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ABSTRACT

STUDIES IN MICROWAVE SPECTROSCOPY

1. DIPOLE MOMENT OF GLYCIDALDEHYDE

2. ROTATIONAL RELAXATION IN CARBONYL SULFIDE AND AMMONIA

By

Perry John Manor

Part 1.

A short history of microwave spectroscopy is presented. A brief

discussion of the theory of the rigid rotor and the Stark effect is given.

A description of the microwave spectrometer is presented together with

a scheme for relative intensity measurements.

The microwave spectrum of trans-glycidaldehyde in the ground and

first three excited torsional states was investigated. Three rotational

constants were obtained for all states except for the third excited state

where only B and C could be determined. The excited states were attributed

to the aldehyde torsion, and the torsional excitation energy was estimated.

The dipole moments of trans-glycidaldehyde were determined to be “a =

1.932 * 0.005D, “b - 1.511 1 0.017D, uc = 0.277 1 0.1S6D, UT = 2.469 t

0.03lD. All attempts at locating transitions which could be attributed

to the presence of another species were unsuccessful.

Part 2.

A brief review of important historic investigations which contributed

to the understanding of line-shapes and line-broadening phenomena in the

rotational spectroscopy of gases is given. A detailed investigation of
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Perry John Manor

the absorption coefficient as a function of time for moderate power inci-

dent radiation which gives rise to partial saturation is given. A comr

parison of the theoretical expression for the absorption coefficient and

experimental measurements for times a short time after the onset of the

radiation provides an estimate of the pressure-dependent rotational

relaxation rate constant.

The pressure dependent rotational relaxation rate constant is deter-

mined for the OCS J = O + l, OCS J = l + 2, and the NH3 J,K = 3,3 transi-

tions under conditions of partial saturation and the results are compared

to results Obtained previously by linewidth measurements.

The linewidths of the OCS J = O + l and the OCS J = l + 2 transitions

obtained from the relaxation studies are essentially the same as those

obtained from previous linewidth measurements. According to relaxation

theory, this would indicate that the mechanism for relaxation in OCS

is accomplished primarily through energy transfer from the two energy

levels which are in resonance with the radiation to one or more of the

many other closely spaced rotational energy levels present. The line-

width obtained for the NH3 J,K = 3,3 transition from relaxation studies

is about 20 percent larger than that found previously. In the NH3

molecule the energy levels are composed of widely spaced inversion

doublets and therefore the relaxation must depend largely on energy

transfer between the energy levels which are in resonance with the

radiation. Under these conditions, relaxation theory predicts a line-

width that is twice that obtained from normal linewidth measurements.
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I. INTRODUCTION

Microwave spectroscopy concerns itself chiefly with the absorp-

tion of electromagnetic radiation which changes the rotation energy

of molecules. Two requirements must be met by any molecule before its

rotational spectrum can be studied by microwave spectroscOpy: (1) it

must have a reasonable vapor pressure at some convenient temperature

and (2) it must possess a permanent dipole moment. The gas phase study

of polar molecules is not necessarily limited to rotational motion

alone since it is not possible to completely divorce this motion from

that of vibrations or internal rotations within the molecule. Hence,

it is necessary to use a theory which includes the particular inter-

actions which affect the experimental spectra.

In 1933, at about the time Nielsen (1) introduced his theory of

hindered internal rotation, which was later to be so important to this

area of study, the first successful microwave experiment was carried

out by Cleeton and Williams (2) who succeeded in producing the first

experimentally obtained microwave spectrum when they observed a transi-

tion between a pair of the inversion levels of the ammonia molecule.

However, prior to the mid-19403 microwave spectroscopy was principally

a theoretical area of science and experimental techniques developed

slowly until World War II, during which time radar was develoPed. This

produced both the electronic knowledge and the equipment capable of doing

the precision work necessary to generate the detailed Spectra which the
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theory called for.

In 1946 Bleaney and Penrose (3) and Coles and Good (4) succeeded

in producing the first high resolution spectra of the inversion in

ammonia. At about the same time Dakin, Good, and Coles (5,6) observed

the rotational Stark effect in the carbonyl sulfide molecule.

Probably one of the most significant contributions to microwave

spectroscopy came when Hughes and Wilson (7) developed the first Stark-

modulated spectrometer. Stark modulation coupled with the lock-in

amplifier suggested by Michaels and Curtis (8) resulted in a spectrometer

with greatly improved signal to noise ratio. A modification of the

Hughes-Wilson spectrometer suggested by Karplus substituted square wave

Stark modulation for the originally used sine wave form. This provided

a more easily interpreted Stark effect and hence easier observation and

measurement of the Stark splitting. Other important ideas such as

automatic sweeping and stabilization techniques (9) have also helped

to bring microwave spectroscopy to its present high level of advance-

ment .

Today, microwave spectroscopy is capable of treating, both theoreti-‘

cally and experimentally, complex problems dealing with rotational motion,

rotation-vibration interaction, Stark effect, dipole moments, internal

rotation, quadrupole coupling, and molecular structure of many different

kinds of polar molecules in the gaseous state. In addition, microwave

spectroscopy is proving to be a highly valuable tool in both the quali-

tative and quantitative analysis of chemical compounds.

Part One of this thesis is concerned with the use of microwave

spectroscopy to determine the dipole moment, Stark effect, structural

parameters, and internal rotation in the molecule glycidaldehyde, (which‘



is a carbonyl derivative of ethylene oxide), and to compare these findings

with those from a series of related compounds, cyclopropylcarboxaldehyde

(10), cyc10propanecarboxylic acid fluoride (11), cycloprOpyl methyl

ketone(12), and vinylcycloprOpane (13), previously studied in this labora-

tory. Theoretical and experimental aspects of microwave spectroscopy

are given in Chapters II and III, and the results of the study on glycid-

aldehyde are given in Chapter IV.

Part Two of the thesis is concerned with the determination of the

rates of rotational relaxation in carbonyl sulfide and ammonia, and

begins with Chapter V.
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II. THEORY

2.1 Introduction
 

When one is attempting to determine expressions for the energy of

some molecular system it is obviously most convenient to work with as

simple a physical model as possible which still adequately describes

the system. Wilson and Howard (14) have shown that rotational and

vibrational energy are approximately separable and consequently for

most purposes the rotational analysis can be carried out independently

from any vibrational analysis. For treatment of the rotational motion,

molecules may be viewed as collections of atoms with point masses which

are fixed in some rigid configuration. This rigid rotor approximation

does not ignore the vibrations within the molecule, but simply assumes

that these vibrations yield some effective values for the bond distances,

which can then be treated as though they were constant.

Though this traditional model of point masses and rigid bonds

gives a very good fit to the rotational spectra of most molecules,

Herschbach and Laurie (15) have pointed out that molecular vibrations

make the "effective" moments of inertia obtained from this model appre-

ciably different from the moments for the actual equilibrium structure

of the molecule. However, they have also found that the moments of

inertia for the average configuration of a molecule may be determined

from the observed "effective" moments by applying corrections dependent
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on the harmonic part of the vibrational potential. As a result, it is

possible to determine average molecular structures from "effective"

moments of inertia.

2.2 Moments of Inertia (16)

The moments of inertia depend on the positions of the masses with

respect to the center of mass (COM) and the Cartesian coordinate system.

For a molecule composed of N atoms the location of the COM is defined

by the expression

N

Em ii = o. (2-1)

1

the COM to the atoms. For a system rotating about some axis, a, the

.p

The mi's are the masses of the atoms and the R 's are the vectors from

moment of inertia about the axis a is given by

2

.. (a) -

where r:a) is the perpendicular distance of the mass, mi, from the

axis a. If the rigid rotor approximation is used, the rotational

motion can be described in terms of a tensor whose diagonal elements

are the moments of inertia,

2 2

I =2: + -
xx imi(yi 21)‘

(2 3)

Expressions for Iyy and Izz are obtained by permuting x, y, and z.
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The off-diagonal elements of the inertia tensor are the products of

inertia,

If the proper orientation of the inertial axes is chosen, the

products of inertia vanish and the moments of inertia are called princi-

pal moments. The principal moments of inertia are the eigenvalues of

the inertia tensor. The inertia tensor is symmetric and may therefore

be diagonalized by an orthogonal transformation. The elements of the

orthogonal matrix which diagonalizes the inertia tensor are the direction

cosines of the principal axes with respect to the original axes. In

addition, the trace of the inertia tensor is invariant to an orthogonal

transformation, so that

Ixx+ Iyy+ Izz= Ia + Ib + IC, (2-5)

where Ia’ Ib, and IC are the principal moments of inertia.

2.3 Rigid Rotor Hamiltonian
 

The rigid rotor Hamiltonian for a molecule written in terms of

rotational constants A, B, and C is

H =- 4112(AP2 + 3P2 + or?) , (2-6)

T a b c

where A = h , etc. and Pa’ Pb, and PC are the components of the total

2
8w Ia
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angular momentum P along the principal axes a, b, and c, respectively.

The rotational constants are conventionally chosen suCh that A z_B 2.C

and are usually given in units of MHz.

The components of the angular momentum are related to the total

angular momentum by the expression

2. 2 2 2 _
P Px + Py + Pz. (2 7)

It can be shown (17) that certain commutation relationships exist between

the components of the angular momentum. In a molecule-fixed axis system

they are as follows:

[Px, Py] = -1npz ,

[13,, P2] = -i'hPx , (2-8)

[P2, Px] = 4an .

As a result of these commutation relations, a closed form solution to

the Schr6dinger equation HR = EV cannot be obtained if all three rota-

tional constants are different and none is zero. If two rotational

constants are equal, as is the case for a symmetric top molecule, a

closed form solution can be obtained. When A > B = C the molecule is

referred to as a prolate symmetric top and when A = B > C as an oblate

symmetric top. A solution to the asymmetric rotor may be obtained by

using the eigenfunctions of one of the two symmetric rotors as the

basis functions for the solution.



In order to solve the rotational Schr6dinger equation, it is con-

venient to obtain general expressions for the matrix elements of the

total rotational angular momentum and for the individual components of

angular momentum. It can be shown (18) by using equations (2-8) that

the square of the total angular momentum commutes with any one of the

components Px’ Py’ and P2' It is possible then to simultaneously

diagonalize the matrix of the square of the total angular momentum and

that of any one component of P.

In a basis in which P2 - Pi + P; + P: and P2 are diagonal the only

nonzero elements of the various angular momenta are found to be (19)

2

<J,K|P2|J,K> = J(J+l)h ,

<J,KIPZ|J,K> = Rh ,

<J,K|P:|J,K> a <J,KIP;IJ,K> =‘thJ(J+1)-K2] , (2-9)

2

and <J,KIP§IJ,K12> = -<J,K|P§IJ,K12> =

*h2[(J:K)(J*K+l)(J¥R-l)(JiK+2)]1/2 .

4

Here J is the rotational quantum number which measures the total rota-

tional angular momentum and K is the quantum number which measures the

component of P along the z-axis.

In a symmetric rotor the Hamiltonian is diagonal in both the

quantum numbers J and K and leads to the energy expression for a prolate

top of the form

E - hBJ(J+1) + h(ArB)K2. (2-10)



For this expression the axis representation Ir in which x ++ b, y ++ c,

z ++~a has been chosen (20). For an oblate top the energy is

E - hBJ(J+l) + h(C-B)K2 (2-11)

if the axis representation III£ (x ++ b, y ++ a, z ++ c) is chosen.

In an asymmetric rotor J is still a good quantum number but K is

not, because the projection of the total angular momentum is no longer

constant along any axis fixed in the molecule. Even though K is no

longer a good quantum number it is kept to help label the energy levels

of the asymmetric rotor. Each level is then labeled with the notation

is the limiting value of K for the prolate top andJK-l’K1’ where K_1

K1 is the limiting value for the oblate top.

In the symmetric rotor representation the energy matrix for an

asymmetric rotor has elements which are off-diagonal in K. It is

necessary to diagonalize this matrix to obtain the energy values for

the asymmetric rotor. The matrix is symmetric and has off-diagonal

elements removed by only two above and below the diagonal. By applying

the Wang transformation (21) each submatrix corresponding to a given

J can be factored into four smaller submatrices, two for K even and two

for K odd. The eigenvalues of these submatrices are the values of the

rotational energy. The Wang transformation causes a basis composed of

functions of the form V(J,K) to be transformed to a basis of functions

like [V(J,K) * V(J,-K)].

