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FOREWORD 

This investigation was mainly concerned with 

the practibility, from an engineering standpoint, of 

changing the natural frequencies of quartz crystals 

by the use of X-rays. By nature it was not adaptable 

to a rigorous mathematical analysis. 

This lack of rigorous analysis of the factors 

involved should not be allowed to detract from the im¬ 

portance of this process nor be taken as an indication 

of lack of effort in the investigation. The problems 

encountered ii?ere not new in the realm of knowledge, but 

many were new to the writer. Much of interest and value 

was learned concerning quartz crystal oscillators and 

X-rayso 

I am deeply grateful to the faculty of the 

Electrical Engineering Department for the opportunity to 

conduct this investigation and for their valuable assistance 

in solving the problems encountered. Mr. J. S. Waters, 

Head of the Electrical Engineering Department and Mr. L. J. 

Money, Instructor in Electrical Engineering were most help¬ 

ful. Dr. W. 0. Milligan, Associate Professor of Chemical 

Engineering, was the source of much information on X-rays 

for which I am very grateful. Without the guidance and 

assistance of these many individuals this investigation 

would not have been possible. 

John B. Corbly, Jr. 
May, 19^9 



// 

TABLE OP CONTENTS 

EOT! 

r: 
c 

TABLE {)? Ci / -• X URIO 

PART nr X# STJI'RAHT 

PART TT REVIEW OF THE SUBJECT 

PART III. OBJECTIVES OF THE INVESTIGATION 

PART IV. APPROACH TO THIS PROBLEM 

PART V. RESULTS 

PART VI. CONCLUSIONS 

RHPEREWGES 

APPENDIX A* 

APPENDIX B, 

TABULATED DATA 

* 
X 

:ti 

i 

5 

10 

12 

19 

31 

34 

tr. 

40 

44 



PART I. SUMMARY 

During World War II it was discovered that the 

elastic constants and hence the natural frequencies of 

quartz crystal oscillator plates could be changed by 

radiation v/ith high intensity, long-wavelength X-rays. 

This discovery was made possible by the development of 

a beryllium window X-ray tube which provided longer 

wavelength X-rays of much greater intensity than those 

from conventional Pyrex Glass window X-ray tubes. 

This investigation involved the radiation of 

commercial high frequency quartz crystals with these 

long-wavelength X-rays and the observation of their 

effects on frequency and temperature coefficient. Much 

of the effort of this problem was expended in the develop¬ 

ment of a suitable method and the necessary apparatus for 

measuring these effects. 

The results of this investigation show that the 

frequency of crystals having suitable mounts can be lowered 

as much as 0.08$ by the use of X-rays. No appreciable 

effect on the temperature coefficient for the crystals 

tested was noted. 

The amount of frequency change possible is 

dependent on the individual crystal. Consequently, no 

qualitative method of expressing the frequency change as 

a function of frequency or X-ray intensity is possible* 

The amount of frequency reduction is sufficient 



to make the process commercially desirable as its use 

will eliminate much of the tedious lapping necessary 

for the final frequency adjustment of close tolerance 

crystal oscillators. It is known that commercial use 

was made of this phenomena during World War II, but it 

is believed the details have never been published. 



PART II. REVIEW OF THE SUBJECT 

The piezoelectric property of quartz and other 

crystals such as Rochelle salt has been known since its 

discovery by Pierre Curie in 1880. Briefly the piezoelec¬ 

tric effect is the natural relation between mechanical 

and electrical forces inherent in certain substances such 

as quartz crystals. A quartz crystal molecule has the 

chemical composition SiO^. It can be represented in a 

plane by the hexagonal structure shown below. 
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Figure 1. 

The plus (/) represents the silicon atom and 

the minus (-) represents the double oxygen atom. X and 

Y represent the electrical and mechanical axes respec¬ 

tively. The optical or Z axis is perpendicular to the 

plane of the paper. A mechanical force applied in the 

direction of the Y axis will produce an electrical force 

in the direction of the X axis. This is known as the 



direct piezoelectric effect. Conversely an electrical 

force applied in the direction of the X axis will pro¬ 

duce a mechanical force along the Y axis. As can be 

seen, the crystal possesses three electrical and three 

mechanical axes. The quartz crystal is simply a trans¬ 

ducer produced by nature. This relation between mechani¬ 

cal and electrical forces exists because a force in the 

Y direction produces a displacement of the atoms in the 

molecule and this displacement creates an electric 

moment in the X direction. The magnitude of this elec¬ 

tric moment is a function of the applied force or dis¬ 

placement and the charge on the individual atoms of the 

crystal. 

This is the basic relationship. It is evident 

that if the mechanical fcr ce is applied in a direction 

other than the Y direction, shearing forces in addition 

to simple stresses will be developed and the relation¬ 

ship between mechanical and electrical forces becomes 

quite complex. In practice the angle from the Y axis 

at which the crystal is cut (the direction in which the 

mechanical force is applied or the direction of mechani¬ 

cal vibration) is varied to give certain desired properties. 

This is the basis of the so called AT, BT, etc. cut crystals® 

The physical dimensions of the crystal, its 

angle of cut from the Y axis, and its molecular structure 

will determine its natural frequencies of vibration. If 



the crystal is then clamped at its nodal points so as 

not to interfere with its free vibration, suitable 

electrodes are placed on its electrical axis, and it 

is excited mechanically at its natural or resonant fre¬ 

quency an alternating voltage of this resonant frequency 

will be available at the electrodes. Conversely, the 

crystal will have maximum mechanical vibration when a 

voltage of the natural or resonant frequency is applied 

to the electrodes. In effect it acts as a sharply tuned 

circuit or a highly selective filter. This is the basis 

of the crystal oscillator. 

This use of the piezoelectric effect of cer¬ 

tain natural crystals to control the frequency of oscilla¬ 

tion of an electrical circuit was discovered during World 

War I by Longevin of Paris and Nicolson of Bell Telephone 

Laboratories. The latter holds the first crystal 

oscillator patent. 

The subsequent development of quartz crystal 

oscillators has been quite rapid but their analysis is 

far from complete. Cady and Pierce are among the leaders 

in this development. The wide use of such oscillators is 

due to their great frequency stability and very low loss 

compared to conventional tuned circuits composed of coils 

and condensers. The basis of this frequency stability 

and the equivalent electrical circuit of a quartz crystal 

are explained in Appendix A. 

The rapid development of very high frequencies 

and the extensive use of radio in World War I necessitated 



the large scale production of high frequency crystals. 

Frequency adjustment of high frequency crystals sueh as 

BT cut crystals requires that the thickness be held to 

a tolerance of £L0”5mm 0r smaller. Attainment of this 

extreme accuracy is done by accurate lapping and etching 

of the crystal in conjunction with frequent measurements 

of frequency. The development of mass production tech¬ 

niques in these processes has been great. Heising (3) 

gives an excellent description of this art. However, it 

is a tedious, time-consuming process requiring great 

skill on the part of the operator. Some procedure that 

would enable the final frequency adjustment to be made 

accurately while the crystal was in its mount would be 

invaluable. Such a procedure is now possible by use of 

high intensity X-rays. 

X-rays, being electromagnetic waves, possess 

energy expressed by the relation discovered by Planck. 

E s hy s ~ s energy in ergs per quantum. 

