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Resonant cavity controlled klystron frequency stabilization

circuits and quartz-crystal oscillator frequency stabilization circuits were

investigated for reflex klystrons operating at frequencies in the X-band

range. The crystal oscillator circuit employed achieved better than 2

parts in 10 in frequency stability. A test of the functional properties

of the frequency standard was made using the Stark effect in molecules.

Calibration of a Stark effect apparatus using the J = 2i-1 OCS

rotational line was demonstrated. The subsequent investigation of the

NH3 (J=K = 5,5) inversion line yielded a result of,=1.473 0.011 D

for the molecular dipole moment of this molecule. M values of 2, 3,

4, and 5 were identified and hyperfine splitting of the M = 3 components

in the NH3 inversion spectrum was identified.
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CHAPTER I

INTRODUCTION

Typical microwave spectral data are composed of

absorption lines having line widths on the order of 100 kHz.

Resolution of the central frequency of these lines needs

to be accurate to within one-tenth of the line width. Thus,

for typical lines at 25 GHz (0.4 cm wavelength), an accuracy

of frequency of one part in 2.5 million is required for

suitable measurements (3, p. 466). To achieve this accuracy,

the radiation from the oscillator entering the spectral

cavity or absorption cell must be accurate in frequency to

one part in 2.5 million. Frequency stabilization becomes

critical for spectral line shift and broadening measurements

when microwave frequencies are encountered. This paper deals

with two methods of oscillator frequency stabilization;

cavity resonance automatic frequency control and quartz-

oscillator automatic frequency control. Both methods are

discussed in more detail later in this paper.

Frequency stabilization is only one part in the

entire microwave spectrometer's function. A discussion of

the properties of a microwave spectrometer follows.

Microwave spectrometers have several major components

in common. All spectrometers have some form of microwave
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signal source which is directed into a spectral cell by

means of suitable waveguide. The signal source spectrum

is modified by the sample in the cell. The modified power

spectrum of the microwave oscillator is transmitted from

the cell by waveguide to a detector, usually a diode,

where the detected signal, after amplification, is ready

for display and analysis.

The radio frequency signal used in the spectrometer

to stimulate the molecular system is provided by a micro-

wave triode oscillator, a magnetron or a klystron. Of

these, the klystron is best suited to supply a signal

because of its frequency range and tuning capabilities.

There are several ways to control the frequency of the

klystron; physically distorting the klystron resonant

cavity, modifying the beam current, or varying the filament

voltages. The best method of operation of the klystron

utilizes the properties that the klystron repeller voltage

regulates the frequency of oscillation precisely and that

the repeller draws no current. These properties result in

an easily accessible voltage control upon the frequency

of oscillation. All of these controls can be utilized to

operate the klystron in its various modes.

Due to mechanical or electrical effects, many of the

controlling factors listed above are uncertain in their

ability to control accurately the klystron frequency.

Thus a free running klystron, even under very stable
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operating conditions of temperature, stable dc heater

voltages, and well filtered and regulated power supplies,

will experience drift in its frequency of oscillation. The

central frequency of a klystron mode can be uncertain to as

much as one part in 106 without frequency stabilization.

This drift in frequency induces errors that are so large as

to mask some of the effects desired to be studied.

Cavities and Reflex Klystron Oscillators

In the reflex oscillator, one cavity and grid

system is made to fulfill the function of both buncher

and catcher, by having a negatively charged repeller

or reflector, which reverses the electrons after

traversing the grids once, and causes them to traverse

them again in the opposite direction. The time of

transit from the grids back to the grids again depends

not only on the dimensions, but also the repeller

voltage. If this [the repeller voltage] is adjusted

properly, the electrons enter in such phase as to act

as a load, and the oscillation cannot maintain itself;

such operation can be observed only by feeding power

into the cavity from the outside. We find that there

are a number of different values of repeller voltage

for which oscillation is possible; these differ by

such amounts that the transit times of the electrons

in the drift space differ by whole periods of the

r-f. The power shows a maximum for each of these

repeller voltages; they are called different electronic

modes of the oscillator. As the voltage is changed

from each of these values, the power decreases, and in

between them [at intermediate voltages] oscillation does

not occur. At the same time that the power changes,

the phase of the bunched electrons introduces a

reactive component of the r-f current, which results

in the change of frequency of operation of the tube.

This is the electronic tuning which makes the reflex

oscillator such a convenient power source for any

purpose requiring frequency modulation (2, p. 243).

By using the effects described in the preceding

paragraph, a feedback system was developed that was sensitive
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to the klystron output frequency and, governed by the

frequency sensing elements, acted so as to change the

repeller voltage and thus retune the oscillator to a

specific frequency.

In order to control the frequency of the oscillator,

there must exist a frequency dependent element whose

output varies with frequency about a defined central

frequency with phase information preserved. This infor-

mation is desired to be available as a changing voltage

in order to couple the frequency sensing element to the

frequency controlling klystron element, the repeller, and

effect a proper shift in the oscillator frequency. One

of the most basic frequency variation detection schemes

utilized in this work was the resonant property of a

microwave cavity.