The classification of transitions between energy levels of the

asymmetric rotor is done in a number of ways (22). It may be shown

that for dipole-allowed transitions AJ can be 0 or 11, and AK_1 and
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AK1 can be 0, *1, *2, . . . . For AJ = 0, -l, and +1, the transitions

are designated as Q, P and R branch, respectively. The molecular dipole

moment 3 of an asymmetric top is not restricted to lie along a figure

axis and therefore may have components in any or all principal axis

directions. For a nonzero component of 3 along the a-axis (Ea) the

selection rules are AK_l is even and AKl is odd and the intensity of

a-type transitions is proportional to Hi. Likewise, for ”b # 0, AK_1 is

odd and AK1 is odd, and the intensity is proportional to pg; and for

"c f 0, AK_ is odd and AKl is even, and the intensity is proportional
1

to uio The transitions are generally referred to as a-type, b-type,

and c-type, respectively, and the most intense transitions are those

where AK_ and AK1 change by zero or one.

1

2.4 Stark Effect (23, 24)
 

When a molecule with an electric dipole moment, 3, is exposed to

a static electric field, 3, the component of the total angular momentum

in the direction of the field is restricted to 2J+l possible values.

These values are associated with the quantum numbers M = 0, il, . . . , tJ

which measure (in units of h) the projection of J in the direction of

the static field. This interaction, called the Stark effect, is treated

by adding a term to the Hamiltonian for the rotor. The term added is

H = -u ' 3 = -uecose, (2-12)

where 6 is the angle between the dipole moment and the field. From

Eq. (2-12) it can be seen that the Stark effect is a function of the
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dipole moment and the static electric field and may provide a method

for determining the magnitude of the dipole moment for any molecule.

The Hamiltonian including the Stark effect is ordinarily partially

diagonalized by means of perturbation theory. ,First-order and second-

order Stark effects can occur. In order for a first-order Stark effect

to be present, a molecule must have an average nonzero component of

the dipole moment lying along the rotational angular momentum vector 3

in the absence of any external field. This can only be satisfied by

the presence of an energy level degeneracy such as the K degeneracy in

symmetric tops. {The first-order energy correction to the Hamiltonian

is given as

3:1) - <v§°)|H€|v§0)> (2-13)

and the first-order Stark energy in the symmetric rotor basis is

(1)
E = -EeKM , (2-14)

J(J+1)

/If no average nonzero component is present within the molecule, the

first-order Stark effect will vanish, but the field may induce a com-

+

ponent of 3 along J which can then interact with the field to cause a

second-order Stark effect. It is the second-order Stark effect that

is important in asymmetric rotorso The energy correction to the

Hamiltonian for second-order Stark effects is given by

|<V(O)IH |w(o)> <W(O)IH lw(0)>l

Biz) = 2: 1 E 3 3 5 i . (2-15)
#1

5(0)- ECU)

i j
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with the final second—order energy expression being

3§2) = z (AgJ + MZBgJ )ugez, (2-16)

K-1,K1 8 K—1,K1 K-1,K1

where g - a, b or c. Here AgJ and BgJ are constants which result from

evaluation of Eq. (2-15) and which depend only on the molecular

rotational constants. It can be seen from Eq. (2-16) that E(2)

also depends on M2.

The Michigan State University spectrometers are constructed so

that the microwave radiation field and the static electric field, E,

are parallel. This results in the selection rule AM 2 O, and gives, for

the shifts in the frequencies in the presence of the field, the expression

v - 2 AA + M2 AB 252. 2-17)8 g ( g g)ug (

The AA8 and AB8 represent the differences in the AgJ and BgJ for the

energy levels involved in the transition.

The Stark field splits the energy levels into J+l components,

where J is the lower energy level involved in the transition. The

relative intensities of the Stark components for a transition are given

by M2 for Q branch transitions and (J+l)2 - M2 for P or R branch transi-

tions. The assignment of a low J transition can often be made from

its characteristic Stark pattern.

It can be seen from Eq. (2-17) that a plot of v vs. 62 for

one of the Stark components of a transition will yield a slope which

is a linear combination of the dipole moment components, pg, for the



Thet

the e



13

molecule. Three such plots, when made with at least two different

transitions, will lead to a set of three independent equations that can

be solved to yield the three dipole moment components of the molecule.

The total dipole moment of the molecule can then be obtained using

the expression

2 - 2
_

/ u 2 “3’7 (2 18)

l/A



III. EXPERIMENTAL

3.1 The Microwave Spectrometer
 

The microwave spectrum of glycidaldehyde was examined with two

different Hughes—Wilson Stark modulated spectrometers (7) equipped with .

phase-sensitive detection.

Assignment of the microwave spectrum and the Stark effect studies

were carried out in the P-band (12-18 GHz) and K—band (18-26.5 GHz)

regions on a laboratory-assembled spectrometer equipped with 100 kHz

modulation. The radiation sources were backward wave oscillators (BWOs)

which were used because of their superior sweeping characteristics

compared to the older reflex klystron. Sweeping of a BWO in the MSU

system is accomplished by simply imposing the signal from a function

generator (Wavetek Model 112378) on the helix of the BWO. The sample

cell consisted of a 12 ft. piece of X-band waveguide fitted with the

usual Stark septum over its entire length. A cross-section of the

Stark cell is shown in Figure 1. Detection of the modulated absorption

signal was accomplished by rectification in a tunable silicon diode

crystal detector followed by amplification and detection in a 100 kHz

lock-in amplifier (PAR Model 120). The output of the lock—in detector was

displayed on either a strip chart recorder or an oscilloscope. Frequency

measurements were made by comparison of the absorption frequency with

frequency markers which could be generated and measured to an accuracy

14
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of one part in 107.

Intensity measurements were made in the Reband (26.5-40 GHz) region

on a Hewlett-Packard Model 8460A molecular rotational resonance (MRR)

spectrometer (25) which operates at a modulation frequency of 33 kHz.

A block diagram of a typical Stark-modulated microwave spectrometer

is given in Figure 2. A more detailed discussion of the components and

Operation of a typical spectrometer may be found elsewhere (26-30).

3.2 Frequency Measurements
 

Frequency markers were generated by a Micro—Now Mbdel lOlc electronic

frequency multiplier. This instrument employs a tunable 5 MHz crystal—

controlled oscillator and is capable of generating markers every 50 MHz

over the entire microwave region. The 5 MHz oscillator is monochromatic

and stable to a few parts in 108. It was monitored for accuracy and

tuned to *1 Hz by means of a Hewlett-Packard frequency counter Model

5245L. The output of the marker generator is multiplied and mixed with

a sample of the microwave radiation in a silicon diode mounted in the

waveguide. The mixer is coupled to a Collins Model SlS-l radio receiver

which is used to determine the difference in frequency between the

source radiation and a harmonic of the marker generator. The frequency

of the radio receiver was varied until a super-position of a marker

and the transition appeared on the dual beam oscilloscope. The fre—

quency of the transition was then given by the frequency of the marker

* the receiver frequency. By using this technique frequency measure-

ments were made to an accuracy of *0.05 MHz. Rough frequency measure-

ments were usually made first with a waveguide frequency meter so as
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to quickly determine the frequency of the harmonic nearest the transi-

tion to be measured.

It should be pointed out that this method becomes more difficult

at higher frequencies because the harmonics of the marker generator

become weaker at higher harmonic numbers.

3.3 Stark Effect

The Stark effect for each of the transitions was determined by

following the displacement of the Stark components of the transition

as a function of a DC voltage applied to the base of the modulating

Stark voltage. The DC voltage was obtained from a precision high

voltage supply (Fluke Model 412B) and was monitored for accuracy with

a Heathkit EU-805 digital voltmeter. The effective DC electric field

in the Stark cell was evaluated by standardizing the cell spacing with

the J = 0 + 1 transition of OCS (pocs = 0.7152 Debye (31)).

3.4 Intensitngeasurements

Relative intensity measurements of corresponding transitions in

the ground and lowest three excited vibrational states were all carried

out on the Hewlett-Packard MRR spectrometer referred to earlier. These

relative intensity measurements were used to approximate the energy level

separations in the ground and lowest three excited states of trans-

glycidaldehyde. A knowledge of the energy level separations in trans-

glycidaldehyde allows an estimation to be made of the minimum potential

barrier to any other species which may be present. The procedure used

to obtain these energy level separations is described below.
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The first step in making relative intensity measurements is to

determine the pressure and temperature at which reasonably strong yet

sharp transitions are observed. In the case of glycidaldehyde it was

convenient to work at room temperature with a sample pressure of 15 mtorr.

It is also important to be sure that no other transition of any signifi-

cant intensity lies near enough in frequency to overlap the transition

to be measured, as this would increase the effective signal. Likewise,

the Stark voltage must be adjusted to insure that no Stark components

overlap the transition since overlapping Stark components would decrease

the signal.

After the above requirements are met, the frequency of the incident

radiation is adjusted to the resonance frequency of the line to be

measured and the microwave power is adjusted to give a convenient crystal

current at which all the subsequent measurements will be made. The

phase-sensitive detector and the strip chart recorder are then adjusted

to give as nearly full scale deflection of the signal as possible.

The relative intensities of any two transitions are simply related

to their phase-sensitive detector and recorder settings.

The relative intensities are directly pr0portiona1 to the relative

populations of any two states provided the linewidths are the same.

It is easy then to apply Boltzmann's equation,

Nl/NO = exp(~AE/kT), (3-1)

to determine the relative energy separation AE between states.



IV. MICROWAVE SPECTRUM OF GLYCIDALDEHYDE

4.1 Introduction
 

In recent years a number of studies of the microwave spectra of

molecules obtained as derivatives of cyclopropane have been carried out

at Michigan State University. Among these studies is the work reported

by Volltrauer and Schwendeman (10,11) on the molecules cyclopropylcar-

boxaldehyde and cyc10propanecarboxylic acid fluoride, a study by Lee (12)

on methyl cyclopropylketone, and the most recent work done on vinylcy-

clopropane by Codding (13). The primary objective in each case has

been to observe the conformations of the molecules and to determine the

potential barriers between the conformers. The primary objective was

realized completely only in the first study where both cis and trans

species were found for the molecules under investigation. Lee found

that the only species present in a sufficient amount to assign a spectrum

was the species with the carbonyl group cis to the ring and Codding was

able to assign only the species with the vinyl group trans to the

ring. It was, therefore, not possible to do a complete analysis in

these cases. The study of glycidaldehyde was undertaken because of

its structural similarities to the molecules previously studied in

these laboratories.

A preliminary study of glycidaldehyde was carried out by Assink

and Schwendeman (32). This study was checked, corrected, and extended

20
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by the author and the final results are reported here. Although again

only one species--that with the carbonyl group trans to the ring--has

been assigned, it has been possible to measure the frequencies of transi-

tions in the ground and first three torsionally excited states of this

species. Rotational constants have been obtained for these states and

the dipole moment has been determined from measurements of the Stark

effect on a number of ground state transitions.

The sample of glycidaldehyde was obtained from Aldrich Chemical

Company, Milwaukee, Wisconsin, and used without further purification.

4.2 Rotational Constants
 

The preliminary values of the structural parameters for glycidalde-

hyde needed for the initial estimation of the rotational constants were

obtained from the structure of ethylene oxide (33) and the bond lengths

in ethanal (34). A list of the assumed parameters is given in Table I.

The calculation of the rotational constants was done with the aid of

the computer program STRUCT written by Dr. R. H. Schwendeman. The pro-

gram STRUCT also provides a listing of the coordinates for each of the

atoms in the principal axis system. The calculated values of the ro-

tational constants and the atomic coordinates for trans-glycidaldehyde

can be found in Table II. It can be seen from these calculated rota-

tional constants that trans-glycidaldehyde is expected to be a near pro—

late symmetric tOp (i.e. A > B = C). The orientation of trans-glycidalde-

hyde in the principal axis system is shown in the planar projections

given in Figure 3. By using these planar projections and the dipole

moments of ethylene oxide (1.88 D) and ethanal (2.48 D) (35) it should



Table I . Assumed

22

Molecular Parameters for Trans-Glycidaldehyde.

 

 

r(CH)

r(CC)(ring)

r(CzC3)

r(CO)(ring)

r(C309)

a 1.083 13 <HCH, <HC2C3 = 116°a

= 1.470 Aa <HC1C2, <C1C2C3 = 117.4°a

_ °b _ .b
- 1.500 A <c2c3o9 — 123

_ ea _ oC

- 1.435 A «180309 — 127

= 1.210 AC

 

3 Parameters taken from ethylene oxide.

Parameters taken from ethanal.

C Estimated.



 

lab]
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Table II. Coordinatesa and Rotational Constants for Trans-

Glycidaldehyde in the Principal Axis System Using

the Assumed Parameters of Table 1.

