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The need for these lower pressures Is Justified by en exsminstion of the
eging curves of cryatal wnite bese pleted with elumimam. Vheress units
bese plsted st monitor tempersture of L50"C aged dovnverd gulte repidly,
those pleted st & temperature of 250°C performed very well. This behavior
vas not understond ordginelly but it was conjectured that e thicker oxide
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the pleting ohember it ves found that the chimber
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behavior of resonsbors pleted with alumivum vhile meintained st h%0°C sub-
strate temperatures and clapified the otherwise snomelous behevior.

i cxperdment to ewnluste this Mypothesis will be condueted in the
noer future.

Plans for the month of April isclude completion of oven, vacuus snd
megsuring equipment modificetions precently under way snd of the febricstion
of en inftial series of reosopators. These will bBe plasted with 41 « AL or
Al’ﬁ“u

Respectfully -ubmitied,

Richard B. Beloer
Project Director

Approved:

Original Signed By Vernon Crawford

Y. Crawford
Beed, Phycics Brauch
Fhysical Scliemess Division



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA
3 May 1961

Frequency Control Division
Electronic Components Research and
Development Laboratories

Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber

Subject: Progress Letter No. 2
Contract No. DA-36-039-3C-874OT
Georgia Tech ProJject No. A-552
Period: 1 April to 1 May 1961

Dear Sir:

The purpose of this project is to delineate the effects of materials
and fabrication techniques on the stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and a
comparison between the stabilities of resonators fabricated of natural,
synthetic and swept synthetic quartz. A frequency measurement accuracy of a

few parts in 109 is desired.

Materials and Apparatus

An order has been placed for one hundred AT-cut plates of each of the
three types of quartz required. In addition, one pound each of "bulk”

Y-bar and swept quartz have been ordered from Sawyer Research Products, Inc.

The 200 unit oven has been modified to incorporate coaxial leads to
all positions; and preliminary calibration tests are being conducted.

The oven will be ready for use by the 15th of May.

The modification of the apparatus for the base plating and vacuum
baking of resonators has been completed. Operating pressures are in the

10T mm of Hg range.

The design of a final plating chamber has been completed and construction
started. This chamber is expected to operate at pressures in the 1077 mm of

Hg range and to have a rapid pump down rate.
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Frequency Measurement System

In order to attain the desired level of measurement accuracy a further
modification of the present frequency measurement system to insure more
reliable control of bridge adjustment and to speed up the measurements has
been sought. The proposed system and the progress in its development is

outlined below.

The frequency measuring system currently used employs an automatic gain
control circuit which maintains the crystal drive constant during adjustment
of crystal bridge and oscillator frequency. This system provides the neces-
sary accuracy in crystal frequency measurement but the procedure is somewhat
tedious and lengthy where a large number of crystal units must be measured.
Once the oscillator frequency is locked onto the crystal frequency several
adjustment operations must be carried out on oscillator tuning, bridge
balance, and detector gain to accomplish the desired bridge null condition

and thus permit the frequency to be correctly recorded.

A system which will improve the resolution of the detector in indicating
the null point of the bridge and also provide the possibility for automatic
tracking of the oscillator frequency with the crystal frequency has been
designed and the construction of a breadboard system has been begun. A
block diagram of the entire system including the proposed improved detector

and frequency tracking system is shown in Figure 1 attached.

Two signal voltages are taken from the bridge and fed into a two
channel superheterodyne circuit; these are the bridge input to one channel

and the bridge null output to the other channel.

Mixer injection voltages are Tfor both mixer stages derived from a -
common local oscillator. The output of each mixer is amplified in separate
i-f amplifiers and fed to a synchronous detector. The output of the syn-
chronous detector is a d~c voltage proportional to amplitude and phase
difference between the two i-f signals derived from the bridge. Thus if the
bridge is balanced the ocutput of the detector is zero or some fixed mean

value determined by the inherent constant phase value in the detector system.
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When the bridge is unbalanced in one direction the detector d-c output
will change and its phase relative to the balance condition will have a certain
polarity. An unbalance in the opposite direction will produce a detector
output of the opposite polarity. Since the output is dependent on the co-
herent properties of the two signals the incoherent property of noise in
both channels will produce no net d-c output and therefore these high fre-
quency noise fluctuations may be filtered out by a low pass filter having
only a few cycles bandwidth. Thus the null indication is not masked by
the noise voltage that is present in the envelope type of detector used in
the present system; as a result, a greater resolution of null condition is

obtained in the proposed system.

Since the synchronous detector output is determined by the direction
of bridge unbalance, the d-c voltage derived may be used to correct the
frequency of the oscillator. This action brings the bridge to balance by
operating the crystal at the frequency of its true series resonance. This
facility i1s indicated on the block diagram by the connection between the
low-pass filter output and the oscillator reactance circuilt input associated

with the VFO.

When the oscillator frequency is tuned manually to search for the crystal
resonance frequency and comes within the bandwidth of the detector system
the frequency tracking circuit will automatically take over and pull the VIO
frequency into the correct crystal frequency. This relieves the operator,
from this point on, from having to monitor the frequency to maintain bridge
balance. The only adjustment remaining for his attention is the reactance

balancing adjustment to compensate for the reactive component of the crystal.
Comments

Investigations conducted at Georgia Tech during the past several years
have indicated that there is no intrinsic reason why the final plating
operation should degrade the frequency stability of crystal resonators
provided metals chosen for the base and final plating are compatible with

regard to the effects of alloying and are not highly stressed. In mass
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production of resonators final plating to frequency i1s a .bottle-neck, and in
effort to speed the operation plating techniques are frequently employed
which are unacceptable, i.e.: high pressures, poor or no cold trapping,
etc. While the chamber now under construction here may not speed the final
plating operation significantly, it will improve the operation by offering
quickly obtainable pressures in the 10~ mm of mercury range with adequate
cecld trapping 1in the same time now required to pump to the ]_O-LL or 1072 mm
of Hg range. Pressure gauges have also been placed to monitor pressure in
the chamber directly, since the instantaneous pressure during evaporation

is the pressure of importance. In many vacuum systems the gauge position
does not give a proper reading of the chamber pressure and poor exhaust
methods may allow significant rises in pressure of two orders of magnitude
during the plating action. Pressures of this amount may increase aging
rates of the resultant resonators to an unacceptable degree. In the current

study every effort will be made to delineate these factors and to point out

methods of avolding them.

Program for May 1961

Oven positions will be ready for the installation of resonators by the
middle of this month. Initial resonators of 16.5 mc fundamental will be
fabricated and measured. Some of the older 16.5 mc resonators will be
installed as a check on the quallty of the new oven and its controls. On
arrival of resonator plates now on order aluminum plated resonators will be
fabricated employing duPont No. 5504 A silver flake cement. Similar units
will be fabricated employing aluminum and gold overcoats for frequency adjust-
ment. Units for operation in the overtcone modes will be prepared provided

the quartz plates, currently on order, are received.

Respectfully submitted.

Richard B. Belser
Project Director

Approved.:

Vernon Crawford
Head, Physics Branch
Physical Sciences Division
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GEORGIA INSTITUTE OF TECHNOLOGY
ENGINKERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

5 June 1961

Frequency Control Division
Electronic Components Research and Development Laboratories
Fort Monmmouth, N. J.

Attention: Dr. E. A. Gerber

Subject: Progress letter No. 3
Contract No. DA-36-039-SC-87407
Georgia Tech Project No. A-552
Period: 1 May 1961 to 1 June 1961

Dear Sir:

The purpose of this project 1is to delineate the effects of materials
and fabrication techniques on the stabilities of quartz crystal resonators.
Of particular interest are resonators operatéd in the overtone modes and
g comparison between the stabilities of resonators fabricated of natural,
synthetic and swept synmthetic quartz. A frequency measurement accuracy of
‘8 few parts in 109 is desired.

© Circuitry for the automatic nulling device to be added to the frequency
measurement bridge has been completed and the apparatus is now ready for
evaluation as to measurement accuracy. Repeatable measurements to a few

parts in 109 are expected.

Modification of the 200 unit oven has been completed to incorporate a
coaxial lead and BNC termination to each resongtor position. This oven
was placed in operation the latter part of May. Some early difficulty was
encountered in temperature control but this was traced to a failure of the
outer oven to c¢ycle. By lncreasing the heater voltage of the outer oven the

problem was remedied.

Twenty resonators were completed with parameters indicated in the
attached Table. These were placed in the 85° oven for aging. Data obtained
during the month was Insufficient for proper Interpretation of aging
behavior. '
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Mr. R. B. Belser, W. H. Hicklin and W. Bruce Warren attended the 1lhth
Annual Frequency Control Symposium in Atlantic City, N. J., 31 May, 1-2 June
1961.

Plans for the month of June are to complete the measurement equipment,
fabricate and measure additionsl resonators in accordance with the scheduled

program, and to complete Quarterly Report No. 1, now in preparation.

Respectfully submitted,

Richard B. Belser
Project Director

Approved:

4

Vernon Crawford
Head, Physics Branch
Physical Sciences Division

RBB:am



Quarterly Report No. 1, Project No. A-552

TABIE I

PARAMETERS OF RESONATORS FABRICATED DURING QUARTER

Base Plating Final Plating Bonding
Unit Type Metal Temp Pressure Metal Pressure Cement Curing Curing
No. Quartz (°c) (mm Hg)* Temp Time

(°c) _ (Hours)

Group 1 - Yield 100%

Natural Aluminum 300 4 x 10~° - - 55044 150 3

"

"t " " 1 11 "t

1"
L " " 1" 1" "

B b b b
=0 O~ O\ FW [V
]
]

i
(@
i
1

Group 2 - Yield 90%
6

2-1 Natural Aluminum 300 2 x 10 - - 550L4A 300 1
2_2 " " ” " - - 1" 11} "
11 1" 11 1" - - " 1" 1"
S_E_ " " 1" " - - " 1" 14
" " 7" " - - " " 11t
S_g ” " " 1" - - 11 11} 11
- " " " " - - " 11 "
S_g 11 11 1" 11 - - 1" 11 "
2_9 " " (1] 1" - - " " 1
2_19 " " 111 1" - - 111 1" 1"
*

This pressure is that recorded at the instant of evaporation; pressures just before and
shortly after evaporabion are usually an order of magnitude lower.

-13 A-



. Quarterly Report No. 1, Proje
TABIE I (Con
Mounting Vacuum Baking
Unit Type Resonator Time Temp Pressure Funde
No. Holder (Hours) (°C) (mm Hg)

Group 1 - Yield 100%

GE 0.006"
1-1 Glass Springs 3 175 2 x 1077
1_2 1" 1" 1" 1" 1"
1_3 " " " " "
l-Ll- " " 1 1 1
1_5 1] " " " 1"
1_6 1" " 1" 1" 1"
1_7 1" 1 " " 1"
1_8 " " 1" " n
1-9 n " n n " - - 22.5
1-10 " " " " " _ _ 2)4_ .5

Group 2 - Yield 90%

GE 0.006" 3 175 2x 107 4.5 - 14.0
2-1 Glass Springs
2_2 " 1" " " n Ll--5 - 13.0
2_3 1" " 1" n L 6.0 - 15 -O
2-Ll- 1" " 1" " 1" 5'5 - 16‘5
2_5 " 1" n "n t 6'0 - Hi
2_6 " " " 1" 1" 6.0 - 18 -O
2_7 1 " 1" " 1" 6. 5 - 17. 5
2-8 " " " " " 7.0 - 50.0
2_9 1 1 1" 1t t 7.0 - 17. 5
2.190 " " " 1t 1" 6.0 _ 17. 5

-13 B-



GEORGIA INSTITUTE OF TECHNOLOGY
ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

5 July 1961

Frequency Control Division
Electronic Cormpeonents Research and Developmsnt laboratories
Fort Mommouth, New Jersey

Attention: Dr. E. A. Gerber

Subject: Progress Letbter W, -
Coatract No. Li=35-239-SC-87407
Georgla Tech Project '
Period: 1 June 1901 ~IT—Judy 1961

The purposz of this projeuit g to dellinente the effects of moteria
and fabrication technlques con “ie stabilitics of quartz crystal resonato
Of particul:.r irvterest are recorszlors opercied in whe overtons modes ond a
comparison sotveen the shanilinlss of rescriors O lrftcated of natural,
gyanthetic .l swept syntliwi. o rbze A fimcuenc: oossurement acewrcey of
a fow parts 1z 107 is decicoa

Dear Sir:

Thirty 80 Mc rozonators wore fabricated during iz month of June.
consisted of 20 units fabricabod of culbured quartz acd 10 of natural ¢
The cultured qusvtz units wore plated with aluminum only and half vere \ok
swept quartz and half on unswent materiale The ten uanits on natural qudy
were bas2 plated with aluminuw mt plated to frequency with gold. R; valwe
for nearly .11 units vere in the range 10 to 20 ohm: vhen operated et 80 Me
(5th mode). Yield on %hcse recomators was 100 perce.c:.

Mensurements of the Lifty resonnlfors fabricated teo date love been 3
regularly. Scome drift in pords: in 10V was noted due to drafts about ing
mentation. The CI meter, bridgze and oven have been housed in insulated
bozes with plastic curtains in front. These bhave cul down drafis and s
lized measurements,

The application of the irmroved measurement technique utilizing autc
matic nulling of the crystal bridre encountered a difficulty related to
instobility in the I-F amplifiers. The I-F amlifiers have been rebuili to
eliminate this problem which was primarily due to insufficient shielding

-In addition, a 10 kc amplltude modulation has been added to the error
signal from the erysc:l bridge to facilitate v ' free smmplification of
the syaclhrinous detoel . cubtput. The method ™ .. thils has been accom-
srdished 1. L licated L. Jhe block diagram of . .gwet le The entire system
Siogram ho. bozen rediwwa for the sake of clariiy with the modifizatlons
saowa inside the dotted porticas of the diagianm,

REVIEW

................



Progress Ietter No. 4
Freqo Cono Div.’ Dro Gerber "2" 5 JuJ.y 1961

The 10 ke signal from an sudio oscillator is injected along with the
error signal from the crystel bridge at the input mixer, with the result
that the I-F signal output of the mixer is amplitude modulatad a2t a 10 ke
rate. This amplitude modulatzdé signal 1s heterodyned in the synchronous
detector with the wamodulated simal from the I-F reference channel to pro-
duce a 10 kc output whose phase reverses whenever the phase of the error
signal from the crystel bridge reverses. The 10 ke sigoal is then amplified
and applied to the 10 ke phase detector whose output is a D-C voitage of
proper polarity to tune the CI nmeter oscillator to the frequouncy required
for null in the crystzl bridge.

Quarterly Progress Report NHo. 1 was completed and for#rarded for ap-
proval.*

Plans for the month of July erc to fabricate and measure rescnators
in accoxdance with the acheduled program. The measurenent apparztus has
now been improved to the point that good aging measurements should be
obtained during the month.

Respectfully submitted,

Richard B. Belser e
RBB/var

Addressee, 5

bee: A. L. Bennett
R. B. Belser
W. H. Hicklin
Library, 2
Surplus

* The approved copy has now been received and will be reproduced and dis-
tributed shortly after the 15th of July.
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

2 August 1961

Frequency Control Division
Electronic Components Research and Development Laboratories
Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber

Subject: Progress Letter No. 5
Contract No. DA-36-039-sc-87407
Georgia Tech Project No. A-552
Period: 1 July to 1 August 1961

Dear Sir:

~ The purpose of this project is to delineate the effects of materials
and fabrication techniques on the stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and a
comparison between the stabilities of resonators fabricated of natural
synthetic and swept synthetic quartz. A frequency measurement accuracy
of a few parts in 109 1s desired.

During the reporting period three groups of crystel units using

natural quartz blanks were fabricated. 'The pertinent details of each
group are tabulated below.

QUARTZ CRYSTALS FABRICATED DURING JULY 1961

Group Base Plate Final Plate BS* Q Yield
5 Aluminum Gold 22.0 100%
6 Aluminum Aluminum 15.4 50%
7 Aluminum Gold 26.1 60%

*
Average value for the operable units measured at the 5th overtone in 85°C
oven.

Groups 5 and 7 differed in that group 5 units were overplated with
gold without removing the blanks from the base-plating mask while those of
group 7 were mounted and plated to frequency individually at the fundamental
frequency (16.0 Mc). All units were mounted in glass holders, evacuated,
vacuum baked and sealed in vacuum.



Progress Letter No. 5§
' Freq. Con. Div., Dr. Gerber -2- 2 August 1961

The modification on the 200 unit, 85°C oven to incorporate coaxlal
leads into the crystal positions caused a rather serious temperature control
problem. This action resulted from the relatively large volume of metal in
the coaxisl cable outer conductor transferring heat readily between oven
levels and to the outside. The measurement errors due to small oven tem-
perature changes have been virtually eliminated by:

l. Encloslng the bottom of the oven with a styrofoam housing leaving
only a plastic curtain through which the bridge enters to engage
the BNC connectors. ‘

2. Covering the sides and top of the oven with styrofoam, the top
being removable to permit loading of the oven.

Frequency measurements have been made only at the fifth mode using
equipment designed for use at 100 Mc on Project A-508. However, the equip-
ment under construction for mecsurcments at the fundamental and third over-
tone as well as the fifth overtone is expected to be completed shortly.

The lmprovement in measurement obtained by correction of the oven tempera-
ture control problem is exhibited in the graph attached for unit 2-1 (alum-
inum plated).

~~Tb§ program for August is to contlnue fabrication and measurements of
erystal units according to plan. In addition, units already on test will
be removed from the aging oven:s by groups -and measurements will be made for
calculation of the "Q" values of the resonators. The measurements will be
made at the fundamental frequency only.

Respectfully submitted,

Richard B. Belser
Project Director
RBB/var

Addressee, 5

bee: A. L. Bennett
R. B. Belser
W. H. Hicklin
Library, 2
Surplus
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GEORGIA INSTITUTE OF TECHNOLOGY
ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

5 October 1961

Frequency Control Division
Electronic Components Research and Development Laboratories
Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber

Subject: Progress Letter No. 6
Contract No. DA~36-039-SC-87407
Georgia Tech Project No. A~552
Period: 1 September to 1 October 1961

Dear Sir:

The purpose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and
a comparison between the stabilities of rescnators faebricated of natural
synthetic and swept synthetic quartz. A frequency measurement accuracy
of a few parts in 109 1s desired. '

The entire effort during the month of September has been devoted to
the completion of the AGC-AFC frequency measurement system. Unforeseen
difficulties were encountered 1n the signal to interference ratio of the
output of the AFC circuit. As a result lnadequate resolution and sensi~
tivity is obtained for satisfactory operation of the AFC channel. Although
extensive efforts were made to overcome this difficulty no practical solu-
tion appeared to be likely within a reasonable work period. Hence, 1t has
been decided to abandon the AFC portion of the system but to incorporate
improvements 1n sensitivity achieved during reconstruction of the bridge
assembly. The present system is expected to give measurements an order of
magnitude better than that achieved previously, i.e., accurate to a few
parts in 109. :

The construction of the present system cannibalized the measuring
system as it was and thus prevented frequency measurements for about thirty
days. The measurement system should be operafive at the higher accuracy
within ten days. It also has incorporated into it a multiplier which will
allow frequency measurements at both the third and fifth overtones.

It is recommended that if further improvement in measurement accuracy
be necessary that sufficient equipment be provided to allow parallel
-development of measurement instrumentation without interruption of the
operating system.
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Freg. Con. Div., Dr. Gerber

o

5 October 1961

Quarterly Report Mo. 2 was subiitied and approved except for minor
correcticus. It is now undergoing final reproduction in the corrected
copy and will be distributed in a few days.

Notice that the balance of the financial allotment for the work for
the 2k-menth total work period, per a telephone conversation between Dr.
G. X. Quttweir and Mr. R. B. Belser, has been confirnmed by the Contracting
CiTicer gnd work can proceed without interference from lack of sufficieant
funds.

Coxponents necessary for mounting quartz resonators in the HC-6/U
glass ccntainer have been receilved and work is proceeding cn this phase.
Some experiments with a "Pyroceran" sealing and bonding are also meaking
progress and scme success along this line appears feasible.

aring the month of October the frequency measurying system should
te back in opcration and febrication and measurement of rescnators accord-
ing to schedule will be contirued., Units will be mounted in the glass
EC-6/U contairer for the first time.

Respectfully submitted,

Richard B. Belser
RBB/Var

Addressee, 5

bec: A. L. Bennett
R. B. Belser
W. Heo Hicklin
Library, 2
Surplus



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

November 5, 1961

Frequency Control Division
Electronic Components Research and Development Laboratories
Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber

Subject: Progress Letter No. 7
Contract No. DA-36-039-sc-874L07
Georgia Tech Project No. A-552
Period: 1 October to 1 November 1961

Dear Sir:

The purpose of this pfoject is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and a
comparison between the stabilities of resonators fabricated of natural,
synthetic, and swept synthetiec quartz. A frequency measurement accuracy
of a few parts in 107 is desired.

The difficulties encountered with the AGC-AFC frequency measurement
system have resulted in the temporary abandonment of this measurement
method and a return to a system based on the original bridge measurement
system. An inherent weakness of the AGC-AFC bridge system is that driving
the crystal through a transformer degrades the effective Q of the crystal
and gives it poor control of the CI meter. It has been found that the
transformer can be eliminated by adopting a system similar to that shown
in Figure 1.

