85/2.34,

which is the ratio of the dipole moments of water and H2CO;

the net change in the dominant dipole dipole term is e 0.8%).

Other possible "contaminants" in the formaldehyde sample

would be the polymers of H2 CO. The dimer, which would be a

homonuclear diatomic molecule, can have no dipole moment, so

its presence could cause a significant change in the pressure

broadening, because the strong dipole-dipole interaction

would be partially replaced by weaker interactions, But the

dimer has not yet been observed, and is therefore at best

very unstable, and could not explain the prolonged, essentially

constant behavior of Avp below and above the pressure where

a "break-over" occurred.

The cyclic trimer of H2CO, s trioxane, is a very stable

oblate symmetric top molecule ( = 2,1 D). However, this

constituent has been shown by Oka et. al, 9  to never occur

in the vapors of paraformaldehyde, even when the polymer is
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decomposed by heat. In addition, srtrioxane is a stable

solid at room temperature, and Oka et. al. found that no

decomposition of s-trioxane into formaldehyde occurred even

when pure s-trioxane was heated to 2500 C. Hence, the trimer

is not a naturally-occurring polymer of formaldehyde, but

must be made by another process.

The only other possible polymers of formaldehyde are

the linear chains where formation is stimulated by water,

and which have the form OH- (H2CO) nfH. These are nothing more

than the polymers of paraformaldehyde; all of these higher-

order polyoxymethelenes are solids at room temperature, and

any vapor is predominantly monomeric H 2 CO. 8 8 Hence, these

polymers could cause minimal variations in sample composition.

Also, if polymerization were to ensue at a particular pressure,

a gradual decrease in p would have to occur as the gaseous

H2CO was consumed into solid polymer. No such effect was

observed; quite the contrary, the sample appeared very stable

and no polymerization was observed to occur even in the H2CO

reservoir, where formaldehyde has remained at the normal

vapor pressure of para-H 2CO (% 20 mm Hg) for several months.

From the discussion above, it appears that one is

forced to consider the possibility that the discontinuity in

Avp is a real physical effect. If it is, an explanation must

be sought by recognizing that an experimental determination

of Av is actually a measure of the total collisionally-

induced transition rate from a given rotational level. A plot
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of half-width versus p as shown in Figure 18 then indicates

that, for some energy levels, the collisionally-induced

transitions from these levels decrease sharply at a parti-

cular value of increasing pressure. This would require that

the nature of the intermolecular interaction would have to

change from a strong long-range force (e.g., that due to a

dipole-dipole potential) to a shorter-range van der Waals'

interaction.

Some credence is lent to this interpretation if it is

realized that collision diameters calculated from kinetic

theory 9 2. s57 are often several times smaller than diameters

measured in microwave spectroscopy. Then, by Equation (34)

of Chapter III, the line width for small cross sections

(T large) would be decreased; if Av = Avlr + Avsr for long-

and short-range interactions, an explanation of the anomaly

could be obtained by assuming that a = alr + asr, and that

avlr maintained an approximately constant value once the

short-range forces became appreciable.

This simplified analysis could explain the qualitative

features of Figure 18. However, the assumption used in

arriving at kinetic-theory collision diameters is that the

molecules come close enough to transfer appreciable kinetic

energy (i.e., the gas must be dense) . There is absolutely

no reason to suppose that this could occur in HCQ at

pressures less than an atmosphere or so. Even if short-

range forces became appreciable, the energy separations hv
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between rotational states are much less than kinetic energies

( ckT) for molecules at room temperature. Consequently,

strong short-range collisions would necessarily cause

numerous nonadiabatic transitions, resulting in a significant

contribution to the pressure broadened half-width.

A summary of the previous two paragraphs, couched in

impact collision theory language, is that the effects could

be explained under the assumption that, for a specific value

of low, increasing pressure, the predominant contribution to

Av suddenly switches from nonadiabatic to adiabatic
p

collisions (because the adiabatic collisions affect the wings

of low-pressure microwave spectral lines
5 4 '5 5 and would not

necessarily cause appreciable changes in the location of the

half-power points of a resonance profile). For this phenom-

enon to occur would be truly remarkable, and it is not

considered tenable because the individual multipole terms

in the expansion of the intermolecular potential could not

be expected to abruptly change strengths for any particular

gas density.