Atom a b c

C1 -1.429430 .724213 .045608

02 -.264906 -.026671 —.445268

C3 .990226 .031073 .374065

H“ -.129181 -.092069 -1.517738

H5 -l.3139l9 1.275743 .970465

H6 ~2.084400 1.168654 -.693564

07 -l.393602 -.708130 .121198

H8 .742935 .094598 1.426539

09 2.097305 .007316 -.113696

A = l8,243.9 MHz

B - 3,248.5 MHz

C — 3,107.9 MHz

 

O

a in A.
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Figure 3. Planar Projections of Trans-Glycidaldehyde.



25

be possible to predict approximate values for the dipole moment components

of trans-glycidaldehyde. Results of this prediction indicated that the

a and b components of the dipole moment are essentially equal (1.65 D)

and that the c component is zero or very close to zero. From these re-

sults one would anticipate that the strong transitions in the microwave

spectrum are a-type and b-type transitions.

The calculated rotational constants and the probable values of the

dipole moment components were then used in the computer program EIGVALS

written by Schwendeman and Hand (36) to calculate an approximate spectrum.

This spectrum was then used as a guide during the initial search for an

assignment.

The spectrum of glycidaldehyde was rich in strong lines with charac-

teristic Stark effects and afforded easy identification of a number of

transitions. These transitions were attributed to a b-type Q-branch

series found in the P-band region (12.4-18.0 GHz) and to an a-type

Rebranch series found in the K-band region (18.0-26.5 GHz). As expected,

it was not possible to find any strong c-type transitions; however, a

number of low J Q-branch lines were assigned (32). The Stark effect

was carefully observed for several transitions and a search for excited

states was made. As many as four excited states were observed for a

number of transitions and frequency measurements were made wherever

possible. From the frequencies of both a—type and b-type transitions

for the ground and excited states accurate values for all three rota-

tional constants were obtained. The observed transition frequencies

for trans-glycidaldehyde are given in Table III and the derived rota—

tional constants, moments of inertia, and second moments can be found

in Table IV. The regular progression of rotational constants indicates
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Table IV. Rotational Constantsa, Moments of Inertiab, and Second

Momentsb for Trans-Glycidaldehyde.

 

 

v=0 v=l v=2 v=3

A 18,240.99 18,102.23 17,967.14

B 3,272.87 3,285.78 3,298.57 3,309.89

C 3,137.70 3,142.87 3,148.02 3,152.26

Ia 27.7055 27.9179 28.1278

Ib 154.4137 153.8072 153.2108 152.6865

Ic 161.0660 160.8007 160.5380 160.3220

Paa 143.8871 143.3450 142.8105

Pbb 17.1789 17.4556 17.7275

Pcc 10.5266 10.4622 10.4003

 

In MHz. Uncertainties in rotational constants are *0.05 MHz.

0

In u.A2.
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that the excited states are excitations of the same mode.

A preliminary study of the recordings of the spectrum of glycid-

aldehyde indicated that the intensities of the transitions decreased

by about a factor of two between successive excited states. This cor-

responds to a rather low vibrational energy separation between states

and is most likely due to a torsional motion of the aldehyde group about

the carbon-carbon bond.

The rotational constants of glycidaldehyde are plotted as a func-

tion of the torsional angle 9 in Figure 4. The A rotational constant

has a strong dependence on 6 and near the trans configuration (6 = 0°)

A is equal to the experimental value. By contrast, B and C have a

rather weak dependence on 6 near the trans configuration. The B and C

rotational constants each correspond to two possible values for 9 which

are symmetrically placed about 6 = 0°. From Figure 4 it can be seen

that the three rotational constants do not predict quite the same value

for 6. This suggests that there is an error in one or more of the

structural parameters used in the original calculation of the rotational

constants. A simple analysis of the angular dependence of the aldehyde

group to the ring was carried out which showed that the rotational

constants could be fit by this adjustment alone. Only minor changes

in the angular structural parameters of the aldehyde group were re-

quired to achieve a fit and hence the originally proPosed structure of

trans-glycidaldehyde was left as correct. To do a complete structural

analysis would require extensive isotOpic substitution, a task beyond

the scope of this study.

A plot of the changes in the rotational constants as a function

of the quantum number of the excited states is given in Figure 5. The
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MHz

20.0 “——'
AB ___1

AC

10.0""-‘ ‘-"‘

  
v = vibrational state

Figure 5. Change of Rotational Constants (in MHz) as a Function of

the Vibrational State.

-AA has been reduced by a factor of 10.

Dashed portion of -AA is a projection to the third

vibrational state.
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plot is very nearly linear which implies that the vibrational motion

is essentially harmonic. A comparison of the variation of the rota-

tional constants of the excited states to the variation with the angle

of rotation 9 about the carbon-carbon bond for 6 near 0° leaves little

doubt that the excited states are the result of the torsional motion.

An extensive search for other transitions which could be attributed

to the presence of other species proved unsuccessful. The cis species

and one gauche species were predicted to have large dipole moments; the

second gauche form was predicted to have a rather small dipole moment.

The failure to observe transitions in a second species suggests that

the cis-trans (or gauche-trans) energy separation is at least one

kcal/mole. The potential barrier separating the cis and trans or cis

and gauche Species must be at least this large and may be even larger.

4.3 Dipole Moment
 

The molecular dipole moment of trans-glycidaldehyde was determined

from a plot of v vs. 52 (as suggested by Eq. (2—17)) for the M=l

Stark component of the 212-313 transition and two Stark components from

each of a pair of Q-branch transitions, the 404'413 and the 505-51“.

A least squares analysis of the slopes g5? from these plots was used

to determine the three components of the dipole moment. As predicted

in Section 4.2, “a and u are of the same order of magnitude with ”a

b

slightly larger. This was also reflected in that the b-type transi-

tions of comparable linestrength are less intense than the a-type. The

value of ”c was greater than zero by more than the expected error and

therefore was assumed to be nonzero though small. The experimental
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values obtained for ua, “b’ “c and “T are given in Table V along with

a comparison of the calculated and experimental Stark shift Slapes. A

comparison of dipole moments for trans-glycidaldehyde and a number of

various related compounds is given in Table VI.

The ratio (pi/uj)2 reflects the relative intensities of any pair

of transitions dependent on the dipole components “1 and u Using thej.

ratio (uc/ua)2 to predict the intensities of the c-type transitions rela-

tive to the a-type clearly points out why the c-type transitions were

so weak and difficult to locate.

4.4 Relative Intensity Measurements
 

Excited state relative intensity measurements were made on the

413-51“ and 41,;515 R-branch transitions located in the R-band region

(26.5-40 GHz). Measurements were made through the third excited state

and showed that the relative intensities of any pair of successive states

were equal. The intensity ratio was 0.51 and corresponds to an energy

separation between states of 140 cm‘l. This common intensity ratio

for successive states indicates that the potential function separating

these states is essentially harmonic; the same conclusion was obtained

in Section 4.2 by analysis of the rotational constants.

4.5 Discussion
 

The results of this study indicate that the major conformation

present in gaseous glycidaldehyde is the trans Species. This configura-

tion of the aldehyde group puts the oxygen atom in close proximity to

the ring hydrogen allowing a possible increased interaction of a
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Table V. Stark Effect and Dipole Moment of Trans-Glycidaldehyde.

Transition (M) d\)/dE2(obs.)a’b dv/dE2(calc.)a

212'313 1 62.33 62.33

40,+--413 3 28.91 28.84

40,-413 4 55.46 55.41

505-51“ 4 24.18 24.18

505-511+ 5 40.08 40.20

"a = 1.932 t 0.005 D

"b = 1.511 t 0.017 D

uc = 0.277 t 0.156 D

"T = 2.469 t 0.031 D

 

a Hz/(volt/cm)2 assuming uocs = 0.7152 D.

Uncertainty in observed lepes is :0. 5%.



35

Table VI. Dipole Moment of Trans-Glycidaldehyde and Some Related Compounds.

 

 

 

Compound UTa Ref.

Acetaldehyde (Ethanal) 2.48 (35)

Ethylene Oxide 1.88 (35)

Cyc10propylcarboxaldehyde (cis) 2.74

(10)

(trans) 3.26

CycloprOpanecarboxylic Acid Fluoride (cis) 3.28

(11)

(trans) 3.47

Cyc10propyl Methyl Ketone (cis) 2.62 (12)

Glycidaldehyde (trans) 2.47 (This work)

 

a The total dipole moment in Debyes.
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stabilizing nature. The trans configuration also decreases any hydrogen-

hydrogen interaction that would be present if a cis conformation were

present. It is not surprising then that the trans species is the domi-

nant one. The presence of a cis or gauche species was anticipated but

could not be found though a thorough investigation was made. Based on

dipole moment estimates the cis species should have had as large a dipole

moment as the trans species. Since no transitions could be assigned

to a second Species, one of two possibilities is indicated: either the

cis species is present in too small an amount to be observed, or some

vibration-rotation interaction is radically altering its spectrum.

The lack of any assignable Species except the trans species defeated

the primary objective of this work which was the calculation of the

barrier to internal rotation. Consequently a comparison to the work

done by Volltrauer and Schwendeman cannot be made. The observation

of four excited states each separated by an energy of 140 cm.1 would

imply, however, that any barrier present between the trans and any

other species would be at least 2 kcal/mole.

The dipole moment of trans-glycidaldehyde obtained was that ex-

pected based on dipole moments observed in similar molecules (Table VI).

The lack of a plane of symmetry resulted in all three components of

“T being nonzero, though ”c was very nearly zero due to a near can-

cellation of the “c component of the ring by that from the aldehyde

group. This same cancellation took place along the a-axis, but to a

lesser degree, and could explain why the dipole moment of trans-glycid-

aldehyde. is about 1 Debye less than the trans species of the related

compounds .



PART 2: ROTATIONAL RELAXATION IN CARBONYL SULFIDE AND AMMONIA



V. INTRODUCTION

The investigation of collision-broadened line Shapes has long been

a method of determining rotational relaxation in gases. One of the

earlier works was the semiclassical treatment of line shapes and mechanisms

for line broadening made by Van Vleck and Weisskopf (37). Later Anderson

(38) introduced another semiclassical treatment which investigated line

broadening due to molecular collisions. In each of these investigations

the radiation incident upon the gas was a low-power radiation. Under

these conditions, transitions among the molecular states are induced at

a rate which is negligible compared with the collision rate and thermal

equilibrium is maintained. The energy levels under investigation remain

then in a Boltzmann distribution.

Karplus and Schwinger (39) and Snyder and Richards (40) extended

the theories of line shape to include the case where partial saturation

due to a high-power incident radiation is present. Saturation invalidates

the assumption of thermal equilibrium and requires a quantum mechanical

treatment of the effect of the radiation. Using a density matrix approach

Karplus and Schwinger and Snyder and Richards independently calculated

the same expression for the absorption coefficient for the steady state,

i.e., a long time after the incident radiation was turned on. It was

shown that the absorption line should have an additional broadening due

to the radiation, and that this broadening is the result of the high

power levels of the incident radiation which cause transitions among the

37
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molecular states to occur at a rate that is not negligible compared with

the collision rate.

Schwendeman (41) has recently used the density matrix approach to

obtain the expression for the time dependent absorption coefficient for

the case of partial saturation in the intermediate time scale, i.e., at

times shortly after the incident radiation is turned on. It was found

that the absorption coefficient varies with time as an exponentially

damped oscillation. This expression, which contains the rate constant

for rotational relaxation, was derived to explain the time-resolved spectra,

or "wiggle-beat" Spectra, which were first obtained by Harrington (42)

and repeated and extended in these laboratories.

In an attempt to explain further certain phenomena observed in these

laboratories, Pickett (43) has recently extended the theory of the inter—

mediate time scale to include the effect of Stark modulation. It was

found that this effect is important only when the incident radiation is

tuned slightly off-resonance.

It is the purpose of Part Two of this thesis to characterize these

"wiggle-beat" spectra for the molecules carbonyl sulfide and ammonia and

to relate these wave shapes to recent theories. The molecules carbonyl

sulfide and ammonia were chosen because of their strong and uncomplicated

spectra. The initial studies of rotational relaxation behavior in gases

conducted in these laboratories was done by Brittain (44) on the J = 0 + 1

transition of OCS. The data from those studies also have been treated

by this author and the results are presented here.

The development of the theories pertinent to the studies carried

out in these laboratories is made in Chapter VI. A complete description
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of the experimental method can be found in Chapter VII, and a dis-

cussion of the "wiggle-beat" line shapes with a comparison to the

theory is given in Chapter VIII.



VI. THEORY

6.1 Density Matrices (45)
 

For the purpose of this study the gas under investigation will be

considered as an ensemble of identical non-interacting molecules or

quantum mechanical systems. The state of each system can be represented

by a set of time-dependent numbers, a(n,t), which are the coefficients

for expanding the probability amplitude in coordinate language. This

expansion has the following form:

wacq.t) - z a,<k.c>U(k.q>. <6-1)
k

Here Va(q,t) is the wave equation defining the nth molecule, and the

U(k,q) are any complete set of orthonormal eigenfunctions in the coordi-

nate representation q.