This arrangement requires a stable frequency source to drive the bridge
and this mey be CI meter controlled by a series of crystals of closely
matching frequencies to those under test or a frequency synthesizer of high
short time stability such as the Rohde and Schwarz siznal generator. By
driving the crystal under measurement passively with the proper frequency,
the resonant frequency of the crystal under examination can be determined.
With refinement this technique is expected to reach the desired accuracy
of measurement of a few parts in 109.

A large part of the “time during the month of October was spent in
working on the AGC-AFC measurement system. When it became apparent that
this method would not become workable without extensive further development,
work was immediately begun upon reestablishment of the original bridge
method with some refinement. Since this held no prospect for measurement
accuracies of parts in 107 the passive measurement ouslined was adopted since
it could be initiated as readily as a return to the former method. However,
the Rohde and Schwarz frequency synthes1zer would greatly facilitate the use
of the new system.

REVIEW
PATENT . /27 19. é/ BY
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I‘l‘eq- Con. DiVo, Dr. Gerber 2 . Novemmr 5’ 1961

4 nmethod for sealing the glass HC-6/U vnits has been perfected. After
the resonator has been mounted the envelope, base anc. crystal are held by
- 1wo jigs in a vertical evacuated Vycor tube heated e::termally by a gas ring-
- turner. The envelope, in an inverted position, is h:ld by the lower Jig.
The vymper jig holds the base and mounted reconator wlidch mates with the
envelope. The latter Jig is spring loaded to force the two parts together
€8 the sealing frit is melted. : : ‘

The gas Lurner heats the parts to a temperature of about 250°C. Tais
tdds in outgassing the parts and in reducing stresser set up when the Kovar
1ing is heated by the induction coil. The induction coil is actuated at a
currert of onc ampere for about 30 to 45 seconds unt:l the Kovar ring glows
et a énlld red. A disl gauge monitors the relative mvement between the
“vpper end. lover jigs. When this reads about 0.01l7" i1he foot switch to the
inducticn coil. 18 released. The dial gauge contimuer. to move about 0.0J3".
. £ motion between the jigs of 0.020" has been found tc¢ give consistently

-~ leakproof sealing as determined by the vacuum oil lerk test. On completion
. ¢f the seal the heat suppllied by the gas burner is giadually raduced to

- enneal the secl. The time allowed for this 18 five rdnutes. The resultant
geale have given no trouble from cracks duz tc residial stresses in the
glass. The method also removes the necessity for careful programming of
the current of the induction heater coil, :

Flans for the month of November are to renew aging measurcments of
resonatcrs fabricated with the new passive frequency measurement system. -
Fesonatcrs will be mounted in the new HC-6/U glass munts for the first

" Reapectfully submitted,

RBBfvar . S " Richard B. Belser
o ‘Project Director

| ee; Addressee, 5

teec: - A. L. Bennett -
-~ Rs B, Belser -
~ W. H. Hicklin -
Library, 2 ‘
Surplus
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

5 December 1961

Frequency Control Division
Blectronic Components Research and Development Iaboratories
Fort Mewsiouth, New Jersey

Attention: Dr. E. A. Gerber

Subject:  Progress letter No. 8
Contract No. DA-36-039-s5¢-8740T
Georgla Tech Project No. A-552
Period: 1 November to 1 December 1961

Deazr Sir;

The purpose of this project is to delineate the effccts of materials
and .:.abricatlon techniques on stabllities of gquartz crystal resonators.
Of particuler intercst are resonctors operated in the overtons modes and
a comparlison between the stobilities of resonators febricated of natural
synthetic, and swept synthetic quartz. A frequency measurcment accuracy
of a few parts in 107 is desired.

The frequency measuring equivment based upon the crystal bridge
nmethod of neaswrement has been completed. The system was completed
escentially as described in Progress Ietter No. T and Quarterly Report
lo. 3. Frequency measurenents of all crystals have veen uade at each
of the operating frequencies (16, 4S8, and 80 Mc). Results indicate thet
. the precision of measurenents may approach a few parts in 107 by the usg
of frequency multiplications of 9 at 16 Mc, 3 at 48 Mc, and 2 at 80 Mc
before counting and then counting for ten seconds.

Initial measuring of the crystal units was a laborious task becaust
of the nceessity of matching the frequencies of the crystals controllin
the CI ncter to the crystals stored in the oven. Twenty percent of the
crystals fabrlcated during this project were required for use as referchie
Trequency crystals. Resonotors fabricated during previous contracts were
employed to cover the lower frequency ranges at each operating frequengy.

Further improvements in the 85°C oven temperature coatrol have given
& temperature stability of about + 0.02°C maximum deviation. Additional
ipprovenents planned include full proportional control of the inner oven
using & magnetic amplifier to supply the oven heater power. The D.C.
convrol current for the amplifier will be obtalned from a thermistor
bridge. .

Fabrication of crystal resonotors was started egain during November.
The first group (No. 9) was base plated with evaporated aluminum without
overcoating to frequency and sgg.led in HC-6/U glass holders. The apparatus



Progress Letter No. 8
Freq. Con. Div., Dr. Gerber 2 5 December 1961

described in Quarterly Report No. 3 was used for sealing. The units were
mounted in tab-clips spot-welded to the pins and were bonded with Pyroceram-
siiver cement, No aging data on these units are available as yet.

Dr, G. X. Guttwein of USASRDL visited the Georgia Institute of Tech-
nology on 2 November 1961. The preogress and future program of the project
ware discussed. Partliculsr emphasis was placed on mcasurement of aging
et the fundamental, 3rd, and 5th overtones for respective resonators in
order to deflne the overtone dependence of aging.

Plans for the month of December include the fabrication of crystal
units in accordance to the previous schedule with emphasis placed upon
units mounted in glass HC-6/U holders. Mecasurements in progress will be
continued and. the current frequency measuring technique will be refined.

Respectfully submitted,

Richard B. Belser
REB/var Project Director

cey Addresszee, 5

beec: A. L. Bennett

R. B. Belser
W. H. Hicklin
Library, 2

Surplus



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT S8TATION
ATLANTA 13, GEORGIA

5 January 1962

Headquarters
U. S. Army Signal Research and Development Laboratory
Fort Monmouth, lew Jersey

Attention: Dr. E. A. Gerber
Solid State and Frequency Control Division

Subject: Progress Letter ¥o. O
Contract No. DA-36-039-s¢-8T7L07
Georgis Tech Project lio. A«552
Pericd: 1 December 1961 to 1 January 1962

Dear Sir:

The purvose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operoted in the overtone mcdes eong
a comparison beltween the stabilities of resonators fabricated of natum
synthetic, and swvept synthetic quartz. A frequency measurement accura
of a few parts in 109 is desired.

The passive bridge frequency measuring apparatus has been in use I0
about 45 doys. The precision of measurement with few exceptions haos been
very good. Tahcre are, hovwever, two major sources of measurement error:

1. The oven temperature deviates about + 0.03°C about the mean tef
perature of 85°C.

2. 1In some cases the frequency match between the CI meter crystal
and the oven crystal is poor.

This latier condition causes the frequency stability of the CI met
to be poor since the CI meter crystal must be "pulled" from its normal
resonant frequency durlng the measuremenis.

Refercnce Item 1 above: the operation at the same temperature of
each unit at the fundamental, third, and fifth modes results in a mis-
rateh between the respective turn-over temperature of the crystal and the
oven tempcrature except at one mode of operatlion. Thus the effect of the
temperature changes of the crystal oven cause measuremcnt errors to be
larger for one or more of the operating modes. It 1s also possible, of
course, that in some cases none of the operating modes will have a turn-
over temperature at 85°C.

REVIEW

..............................




Progress Letter No. 9
U.S. Army Sig. Res. and Dev. lab 2 5 January 1962
Dr. Gerber

Correlation of the dependence of the frequency of the crystal units
upon the oven temperature is now being determined by logging, with the
resistance of a thermistor mounted in an evacuated bulb and placed in the
crystal oven along with the crystal measurements.

Procurenent of a magnetic armlifier vhich will deliver a GO-cycle
AC voltage controlled by a few milliamperes of DC current has been initi-
ated. The control current will be obtained from a thermistor bridge,

Reference item 2 above: +the logical solution to this problem is
the substitution of a high quallty frequency synthesizer for the crystal
controlled CI meter. Howvever, some relief may be obtained as the stock
of CI meter crystals Ilncreases. Frequency counting pericds of ten seconds
are not being used presently because of the instabllity of the crystal
controlled CI meter.

The type of measurcmenvs being observed is 1llustrated in Figures 1,
2, and 3. The unit (1-2), base plated only with evaporated aluminum and
sealed in an evacuated bBulb, exhibits relatively large aging at the fifth
mode (Figure 3) but a very small amcunt at the fundamentsl and third over-
tone.

Two groups of crystzl units were completed during the month. Group
9 was base plated with aluminwi, mounted in tab-clips, bonded with Pyro-
ceran 95 and silver cement (five parts Pyroceram to one part silver by
volume) in the manner described below and sealed 4n HC-6/U glass holders.
The yield was 90% operable units. A second group (No. 10) was completed
with plating and bonding similar to that of Group 9 for comparison with
units previously prepared with other types of bonding agents. These were
sealed in the glass lawmp envelopes instead of the glass HC-6/U containers.
The yield of the latter group was also 90%.

Considerable trouble was encounterad when bonding to metal films
with the Pyroceram-silver cement. Several units of Group 9 which would
operate unbonded falled after the cement was cured. Severcl bonding and
firing operations were necessary bsfore nine operable units were obtained.
During the process the following bonding method was developed and used on
Group 10. : ‘

1. Dry mix 5 parts Pyroceram 95 and 1 part silver flake (vy volume).

2. Add thinner until the mixture has the consistency of creanm.

3+ Apply a thin coat to the mounted crystals at the clip and allow
to dry.

L. Apply a second thin coat and fire 5 minutes at 450°C in air.

All but one unit of Grouﬁ‘lb unit operated after bonding.

Part of the trouble with the Pyroceram-silver bonding appears to be
the mismatch between the thermal expansion of quartz and Pyroceram. In



Progress Letter Ho. 9

U.S. Army Sig. Res. and Dev. Lab 3 5 January 1962
Dr. Gerber

order to investigate the bornding more thoroughly, polished plates of

fused quartz were plated with evaporated aluminum and used for various
bonding experiments. It was found that upon coolinz the Pyroceran con-
tracts pulling the £ilm from the quartz at the periphery of the cement.

In several cases of extreme behavior a small chip of silieca was
broken from the plate. A very, slow cooling rate did not ilmprove bond
reliability.

Experiments are being extended to include bonding to £ilums of silver
and gold on fused silieca substirates. Also, the silver content of the
cement has been varied. Evidence recently obtained indicates that a mix-
ture having 5 parts silver and 1 part Pyroceram by volume produces, after
firing, a more ductile cement vhich possessces sufficient bond strength
and which does not damge the £ilm or the quartz during the cool-down
cycle.

The program for thz month of January includes:

Fabrication of crystal units in EC-6/U holders, comtinued fre-
quency measurcements, additional experiments with bonds of Pyroceram-silver
cement, and completion of the oscillators required for studies of the
effects on aging of continuous erystal drive.

Respectfully submitted,

RBB/ver Richard B. Belser

Project Director
Enclosures: Figures 1, 2, 3

ec: Addressee, 5

bee: A. L. Bennett
R. B. Belser
W. H. Hicklin
Library, 2
Surplus
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

5 February 1962

Headquarters ' '
U. S. Army Signal Research and Development Laboratory
Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber
Solid State and Frequency Control Division

Subject: | Progress letter No. 10
o Contract No. DA-36-039-sc-87407 !
- Georgia Tech Projlsct No. A-552
| Period: 1 Jenuary to 1 February 1962
Dear Sir:

The purpose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators cperated in the overtone modes and
a comparison between the stabilities of resonators febricated of naturs
synthetic, and swept synthetic quartz. A frequency mecsurement accura
of a few parts in 109 is desired.

One group of crystal units was fabricated during the month, This"
group (No. 11) was base plated with eveporated aluminum, mounted in 0.008
inch springs, bonded with du Pont No. 5504-A cement and mounted in glass
bulbs which were subsequently evacuated, baked, and sealed. The quartz
used was of the swept, cultured type. The yield was 100% and all of e
units were operable on the three modes of interest (1lst, 3rd, and 5th).

Frequency measurements have continued using the passive bridge sygtem.
Modifications bhave been made subsequent to Quarterly Report No. 3 and the
final design is shown in the block diagram of Figure 1. Mo basic change
in the operation of the system resulted from the changes. However, the
use of the HRO-5R receiver irproved the signal-to-noise ratio by reduc
the bandwidth in the null detection circuit. The frequency converter was
eliminated by using the HRO-5R for a null amplifier at 16 Mc and by de
tuning the front end of the VHF receiver so that 48 Mc could be receive
directlyo

requency measurements are considered to be accurate to a few parts
in 107 except for a few cases in which the frequency match between the
crystal controlling the CI meter and the one belng measured is poor.

................
.............



Progress Letter No. 10
Us S¢ Army Sig. Res. and Dev. lab.
Dr. Gerber 2 5 February 1962

The primary effort during the month has been to improve the oven
temperature control. Two approaches have been taken. Flgure 2-A shows
in block form a control system using the amplifled output of a thermistor
bridge to control the ocutput voltage of a magnetic amplifier*, Power is
supplied directly to the oven heater from the latter,

A second system shown in Flgure 2-B consists of a fixed DC voltage
across the oven heater upon which 1s superimposed a 10 ke AC voltage the
amplifier of which is varled according to the balance condition of a
thermistor bridge. Both of the temperature control systems have been
constructed and are ready for final testing.

A qualitative analysis of conductive cements using a mixture of
Pyroceram No. 95 and silver flake has indlcated that irmproved results
are obtained with a mixture of one part Pyroceram to 2 parts silver by
volume. The dry mix is suspended in a solution of amyl aecetate to which
has been added a small amount (about 3% by weight) of nitrocellulose,
dried at a low temperature of about 100°C for one hour and then fired
for five minutes in a muffle furnace pre-set to 450°C.

An investigation by x-ray topography (as developed by A. R. Lang,
University of Bristol) of the strain pattems in quartz plates caused by
various cements has been initiated in conJunction with Dr. R. A. Young
and Mr. N. K. Hearn, Jr., of the x-ray department. Such a study was sug-
gested by the fracturing of silica plates by the Pyroceram-silver cements
containing five parts Pyroceram to one part silver by volume. This frac-
ture was not observed when the cement was fired onto thin quartz plates,
end it was conjectured that conslderable mechanical distortion of the
plate would likely occur when the cement contracted upon cooling. Initisl
investigations of stress in quartz plates reveal comsiderable stress
exerted on the plates by the various mounting systems belng employed cur-
rently. These are being examined with the objective of devising a mounting
method applying a minimm stress.

Measurements of approximatel - 75 resonators have been contilnued
throughout the month. Since measuring is required at the fundamental, 3rd,
and 5th modes each unit requires three measurements and a limit of about
ten units per day or 50 per week may be measured. This allows daily mease~
urement of ten units or bimonthly measurements of 100 units. A plot of a
typical frequency behavior being obtained is shown in Figures 3 (1-10)
end 4 (10-1). Note that positive aging was displayed in the fundamental
modes in both cases but very little in the overtone modes.

* Freed type MAO-3



Progress letter No. 10
U. S. Army Sig. Res. and Dev. Iab.
Dr. Gerber 3 5 February 1962

The program for the month of February includes:
c 1. completion of the oven temperatures control systems;
2. continied frequency meagurements;

3. installation of a second storage oven operating at 85°C. This
oven is to be used in conjuncticn with studies of the effect of continucus
crystal drive and of the effects of radiation on crystal freguenciles.

Respectfully submitted,

RBB/var Richard B. Belser
_ Project Director

Enclosures: Figures 1l; 2; 3-A, =B,
-C; 4-a, =B, =C

cc: Addressee, 5

bee: A. L. Bennett
R. B. Belser
Wo. H. Hicklin
Library, 2
Surplus



A, B. c. D. " E. F,
Bridge Wide Band FO Crystal FO Null Amp Null Amp Null
Drive Amplifier Bridge T (48 and 80———14m (5 or 16 Detector
Generator | Mc ‘only) | Mc)
I |
l |
I I
) ‘ Lo 1
G. H. Fo
Frequency Drive
Multiplier Monitor A. TS-683 CI Meter (crystal controlled).
B. IFI Model 530.
C. Differential Capacitor Bridge for 48 and 80 Mc. Resistor
bridge for 16 Mc. “
D. VHF receiver. Servo Model R 5200.
: E. Receiver. HRO-5R.
F. Honeywell Model 104 WIG.
I. G. Frequency multiplication of 9 at 16 Mc, 3 at 48 Mc,
Wide Band “and 2 at 80 Mc.
Amplifier H. Millivac Type MV-18B R.F. VTVM.
I. IFI Model 530.
J. Hewlett-Packard Model 524C.
l Note: For frequencies of 48 and 80 Mc, the 5 Mc IF output of the first null amplifier
(Box "D") is further amplified by the second null amplifier (Box "E"). For
Je. 16 Mc the first null amplifier is eliminated and the second amplifier tuned to
Frequency the crystal frequency.
Counter

Figure 1.

Passive Bridge Frequency Measuring System
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

8 March 1962

Headquarters
U. S. Army Signal Research and Development Laboratory
Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber
Solid State and Frequency Control Division

Subject: Progress lLetter No. 11
Contract No. DA-36-039-sc-8TL4OT
Georgia Tech Project No. A-552
Period: 1 February to 1 March 1962

Dear Sir:

The purpose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and
a comparison between the stabilities of resonators fabricated of natural,
synthetic, and sweptgsynthetic quartz. A frequency measurement accuracy
of a few parts in 107 is desired.

Two groups of crystal units were fabricated during the month. The
pertinent details of each group are given in Table I. All of the units
of group 12 were opersble at the lst, 3rd, and 5th modes. Unfortunately
there were reference crystals for but two of the units at the 5th mode.
Measurements were made on all of the units at the lst and 3rd modes.

The passive bridge frequency measuring equipment has operated during
the month without modification or major repair. The principal disadvan-
tages {as stated before) are the necessity of maintaining a large file
of reference crystals for controlling the CI meter and the loss of
precision when the reference crystal must be "pulled" well out of the
maximum effective Q range.

Standard frequency signals required for the frequency counter are
obtained from an 0-76/U 100-kc oscillator. The beat of the local oscil-
lator with the 20-ke transmission from WWVL is monitored cogtinuously.
The oscillator is maintained at a frequency of 1% + 2 pp 107 above the
frequency of WWVL.

The proportional oven control system shown in Figure 2-A of Progress
Letter No. 10 has been placed in service. Operation has been limited to
periods when frequency measurements are being made since an unreliable
chopper amplifier can not be operated unattended. This unit will be



Progress letter No. 11
U. S. Army Sig. Res. and Dev. Lab. 8 March 1962
Dr. Gerber

replaced or repaired. Experiments indicate that the control system
will hold the oven to a maximum temperature deviation of + 0.01°C
and possibly better. When the high-sensitive thermistors now avail-
able are installed in the control system some further improvement is
anticipated.

An oven providing 36 additional positions for aging studies at
85°C has been placed in operation. The temperature stability of this
latter oven is very good. When control voltage refinements are com-
Pleted the stability without proportional control should be as good
or better than the 200-position oven with proportional control. A
second 36-unit oven is now being modified for use on this project.

Three units of Group 1 (natural, unswept quartz with aluminum
base plate) were exposed to gamma radiation for 24 hours at an intensity
of 1.6 x 10" rad/hour. This irradiation level is the maximum obtainable
with a readily available source. The fregquency changes produced are given
in Table II.

TABLE II

Frequency change (ppm)*

Unit Fund. 3rd Mode 5th Mode
1 -2 + 3.8 + 0.33 4+ 0.35
1-5 + 10.1 + 6.8 + 7.15
1-6 - 0.81 - 1.5 - 1.6k

*The changes shown were measured at 85°C before and after irradiation.

These results confirm previous experiments indicating that cgystal
resonators exposed to gamma radiation at an intensity of 1.6 x 10
rad/hour for several hours usually exhibit positive frequency shifts. The
shifts were not predictable but generally fell in the range of 2 to 15
pp.  The subsequent aging trends of these crystals are being measured.
Initial measurements indicate small positive aging with a tendency to
reach stability in a few days.

Measurements of approximately 80 units have been continued through-
out the month. Typical data are shown in Figures 1, 2, and 3. The aging
illustrated by units of Group 11 as depicted in Figure 3 is especially
interesting. These units were inadvertently vacuum baked at 225°C

2
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Dr. Gerber

rather than the normal temperature of 175°C. The cement (duPont #550L4A)
had turned brown and probably started to decompose. The generally poor
initial aging of this group is considered due to contamination of the
holder and quartz plate by some component of the epoxy cement.

The program for the month of March includes:

1. complete installation of the third 85°C oven making 172 positions
available for aging studies;

2. continue frequency measurements;

3. make initial studies of the effect of continuous drive on
crystal aging;

4. complete one crystal groﬁp. A maximum of two groups a month
can be completed without overloading the measurement
laboratory;

5. time permitting, the radiation studies will be expended to
include resonators of other types of quartz.