For several years this energy in the form of 

X-rays from glass window tubes has been used to create 

changes in matter, principally by the medical profession. 

However, because of the high inherent absorption of glass 

the wavelengths of these emitted X-rays have been short 

and their intensities low. The recent development of a 

beryllium window X-ray tube has provided the first high 

intensity source of long-wavelength X-rays. The very 

low absorption coefficient of beryllium accounts for this. 



As an example, the linear absorption co¬ 

efficients of Pyrex Glass and beryllium at a wavelength 

of one Angstrom unit are: 

u of Pyrex Glass - 20.8 

u of Beryllium - 1.012 

Since absorption follows the exponential law 

I r l0e~™ 

it is evident that the absorption of beryllium is much 

less than that of glass. This is especially true at 

the longer wavelengths as a comparison of absorption 

coefficients over the X-ray spectrum will show. T. H. 

Rodgers (1) gives an excellent comparison of Pyrex 

Glass and beryllium window X-ray tubes and shows that 

for the complete emission spectra the intensity of X-rays 

from a beryllium window tube is over twelve times that 

from a Pyrex Glass tube, both tubes having a tungsten 

target and both operated at the same voltage and current. 

The importance of these longer wavelengths and their re¬ 

lation to the material being radiated is explained in 

Appendix B. 

During World War II Clifford Prondel using a 

beryllium window X-ray tube discovered that these high 

intensity X-rays produced a change in the elastic con¬ 

stants and hence the natural frequency of oscillation 

of quartz crystal oscillators. His findings can best 

be summarized by quoting the abstract of his paper, 



"Effect of Radiation on the Elasticity of Quartz" (2) 

Abstract 

When quartz is exposed to X-rays, gamma- 
rays, electron beams, alpha-particles or deuterons 
it becomes snoky in color, the rate of solution in 
hydrofluoric acid is decreased, and the elastic 
constants are altered. The effect of radiation 
on the elastic properties is revealed by study of 
irradiated quartz oscillator-plates. In general 
the oscillation frequency decreased continuously 
during irradiation to a limiting value, and types 
of plates dependent on different elastic constants 
are affected unequally. The effect is being 
utilized in manufacture to make the final fre¬ 
quency adjustment of oscillator-plates. 

The degree of response in color and elasti¬ 
city is limited and varies among different speci¬ 
mens. Baking at temperatures over about 180° C. 
restores the original properties, and conditions 
the response of the quartz on re-irradiation. 
Luminescence pheonomena accompany both irradiation 
and baking and, together with the response in 
color and elasticity, are related to the original 
color and composition of the quartz. 

This knowledge was quickly put to commercial use 

in the final frequency adjustment of great numbers of the 

crystals produced for wartime use. 

This paper by Frondel and a few vague references 

in recent literature were all the information that could be 

obtained on the subject. An inquiry to the Signal Corps 

Engineering Laboratories at Fort Monmouth, New Jersey, re¬ 

sulted in a letter stating that the paper by Frondel 

"summarized all known work in this field." 

The process by which the high intensity, long- 

wavelength X-rays change the elastic constants of quartz 

is not definitely known. It is probable that the energy 



of the X-rays removes certain of the orbital electrons 

cf the SiC2 which are trapped by the impurities (usually 

metals) in the crystal. This removal of electrons would 

reduce the binding force of the Si02 molecules and hence 

alter the elastic constants of the quartz. 

This belief is supported by the proven fact 

that the amount of frequency change varies with the 

amount of impurities present. Also the luminescence 

phenomena and change in color of the crystal mentioned 

later are evidence in support of this theory. 



PART III OBJECTIVES OF THE INVESTIGATION 

This investigation was started on the basis of 

a statement in Electronic Circuits and Tubes. Electronic 

Training Staff of the Cruft Laboratory, McGraw-Hill, 

N. Y., 19^7 on page 505 that, 

It has recently been discovered that 
irradiation by X-rays reduces the natural 
frequency of quartz crystals. 

A search of the literature was made, but no 

specific information on the subject could be obtained. 

Therefore, it was decided to investigate the nature of 

this change by radiation of available crystals using 

a Machlett, Type AEG-50-T, beryllium window X-ray tube 

available in the laboratory. 

By the time a frequency measuring technique 

had been developed, the necessary apparatus constructed, 

and some laboratory work performed, a copy of Frondel’s 

paper (2) had been obtained through an inquiry to the 

Signal Corps Laboratory. This paper gave much informa¬ 

tion on the amount of frequency change, effects of tube 

voltage and current, window to crystal distance, and 

other factors that this investigation was attempting to 

obtain. Consequently, the objectives and results of 

this investigation are generally the same as those of 

Frondel. However, Frondel’s paper did not give any in¬ 

formation on the effects of radiation on the temperature 



coefficient of the irradiated crystals. Therefore, th 

nature of these effects was added to the original ob¬ 

jective. 



PART IV APPROACH TO THE PROBLEM 

The first requirement for the laboratory work 

of this investigation was a suitable procedure for measuring 

accurately the frequency changes in crystals produced by 

the X-rays. 

Since the expected changes would probably fall 

well within the audio frequency range, it was decided to 

measure the beat frequency change between a fixed oscillator 

and the radiated crystal. A Signal Corps Frequency Meter, 

BC221, was selected as the most stable oscillator avail¬ 

able that could be varied in frequency to produce an audio 

beat frequency between it and the crystal under radiation. 

Ho attempt was made to check the calibration of this fre¬ 

quency meter as changes in frequency were to be measured, 

not absolute frequencies. The probable error in freqBncy 

measurement, taken as one division of the micrometer scale, 

on the BC221, was about 200 cycles at the frequencies mea¬ 

sured. This was the error in the determination of absolute 

frequency before and after radiation, not the beat frequency 

change during radiation. 

The measurement of this beat frequency could be 

accomplished by zero beating it w3th a calibrated audio 

oscillator. However, investigation showed that this method 

would not give sufficient accuracy as the smallest gradua¬ 

tions on available audio oscillators were 50 and in some 

cases 100 cycles per second. There was a General Radio 



Audio Frequency Meter available, but it was not in working 

order on all its ranges. However, investigation revealed 

that it was accurate on one range so it was used as the 

beat frequency measuring instrument. This meter operates 

on the Wien bridge principle and is calibrated directly 

in cycles per second. The dial can be read accurately to 

within five cycles per second by interpolation of the 

twenty cycle per second graduations. An oscilloscope 

was used as the null indicating device. This proved satis¬ 

factory even though the harmonics were not nulled. 

The next requirement was a stable oscillator 

for the test crystals. A search of the literature revealed 

that the Pierce electron coupled oscillator would produce 

high stability and have strong harmonic output because of 

its amplifier effect. This harmonic output was important 

as crystals of different frequencies operating on their 

third harmonics were to be used. Because the output was 

to be on various frequencies the basic circuit given in 

the Radio Handbook (4) was modified to operate with an 

untuned plate circuit. The circuit used is shown in 

Figure 2. 