The density matrix for an ensemble of N molecules or systems is

then defined by its elements which are expressed as follows:

N n====

- (lo 2 a*(m c)a (n c) = * (6—2)
pnm N a ’ a ’ aman.

a=1

The sum 0 over all systems of the ensemble, as seen in the equation

above, would imply the presence of a kind of ensemble average for the

elements of the density matrix.

40
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Since the U(k,q) are a complete set of orthonormal eigenfunctions,

Wn - artsn gives the probability of finding an individual system a, des-

cribed by Va(q,t), in the State corresponding to U(n,q). Similarly then,

 

the expression pnn 8 agan gives the probability that a system a chosen

at random from the ensemble would be found in state n. It also must

follow then that ipkk = l, i.e., the trace of the density matrix must

equal one, and that Npnn gives the population of state Un.

For any observable Fa in a quantum mechanical system, the average

value FL of that observable is given by the equation

_ * A

Fa = f wa F Wu dq. (6-3)

Here F is the quantum mechanical operator associated with the observable

F Substitution for We from Eq. (6-1) leads to the expressiona'

Pg 2 Z faéa)*Uéa)*Faéa)U§a)dq = Z aéa)*aéa)Fé:) . (6-4)

m,n “1,11

where Fég) 8 fUéa)*FU§°)dq. (6‘5)

The calculation of the ensemble average P for the observable is

suggested by Eq. (6-2) and leads to the relation

=.- 1 N _

F 3 (fi)a§1Fa. (6-6)

Following the indicated prescription given by Eq. (6-6) results in an

expression for the ensemble average of the observable F which is
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dependent on the density matrix as follows:

Ear}: F =217 =Tr F. 6-7mpnmmn no)“, (p) < >

If we assume that the quantum mechanical operator F is time independent,

then the time dependence of P will depend on the time dependence of the

density matrix.

The time dependence of the density matrix in terms of the total

energy of the system can be determined by using the time dependent

Schr6dinger equation,

HVa(q,t) = ihBVa(q,t), (6-8)

57:“

as the starting point. Substitution for Wu from Eq. (6-1) yields the

expression

(o)** '(0)
Eak HUk(q) = ififiak Uk(q). (6—9)

where superior dots signify derivatives with respect to time. Multipli-

cation on the left side by U; followed by integration results in the

(a)
time derivatives of the an These are:

0(0) ((1) 0((1 * _

an - fii_2anak and an ) -k H*kaéa)* . (6-10)

h.

11:

ink“

Taking the definition of the density matrix from Eq. (6-2) and evaluating
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it for its time derivative gives

. N .(a)* (a) (a)*~ a

p = (N) ail [am an + am a: )]. (6-11)

Now substituting from Eq. (6-10) into Eq. (6-11) yields

N. g 1 -1 <a>* _ * (a)* (a) _
om (E) (-;h— ail: [anam ak Hmkak atn ] (6 12)

which can be simplified, by using the fact that H;k = Hkm’ to

cum = _-_i_ [(Ho)mu - (011)“). (6-13)

11

Thus the standard form for the time dependence of the density matrix

is given by

6 = :__1_ [Ho - pH]. (6-14)

h.

In this equation H is the Hamiltonian for the system of interest.

6.2 The Absorption Coefficient (39-41)
 

The linear absorption coefficient a for incident electromagnetic

radiation of angular frequency w striking a gas of molecular density N

is given by the expression

a = 4n(w/c)NIm(x), (6.15)

where x is the molecular susceptibility and c is the average group
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velocity of the incident radiation. From Eq. (6-15) it can be seen that

it is necessary to obtain an expression for x in order to obtain a.

The molecular susceptibility can be found from the dipole moment

30:) = Rem-150624“) (6—16)

induced by the field

+

F(t) = Re(§°e-iwt) = Tocoswt. (6-17)

Eq. (6-7) gives the prescription for finding the induced dipole

moment, namely

F(t) = Tracelo<t>fi]. <6-18)

where a is the matrix Operator for the permanent dipole moment of the

molecule being irradiated. It can be seen from Eq. (6-18) that the time

dependence of 3(t), and consequently x and a, will be determined by the

time dependence of p(t) as indicated in Eq. (6-14).

Eq. (6-14) indicates that it is necessary to express the Hamiltonian

for the system under investigation. In the case of molecules being

irradiated by high-power radiation the Hamiltonian should contain terms

which reflect the state of the molecules themselves, the interaction

between the molecules and the radiation, and the interaction of the

molecules with each other through collisions. Because of the difficulty

in treating the molecular collisions their effect is usually left out

of the expression for the Hamiltonian and treated separately. The
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Hamiltonian then becomes

H(t) = H0 - 3 ° H(t) = H0 + Vcosmt. (6-19)

In this equation H0 is the contribution to the Hamiltonian from the

molecules themselves and is time independent; Vcoswt iS the contribu-

tion to the Hamiltonian due to the interaction of the molecules with

the radiation and is time dependent. In this equation,

v = -fi - $0. (6-20)

At this point there are two possible ways to proceed, either of

which will give the time dependence of the absorption coefficient a. The

first method is that of Karplus and Schwinger (39) in which they find a

collision-averaged density matrix and then solve the resultant dif-

ferential equation to obtain a. The second method is that of Snyder and

Richards (40) in which they solve the density matrix differential Eq. (6—14)

to obtain a and then collision-average this a. Schwendeman (41) has

shown that both of these methods lead to the same a, and thus has shown

that the point at which the collisions are treated is immaterial. The

method used here will be the simpler method of Snyder and Richards.

In order to simplify the evaluation of the time dependent expression

for the absorption coefficient a, it is advantageous to introduCe several

assumptions during the development of the theory. These are as follows:

(a) Tc < < I/w < < T, where Tc is the duration of the molecular collision,

I/w is the period of the incident radiation, and T is the mean time
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between molecular collisions; (b) only two energy levels are active in

producing absorption; and (c) molecular collisions restore thermal

equilibrium.

In order for assumption (a) to be valid the pressure must be kept

low enough so that the collision diameter can be considered negligible

compared with the mean free path length. Assumption (8) also suggests

several different time scales. In the treatment here three time scales

are considered. The first is the "short time" scale and refers to times

of the order of l/w or faster. Events that occur in this time scale

are considered too fast to be observed by the experimental aparatus.

The second is the "intermediate time" scale and is of the order of the

mean time between collisions T. The third is the "long time" scale and

concerns times which are long compared to T, i.e., at times long enough

to establish a "steady—state" between the perturbation caused by the

incident radiation and the mechanism for relaxation, which in this case

is the molecular collisions. Thus, in the "steady-state" p, x, and

hence a approach constant values.

Assumption (b) implies that when the incident radiation of angular

frequency w is near the resonance frequency wo = (E3 - Eg)/h for the

active levels E: and ES, such that (w — mo) = l/T and all other resonance

frequencies of the molecule are much larger than the difference Q» - mo),

it is necessary to consider only the terms in the subsequent derivation

which oscillate with a frequency comparable to the difference Q» - mo).

Under these conditions the density matrix, and hence x and o, oscillate

with a frequency which is comparable to 1/1. This is the "intermediate

time" scale and the one of interest here.
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Assumption (c) suggests that the molecular collisions are hard

collisions, and that the effects of a collision are independent of the

presence of the incident radiation. However, recently Oka (46-51) has

shown that the concept of hard collisions is not completely correct.

Nonetheless, in this case it leads to a perfectly reasonable result.

6.3 Collision Averaging (41)
 

Prior to the onset of the radiation the Hamiltonian which describes

the ensemble will contain only the term Ho. The density matrix which

describes the ensemble under these conditions is written as

9° = C exp (-H°/kT). (6-21)

where C is a normalization constant and is given by the expression

c = [Tr(exp(-Ho/kT))]-l. (6-22)

In a basis set consisting of the eigenfunctions of H0 the only elements

of the density matrix 00 which are nonzero are the diagonal elements.

The distribution which describes the molecules under these conditions is

the Boltzmann distribution. A set of boundary conditions, which is

later used in the derivation of the expression for the absorption coeffi-

cient, is provided by the fact that all of the off-diagonal elements of

the density matrix are zero at any time prior to the time when the

radiation is turned on.
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In the presence of the radiation field the Hamiltonian which des-

cribes the ensemble will not only contain H0 but now will also contain

the term Vcosmt, which is due to the field. The density matrix which

describes the ensemble under these conditions now contains nonzero off—

diagonal elements whose magnitudes depend on the field strength V and

the time. It will be assumed that after each collision the density matrix

describing the ensemble will return to the density matrix 9°, given by

Eq. (6-21). This provides an additional boundary condition which can

be used in the derivation of the expression for the absorption coeffi-

cient.

In treating the effect of the collisions it will be assumed that

the collisions occur at completely random time intervals. This assump-

tion leads to an expression for the probability per molecule that at

time t the last collision occurred in the time interval to + to + dto.

This expression is

exP((to - t)/1)dtO/r. (6-23)

Integration of Eq. (6-23) over dto from time t = O (the time the radia-

tion was first turned on) to time t gives an expression for the proba-

bility that a molecule has not undergone a collision between time t = 0

and the time of observation t. Integration of Eq. (6-23) yields

fteXP((to-t)/T)dto/T = l - exp(-t/T). (6‘24)

0
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The sum of the probabilities for a molecular collision and for no

molecular collision must be unity. Therefore, from Eqs. (6-23) and

(6-24) it can be seen that the probability at time t that a given mole-

cule has not collided since time t = 0 is

exp(-t/I). (6-25)

With expressions for the probability that a collision has or has not

taken place since time t = 0, it is possible to write an expression for

the collision averaged absorption coefficient at time t, as follows:

__ t

a(t) = a(t,0)exp(-t/I) + f o(t,to)exp((to-t)/T)dto/I. (6-26)

0

In Eq. (6-26), o(t,to) is the contribution to the absorption coeffi-

cient at time t from molecules which last collided at to, and the first

term in Eq. (6-26) is the contribution from molecules which have not

collided at all since time t = 0. The second term is the sum of the

contributions to EKt) from molecules which have collided since t = 0.

The procedure suggested by this expression is the method used by Snyder

and Richards mentioned earlier in Section 6.2. An explicit form of

a(t,to) from the solution of the density matrix differential equation

is all that is necessary to complete the solution for H(t).

The alternate method used by Karplus and Schwinger starts with a

collision-averaged density matrix of the form,

t

F(t) = o(t.0)exP(-t/r) + (J; o(t.to)exp((tO-t)/T)dto/1 , (6-27)
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which can be differentiated with respect to time to give the differential

equation for H(t) which must then be solved in order to obtain the time

dependent absorption coefficient 5(t). The form of the differential

equation for EKt) is as follows:

F(t) = :1 (H3 - mi) - _1_ (b‘ — 90). (6-28)

h I

Only the procedure of Snyder and Richards will be described here in

detail. An expression for a(t,to) in the "intermediate time" scale,

i.e., the time scale of interest here, has been derived by Schwendeman

(41) and this derivation will be summarized in the following two sections.

6.4 Systems Without Collisions (41)

The starting point for the determination of o(t,to) is the time

dependent form of the density matrix given by Eq. (6-14). The Hamiltonian

used in Eq. (6-14) is the Hamiltonian for molecules in the presence of

radiation and is given by Eq. (6-19). Combining these two equations

yields the expression

ifip = (Hop - oHo) + (Vp - oV)cosmt. (6-29)

Introduction of a basis set consisting of eigenfunctions of Ho leads to

the equation

ihpab a fiwabpab + E (Vakpkb - pakab)coswt, (6-30)

_ 0 _ 0 _
where'hwab - Ea Eb. (6 31)
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Here E: and E: are the energies of the active levels a and b and are

also eigenvalues of Ho. Introduction of a set of Cab’ such that

pab = Cabexp(—iwabt), (6-32)

followed by substitution of this expression into Eq. (6‘30). limited by

the restrictions of assumption (b) given in Section 6.2, yields a set

of only four nonzero C b . These nonzero C are
a ab

ZihCaa = vabcbaeiét - cabvbae‘15t, (6-33)

Ztnébb = vbacabe'i‘St - cbavabe15t, (6-34)

zrnéab = vabeiétmbb - caa), (6—35)

and zthéba . vbae‘mtmaa - ebb), (6-36)

where 6 = m - “be (6-37)

and it is assumed that wba > 0 and I6] < < wba' The definition

A = Caa - Cbb - paa - pbb (6-38)

leads to the expressions

° _ idt _ -iét _
ihA — (vabcbae Ca v e ), (6 39)

b ba
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° iét
ZihCab '3 -Vabe A, (6—40)

and 21‘tha = -V e-iGtA . (6-41)
ba

Eqs. (6-39), (6-40), and (6-41) form a set of coupled differential

equations which can be solved exactly. Differentiation of Eq. (6-39)

followed by substitution for the ash from Eqs. (6-40) and (6-41) leads

to an expression which when again differentiated and followed by the

same substitution from Eqs. (6-40) and (6-41) gives the differential

equation

+ n25 = 0, (6-42)

where 92 a 62 + IVabIthZ. (6-43)

The solution of Eq. (6-42) is

A a a'coth + B'sith, (6-44)

which can be integrated to give

A = (o'/Q)sith - (B'/Q)coth + y, (6-45)

where o', B', and Y are constants of integration.