Respectfully submitted,

/
,TZ?Z,Richard B. Belser
RBB/var Froject Director

Enclosures: Table I
Figures 1A, B,
2A, B, C
3A, B, C

ce: Addressee, 5



Group Quartz

12(A) svept natural
12(B) swept cultured
13(A) natural

13(B) cultured

*No final plating.

Base Plate¥*

Evap. Al.

Evap. Al.

Evap. Al.

Evap. Al.

TABLE T

Mounting

0.006" springs

0.006" springs

0.006" springs

0.006" springs

Bonding

550k -A

550k -A

5504-A

550k -A

Sealing

3 hour
vacuum bake

3 hour
vacuum bake

3 hour
vacuum bake

3 hour
vacuum pake

Average R (ohms)

1st 3rd 5th

5.6 9.3 15.2

6.7 10.1 15.0

processing incomplete

processing incomplete
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GECRGIA

5 July 1962

Headquarters
U.S. Army Signal Research and Development Laboratory
Fort Monmouth, New Jersey

Attention: Dr. E. A. Gerber ,
Solid State and Frequency Control Division

Subject: Progress Ietter No. 14
Contract No. DA-36-039-sc-87407
Georgia Tech Project No. A-552
Period: 1 June to 1 July 1962

Dear Sir:

The purpose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and
a comparison between the stabilities of resonators fabricated of natural, -
synthetic, and swept synthetic quartz. A frequency measurement accuracy
of a few parts in 109_is desired.

During the month of June Quarterly Report No. 5 was completed and
copies were sent to USASRADL for approval.

On 22 May 1962 a group of twelve crystal units was removed from the
aging ovens and sent to Mr. Stanley of USASRADL for exposure to a high
intensity neutron radiation pulse. The group was comprised of four units
fabricated of natural quartz, four of cultured quartz, and four of swept,
cultured quartz. All of the units were base plated with evaporated
aluminum and mounted in evacuated glass bulbs.

Two groups of crystal units were fabricated during the quarter for
inclusion in the study of the effect of pulsed radiation on resonator per-
formance. Group Al-3 (10 units) was fabricated of cultured quartz and
mounted in HC-27/U holders after base plating with evaporated aluminum
and bonding with Pyroceram 95 plus silver cement*. Group Al-U4 (8 units)
was fabricated in a similar manner using swept, cultured quartz. These
" units are now in an 85°C oven for aging measurements on the third mode.

The frequency measurements of the crystals for the pulsed radiation
study are being made at the third overtone using the Rohde and Schwarz
Frequency Synthesizer as the R.F. generator. The synthesizer delivers

* 2 parts silver plus 1 part Pyroceram by volume.



Progress Ietter No. 14
U.S. Army Sig. Res. and Dev. lab
Dr. Gerber 2 5 July 1962

about 24 Mc to a frequency doubler which develops 48 Mc for driving the
crystal impedance bridge. The spurious signals out of the synthesizer 8
have been reduced and the precision of measurement is about 6 parts in 10V.
A complete set of replacement tubes for the device was ordered. The types
ECH-81 and EF-800 have been received and installed. Some improvement in
the performance was obtained.

Frequency measurements at the fundamental mode and on the third and
fifth overtones have been continued during the quarter. Evidence has been
accumilated to indicate that crystal units will have the maximum stability
with time when continuously stored at a constant temperature. If the
storage oven is opened and the units subjected to a thermal shock, a
restabilization period of at least several days is required before the fre-
quency stability is reestablished. The frequency of the unit may then be
different from the original by a small amount. Such action may be associated
with changes in the mechanical stress exerted by the mounting support on the
thin quartz plates when the temperature is varied. An interesting experi-
ment, although beyond the scope of the present project, would be to (1) estab-
lish a frequency vs. time trend at a constant temperature such as 85°C and
then (2) change the temperature a few degrees (plus or minus) and observe
the resulting effect on the resonator frequency. The temperature change
should be made without a thermal shock such as would be obtained if ovens
of the present design were opened to change the mercury thermostats.

A frequency measuring system capability study was made during the
quarter using the crystal controlled CI meter as the R.F. generator. The
results of these studies are shown in Figures 1, 2, and 3. The excellent
measurements indicate that the system will measure the resonator frequencies
with a precision of a.few parts in 107. More studies of this type are
planned but will be limited by the fact that the measuring system is in
almost continuous use due to the number of units being studied. '

Another experiment completed during the month was the following:

1. A 16 Mc unit was uncanned and mounted in s vacuum system nedr
the intake of a hot filament ionization gauge*.

2. The system was pumped to 5 x 10~7 Torr and the unit oscillated
over a range of drive levels on the fundamental mode.

3. Observations of the system pressure were made at each drive level.

There was no apparent change in the system pressure at any drive level up

to the maximm obtainable with a TS-683 CI meter. Calculations show that

one lixe of adsorbed gas on the surface of the crystal would be of the_grder
of 10-" molecules which is approximately the number in the system at 10 - Torr.

* Veeco type RG-T5P.
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Eence, the evidence appears to indicate that positive changes in the fre-
quency of a crystal resonator at the higher drive levels is not due to the
removal of adsorbed gas by the vibration of the quarts.

The program for the month of July includes:

1.

2.

3.

RBB/var

Continued frequency meassurements of crystal units.

The design and construction of a crystal oven and holder so that
quartz plates may be temperature cycled up to 100°C on the funda-
mental and overtone modes without plating and mounting. Such a
device could be used to advantage in production as well as in the
laboratory for the reduction of rejects due to poor angle control.

The Cesign and construction of a pilot model aging oven which will
allov precise temperatures to be maintained. Full proportional
control will be used., The oven will house s maximm of ten units.
The temperature control circult will permit small temperature changes
1f desired without loss of precise control.

Respectfully submitted,

Richard B. Belser
Project Director

Enclosures: Figures 1, 2, 3

cc: Addressee, 5

bee: E. J. Scheibner

R.

B. Belser

W. H. Hicklin - <
Library, 2
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

3 August 1962

U. S. Army Signal Research and Development Laboratory
Solid State and Frequency Control Division
Piezoelectric Crystal and Circuitry Branch

Fort Monmouth, New Jersey

Attention: Dr. G. K. Guttwein

Subject: Progress Letter No. 15
Contract No. DA~36-039-sc-87407
Georgia Tech Project No. A-552
Period: 1 July to 1 August 1962

Dear Sir;

The purpose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and
a comparison between the stabilities of resonators fabricated of natural,
synthetic, and swept synthetic quartz. A frequency measurement accuracy
of a few parts in 109 is desired.

During the month of July principle effort has been directed to keeping
up measurements of approximately 150 crystal units already fabricated and
on storage. About ninety of these are for the pulsed radiation studies.
and have been measured principally at the third mode. The remaining 60
are the units devoted to the study of long term aging effects and have
been measured at two or three modes, dependent on availability of units
of matching frequencies, More recently the Rohde and Schwarz Frequency
Synthesizer has been improved to the point that reasonably accurate
measurements can be obtained at all modes.

No additional units were fabricated during the month because of the
measuring load and the fact that annual summer vacations resulted in
reduced manpower available to the project for this particular effort.

A considerable amount of recent data has implied that crystal
resonators on storage are suffering some thermal shock whenever the oven
is opened to insert or remove specimens. Secondly, it has appeared that
stabilities of many of the resonators on storage are varying more from
temperature variation within the storage ovens than from other causes.
Thirdly, it is apparent that a specific cut for zero temperature coeffi-
cient at one mode of operation may not be satisfactory for the respective
unit at another mode of operation. Data which exhibit some facets of
these behaviors are discussed below.

Two series of successive frequency measurements over a period of
3/ hours were made on crystal unit 3-8, The results of these measurements
for the first and fifth modes are shown in Figures 1 and 2. Similar
measurements for the same unit (3-8) operated at the third moﬁf gﬁﬁ EW
illustrated in Figure 3 of Progress Letter No, l4.




Progress Letter No., 15
U.S. Army Sig. Res. Dev., Lab
Dr. Guttwein 2 3 August 1962

These measurements indicate the accuracy capability of the frequency
measurements and temperature control. They also indicate slight differences
in behavior at the various modes of operation. A large part of the fre-
quency shifts {of one or two parts in 108) are ascribable to temperature
shifts within the oven. In general these temperature changes are not greater
than #0,015 °C in the total range of thermister readings exhibited in 34
hours.

The frequency aging data for crystal unit 7-9 in its various modes of
operation are shown in Figures 3, 4, and 5, for the first, third and fifth
modes respectively. Attention is directed to the frequency changes which
occurred due to opening of the oven, power failure, etc. The frequency
shifts due to these temperature changes are larger at the first mode than
at the other modes of operation. A similar behavior has been generally
noted for other similar crystal units exposed to such inadvertent temper-
ature changes., It is conjectured that the behavior noticed is due to changes
in the strains in the quartz applied by the support system (0.006" steel
springs). Temperature variations of the environment would cause dimensional
changes in the support members and thus effect strain variation.

Frequency data for approximately 60 days operation have been obtained
for crystal units fabricated for the pulsed radiation damage study. Typical
aging curves for units plated with silver, gold and aluminium are shown in
Figures 6, 7, and 8 respectively.

Arrangements are currently being made for transporting these units to
the Sandia Pulsed Reactor Facility for exposure to a single radiation burst
of high intensity (10l nvt.). This experiment is expected to be performed
in about 60 days.

A Marconi oven Type No., F 3006-01 provided through Georgia Tech funds
has been recieved for use on this project. The oven after installation will
be used for checking the measuring equipment and for short term studies of
crystal stability.

In addition, a Manson oscillator, model RD 180A, was purchased and
installed during July. The frequency stability, after less than one month
of operation, is a few parts in 109 per day., - The ultimate stability
should be about two parts in 1010 per day.

The approval copy of Quarterly Report No. 5 was returned from USASRDL.
The required corrections were made and the report was sent to the repro-
duction department. It is expected to be completed and distributed about
10 August 1962,

The program for the month of August includes:

1. Continued routine frequency measurement of units on long term-
agings,

2. installation of the-Marconi. ovenj and

3. a continuation of the short term frequency stability studies.



Progress Letter No. 15
U.S. Army Sig. Res. and Dev. Lab
Dr. Guttwein 3 3 August 1962

In view of the recent directive of Dr. Guttwein with regard to the
proposed work on temperature cycling some of the work proposed in Progress
Letter No. 13 will be delayed. However, it is believed that additional frequency
versus temperature information may be required for thorough interpretation
of current measurements. This need suggested the proposed work rather than
the technical detail as to whether or not it was specifically within the
areas authorized within the terms of the contract.

Respectfully submitted,

Richard B. Belser
Project Director

Enclosures: Figures 1 through 8

cc: Addressee, 5
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

October 5, 1962

Headquarters
U.S. Army Signal Research and Development Laboratory
Fort Monmouth, New Jersey

Attention: Dr. G. K. Guttwein
Solid State and Frequency Control Division
Piezoelectric Crystal and Circuitry Branch

Subject: Progress Letter No. 16
Contract No. DA-36-039-SC-87407
Georgia Tech Project No. A-552
Period: 1 September to 1 October

Dear Sir:

The purpose of this project is to delineate the effects of materials
and fabrication techniques on stabilities of quartz crystal resonators.
Of particular interest are resonators operated in the overtone modes and
a comparison between the stabilities of rescnators fabricated of natural,
synthetic, and swept synthetic quartz. A frequency measurement accuracy
of a few parts in 109 is desired.

On 26 September 1962 Dr. R. A. Young, Mr. R. B. Belser and Mr. W. H.
Hicklin of Georgia Tech met with Dr. E. A. Gerber, Dr. G. K. Guttwein,
Dr. E. Hafner, Mr. J. M. Stanley and Mr. P. E. Mulvihill of the U. S. Ammy
Signal Research and Development Laboratories at Fort Monmouth, New Jersey.
Plans for the proposed continuation of the research program on aging studies
of quartz resonators were established and the scope of the technical
requirements was decided. A discussion of a technique of examining stresses,
electrical twinning, and other faults in quartz rescnators by X-ray
diffraction topography was presented by Dr. R. A. Young.

In September, Quarterly Report No. 6 was completed and copies were
forwarded to USASRDL for approval before publication.

No new units were fabricated during the month, principally because
the controlled temperature ovens had no positions open for additional
resonators.

During the month one of the principal efforts has been directed toward
completing measurements of about 150 resonator units stored at 85°C. About
ninety-five of these units were fabricated for the pulsed neutron radiation
study and were measured on the third overtone only. The remaining fifty-five
units were fabricated for the study of long term aging effects and were
measured at the first, third and fifth modes.

REVIEW

.........




Progress Ietter No. 16
U.S. Army Sig. Res. and Dev. Iab.
Dr. Guttwein 2 - October 5, 1962

Measurements of long term aging effects have continued for sufficlent
time to allow definite patterns of behavior to appear. These may be
summarized as follows:

1. The aging rates of the third and fifth overtone modes
usually agree very closely;

2. the frequency behavior at the fundamental mode is often
more erratic than at the overtone modes and appears to be
the result of sensitivity of this mode to thermal shock; and.

3. overplating the base plate with a second metal film, as
commonly done on a cold substrate, increases the aging rate
of the respective unit.

Typical data which illustrate the behavior patterns obtained for various
resonators are shown in Figures 1 through 8.

Continuous drive studies for a series of resonators were conducted
during the month. The general procedures followed are outlined below.

1. The values of the bridge parameters were determined for the
series resistance of the particular units;

2. the input voltage to the bridge to produce the desired drive
level was then calculated;

3. using the Rohde and Schwarz synthesizer as the R. F. generator,
the required voltage at the proper frequency was applied to the
brldge. The latter was determined by location of the null in the
usual manner;

4. +the units were driven for the desired period (about 3 days) at a
temperature of 85°C.

Since changing the drive level from the normal micro-watt range to
2 MW caused no change in series resistances, no final adjustments on
drive level were necessary.

Two units were driven as described with the results illustrated in
Figures 9 and 10. Unit 3-6 was driven 88.3 hours at the fundamental
and unit 10-1 was driven 64 hours at the third mode. The unit driven
at the fundamental changed more than the unit driven at bthe third mode.
Since the former was driven for 24 hours longer than the latter, no
determination of whether the magnitude of the changes are due to the time
difference or the apparent intrinsic sensitivity of the units at the
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Dr. Guttwein -3 - October 5, 1962

fundamental mode can be made at this time. More experiments of this type
are planned during which the units will be driven for equal periods of
time at each mode.

On 10 September 1962 selected units were removed from oven A for
exposure to pulsed irradiation; about 30 specimens were reserved as
control specimens and kept in the laboratory at room temperature. The
units to be irradiated were taken to the Sandia Pulsed Reactor Facility
on 11 September and irradiated on 12 September. The irradiated units were
returned to the laboratory on 1lh4 September 1962, and nine of the irradiated
units were immediately replaced in the oven. On 17 September the parameters
of the nine units were measured; immediately afterwards the oven was opened
again to return the balance of the units to their original test positions.
The measurements of frequency changes experienced by the various resonators
are sumarized in _Table I. In general, frequency changes noted were only
a few parts in 107 and of the same order of magnitude as that of the
control units kept at room temperature in the laboratory. There appeared
to be a slight negative change indicated for the aluminum plated reson.ators.
The significance of this at this time has not been ascertained.

During the conference on 26 September, Mr. J. M. Stanley displayed an
interest in some of the gamma irradiation experiments made here earlier,
a discussion of these is.given below.

On 5 March 1962 three natural gquartz units were exposed to gamma
radiatiog from a Cesium 137 source for 24 hours at a dose rate of
1.4 x 10 rad/hour. A typical example of frequency changes observed
are shown in Figure 1l1. The frequency versus time data obtained sub-
sequent to exposure are illustrated in Figures 12, 13 and 1k. Figures 12
and 13 indicate that the initial frequency change is greater on the
fundamental than in the overtone modes and that the third and fifth over-
tones agree in behavior very closely with each other. Figure 14 illustrates
the behavior of a unit which has been irradiated into the "cross-over"
region - that portion of the frequency - time curve for gamme irradiation
where the frequency after having been below the initial frequency has
returned approximately to the original frequency as shown in Figure 11.

The program for QOctober includes:

1. PFabrication of one group of crystals mounted in
gettered T 5-1/2 bulbs,

2. a continuation of the drive level studies and,

3. continued frequency measurements of both regular and
irradiated resonators.

Respectfully submitted,

Richard B. Belser
Project Director
Addressee: 5
Enclosures - Figures 1-14, Table I
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

1 November 1962

Headquarters
U.S. Army Electronics Research and Development Laboratory
Fort Monmouth, New Jersey

Attention: Dr. G. X. Guttwein
Solid State and Frequency Control Division
Piezoelectric Crystal and Circuitry Branch

Subject: Progress letter No. 17
Contract No. DA-36-039-SC-8ThOT
Georgia Tech Project No. A-552
Period: 1 Qeteber +to 1 November 1962

Dear Sir:

The purpose of this project is to delineate the effects of
materials and fabrication techniques on stabilities of quartz crystal
resonators. Of particular interest are resonators operated in the
overtone modes and a comparison between the stabilities of resonators
fabricated of natural, synthetic, and swept synthetic quartz. A
frequency measurement accuracy of a few parts in 109 is desired.

During the month of November Progress ILetter No. 16 was prepared
and forwarded to USAERDL. On 15 October the approved copy of Quarterly
Report No. 6 was received and sent to reproduction. It was completed
and sent to the Security Officer for distribution on 31 October 1962.

Three groups of crystals were fabricated during the month; the
pertinent parameters of these are listed in Table I attached.

Thirty resonator units were fabricated during the month. These
consisted of ten aluminum plated natural quartz resomators in which
. getters were flashed after seal off and 20 gold plated units fabricated
of natural, swept natural, cultured, and swept cultured quartz. The
total yield of units was 26 giving four or five each of the latter four
categories of units. More complete details concerning fabrication
parameters are listed in the Table I attached.

It is planned to measure the frequency versus time data for these
resonators by utilizing the Rohde and Schwarz frequency synthesizer as
the RF generator and the necessary accessory equipment. This will give
accuracies up to + 1 cycle and will allow ready measurement at the funda-
mental, third and fifth modes. However, the gold plated resonators exhibit
a relatively high resistance at the fifth mode and will not be measured
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at this mode. The gold was employed because, in this particular case,
the types of quartz in the blanks is the principal interest and gold
has proven to be the most reliable and reproducible plating material
for minimum aging ascribable to fabrication.

On 15 October 1962 three cultured and three swept, cultured quartz.
units, mounted in HC-27/U holders, and not previously irradiated, were -
removed from an 85°C oven, exposed to gamma irradiation of a cesium

Ce 137 source for 24 hoursGand returned to the oven. The dose level

was approximately 1.4 x 10° Rad./Hr.

The frequency changes produced by the irradiation are given in
Table II which is attached. It will be noted that the cultured quartz
blanks underwent large {about 28 ppm) frequency shifts whereas the
swept cultured quartz underwent only small ones (< 2 ppm).

The apparent superiority of the swept quartz from the standpoint
of its ability to withstand damage due to radiation effects is thus
dramatically illustrated. However additional information similar to
that which has already been reported for natural quartz, must be
obtained in order to define the expected behavior of resonators made
from the different kinds of quartz. The position with respect to total
frequency change of the various types of units on an irradiation time vs
frequency curve will probably allow prediction of aging to be expected.

The subsequent aging data on the gamms irradiated units is only
limited in nature. The frequency changes obtained for the swept cultured
units have been slightly positive whereas three of the readings of the
unswept units have been negative. All are small, of the order of one
half ppm. Due to the limited measurements completed thus far and the
possibility of effects due to temperature cycling on removal and re-
placement, no prediction as to future aging can be made at this time.

Frequency measurements of units for routine aging studies at the
fundamental, 3rd and 5th modes have been continued. No unusual
developments have been noted.

Measurements of the resonators exposed to high intensity pulsed
neutron radiation were continued. It is evident from the data that
the radiation received by the resonators produced no damage that would
lead to subsequent frequency changes, resistance changes, or other
changes affecting appreciably the aging rates of the resonators.

The program for the month of November includes:

1. Continued frequency and other electrical measurements
of all units presently stored at 85°C;

- 2. Fabrication of a group of swept, natural quartz units
in HC-27/U holders for continued gamma radiation studies; and
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U.S. Army Electronics Res. and Dev. lab.

Dr. Guttwein -3 1 November 1962

3. Fabrication of one group of special units for
measurements in the Marconi high precision
temperature control oven.

Respectfully submitted,

Richard B. Belser
Project Director

RBB:md

Addressee: 5
Enclosures: Tables I and IX



TABLE I
Parameters of Resonators Fabricated in October, 1962

No., of Yield Base Bonding '
Group Units (o/o) Quartz Plate  Support Cement Holder Remarks
G 8 80 Natural A 0.006" DuPont T/5 1/2 Holder Vac. Baked and Gettered
Springs 55044
14 9 90 h-Natural 0.006" DuPont
5-Swpt. Nat. Au Springs  5504A T/5 1/2 Holder Vac. Baked Only
15 9 90 h-Cultured 0.006" DuPont
5-Swpt. Cult. Au Springs 55044 T/5 1/2 Holder Vac. Baked Only
TABLE II

Frequency Changes Experienced by Resonators Exposed to Gamma
Radiation from Ce 137 Source for 24 hours¥

AF(PPM) AZ¥

Unit ) Quartz 1st. Mode 3rd. Mode 1st. Mode 3rd. Mode
A1-3-7  Cultured +28.2 +27.3 -5.5 +0.0
A1-3-8 Cultured +28.4 +28.8 +2.0 +1.5
A1-3-9 Cultured +29.2 +29.8 - - +0.5.
Al1-5-1 Swpt.