The cavity stabilized oscillator proved to lack the

accuracy needed to make the desired measurement. The

following discussion of cavities defines some of the

inherent innaccuracies arising when a cavity is used as

the stabilizing element.

If both ends of a waveguide are closed by a
short circuiting plate, and energy is introduced
by a probe so small it does not appreciably change
the properties of the enclosure, the amplitude of
the standing wave pattern in the waveguide will show
a sharp maximum when the frequency is such that the
length of the enclosure is an integral number of half
guide wavelengths. The reflections will then be in
the proper phase to reinforce each other and cause
a resonant buildup.
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These round and square boxes are examples of
resonant cavities which play the same role in micro-
wave transmission circuits as do resonant circuits
involving lumped inductance and capacity [capitance]
in traditional [conventional] circuit theory. Any
hollow metal enclosure is capable of supporting
oscillations in a large number of modes.

The second property of cavities that is important
in microwave work is their Q. As in lumped constant
circuits, the value of Q is a measure of sharpness of
the resonance, and is determined by the dissipative
elements loading the resonant circuit. If f. is the
resonant frequency and f, and fa are the "half power
points" --that is the two frequencies one above f.
and one below f. , at which the voltage or current in
the cavity is 0.707 as great as it is at resonance-then:

(1, p. 405)

Q values attainable for microwave cavities are typically

much larger than those attainable for coil-condenser (inductor-

capacitor) combinations at low frequencies. Values of Q of

10,000 are not uncommon for microwave cavities. Such a

difference in Q values between the microwave and low frequency

circuits is due mainly to the difference in volumes available

for energy storage. It should now be clear that a cavity

can be used at microwave frequencies as a frequency

stabilizing element.

A cavity was utilized in the preliminary work.

Figure 1 shows the physical arrangement of the microwave

circuit so constructed as to use the resonant properties

of a cavity. Generally a cavity is easily excited in the

TEM mode and this mode was chosen for operation. The

apparatus contained a resonant cavity that was tuneable
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over a rance of resonant frecruencies for 7.8 GHz to

10 GHz. The general resonant characteristics of a microwave

cavity can be illustrated as in Figure 2.

Figure 2 is a representation of the power measured in

the diode as the frequency of the klystron is increased

up to and past the cavity resonance frequency f0. This

frequency change is caused by an increase in negative

voltage being impressed on the repeller electrode of a

reflex klystron.

Another part of the apparatus, of cavity nature,

that needs to be discussed for completeness in this work is

the wavemeter.

Wavem eters

Utilizing cavities with loaded Q's of approximately

5000 in the 1.25 cm band, oscillator accuracy can be

regulated to one part in 25,000 (3, p. 466). There are

requirements upon construction and use of cavities to

enable their accuracy to be better than 1 in 3000 when used

as wavemeters. Some properties to be considered during

cavity design and construction are:

1. The micrometer drive for tuning the cavity must

allow for plunger positioning to an accuracy of

one-one thousandth of a millimeter.

2. The thermal expansion of the cavity must be

controlled (the temperature coefficient of the
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resonant frequency is about the same as the

coefficient of linear expansion; 2 X 10-5/C

for brass).

3. The refractive index of radiation in air must be

accounted for as indicated by the equation

(N-1)/0'= N3/03 7 g+70//5209 11I T O to T, li

where T = 273 C, and(O, ,p , acnd, are partial

pressures of air, CO2 , and water vapor in

millimeters (3, p. 467).

These values can, by changes in T and humidity, give

0.02% change in the refractive index. In addition, standing

waves in the cavity or waveguide (standing waves act like

a reactance) will alter the circuit's reactance and hence

the whole system's reactance will be slightly changed with

respect to the reactance of the cavity alone. These

changes can alter the resonant frequency of the system

so as to introduce 0.02% errors in the spectrum line

measurements (3, p. 468).
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CHAPTER II

BASIC APPARATUS AND AUTOMATIC

FREQUENCY CONTROL CIRCUITS

A block diagram of the automatic frequency apparatus

utilizing the resonant cavity is shown in Figure 1. The

basic components are described below.

The 31 kHz generator supplies a sine wave signal to

the phase sensitive detector for reference and also

impresses a 31 kHz square wave signal upon the klystron

repeller to "chop" the radio frequency spectrum of the

klystron.

The phase sensitive detector compares the phase of

the signal from the 31 kHz amplifier to the 31 kHz reference

signal. The output of the PSD, conveying the phase

information in the absorption signal, is sent to the

modulator to be transferred to the repeller electrode as

an error signal.

The 31 kHz modulator allows an error signal to be

impressed upon the higher potential modulator input via

an isolation capacitor.

The demodulator restores the dc signal from the 3.5 MHz

carrier and impresses this dc signal upon the repeller

11
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electrode in accordance to whether the oscillator frequency

is above or below the cavity resonance.

The klystron power supply powers the klystron and

supplies the repeller voltage.

The klystron produces the microwave oscillations

that enter the waveguide, pass through the cavity, and fall

upon the diode detector.

The cavity absorbs the power from the klystron

frequency spectrum at the cavity's characteristic 
resonant

frequency.

The remaining signal falls upon the diode, is detected

and is passed to the 31 kHz amplifier.