In short, no plausible explanation can be found in

either experimental procedure or pressure broadening theory.

It should be restated perhaps that the values of Av P in

Table II are in every case the slope of the pressure

broadened line width at the lowest pressure values (before

any change in slope occurred) . These parameters are assumed

to be correct to zero pressure.
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Some Possible Broadening Mechanisms

Murphy and BoggsG7 have calculated theoretical line width

parameters for several self broadened formaldehyde lines,

assuming that only the dipole-dipole interaction is important

in self broadening. Their calculated parameters are displayed

along with known experimental broadening parameters in Table

IlI, By comparing the theoretical and experimental values,

it is noticed that the calculated parameters are higher in

every case. The reason for this is not clear, because the

dipolerdipole interaction used by Murphy and Boggs is not

the only active intermolecular potential, yet the calculated

widths are already too large. Inclusion of dipolerquadrupole

etc. interactions would further increase the calculated Avp,

producing even poorer agreement with experiment. (Incidentally,

the type of behavior obtained by Murphy and Boggs is not

atypical for theoretical calculations of broadening in

asymmetric rotors.)

Nevertheless, there seems little doubt, considering the

large dipole moment of formaldehyde, that the long-range

dipolerdipole interaction should be overwhelmingly predominant

at low pressure (Table X), From Table III, it may be observed

that the general trend of the theoretical values is con

firmed empirically, except for the large disagreement between

theory and experiment for the AJ 1 line (101+ 0 o. Hence,

the theory probably has essentially correct features for the

Krdoubled transitions, except that the predicted line widths

are too large by roughly 20-30 percent.
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TABLE III

COMPARISON OF THEORY AND EXPERIMENT
FOR 2CO SELF BROADENING

Av (NH/Torr)
P

Transition
Calculated Experimental

by This

Murphy-Boggs Study Others

10 1+0 Q 0

2 i +2 12

3123 1 3

4.13+414

5 14 '+5 1 5

92 7+9 2 8

16 3 13+163' 14

17 3, 14+17 3, 1 5

25 4, 2 +25 4, 22

264, 22+264r 2 3

37.4

27.1

25.2

25.4

26.8

34.6

28.0

25.9

13.4

12.3

21

22

21

20

18

20

10 a

24.7 b

20.1 b

aLawrance and Strandberg, Reference 11.

bG. F. Crable, private communication to

J. S. Murphy and J. E. Boggs (quoted in Ref,.

67, along with calculated values above).

''*
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In establishing the likely mechanism for H 2CO+He

broadening, the possible intermolecular potentials are quite

limited because helium has neither a dipole moment nor 
a

quadrupole moment. It is polarizable, and has an isotropic

polarizability 9 3 of a = 2.06x10_ 2 5 cm3 . Therefore, the only

interaction potentials listed in Table I which apply for He

broadening of H 2 CO lines are the terms for p = 5 (dipole-

induced dipole) and p = 7 (quadrupole-induced dipole). These

two potentials are much shorter range than, for example, the

dipole-dipole interaction, so the microwave collision di-

ameter for He broadening should not be too different from

the diameter calculated from kinetic theory; this is indeed

the case, since the values of b2 listed in the last column

of Table II agree fairly well with the hard-sphere kinetic

diameter of 2.32 .. '93 All of the experimental collision

diameters are larger than the kinetic diameter (as expected

for low density gases where one of the molecules, H2CO, can

exert induction forces on the other collision partner, He).

For broadening of H2 CO by hydrogen molecules, the

strongest interaction should be between the dipole moment of

formaldehyde and the quadrupole moment of H2 . (Diatomic

hydrogen has no dipole moment.) The quadrupole moment of

H2 is thought to be about 0.7 D-R, but experimental determi-

nations of the magnitude vary. 9 4  The quadrupole moment of H 2 CO

is not known, but there is undoubtably some quadrupole-

quadrupole coupling also, although it should be somewhat less
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than dipole-quadrupole coupling. The possibility exists for

a dipole-induced dipole interaction, as well.