Introduction of the boundary conditions imposed by the assumption

that the system is in a Boltzmann distribution at time t = 0 (when the

radiation is first turned on) allows the elimination of at least two

of the three integration constants. From Eqs. (6—21) and (6-32) it can

be seen that Cab must be zero at time t = O, which from Eq. (6-39)
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implies that A = 0 at time t = O. From Eqs. (6-21) and (6-38) it is

apparent that

MD) A pa ob. (646)

0 o
where pa and pb are the Boltzmann values of paa and pbb’ respectively.

Insertion of these boundary conditions into Eqs. (6—44) and (6-45) results

in the expression

A = A0 + 8(1 - coswt), (6-47)

where B = (B'IQ) is the only remaining integration constant.

Substitution for A into Eq. (6-41) from Eq. (6-47) yields after

integration

Cb - X§2.e-16t [ 93—i;§._ l.(£if£.+ e:igi) ] + n (6-48)

8 2h 5 2 6—9 6+9 ’

where n is a fourth integration constant. By taking Eq. (6-39) and

substituting for A on the left side from Eq. (6-47) and substituting for

the Cab on the right side from Eq. (6-48) (here Cab = Cfia), it can be

shown that the integration constant n = 0. Also, from Eq. (6-48) and

the boundary conditions Cba = O and Cab = 0 at time t = 0, the integration

constant B = (B'/Q) is determined to be

_ _ 0 2 2 2 _s — A lvabl /h a . (6 49)

An expression for the element pba of the density matrix can be ob-

tained by substitution of the value of 8 given by Eq. (6-49) into

Eq. (6-48) and by replacing the Cba and C8 by their definitions given

b
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in Eq. (6-32). This leads to the expression

a onbae-iwt

21192

[6(1 - coswt) - iQsith]. (6‘50)
 

pba

By making the substitution

dba = A0 [6(1 - coswt) - iQsinwt] (6-51)

2h92

the expression for is simplified to the form

pba

-iwt

0ba 8 dbavbae (6-52)

and the calculation of the absorption coefficient is facilitated.

By looking again at Eqs. (6-15) through (6-18) the prescription that

must be followed in order to obtain the absorption coefficient is com-

pletely defined. From Eq. (6-18) the expression for the induced dipole

moment is

+

3(t) = pbafiab + pabuba' (6-53)

The dipole moment matrix is assumed to have no nonzero diagonal elements

in the system under investigation. Eq. (6-53) may be rewritten in the form

+)-2R *p(t - e(obauab). (6-54)

Substitution for p a from Eq. (6-52) and substitution for V from

b ba

Eq. (6-20) yields the expression
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3(t) - -2Re(dbafiab3ba - FOe'iwt). (6-55)

The incident radiation is chosen to be oriented such that the field

lies along the z-axis; then

F - F k. (6-56)

The dipole moment matrix element fish can be written in terms of the

+ + +

three space-fixed orthogonal unit vectors 1, j, and k. If it is assumed

that only one of the three components of gab is nonzero, and that this

component is the 2 component, the expression

+ +
+0 2 2+0

“abuba ° F = In I F (6-57)
ba

can be written.

Substitution of Eq. (6-57) into Eq. (6-55) and a comparison of the

resulting equation with Eq. (6-16) implies that

x = -2dbalu:al2 . (6-58)

Then, from Eq. (6-15) it follows that

= _ z 2
6-59a 8:mN lubal Im(dba) ( )

and by substitution for Im(dba) from Eq. (6—51) the final expression for

the time dependent coefficient for a system with no collision is obtained.



56

This expression is

 

a = 4nw luz I2 NAo sinwt. (6-60)

ba :fifi“

6.5 Systems With Collisions (41)
 

In a system where collisions are present the expression for the

absorption coefficient given by Eq. (6-60) must be averaged over the

molecular collisions according to Eq. (6-26). In the derivation of

Eq. (6-60) it was assumed that the molecules have not seen a Boltzmann

distribution for a time interval t, which in this case is the time since

the radiation was first turned on. It follows then that Eq. (6-60) in

its present form is valid only for molecules which have not undergone

any collision. Therefore, Eq. (6-60) represents o(t,0). In considering

the molecular collisions in Section 6.3 it was assumed that the last

collision occurred at time to. In this case the time interval elapsed

since the molecules last saw a Boltzmann distribution is given by (t- to).

Hence, a(t,to) can be obtained from Eq. (6-60) by replacing t with (t - to)

to give the expression

o(t,to) = KsinQ(t — to), (6-61)

where K = 4nm |“ba|2 NAO . (6—62)

c hfl

Substitution of the expressions for o(t,0) and a(t,to) given by

Eqs. (6-60) and (6-61), respectively, into Eq. (6-26) gives

.. t..-

3(t) = Re t/Tsith + f e (t to)/Tsin$2(t-to)dto . (6-63)

0
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Integration of Eq. (6-63) followed by substitution for K from Eq. (6-62)

gives the final expression for the time dependent absorption coefficient

for a system with collisions as follows:

H(t) = 41g_|uba|2 NAOT [l - e-t/T(coth - TQsith)]. (6-64)

c l+(1§2)2

For the "steady-state", i.e. t + w, Eq. (6-64) reduces to the ex-

pression for H(t) obtained by Karplus and Schwinger and Snyder and Richards.

Also, Eq. (6-64) has been derived for active energy levels which have no

degeneracies. Therefore, when degeneracies occur, as in the case of

interest here, a summation over all the states contributing to H(t) must

be introduced.
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VII. EXPERIMENTAL

7.1 Relaxation Time System
 

The spectrometer, which was used to record the time resolved spectra

associated with the phenomenon of rotational relaxation in gases, is a

modified Hughes-Wilson type (7) with 100 kHz square wave Stark modula-

tion. The two primary modifications are: (l) the radiation source is

operated at constant frequency instead of being swept; and (2) the usual

tuned-amplifier and phase-sensitive detector which follows the microwave

crystal detector is replaced by a broad-banded sampling device which is

capable of time-resolving the signal from the crystal detector. A block

diagram of the relaxation time system used in this investigation can be

found in Figure 6.

The constant frequency of the radiation source is chosen to be the

resonance frequency of the absorption line under observation. Further-

more, the radiation frequency must remain within a few kHz of the resonance

frequency during the time of observation for any single experimental

run, a time which can be of the order of several minutes. Thus, the

source must either be extremely stable over long periods of time, or it

must be capable of being stabilized in some way. Also, although not

absolutely necessary, the power output of the source should be at least

of the order of 50 mwatts. The sources available for use in these

laboratories are klystrons and BWOs. It was soon discovered that to

one degree or another both types of sources suffered from long-time
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instability. Therefore, it became necessary to try to stabilize these

sources in some way.

Currently, source stabilization at MSU is accomplished by sampling

a small portion of the radiation, mixing it with the signal from a

Micro-Now Model lOlc frequency multiplier, which is capable of generating

harmonics of 25 MHz from a 5 MHz tunable source, and feeding the fre-

quency difference between the source radiation and one of the harmonics

into a Micro-Now Model 201c frequency stabilizer. If the frequency dif—

ference at the stabilizer is not 160 MHz, the stabilizer sends a corrective

signal to the helix electrode of the source in the case of a BWO (to the

reflector electrode in the case of a klystron) to change its frequency

and make the frequency difference exactly 160 MHz. It can be seen that

if the source radiation frequency is set to the resonance frequency of

the line under observation and the Model lOlc is tuned so that the dif—

ference frequency is i6O MHz, it is possible to stabilize the source

against small drifts. It was hoped that klystrons could be used for at

least part of this investigation, because their power output is higher

than that of the available BWOs, but it was not possible to stabilize

them on the system being used. Thus, BWOs were used exclusively.

Just prior to entering the Stark cell the microwave radiation is

sampled by means of a 20 db directional coupler and monitored with a

Hewlett-Packard Model 432A power meter. Power heads for the Model 432A

are available in these laboratories only for the X-band (8.0-12.0 GHz)

and K-band (18.0-26.5 GHz); consequently, the investigation was limited

to these frequency regions. The power levels used in the experiments

ranged from about 5-50 mwatts. This is the limit of the power available

in K-band, but the Xrband limit is approximately 100 mwatts.
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The sample cell consists of a 12 ft. piece of X—band waveguide with

a Stark septum running the full length. A cell of this length provides

a strong absorption signal which proved to be very beneficial in these

experiments. The sample cell is joined to a vacuum system which was

used for sample introduction and which also served the special purpose

of providing a ballast for the sample cell. For many molecules, at the

low pressures used, the pressure in the sample cell was not constant ?‘

because of absorption of the molecules on the walls of the cell; therefore, t

it was necessary to affix a glass bulb (of 12 liters volume in the present

case) to the vacuum system to stabilize the pressure in the sample cell.

 The cell is connected to an MKS Baratron Type 77 pressure meter which a:

was used to determine the pressure of the gas in the cell. The Baratron

is a capacitance manometer which is capable of determining absolute

pressures. The range of pressures covered in this study was 8—80 mtorr,

with the pressures above 50 mtorr limited to the investigation of the

OCS O + 1 line in the X-band region. All experiments were carried out

at room temperature.

In Chapter VI reference was made to turning the incident radiation

off and on. In these experiments the radiation was not actually turned

off and on but was switched in and out of resonance with the rotational

energy levels by shifting the energy levels with the aid of the 100 kHz

Stark modulation voltage. Normally, the incident radiation comes into

resonance with the frequency of the transition when the Stark field is

switched off. This corresponds to turning on the radiation. When the

Stark field is switched on, the energy levels of the transition are

split into their individual Stark components, which have transition fre—

quencies differing from the main line, and consequently are no longer
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in resonance with the incident radiation. Switching on the Stark field

corresponds to turning off the radiation. From the above discussion,

it can be seen that both the main line and the Stark components can be

studied separately by a simple change in the frequency of the incident

radiation if the proper half of the Stark modulation cycle is monitored.

The absorption signal from the sample cell passes through an isolator

(to prevent reflections) and strikes a silicon crystal detector which

rectifies the a-c component of the signal for subsequent amplification.

A low-resistance load resistor connected to the crystal provides a return

to ground for the crystal current. If this resistor is not chosen cor-

rectly the absorption signal may be distorted or lost. To insure that

the crystal detection system is not influencing the reproducibility and

quality of the signal being monitored, the following check is made when-

ever changes in the crystal are made. A low—voltage square wave is

placed on the helix of the BWO which results in a small modulation of

the output frequency of the BWO. A wavemeter is then adjusted such that

the linear portion of the absorption curve resulting from power lost in

the cavity is coincident with the two frequencies resulting from the

square wave modulation. The resulting signal at the detector should be

a square wave which looks like the modulation square wave. The modula-

tion square wave and the resultant square wave detected at the crystal

are then compared on a dual beam oscilloscope to determine the quality

of the response of the detection system. The results of such a com-

parison can be seen in Figure 7.

The signal from the crystal detector is amplified by a factor of

100 by means of a Tektronix Model 1121 amplifier, and passed through

a high-pass filter to a PAR Model 160 Boxcar Integrator (which is



Figure 7.
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Time Scale - 0.2 usec/division

 

Time Scale 3 2.0 usec/division

A Comparison Showing the Reproducibility of the Square

Wave Signal Placed on the Helix of the BWO (upper trace

of both figures) with the Output of the Preamplifier of

the Boxcar Integrator (lower trace of both figures).
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discussed in the following section). The time variation of the raw

spectrum is continuously monitored by a dual beam oscilloscope. The

integrated spectrum is traced on a strip chart recorder and also stored

point-by-point in a Varian C-1024 Time Averaging Computer (often re—

ferred to as the CAT). In the mode used here the CAT serves simply as

an A/D converter. The storage from the CAT is then punched into cards

by means of an IBM Model 526 printing summary punch.