Cultured - -0.6 -0.3 5.5 -2.0
Al-5-3 Swpt.

Cultured +1.1 -0.5 -1.5 +0.0
Al"s-)"‘ Swpt.

Cultured -0.k -0.3 +0.0 +0.0

Z is a direct function of Ry and is obtained from the calibration dial of an impedance bridge.
¥Total Dose: Approximated 1.4 Rad./ﬁr. for approximately 24 hours.



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA 13, GEORGIA

1 January 1963

Headgquarters
U. S. Army Electronics Research and Development Laboratory
Fort Monmouth, New Jersey

Attention: Dr. G. K. Guttwein
Solid State and Frequency Control Division
Piezoelectric Crystal and Circuitry Branch

Subject: Progress Ietter No. 18
Contract No. DA-36-039-SC-87kO7
Georgia Tech Project No. A-552
Period: 1 December 1962 to 1 January 1963

Dear Sir:

The purpose of this project is to delineate the effects of
materials and fabrication techniques on stabilities of quartz crystal
resonators. Of particular interest are resonators operated in the
overtone modes and a comparison between the stabilities of resonators
fabricated of natural, synthetic, and swept synthetic quartz. A
frequency measurement accuracy of a few parts in 107 is desired.

During the month of December @Quarterly Report No. 7 was completed.
Approved copies were sent to USAERDL. No monthly progress letter was
submitted for November since Report No. 7 was being prepared.

Work on the project during the month was limited principally to
frequency measurements since sufficient resonators have already been
fabricated to meet the principal objectives of the current program.

The most recently fabricated units (groups 14 through 20 and
group G) have been stored at 85°C for thirty days or more. As the
units mature, behavior patterns for the different groups and for certain
units of the same group can be detected.

Groups 14 and 15 were intended to be identical except for the
types of quartz used. Group 1% units were fabricated using swept and
~ unswept natural quartz. Group 15 units were fabricated of swept and
unswept cultured quartz.

Figure 1 illustrates the data for a gold plated unit of group 1k4.
This resonator was fabricated of unswept, natural quartz. The data for a
similar unit of swept, natural quartz @reshown in Figure 2.

patent /=K. 1003 py # oy
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Progress letter No. 19
U.S. Army Electronics Res. and Dev. lab.

Dr. Guttwein S5 1 February 1963

It is noteworthy that again the principal shifts observed were at
the fundamental whereas those occurring at the overtone modes were
less or inappreciable except as exhibited in Figures 5 and 6. This
data has been summarized more thoroughly by making a tabulation of all
the shifts occurring in the six groups under discussion. This data
is exhibited in Table I. The larger change in frequency at the
fundamental than at the overtone is easily noted even for units of
groups 19 and 20 although there was an appreciable change at the 3rd
overtone mode also; however, the latter amounted to only one-half that
at the fundamental.

A second point which is brought out by the data in the table is
that changes that occurred for groups 17, 18, 19 and 20 were decidedly
larger than those for groups S and 16. The former groups are characterized
by being plated with two metal layers, Au + Al, Al + Al or Al + Au,
vhereas the latter two groups are plated only with a single layer of gold.

In cases where the metal films were alloyed by heating during
sealing, as for three units of group #0 (20-1, -2, -3), the frequency
change was the same order of magnitude as for groups S and 16 at the
fundamental and virtually zero at the third overtone. For group 17,
partially alloyed during sealing, the frequency changes at the fundamental
and at the third overtone were less than for the remaining bilayer films.
It thus appears that the effect of stress applied by the bimetal. layers
during a temperature chan%e is sufficient to exhibit frequency changes
measurable in parts in 10f. This effect may be the result of layers of
two different metals or of two layers of the same metals applied at a
temperature different from that at which the base coating was applied.
Furthermore, diffusion of the two layers into a single layer reduced or
removed the observed frequency shift.. The frequency changes of group 18
at the fundamental were very large (Figure L4). They appear to be the
result of a stress effect caused by the application of the second aluminum
layer at a temperature of about 350°C. Perhaps this in turn caused the
presence of an oxide interface between the two layers or oxide contamination
of the second layer. However, this particular behavior needs further
investigation for better interpretation.

Of particular interest to the current stability studies is the fact
that bilayer films, whether of single or different metals, continue to
exhibit undesirable aging behavior in contrast to single layer films.
This fact argues that bilayer films should be excluded as electrodes for
AT-Cut resonators of which the highest stability is required.

The remainder of the contract time is to be spent principally in
finishing up measurements for the Technieal Report covering the research

)



Progress letter No. 19
U.S. Axmy Electronics Res. and Dev. Iab.

Dr. Guttwein -3- 1 February 1963

completed in the last two years. Additional continuous drive and gamma
radiation studies are to be conducted if time permits. Work on the

Technical Report will begin.

Respectfully submitted,

Richard B. Belser
Project Director

RBB :md
Addressee: 5

Enclosures: Table I, Figures 1-6
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AD Accession No.

Engineering Experiment Station, Georgla Institute of Technology, Atlanta,
Georgis., AGING CHARACTERISTICS OF QUARTZ CRYSTAL RESONATORS, R. B. Belser
and W. H. Hlcklin.

Report No. 1 (First Quarterly), 15 February 1961 to 15 Mey 1961, 17 pp.,
4 Illus. Signal Corps Cootract No. DA-36-039-5C-87407, Unclassified Report.

Vacuum equipment for fabricatlon of resonators of frequencies of 16, 48
and 80 mc has beeo modified to incorporate improved pump?;ng acd cold trapplog
in order to perform processing steps at pressures of 1079 to 10~7 mm of
mercury. A 200-unit constant temperature oven has been likewise improved
by incorporation into it of coaxial leads and BNC terminations. These
improvements facilitate measurements at frequencles above 16 me.

The frequency measurement system, based on a2 single-ended bridge and
counter method, has been modified to lncorporate antomatic gain cootrol of
the Crystal Impedance Meter Oscillator and automatic nulling of the bridge.
These improvements are expected to bring the frequency measurement accuracy
to a few parts ic 109,

Polished quartz crystal blanks of 16 me fundamental frequency for
operation at the fundamental, the third and fifth overtones have been
procured. A portlon of these are of natural quartz and a portion of
cultured qusrtz. Arrangements have also been made for procurement of
blanks of "swept” natural and cultured quartz.

Tweoty aluminum plated resonators have been fabricated and measured.
Initlal aging measurements of these units have lndicated excellent stabllities.

UNCLASSIFIED

Aging Characteristics of
Quartz Crystal Resomators

S1gnal Corps Contract No.
DA-36-039-5C-87407

AD Accesslon No.

Englneering Experiment Statlon, Georgia Imstitute of Technology, Atlanta,
Georgls. AGING CHARACTERISTICS OF QUARTZ CRYSTAL RESONATORS, R. B. Belser
and W, H. Hicklin.

Report No. 1 (First Quarterly), 15 Februsry 1961 to 15 Mey 1961, 17 pp.,
4 Illus. Signal Corps Contract No. DA-36-039-SC-87407, Unclassified Report.

Vacuum equipment for fabricatlon of resomators of frequencies of 16, 48
and 80 mc has been modified to incorporate improved gump%ng and cold trapping
1o order to perform processing steps at pressures of 107° to 10°7 m of
mercury. A 200-unit constant temperature oven has been likewlse improved
by incorporation into 1t of ccaxial leads and BNC terminations. These
improvements facilitate memsurements at frequencies gbove 16 mec.

The frequency measurement system, based on & single-ended bridge and
counter method, has been modified to incorporate sutematic galn control of
the Crystal Impedance Meter Oscillator and mutomatic nulling of the bdbridge.
These improvemects are expected to bring the frequency measurement accuracy
to a few parts in 109.

Polished quartz crystal blanks of 16 me fundamental frequency for
operation at the fundamental, the third and fifth overtones have been
procured. A portion of these are of natural quartz and a portion of
cultured quartz. Arrangements have also been made for procurement of
blanks of “swept™ natural and cultured quartz.

Twenty aluminum plated resonators have been fabricated and measured.
Initial aging measurements of these units have indicated excellent stabilities.

URCLASSIFIED

Aging Characteristics of
Quartz Crystal Resonators

Signal Corps Conmtract No.
DA-36-039-5C-87407

AD Accession No.

Engloeering Experiment Statlon, Georgia Institute of Techmology, Atlanta,
Ceorgla. AGING CHARACTERISTICS OF QUARTZ CRYSTAL RESONATORS, R. B. Belser
end W. H. Hicklin.

Report No. 1 (First Quarterly), 15 February 1961 to 15 Mey 1961, 17 pp.,
4 Illus. Sigual Corps Contract No. DA-36-039-SC-87407, Unclassified Report.

Vacuum equipment for fabrication of resomators of frequencies of 16, 48
and ‘80 me has been modified to incorporate improved pump%ng and cold trapplng
in order to perform processing steps at pressures of 107° to 10~7 mn of
mercury. A 200-unit constant temperature oven has been likewise improved
by incorporation into 1t of ccexlal leads and BNC terminatlons. These
improvements facilitate measurements at frequencies above 16 mc.

The frequency measurement system, based on a single-ended dbridge and
counter method, has been modified to incorporate automatic galn control of
the Crystal Impedance Meter Osclllator and autometic nulling of the bridge.
These Improvementa are expected to bring the frequeccy measurement accuracy
to & few parts in 107.

Polished quartz crystal blanks of 16 me fundamental frequency for
operation at the fundamental, the third and fifth overtones have been
procured. A portion of these are of natural quartz and a portion of
cultured quartz. Arrangcments have also been made for procurement of
blanks of "swept" natursl and cultured quartz.

Twenty aluminum plated resonators have been fabricated and measured.
Initial aging measurements of these units have indicated excellent stabllities,

UNCLASS IFIED

Aging Characterlstics of
Quartz Crystal Rescnators

Slgnal Corps Contract No.
DA-36-039-5C-87407

AD Accesslon No.

Engineering Experiment Station, Georgia Institute of Technology, Atlanta,
Georgla. AGING CHARACTERISTICS OF QUARTZ CRYSTAL RESONATORS, R. B. Delser
ard W. H. Hicklin.

Report No. 1 (First Quarterly), 15 February 1961 to 15 Muy 1961, 17 pp.,
4 Illus. Signal Corps Contract No. DA-36-039-SC-87407, Unclassifled Report.

Vacuum equipment for fabrication of resonators of frequeccles of 16, 48
and ‘80 mc has been modified to incorporate improved pump%ng and cold trapping
in order to perform proceseing steps at pressures of 107° to 10~7 mm of
mercury. A 200-unit constant tempermture oven has been likewise improved
by incorpormtion into it of coaxial leads and BAC terminations. These
improvements facilitate measurements at frequencies above 16 me.

The frequency measurement system, based on a single-ended bridge and
counter method, has been modified to incorperate automatic gain control of
the Crystel Impedance Meter Osclllator and automatic nulling of the bridge.
These improvements are expected to bring the frequency measurement accuracy
to a few parts in 109.

Polished quartz crystal dlanks of 16 me fundamental frequency for
operation at the fundamental, the third and fifth overtomes have been
procured. A portion of these are of natural quartz and a portioen of
cultured quartz. Armangements have also been made for procurement of
blanks of "swept” patural and cultured quartz.

Twenty aluminum plated resonators have been fabricated and measured.
Initlal aglog measurements of these units have indicated cxcellent stabilities.

UKCLASSIFIED

Aging Characteristics of
Quartz Crystal Resonators

Signal Corps Contract No.
DA-36-039-SC-87ko07
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filament and substrate heater assembly. The lower section contains only the
lower filament and heater assembly.

The crystal mask is held horizontally in the center section of the chamber
between the filaments and heaters. The chamber pressure may be reduced to
the 1077 mm Hg range through the use of cryogenic and getter pumping in
addition to conventional pumping technique. Automatic controls on the sub-
strate heaters allow prolonged degassing at elevated temperatures. Viton®
O-rings are used for sealing the header and base plates. Electrical and
thermocouple circuits enter the chamber through sealed packing glands.

b. TFinal Plating

This apparatus has been redesigned to include a liquid
nitrogen trap which serves both as a baffle and cryogenic pump. The arrange-
ment of the valves as shown in Figure 3 permits the trap in the lower chamber
to remain charged while the upper chamber is opened for loading.

The upper chamber where the evaporations are performed may be pumped

7

to pressures in the 10 ' mm Hg range in the time formerly required to pump
to 10'5 mm Hg, about 20 minutes. Getter pumping in the lower chamber is
available if desired.

¢. Vacuum Baking

A combination of diffusion, cryogenic and getter pumping reduces
the pressure in the main chamber to about 3 x 10°7 m Hg during vacuum baking

of the crystals at temperatures up to 250°C. The units to be evacuated and

baked enter the main chamber by means of sealed packing glands. A demount-

*
Viton is the duPont trade name for a linear copolymer of vinylindene fluoride
and hexafluoropropylene and has a lower vapor pressure than neoprene rings.
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I. PURPOSE

The purpose of this project is to delineate the effects of materials
and fabrication techniques on the frequency stabilities of quartz crystal
resonators. Of particular interest are resonators operated in the over-
tone modes. A comparison of the frequency stabilities of resonators
fabricated of natural, synthetic, swept* natural, and swept synthetic
quartz will be made.

The effect of the bonding cement and, in particular, the effects on
the bonding cement of the high temperature reached during the sealing of

the glass envelope will be investigated.

*"Sweeping" is a method of purification of quartz. The process consists
of heating the quartz to a temperature of 500 to 574°C and applying a
potential gradient of a few thousand wvolts per centimeter. This results
in the sweeping out of certain impurities.
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ITI. ABSTRACT

Work has been continued on the AGC-AFC frequency measuring system
and it is now ready for its final check-out. Present equipment is suit-
able for measurement to a part in 108 at 80 Mc; the modification is
expected to increase accuracy of measurement to a few parts in lO9 and
to extend the accuracy range of the measuring equipment to measurements
made at the fundamental and third overtone.

The source of temperature variations in the storage ovens during
the early portion of the work was traced to modifications necessary for
the installation of coaxial leads to each resonator position. The tem-
perature was stabilized by increasing the external thermal insulation and
placing a curtain about the base of the oven to reduce drafts. Upon com-
pletion of these modifications frequency measurement data were greatly
improved.

Sixty resonators have been fabricated during the quarter. These
consisted of forty units fabricated of natural quartz, ten of cultured
unswept quartz, and ten of cultured swept quartz. Platings utilized were
Al only, Al + Al, and Al + Au.

Measurements have not been underway for a sufficient time to inter-
pret data fully. However, initial measurements indicated little difference
in the stabilities of resonators fabricated of the different types of
quartz or with the various types of plating. Differences observed were
in the range of a few parts in 108 and indications are that the differ-
ences ascribable to the quartz itself will be less than those ascribable

to fabrication variables.
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ITI. PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES

During the reporting period three monthly letters (Nos. 3, 4, and 5)
were completed and submitted. Report No. 1 (First Quarterly Report) was
distributed.

Conferences between Dr. G. ¥. Guttwein and Mr. P. E. Mulvihill of
USASRADL and Mr. R. B. Belser and Mr. W. H. Hicklin of the Georgia Insti-
tute of Technology were held during the 15th Annual Frequency Control
Symposium at Atlantic City, New Jersey, 31 May, 1-2 June 1961. Progress

and plans of the project were discussed.
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IV. FACTUAL DATA

A. Introduction

The principle effort during the second quarter has been the fabrica-
tion and measuring of rescnator units fabricated of natural quartz and
synthetic quartz, both swept and unswept. Refilnements of the measurement
technique, oven temperature control, and measurement equipment tempera-
ture control were made in order to improve the precision of frequency meas-
urement.

B. AEEaratus

1. Frequency Measurement System

The AGC-AFC frequency measuring system has been built in final

assembly form and has been rack mounted.

Figure 1, a block diagram of the final system, reveals some changes
in the original design discussed in Report No. 1. Modulation of the i.f.
voltage in the null signal channel by a 10-kc voltage was employed to
overcome the stability problem associated with the necessary dc amplifica-
tion of the phase detector output to give sufficilent AFC voltage. The
output of the synchronous detector in the above figure is now a 10-kc
signal of which the phase and amplitude are proportional to the phase and
amplitude of the bridge null output. Thelr output is amplified to produce
adequate AFC voltage in an ac coupled amplifier. The latter was chosen
because 1t 1s inherently more stable than a conventional dc coupled ampli-~
fier.

Trouble shooting of the whole system is now in progress. Some prob-
lems exist with regard to Cl-meter signal leakage through the null-signal

channel. This leakage masks the null indication and has deteriorated



DRIVE
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Figure 1. Block diagram of crystal frequency measuring system showing

latest modification of AGC and frequency tracking system.
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the frequency resolution obtainable with this system. These problems

can be remedied with little difficulty. The AGC portion of the system
appears to be satisfactory. The equipment is expected to be in operation
within 15 days.

2. YVacuum Equipment

Both vacuum systems and the vacuum chambers for base plating,
final plating, and vacuum baking have been operated without repair or
modification during the quarter.

One more vacuum chamber will be required for this project for the
sealing of glass, HC—6/U crystal holders. The design of the chamber will
be completed when the bulbs and headers, now on order, are received.

3. Aging Oven Modifications

Considerable improvement in the temperature stability of the
200 unit, 85°C oven was achieved by the following modifications:
a. Covering the sides and top of the oven with styrofoam, the
top being removable to permit loading of the oven, and
b. Enclosing the area beneath the oven with a styrofoam
housing and a plastic curtain. The latter allowed access
to the BNC connectors for engagement by the bridge assembly.
Improvement in the ability to maintain a null reading on the bridge
galvanometer of the frequency measurement system was achieved by enclosing
the bridge-driving oscillator in a styrofoam housing. Access to the CI-
meter controls is accomplished through a plastic curtain at the front of
the enclosure.

C. Experimental Work

Sixty resonators were fabricated during the period of this report.
Parameters of the resonators and details of their fabrication are outlined

in Table I.



(Continuation)

Quarterly Report No. 2, Project No. A-552

TABLE I

DESCRIPTIVE DETAILS OF 80 Mc RESONATORS
FABRICATED AND EXAMINED IN THE FIRST AND SECOND QUARTERS

Base Plate Final Plate Bonding
Group Type
Number Quartz Metal Temp. P(MM Hg) Metal P(MM Hg) Cement Cure Time
(°C§ (°c) (Hrs)
1 Natural Al 300 bhox 1076 550k A 150 3
2 Netursl Al 300 2 x 1078 550k A 300 1
3 Cultured Al 300 5 x 10-6 550k A 150 3
Unswept 6
b Cultured Al 300 b x 107 550k A 150 3
Swept 6
5 Netural AL 300 kb x 10~ An 2 x 1070 s50h 4 150 3
6 Natural Al 300 6 x 10'2 Al 3 x 1076 5504k A 150 3
7 Natural AL 300 2x1072 A 5 x 10 550b A 150 3
8 Natural Al 300 3 x 10~ Al 1 x 1072 550k A 150 3
Mounting Vacuum Bake
Group Type Resonator Percent
Number Quartz Type Holder Time Temp. P(MM Hg) Yield
(Hrs) (°C)
1 Natural GE Glass .006" Springs 3 175 2 x 1077 100
2 Natural GE Glass .006" Springs 3 175 2 x 1077 90
3 Cultured GE Glass .006" Springs 3 175 2 x 1077 100
Unswept
I Cultured GOF Glass .006" Springs 3 175 3 x 1077 100
Swept
5 Natural GE Glass .006" Springs 3 175 2 x 1071 100
6 Natural GCE Glass .006" Springs 3 175 2 x 107/ 50
7 Natural GE Glass .006" Springs 3 175 2 x 107/ 60
8 Natural GE Glass .006" Springs 3 175 3 x 1077 100

(Continued Below)
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It will be noted that the sixty resonators were comprised of six
groups of ten each. The first two groups (groups 3 and 4} were base
plated only to furnish control specimens. Groups 5 and 7 were overplated
to frequency with gold, and groups 6 and 8 were overplated to freguency
with aluminum.

Two procedures for overplating were used. The first was to base
plate the rescnator blanks with aluminum, open the system to ailr, evacu-
alte and replate the rescnator blanks with an overplate of gold or aluminum.

is was the method used respectively for groups 5 and 6.

The second method was to base plate the resonator blanks with alumi-
num, mount the resonator blanks, then overplate the resonators to fre-
quency individually with the desired metals. This is the normal method
of overcoating and was used for groups 7 and 8 for overcoating with gold
and aluminum respectively.

The series resistances of the resonators fabricated during the
Quarter and measured in the aging oven at the 5th overtone are gilven in
Table II.