The dipole-quadrupole potential varies as R (Table I)

while the dipole-induced dipole interaction assumed for the

He broadening varies as R~6 , so the collision diameters for

H 2CO+H2 would be expected to be larger than for H 2CO+He , and

this is confirmed from the data of Table II, except for the

312+ 313 transition,

To check the assumed foreign-gas broadening interactions

in a rough fashion, approximations of Equation (43) may be

used in Equation (45). Birnbaum"5 has shown that, for a

symmetric-top absorber perturbed by a symmetric top of linear

molecule, the function S z (b) can be approximated in rather

simple form. H2 CO is an asymmetric top molecule, but it is

very nearly prolate (asymmetry parameter of -0.9612; see

Equation (A-12) of the Appendix). Therefore, Birnbaum's

expressions should give some indication as to the validity

of the assumed interactions.

The simple expression for dipole-induced dipole (p + 5)

interactions is

2C
S(5) (b) =a{l - Qm(J1rK1) }, (56)

b

where

3K1
2 _-J 1 (J 1 +1) 3K 1 az-(J 1 +1) (J 1+2)

Qm(J ( (+K1)j= +Jj(57)
(Ji+l) (2Ji+l) (J1+1) (2J1+3)
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The subscript 1 on the J, K quantum numbers refers to the

absorbing molecule, H2 CO. Considering the 110o- 1 1 transition

in formaldehyde, and treating the molecule as a limiting

prolate symmetric top, then the appropriate quantum numbers

are J, = 1and K, = 1. From Equation (57) therefore, one

obtains Q1 (1,1) =.-(1/20) , and so Equation (56) becomes

2C5
5(b) -(21/20) = 2.lC5/b 1 8. (58)

2 
blO

From Table I of Chapter III, C5 is calculated using the

quantities P = 2.34 D, a2 = 2.06 1025 cm3, and v = .34x105

cm/sec (which is the mean relative speed of H 2CO molecules

and He atoms at T = 300 K) . Recalling that 1 D = 10-1 esu,

-80 10

the value of C5 is found to be C, = 2060 x10 cm

Now it is necessary to apply the condition S 2 (bo) = 1;

Equation (58) is therefore set equal to unity, and the value

for bo is found to be bo ~ 2.31 R. Returning to Equation(45 )

and simultaneously defining an effective collision diameter,

bff , by a = 'bef (where bef f be should be the value of

the collision diameter measured experimentally) , performing

the integral in Equation (45) leads to

rb 2 = b.0
2 + 21T(2.1C5 ) (1/8b 08) . (59)

e o

Using the values for b0 and C. found above, the calculated

effective collision diameter is be ~ 2.58 .
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Hence, the calculated collision diameter (~- 2.58 ) is

less than the measured value of 2,72 R for broadening of the

lo+lii line of HlCO by collisions with helium. Actually,

the agreement is rather good, considering the approximate

nature of the calculation. Also, the calculated value for

the collision diameter would be increased somewhat by in-

cluding a quadrupole-induced dipole interaction (if the

quadrupole moment of monomeric formaldehyde were known).

In a similar fashion to that above, a check will be

made of the dipole-quadrupole (p = 2) coupling between

H2 CO and H2 . An approximate expression for this interaction

is given by9 5

S22) (b) _ 2 C2Q(J2 ,K2) -_ K1  }.(60)
b6  (J1+1) 

2

Q (32 ,K2) is a factor dependent on the perturbing molecule, 2.

Since K = 0 for a linear molecule such as H 2 , it is permissable

to use the approximation
9 5 that Q(J2 ,0) . Again considering

the li o+1li transition in H2CO, so that J1 = 1 and K1 = 1,

Equation (60) becomes

S(2) (b) = (3/8) (C2/b6) . (61)

From the term for p = 2 in Table I, with pi, = 2.34 Dr

Q2 = 0.7 D-R (the quadrupole moment of H2), and v = 1.84x105

cm/sec (the relative speed of H2CO and H2 . molecules at T =

300 0K) , one calculates C2 2624 R.
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Applying the condition that S 2 (b0) = 1 reveals that

b ~ 3.15 R. From Equation (45), and. using the definition
0

of be (effective collision diameter) as before,

rb 2 = irb a + 2ir(3/8)C2(l/4b 4). (62)
0 0

Solving this last equation for be, using the b and C2 found

earlier, yields the calculated value for the collision di-

ameter be~ 3.86 R, which is almost 34 percent less than the

experimental diameter of 5.82 R. The poor agreement is no

doubt expected to some degree, since the expression in

Equation (60) is only an approximation. Nonetheless, the

variance of the calculated and observed values does probably

indicate that there is appreciable quadrupole-quadrupole

coupling between H2CO and H2 (since this interaction was

ignored in the calculation).