The 31 kHz amplifier amplifies the diode signal which

is fed into the PSD for phase comparison with the 31 kHz

reference signal.

A key point in understanding the frequency control

capabilities of a resonant cavity system is that any

radiation passing through the cavity leaves with a phase

difference with respect to the radiation entering the

cavity unless the entering radiation is of the same

frequency as the fundamental cavity mode.

As stated earlier, microwave cavities play the same

role as do lumped inductance and capacitance resonant

circuits at radio frequencies. The effect of the cavity

upon a single microwave frequency can be modeled by the

following resonant circuit:
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FIGURE 3. Resonant Cavity Model

Investigating the phase of the current in the circuit

with respect to the impressed voltage gives:

VP srn(Wf-e) (2-1)

V WC

where e ta n- WL R\A/C] (2-2)

If wL- e = 0 (the condition of circuit resonance), the

phase of the current with respect to the voltage is zero

(a :0). This condition defines w = w, w, being the

circuit resonant frequency. For w > we,, is positive

since:

Rw +(2-3)

For w < w0, 8 is negative.

Thus by assuming only one input frequency into the

cavity in our model (a good assumption for the klystron

output frequency) the ability of the cavity to affect a

phase change between the entering and exiting radiation is

demonstrated.

To detect this phase change, a 31 kHz sine wave is

impressed upon the klystron repeller. Thus the klystron
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oscillation frequency swings above and below the average

frequency of oscillation at a rate of 31,000 times per

second. The 31 kHz signal serves as the reference

frequency for the phase sensitive detector.

The klystron power is detected after passing through

the PSD. The resulting signal at the diode is the 31 kHz

oscillation. This signal is phase compared with the

reference signal in the PSD.

If the klystron frequency is above the cavity

fundamental mode (w > w) a positive phase difference is

achieved and the PSD output will be a positive dc voltage.

If the klystron frequency is below the cavity fundamental

mode (w < w,) there is a negative phase difference and the

PSD output will be a negative dc voltage. This PSD output

voltage is impressed upon the klystron repeller and will

thus alter the klystron frequency. If the klystron

frequency is above cavity resonance, the impressed positive

voltage will lower the klystron frequency. If the klystron

frequency is below cavity resonance, the negative impressed

voltage will raise the klystron frequency. Clearly, the

system will now respond to the klystron signal's frequency

variations from the natural cavity resonance in such a

manner as to keep the oscillator adjusted to the cavity

resonant frequency.

This feedback system will then cause the klystron

to operate about the cavity resonant frequency. By this
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means the klystron frequency output is as stable as the

cavity's resonant frequency.

Automatic frequency control work was developed during

World War II by the Massachusetts Institute of Technology

Radiation Laboratory. Much of this work was centered

about solving the problem of maintaining a receiving

system (the key tuning element being the local oscillator)

which would lock to the frequency being broadcast by a

magnetron either in a beacon or a radar system. The free

running magnetron maintained too extreme limits in its

frequency stability to enable suitable reception of its

echo pulse.

The answer to this tuning problem was found by

comparing the local oscillator frequency and the magnetron

frequency difference in a discriminator circuit at some

standard intermediate frequency (30 MHz). Any excursion

of difference in frequency from the resonant point of

30 MHz in a cavity resulted in the discriminator impressing

a voltage upon the oscillator control so as to restore the

30 MHz frequency difference and thereby maintain the

local oscillator frequency at a fixed interval with respect

to a transmitted radio frequency signal.

All forms of the automatic frequency control used in

radar had the same basic operating principles. Magnetron

and oscillator signals are mixed in a crystal, the

difference frequency is applied to a frequency discriminator
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circuit whose crossover frequency sets the intermediate

frequency of operation. These frequency signals are

converted via the discriminator to a voltage that is

applied to the control electrode of the local oscillator

in such a manner as to drive the difference frequency

between the magnetron and the local oscillator toward the

discriminator crossover frequency. By means of this

degenerative feedback loop, the frequency of the local

oscillator is held to the frequency that will cause the

difference frequency to be locked at the discriminator

crossover point.

To enable a control circuit to lock the local

oscillator to the top of the resonant curve, some means

of obtaining the derivative of the curve must be found.

Such a technique was used in radar devices. In the radar

automatic frequency control, a 1000 Hz sine wave was

applied to a slowly rising sweep (ramp) voltage upon the

repeller. This ramp was such that it swept the local

oscillator about one-tenth of the half-power bandwidth

of the cavity. The resulting crystal output has an

amplitude proportional to the slope of the resonance

curve at the frequency associated with the repeller

voltage. This voltage is determined by the continued

increase in ramp voltage to that instant. The phase of

the diode output with respect to the impressed 1000 Hz

modulation depends upon whether the cavity resonance
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curve has a positive or negative slope at the oscillator

frequency resulting from the magnetron-local oscillator

difference (this is a function of the ramp voltage).

A coincidence tube conducted only when the 1000 Hz

oscillator frequency was in phase with the 1000 Hz diode

modulation. As the maximum point of absorption is passed

(indicating that the magnetron-oscillator difference

frequency is then at the same frequency as the cavity

resonance) the coincidence tube conducted and the resulting

signal was keyed to stop the increase in ramp voltage,

thus holding the oscillator frequency on the peak of the

resonant curve.