A regulated supply to provide power for the 

crystal oscillator was also constructed. This supply was 

designed to furnish stable plate and screen voltage for 

the 6AG7 tube, well below its maximum ratings. The first 

data was-taken with the BC 221 Frequency Meter powered by 

self-contained batteries. However, the long warm-up 

period required to reach stable operation and the long 
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periods of measurement placed too serious a drain on 

these batteries. As noted in the tabulated data this 

dropping in the battery voltage caused a large frequency 

drift. When the batteries were finally located as the 

cause of this drift they were replaced by a heavy duty 

rectifier for a d-c filament supply and a 150 volt ]3ate 

supply from the crystal oscillator power supply. This 

d-c filament supply was necessary to prevent a-c hum 

from appearing in the output, as would have been the 

case if an a-c filament supply had been used. 

A thermostat controlled crystal oven was 

constructed for the purpose of measuring the effects of 

radiation on the temperature coefficient of the radiated 

crystals. At the time of construction it was thought the 

frequency changes caused by radiation might have to be 

measured at a constant temperature. However, investigation 

revealed the temperature coefficients of the crystals were 

small and the temperature rise due to radiation was not 

more than 8° Centigrade. The frequency increase resulting 

from temperature increase was sufficiently small to be 

disregarded. 

All of this apparatus in the arrangement used in 

taking the data of this report is shown in Figure 3. 

The AEG-50T X-ray tube and its lead shielding 

had to be mounted to permit frequency measurements while 

the crystal was undergoing radiation and to place the.crystal 



as close to the tube window as possible. The arrange¬ 

ments used to accomplish these objectives are clearly 

shown in Figures 3 and 4. 

The AEG-50T tube is designed for operation 

with its anode at ground potential. This necessitated 

using only one-half of the available transformer wind¬ 

ing as this transformer has its secondary center-tap 

grounded• 

The measuring procedure using the apparatus 

and method described above proved generally satisfac¬ 

tory. Some defects were disclosed during operation and 

will be discussed under RESULTS. The only equipment de¬ 

fect other than the batteries mentioned above were two 6AG7 

tubes which failed, probably due to small traces of gas 

in the vacuum aggravated by the long hours of operation. 
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Figure 3. 

1. Null Indicator - Dumont Cathode Ray Oscilloscope, 
Type 208,#5766. 

2. Beat frequency measuring instrument - General Radio 
Audio Frequency Meter, Type 43^-B, #97 

3. Calibrated variable radio frequency oscillator - 
Signal Corps frequency Meter, BC221-AH, #11801:CZR. 

4. Thermostat controlled, variable temperature crystal 
oven - constructed in laboratory. 

5. Regulated power supply for Frequency Meter 3C221 and 
test crystal oscillator - constructed in laboratory. 
(Line voltage supplied through Sorensen Voltage Re¬ 
gulator, Model 0-1000SA, £1-138.) 

6. Test crystal oscillator - constructed in laboratory. 

7. Lead radiation chamber containing test crystal and 
X-ray tube window. Tube and mount are visible be¬ 
hind chamber - constructed in laboratory. (See Figure ^). 

8. d-c filament supply for Prenuency Meter BC221 - Signal 
Corps Rectifier PEC 172, #5o, feeding a voltage divider. 
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Figure 

This photograph shows the small crystal to 

window distance of an FT 2*+l mount crystal in position 

to be radiated. 

The crystal to window distance used in all 

radiation was 8.1 nun except crystal #2 which was radiated 

at a distance of 6.5 mm with the crystal mount cover re¬ 

moved 



PART V. RESULTS 

The crystals used in this investigation were 

war surplus items purchased locally. Some were new and 

some were used. Nothing was known concerning their type 

of'■cut, previous radiation history, or earlier treatment. 

The frequencies were selected in the neighborhood of 6 

megacycles. This was done so that the effects of radia¬ 

tion could be measured on the third harmonic, or about 

18 megacycles. The Frequency Meter BC221 has a maximum 

frequency of 20 megacycles that established the upper 

limit of the frequencies that could be measured. Opera¬ 

tion on the third harmonic was selected as the changes 

v/ere expected to be small and operation on the third 

harmonic would provide a greater quantity to be measured 

and a consequent reduction in percentage of error in the 

measurements 0 

The crystals used employed three different types 

of mounts. They are shown in Figure 5. These are repre¬ 

sentative of the types of mounts used in high frequency 

crystals today. Examination of Figure 5 will show that 

mount types FT 24-3 and DC-35 have thick metal electrodes. 

Extensive investigation showed that crystals employing 

these types of mounts were not affected by radiation v/hile 

in their mounts. The thick metal electrodes absorbed 

nearly all of the long wavelength X-rays that cause the 

frequency change in the crystals. This absorption is 



a b c 

Figure 5. 

Types, of,Jlfit) Frequency Crystal J.1ount_s 

a. Mount type FT 243 - The crystal is free. The elec¬ 
trodes are spaced to provide an air gap by the three 
small squares of crystal visible in the photograph. 

b. Mount type FT 241 - It is wire supported at two cor¬ 
ners. The electrodes are gold plated on the surfaces 
of crystal. 

c. Mount type DC-35 - The crystal is clamped at the 
four corners by raised surfaces at the corners of 
the electrodes which are visible in the photograph. 



a. b. 

Figure 6. 

Exposure data - 50 KV, 5 raa., for 5 seconds. 

a. X-ray photograph of crystal ;t2 in type FT 241 mount. 
The great X-ray penetration compared to the DC-35 
mounting is shown by the very light color of the 
crystal. 

b. X-ray photograph of a crystal in a type DC-35 mount. 
The lack of X-ray penetration due to absorption by 
the thick metal electrodes is shown by the extremely 
dark color of the crystal and electrodes. 

The white circular spot shows the area exposed 
to the direct X-rays from the beryllium window of 
the X-ray tube. As can be seen from the photographs, 
the crystal is completely covered by this direct ra¬ 
diation. The photographic effect outside of this 
circle is due to scattered and secondary X-rays. 
The small absorption by the bakelite cover is clearly 
evident in both photographs. 



22 

clearly shown in Figure 6. Attempts at applying the 

X-rays to the exposed edge of the crystal between the 

electrodes produced no frequency change other than a slight 

increase attributable to temperature rise* This is in 

accord with Frondel's findings that approximately ^0% of 
the area of the crystal must be exposed for a frequency 

change to occur 0 

Radiation of crystals in type FT241 mounts pro¬ 

duced definite measureable frequency changes. For this 

type of mounting the electrodes are thin gold or silver 

films deposited directly on the crystal. This is clearly 

shown in Figure 5b. This thin film absorbs very few of 

the essential long wavelength X-rays. This is shown by 

the X-ray photograph in Figure 6a. The crystal is plain¬ 

ly visible but the thin film electrodes cannot be seen. 

Consideration was given to the removal of the 

mount covers during radiation, but bakelite, the material 

composing the covers, has nearly the same absorption co¬ 

efficient as air so little would have been gained. This 

is confirmed by the photographs in Figure 6. In confirma¬ 

tion of this, crystal #2 was radiated with its cover re¬ 

moved and no increase in the rate of frequency change was 

noted. Removal of the covers would also have the adverse 

effect of exposing the crystals to the atmosphere. 

The type FT 241 mount crystals used in obtain¬ 

ing the data contained in this report were given individual 

\ 



numbers for identification. These are as follows: 

Test Crystals 

Type FT 241 Mount 

Government ^ype C^-IA/AR CW 

NO. Marked Frequency 

1 5910.000 KC 
2 6370.000 KC 
3 6450.000 KC 
4 6450.000 KC 
5 6450.000 KC 
6 8155.710 KC 

All future references to an individual test crystal will 

be made by its assigned number. 