7.2 Boxcar Integrator
 

The PAR Model 160 Boxcar Integrator (BI) is a high-resolution

sampling and averaging device capable of extracting synchronous wave-

forms from noise. The BI repeatedly samples the input signal with a

variable width window and variable delay gate. The delay gate can be

fixed at any point or scanned across the input signal. The window allows

a portion of the signal from each cycle to pass into a variable time

constant integrator where the portions are summed. In this investiga-

tion the window was scanned slowly across the input signal. The large

number of repetitions greatly improves the signal-to—noise ratio of the

output, ultimately approaching the sensitivity of a phase-sensitive

detector. The BI was chosen as the sampling device for these experiments

because it features a wide range of time constants (both high and low

resolution), apertures (window widths), and scan rates. It also has

features which give it good hold time and stability during the scan time.

A block diagram of the BI is shown in Figure 8. A brief description of

the operation of the BI is given below.

The primary requirement for the pr0per operation of the BI is that
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‘tlmee waveform under investigation be repetitive and that a synchronizing

Signal, which bears a constant time relation to the waveform, precede

tine portion of the waveform to be studied. The "wiggle-beat" waveform

is periodic as a function of the Stark modulation frequency and occurs

at exactly the same point in time for each cycle of the square wave.

Furthermore, a pulse from the square wave generator can serve as the

trigger to initiate the scan of the Boxcar Integrator. The time base

setting of the BI is determined by the modulation frequency of the square

wave, which in this case is 100 kHz (i.e. 10 usec time base). Because

of the complex nature of the scanning mechanism, which does not allow

every pulse from the square wave to be used, the time base must be larger

than 10 usec. For 100 kHz modulation it was found that 50 usec was a

good choice. With a time base this large, it is possible to observe

several cycles of the waveform in one full scan across the time base. A

pair of scan/delay dials allows the operator to set an initial starting

point and final stopping point for the scan and thus provides the means

for choosing the particular portion of the time base which is of interest.

Thus, the actual scan may cover only 20 percent of the 50 usec time

base or 10 usec. The scan rate can be varied by proper selection of a

switch on the front panel. The obvious choice of scan rate is the fastest

one which does not decrease the quality of the output signal.

The signal is filtered and preamplified (20x) before going to the

integrator. The BI is capable of operating in a normal resolution mode

(0.5 usec §_aperture §_0.55 sec) and in a high resolution mode (10 nsec :

aperture §_5.5 usec). The choice of mode depends on the duration of

the repetitive signal, which in the present case is about 1-3 usec.

Because the width of the aperture to be scanned across the waveform can



67

not be greater than a very small portion of the total waveform, it is

necessary to use the high resolution mode in these experiments. A con-

venient choice of the aperture width is one which provides good signal

averaging but which at the same time does not destroy the resolution.

In this case, 30 nsec proved to be a good choice. The high resolution

mode of operation uses its own circuits in addition to those used by the

normal resolution mode. These two sets of circuits make up the heart of

the BI's operation.

In the normal resolution mode the signal from the preamplifier is

sent to a buffer amplifier whose output is sent to a gating switch. This

switch gates current to the summing junction of an amplifier connected

as an analog integrator. Whenever the switch conducts, the circuit behaves

as an integrator and whenever the switch is not conducting, the output

"holds" at the last level reached while the switch was conducting. The

amplifier is connected with a feedback loop such that the integrator

output asymptotically approaches the average of the applied input signal.

By opening the gating switch at the same time relative to each repetition

of the triggered input signal, and holding it open for the same duration

(aperture time) each time, the integrator output approaches the average

input signal. It is the slow scanning of the gating interval across the

input signal that allows the waveform to be reproduced at the output.

The gating time in the normal resolution mode is slow but the "hold"

characteristics are very good, which allows a very good reproduction of

the input signal at the output.

In the high resolution mode, the one of interest here, the output

of the preamplifier is applied to the buffer amplifier which feeds the

"fast" gating switch. This mode of operation provides the gating speed



68

necessary to observe the waveform on the usec time scale but provides

very poor "hold" characteristics. The output of the fast gate is, there—

fore, integrated and held in a high-impedance buffer amplifier whose

output is then slowly sent to the normal gating switch which samples the

fast gate output ("stretches" it) before it can decay. A small portion

of the final output signal is also sent back to the fast-gate integrator

to help retain its signal level for the maximum amount of time possible.

It is the time base selected, the scan/delay dial settings, and the ex-

ternal trigger which provide the proper timing to the gating switches

allowing prOper sampling of the input signal. Also, it is a combination

of the time base selected, the "stretch" time, and the fly-back (scan

reset) time which does not allow each trigger pulse from the square wave

modulator to initiate another sampling of the waveform.

The output of the BI can be connected to a recorder and thus provide

a "clean" time-resolved spectrum of the waveform being investigated.

As indicated in the previous section, the signal from the BI in these

experiments also provided a signal to an A/D converter which stores the

signal for subsequent punching into cards.

7.3 Determination of the Time Increment
 

When the analog signal from the output of the BI is input into the

CAT, the resulting signal becomes digitized. For a linear sweep of the

CAT, the points of this digitized waveform are all separated by the same

increment of time. In order to interpret the output waveform, it is

necessary that this time increment be accurately known.

Initially the time increment between points on the spectrum was
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obtained by scanning across one complete cycle of the modulation fre-

quency, which is 10 nsec in duration, and then dividing this time by

the total number of points in the cycle. This is an accurate method

of determining the time increment but results in the collecting of about

four times as many points as are useful. This method had the added

disadvantage of effectively compressing the interesting portion of the

waveshape into a few points, which resulted in more difficulty when

trying to fit the data to the theoretical Eq. (6-64).

A method was devised whereby it is possible to obtain only that por—

tion of the waveform of interest, while providing the needed time incre-

ment between points. The BI is set up for the waveform to be investi-

gated, so that scanning of the BI reproduces only the interesting portion

of the signal. The CAT is then set up in such a way that, when the BI

and CAT are simultaneously scanned, the digitized waveform consists of

approximately 100 points (100 points is all the currently used plotting

routine can utilize). The time increment for any data collected with

any given set of BI and CAT settings is determined as follows: (1) Adjust

the frequency of a low voltage square wave generator (here a Wavetek

Model 112878) to be fast enough to produce at least one full cycle within

the scanning period of the BI. (2) Apply this square wave voltage to

the input of the BI and also to its triggering circuit. (3) At the same

time monitor the frequency with a counter (here a Hewlett-Packard Model

5245L) so that an accurate determination of the time period for one

cycle can be made. (4) Send the square wave from the output of the BI

to the CAT and simultaneously scan the two. (5) Keypunch the data from

the CAT into cards and calculate the time increment per point.
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This method was checked for reproducibility for any given pair of

settings on the BI and CAT and proved to be very reliable. Therefore,

it was used exclusively in these laboratories while investigating the

re1axation phenomenon .



VIII. TIME-RESOLVED SPECTRA OF CARBONYL SULFIDE AND AMMONIA

8.1 General Characteristics

The characteristics of a time—resolved spectrum can best be des—

cribed by first observing the relationship of the Spectrum to the square—

wave modulation used to effectively turn the incident radiation off and

on. This relationship for one complete period of the squaredwave can be

seen in Figure 9. Although the entire study was carried out using the

system shown in Figure 6 of Section 7.1, the trace in Figure 9 was ob-

tained on a Hewlett-Packard Model 8460A MRR spectrometer, which it is

hoped may soon be fully adapted to these studies. The Model 8460A

operates at a modulation frequency of 33 kHz; therefore, one period is

30 nsec long rather than 10 nsec which is the period for 100 kHz modu-

lation. The absorption displayed in Figure 9 is the zero-field transition

of the OCS J . l + 2 transition.

For any zero-field transition the field-on half of the period cor-

responds to the radiation being turned off. During this time there

should be little absorption of the radiation because the radiation fre-

quency is not in resonance with the transitions of the Stark spectrum

of the sample. The signal at the detector is then some constant value

8° which depends on the power level of the incident radiation. Ideally,

So should be made equal for all power levels of the incident radiation

to insure that the crystal responds in the same manner to each signal.
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The easiest way to level the crystal current at differing power levels

in the sample cell is to insert an attenuator before the detector. This

was not done during this investigation; however, systematic variation

with power of the pressure dependence of the relaxation times was ob-

served.

When the field is turned off, the radiation comes into resonance

with the zero-field transition. This corresponds to time t 8 0, the

time the radiation is first turned on. The signal then varies according

to the time dependent absorption coefficient 5(t), which was derived in

Chapter 6. The amplitude of the "wiggles" is damped exponentially,

leaving the steady-state absorption which returns to So when the Stark

field turns on again.

The signal at the detector may be shown to be

0 a L._
S(t) = S - f f o (t,P)P(x,z)dxdz , (8-1)

0 o

where E'(t,P) is the collision-averaged absorption coefficient which is

a function of the time t and the microwave power P. The microwave power

P(x,z) varies across the width of the cell (x = O to a) and down the

length of the cell (2 = O to L). This variation is assumed to be of the

form

P(x,z) = P0 sin2.1x e-Bz. (8-2)

a

The integration shown in Eq. (8-1) is performed numerically; the

grid has been chosen to be fine enough that a finer grid would make no

significant change in S(t). The integration from 0 to a is actually
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performed from d to a/2 and multiplied by two, since the power variation

across the width of the cell is symmetric and since there is no gas in

the region occupied by the teflon tape (of thickness d) which supports

the Stark electrode.

The steady-state is reached after a time which is equal to several

relaxation times. It is apparent that the more "wiggles" present in the

absorption signal the better the fitting of this signal to H(t) and,

therefore, to Eq. (8—1).

The dependence of the absorption signal on pressure of the gas and

power of the incident radiation can be seen in Figures 10 and 11. Figure 10

shows the pressure-power dependencies for the OCS J = l + 2 line and

Figure 11 shows these dependencies for the NH3 J,K = 3,3 line. The

ability of the gaseous system to relax when perturbed by the incident

radiation will be directly related to the collision rate of the molecules

present. The number of collisions per unit time is dependent only on

the pressure of the gas and not the power. Therefore, the relaxation

time I should vary only with pressure. This effect can be seen somewhat

in Figures 10 and 11 by picking a single value for the power and ob-

serving the effect of a pressure change on the time it takes to reach

the steady-state. For lower pressures the number of "wiggles" and the

time to the steady-state increase for any given value of the power;

i.e., there is a longer relaxation time. By looking at a series of

powers for a given pressure the independence of the relaxation time on

the power may be seen. Observation of such a series shows how an in—

creased number of "wiggles" appear as the power is increased, but that

an increase in the time it takes to reach the steady-state does not occur.

It should also be pointed out that the steady-state amplitude decreases;
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i.e., the difference between the initial non-absorption signal S0 and the

steady-state signal decreases as the power increases. This is saturation;

i.e., the steady-state energy level populations become more nearly equal

as the power increases.

A rather unexpected and as yet unexplained phenomenon is observed

when the frequency of the incident radiation is tuned slightly off the

resonant absorption frequency for the transition. This phenomenon can

be seen in Figures 12 and 13 for the OCS J = l + 2 transition and the

NH3 J,K = 3,3 transition, respectively. There are three things of interest

to be noted in these figures. The first and most important is that the

waveforms show an asymmetry of the amplitude of the wiggles about the

resonance frequency v0 (0.0 in the figure). This asymmetry is much more

Pronounced in the case Of the NH3 J,K = 3,3 transition and gives a very

strong signal on the high frequency side of v0. The J = l + 2 transition

of OCS is seen to be slightly asymmetric and also gives stronger signals

on the high frequency side of v This effect follows closely the Stark0'

pattern for each of these lines and so a check of several other lines

with known Stark effects was made. In each case the pattern of the

asymmetry followed the pattern of the Stark effect for the line being

observed. Therefore, it is concluded that the asymmetry is most likely

dependent in some way on the Stark effect. It has been suggested by

Pickett (43) that this effect is due to the fact that the radiation is

effectively turned on and off rather than actually being turned on and

off. It is believed that a correction in the boundary conditions used

to find o(t) (in Section 6.4) which includes the effect of the modulation

field would result in an expression for o(t) which would predict the

asymmetry.
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The second interesting point in Figures 12 and 13 is the increased

rumber of ”wiggles" that appear as the frequency is tuned farther and

farther off-resonance. This increased number of "wiggles" may well be

used to great advantage in determining the relaxation times due to the

increased sensitivity of the fitting equation to this waveshape. This,

however, can not be realized until an accurate a(t) can be derived for

the off-resonance case.

The third interesting feature is that the steady-state signals for

any series of off-resonance runs trace out a typical symmetric absorption

pattern as seen in normal spectroscopy. These off-resonance waveshapes

are easily obtained by detuning the frequency multiplier a predetermined

amount so as to cause the locking of the BWO to take place at the desired

off-resonance frequency.