In the diagram, Figure 4, a tuneable cavity to be

used as the frequency sensitive element is shown. The

tuneable cavity was constructed with a frequency range

from 7.86 GHz to 10 GHz. The cavity has a moveable

plunger that can vary the size of the cylindrical volume

(diameter of 2.31 cm) by changing the plunger depth from

2.31 cm to 7.39 cm.

In any cylindrical resonant cavity there exists an

infinite number of resonant frequencies that can be

sustained. By coupling the waveguide to the cavity so

that TE modes are sustained and by choosing the cylinder

radius to be one-half the minimum cylinder height, the

dominant mode (the dominant mode is the lowest possible

resonant frequency that can be sustained in the cavity)
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is the TE,,, mode over the range from the cutoff frequency

(corresponding to an infinitely long cylinder) to the

frequency of 10.00 GHz (this is the frequency of the

TEM, resonance in the minimum cavity volume).

Recall that the cavity utilized has a diameter of

2.31 cm and a height varying from 2.31 cm to 7.39 cm.

From the following equation the maximum and minimum

resonant frequencies can be calculated.
F (

ore2
n P 2-4)

where is the frequency of resonance of the

mode,

a = cylinder radius (= 2.31 cm),

d = cylinder height,

Xnp = li= 1.841, and

= 3 X 10t cm/sec (1, p. 214)

The limits of the major mode of resonance can be calculated

to be 10.00 GHz (for d = 2.31 cm) to 7.8 GHz (for d = 7.4 cm).

Utilizing the cavity-controlled automatic frequency

control circuit resulted in a measured stability of the

klystron frequency to 5 parts in 105. This was achieved

with no thermal controls to stabilize the cavity temperature.

This stability proved to be inadequate for the requirements

of this work. Another frequency control method was sought.

From the preceding cavity controlled AFC discussion,

it is apparent that the extreme cavity-volume changes and
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atmospheric condition changes prohibit the cavity controlled

klystron from achieving enough frequency stability to

be used as the source for microwave spectrometers.

While these sources of error can be reduced,
even the best wavemeters are not good enough them-
selves for really precise measurements of microwave
spectral-line frequencies (2, p. 468).

To bypass the inherent problems of loading, cavity

expansion, and plunger insertion accuracy, a crystal

controlled frequency standard is utilized. Many of these

frequency sources use harmonics generated every 30 MHz.

The lower resolution cavities are then used in conjunction

with the crystal controlled standard in order to

differentiate the harmonics. The cavity's temperature and

humidity corrections are not needed in this application.

The frequency generated by a microwave oscillator
can be stabilized by comparing it with an external
standard. Since the standard can be relatively free
from the thermal, electrical and mechanical distrubances
to which the klystron is sensitive, a considerable
improvement in stability can be achieved. Among
the standards which may be used as references for
stabilization are resonant cavities, microwave spectral
lines, and harmonics of quartz-crystal controlled
oscillators.

Stabilization relative to another oscillator may be
achieved by combining the outputs in a mixer and applying
the difference frequency to the input of a conventional
frequency-modulation receiver. From the receiver's
discriminator a voltage is obtained which is zero
when the microwave oscillators differ by just the
frequency to which the receiver is tuned, and changes
the sign on either side of the null point. Any
discriminator output voltage can then be amplified by a
dc amplifier and applied to the klystron reflector or
tuner electrode in such a direction as to counteract the
frequency changes which produced it. (See Fig. 17-5)
The microwave oscillator can be made to follow the
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frequency-modulation receiver tuning over a range of
some megacycles depending chiefly on the electronic
tuning range of the tube and spurious competing
signals picked up by the receiver (2, p. 474).

If, as in our case, the klystron is of the reflex

type, some means of coupling must be used to connect

the discriminator signal to the high negative repeller

potential. The discriminator signal is impressed upon

a carrier frequency of 31 MHz. This carrier and signal

cross a dc blocking capacitor where the signal is

demodulated, thereby retrieving the error voltage which

is impressed as an error signal upon the higher voltage

(-300 volts) of the repeller.

The method determined to operate most satisfactorily

with respect to frequency stabilization utilized a

quartz-crystal oscillator. This removed the source of

error that was linked with cavity size and humidity

instabilities.

Design objectives for the klystron level of frequency

stability were that the spectrometer using this frequency

source should have a resolution of 500 Hz. This stringent

requirement could be met only by using very accurate

frequency sources. Once a stable fundamental source is

acquired a harmonic generation technique is employed.

The design scheme was to combine several harmonics of

a source with the klystron signal in a diode. The

difference in frequencies are such that a 10 MHz signal
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is produced. This signal is amplified by a 10 MHz

amplifier. This difference signal is compared in a

phase sensitive detector to a 10 MHz reference signal

from a highly stable (frequency stable to better than one

part in 10 ) crystal oscillator. If the difference

frequency (between the klystron and the crystal source)

drifts from the 10 MHz reference signal (shows a phase

change in the phase sensitive detector), the feedback

loop will send a signal causing either an increase or

a decrease in the klystron frequency so as to reattain

the 10 MHz signal at the diode mixer.