All radiation was done with the tp.be operating 

at 50 KV, 50 ma, except for #2 which was first radiated 

at 50 KV5 10 ma. The larger current was used so as to 

give the maximum rate of change in frequency. #2 was 

radiated at 10 ma. to check the law that the intensity 

of radiation varies directly with the current. This 

proved to be the case as a study of the curves will show. 

At 10 ma the average rate of change for 90 minutes of ra¬ 

diation was 5.56 cycles per second per minute. At 20 ma 

the rate of change for 90 minutes of radiation was 10.9 

cycles per second per minute or almost exactly twice the 

rate at 10 ma. 

The results can best be seen from a study of 

the curves in Figures 7 to 9» inclusive, and the tabula¬ 

tion of the results given below. 
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Crystal #1 #2 #3 #4 #5 #6 

Marked 
Frequen¬ 
cy KC 5910.000 6370.000 6450.000 6450.000 6450.000 0155.710 

Frequen¬ 
cy change 
produced 
by radia¬ 
tion 0.000 0.694 5.253 0.209 1.086 0.433 

Percentage 
Decrease 
in Fre¬ 
quency 0 0.0109 0.0815 0.0032 0.0168 0.0053 

Average Percentage Decrease r 0.0196$ 

The amount of change varied widely with the indi¬ 

vidual crystal as Figure 8 shows. As expected, the rate of 

change of frequency varied directly with the total frequen¬ 

cy change obtainable. However, there does not seem to be 

any way to place this relationship in equation form for 

application to BT cut crystals in general, since the time 

to reach this maximum frequency change varies with the 

individual crystal. 

No explanation is known for the frequency in¬ 

crease that occurred in #4 and #5 during the first few 

minutes of radiation. At first it was thought that this 

might be due to a temperature rise within the crystal 

caused by the X-rays. However, investigation showed this 

temperature rise to have a maximum vtlue of 8° C after 

twenty minutes of radiation. This small temperature rise 

and the small temperature coefficient of the crystals 

eliminated this possibility. 



27 

Ionization of the air within the radiation 

chamber by the X-rays and the possible resulting changes 

in shunting capacity and resistance across the terminals 

of the crystal socket was also considered. However, 

analysis showed that any likely change in resistance due 

to ionization would have no detectable effect on the fre¬ 

quency. This was confirmed by resonating an air condenser 

and exposing it to radiation. There was no measurable 

change in the circuit Q or the capacity of the condenser. 

Since this condenser had a much smaller air gap and large!* 

electrode area than the crystal socket, .ionization of the 

air had no effect on the frequency of the radiated crystal. 

It is possible that some impurity was present in these 

crystals which by electron interchange during the first 

few minutes of radiation created a relationship within 

the crystal that increased the frequency. 

Figure 9 shows the temperature coefficients of 

#5 and #6 before and after radiation. The point of zero 

temperature coefficient was not changed by radiation. The 

temperature coefficients other than at the zero point were 

increased slightly by the X-rays. However, this increase 

is not large enough to be a deterrent to the use of X-rays 

for frequency adjustment. In connection with this measure¬ 

ment of temperature effects on the frequency of oscillation 

of quartz crystals it is interesting to note that this is a 



useful and simple method of determining the cut of crystals 

whose history of manufacture is not known. As mentioned 

previously, the history of these test crystals was not 

known. As they were high frequency crystals this im¬ 

mediately eliminated several cuts such as the CT and DT. 

It was suspected they were either AT or BT cut, the most 

common cuts for high frequency crystals. The temperature 

vs. frequency-change curves of Figure 9 proved them to be 

BT cut crystals. A comparison of the temperature curve 

of an unknown crystal with typical temperature curves of 

the various cuts shdwn in Figure 10 will usually identify 

the cut of the unknown crystal without trouble. 

Several of the crystals were appreciably dark¬ 

ened by the X-rays. #3, which had the greatest frequency 

change, was almost black after seven hours of radiation. 

This crystal was heated to 500° C. and allowed to cool. 

This heating restored the crystal's original white 

crystalline appearance. When the crystal reached about 

300° C. in temperature it luminesced strongly for several 

minutes with a purplish green glow. 
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PART VI. CONCLUSIONS 

The investigation definitely showed that high 

intensity long-wavelength X-rays will lew er the natural 

frequency of quartz crystal oscillators. The amount of 

lowering varies widely with the individual crystal for 

crystals that are identical in cut, frequency, mounting, 

and appearance. However, the amount of change will usually 

be sufficient to warrant the use of X-rays to make the 

final frequency adjustment of crystals requiring small 

tolerances. 

From the limited results of this investigation 

the X-rays have no great effect on the temperature co¬ 

efficient of BT cut crystals and have none on the point 

of zero temperature coefficient. 

Several hours are required to obtain the maximum 

frequency decrease. This time could have been decreased 

by the use of a larger focal spot X-ray tube such as the 

Machlett type AEB-50-A which has a focal spot over three 

times as large as the one used in this investigation. 

This would increase the intensity more than threefold 

with the same current density within the tube. Proper 

choice of target material and tube voltage to give optimum 

absorption and penetration for the thickness of crystal 

being radiated will also reduce the time required. 

Any commercial process using X-rays for frequency 



5X2 

adjustment should have means of determining the amount 

of frequency adjustment inherent in a given crystal. 

At present the best method of determining this appears 

to be radiation for a few minutes to determine the 

initial rate of change in frequency. This will be a 

rough measure of the total possible change in frequency. 

Perhaps, further study will furnish other means such as 

chemical analysis. Developments in artificial crystals 

may enable the possible inherent frequency change to 

be provided by the addition of necessary impurities at 

the time the crystal is grown. 

This field is a fertile one for investigation. 

Such information as the response of different cuts of 

crystals, the relation of impurities to frequency change, 

the effects of X-rays on Rochelle salts and other crystals, 

and the development of a radiation procedure for crystals 

mounted in type FT 2^3 type mounts offer interesting pro¬ 

blems. A means of continuously measuring the crystal 

temperature and an automatic device for recording the 

frequency change continuously would be valuable tools in 

such investigations. 

One interesting investigation arises out of 

the explanation for the changes in the elastic constants 

of the crystal caused by radiation. If the process is 

one of removal of electrons from the atoms of the Si02 

would it not be possible to apply a strong d-c electric 

field across the crystal and thereby attract electrons 

■MV. 



away from the crystal once they are freed by the X-rays? 

It is quite possible that such a procedure might make the 

maximum frequency change independent of the impurities in 

the crystal. The crystal should be in a high vacuum. 

Otherwise ionization of the air would cause a breakdown 

of the electric field at a relatively low potential gradient. 

It might be that a magnetic field could also be used to 

help drag the free electrons to the surface of the crystal. 

It is believed that this problem is anointeresting one 

worthy of investigation. 
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APPENDIX A 

The Stability of Quartz Crystal Oscillators 

A normal quartz crystal oscillator can he 

represented by the equivalent electrical circuit 

shown in Figure A-l. K. S* Van Dyke was the person 

who first developed this circuit and proved its equiva¬ 

lence to the crystal oscillator. 