Probably the most critical stage in any investigation such as this

is to check the compatibility of the theory and the experimental data.

In order to do this it was necessary to write a computer program which

could take the experimental data and fit it to the theoretical expression

S(t) derived in Chapter 6. Professor R. H. Schwendeman wrote such a

computer program using five variable parameters, one of which is the

desired relaxation time parameter r. A discussion of these fitting

parameters may be found in Appendix A, and a complete set of final values

obtained for these parameters resulting from the fittings may be found

in Appendix B. Initial attempts to use the program indicated a need

for refinements. It was discovered that the distribution of the power

level in the waveguide, both across the cell and lengthwise down the

cell, was not insignificant and had to be considered in the fitting.

subsequent use of this "power-averaged" version of the program in fitting
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the data still indicated irregularities in the results which could not

be accounted for. Further investigation showed that the dependence of

the power saturation on the degenerate M states of a transition had been

omitted. Insertion of this correction into the program resulted in

reliable fitting of the data for all three transitions investigated during

this study. The results for each of these three transitions are discussed

in the following sections.

8.2 OCS J = 0 + 1 Transition
 

The OCS J = 0 + 1 transition was chosen because it is probably the

least complex and most well known line in microwave spectroscopy. Such

a line is necessary in an initial investigation to insure that a minimum

of unexpected phenomena occur. Also, well-studied transitions usually

have an abundance of data available for comparison.

The first attempts at fitting the data to the theoretical expression

by using the computer program WBFITP3 (final corrected version) were

carried out by starting the fitting at time t = O, i.e., when the Stark

field first began to turn off. Unfortunately, the resulting fits were

very poor, especially in the region near t = 0. The poor fits were

attributed to the large error introduced by the fall-time of the square

wave (approximately 0.6 usec). It was, therefore, necessary to choose

a later starting point for the fitting. The point selected lies approxi-

mately half way between the time t = 0 and the first minimum of the

"wiggle-beat" spectrum. Figure 14 shows the results of such a fitting

on the OCS J = 0 + 1 transition using WBFITPB.

The plot in Figure 14 which compares the experimental points (the x's)
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to the calculated theoretical points (the 0's) is printed directly as

output from the program WBFITPB. The abscissa of the plot is divided

into equal time segments, one for each data point, up to a maximum of

100 points. The ordinate is divided into 50 equal segments whose magni—

tude depends on the maximum and minimum signals included in the fitting;

therefore, each increment represents two percent of full scale. Dif—

ferences between the experimental values and the calculated values along

the ordinate may be used to estimate errors in the fitting. If the dif—

ference falls within one vertical increment an equal sign appears in the

plot.

Each fitting, as seen in Figure 14, when made at a given power and

pressure, provides a value for a = l/r, which is the overall rate constant

for rotational relaxation under particular conditions. A series of such

fittings taken at different powers and pressures then gives a method of

obtaining the pressure dependent contribution to the relaxation rate.

The pressure dependent contribution, which should contain that part of

the relaxation which is due to molecular collisions, is obtained by

plotting a = l/r vs. pressure for any fixed value of the power. The

slope of such a plot multiplied by the pressure is the pressure-dependent

contribution to the relaxation rate. A typical plot of a vs. p for the

OCS J - 0 + 1 line can be seen in Figure 15. Because the relaxation

rate should not depend on the power, a comparison of the slopes of

a vs. p for any number of different powers should all be the same. Further

comments on this point are made in Section 8.5.
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8.3 OCS J = l + 2 Transition
 

The OCS J = l + 2 transition was investigated for the same reasons as

the OCS J = 0 + 1 transition. The most important difference between these

two transitions is the occurrence of two Stark components in the J = l + 2

transition whereas the J = 0 + 1 has only a single Stark component. There-

fore, this is the first transition studied which showed the effects of the

summation over the degenerate states mentioned in Section 8.1. The results

for the J = l + 2 transition are essentially the same as those for the

J = 0 + 1 transition and can be seen in Figures 16 and 17. Figure 16 shows

a typical fitting for the OCS J = l + 2 transition using the program WBFITP3

and Figure 17 gives an example of a typical plot of 3 vs. p for this transi-

tion. A comparison of the results for the J = l + 2 transition with the

results for the J = O + 1 transition will be given in Section 8.5.

8.4 NH.1 J,K = 3,3 Transition
 

The NH3 J, K = 3,3 transition, which is the result of a transition

between the two levels of an inversion doublet, was probably the most diffi—

cult yet most interesting transition studied during this investigation.

It was this transition, which has three Stark components, which pointed out

the limitations of failing to sum over the degenerate M states of a

transition. It was not until this summation was introduced that a fitting

on this transition could be made with any reliability. The relaxation

rate for this transition was found to be about five times faster than

that for either of the two OCS transitions. Therefore, it was necessary

to work at lower pressure ranges in order to see any marked effect due

to power variations. This increase in the relaxation rate is due to the
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faster velocity of the NH3 molecules (smaller I) and the larger effective

diameter for collisions. Also, the absorption coefficient depends on the

dipole moment of the gas under investigation, as seen in Eq. (6-64), and

is about twice as large in NH3 as it is in OCS. The results of a typical

fitting on the NH3 J,K = 3,3 transition using WBFITP3 is given in Figure 18.

The much shorter time scale indicates that a shorter time is needed to

reach the steady-state. Figure 19 shows a typical plot of a vs. p for the

NH3 J,K = 3,3 line. It was found that the relaxation times obtained for

high pressures deviated from the straight lines defined by the relaxation

times for the lower pressures. This effect will be discussed in the next

section.

8.5 Discussion
 

A summary of the pressure dependent rotational relaxation rate con—

stants (slopes of a vs. p) obtained at various powers of the incident

radiation for each of the three transitions studied during this investi-

gation is given in Table VII. It can be seen that there are two columns

of figures for each transition. The columns marked "Initial" are the

results obtained when all the experimental points are used. It can be

seen that these values for the slopes vary considerably and irregularly

with a change in power. Therefore, the plots from the slope calculations

were used to determine if any of the points deviated far enough from

the line to justify omitting them from the calculations. In the case of

the two OCS transitions several such possibilities occurred and new

slopes were calculated in these cases. In the case of the NH3 transition

it was found that the high pressure points all seemed to be too large
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and so all these points were left out of the lepe calculations. The

new slopes obtained after these data omissions are those found in the

columns labeled "Final". It is apparent that the changes in SIOpe as a

result of the data omissions are very small for OCS, but of the order of

five percent for NH3. Considering the fact that the original fittings

on the data using the program WBFITP3 indicated differences between the

experimental and theoretical points of only about two percent, it is

quite disappointing to have variations of up to 15 percent in the slope

calculations.

A check of the standard deviation for the fitting parameter a = III

in each of the experimental runs was made to determine if the magnitude

of the deviations could be correlated to the variations in the slopes.

There appeared to be no detectable relationship between the two. However,

since provisions for maintaining a constant crystal current at varying

power levels were not available at the time of this investigation, it

is suspected that the variations in the slopes may be due in part to a

nonuniform response of the crystal detector to changes in power level.

The desired relaxation rate constant for each of the transitions studied

was taken to be an average of the slopes listed in Table VII.

Pressure dependent effects on a transition are usually discussed

in terms of linewidths. The linewidth is related to the mean time

between collisions T by the equation

Av = l/ZNT, (8-3)

where Av is the half-width at half—height for the transition. The T

associated with the normal linewidth, which is described by the Lorentz

line shape, can be found in Eq. (6-64) as part of the time independent
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coefficient preceding the bracketed quantity. The T used to obtain the

values of the slopes in the relaxation studies done here appears in the

exponential damping factor found within the bracketed quantity of Eq. (6-64).

The fittings were done using only the "exponential" T as a fitting param—

eter. This experimental T is termed a relaxation T because of the way

it appears in Eq. (6-28), which casts it in an equilibrium—restoring

perspective.

The relationship of the two T's to the linewidth and to each other

has been worked out by Schwendeman (41) based largely on suggestions by

Oka. If the linewidths are written in terms of the rate constants for

transitions of the molecules between the active energy levels E3 and Eb,

and transitions between these levels and any of the other levels, the

following expressions are obtained:

 

 

 

k + k k + k .

Av = ( ab ba) + 2 ( aj b33- (8‘4)
2

2 j 2

(k8 + k .)

_ J 13.1 _
and Avr - (kab + kba) + g 2 . (8 5)

The constant kab is the rate constant for transitions from level

a to level b, kaj is a rate constant for transitions from level a to

level j, etc., where the j levels represent all the remaining levels

(i.e., excluding levels a and b). It is possible to combine Eqs. (8—4)

and (8-5) into the following expression:

(kab + kba)

Avr = Av£-+ 2 . (8—6) 
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Table VIII compares the linewidths obtained from linewidth measure-

ments with those obtained from the relaxation studies. It can be seen

that the values of the linewidths calculated for the OCS J = 0 + 1 and

the OCS J = l + 2 transitions from the relaxation studies are essentially

the same as those obtained from previous studies. On the other hand,

the NH3 J,K = 3,3 linewidth obtained by relaxation techniques is larger

than that found previously. The implications of these results can be

determined by referring to Eqs. (8—4) and (8—5) and comparing terms in

these expressions. It is readily apparent that the only difference be—

tween the two expressions is a factor of 1/2 in the first term. Therefore,

if the linewidth is largely dependent on the transitions between the

active energy levels a and b, the value of the linewidth for the relaxa-

tion experiments should be twice as large as that obtained from normal

linewidth measurements. On the other hand, if the important contribution

comes from transitions to energy levels other than levels a and b, the

value of the linewidth obtained from relaxation experiments should be

the same as that obtained from normal linewidth measurements.

The molecule OCS has available many closely spaced rotational energy

levels and affords a large reservoir which permits relaxation to take

place without a large dependence on transitions between the active levels a

and b. Therefore, it would be suspected that the linewidths obtained

for OCS from relaxation studies would be similar, but slightly larger

than those obtained from normal spectroscopy. However, in the NH3

molecule the inversion doublets are widely spaced and hence the relaxation

must depend heavily on transitions between the active levels a and b.

Therefore, the linewidth from relaxation studies should be nearly a

factor of two larger than that obtained from normal linewidth measurements.
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Table VIII. Comparison Between Linewidthsa Obtained from Relaxation

Studies and Those Obtained from Standard Linewidth

 

 

 

Measurements.

Transition Relaxationb Line Width Reference

ocs J=0+l 6.02 6.05c (52)

5.98

ocs J=l+2 6.26 6.28c (52)

5.99 6.0 (53)

6.1 (54)

6.1 (55)

6.4 (56)

6.27 (57)

NH3 J,K=3,3 30.0 27.0 (58)

28.6 30.0 (59)

24.0C (60)

25.7 (61)

 

a

In MHz/torr.

First value given for each transition is calculated from "Initial"

lepes in Table VII and second value is calculated from "Final" slopes.

c

Most recent measurement.
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When compared to previous studies, the linewidths obtained in this

investigation are only 20 percent larger in the case of NH3 and prac-

tically identical in the case of OCS. It is apparent that further

investigation of the relaxation phenomenon in other molecular systems

is necessary before any concrete conclusions can be drawn.
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APPENDICES



APPENDIX A

DEFINITIONS OF THE FITTING PARAMETERS USED IN THE COMPUTER PROGRAM WBFITP3

The expression for the time dependent absorption coefficient is given

by Eq. (6-64). If the definitions

c0326 = “—jL—-—— , (A—l)

a2 + 02

2

51626 = ——-‘l—- , (A—2)

a2 + 02

o

and K = M.
(A-3)

c

are made, where a = l/r, a new expression for Eq. (6-64) can be written

as follows:

-a(t+to)

a = K In [c032¢ - cosoe cos(Ot + to)] . (A-4)

Eq. (A—4) is related to the signal at the crystal detector by the

relation

a L

g f odedz , (A-S)

where the summation over M is the summation over the degenerate M Stark
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components of the energy levels for the transition, and P is the power

level of the incident radiation. The integrations over x and z in

Eq. (A-5) are a result of the power variation in the sample cell. The

integral over x is across the face of the cell and the integral over 2 is

down the length of the cell. The integrations are done numerically.

The dependence of u, 6, and 0 is, therefore, changed from dependence on

a, z, and summation over M to dependence on k, n, and M, respectively.

This leads to the following expression for Eq. (A-5)=

o

s = s - 2 2 z K(u )2c032 P
M k n M ¢Mkn kn

2 “3(t+to) _
+ g i a K(uM) PknCOS¢Mkne cos(QMknt + to). (A 6)

In this equation Pkn is defined by Eq. (8~2).