By selecting appropriate harmonics from a stable

frequency source (the generator used in this work was

a model 1112 A, B General Radio Source), the system can

be altered to accept a wide range of klystrons of various

operating frequencies. All substitutions of oscillations

will operate in the stabilization system so long as the

General Radio Source signal and its harmonics combine

in the diode mixer with the new oscillator to produce

the 10 MHz error signal required for comparison with the

10 MHz standard generator. Therefore no component

changes accompany the oscillator substitution and there

are only a few tuning adjustments in the waveguide and

in the impedence matching of the primary source's

transmission lines.
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Utilizing the appropriate circuit elements and

following the ideas presented above, oscillator stability

of one part in 10 or 108 in frequency can be attained.

This stability would exist over the entire klystron

tuning range and gives a stable powerful incrementally

variable frequency standard.

Figure 5 shows the major elements of the stabili-

zation apparatus utilized in this work.

The crystal frequency source is the stabilizing

agent for the General Radio Source. This crystal

oscillator keeps the General Radio Source locked onto

the crystal's signal and the General Radio Source is

then as accurate as the crystal frequency source.

The frequency stabilized General Radio Source is

used as the reference for the phase sensitive detector.

The output signal from the 1000 MHz General Radio Source

is impressed upon the crystal where harmonic generation

and mixing are achieved.

The phase sensitive detector produces a dc signal

that varies with the phase difference between the

reference (from the General Radio Source) and the x-band

klystron's signal output.

The phase sensitive detector signal is modulated,

passed across a blocking capacitor, and then demodulated.

The demodulated signal is then impressed upon the klystron

repeller electrode.
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The klystron power supply furnishes power to the

klystron and supplies the repeller voltage to which is

added the dc level error signal from the demodulator.

The X-band klystron produces the microwave

oscillations that are impressed upon the diode. The

klystron output is made available to stabilize other

systems at higher frequencies.

The signal generator impresses a signal (upon the

diode). This generator, shown in Figure 5, will allow

the frequency of the klystron to be varied even further

to give a variable frequency lock that is stable to the

accuracy of the generator frequency itself.

The diode has three (or more) signals falling upon

it. It detects the sums and differences of the harmonics

of:

1. the klystron,

2. the 1000 MHz source,

3. the 100 MHz source, and

4. the signal generator.
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CHAPTER III

THEORY

The crystal controlled klystron frequency stabili-

zation device was utilized to regulate the microwave

signal in a Stark effect apparatus. Figure 6 gives the

circuit description of the experimental set-up. The

gasses OCS and NH3 were investigated at microwave

frequencies 24,325.921 MHz and 24,532.94 MHz respectively

in order to test the functioning of the stabilized

frequency source. The OCS data were taken at 1 5 A pressure

on the rotational transition J = 2<-l. The NH3 data

were taken at 65,x pressure on the (J = K = 5,5) inversion

transition.

The OCS molecule displays a shift from its rotational

resonant frequency at 24,325,921 MHz as the applied

Stark field intensity varies from 0. This shift is

simply related to the change in energy of the molecule in

the applied Stark field. OCS is a linear polyatomic

molecule whose rotational energies are described quantum

mechanically in terms of a set of quantum numbers

pertaining to allowed energy states. The values for the first

and second order perturbation of the energy of the OCS molecule

due to the Stark field must be calculated from the theory.
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The theory must be utilized to describe the change

in frequency of the rotating OCS molecule as a function

of the field strength E. The wave equation must then be

solved to enable the determination of the molecule's new

energy and the frequency change associated with the

applied field E.

The dipole matrix elements for a symmetric top may be

broken up into several factors

(3-1)

where $4 is the molecular dipole moment or its component

along some principal axis.

The first order perturbation due to the applied Stark

field is simply the average of the interaction energy over

the quantum-mechanical state, or

A5, - pE/ OS& L|'(3-2)

where 1 is the angle between the molecular dipole and the

field E. For the symmetric-top wave function with rotational

quantum numbers, J, K, M the expression (3-1) is just E

times the Z component of the dipole matrix element given

in Table 4-4.

l 

-- (3-3)
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Table 4-4. Values of Factors of the Direction-cosine Matrix

Elements
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For a linear molecule such as OCS, K = 0 since K is the

quantum number of the total angular momentum along the molecular

axis. Substitution of the value of zero for K into

equation (3-2) yields a value of zero for AW. Since

first order energy corrections for linear molecules are

zero, it is necessary to proceed to second order energy

corrections to determine the energy shift due to the

Stark field.

The second order perturbation effect,A&"I, due to

the molecular dipole interaction is given by the equation

(Z 5(3-2)

where is the energy of the undisturbed state,

is the energy of any other state unperturbed
by the E-field, and

is the Z component of the dipole moment
matrix element between the two states
indicated by the quantum numbers n and n

The values , taken from table 4-4 of Townes and

Schawlow (2, p. 96), when substituted into equation (3-5)

result in an equation

IA L ,6 [ -X ' 1) ( T * ) 1( 3 -6 )isA _+ ) (F-j+'( 3 Y+ 1) (2 Tr+5)3

As previously stated, K = 0 for a linear molecule. Thus

(3-6) reduces to the equation

Z'T( 1) 3 /-1 (3-7)[ T +( 23 -1 2T*3
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If, for the case of a symmetric top molecule such

as NH3, the Schrodinger equation is solved a somewhat

different form is obtained.