The parameters have the following physical in¬ 

terpretation and relative magnitudes: 

The effective mass of the crystal - hundreds of henries 

Rl The effective losses in the crystal - a few hundred ohms 

The effective stiffness of the crystal - a small 

fraction of a micromicrofarad. 

CQ The static capacity of the condenser formed by the 

crystal as the dielectric and the electrodes as the 

condenser plates. It also includes any capacity of 

the crystal mount and its wiring. It is approximately 

1.70 uuf per square centimeter per megacycle for 

BT cut plates. 

Considering the circuit in Figure A-l and disre¬ 

garding R^ as it is small, the circuit will have a series 

resonant frequency and a parallel resonant frequency. The 

reactance sketch of the terminal impedence of this circuit 

and the two critical frequencies are shown in Figure A-2. 

As can be seen from this sketch, the resonant frequency is 

determined entirely by the series branch Ri Li Ci or the 



individual properties of the crystal alone, and the anti- 

resonant frequency by the entire circuit. It is also evi¬ 

dent that for the circuit to be tuned to antiresonance by 

CQ the effective reactance of the branch must be 

positive. This sets the resonant frequency as the lower 

limit of antiresonance of the entire parallel circuit. 

Now consider the effect of varying C0. 

The resonant frequency is determined by 

The antiresonant frequency is determined by the 

fact that at antiresonance 

uu°-Li ~ “kc, ’ uk'ci 

^L,C,C. - C. * C, 

^ c, c0 

Therefore 

. .x s* 

— r /*•_£ 
Ca 

Hence as C0 is increased the antiresonant fre¬ 

quency approaches the resonant frequency as a limit. Also 

the ratio CQ/CJ Is a measure of the difference between fa 

and fr or the frequency stability of the crystal since it 
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has been noted above that the crystal must operate above 

the resonant frequency. This narrow range between fa and 

fr is further decreased by the shunting capacity of the 

circuit to which the crystal is connected. George, Selby, 

and Scolink (7) show graphically the effects of increase 

in the value of C0. 

This, then, is the basis for the high stability 

of a quartz crystal oscillator. The inherent value of 

placed in the crystal by nature is much smaller than any 

distributed capacity, especially at high frequencies, of 

a conventional coil. This gives the crystal a much greater 

C0/Ci ratio and hence much greater stability. 

It should also be noted that with very large 

and small by nature the QswL^/R^ the crystal is 

extremely high. This means the crystal is a much more 

efficient resonant circuit than any that can be constructed 

by man. 

It might be thought from the discussion above that 

the maximum in frequency stability could be obtained by 

making the input capacity of the circuit containing the 

crystal as large as possible. This is true up to the point 

where the input capacity becomes so large that the crystal 

will not oscillate. This limiting value is given by 

Heising (3) on page 39^ as 

U/cTPi 

where, as shown in Figure A-3» the crystal circuit of 



Figure A-l is represented by the equivalent series cir¬ 

cuit, LCRC, and the input impedenee of the circuit con¬ 

nected to the crystal is represented by the parallel com¬ 

bination of p and Ct. Ct is the shunting capacitance 

and p is the effective negative resistance of the oscillator 

circuit created by the feedback loop. This equation can be 

analysed qualitatively as follows. The driving force fur¬ 

nished by the energy storage of the crystal or Q must be 

greater than the circuit, pCt, it is driving for oscillations 

to start. Once the oscillations start and build up p is 

increased since the feedback voltage is increased. 

Oscillations will continue to increase in amplitude until 

p is sufficiently large for pC-j- to equal Q. This will be 

the point of stable oscillation where the sum of the resistances 

around the entire circuit equal zero and the sum of the re¬ 

actances around the loop likewise equal zero. Thus the 

theoretical limiting value of Ct is the one that prevents 

oscillation from starting. The practical limit is one 

that will provide oscillations of the desired amplitude, 

as increasing Ct decreases the amplitude of oscillation. 

I his relation shows that as the Q of the crystal 

becomes greater, Ct can be increased and the stability will 

become greater. It also shows that crystals are more stable 

than conventional LC circuits as the former have a much 

higher Q. . 

l 
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APPENDIX B 

Comparison of X-ray Intensities from Beryllium 

and Pyrex Glass Window X-ray Tubes. 

An excellent comparison of the relative inten¬ 

sities of X-rays from beryllium and Pyrex Glass window 

X-ray tubes is given by T. H. Rodgers (1). This compari¬ 

son covers the complete emission spectra of the two types 

of X-ray tubes. For this investigation the most important 

wavelengths are those that will give maximum penetration 

of the crystal being radiated and yet be largely absorbed 

by the crystal. This maximum penetration is desired as 

the photoelectric effect of the X-rays should be distri¬ 

buted as evenly as possible throughout the crystal. This 

relation of wavelength to thickness of the crystal is men¬ 

tioned by Frondel (2). For this investigation the optimum 

absorption will be taken as 63*2%, This value is a good 

compromise between absorption and penetration and it makes 

the exponent of "e" in the absorption equation equal to 

unity. 

A comrarison of relative intensities of wave¬ 

lengths near the optimum for the thickness of the crystals 

radiated is given below. 

1. The crystals are assumed BT cut as indicated 

by their temperature coefficient curves. 

2. Page 325 of Heising (3!) gives the following 

formula fob the frequency of BT cut crystals: 

V Frequency in KC s ' 2560    
thickness in mm 



Hi 

3* Using a frequency of 6^50 KC, the narked 

frequency of crystals #3, #4 and #5. 

Thickness of mm = = 0.397 mm. 

The measured thicknesses of three of the crystals 

used in this investigation are: 

#2 0.3935 mm. 
#4 0.3885 mm. Average 0.3910 mm. 
#5 0.3910 mm. 

(Measurements made in the Pice Institute 
Gauge Laboratory). 

The difference between measured and computed thick¬ 

ness is probably due to the fact that these crystals have 

plated electrodes which tend to lov/er the frequency, hence 

the crystals are ground thinner to compensate for this 

effect. 

4. The absorption of the X-rays is given by the 

well known equation: 

I = I0 e”
1JX 

where IQ = the intensity of incident X-rays 

u r the linear absorption coefficient of the crystal 

(a function of X-ray wavelength) 

x = the thickness of the absorber in centimeters. 

I s Intensity of X-rays after traversing distance X. 

Then r e-“u^*^391) 
1o 

5. Quartz has the composition SiC>2 with 

density z p Z 2.65 

molecular weight - 60.06 



composition by weight 

Silicon 64.7$ 
Oxygen 53.3$ 

6. Therefore, with um equal to the mass 

absorption coefficient 

log lo = um (0.1036) 

7. um = um (Si) x $ Si / uffi (0) x $ 0 

8. Using a table of mass absorption coefficients 

(Compton and Allison (5) page 802) and the relations of 6. 

and 7. above, the following tabulations can be made: 

(AO) um(Si) UmCO) % Log Ic 1 i° T 
$ Absorptic 

0.710 6.35 1.22 3.615 0.374 1.45 32$ 
0.880 11.8 2.20 6.68 0.682 2.00 50$ 
1.00 17.0 3.15 9.62 0.996 2.72 63.2 $ 
1.235 33.0 5.70 18.44 1.91 6.75 85.2 $ 
1.389 44.0 8.10 24.86 2.58 13.2 92.4 $ 

1.0 A° is approximately the optimum value. 

9. Similar data could be computed for different 

crystal thicknesses and all data plotted for convenient re¬ 

ference as an aid in the selection of the proper target 

material and voltage for the maximum effective radiation of 

crystals of a given thickness. This would be desirable if 

frequency adjustment is to be made on a commercial scale. 