Figures 2, 3, 4, 5, 6, and 7 depict typical frequency changes with
storage time at 85°C for resonators of each of the six groups fabricated
during the period. In Figures 8 and 9 are given data for typical speci-
mens fabricated during the preceding period and unreported previously
because of measurement difficulties encountered during the First Quarter.

An analysis of the data displayed reveals that some measurement
difficulty continued to be encountered during the first month of the cur-
rent quarter. This difficulty was due to poor thermal control of the

ovens brought on by modifications necessary to install coaxlal connectors



* Average RS values for Groups 1 and 2 (Al only), 17.9 ohms and 19.8 ohms
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TABLE IT

SERIES RESISTANCE OF OPERABLE RESONATORS
FABRICATED DURING THE SECOND QUARTER¥*

respectively.

Unit RS(Q) Unit RA(Q)
Plating, Al Only
3-1-A1 33.5 Lho1-A1 53.0
3-2-A1 21.5 bopopl 26.0
3-3-A1 37.0 Lh-3-A1 20.0
3-L-A1 41.5 hoh-pl 15.0
3-5-A1 15.0 ho5-pA1 15.0
3-6-A1 16.5 Lh-6-Al1 52.0
3-7-A1 20.0 hev-p1 18.0
3-8-A1 15.0 L-8-A1 17.5
3-9-A1 16.5 L4-9-A1 10.5
3-10-A1 21.0 4-10-A1 11.5
AVERAGE VAIUE 23.8 23.9
Plating, Al + Al
6~1-A1+Al 16.5 8-1-A1+A1 21.5
6-2-A1+A1 14.0 8-2-A1+A1 20.0
6-3-A1+A1 18.5 8-3-A1+A1 Ls5.0
6-L-A1+A1 13.0 8-L-A1+A1 15.0
6-6-A1+A1 15.0 8-5-A1+A1 21.5
8-6-A1+A1 52.0
8-7-A1+A1 50.0
8-8-A1+A1 21.5
8-9-A1+A1 26.5
8-10-A1+A1 33.5
AVERAGE VAIUE 15.4 30.7
Plating, Al + Au
5-1-Al+Au 15.0 7-1-Al+Au 25.0
5~2-Al+Au 16.5 7-6-Al+Au 46.0
5-3-Al+Au 38.5 T-T-Al+Au 17.5
5-L4-Al+Au 20.0 7-8-Al+Au 21.5
5-5-A1+Au 17.5 7-9-Al+Au 22.5
5-6-Al+Au 100 7-10-Al+Au 2L.0
5-T-Al+Au 2L.0
5-8-A1+Au 1.0
5-9-Al+Au 13.0
5-10-Al+Au 38.5
AVERAGE VALUE 21.9 26.1
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to each position. The improved insulation of the ovens, described in
Section B.3. above, overcame these difficulties. Typical resonators
displayed drifts of less than 5 parts in 108 in 60 days.

The period and accuracy of measurement have not yet established a
clear pattern of behavior and differences between resonators due to the
variables examined will be more clearly delineated during the next 90
days.-

It will be noted that quartz blanks of all groups except 3 and k4
were natural quartz whereas the latter were of cultured unswept and
cultured swept quartz, respectively. Differences in behavior due to the
use of these respective types of quartz are not yet defined. However, it
cannot be large since no particularly different behavior for these units
has been observed on a scale of a part in 108.

Units base plated with aluminum and overplated with gold exhibited
a pecullar behavior after a period of two or three weeks in the 85°C oven.
The units tended to drop out of oscillation while the bridge was being
balanced. Such behavior could be partially eliminated by increasing
the drive level. A number of Group 5 units were removed from the oven
for inspection. No visible reason for such action was seen with a
binocular microscope. If was noted that the units would suddenly drop
out of oscillation in a CI meter as the drive level was slowly reduced.
The threshold power level for stable operation varied somewhat for the
different units. Units base plated only with aluminum or final plated
with aluminum did not exhibit this peculiarity. The behavior was observed
only at 5th overtone operation since no measurements were made at the

fundamental or 3rd overtone modes.
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Measurements of the values of @ for the resonators were not made
during the period but are on the agenda for the next Quarter.
D. Comments

When the initial supply of duPont No. 550L4-A thermosetting conduc-
tive cement was received the following alternate curing schedules were

recommended in the duPont Ceramic Products Bulletin No. CP 2-960.

Curing Time

Temperature Minimum Maxdimmim
%ECS

110 L8 hr Unlimited
130 10 hr Unlimited
150 3 hr Unlimited
170 80 min Unlimited
190 45 min Unlimited
220 1 hr 2 hr

280 30 min 1 hr

The curing schedule used for most of the units fabricated was three hours
at 150°C. Recently a duPont Ceramic Products Bulletin No. CP 2-361 was
obtained which gives the following schedules for curing duPont No. 5504-A

cement

Operation Time Temperature
(Hours) %°C§

Drying 1 150 - 160
Curing 16 160
Curing 1 260

19
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The considerable difference in the recommended curing schedules was noted
and clarification was requested from the duPont Company. They advised
that Bulletin CP 2-960 was obsolete and that the latter curing schedule
should be used. Future units bonded with 5504-A cement will be dried

for one hour at 150°C and cured for one hour at 260°C. The curing oven
will be designed so that an inert astmosphere can be used to prevent damage

to the resonator plating or mounting assembly during curing.

20
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V. CONCLUSIONS

Differences in stabilities and Rs values of resonators fabricated
of natural, cultured, and cultured swept quartz, on the basis of limited
evidence, are quite small and are probably overshadowed by variables in
fabrication. Differences that may occur are in the range of a few parts

in 108 or less.
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VI. PROGRAM FOR THE NEXT INTERVAL

Fabrication and measurement of resonators in accordance with the
planned program will be continued. A larger number of resonators will
be fabricated of the synthetic and synthetic swept quartz blanks. A
portion of the resonators will be bonded with the Pyroceram formula sug-
gested by Dr. G. K. Guttwein.

Procurement of glass HC-6/U bases and envelopes is currently under-
way, and a supply of these 1s expected in the near future. The design
of a suitable sealing chamber for these units has heen initiated and will

be completed on arrival of the glass containers.
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VII. IDENTIFICATION OF KEY TECHNICAL. PERSONNEL

The following persons have been employed on this project during its

second quarter for the time indicated.

Name Position Time
(Hours)

Richard B. Belser Project Director 106
W. Bruce Warren Research Engineer 114
Robert E. Meek Research Engineer 60
Walter H. Hicklin Ass't. Research Engineer 196
James Q. Darnell Research Assistant 211
Carroll M. Shirley Technician 275
Walter C. Knapp Technician 219
Charles S. Wilson Electronic Technician 379

Mr. R. B. Belser, Research Associate Professor of Physics and Project
Director, has been assoclated with resonator aging studies sponsored by
USASRADIL: for over eleven years and has directed a number of other projects
concurrently dealing with the structure, properties and applications of
thin metal films for electrical and optical purposes. Mr. W. H. Hicklin,
Assistant Research Engineer, has been active in quartz resonator fabrica-
tion and measurement and other electronic component studies as a principal
assistant to Mr. Belger for approximately ten years.

Mr. We B. Warren is an electrical engineering graduate of the Georgia
Institute of Technology with an M.S. degree and has had eight years
experience in electronic circuit design and instrumentation. He has
directed a number of projects under U.S. Air Force sponsorship in related

fields over this period.
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Mr. R. E. Meek is an electrical engineering graduate of the University
of Kentucky with two years graduate study additional. He has had ten
years experience in electronic circult design and instrumentation and has
directed a number of projects in associated fields sponsored by USASRADL
and by the U.S. Air Force.

Mr. We Cs Knapp received a B.S. degree in physics from the Georgia
Institute of Technology in 1961 and has had approximately ten years exper-
ience in electronic circuitry design, construction, and maintenance.

Messrse. J. O. Darnell, C. M. Shirley, and C. S. Wilson are technical
school graduates or equivalent with training in the fields of chemistry,
mechanical engineering, and electrical engineering, respectively. They
have worked directly under Mr. Hicklin in the fabrication and maintenance
of high vacuum equipment, the design, construction and maintenance of
electronic instrumentation, and the fabrication and measurement of quartz
resonators for periods of from 1 to 5 years.

Respectfully submitted:

"Richard B. Belser
Project Director

Approved:

Arthur L. Bennett
Chief, Physical Sciences Division
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I. PURPOSE

The purpose of this project is to delineate the effects of materials
and fabrication techniques on the frequency stabilities of quartz crystal
resonators. Of particular interest are resonators operated in the over-
tone modes. A comparison of the frequency stabilities of resonators
fabricated of natural, synthetic, swept* natural, and swept synthetic
quartz will be made.

The effect of the bonding cement and, in particular, the effects on
the bonding cement of the high temperature reached during the sealing of

the glass envelope will be investigated.

*"Sweeping” ie a method of purification of quartz. The process consists
of heating the quartz to a temperature of 500 to 5T4°C and applying a
potential gradient of a few thousand volts per centimeter. This results
in the sweeping out of certain impurities.
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ITI. ABSTRACT

The AGC-AFC freduency-measurement system designed with the intent to
9

measure frequency to a few parts in 107 ran intc difficulty because of
vhase shifts occurring in the signals from two II' amplifiers supplying
reference signals from the input of the crystal impedance bridge and the
null output of the bridge respectively. Adjustments to compensate for this
shift led to inaccurate freduency measurements. Although these difficulties
were overcome subseduently, the probability of the completion of a success-
ful measurements system in & limited time based on this approach appeared
small, and further development was arranged to be carried out on equipment
which would not interfere with aging measurements.

A return was made to the original bridge measurement system. However,
a basic fault with the single ended bridge, the transformer coupling through
which the crystal controlled the CI meter, could only be removed by adopting
a passive measurement system in which the CI meter was directly controlled
by a second crystal or in which a high precision fredquency synthesizer
supplied the signal. The measurement system was converted to the passive
system and initial accuracies appear excellent.

An apparatus for sealing the glass HC-6/U containers was developed.
The contalner and base held in mated position in a Jig in vacuo were pre-
heated by a gas ring burner around the pyrex tube vacuum chamber. The
Kovar ring in the base was heated by induction and the envelope and base
compressed under the action of a spring. A dial gauge measured the
relative motion between the parts. A relative movement of 0.020" was

found to give consistently leakproof seals.
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Approximately TS5 resonators previously fabricated remained on
storage at a temperature of 85°C during the period. However, measure-
ments were largely interrupted due to the extensive equipment modifi-

cations during the period.
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ITI. PUBLICATIONS, ILECTURES, REPORTS, AND CONFERENCES

During the reporting period three monthly letters (Nos. 6, 7, and 8)
were completed and submitted. Report No. 2 (Second Quarterly Report)
was distributed.
Dr. G. X. Guttwein visited the Georgia Institute of Technology on
2 November 1961. Discussions concerning the frequency-measurement problem
and general progress on the project were conducted. It was agreed that
aging studies of groups of resonators would be made at the fundamental,
3rd, and 5th overtones concurrently in order that aging at the various
overtones could be compared with each other and with the fundamental.
Some resonators were to be operated continuously during the aging period.
Progress in sealing the HC—6/U glass units was demonstrated and the
advisability of continuing studies of radiation-saturation effects on sub-
sequent frequency was discussed.
In attendance at the discussions were:
Dr. G. X. Guttweln of the Signal Research and Development
Iaboratories and
Dr. A. L. Bennett, Messrs. R. B. Belser, 5. N. Witt, R. E. Meek,
W. B. Warren, W. H. Hicklin, C. M. Shirley, C. 3. Wilson,

and Dr. D. 5. Harmer of the Georgia Institute of Technology.
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iv. FACTUAL DATA

A. Introduction

Work during the third quarter has been primarily directed toward a
solution to the measurement problem of obtaining an accuracy of a few
parts in 10° for resonators operated at 16, 48, and 80 Mc. In the initial
stages a single-ended bridge with automatic gain control and automatic
frequency control incorporated into the driving oscillator and nulling
system respectively appeared to be a probable solution. However, the
farther the work progressed the more complex appeared the problem, and the
likelihood of a quick solution diminished.

The necessity that measurements be made without further interruption
and to the highest accuracy possible suggested a return to the former
bridge system. However, the work on the AGC-AFC system had revealed that
poor control of the Crystal Impedance Meter was obtained due to isclation
of the crystal from the oscillator by a transformer. A method whereby
the oscillator could be directly controlled by a crystal and the crystal
to be measured remained a passive element was investigated. This arrange-
ment proved to be the best solution to the measurement problem yet
obtained. More complete details of this technique are discussed sub-
sequently.

Concurrent with the measurement problem a method of sealing the
HC-6/U glass container was investigated and solved. Resonators previously

fabricated were continued on storage.
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B. Apparatus Modification and Construction

1. AGC-AFC Frequency Measurement System

Unexpected difficulties were encountered in the application of
the frequency measuring system discussed in Quarterly Report No. 2.
Repeat measurements of the crystal frequency of a resonator failed to
agree to the desired accuracy. Upon consideration of the nature of this
difficulty, it was determined that the primary cause of the error in
successive measurements was due to a differential phase shift between
the two 10-Mc IF amplifiers. One of the IF signals is a reference
signal derived from the CI meter oscillator, while the other IF signal
is an error signal derived from the modulated null output of the crystal
impedance bridge. These two IF signals are combined in a synchronous
detector to obtain the 10-ke low freguency error signal, so that any
differential phase shift between the outputs of the two IF amplifiers
causes & change in the phase of the 10-kc signal from the synchronous
detector. This change in phase requires that the freguency of oscil-
letion of the CI meter be slightly changed in order to produce a null
condition at the output of the 10-kc phase detector.

Though careful attention was given to maintaining very similar con-
struction in the two IF amplifier channels, the necessity for manual gain
control of the null channel introduced in this IF channel a phase shift
which was & function of the setting of the gain control. As a result
the measured value of the crystal resonant freguency was & function of
the gain setting. Another system was devised which combined the reference
IF and the null output IF signal in a common IF channel to eliminate the
differential phase shift. Figure 1 illustrates the method by which this

single IF amplifier system has been applied. From this figure it is seen
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that the null output signal is heterodyned in the local oscillator in the
first balanced mixer to produce an IF signal which is used as the carrier
signal for a second balanced mixer. The other input to this second mixer
is the 10 ke modulation, which heterodynes in this mixer with the IF
output of the first mixer to produce a pair of sidebands which are spaced
10 kc on elther side of the IF center frequency. Since this mixer is a
balanced one, none of the IF center frequency appears in the output.

The output of the second mixer is linearly added to a signal at the IF
center frequency, which is derived by heterodyning the drive signal to the
crystal bridge with the local oscillator signal.

This composite output signal then consists of a carrier component at
the I center frequency, whose phase 1s independent of the condition of
balance of the crystal bridge. The phase angles of the two sidebands,
appearing 10 kc either side of the carrier, change with respect to this
carrier by 180° whenever the sense of the crystal bridge null signal
reverses. The amplitudes of these sideband components are directly pro-
portional to the amplitude of the null output of the crystal bridge.
Since the amplitude of the carrier component is adjusted to be large in
respect to the amplitude of the sideband components, this composite
signal is a conventional amplitude modulated signal with a 10 ke modulation.
This signal can be amplified in a conventional IF amplifiler whose band-
width is in the neighborhood of 100 to 200 kc. The use of this bandwidth
then permits the elimination of the differential phase shift between the
carrier and the sidebands over the relatively narrow region of 10 ke
elther side of the center frequency. The output of this IF amplifier is
supplied to an envelope detector the output of which is the 10 ke modu-

lation riding on the IF carrier. When the sense of the crystal bridge
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balance is reversed, the phase of this demodulated 10 kc component 1s

also reversed so that comparison of this 10 kc component in a phase
detector with the original 10 kc modulation signal as a reference will
result in a dec output of magnitude proportional to the null output of

the crystal bridge. The polarity of this signal is reversed whenever

the balance condition of the bridge is reversed. This output signal may
be used to control the frequency of the CI meter to force it automatically
to the point of bridge balance.

Some initial work was performed on this system but work was halted
before any conclusive results were obtained. This action was taken
because of the great need for immediate data in some form which would
allow necessary aging information to be obtained. The work on this par-
ticular AFC measurement system was therefore curtailed in order that the
measurement equipment might be returned to its original state so as to
obtain aging data as rapidly as possible.

Future work on this system will be performed as a parallel develop-
ment gand in such a way as not to interfere with the data acquisition by
the currently used frequency measurement system described in the subse-
guent section.

2. Passive Bridge Frequency Measurement System

The frequency measuring system displayed in Figure 2 was used
first for 100 Mc and later for 80 Mc frequency measurements. The trans-
former T1 must be a theoretically perfect transformer if the oscillator
is to "see" at the crystal terminals an exact duplicate of the bridge
impedance both in phase and magnitude. This condition cannot be obtained

practically. Factors such as leakage inductance and stray capacitance

(in addition to small variations in the transmission line characteristics)
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modify the bridge impedance as seen by the oscillator. Thus the net
effect is to reduce further the effective Q of the crystal which has
already been reduced somewhat by the degradation of @ intrinsic to
operation in a bridge circuit.

It was found that transformer Tl could be eliminated by the passive
bridge frequency measurement system shown in Figure 3. The system requires
a stable source of R.F. voltage at the crystal frequency to drive the
bridge. At present a crystal controlled CI meter is being used, and a
large number of crystals are required to cover the range of frequencies
to be measured since each unit represents a very limited bandwidth of
satisfactory operation. A more convenient arrangement would be to sub-
stitute a frequency synthesizer* for the crystal-controlled CI meter.

The use of such an instrument would improve the accuracy of measurement
as much as one full order of magnitude.

Two new crystal bridges are being constructed for use with the passive
bridge system. The circuits are shown in Figure 4. The network composed

of C R2, and Dl in each bridge rectifies the R.F. voltage across the

2)
bridge input terminals, then returns the D.C. voltage back through the
transmission line where it is removed from the line and displayed on the
R.F. VIVM (item G in Figure 3).

Since 10 mv is the lowest voltage which may be conveniently read with
the particular R.F. VIVM used, that value of voltage will be used as the
input voltage to the bridge at all frequencies.

¥Rohde and Schwarz, Model XUB.

11
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The balanced condition of the bridge for 48 and 80 Mc can be shown
to be:

R (provided RiCs = RSCO). (1)

For the particular condenser used, the balance eguation is satisfied
for RS values of 2.3 ohms minimum and 272 ohms meximum.
The theoretical value of drive level at 80 Me was determined for an

*
average crystal resistance of 23 ohms .

-l R i [ —
—_—
1+ 3 i
v o= JwRSCO . JwClBRS (2)
x B R N B{1l+ JDRS(ClB + CO)
_} + J&RSCO JwClB"_ B
|2 2 2 2 2 2 2
. ‘VXi ] (V) [ ©” Cp° R2 ] 0 Cp R, (V) (3)
X R "R 2_ 2 2 - 2_2 2
S S Ll +o RS (ClB + CO) 1+ w Rs (ClB+ CO)
Now determine the value of ClB:
Since the capacitor is a differential type: C , + Cip = 8 + 87 = 95 puf
or: ClA = g5 - ClB

At the bridge null,

R
S
Cia _(1 + JuC R ) i <E\‘_,.’1 + ij5R1> "
= = \R N

1B By 1, Kﬂ'*‘j“CoRs
1+ ,jcoC5 1

But ClA = g5 - ClB

95 - Cip 1 + jaC,R
.. (i (: " 2 lf\ (5)
1B JaC R

o sy

*
An average of 75 crystal units.

1h
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An average value of crystal resistance of 15 ohms is found for the
3rd mode (L8 Mc) crystal. Similar calculations give a value of 3.9 x 1077
watts for the crystal power. The voltage division ratio for the 16 Mc
bridge was calculated to give a crystal power of 8.1 x J_O—7 watts for an
-assumed value of 7 ohms for Rs' This latter bridge has a balance range

of 0.2 ohmeg to 50 ohms.
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The circuit for the frequency converter (item C, Figure 3) is shown
in Figure 5. The signal from the unit oscillator is 64 Mc when measuring
16-Mc units; 128 Mc when measuring 48-Mc units. An 80-Mc signal from the
bridge is not heterodyned.

The frequency multiplier (item F, Figure 3) is of conventional design
and serves to multiply the frequency of the bridge-drive signal source so
that the + 1 count intrinsic to all counting equipment is not an important
measurement error. For example, the measurement error introduced at 16 Mc
by the + 1 count error is 6.25 x 10-8. If the 16-Mc signal is multiplied
by 9 and counted at 144 Me this error reduces to 6.95 x 1077, Multiplica-
tions are 9 at 16 Mc, 3 at 48 Me, and 2 at 80 Mc.

Preliminary measurements with the sysftem discussed indicate excellent
sensitivity and a measurement accuracy of a few parts in 108. Accuracy is
expected to become an order of magnitude better with gradual refinement.
The acquisition of a frequency synthesizer of high quality should give an
immediate improvement in accuracy near the maximum potential to the system.