It is interesting to note that, in the symmetric-
top ammonia, the two levels which are ordinarily
degenerate are split by the inversion frequency,
and a first order Stark effect does not occur.
Classically the NH dipole moment might be regarded
as rapidly reversing direction because of the
inversion so that its average value in any direction
is zero (2, p. 250).

The Stark effect of the ammonia inversion spectrum

involves the investigation of the hyperfine structure of

the molecule. The relation that is obtained for the

change in frequency as a function of the applied Stark

field is given by the equation

(2 t t) 2 P10 > /2 (3-8)

where /U is the dipole moment in esu,

E is the field strength in esu,

A is the frequency of the (J,K) ammonia line, and

i71 is the stark splitting in MHz (1, p. 878).

By utilizing the value of obtained from the graph of

the data for the various components of the Stark shift,

the molecular dipole moment/i can be determined.
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CHAPTER IV

MARKER SYSTEM AND MEASUREMENTS

The data in this Stark effect experiment was recorded

upon a dual pen Varian V-22 chart recorder. The hori-

zontal axis of the chart records the frequency spectrum

over which the K-band klystron was operated. This k-band

klystron was voltage tuneable and during the experiment

was swept from a lower frequency upward through the

resonance frequency of the gas in the Stark apparatus.

Two signals were referenced to the frequency at which

the resonance phenomena occur by noting the location of

the scribes of the signals along the horizontal axis.

Figure 7 shows a display produced by the chart recorder.

One pen of the chart recorder recorded the first derivative

of the power transmitted through the gas with respect to

the frequency of the signal. The other pen carried the

marker "pip" information from the standard frequency

generator. Two markers occuring at definite frequencies

were recorded for each spectrum of power transmission by

using an interpolation radio to detect the beat frequencies

described above. These markers calibrate the horizontal

axis by denoting a definite frequency associated with each

marker and thereby determine a frequency interval on the

35
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Figure 7. Sample Data Spectrum
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horizontal axis. The exact frequency of the unshifted

resonance is easily determined by shifting either of the

frequency markers to correspond to the unshifted resonance.

The second signal recorded is the output of an

interpolation receiver that is tuned to a specific frequency.

A series of "beats" arise between the crystal oscillator-

stabilized X-band frequency source and the varying

frequency of the signal from the K-band klystron. If

the frequency to which the receiver is tuned is denoted

by f, the K-band klystrons frequency denoted by f,, and

the harmonic of the crystal oscillator-stabilized

X-band frequency standard is denoted by fs, then the

receiver will show an output when the K-band klystron

combines with the crystal stabilized standard to form a

beat frequency f where f = fy - f, . Thus the K-band

klystron will cause an output in a receiver tuned to the

frequency f for two klystron frequencies. Since fs ,is

known with great precision and f is read from the radio

receiver, the value for fy of the K-band oscillator is

precisely know when the receiver shows an output. The

receiver's output is recorded on the recording chart.

Thus, by interpolating between -the two markers on the

chart, it is possible to determine fv (the K-band klystron

frequency) at any point on the spectrum.

The General Radio Source, described previously,

provides 1000 MHz, 100 MHz and 10 MHz outputs. By
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summing at the mixer diode the 8th harmonic of the

1000 MHz signal and the lst harmonic of the 100 MHz

signal of the General Radio Source with the X-band

frequency standard klystron, beat frequencies are produced

at 8100 MHz. If, as in this experimental set up, the

X-band klystron is tuned at 8110 MHz, one of the beat

frequencies produced will be a 10 MHz signal. This

signal can then be amplified by the 10 MHz tuned

amplifier and the resulting amplified difference frequency

compared in the phase sensitive detector to the 10 MHz

signal from the General Radio Source. Thus the X-band

klystron is locked to the General Radio Source and any

deviation of the X-band klystron's frequency will alter

the 10 MHz signal's phase. This phase change will be

detected by the phase sensitive detector and, as previously

described, the phase sensitive detector output will

adjust the X-band klystron's frequency in such a manner

as to restore the 10 MHz difference. The X-band klystron

will therefore be stabilized to within the limits of the

crystal oscillator controlled General Radio Source (2 parts

in 109 frequency accuracy). The component connections

described here are schematically represented in Figure 5.

Once the K-band klystron's frequency has been

established, the spectal line of interest in the

molecule OCS is sought. The OCS J = 1-2 transition line
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occurs at a frequency of 24325.921 MHz. This frequency

can be generated by combining the 3rd harmonic of the

8110 MHz signal (generated by the X-band klystron) and

an auxiliary signal generator operating at 4.1 MHz.

The resulting frequency is one of 24325.9 MHz (with an

accuracy determined to be that of the signal generator).

The components in this arrangement are schematically

represented in Figure 5.