10. From the data presented by T. H. Rodgers (1) 

it can be seen that the maximum radiation from the type 

AEG-50 tube used in this investigation occurs at a wave¬ 

length of 1.7A0. This value is greater than the optimum 

wavelength computed above. However, the intensity in the 

vicinity of 1.0A° is about 72$ of that at 1.7A°, the 



maximum radiation of the tube as shown by the curves 

of T, H. Rodgers, (1). 



CRYSTAL #1 

Time Beat Change Total 
(min) Frequency (cycles) (cycles) 
 tens)   

0 1760 0 0 
1 1715 45 45 
2 1740 -25 20 

3 1758 -18 2 
4 1758 0 2 
0 I867 0 2 Crystal removed from holder and 
1 I870 -3 -1 exposed to direct radiation 
0 1519 0 -1 
5 1527 -8 >9 Crystal replaced in holder 

1517 10 /I After 5 minutes-no radiation 

Date: 16 March 
Temperature: 25.5°C 
Radiation Data: 50KV^ 20ma , 
Marked Frequency: 17,730.0 KC (3d harmonic) 
Measured Frequency before radiation: 17,727.825 KC (3666.3) 

(3“ harmonic) 
Measured Frequency After radiation: 17,727.825 IC (5 April) 
Remarks: On 2 April #1 was radiated for 20 minutes at 50KV]_ 20 ma. 

To check temperature rise due to heating. This had no 
effect on frequency. See final frequency measurements. 
#1 definitely not affected by X-Rays. 



CRYSTAL #2 

Time Beat Change Total 
(Min) Frequency (cycles)(cycles) 

(cos)   

0 1700 0 0 
1 1690 10 10 
6 1625 65 75 
15 1547 78 153 
25 1517 30 183 
40 1438 79 262 
60 1354 84 347 
90 1200 154 500 

110 1120 80 580 
120 1090 30 610 

Date: 16 March 
Temperature: 26.0°C 
Radiation Data: 50KVi 10 ma, , 
Marked Frequency: 19,110.0 KC (3a harmonic) 
Measured Frequency before radiation: 19,111.250 (4308.4) O^harmonic) 
Remarks: Frequency drifted upward 219 cycles first 10 minutes after 

radiation. This 'believed due to Frequency Meter drift. 
Frequency measurement on 17 March gave 19112.918 ICC 
(4309.2) 
Instability noted by abrupt changes on oscilloscope. 
Frequency measurement before radiation is in error. 



CRYSTAL #2 
(Continued) 

Time Beat Change Total Time Beat Change 
(Min.)Frequen- (cycles)(cycles)(Min.) Frequen- (cycles) 
 cy(cns)     cv (cus)  

0 1759 0 0 130 1245 6 5 
2 1718 41 41 140 1180 65 
4 1678 4o 81 150 1130 50 
5 1660 18 99 160 1082 48 
7 1633 27 126 161 1630 5 

10 1580 53 179 170 1580 5° 
12 1560 20 199 180 1533 47 

15 1527 33 232 190 1490 43 
20 1481 46 278 200 1440 50 
25 l44o 41 319 210 1390 50 
30 1383 57 376 220 1350 4o 
35 1325 58 434 ' 230 1310 4o 
4o 1264 61 495 240 1277 33 
45 1206 58 553 250 1248 29 
50 1611 45 598 260 1210 38 
55 1095 66 664 270 1190 20 
65 1040 55 719 280 1160 30 
70 990 50 769 290 1130 30 
71 1760 10 779 300 1110 20 
75 1720 40 819 310 1095 15 
80 1660 60 879 320 1080 15 
85 1602 58 937 330 1062 18 
90 1562 40 977 340 1047 15 
95 1514 48 1025 350 1035 12 

100 1466 48 1073 360 1027 8 
105 1425 4l 1114 370 1023 4 
3.10 1380 45 1159 380 1020 3 
115 1350 30 1189 390 1020 0 
120 1310 40 1229 400 1019 1 
120 1310 40 1229 400 K 19 1 

410 1002 17 
415 1010 -8 

Total 
(cycles) 

1294 
1359 
1409 
1457 
1462 
1512 
1559 
1602 
1652 
1702 
1742 
1782 
1815 
1844 
1882 
1902 
1932 
1962 
1982 
1997 
2012 
2030 
2045 
2057 
2065 
2069 
2072 
2072 
2073 
2073 
2090 
2082 
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CRYSTAL #2 
(Continued) 

Time Total Time Total 
(Min.) Fundamental (Min.) Fundamental 

0 0 
2 
4 
5 
7 

10 
12 • 

15 77 
20 93 
25 
30 125 
35 
4o 165 
45 184 
50 
55 
65 240 
70 
71 
75 273 
80 293 
85 

326 90 
95 

358 100 
105 371 
110 
115 

410 120 

130 431 
140 453 
150 470 
160 486 
161 
170 
180 520 
190 
200 551 
210 567 
220 581 
230 
240 605 
250 
260 627 
270 634 
280 644 
290 
300 661 
310 
320 671 
330 677 
340 682 
350 
360 688 
370 
380 691 
390 691 
400 691 

Date: 11 April 
Temperature: 25.5° C 
Radiation Data: 50KV, 20 ma. 
Marked Frequency: 19,110.0 KC (3“ harmonic) 
Measured Frequency before Radiation: 19113*330KC (430914) 

(3d harmonic) 
Measured Frequency after radiation: 19111.460 KC (4308.5) (12 April) 
Remarks: Crystal holder removed during radiation. 

Window to crystal distance 6.5 mm. 
Crystal showed discoloration after radiation. 



CRYSTAL #3 

Time 
(Min.) 

Beat 
Frequency 

(cos) 

Change 
(cycles) 

Total 
(cycles) 

Total 
Fundamei 

0 1457 0 0 0 
1 1087 370 370 
2 873 214 584 
3 78 0 93 6 77 
4 735 45 722 
5 7 22 13 735 

10 6 75 47 782 
15 532 143 923 308 
20 378 154 1079 360 
25 200 178 12 57 

25 1496 0 1257 
30 1405 91 1257 
35 1183 222 1570 
40 942 241 1811 604 
45 700 242 2053 684 

1 March measured 
Frequency 19,338& 
KC (4417.3) be- 

1200 cps from 
frequency before 
radiation on 
4 March, 

Stability check on 8 March - Temperature 27,0° C 

Drift still present. Crystal #3 drifted downward 250 cps in 22 min. 
Crystal #4 which had not been radiated exhibited same downward drift. 
A check on the frequency meter finally disclosed that weak filament 
batteries in the meter were causing the drift. Plate batteries also 
weak. Filament batteries replaced. 