3. Vacuum Equipment

The HC-6/U glass holders were received during the quarter and the
design and fabrication of a satisfactory sealing system was completed. A
photograph of the sealing equipment is reproduced in Figure 6. The important
features of the system are:
1. A vacuum tube furnace which may be quickly evacuated to
about 2 x lO-5 mm Hg;
2. A gas-Tired burner for pre-heating and annealing the parts
to be joined (essentially eliminating the need for a pro-

grammed inducation heating cycle);

16
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3. An induction—heater* coil for heating the Kovar ring
imbedded in the frit on the base;

4., A spring-loaded jig containing the envelope and base in
mated position (when the frit is melted by the application
of heat the spring loaded rod** forces the base and cover
together to a distance adjustable by a stop on the rod); and

5. A dial-gauge which measures the distance traveled by the rod
during sealing.

The dial-gauge measurement was found to be the most important control
parameter for the production of uniform seals which will pass the vacuum-
0il leak test. Initially, seals were made with the parts mated and under
pressure by induction heating the Kovar ring to a selected temperature for
a prescribed time. The times and temperatures were varied over a wide
range To determine the most suitable values for these parameters. The
resulting seals, however, were non-uniform and frequently leaked. The use
of the dial-gauge permits continuous monitoring of the relative motion
between the base and envelcope during the melting of the frit and this dis-
tance appears to be more critical than any time-current combination used
to obtain it. The travel of 0.020 inches has been found to give consistently
leak-proof seals of excellent appearance. This amount could probably be
increased to about 0.030 inches without degradation of the seal. TFor an
induction current of one ampere, the time required for the spring-loaded
rod to compress the mated junction 0.020 inches is in the range 30 to U5
seconds.

*
TLepel Model CB-2.

*¥%
The rod may be moved vertically and rotated if needed. A double O-ring

provides vacuum tight seal.
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C. Other Work

The work during the gquarter has been primarily directed to the develop-
ment of the frequency measurement system and the glass HC-6/U sealing ap-
paratus. These phases have been reported in detail under Section B pre-
ceding.

Approximately 75 resonators in the ovens were continued on storage
at 85°C but, because of the interference with frequency measurements caused
by the extensive measurement equipment modifications, no measurements were
made in the period 7 September to 15 November 1961.

Likewise, since the primary effort in the project was directed to the
solution of these two problems no resonators were fabricated after 10
August 1961. Complete reports on resonators remaining on storage will be

available in the next report.

20
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VI. PROGRAM FOR THE NEXT INTERVAL

During the third Quarter fabrication and measurement of resonators
with selected metal plating materials will be undertaken according to
the previously arranged schedule for inclusion of natural, synthetic, and
swept synthetic blanks in the measurements.

Of particular interest will bhe:

(1) The planned use of pyroceram-silver bonding cement for

selected resonators:

(2) The mounting of resonators in the glass HC-6/U containers;

(3) The commencement of aging studies of continucusly operated

resonators; and

(4) "Q" measurements of resonators previously fabricated.

22
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I. PURPOSE

The purpose of this project is to delineate the effects of materials
and fabrication techniques on the frequency stabilities of quartz crystal
regonators. Of particular interest are resonators operated in the over-
tone modes. A comparison of the frequency stabilities of resonators
fabricated of natural, synthetic, swept* natural, and swept synthetic
quartz will be made.

The effect of the bonding cement and, in particular, the effects on
the bonding cement of the high temperature reached during the sealing of

the glass envelope will be investigated.

"Sweeping" is a method of purification of quartz. The process consists
of heating the quartz to a temperature of 500 to 5T74° C and applying a
potential gradient of a few thousand volts per centimeter. This results
in the sweeping out of certain impurities.
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IT. ABSTRACT

The passive bridge frequency measuring system is capable of deter-
mining crystal frequencies with a precision of a few parts in 109. The
crystal controlled CI meter is not entirely satisfactory as the RF
generator, and some loss of precision results from the instability of
the RF voltages applied to the bridge, especlally when the reference
crystal must be "pulled" off of its resonant frequency.

The 200 position, 8500 crystal oven temperature cycling of about t
O.OBOC has given some measurement errors since the crystals are measured
when possible at the first, third, and fifth modes and can have a zero
temperature coefficient of frequency at but one of the modes. In some
cases, units fabricated of cultured quartz appear to have a turn-over
temperature of cother than 8500 at all three modes of operation.

A proportional control system for this oven has been designed. The
system is based on thermistor bridge control of the output voltage of a
magnetic amplifier. Preliminary studies indicate that the temperature

cycling can be reduced to '

0.01%.

The crystal bonding cement composed of five parts Pyroceram 95 plus
one part silver flake by volume does not appear to be suitable for high
precision, high-frequency crystal resonators. The lack of compatibility
between the thermal expansion coefficients of the Pyroceram and quartz
appears to cause intermittent or "noisy" bonds. A more suitable mixture
is one part Pyroceram plus two parts silver by volume. The cement is
fired for five minutes at 45000. Neither of the above cements 1s considered
to be as effective as the duPont No. 5504A cement within its temperature

limitations provided the bond is properly cured and vacuum baked before

seallng.
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ITT. PUBLICATIONS, LECTURES, REPORTS, AND CONFERENCES

During this reporting period, two monthly letters (Nos. 9 and 10)
were submitted. Report No. 3 (Third Quarterly Report) was distributed.
An abstract of the paper to be presented at the Sixteenth Annual

Frequency Control Symposium was submitted.
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IV. FACTUAL DATA

A, TIntroduction

Work during the fourth quarter has been directed toward refinements
of the freguency measuring system and the fabrication of crystal units.

Attention has been directed to the improvement of the temperature
stability of the 20C-position, 8500 oven. The control of the oven temper-
ature is considered to be a basic factor in the measuring system and oven
temperature deviation is now one of the major sources of measurement
error.

A second 85°C oven providing 36 additional positions was placed in
service. One hundred and thirty six (136) oven positions were available
for use by the end of the fourth guarter. This number will be soon in-
creased to 172 by the installation of a second 36—position overn.

B. Apparatus Modification and Construction

1. Freggency Measuring System

The passive bridge frequency measuring system described in the

Third Quarterly Report was modified to eliminate the frequency converter
in the null amplification chain. This action eliminated some loss of
sensitivity in the chain due to the presence of the converter. The sub-
sequent addition of an HRO-5R receiver in the null amplification chain
allowed some reduction in the system bandwidth and thus a better signal
to noise ratio for improved sensitivity. The system in its final form
is illustrated in Figure 1.

The basic weakness of the frequency measuring system is the neces-
sity of maintaining a large number of reference crystals for controlling

the frequency of the CI meter. For a number of measurements, the refer-
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Hewlett-Packard Model 524C.

NOTE: For frequencies of 48 and 80 Mc, the 5 Mc IF output of the first null amplifier (Box *‘D’")

is further amplified by the second null amplifier (Box *“E"’).

amplifier is eliminated and the second amplifier tuned to the crystal frequency.

Passive-bridge frequency measuring system for frequency

measurements in the range of 16 to 80 Me.

For 16 Mc the first null
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ence crystal must be "pulled" off of its normal resonant frequency in
order to make a measurement. The result of this latter action is to
degrade the stability of the frequency applied to the impedance bridge.
However, when a good frequency match between the reference crystal and
the crystal being measured 1s obtained, the measurements are accurate
to within a few parts in 109_
Standard frequency signals for the frequency counter are provided
by an 0-76U 100 ke oscillator. The frequency of this oscillator is

maintained at 14 * 2 pp 109

gbove the frequency of WWVL. A continuous
recording of the beat frequency between the two signals is made and dis-
played at the frequency measuring position. In addition, a second
O-T6/U oscillator is monitored continuocusly by plotting the beat fre-
guency of the two 100 ke oscillators. This latter unit serves as a

stand-by.

2. Crystal Storage Ovens

Presently two 8500 ovens are in cperation. One provides
positions for 36 units and has very good temperature stability with the
modified proportional control system used at Tech for several years.

The second oven provides positions for 200 units and has a temperature
deviation of about ¥ O.OBOC. This temperature deviation is too large
for the current measurement program. The crystals are being measured at
three overtone modes and have, at best, a "frequency turnover point" at
but one of the modes. Some of the units, especially those fabricated
from the synthetic quartz, appear to have turnover temperatures at other
than 85°C on all of the three modes of operation.

Time does not permit the oven to be rebuilt. Thus, the probable

solution appears to be the substitution of a 100 per cent proportional

6
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temperature control system for the modified proporticnal control system.
A design based on the control of a magnetic amplifier output voltage by
means of a thermistor bridge was constructed and used for controlling the
oven temperature. The temperature stability of the oven at 8500 is now
about I O.OlOC. However, an unreliable chopper amplifier has restricted
nse of this system to periocds when performance can be monitored (i.e.,
when measurements are being made). The proportional temperature control
system is illustrated in Figure 2. With refinements, this system should
be adequate for all freguency measurements.

5. Vacuum Equipment

Ne major modifications or repairs have been made on the vacuum
equipment during this reporting period. Some changes on the HC—6/U glass
sealing equipment is anticipated. For a discussion of these changes, see
Section IV.C of this report.

C. Crystal Rescnator Fabrication and Measurement

Two groups of crystal rescnators were fabricated during this gquarter.
Group 9 was base plated with aluminum, mounted in tab-clips, spot-welded
to HC-6/U glass bases, bonded with Pyroceram-silver cement* and sealed
in HC—6/U glass holders. The sealing apparatus described in Quarterly
Report No. 3 was used for the sealing.

Considerable difficulty was encountered with the bonding of the
crystals. Some of the units were "bonded" several times before operation
was Obtained. The cement appeared to crack from the plated quartz upon
cooling. Such action was very likely due to the poor match of the thermal

*
Five parts Pyrcceram No. 95 to one part silver powder by volume.
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BRIDGE
POWER o B [c\ D E
(6V DC) @ |

THERMISTOR
PROBE

A = Impedance Bridge: Brown Electro-Measurements Corporation, Model 250-CA.
B = DC Micro Volt-Ammeter: Hewlett Packard Model 425A.

C = Magnetic Amplifier: Freed Transformer Company Model MAO-3.

D = Matching Transformer, step-down 2:1.

E = Oven heater winding, 15 ohms.

F = Monitor null detector: Honeywell Model 104 WiG.

NOTE: The thermistor probe above is located at the oven wall. A second
thermistor bridge monitors the resistance of a thermistor in an
evacuated bulb located at a crystal position,

Figure 2. Proportional oven temperature control system with thermistor
bridge control of a magnetic amplifier.
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expansions of the quartz and cement. During the bonding of group 9,
the following bonding technique was developed and used subsequently on
group 10:

1. Dry mix 5 parts Pyroceram 95 and 1 part silver flake
(by volume).

*
2. Add the vehicle wuntil the mixture has the consistency
of cream.

5. Apply a thin coat to the mounted crystal at the clip and
atrlow to dry.

4. Apply a second coat and dry.

5. Fire for 5 minutes in an oven pre-set to hSOOC.

A1l but one of the group 10 units operated after the first bonding.

Aging of group 9 units were generally very poor. The behavior
suggested that the units were leaking although vacuum oil leak tests
indicated no definite leaks. The history of bonding trouble and multiple
firing of the cement could have contributed to the poor aging. Also, one
could conjecture that when the HC—6/U glass seal 1s made in vacuo, an out-
gassing of the sealing glass covering the Kovar ring could contaminate the
resonator and holder.

When units mounted in HC-6/U glass holders are next fabricated, the
sealing apparatus will be modified to reduce the pressure forcing the
parts to be sealed together. This pressing,if too high, could compress
the sealing glass before it was soft enough to make an air tight seal.

Group 10 crystals were completed exactly like group 9 with the bond-

ing technique previously described. These units, however, were mounted

*
Anyl acetate plus about 3% nitrocellulose by weight.
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in the normal manner and given the regular vacuum bake of 3 hours at
lTSOC. The purpose of group 10 was to check the aging rate of units
bonded with Pyroceram 95 silver cement when other variables had been
reduced to a minimum. The aging rates for some of the group 10 units
were excellent as shown in Figures 3 and 4. As a group, the units tended
to be noisy. A noisy unit can be easily detected at null because the
residual noise level is considerably higher than normal. This noise 1is
considered to be due to small resistance changes in the bond. One unit
of the group (No. 10-3) became too noisy to measure. It should be added
that several units of group 9 failed after a short period in the oven.
Again the bonding cement was suspect.

Figures 5, 6, and 7 illustrate the aging of selected units when
measured at two or more modes of operation. All of these units will
operate at the fifth overtone but reference crystals are available for

but one unit (7-9 in Figure 7C).

10
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Figure 3a. Frequency versus temperature characteristics of an aluminum
plated resonator bonded with pyroceram plus silver cement.
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V. CONCLUSICNS

The passive bridge measuring system 1is capable of making measure-
ments of the desired accuracy of a few parts in 109. The use of a
crystal controlled CI meter as the RF generator, however, is not entirely
adequate. It is anticipated that a frequency synthesizer will be avail-
able shortly to replace the crystal controlled CIL meter and that the
system will then reach its full potential.

One of the major sources of measurement error is the oven tempera-
ture deviation of * O.O5OC. This deviation is especially troublesome
since each crystal 1s measured when possible at the fundamental frequency
and at the third and fifth overtones. The temperature coefficient of
frequency can be zero for but one of the modes of cperation. Full-
proportional oven temperature control now being installed will, it
appears, reduce the temperature deviation to a maximum of L 0.01°%.

The bonding cement composed of Pyroceram 95 and silver powder does
not appear to be entirely suitable for use on high precision crystal
units. The incompatibility of the thermal expansion coefficients of the
Pyrcceram and quartz may cause the bond to be nolisy or, in some cases,
to fall completely. A cement having one part Pyroceram to two parts
silver by volume has given results superior to the mixture composed of
five parts Pyroceram to one part silver reccmmended by some users. The
epoxy-silver cement, duPont No. 550LA (within its temperature limitations)
has superior bonding properties and does not cause undesirable aging when

properly cured and vacuum baked before sealing.
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VI. PROGRAM FOR THE NEXT INTERVAL

During the fifth quarter, the following tasks will be undertaken:

1.

2.

Continued frequency measurements of resonators on storage.
Fabrication and measurement of about 50 crystal resonators.
Improvements on crystal oven temperature stability.

Studies of the effects of gamma irradiation on the aging of
crystal resonators.

Aging studies of continuously operated units.
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I. PURPOSE

The purpose of this project is to delineate the effects of materials
and fabrication techniques on the frequency stabilities of quartz crystal
resonators. Of particular interest are resonators operated in the over-
tone modes. A comparison of the frequency stabilities of resonators fabri-
cated of natural, synthetic, swept¥ natural, and swept synthetic quartz
will be made.

The effect of the bonding cement and, in particular, the effects on
the bonding cement of the high temperature reached during the sealing of

the glass envelope will be investigated.

* "Sweeping" is a method of purification of quartz. The process consists
of heating the quartz to a temperature of 500° to 574°C and applying a
potential gradient of a few thousand volts per centimeter. This results
in the sweeping out of certain impurities.
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II. ABSTRACT

Approximately 70 quartz resonators have been continued on storage and
measurement, and 94 new units have been fabricated. The acquisition of a
Rohde and Schwarz freguency synthesizer, after some necessary maintenance,
has facilitated frequency measurement.

The measurement accuracy and resonator stabilities obtained have
directed attention to oven temperature control and oven design as the
principal remaining areas wherein improvements must be made for attainment
in this work of maximum resonator stabilities. The problems encountered
are associated with large ovens where heat losses, entry recovery, and
frequency versus position differences cause significant wvariations in
frequency measurements for a given resonator. In addition, these condi-
tions limit periods in which accurate measurements may be made.

Measurements of Q for resonators fabricated, made for the series
mode of operation, have given values in the range 100,000 to 300,000.

Resonators previously fabricated have continued to exhibit excellent
stabilities within the limitations of the measurement and temperature con-
trol facilities. Mounting of resonators in the HC-27/U glass container
is now giving excellent yield (about 90%). Silver plated units did not
survive heat requirements for sealing.

Three resonators were subjected to irradiation by the cesium 137
source at a rate of 1.k x 108 rad /nour for a period of 24 hours. All units

cycled through a minimum in freguency of >5 ppm below the original value
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and returned near the original value. For a unit terminating about 1 ppm
below its original value the aging, upon subsequent storage at 85°C, was
very small < 1 pp lO7 per month. Shifts in frequency and aging rates
were somewhat different for the same unit operated at the fundamental,
third, and fifth modes.

Resonators for exposure to pulsed neutron radiation have been fabri-
cated and stored at 85°C. These are ready for initial aging studies before
exposure. Twelve rescnators of known history have been forwarded for
exposure in the vicinity of an atomic burst. These are to be returned for
aging studies subsequent to exposure to the radiation. Arrangements are
also underway for exposure of 60 units to pulsed neutron radiation at a

reactor site.
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ITT. PUBLICATIONS, LECTURES, AND REPORTS

During this reporting period three monthly letters (Nos. 11, 12, and
13) were submitted and Report No. 4 (Fourth Quarterly Report) was repro-
duced and distributed.

Mr. W. H. Hicklin and Mr. C. M. Shirley attended the 16th Annual
Frequency Control Symposium at Atlantic City, New Jersey, April 25-27,
vhere Mr. Hicklin presented the paper, "Aging of Quartz Resonators at
Fundamental and Overtone Modes with Comments on Radiation Effects."

While present at the symposium, Mr. Hicklin discussed problems
related to the course of the work with Dr. G. K. Guttwein, technical
representative of the U. S. Army Research and Development Laboratories

on the project.
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IV. FACTUAL DATA

A. Introduction

The primary work on the project during the course of the Quarter has
been directed to refinement of the oven storage and frequency measurement
system and the fabrication of 84 resonators to be used in studies of the
effects of pulsed radiation on the aging of resonators. Concurrently,
studies of the aging of resonators stored at 85°C and of units continuously
operated have been carried out.

B. Apparatus and Procedures

1. Resonator Storage Ovens

The crystal units stored in the 100-unit oven were removed and
installed in the two 36-unit ovens. The 100-unit oven was thus made
available for the crystals for the pulsed radiation studies. While the
100-unit oven was out of service, the coaxial lines into the 100 previously
but now unused crystal positions were removed and the remaining lines were
thermally insulated from the outer shell of the nested oven. The heat
losses through these lines were thus reduced. Studies have indicated
the oven temperature variation after modification is about + 0.015°C
instead of the previous value of + 0.03°C. Hence, the variation has been
reduced by approximately 50 per cent.

2. Vacuum and Sealing Equipment

Both vacuum systems available to the project have operated with-
out repair or modification during the quarter. Operating pressures were

in the low lO-7 Torr range for both base plating and vacuum baking.
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The HC—E?/U sealing apparatus was modified to provide:
a. Reduced pressure forcing the base and bulb together during
sealing; and
b. Improved gasket sealing of the upper header to the fused
quartz vacuum sealing tube.
These modifications have increased the yield of acceptable seals from 50%
to 90%.

A technique was developed which allowed the HC-27/U seals to be made
in vacuo and the bulbs subsequently filled with air in order to test the
seal with the vacuum oil leak test. This technique is as follows:

(1) Drill a hole in the bulb with a tungsten wire (0.010 to 0.020

inches in diameter). This is done at very high rpm (25,060)
and the friction generated melts a hole through the glass.

5

(2) Make the base seal in vacuo at a pressure of about 10 7 Torr.

(3) Remove the holder, thus sealed at the base, from the chamber.
The holder fills with gas when air or argon is admitted to the
vacuum chamber.

(%) Remove the container from the chamber and plug the small hole
in the envelope with vacuum wax (Apiezon or Dekhotinsky) .

(5) Using the newly sealed specimen, make a vacuum oil leak test

in the manner described in previous reports.

3. TFrequency Measurements

The Rohde and Schwarz Type XUA Frequency Synthesizer and Type
XMC Indicator Unit were received from USASRDL during the quarter. It
was quickly determined that the unit would not serve as a source of R.F.

voltage for driving the crystal impedance bridges without repair. The
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spurious signals from the synthesizer masked the amplified null response
so that the precision of the null adjustment was obscured.¥*

All of the tubes in the synthesizer and the indicator unit were
checked except the types EF 800 for which there was no information or
equipment available for testing. About 90% of the tubes had mutual con-
ductances below the acceptable minimum. One new tube of each type (except
the EF 800) was purchased to check the method of testing the tubes. The
new tubes were better than the acceptable minimums whereas the older ones
continued to give values below the minimum acceptable ones.

The Rohde and Schwarz Sales Company was contacted for futher ser-
vicing information related to realignment procedures which may be neces-
sary when a large number of tubes is replaced. It was stated that none
was necessary except for a few critical tube eclements. New tubes were
ordered and several switches of weak tubes in critical positions to less
critical ones were made. These changes improved the instrument somewhat
and further improvements are expected in the near future.

During the quarter it became necessary to replace the BNC oven
coupler (UG-1104A/U) on the high frequency bridge. Some trouble was
encountered with the first coupler installed. A second coupler was in-
stalled before acceptable operation was obtained. Some aging data were
lost as a result of these changes.