The 24,325.9 MHz signal can then be combined with

the signal from the variable frequency K-band klystron

at the K-band diode detector as shown in Figure 6. The

K-band klystron frequency is controlled by a ramp voltage

derived from the time base of the monitoring oscilloscope.

At some point in the variation of the K-band klystron's

frequency, the crystal oscillator stabilized frequency

source and the K-band klystron, upon combination of

signals at the K-band diode, will form a beat frequency

of 2 MHz. By tuning the receiver to detect this 2 MHz

signal occuring at the K-band diode, an output is generated

signalling that the variable frequency is 2 MHz below

24325.9 MHz. This signal will be recorded as a marker

on the chart. Likewise, if the K-band klystron continues

to rise in output frequency, a signal, and thus a

second frequency marker, will be generated signalling

that the K-band klystron is operating at a frequency

2 MHz above 24,325.9 MHz. Upon the continually advancing
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chart there are generated two markers denoting frequencies

of 24,323.9 MHz and 24,327.9 MHz. The result is a

distance on the vertical axis of the chart that is

calibrated to be 4 MHz in frequency range. These markers

have absolute frequencies accurate to one part in 109

in accordance with the entire frequency lock loop.

A series of Stark spectra was taken using the

marker system described above for the gas OCS at 15

microns pressure at voltages varying from 0 to 600 volts.

The experimental data is given in Table I.

Since the molecule OCS is known to have a quadratic

Stark effect, the OCS data was analyzed using a least

squares fit to obtain the slope of the line giving the

value of E . This slope was determined to be

E

1.664 x 10t6 MHz with a standard error of 6.24 x 10 8MHz

for the M = - 1 branch. This value, when substituted into

equation (3-6) produces an experimental value for the

molecular dipole moment for OCS of/4 = 0.8935 D with a

standard error of 0.0166 D.

The comparison of the experimental OCS molecular dipole

moment of 0.8935 - 0.0166 D to the published value of

0.709 - 0.002 D (2, p. 268) reveals that this experimentally

derived value is too large by a ratio of 1.260 - 0.021.

The transition of OCS is chosen as a standard of calibration.

In standard spectral analysis procedures the value of
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0.709 0.003 D is used to calibrate the E value for the

field strength between the parallel plates of the Stark

apparatus. All values of E were therefore increased by

the factor 1.260 - 0.021 in order to calibrate the equipment

to produce the value 0.709 - 0.003 D that is a standard in

the literature.

Once the field strength of the apparatus had been

calibrated, a study of the NH molecule was made as a further

check on the frequency stabilization method. The NH3 (J=K = 5,5)

inversion line occurs at a frequency of 24,532.94 MHz.

In a manner similar to that used in the study of the OCS

molecule, a series of markers were generated to calibrate

this component of the NH3 inversion spectrum. The 3rd

harmonic of the 8110 MHz X-band klystron, the 2nd harmonic of

the 100 MHz output from the General Radio Source and a

3.54 MHz signal from an auxiliary signal generator were

combined to form a frequency of 24,533.54 MHz.

Again, by tuning the receiver to 2 MHz, a pair of markers

was generated and was marked upon the spectra charts at

frequencies corresponding to 24,531.54 MHz and 24,535.54 MHz.

In the case ofthe NH3 (J=K = 5,5) inversion resonance signal

voltsoccuring at 0 (----m-) applied field intensity, the inversioncm

resonance signal will occur 1.4 MHz above the 24,531.54 MHz

marker.

Spectra were taken for NH3 at 64 microns pressure

at a series of E-field intensities ranging from 0 to
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500 t) field strength. The spectra data are presented

in Table II.

The spectral components for the NH3 Stark splitting

of the My = 0, 2, 3, 4 and 5 components were identified.

These components were measured at various field intensities.

The MT = 0 component was shifted only slightly. A least

squares fitting routine was used to determine the shift

resulting in a value of

^7 -7 MHz.
= 4.929 x 10 for this component.

(volt2

It was assumed that this apparent shift of the My = 0

component arose due to the fact that the centroid of the

resonance curve shifted as the MT = 2, 3, 4 and 5 components'

resonances were separated from the My= 0 component's

resonance curve as the E-field intensity increased. As

these shifts occured the location of the M. = 0 resonance

became better defined statistically. To counter the effect

of not having this well defined My = 0 component, the

MY = 2, 3, 4 and 5 component resonant frequencies were

adjusted at each E-field strength by adding to each

component's shift the absolute value of the MT = 0 component's

resonant shift. Thus, the data produced would correspond

to the data obtained by following the common practice of

allowing the MI = 0 component resonant value to serve as a

frequency marker corresponding to zero field for each E-

field distribution in the spectrum.
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The M T =2 and M., = 4 components of the data points

were computer fitted using a least squares fit to find the

value of the slope, ,7. The results of this effort are

given in Table III.

The M r = 3 values, although clearly identifiable,

were split still further by hyperfine interactions at field

strengths greater than 325 ( ts) and therefore were not

used in the molecular dipole moment calculations.