Dates 4 March and 7 March 
Temperature: 28.0°C 
Radiation Data: 50 KY, 20 am 
Marked Frequency: 19350.0 KC (3<i harmonic) 
Measured Frequency before radiation^ 19,340.000 KC (4417.9) 

(3® harmonic) 
Measured Frequency after radiation: 19338.400 KC (4417.0) (5-April) 

Remarks: Warm up time was 45 minutes each day. Downward drift 
due to unknown cause apparent during and after radiation 
on both days. 



CRYSTAL #3 
(Continued) 

Time 
(Min,) 

Beat 
Frequen¬ 
cy (cos) 

Change Total 
(cycles)(cycles) 

Time Beat 
(Min.)Frequency 
  (cos)  

Change Total 
(cycles)(cycles) 

0 1775 0 0 l4l 1470 350 9000 
2 1720 55 55 145 1170 300 9300 
5 1620 100 155 146 I890 70 9370 

10 1365 255 410 150 1620 270 9640 
l? 1096 269 679 155 1300 320 9960 
16 1600 ' 52 731 160 985 315 10275 
20 1398 202 933 l6l 1895 60 10335 
25 1130 268 1201 165 1645 350 10685 
30 863 26 7 1468 170 1360 285 10970 
31 1774 53 1521 175 1090 270 11240 
35 1543 231 1752 177 1840 120 11360 
,50 1270 273 2025 180 1695 145 17505 
ft? 980 290 2315 185 1500 195 11700 
46 1835 55 2370 190 1297 203 11903 
50 1593 242 2612 195 1100 197 12100 
55 1273 320 2932 200 910 190 12290 
60 940 333 3265 201 1830 40 12330 
61 1780 65 3330 205 1670 160 12490 
65 1510 270 3600 210 1520 150 12640 
70 1165 345 3945 215 1383 137 12777 
71 1880 68 2013 220 1260 123 12900 
75 1598 282 4295 225 1154 106 13006 
80 1250 348 4643 226 1662 20 13026 
85 897 353 4996 230 1590 72 13098 
86 I960 70 5066 235 1515 75 13173 
90 1670 290 5356 240 1450 65 13238 
95 1320 350 5706 145 1391 59 13297 

100 1025 295 6001 250 1340 51 13348 
101 1825 65 6066 260 1250 90 13438 
105 1545 280 6346 270 1186 64 13502 
110 1180 365 6711 280 1138 48 13550 
111 1905 70 6781 290 1096 42 13592 
115 1620 285 7066 300 1071 25 13617 
120 1240 380 7446 310 1069 . 12 13629 
125 855 385 7831 320 1040 29 13658 
126 1780 72 7903 330 1018 22 13680 
130 1480 300 8203 345 1000 18 13698 
135 1105 375 8578 360 1000 0 13698 
136 1820 72 8650 375 990 10 13708 

Date: 13 April 
Temperature: 25.0° C 
Radiation data: 50 KV, 20 ma. 
Measured frequency before radiation: 19338.00 KC(44l6.9) O^harmonic) 
Measured Frequency after radiation: 19324.200 KC(44l0.2) (l4 April) 
Remarks: This crystal showed the greatest discoloration 

(almost black) after radiation). 
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CRYSTAL #3 
(Continued) 

Total Time Total 
Fundamental (Min.) Fundamental 

l4l 
145 
146 
150 3897 

910 155 
160 
161 

4oo4 

165 4246 
1173 170 

4431 175 
1268 177 

180 4519 
1456 185 

190 
4717 

1661 
195 
200 

1772 201 
205 

4897 210 
215 
200 

4943 

2116 225 
226 
230 

5019 

2469 
235 5075 
240 5097 

2586 245 
. 250 

260 
2799 270 5185 

280 
290 

3039 300 5223 
3166 310 

320 
5244 330 

345 
3543 360 5256 

375 5253 
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CRYSTAL #4 

Time 
(Min.) 

Beat 
Frequency 

(cos) 

Change 
(cycles) 

Total 
(cycles) 

0 1683 0 0 9 March 
1 1645 38 38 
2 1615 30 68 50 KY, 10 ma. 
3 1579 36 104 
4 1563 16 120 
5 1559 7 127 
0 1745 0 0 
5 1780 -35 -35 13 March 

10 1723 57 22 
15 1665 58 80 50 KY, 20 ma. 
20 1613 52 132 
25 1585 28 160 
30 1554 31 191 
35 1522 32 223 
40 1496 26 249 
45 1476 20 269 
50 1453 23 292 
60 1390 63 355 
70 1348 42 397 
90 1248 100 497 

100 1205 43 540 
110 1157 48 588 
120 1119 38 626 

Date: 
Temperature: 26° C 
Radiation Data: 9 March 50 KY, 10 ma; 13 March, 50 ICV, 20 ma. 
Marked Frequency: 19,350.0 KC (3^ harmonic) 
Measured Frequency before radiation: 19,351*800 KC (4423.4-) 

(3“ harmonic) 
Measured Frequency after radiation: 19,351*040 KC (4423.2) (5 April) 
Remarks: Crystal oscillator on since o March. Frequency meter 

warm up was 30 minutes. 
For 13 March a D.C. filament power supply and regulated 
plate supply \4ere used. Check before radiation showed 
no drift. Overnight after radiation drift was 275 cycles 
downward. 



CRYSTAL #5 
f 

Time Beat Change Total Time Beat Change Thtal 
(Min.)Frequency (cycles)(cycles) (Min.)Frequency (cycles)(cycles) 
  (CDS)      (CPS)      

0 650 0 0 105 745 95 1245 
1 700 -50 - -50 110 64o 105 1350 
2 780 -80 -130 111 1520 20(est)1370 
3 833 -53 -183 115 l44o 80 1450 
4 860 -27 -210 120 1340 100 1550 
5 880 -20 -230 120 1855 0 1550 
6 883 -3 -233 125 1760 95 1645 
7 880 /3 -230 130 1650 no 1755 
8 880 0 -230 135 1545 105 i860 
9 870 10 -220 140 l44o 105 1965 

10 864 4 -214 145 1310 130 2095 
11 850 14 -200 150 1200 no 220 5 
12 836 14 -186 155 1090 110 2315 
13 824 12 -174 160 975 115 2430 
14 811 13 -161 165 856 119 2549 
15 800 11 -150 170 756 100 2649 
16 783 17 -133 175 650 106 2755 
17 772 11 -122 180 558 92 2847 
18 759 13 -109 180 1580 0 2847 
19 743 16 -93 182 1738 -158 2689 
20 731 12 -81 184 1858 -120 2569 
21 718 13 -68 185 1878 -20 2549 
22 705 13 -55 186 1900 -22 2527 
23 691 14 -41 187 1885 ^5 2532 
24 678 13 -28 188 1900 -5 2527 
25 664 14 -14 189 1895 /5 2532 
26 652 12 -2 190 1880 15 2547 
27 640 12 10 192 1865 15 2562 
28 630 10 20 195 1820 45 2607 
29 615 15 35 200 1755 65 2672 
30 606 9 44 205 1680 75 2747 
35 548 58 102 210 1620 60 2807 
40 480 68 170 215 1570 50 2857 
43 l4oo 4o(est)210 220 1523 47 2904 
45 1365 35 245 225 1440 83 2987 
50 1308 57 302 230 13?8 42 3029 
55 1237 71 373 235 1366 32 3061 
60 1160 77 450 240 1340 26 2087 
60 1540 0 450 240 1679 0 3087 
65 1495 45 495 245 1670 9 3096 
70 1410 85 580 250 2.660 10 3106 