¥ A technique of locating the null by interpolation rather than by direct
indication has been tried and may provide accuracies of + 1 cycle at L8 Mc.
This method permits the null loop gain to be reduced and, since the
galvanometer readings are taken off null, the signal to noise ratio is
improved.
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TABLE I

Gold Base Plated Units for Pulsed Radiation¥* Studies
(3rd Mode Only)

AF

Q

Unit R (2) F(~)  R(Q) F(~)=*  (F-F) H§§ Q
Au-1-2 6.8 47328832 9.8 47330332 1500 6.1 202200
Au-1-L4 7.4 47294893  10.0 47296366 1473 6.1 192000
Au-1-5 10.0 Lh73k16hke 14k.0 L7343243 1601 6.1 130000
Au-1-7 10.5 47379920  15.5 47381450 1530 6.1 130000
Au-1-8 10.3 47415630  14.0 47417150 1520 6.1 133500
Au-1-9 9.7 47342936  16.0 47344387 1451 6.1 148500
Au-2-1 8.8 47580880 13.5 47581190 3907 6.1
Au-2-4 6.8 47537450  11.5 47538730 1280 .1 240000
Au-2-7 8.2 h7540156  12.7 47541393 1237 6.1 206200
Au-2-8 8.2 47491025 12.0 L7h92268 1243 6.1 205500
Au-2-10 6.6 47533480  10.5 47534840 1360 6.1 233000
Au-2-12 10.5 47565198  15.5 47566350 1152 6.1 172800
Au-2-13 7.2 47682186 11.0 47683603 1417 6.1 205000
Au-2-15 11.3 47491114  18.0 47492204 1090 6.1 169000
Au-2-17 7.0 h7hoToko  11.3 47408450 1410 6.1 211000
Au-2-20 11.2 47290070 15.5 47291476 1406 6.1 132800
Au-2-21 8.2 47417185 10.0 47418590 1405 6.1  181Lk00
Au-2-22 7.1 Lh7598Lh25  11.5 47599585 1160 6.1 253800
Au-3-1 6.8 47235520 9.4 h723701L 1494 6.1 205500
Au-3-2 6.3 47395230  10.5 47396750 1520 6.1 218400
Au-3-16 7.0 47338431  11.0 47339870 1439 6.1 205500
Au-3-19 9.0 L760h772 11.0 47605850 1078 6.1 215500

¥ Quartz: Natural; Holder: HC-27/U; Bond: 1 part pyroceram + 2 parts
silver (by volume) fired 5 hours at 450°C.

*% Ra + Fa obtained using a series load condenser of 32 upf.
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TABLE I (Continued)

AF C

Unit R (0) F(~) R (0) F(~)  (F,-F) E&f Q
Au-4-1 7.2 LrorokTs 8.5 47080722 1247 6.1 233000
Au-L-2 5.8 47289371 9.0 47290605 1234 6.1 292000
Au-L4-5 7.0 47210612 10.5 211771 1159 6.1 257500
Au-4-6 6.0 47263608  11.3 47264839 1231 6.1 282500
Au-L-7 8.4 hro73495 12.2 47274683 1188 6.1 209000
Au-4-8 6.7 47173198 8.9 47174586 1388 6.1 225000
Au-4-9 6.6 47207566  10.0 47208733 1167 6.1 272000

Au-4-10 6.8 47231838 10.7 47232940 1102 6.1 281000
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TABLE IT

Silver Plated Units for Pulsed Radiation¥* Studies
(3rd Mode Only)

AF

Q

Unit R (%) F(~)  R) F () (F-F) Eﬁf Q
Ag-1-1 9.5 Lo209678  13.8 Lhoo11025 1347 8.0 153800
Ag-1-2 10.5 49348614  16.0 49349860 1246 8.0 152400
Ag-1-3 12.5 48985592  17.5 48986995 1403 8.0 113200
Ag-1-4 16.0 489987h0  26.0 49000077 1337 8.0 93000
Ag-1-5 10.5 48986986 13.0 489088459 1474 8.0 128800
Ag-1-6 10.5 49190650 15.5 49191852 1202 8.0 157800
Ag-1-7 9.2 k9505251  15.0 49506630 1379 8.0 157000
Ag-1-8 9.2 49111317 13.5 49112570 1255 8.0 172200
Ag-1-9 17.5 49193350 28.0 49193930 580¢ 8.0
Ag-1-10 10.0 Lhoos2491  13.0 49053990 1509 8.0 132000
Ag-1-11 9.0 49127018  13.0 49128260 1242 8.0 177500
Ag-1-12 9.5 k9341631  15.5 49342834 1203 8.0 173000
Ag-1-13 8.0 hoi1l7207  13.5 49148387 1180 8.0 212000
Ag-1-1L4 10.5 ho145985 14,5 Lo1L7038 1253 8.0 151200
Ag-1-15 20.0 49186157 28.0 49187500 1343 8.0 74200
Ag-1-16 9.7 LhooTo261  15.0 49073723 1ké2 8.0 140000
Ag-1-17 11.2 ho3k5871  16.5 49347000 1129 8.0 157700
Ag-1-18 10.5 49357900  15.5 49359018 1118 8.0 164000
Ag-1-19 9.3 holioh508  16.0 Loko5773 1265 8.0 169000
Ag-1-20 32.0 Lo2el307  38.0 49264903 596% 8.0
Ag-2-1 10.5  Lo2téoko - -- Unable to measure R, and F
Ag-2-2 7.2 k9129666  10.0 49131150 1484 8.0 186200
Ag-2-3 10.5 49307200  13.5 49308622 1koo 8.0 133200
Ag-2-k 10.0 Lhoi154316  17.0 49155680 1364 8.0 145900
Ag-2-5 6.5 49200915  13.0 Loo02312 1397 8.0 219000
Ag-2-6 7.1 hooke870  13.0 Look8olLs5 1275 8.0 220000
Ag-2-T7 7.5 L91k1919  13.5 k9143157 1238 8.0 214000
Ag-2-8 8.5 ko1l2550  11.5 49144007 1457 8.0 160900
Ag-2-9 9.5 49209678  13.8 49211025 1347 8.0 155200

¥ Quartz: Natural; Holder: GE glass; Bond: DuPont 5504A cement cured
3 hours at 150°C.

*% Ra and Fa obtained using a series load condenser of 32 uuf.
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TABLE ITT

Aluminum Plated Units for Pulsed Radiation¥* Studies
(3rd Mode Only)

AF c
Unit R (0) F(~)  F(a) F (~) (F,-F) 555 qQ
Al-1-1 5.7 48158239 9.5 48160114 1875 6.1 196000
Al-1-2 8.5 48137273  12.0 48139080 1807 6.1 136000
A1-1-3 8.8 48216026 16.2 48217831 1805 6.1 133000
Al-1-4 6.8 48185190 10.0 48187116 1926 6.1 159800
A1-1-5 6.6 48139128 10.5 48141021 1893 6.1 160000
Al-1-6 8.3 48169790 12.2 48171610 1820 6.1 138200
Al-1-7 5.7 48132751 8.7 4813h 7kl 1993 6.1 183000
A1-1-8 6.8 48142280 11.0 48144053 1773 6.1 17k000
+A1-1-9
Al-1-11 9.5 48188519  14.0 418190588 2069 6.1 80300
Al-1-12 7.5 L81ko22Lk 11.1 48142273 2049 6.1 137500
Al1-1-13 46.0 48213494 6.1
Al1-1-15 6.8 48146102  10.5 48148123 2021 6.1 152200
+A1-1-16
+A1-1-17
+A1-1-18
+A1-1-19
+A1-1-20
Al 2-1 11.0 48021085  13.5 48023072 1987 6.1 95700
1-2-2 6.5 47997834 9.5 47999712 1878 6.1 171500
Al 2-3 48.0 L 80kL2s502
Al-2-4 6.0 48009756 8.7 48011838 2082 6.1 167000
Al-2-5 46.0 48086230
Al-2-6 5.5 L8006867 7.6 48008903 2036 6.1 187200
Al-2-7 32.5 48080153
Al1-2-8 5.0 48033294 8.0 48035239 1945 6.1 216000
Al-2-9 k.9 48018517 7.6 48020643 2126 6.1 212000
+A1-2-10
+A1-2-11
+A1-2-12
Al-2-13 5.7 48030826 8.0 48032852 2026 6.1 181000
Al-2-1k 6.6 4802877k 9.0 48030810 2036 6.1 156200
+A1-2-15
Al-2-16 5.0 48019870 8.0 418021989 2119 6.1 197000
Al-2-17 8.0 48039024  11.0 48041023 1999 6.1 131000

* Quartz: Natural; Holder: HC—ZT/U; Bond: 1 part pyroceram + 2 parts
silver (by volume) fired 5 hours at 450°C.
** Ra and Fa obtained using a series load condenser of 32 ppf.

+ High frequency. Possibly "twinned."

11
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C. Crystal Resonator Fabrication and Measurement

1. Units Fabricated

Approximately 84 resonators were fabricated during the Quarter.
These consisted of 30 gold-plated units, 29 silver-plated units, and 25
aluminum-plated units. All units were base plated only. The gold-plated
and aluminum-plated resonators were bonded with pyroceram cement composed
of 2 parts silver flake and 1 part pyroceram 95 by volume and mounted in
the HC-27/U glass container. The silver-plated units could not be thus
mounted because of agglomeration of the films induced by high temperatures
encountered in the bonding and sealing procedures. The silver units were
therefore bonded with duPont #5504 cement and mounted in the T 5-1/2 glass
envelope.

Quartz plates prepared for these experiments were all of natural

quartz. Pertinent parameter® of each resonator are listed in Tables T,
IT, and IIT.

2. Resonator Storage and Measurements

The resonators fabricated during the Quarter were designed
principally for studies of the effects of pulsed radiation exposure on
the aging of the resonators. Upon completion of fabrication and measure-
ment of the parameters listed the units were stored in the 85°C ovens to
await the beginning of the aging measurements. Due to some difficulty
with the measurement apparatus, and the measuring load already incurred
with the routine aging measurements of previously fabricated resonators,
aging measurements of these units were delayed until about 1 June, this

time coming within the 30-day prestorage time.

12
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Routine frequency measurements were continued on about 7O resonators
Tabricated during previous quarters. A continuation of frequency data for
representative specimens covered in the previous report is exhibited in
Figures 1 through 6.

4. Measurements of Resonators Exposed to Conditions of Continuous

Among the assignments of the project was a study of the aging
behavior of resonators subjected to continuous drive at a level of approx-
Imately 2 milliwatts. The aging behavior of the units had previously been
examined under the usual measurement condition of 85°C and operation at
a power level of a few microwatts only during warm up and the period of
measurenent. Three units were studied.

After a period of aging in the 85°C ovens for a period of 60 or more
days the resonators were removed and driven in a CI meter for a period of
7 days at room temperature (25°C). The power level was adjusted to 2 mw
by measuring the crystal resistance (RS) and the voltage across the
crystal (Ec). Drive level (Pc) is then:

P, = (Ec)e/Rs

On completion of the period of continuous drive the resonators were
returned to the 85°C ovens where aging measurements were continued at the
fundamental, third, and fifth overtones.

The behavior observed for two units is depicted in Figures 7, 8, 9,

and 10.

13
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Frequency versus time data for a natural quartz resonator
base plated with aluminum.
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FREQUENCY CHANGE (PERCENT)
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Figure 1b. Frequency versus time data for a natural quartz resonator

base plated with aluminum.
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Figure 2b. Frequency versus time data for a cultured quartz resonator

base plated with aluminum.
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Frequency versus time data for a swept, cultured quartz
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Figure la. Frequency versus time data for a natural quartz resonator
base plated with aluminum and final plated with gold.
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Figure Lb. Frequency versus time data for a natural quartz resonator
base plated with aluminum and final plated with gold.
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Figure 5b. Frequency versus time data for a natural quartz resonator
base plated with aluminum and final plated with aluminum.
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Figure 6a. Frequency versus time data for a natural quartz resonator base
plated with aluminum and bonded with pyroceram 95-silver cement.
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Frequency versus time data for a natural quartz resonator base
plated with aluminum and bonded with pyroceram 95-silver cement.
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FREQUENCY CHANGE (PARTS IN 107)
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Figure 7. Frequency shift and aging of resonator 1-9 Al before and after

operation at high drive level, 2 mw for 7 days, fundamental mode.
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FREQUENCY CHANGE (PARTS IN 107)
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Figure 8. Frequency shift and aging of resonator 1-9 Al before and after
operation at high drive level, 2 mw for T days, 3rd overtone mode.
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Figure 9.

Frequency shift and aging of resonator 1-10 Al before and after

operation at high drive level, 2 mw for T days, fundamental mode.
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Figure 10. Frequency shift and aging of resonator 1-10 Al before and after

operation at high drive level, 2 mw for 7 days, 3rd overtone mode.
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5. Effects of Gamma Radiation on the Stability of Resonators

Under Contract No. DA-36-039-s5c-85363 the effect of gamma irradi-
ation from a cesium 137 source on quartz resonators was described and found
to be generally in agreement with work reported earlier by Frondel¥* for
irradiation of quartz plates with x-rays. Results of the exposure of the
resonators to a proton beam were also described. Specimens of 100 Me
frequency exposed to gamma irradiation at a dosage rate of 1.4 x lO6 rad/hour
for periods 10 to 60 minutes exhibited large downward frequency shifts of
300 to 1000 cycles per second. Subsequent aging of the resonators at 85°C
revealed gradual upward drifts in frequency and leveling off at a plateau,
perhaps 100 cycles above the minimum point. Hence recovery was only
partial. A typical pattern is shown in Figure 11.

If, however, the resonator was exposed for greater periods of time at
this intensity the pattern of behavior similar to that in Figure 12 was
observed. As may be seen, the frequency begins a positive shift at about
five hours irradiation at 1.k x lO6 rad/hour and continues upward until
it may overshoot the original value. Since Contract No. DA-36-039-sc-85363
terminated during the period of this particular study aging measurements
after 24 hour exposures were not obtained.

More recently such data have been obtained and are reported herein.
Three units were exposed in the cesium 137 well at an intensity 1.4 x 106
rad/hour for 24 hours. The resonators were retrieved and returned to the
normal 85°C storage ovens for aging measurements at the fundamental, third,

* Frondel, Clifford, "Effects of Radiation on the Elasticity of Quartz,"”
American Mineralogist 30, Nos. 1 and 2, 432 (1945).
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DAYS OF STORAGE AT 60°C

unit plated with evaporated aluminum and stored at 60°C.

Frequency versus time data for resonator A-9-9-Al, a ninth overtone
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Figure 12. Typical frequency variation with Cesium-137 irradiation for resonator
D-9-Ag. Note positive freguency shift after about five hours irradiation.
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and fifth modes. Patterns of behavior are exhibited in Figures 13, 1k,
15, 16, and 17. Figures 13 to 15 exhibit the pattern of unit 1-2 Al at
each mode of operation whereas Figures 16 and 17 exhibit only the funda-
mental modes of units 1-5 Al and 1-6 Al. In general, the patterns of

the three modes were similar although the total frequency shift at the
overtone modes during exposure was somewhat less and the subsequent aging
drifts appeared to be slightly more.

Of particular interest as may be noted in Figures 13, 16, and 17 was
the fact that the units being exposed sufficiently to overshoot the initial
frequency drifted downwards at an appreciable rate (> 1 ppm in 60 days) and
the unit undershooting drifted very little (< 2 pp 107). The overtone
modes of the latter aged downward slightly more.

6. Resonators for Exposure to Pulsed Radiation

Twelve resonators for which aging histories are known were trans-
mitted to Mr. J. M. Stanley for exposure to the effects of an atomic ex-
plosion. These were as follows:

Quartz Blank

Unit No. Plating Type Material
2-1 Aluminum only Natural quartz
(no overcoat)
2_1,_ n "
2_ 1 it
2_; 1 "
3-1 " Cultured quartz
3_2 1 1
3__3 tr n
3 - 5 1t 1]
b2 " Swept cultured quartz
ll-'-3 1" "
)-l-—)-l- n ]
ll-—6 " 1"
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Figure 13. Frequency shift and aging of resonator 1-2 Al after 24 hour radiation

exposure (1.4 x 106

rad/hour), fundamental mode, 16 Mc.
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Figure 1k. Frequency shift and aging of resonator 1-2 Al after 24 hour exposure
to radiation (1.4 x 106 rad/hour), 3rd mode, 48 Mec.
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Figure 15. Frequency shift and aging of resonator 1-2 Al after 24 hour exposure
to radiation (1.4 x 106 rad/hour), 5th mode, 80 Mec.
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Figure 16. Frequency shift and aging of resonator 1-5 Al after 24 hour exposure
to radiation (1.4 x 106 rad/hour), fundamental mode, 16 Mec.
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DAYS OF STORAGE AT 85°C

Frequency shift and aging of resonator 1-6 Al after 24 hour exposure
to radiation (1.4 x 106 rad/hour), fundamental mode, 16 Me.
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Arrangements are being made for exposure of other units at a pulsed
atomic reactor as soon as the prescribed aging period of 90 days at 85°C
is completed.

7. Data Analyses

a. Resonators Fabricated Previously

Aging measurements continued for 16 Mc units fabricated in
previous quarters, in spite of some measurement difficulties experienced
during the perilod, have shown that units fabricated with meticulous care
within rather varied material specifications will exhibit minimal aging.
The data depicted in Figures 1-6 show that units made of natural or syn-
thetic quartz, base plated with aluminum only, may age < 5 parts in 108
in 60 days and exhibit distinct differences in aging at the overtone mode
or modes (Figures la and 1b). The data for an outstandingly stable example
is depicted in Figure 3b. Here the aging is essentially zero for 100 days.

The addition of a final overplating of any type, aluminum plus alum-
inum or aluminum plus gold, degrades stability somewhat. Figures 4a and
4b for aluminum plus gold exhibit an aging slope of one part in lO7 in
about 60 days. For the resonator plated with aluminum plus aluminum the
rate exhibited in Figures 5a and 5b was approximately double that for the
aluminum plus gold specimen of the preceding Figures 4a and Lo,

b. Resonators Operated at High Drive level

Resonators operated at high.drive level (2 mw) exhibited
shifts in frequency upon stabilization and remeasurement at 85°C. Shifts
for the few units measured were up or down < 10 parts in lO7 and the

shift observed was different at the various modes of operation for the
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same unit. Aging of rescnators after exposure to the high drive level
experiment was not markedly directicnal although it appeared to be some-
what more erratic. Measurement difficulties encountered during the pericd,
however, appear to be superimposed upon the curve contributing in part to
random frequency shifts of small magnitude.

c., Aging of Resonators Exposed to Gamma Radiation

Resonators of 100 Mc fregquency exposed to gamma radiation
at an intensity of 1l.h x 106 rad/hour for periods less than five hours
exhibited nmarked negative freguency shifts of 5 to 10 ppm. Aging there-
after was upward until a plateau was reached a few ppm above the minimum
freguency reached. Exposure for longer periods of time resulted in a
partial, complete, or covershoot return to the initial frequency level.
Aging, after the 2h-hour exposure, was downward. The rate of aging ap-
peared to be dependent on whether the frequency established was over or
under the freguency before exposure to gamma radiation. A slight under-
shoot resulted in a minimal aging for one specimen. This point needs

further investigation.
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V. DISCUSSION

A. Frequency Measurement Technigue

The frequency measurement technique, with the aid of the Rohde and
Schwarz synthesizer, has now progressed until the rate and accuracy of
measurement are satisfactory. The synthesizer still needs some of its
weaker tubes replaced but the swapping of several stronger tubes of
similar types to critical sites reduced the noise level of the instrument
until its performance has reached a useful level. Further improvements
are expected upon the arrival and substitution of new tubes.

B. Oven Temperature Control Effects

The improvement in frequency measurement accuracy and reliability
pointed up other major causes of resonator instability. These were the
limits of oven temperature control accuracy, a capaclitative or inductive
effect due to position of any given resonator within the oven, and the
necessity of entering the ovens at relatively frequent intervals. Each
of these operations is associated with shifts in frequency that are
easily discernible by present measurement techniques and will undoubtedly
require rectification before greatly improved stabilities are obtained.

The ovens as now constructed have up to 100 coaxial connectors lead-
ing through the bottom layers of the oven nest. These, having a signifi-
cant cross section area, establish a large heat conduction path to the
external room temperature. Large variations in the ambient may result

in small diurnal shifts in the oven temperature. Although these may appear
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to be insignificant (+ 0.015°C), and are for most purposes, they may be
gquite significant when measurements are made to an accuracy of a few
parts in 109. Furthermore, the angle of cut of a crystal for its funda-
mental may not be the best for operation at the higher overtones of the
unit; as a result, some units display excessive shifts due to temperature
variation when measurements are made at the third and fifth modes.

Another disadvantage of large capacity ovens is the loss of measuring
time encountered on entry of an oven for insertion or extraction of reso-
nators. Such interruptions may required 24 or more hours for the return
of stable temperature conditions and serious time losses may develop as
a result by entry and retrieval of units for varicus special studies.

The unsatisfactory temperature control of the larger ovens and the
entry and retrieval problems of the current design indicate a definite
need for ovens of smaller unit capacity for aging studies such as the cur-

rent one.

C. Position Effects

In addition to temperature problems induced by opening and closing
the oven, the very act of inserting or removing a resonator may change the
frequencies of nearby units. Even though spare units are employed in all
spaces at all times, small shifts in frequency may occur. These vary from
10 to 100 cycles in the present 100 unit oven.