The dipole moment contribution is given by the expression

2 = 25 A-7UM no M . ( )

= 2 —
where fM f(M) /fS (A 8)

is the M—dependent part of “E. The constant fS is defined such that

sz = 1. (A-9)

The f(M) of Eq. (A-8) is related to the relative intensity of the Stark

components to each other and fS is a normalizing factor.

The fitting parameters varied in the computer program WBFITP3 are

then defined as follows:

-1/2

V(1) = (Pkn) Q/fM . (AflO)
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where Q = quo/h. (A-ll)

v(2) = a = 1/1. (A-12)

v(3) = KPOug (A—13)

and is related to the amplitude of the "wiggles" at time t = 0.

v(4) = to. (A—14)

v(5) is taken to be the steady-state value of the signal S and is

time independent. Eq. (A-6) has three terms; the first two are time

independent and the third is time dependent. As time increases, i.e., the

steady-state appears, the third term vanishes. Therefore, it is apparent

that the expression for v(5) is given by the equation

v(5) = S0 - K(uM)2coszkanPkn . (A-S)Z Z Z

M k n

The expression used for fitting the data can simply be expressed by

the following relation

S = v(5) + S',

where S' is the time dependent term of Eq. (A-6).



APPENDIX B

TABLES OF FINAL FITTING PARAMETERS OBTAINED WITH WBFITP3

The tables on the following pages give a complete listing of the

fitting parameters, the experimental pressures and powers, and the S0

values for all of the experimental runs used to obtain the results re-

ported in this investigation.

The results of the fittings on the OCS J = 0 + 1 transition using

the computer program WBFITP3 are given in Table IX. The results of the

fittings on the OCS J = 1 + 2 transition are given in Table X. Table XI

gives the results of the fittings on the NH3 J,K = 3,3 transition.
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Table IX. Final Values of the Fitting Parameters Obtained for the

OCS J = 0 + 1 Transition.

Run # V(l) V(2) V(3) V(4) V(S) 80 Press. Power

1 0.154 3.479 684. 0.130 725. 939. 76.60 51.61

2 0.142 2.386 675. 0.127 745. 867. 52.74

3 0.144 1.889 623. 0.116 777. 835. 35.62

4 0.145 1.409 1022. 0.114 811. 858. 22.58

5 0.144 1.241 827. 0.122 780. 802. 15.88

6 0.153 1.471 1095. 0.189 814. 912. 32.52 26.52

7 0.152 1.502 540. 0.170 786. 841. 32.84

8 0.155 1.744 343. 0.157 628. 678. 38.52

9 0.152 1.721 993. 0.162 782. 920. 38.84

10 0.155 1.446 945. 0.156 824. 912. 32.80

11 0.156 1.448 2669. 0.180 1552. 1805. 33.30

12 0.153 1.845 711. 0.149 763. 877. 41.80

13 0.155 1.868 717. 0.184 758. 875. 42.43

14 0.153 1.828 710. 0.171 765. 881. 42.76

16 0.145 3.116 325. 0.120 613. 743 83.42 51.00

17 0.147 3.345 342. 0.141 609. 745. 83.56 44.88

18 0.151 3.329 340. 0.156 604. 750. 83.64 38.76

19 0.150 3.339 353. 0.158 688. 841. 83.70 32.64

20 0.151 3.575 370. 0.206 628. 790. 83.76 26.52

21 0.152 3.662 379. 0.255 615. 785. 83.72 20.40

25 0.154 2.667 675. 0.239 746. 886. 57.42 51.00

26 0.143 2.372 708. 0.110 683. 836. 57.76 44.88

 

continued

 



Table IX (cont'd.)
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Run # V(l) V(2) V(3) V(4) V(5) 30 Press. Power

27 0.151 2.546 715. 0.165 694. 856. 57.95 38.76

28 0.149 2.547 735. 0.161 706. 871. 58.15 32.64

29 0.151 2.447 711. 0.160 694. 874. 58.31 26.52

30 0.151 2.535 697. 0.227 692. 840. 58.46 20.40

32 0.149 2.342 587. 0.385 626. 854. 58.80 10.20

36 0.159 2.332 652. 0.153 679. 782. 49.30 44.00

37 0.156 2.256 675. 0.174 749. 860. 47.82 38.76

38 0.153 2.222 696. 0.293 713. 834. 49.25 32.64

39 0.144 1.869 706. 0.386 717. 826. 43.43 26.52

40 0.150 1.857 655. 0.366 798. 918. 44.12 20.40

42 0.160 1.782 582. 0.266 739. 882. 44.71 10.20

44 0.153 2.003 464. 0.581 669. 831. 45.08 5.10

46 0.153 1.058 954. 0.165 772. 797. 16.52 44.88

47 0.152 1.020 1006. 0.208 806. 833. 16.86 38.76

48 0.153 0.987 1041. 0.247 931. 963. 17.10 32.64

49 0.151 0.952 1052. 0.301 769. 807. 17.36 26.52

50 0.150 0.854 1055. 0.316 823. 864. 16.93 20.40

51 0.153 0.777 1013. 0.264 830. 880. 17.41 15.30

52 0.151 0.681 934. 0.289 834. 890. 17.60 10.20

53 0.153 0.667 701. 0.319 746. 824. 17.70 5.10

59 0.154 1.614 1268. 0.269 797. 913. 35.40 32.64

60 0.154 1.532 1256. 0.264 826. 953. 35.50 26.52

61 0.154 1.531 1217. 0.237 792. 939. 35.60 20.40

 

continued
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Run # V(l) V(2) V(3) V(4) V(5) SO Press. Power

62 0.157 1.457 1113. 0.233 750. 914. 35.75 15.30

63 0.158 1.385 970. 0.308 716. 905. 36.04 10.20

84 0.145 1.442 1164. 0.142 799. 860. 25.06 51.00

85 0.151 1.366 1252 0.129 829. 900. 25.78 44.88

86 0.154 1.231 1283. 0.178 793. 861. 24.44 38.76

87 0.153 1.194 1289. 0.182 753. 851. 25.20 32.64

88 0.155 1.198 1282. 0.166 762. 847. 25.82 26.52

89 0.155 1.141 1286. 0.218 789. 890. 24.80 20.40

90 0.156 1.064 1214. 0.232 800. 902. 26.44 15.50

92 0.159 0.915 830. 0.586 740. 868. 22.28 5.10
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Table X. Final Values of the Fitting Parameters Obtained for the

OCS J = 1 + 2 Transition.

Run # V(l) V(2) V(3) V(4) V(S) So Press. Power

1T 0.0586 1.695 2110. 0.279 378. 647. 35.18 38.73

2T 0.0583 1.669 2084. 0.315 371. 654. 34.58

3T 0.0617 1.618 2029. 0.266 363. 662. 30.43

4T 0.0618 1.543 2042 0.284 355. 663. 26.28

5T 0.0615 1.523 1938. 0.306 341. 674. 22.13

6T 0.0622 1.457 1841. 0.400 329. 686. 17.98

7T 0.0629 1.439 1683. 0.476 310. 702. 13.83

8T 0.0635 1.416 1485. 0.560 288. 715. 9.68

9T 0.0616 1.580 2037. 0.239 456. 652. 29.28 38.73

10T 0.0620 1.550 2003. 0.332 450. 659. 34.58

11T 0.0617 1.511 1990. 0.341 444. 656. 30.43

12T 0.0621 1.327 1906. 0.340 311. 554. 26.28

13T 0.0621 1.291 1847. 0.336 301. 561. 22.13

14T 0.0632 1.256 1732. 0.397 291. 574. 17.98

15T 0.0654 1.186 1590 0.465 281. 580. 13.83

16T 0.0649 1.242 1443. 0.625 259. 598. 9.68

17T 0.0620 1.207 1902. 0.250 358. 504. 24.86 38.73

18T 0.0589 1.297 2038. 0.557 355. 508. 34.58

19T 0.0609 1.203 1905. 0.358 352. 512. 30.43

20T 0.0611 1.152 1874. 0.345 346. 519. 26.28

21T 0.0616 1.118 1817. 0.340 340. 527. 22.13

 

continued
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Table X (cont'd.)

 

Run # V(l) V(2) V(3) V(4) V(5) 8° Press. Power

221 0.0622 1.083 1727. 0.391 331. 535. 17 98

231 0.0636 1.043 1595. 0.463 321. 545. 13.83

24T 0.0638 1.024 1411. 0.572 302. 560. 9.68

251 0.0610 1.120 1790. 0.255 385. 476. 20.12 38.73

26T 0.0611 1.089 1784. 0.255 382. 479. 34.58

271 0.0613 0.978 1845. 0.277 379. 489. 30.43

281 0 0610 0.944 1822. 0.361 376. 491. 26 28

291 0.0614 0.925 1762. 0.352 372. 496. 22.13

30T 0.0620 0.899 1680. 0.402 366. 504. 17.98

31T 0.0628 0.875 1571. 0.459 357. 514. 13.83

321 0.0643 0.882 1399. 0.623 345. 525. 20.12 9.68

33T 0.0611 0.979 1553. 0.221 405. 452. 15.05 38.73

34T 0.0618 0.779 1605. 0.305 400. 459. 34.58

BST 0.0638 0.728 1652. 0.287 401. 457. 30.43

361 0.0609 0.796 1612. 0.298 401. 462. 26.28

371 0.0613 0.752 1605. 0.364 398. 469. 22.13

381 0.0622 0.718 1568. 0.415 396. 472. 17.98

391 0.0631 0.693 1482. 0.465 391. 479. 13.83

40T 0.0654 0.704 1336. 0.628 385. 488. 9.68
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Table X1. Final Values of the Fitting Parameters Obtained for the

NH3 J,K = 3,3 Transition.

Run # V(l) V(2) V(3) V(4) V(S) SO Press. Power

67T 0.1063 4.802 974. 0.127 310. 533. 22.00 34.58

68T 0.1070 4.400 929. 0.140 309. 534. 21.50 30.43

69T 0.1070 4.206 898. 0.154 305. 538. 21.38 26.28

70T 0.1076 3.952 848. 0.176 300. 542. 21.34 22.13

71T 0.1092 3.859 788. 0.184 295. 546. 21.30 17.98

72T 0.1101 3.634 693. 0.238 288. 551. 21.00 13.83

73T 0.1144 3.380 563. 0.251 280. 556. 21.00 9.68

74T 0.1062 3.844 899. 0.139 344. 505. 18.00 34.58

7ST 0.1073 3.542 873. 0.139 342. 507. 18.00 30.43

76T 0.1073 3.190 847. 0.159 338. 510. 17.90 26.28

77T 0.1069 3.189 858. 0.176 333. 516. 17.84 22.13

78T 0.1087 3.174 798. 0.198 327. 520. 17.82 17.98

79T 0.1108 3.081 729. 0.207 321. 525. 17.76 13.83

80T 0.1150 3.018 627. 0.249 312. 532. 17.70 9.68

81T 0.1047 3.155 870. 0.142 371. 483. 14.60 34.58

82T 0.1057 2.881 865. 0.144 368. 486. 14.68 30.43

83T 0.1066 2.606 850. 0.152 365. 489. 14.68 26.28

84T 0.1080 2.473 816. 0.174 362. 492. 14.68 22.13

8ST 0.1097 2.534 360. 0.189 357. 496. 14.66 17.98

86T 0.1121 2.460 693. 0.204 351. 500. 14.66 13.83

87T 0.1154 2.450 666. 0.245 342. 509. 14.66 9.68

 

continued
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Run # V(l) V(2) V(3) V(4) V(5) 80 Press. Power

88T 0.1029 2.595 2097. 0.143 339. 525. 11.40 34.58

89T 0.1033 2.254 2157. 0.151 334. 530. 11.55 30.43

90T 0.1050 2.039 2185. 0.155 328. 536. 11.62 26.28

91T 0.1065 1.974 2134. 0.176 321. 544. 11.64 22.13

92T 0.1093 1.999 2013. 0.187 311. 552. 11.70 17.98

93T 0.1120 2.005 1874. 0.207 299. 563. 11.70 13.83

94T 0.1160 1.970 1662. 0.243 281. 576. 11.74 9.68

95T 0.1011 2.153 2006. 0.149 375. 492. 8.72 34.58

96T 0.1014 1.797 2145. 0.163 372. 496. 8.86 30.43

97T 0.1040 1.594 2239. 0.163 368. 502. 8.96 26.28

98T 0.1062 1.560 2198. 0.180 363. 507. 9.08 22.13

99T 0.1091 1.617 2074. 0.183 356. 514. 9.18 17.98

100T 0.1119 1.630 1948. 0.207 347. 523. 9.22 13.83

101T 0.1169 1.598 1788. 0.245 345. 533. 9.28 9.68
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