75 1330 80 660 255 1630 30 3136 
80 1230 100 760 260 I608 22 3158 
85 1140 90 850 265 1595 13 3171 
90 lo4o 100 950 270 1581 14 3185 
95 940 100 1050 275 1560 21 3206 

100 840 100 1150 280 1546 14 3220 
285 1540 6 3226 
290 1536 4 3232 
295 1516 20 3252 
300 1510 6 3258 



CRYSTAL #5, 
(Continued) 

J'J 

Time Total Time Total 
_(Min.)  Fundamental (Min.) Fundamental 

0 0 105 415 
1 110 
2 111 
3 115 
h 120 517 
5 120 
6 -78 125 
7 130 
8 135 620 
9 140 655 

10 145 
11 150 735 
12 155 
13 160 810 
14 165 850 
15 -50 170 
16 175 

949 17 180 
18 180 
19 182 
20 -27 184 
21 185 
22 186 

23 187 
24 188 842 
25 I89 
26 0 190 
27 192 
28 195 869 
29 200 891 
30 15 20 5 
35 210 936 
40 57 215 
43 220 968 
45 82 225 996 
50 23(4- 
55 
60 150 

235 
240 1029 

60 240 
65 245 

70 250 
1045 75 220 , 2t:{' 

80 253 260 1053 
85 265 
90 317 270 1062 
95 275 

100 383 14 1073 
285 1075 

290 
295 
300 1086 



CRYSTAL #5 
(Continued) 

Drift Check 

After 3 Hours of Radiation  After 5 Hours of Radiation 
Time Beat Change Total Time Beat Change Total 

(Min.) Frequency (cycles)(cycles) (Min.) Frequency(cycles)(cycles) 
_____ (cos)     (cos) 

o 1350 0 0 1/2 min, 0 1510 0 0 
x s 1043 307 307 after ra- 2 1420 90 90 

10 854 189 496 diation 4 1300 120 210 
15 800 54 550 6 1165 135 345 
20 815 -15 535 8 1083 82 427 
25 842 -27 508 10 1024 59 486 
30 860 -18 490 12 988 36 522 
4o 884 -24 466 14 970 18 540 
50 895 -11 455 16 957 13 553 
60 890 5 460 5:00 p.m.l8 950 7 560 

180 810 80 540 7:00 p.m.20 950 0 560 
25 960 -10 550 
30 974 -14 536 
35 983 -9 527 
40 990 -7 520 
45 990 0 520 

Date: 2 April 
Temperature: 25° C 
Radiation Data: 50 KV, 20 ma. 
Marked Frequency: 19*350*0 (3d harmonic) 
Measured frequency before radiation: 19*328.400 (4412*3) 

(3“ harmonic) 
Measured frequency after radiation: 19,324.400 (44l0.3) (5 April) 
Remarks: Installed new tube in oscillator and reduced oscillator- 

grid bias from - 10 volts to -4 volts by reducing 
feedback coupling from 100 mf.to 30 mf. on 1 April. 
All units warmed up since 1 April. 

4 minutes radiation given crystal #5 prior to above 
data on 2 April. Upward frequency change was cause 
of doubt as to effectiveness of radiation. 



CRYSTAL #6 

Time Beat Change Total 
(Min.)Frequency (cycles) (cycles 
 (cns)   

0 1748 0 0 
1 1740 8 8 
5 1718 22 30 

15 1642 76 106 
3° 1581 61 I67 
45 1548 33 200 
60 
75 

1517 
1483 

31 
34 

231 
265 

90 1466 17 282 
105 1453 13 295 
120 1438 15 310 
120 1360 0 310 
135 1298 62 372 
150 1237 6l 433 

no radiation 

Date: 1 April 
Temperature: 26.0° C 
Radiation Data: 50 KV, 20 ma. 
Marked Frequency: 8155*710 KC (Fundamental) 
Measured Frequency before radiation: 8157*000 KC (352.*0 
Measured Frequency after radiation: 8156.560 KC (352.25) (5 April) 
Remarks: Oscillator tube tested short. Believed weak several 

days (16 March) prior to this. Tested short after 10 
days of no operation. Tube replaced by one that tested 
less than 1/2 normal Gm after only 24 hours of operation. 
Above data taken using weak tube. Weakness shown by 
abrupt jumping on oscilloscope as in 16 March test. 
Crystal #3 showed same instability. Drift upward of 
250 cps in 3 hours after radiation. 



Frequency Change with Temperature Change 

Before Radiation 
(1 April) 

Crystal #5 - 6450 KC Crystal #6 8155.710 KC 
Temp. Beat Change cps from Temp Beat Change cps from 
(°C) Frequency zero at. _ (°C) Frequency zero nt. 

25.0 1445 0 30.0 1500 0 20 
26.0 1445 0 35.0 1512 12 8 
27.0 1445 0 85 40.0 1518 20 0 
28.0 1450 5 80 45.0 1520 18 2 
29.0 1450 5 80 50.0 1507 7 13 
30.0 1460 15 70 55.0 1480 -20 40 
32.0 1470 25 60 6o.o 1436 -64 84 
33.0 1480 35 50 65.0 1360 -140 160 
34.0 1480 35 50 70.0 1260 -240 260 
35.0 l48o 35 50 
37.0 1490 45 40 
40.0 1496 51 34 
45.0 1510 65 20 
5o.o 1522 77 8 
55.0 1530 85 0 
60.0 1525 80 5 
65.0 1510 65 20 
70.0 1483 38 47 
75.0 1440 -5 90 

After Radiation 

Crystal #5 (3 Anril) Crystal #6 (11 Anril) 
Temp. Beat Change cps from Temp Beat Change cps from 
(°C.) Preaueney (cycles) zero nt• (°C) Preauency(cycles) zero nt. 

24. 0 
25.0 
26.0 
38.0 
30.0 
33.0 
35.0 
37.0 
40.0 
43.0 
*+5.0 
48.0 
50.0 
53.0 
55.0 
57.0 
60.0 
65.0 
70.0 
75.0 
Remarks 

1335 0 120 24.0 1242 0 58 
1339 4 116 25.0 1247 5 43 
1341 6 114 27.0 1255 13 45 
1349 14 106 30.0 1262 20 38 
1358 23 97 33.0 1280 38 20 
1377 42 78 35.0 1287 45 13 
1380 45 75 37.0 1292 50 8 
1393 58 62 40.0 1300 58 0 
1408 73 47 42.0 1300 58 0 
1421 86 34 43.0 1300 58 0 
1435 100 20 44.0 1299 57 1 
1440 105 15 45.0 1298 56 2 
1447 112 8 45.0 1297 55 3 
1453 118 2 50.0 1290 48 10 
3.455 120 0 55.0 1254 12 46 
1443 108 8 60.0 1202 -4o 98 
1420 85 35 65.0 1120 -122 180 
1379 
1339 
1290 

44 
4 

-45 

76 
116 
165 

70.0 1008 -234 292 

About 20 minutes required per run. Zero 
coefficient: #5-55.0°C, #6-42.0°C 

Temperature 