Interstellar Masing

Palmer et. al.2 0 have observed anomalous absorption of

the isotropic microwave background radiation (2.8 K black-

body) by H2 CO molecules in dark nebulae by detecting the

l10+l11 transition with a radio telescope. This absorption

implies an overpopulated lower energy state (lii), or an

"inverse maser" effect, and requires a non-thermal cooling

mechanism, since the molecules are not in thermal equilibrium

with their environment. Palmer et, al. suggested photo-

exitation to the 21, and 212 levels as a possible cause for
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the observed masing. Litvak9 6 has proposed heating due to

contracting shock waves in gravitationally unstable dust

clouds as the likely reason for the nonthermal characteristic.

Townes and Cheung2 1 have presented a more detailed

argument in favor of a collisional-pumping mechanism. Using

a classical picture of a rotating H2CO molecule bombarded

by collisions with other interstellar constituents such as

H2 and He, they have shown that collisional processes should

produce an excess of molecules in the lower (lii) state of

the observed K-doublet. This tendency to overpopulate the

lower level by collisions would explain the anomalous

absorption.

Naturally, the theoretical cross sections need to be

recalculated quantum-mechanically, this this is a very

difficult procedure. Resolution of the collisional hypothesis

could be obtained by measuring collisionally-induced

transition rates between specific energy levels, but these

too are difficult experiments to perform. Additionally, the

most important transitions are the AJ = 1 transitions, and

these have high center frequencies (% 150 GHz).

However, some general comments on the problem can be

made based on the K-doubled transitions measured in this

study. First, if the li level (see Figure 17) has a

tendency to be overpopulated by collisions, that level would

be collisionally broadened to a higher degree than other

levels. The cross section for the 11o0li-1 K-doubling line
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should be correspondingly large, assuming that the upper level

(1 ) is "normally" broadened. From Table II, .one notices
10

that the collision. diameter for HLCO-H 2 collisions is large

for the 1 +0* 1 transition, but the diameter for H 2C0-He

broadening is lower than for all other K-doubled lines.

Note also from the table that the collision diameter

for the 21'+ 212 line is also large for H broadening, but

this would be expected if the 212 level were substantially

broadened; additional "filling" of the , state would then

be achieved by radiative transitions to the 11, level by

the allowed 212+ 111 emission.

Consequently, the indication is that collisional over-

population of the lower K-doubled levels is at least plausible

providing the abundance of H2 in the interstellar clouds is

significant compared to He and H CO abundances. These

abundances are not known precisely, but order-of-magnitude

abundances are known for many molecules from microwave and

infrared spectra that have been observed.'
9 '9 7  Typical

estimates for the densities of H2 and H2 CO in dark clouds are

(from Ref. 19, p. 296) 10' cm-3 and 3x10 6 cm 3 , respectively.

Helium is also abundant, but it has a number density only

about one-sixth that of H2. The fact that the density of H

is much larger than that for H 2CO shows that collisions

between H2 and H 2 CO should be common in the clouds (i.e.,

compared to H 2CO<-H2C collisions), but no truly definitive

answer can be obtained from the data of Table II.
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A stronger test of the validity o the coLisional

pumping theory could be made by measuring tine broadening

between the levels for which &J 1, such as\ the Ziz2 1 1

and 2 la Otrianhsitions. These transtion $ are between two

lower or upper levels> of the K doublets Osee Figure 17).

If the first cross section were significantly larger than the

second, the theory would have to be surmised to be correct.

Unfortunately, these transitions were too high in frequency

to be observable with the equipment available in this study.

of course, knowledge of the precise transition rates between

specific energy states would supply the most definitive

information needed to test the coliisionalpumPig theory

of interstellar masing; these could possibly be measured

t"1with a "double -resonance" spectrometer.