The value obtained for the molecular dipole moment of

NH3 using the M 7. = 2 component of the (J=K = 5,5) inversion

line is/4 = 1.540 - 0.010 D. The value obtained for the

M 01 = 4 component is 1.407 - 0.003 D. An average of these

two values results in a value ofc = 1.473 t 0.011 D. This

value compares favorably with the published value

1.468 - 0.009 D (1, p. 878).

Both measurements of frequency and determination of

dipole moments of molecules have been achieved using the

stabilized frequency source which was designed and

developed. Additional measurements of these two quantities

can be made by future investigators with an accuracy of

frequency that is accurate to one part in 109 and accuracy

in the value of molecular dipole moment for uncomplicated

spectra that is accurate to 0.3%.
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APPENDIX A

COMPONENT CIRCUIT FIGURES
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Figure 8. Modulator circuit. This circuit serves

to transfer the ramp voltage from the

oscilloscope to the repeller electrode

without distortion of the sawtooth

linearity. This is done by use of a

3.4 MHz carrier signal upon which the

sawtooth voltage is impressed.
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Figure 9. Demodulator circuit. This circuit serves

to recover the sawtooth voltage from the

3.4 MHz carrier before impressing it

upon the repeller electrode of the reflex

klystron.
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Figure 10. Phase comparator. This circuit serves

to compare the 10 MHz reference signal

to the error signal near 10 MHz produced

by the heterodyning network of the

harmonics of the General Radio Source

and the X-band klystron. A frequency

comparison is made resulting in a

voltage signal which is used to control

the repeller electrode of the X-band

klystron.
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APPENDIX B

DATA TABLES
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TABLE I

FREQUENCY SHIFT IN OCS DUE TO APPLIED STARK FIELD

M= 0 M = 1

Frequency Standard Frequency Standard
Voltage Shift Deviation Shift Deviation

(MHz) (MHz) (MHz) (MHz)

0.000 .*0 ..... 1.950 0.141

.333 0....0..... 2.015 .070

.667 ......... 2.016 .080

.883 1.885 0.057 2.066 .056

1.000 1.826 .045 2.113 .049

1.167 1.774 .048 2.158 .058

1.334 1.744 .037 2.206 .032

1.417 1.710 .045 2.223 .040

1.501 1.690 .0424 2.315 .053

1.584 1.616 .015 2.310 .010

1.667 1.648 .0558 2.408 .004

1.751 1.573 .056 2.416 .022

1.834 1.506 .075 2.441 .060

1.917 1.480 .034 2.483 .026

1.997 1.49 .282 2.62 .014
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TABLE II

FREQUENCY SHIFT IN NH3 DUE TO APPLIED STARK FIELD

M=0 M=2

Frequency Standard Frequency Standard
Voltage Shift Deviation Shift Deviation
(esu) (MHz) (MHz) (MHz) (MHz)

0.000 .*0*....

.502....... .....

.585 1.305 0.033

.670 1.333 .006 .....

.753 1.342 .028 .....

.836 1.319 .026....... ...

.921 1.331 .020 ..... ..

.927 1.352 .031 0.940 0.046

1.004 1.328 .021 .79 .052
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TABLE II--Continued

N = 0

T

M=2

Frequency Standard Frequency Standard
Voltage Shift Deviation Shift Deviation
(esu) (MHz) (MHz) (MHz) (MHz)

1.365

1.342

1.342

1.396

1.366

1.394

.021

.020

.021

.035

.024

.036

.72

.452

.306

.156

.034

.040

.026

.019

.0248

.020

1.089

1.172

1.255

1.340

1.423

1.514
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TABLE II--Continued

M=3 M=4

Frequency Standard Frequency Standard
Voltage Shift Deviation Shift Deviation
(esu) (MHz) (MHz) (MHz) (MHz)

1.172 -0.837 0.054 -1.725 0.049

-0.274 .049

-0.274 .049

.582 .029

1.255 -0.152 .069 -2.088 .091

-0.965 .035

-0.502 .069

0.023 .027

1.340 -1.64 .026 -2.475 .073

-1.510 .....

-1.258 .042
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TABLE II--Continued

M=3 M=4

Frequency Standard Frequency Standard
Voltage Shift Deviation Shift Deviation
(esu) (MHz) (MHz) (MHz) (MHz)

-1.160

-0.818

-0.207

-1.96

-1.627

-1.48

-1.190

-1.033

-0.770

-0.398

-2.260

0.042

.034

.023

.048

.017

.0208

.062

.043

0.073

-2.86

-3.241

.085

0.063

1.340

1.423

1.514
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TABLE II--Continued

M =5

Frequency Standard
Voltage Shift Deviation
(esu) (MHz) (MHz)

1.089

1.172

1.255

1.340

1.423

-2.79

-2.996

-3.376

-3.645

-4.070

0.070

0.101

0.022

0.105

0.009
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TABLE III

VALUES OBTAINED FROM LEAST SQUARES FIT OF NH DATA

Standard error of

E2 E

MHz MHz
volt volt
cm Cm]

M = 2 -5.502 X 10-6 7.437 X 10~8

M = 4 1.838 X 10- 2.209 X 10
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Figure 11. Experimental data from which OCS

dipole moment was obtained.
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Figure 12. Experimental data for NH3 J-K = 5-5

inversion transition from which NH3

dipole moment was obtained.
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