APPENDIX

ASYMMETRIC ROTOR ENERGY LEVELS

To a first approximation, rotational energy levels may

be determined by assuming a molecule is a rigid rotor. The

rotational energy of a molecule rotating about its center of

mass, in terms of the principal moments of inertia a' b
and Ic is then given by

E = &( aa 2 +IbIb 2 + IcL.2 ), (Al)

where the w are components of angular speed of rotation

about the respective orthogonal axes. In terms of angular

momenta P = I , the energy is

p 2 p 2 P 2

E=a + b c .(A-2)
a b c

For an asymmetric top molecule such as formaldehyde,

all I. are different, However, H-CO is a nearly prolate

rotator, so it is permissable to briefly consider the case

of a prolate symmetric top; i. e., a rotator where Ib =c

(This is done to show the approximate dependence the energy

levels will have on the projection of angular momentum on

the a-axis.)

109
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Hence, temporarily set Ib = c, and also make use of the

fact that the square of the total angular momentum may be

written P2 = Pat2 + Pb2 + Pc2  Then the energy equation may

be expressed as

E + Pa 21(A-3)
b a b

Expressions for P2 and Pa are well-known from solutions to

Schrodinger's equation in spherical coordinates, provided Pa

is chosen to be the component of angular momentum that is

simultaneously diagonalized with P
2. Namely,

p2 2 J (J+)

Pa =$RK, (A-4)

where JK are integers which specify the rotational state in

question by determining the quantized values of angular mo,

mentum.

As per usual convention, "rotational constants" for the

molecule are now defined by

A h, h=C (A-5)

a b c

With these values of the rotational constants, Equation (AT3)

becomes

E"" hBJ(J+1) + h(A-B)R 2 . (A76)
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The frequencies between these rigid rotor energy levels are

then determined by

v = {E (J+1) -E (J) }/h = 2B (J+l) (A-7)

subject to (symmetric rotor) selection rules AJ = 1, .AK = 0.

Recall that the symmetiic top approximation was that

B = C, or B+C = 2B. The symmetric top approximation for an

asymmetric rotor may therefore be refined by replacing B by

(B+C) /2 in Equation (A-7) :

B+Cz
v (B+C) J (J+1) + (A- -B-)}K2 . (A-8)

It should be pointed out that this last expression is not

rigorously correct even for a rigid asymmetric rotor. The

importance of the equation is that it correctly predicts

that the dependence of the energy levels on K goes approxi-

mately as K2 , for a nearly prolate rotor such as H2CO.

To obtain a suitable energy expression for any rigid

asymmetric rotor, it is necessary to go back to Equation

(A-2). As a means to a presently obscure end, that equation

is rewritten in terms of the rotational constants A, B, and C

and then divided into parts as follows:

E = 4 (AP2+BPb2+CP - n {a b(P.2+P 2+Pc.) +

C (P'a +Pb a+p 2) + A(Pa2 -Pb2 Pc2

+ C (P.c 2 a b ) + BPb

(A-9)



112

using P2 =P 2 + P 2 + P 2 and factoring all Pb dependence
Usn P~a D

into a single term, Equation (A-9) becomes

E = {(A+C) P2 + (ArC)(P a2P0
2 ) + (B- A- C)Pb2 }.

(A-10)

Note that the coefficient (A-C) can also be obtained in

front of the Pb term by multiplying and dividing 
thus:

(B-r"A- C) = (A-C) 2-A-C (All)

Now, the definition of a so-called "asymmetry parameter"

K is made by

2B-A-C
K -C 

(A12)

For a prolate symmetric top (B=C), K has the value , while

for an oblate symmetric top (A=B), K = +1. Hence, K is a

suitable parameter for classifying asymmetric topsF for

example, H 2 0C has an asymmetry parameter of -0.96.

Using the definition of K, recalling that P2 = $ 2J(J+l)

and defining the "asymmetric" contribution of the energy by

E(1,K,,l) 5 E(K) = " (Pa +b ) (Al3)

the equation for the energy levels of a rigid asymmetric

rotor is

E = h{ A+C(J+1 .+ A-CE (+) }. (A-14)
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Values for E(K) have been tabulated, 7 7 and consequently

Equation (A-l4) can be solved for the energy levels of an

asymmetric rotor that is treated as rigid, provided that the

rotational constants have been determined from previously

obtained spectroscopic data. Naturally, the solution of

Equation (AKL41 will give only approximate energy levels,

since no molecule is a rigid rotor, but the levels calculated

with Equation (A-4) are often very nearly correct. Minor

modifications to the levels are then applied by considering

centrifugal distortIon.
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