D. Summary and Recommendations

The problems associlated with large ovens for aging studies, i.e.,
temperature control, entry perturbations, and position effects, indicate
the need for smaller oven units to be employed in aging studies. Ovens
holding not more than 10 to 20 units are envisioned and a few ovens should

be provided that hold only single units.
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VI. CONCLUSIONS

Present oven design and temperature control limitations establish
the stabilities obtainable for many resonators currently being fabricated
and measured. TImproved ovens will result in improved measurements and
more useful aging studies. Seventy resonators previously fabricated and
continued on storage and measurement at constant temperature have con-
tinued to show excellent stabilities or aging changes ascribable to known
parameters. Differences in the material of the blank, i.e., natural,
synthetic, or swept, did not give significant differences in stability.
Differences in plating metal, i.e., gold, silver, or aluminum, have not
resulted in appreciable differences in aging rates where meticulous known
fabrication procedures were used. Overcoating aluminum with aluminum or
with gold resulted in greater aging rates than for non-overcoated units.
Overcoating with gold in several instances resulted in smaller aging
rates than upon overcoating similar units with aluminum.

Values of Q for resonators fabricated, operated in the series mode,
are in the range 100,000 to 300,000.

Resonators exposed to cesium source gamms radiation at a rate of
1.4 x 106 rad /hour for 24 hours, upon subsequent storage at 85°C, exhibited
small downward drifts in frequency. The amount of this drift appeared to
be dependent on the relative position of the frequency after exposure to
that before exposure. For resonators with a final frequency very near the

original one the drift rate was small, < 1 pp lO7 per month.
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Frequency shifts resulting from irradiation were different for the
same unit operated at its various modes and aging rates also varied
somewhat.

Resonators for pulsed radiation studies have been fabricated and

negotiations for proper exposures are progressing satisfactorily.
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VII. PROGRAM FOR THE NEXT INTERVAL

The following tasks will be accomplished during the next quarter:
1. Continued frequency measurements of units stored at 85°C;
2. TInitial aging measurements of the units completed for the
pulsed radiation study; and
3. Fabrication of one crystal group for routine aging measure-

ments.
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I. PURPOSE

The purpose of this project is to delineate the effects of
materials and fabrication techniques on the fregquency stabilities
of quartz crystal rescnators. Of particular interest are resonators
operated in the overtone modes. A comparison of the frequency
stabilities of resonators fabricated of natural, synthetic, swept*
natural, and swept synthetic gquartz will be made.

The effect of the bonding cement and, in particular, the
effects on the bonding cement of the high temperature reached during

the sealing of the glass envelope will be investigated.

* "Sweeping"” 1s a method of purification of quartz. The process consists
of heating the quartz to a temperature of 500° to 574°C and applying

a potential gradient of a few thousand volts per centimeter. This
results in the sweeping ocut of certain impurities.
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ITI. ABSTRACT

During the quarter approximately 140 resonators have been
maintained in oven storage at 85°C and measured periodically for
frequency and RS. Of these approximately 56 were units prepared for
long term aging study and the remainder were undergoing measurements
preliminary to exposure to high intensity pulsed radiation (lOl3nvt).

Thirty new resonators, with aluminum electrodes, were fabricated
and mounted in the HC 27/U glass container. Heat effects during sealing
resulted in major frequency shifts for 12 of these units, from 16 Mc
to the viecinity of 22 Mc, with no significant change in RS. Frequency
versus temperature data and RS values indicated characteristics
resembling an AC-cut more than an AT-cut rescnator. An investigation
of changes in these resonators by the method of X-ray diffraction
topography indicated extensive electrical twinning in the units exhibiting
the frequency shift. It was alsc shown that information concerning
strains produced in the quartz by mounting clips and cements could be
obtained by X-ray diffraction topography and that this method holds promise
as a means of further study of this problem.

Aging studies have continued to show that many units have high
stability but definite differences in aging rates at the fundamental and
overtone modes of the same unit have been observed. Alsc, overcoated units
have displayed greater aging rates than units coated only with a base ccat.
For the base-cocated units a typical change in frequency has been < + 1 part
in lO7 in 150 days whereas the overtone modes of the same unit have shown
a more definite negative frequency trend of about 2 parts in lO7 in the
same pericd. Some of the overcoated units have exhibited shifts at the

7

overtone modes as large as 6 parts in 10' in about 120 days.
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The fundamental mode has exhibited somewhat greater frequency
shift spikes about the base frequency than have the overtone modes.
This behavior has thus far been ascribed to a greater sensitivity
to the effects of strains resulting from temperature changes; the
precise control of temperature appears to be one of the yet unsolved
problems for large volume resonator storage.

Preliminary measurements of resonators preparsd for exposure to
intense pulsed radiation have been completed and the units are

gcheduled for exposure in early September.
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IIT. PUBLICATIONS, LECTURES, AND REPORTS

During this reporting period two monthly letters (No. 1k and 15)
were submitted. Report No. 5 (Fifth Quarterly Report) was reproduced
and distributed.

Dr. G. K. Guttwein, technical representative of the U. S. Army
Electronics Research and Development ILaboratory, visited Georgia Tech on
18 August 1962. The progress of the work on the present contract was
discussed, and a preliminary outline of a continuation of the current

program was formulated.
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IV. FACTUAL DATA

A. Introduction

The principal work of the project during the current quarter has
been devoted to the fabrication of quartz resonators and a continuation
of aging measurements of two categories of resonators. The units of
one set, containing approximately 56 resonators were fabricated for a
study of long term aging effects and were measured in frequency to an

9

accuracy of about 5 parts in 10° at the 1st, 3rd and 5th overtones.

The resonators of the remaining category, containing about 84 units,
were fabricated for the specific purpose of measuring the effects of
intensive pulsed radiation on the aging of quartz resonators. The
latter units were measured only at the third overtone to an accuracy

of about 5 parts in 108. Secondary studies of oven temperature control,
sealing of HC 27/U glass units, and damage inflicted on the guartz

resonator during sealing were undertaken.

B. Apparatus and Procedures

1. General
Vacuum equipment, frequency measuring apparatus, constant
temperature resonator storage ovens, and resonator sealing equipment were
operated with a minimum of difficulty during the period of this report.
No modifications of the ovens or vacuum systems were made.

2. New Eguipment

A Marconi, F 3006 solid state, unit oven has been purchased

and is awaiting installation. A Manson model RD 180-A, Ultra High
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Stability Oscillator was purchased and installed for use as a frequency
standard. A number of new tubes for the Rohde and Schwarz frequency
synthesizer were received and installed.

3. Frequency Measurements

The replacement of a number of tubes in the Rohde and Schwarz
Frequency Synthesizer has made possible its use as a signal generator
for frequency measurements to a precision of about + 5 parts in 108.
The synthesizer is being used for all measurements of the special units
for the pulsed radiation studies and for certain other measurements at
the first, third and fifth overtone modes when crystals for controlling
the CI meter are unavailable.

During the quarter a Manson model RD 180A Ultra High Stability
Oscillator was purchased and calibrated for use as a standard frequency
source. The calibration is maintained at + 14 parts in lO9 + 2 parts

in lO9

by comparison with the standard frequency transmission from WWVL.

In addition, a Western Electric company model O—76A/U oscillator is
compared in frequency with the Manson oscillator using a RMS model CR-1
cosine phase plotter. The O—76A/U serves as a stand-by frequency standard
and also furnishes standard frequency sighals to other laboratory groups
making precise frequency measurements.

The 100 Kc output of the Manson oscillator is used, in addition,
to synchronize the Rohde and Schwarz synthesizer. The precision of
neasurement was improved by about 2 parts in lO8 by this action. The
improvement i1s apparently due to cleaner output signals from the syn-
thesizer when using the Manson oscillator.

Lk, Comments
Both vacuum systems available to the project have operated

without repair or modification during the quarter. Operating pressure

6
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was in the low 10 ' Torr range for both base plating and vacuum baking.

The HC-27/U sealing equipment has operated well. Only two of 68
units mounted in HC-27/U holders and stored at 85°C have shown to be
definite leakers. Otherwise the aging rates for both gold and
aluminum plated units has been very low, as will be illustrated sub-
sequently.

No modifications were made on any of the three 85°C ovens in use
during the quarter. Oven A, in which the units for pulsed radiation are
stored, was opened once during the quarter (on 22 June 1962). Ovens B
and C were not opened. Two unavoidable power failures (one for 2 1/2

hours and one for about 20 hours) occurred, however.

C. Experimental Work

1. Quartz Resonator Fabrication and Sealing

Three groups of crystal units comprising 30 resonators were

fabricated during the quarter. Each group was base plated with
aluminum, bonded with pyroceram, and sealed in an evacuated HC-27/U
holder. Group Al-3 was fabricated of cultured quartz with a 100% yield.
Group Al-4 and Al-5 were fabricated of swept, cultured quartz with a 30%
and a 50% yield respectively. Pertinent parameters of each operable
resonator (18) are given in Table I.

An investigation of the yield for groups Al 4 and 5 revealed that a
number of the units had been damaged by heat occurring during the
sealing phase. A similar behavior had been noted for a few previously
fabricated units. The damaged units underwent a positive frequency change
of about 7.5 Mc to approximately 22.5 Mc at the fundamental and s drastic

change from the normal temperature - frequency behavior associated with
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TABLE T

Aluminum Plated Crystal Units Fabricated
for Pulsed Radiation Experiment

Unit Quartz RS(Q) FS( ) Qs
Al-3-1 Cultured 9.5 48205766 95,500
3-2 " 22.2 48199L01 62, 600
3-3 " 16.0 48185702 75, 800
3-L4 " 43.0 48212083 30, 400
3-5 " 20.0 48176125 67, 700
3-6 " 12.5 48195792 76,500
3-7 " 11.5 L82ok353 84,200
3-8 " 15.5 48216342 59, LOO
3-9 " 21.5 48240396 56,300
3-10 " 17.0 48200704 62,200
Swept
Al-h-2 Cultured 21.3 48226377 82,000
43 " 7.4 L82uoLLs 124,500
4-6 " 23.5 48252059 110.500
Al-5-1 " 5.5 L8p20k48L 172,000
5-3 " 6.5 48174740 151, 500
5-4 " 5.9 48198143 168,000
5-5 " 17.0 48191730 52,500
5-6 " 16.5 48191365 104,500

%A1l units were mounted in the HC 27/U glass container and
bonded with 1 part Pyroceram to 2 parts silver powder
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an AT-cut resonator as illustrated in Figure 1. This particular data
plot resembles the frequency versus temperature behavior of an AC-cut
quartz resonator rather than an AT-cut. The average series resistance
of these units was however usually less than for similar but undamaged
units, and this fact also supports the resemblance of the units to
behavior typical of the AC-cut. An X-ray study of the quartz plates
revealed twinning of the quartz over large areas and a more thorough
discussion of the procedure and findings of this examination will be
presented in the subsequent Section E.

2. Frequency Measurements

Resonator frequency aging studies conducted during the
current quarter can be grouped into three general classifications;

a. routine frequency measurements of resonators fabricated
for long term aging studies;

b. preliminary frequency measurements of units for pulsed
radlation studies at only the third mode; and

c. short term, rapid sequence frequency measurements of
selected units of group a. above at one or more modes.
All measurements were made at 85°C.

Routine frequency measurements were continued on about 60 resonators
fabricated previously to the current quarter. The frequency data for
representative specimens are exhibited in Figures 2 through 7.

Representative frequency data for the series of 84 units prepared
for the pulsed radiation series are illustrated in Figures 8, 9, 10 and 11.
The plot of Al-5-5 (Figure 11) is included to exhibit the aging rate of a
unit considered to be leasking in comparison with the non-leszkers of Figures

8-10.
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3. Equipment Capability Measurements

In addition to the principal aging measurements conducted
during the quarter a series of equipment capability studies were made.
These were designed primarily to detect tempsrature cycling in the
ovens, both long and short term, which would effect resonator frequency
measurements. In general these were conducted over periods of several
hours up to 34 hours with a discontinuation of the measurements
during the night hours. Data for representative studies are exhibited
in Figures 12 and 13. The data indicate that changes of resistance of
+ 30 ohms occurred in the value of the thermistors in the oven and,
at 0.0003°C per ohm, this represents a change of + 0.009°C (or
approximately + 0.01°C) over a period of 34 hours. The principal
change, however, appears to be the one occurring in the morning of the
second day, and consists of a temperature rise of the order of 0.01°C
and a number of other lesser heating and cooling spikes. These spikes
are in general also reflected in the frequency changes of highly stable
resonators within the oven as shown in the two figures. These frequency
changes reach a magnitude of a few parts in 108 and indicate that the
true short term frequency stability obtainable for these units is
dependent under present storage conditions, principally on the degree
of temperature control obtained in these storage ovens. Long term
aging exceeding a few parts in 108 should be readily discernible, however.

L. Data Analyses

a. Measurements at the Fundamental and Overtone Modes

(1) The aging rates of the third and fifth over-

tone modes agree very closely with each other;

21
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(2) The frequency changes occurring at the
fundamental frequency, as measured, are often
erratic;

(3) Overplating with a second metal for frequency
adjustment increases the frequency drift rate -
especially at the third and fifth modes.

As noted in Figures 5-7, and as may be abundantly noted in graphs of
many other units on file, the plot of the fundamental frequency exhibits
many more excursions from a smooth aging curve then do plots of the
overtone data for the game crystal. There appears to be an association
of this behavior, in a number cases, with temperature variations of
the oven caused by oven opening or power failure. These temperature
variations in turn vary stresses applied to the quartz by the mounting
and bonding system. In particular one may note that the unit of Figure 7
was bonded with Pyroceram 95-plus - silver cement. It thus appears that
the fundamental mode may be more sensitive to stress then the overtone
modes although an explanation of this behavior is not yet available.

Since the overcoating layer is evaporated onto a surface which can
neither be cleaned or heated as well or as readily as the original sub-
strate surface, it is deposited under conditions known to form less
perfect films of higher surface areas. As a result the negative fre-
quency change of the overplated units at the overtone modes is very
likely due to loading of the overcoating metal film by gases or vapors
in the sealed holder. An effort to improve the quality of the over-
coating film insofar as possible appears to be a worthwhile future

endeavor.

2h
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Many of the graphs show that some difficulty was encountered
with the oven temperature control systems on 27 or 28 July 1962.
Although complete records are kept of all power failures, oven
openings, etc., no reason is presently known that accounts for the
behavior of many units subsequent to 28 July.

D. Other Experiments

1. Resonators for Studies of the Effects of Pulsed Radiation

on Aging of Quartz Rescnators

As noted in preceding Section IV. C-2, approximately 8L
resonators were fabricated and measured in preparation for the pulsed
radiation effect experiment.

The silver plated units of this series were bonded with duPont
No. 5504 cement and mounted in evacuated T-5 1/2 bulbs since, otherwise,
the silver film agglomerated during the firing of the Pyroceram 95-
silver cement normally required as the bonding agent in the HC—27/U
holder. The gold and aluminum plated rescnators, on the other hand,
were bonded with the Pyroceram 95-silver cement and mounted in evacuated
HC-27/U holders. The fact that many excellent units were obtained, in
spite of the potentially significant variables introduced by use of the
HC-27/U container, indicates that meticulous care during fabrication is
probably the most important factor in the fabricating of resonators
with highly stable fregquency characteristics.

2. Short Term Aging and Eguipment Capability Study

These studies were initiated to determine:

a. The precision of freguency measurements; and
b. The effect of oven temperature on the crystal

frequencies.

25
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Estimates based upon the data obtained and exhibited in Figures
12 and 13 indicate the precision of frequency measurement to be
about 5 to 10 parts in 109. Such precision was obtained regardless
of whether the bridge was left connected to the oven or removed after
each measurement.

As outlined in paragraph IV. C-3 and Figures 12 and 13, short
term aging studies of resonators measured periodically over a period
of 34 hours revealed relatively high frequency stabilities on
successive measurements with occasional excursions up to approximately
2 parts in 108. On the other hand, temperature excursions of the
magnitude of 0.006 to 0.009°C were apparent and total drifts within
the period of 0.018°C were observed. Although perfect correlation
between frequency and temperature shifts is not displayed some
correlation is indicated, more in the case of Unit Al 3-8 when
operated at its fundamental (Figure 12) then when operated at its over-
tone Figure 13. This data is in agreement with other data exhibiting
more extensive shifts with temperature and associated stresses of units
operated at the fundamental mode. The frequency response appears to
lag behind the temperature response and may be associated with the
greater heat capacity of the resonator and its mounts in comparison
with the thermistor.

The temperature control of an oven of large storage capacity to the
degree necessary to achieve the maximum stability intrinsic to the
quartz remains as a major problem.

E. Examination of Quartz Crystal Plates by X-ray Diffraction Topography*

As noted in Section C and Figure 1 a number of quartz crystal

*This section was contributed principally by Dr. R. A. Young, Research
Professor of Physics, and Mr. N. Kelly Hearn, Assistant Research
Physicist of the Georgia Institute of Technology.

26
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resonators suffered severe damage during sealing in the HC-27/U
container. Both the frequenciles and the temperature-frequency
relation of the crystals underwent large changes. A search for a
suitable method with which to determine the cause of these changes
lead to discussions with Dr. R. A. Young, Head of the Solid State
Branch and X-ray Diffraction laboratories of the Engineering Experiment
Station, who is well versed in the structure and behavior of quartz.*¥

Dr. Young and Dr. A. L. Bennett, Research Professor of Physics of
the Engineering Experiment Station, were already undertaking some
studies of quartz by the method of X-ray diffraction topography, a
relatively recent development which appeared to hold promise in
examination of the damaged units. Secondly, recent frequency measurements
had suggested that strain effects in the quartz plates were responsible
for otherwise unaccountable frequency deviations of certain resonators
both during oven storage at constant temperature and, especially, when
unavoidable temperature cycling was introduced by opening of ovens and,
on two occasions, by unpredicted power failures. A method of examining
units for strains was thus highly desirable. As a result, the method
of X-ray diffraction topography was adopted for investigation of
selected resonators for damage due to strain or to electrical twinning.
The latter was suspected in the case of Unit Al L4-1 of Figure 1.

Two X-ray methods were actually used, one is the topographic
method 1n which an image of the crystal 1s produced with a particular
diffracted beam. Place to place variation in diffracting power due to

*¥See: R. A. Young, "Mechanism of the Phase Transition in Quartz" Final
Report Contract No. AF 49(638)-62k4, Solid State Sciences Division,
Air Force Office of Scientific Research, Washington 25, D. C.
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twinning, strains, dislocations, and other imperfections are thereby
revealed in essentially true geometric shape in the resulting photo-
graph. The Berg-Barrett, the Schulz, and the lang techniques are
some of the recognized forms of X-ray diffraction topography. Our
use of the lang technigue will be discussed shortly.

In the topographic methods mentioned the data consist of the
diffraction image of the specimen. In the second method used the
data consist of the diffraction image of the X-ray source and infor-
mation about the crystal comes from the distortion it produces in that
image. As yet this second technigue is unnamed.

A broad incident beam is used in which there is deliberately in-
troduced recognizable character in the cross-sectional view of the
beam. In the present case the character is a number of equally spaced
parallel strips of zero intensity produced by the shadows of the sheets
of a Soller slit. Figure 14 exhibits the general design of the apparatus.
If the crystal is undistorted the source-image formed by a single diffracted
beam contains equally spaced parallel stripes, as shown in Figure 15a.
If the crystal is distorted, however, so that the Bragg planes themselves
are effectively no longer exactly plane all over the specimen, the
stripes are curved and their separation is changed, as is shown by
Figure 15b. The greater is the crystal distortion, of course, the greater
is the total distortion of the stripe pattern. Thus a photograph such
as Figure 15b gives information about the variation of the distortion
from place to place on the crystal. It would seem in principle possible

to make quantitative interpretation of these patterns which would allow

28
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determination of both direction and magnitude of the distortion-
associated "tilt" of the Bragg planes as a function of position on
the crystal. No quantitative approach has yet been undertaken.

On the other hand, purely qualitative comparisons have been quite
informative. Various specimens differ considerably in regard to the
amount of distortion they display in this manner. QOur studies have
so far shown that considerable observable strain is introduced by the
mounting clamps and by the cements used to insure electrical contact
between the clamps and the thin film electrodes. It is possible that
the films, themselves, may also contribute to the observed strain; no
experiments definitlive on this point have yet been performed.

It has been of particular interest to note that the technique is
equally applicable to the mounted and plated crystal as to the naked
crystal, and therefore provides a fine non-destructive tool for
following the increase in distortion throughout the several steps of
fabrication up to, but not including, placement in the glass envelopes.
It is also of special interest to note that preliminary studies show
that various cements and mounting holders do differ markedly with
respect to the amounts of distortion they introduce into the crystal
specimens. Since the specimen can be examined by this method at each
step of the fabrication process without demounting, a particular
opportunity here exists for correlation of oscillator characteristics
with strain. The work so far done is of a very preliminary nature; a

great deal of work along these lines is anticipated.
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The Lang method of X-ray diffraction topography is being employed
in investigation of the causes of the large frequency changes which
occur in many crystals when they are sealed into the HC-27/U containers.
With this method a finely collimated X-ray beam with a minimum of
divergence (2 1/4 minutes in our case) strikes a crystal in the
transmission position and is diffracted through the crystal and a
recelving slit to a photographic film. The crystal and film, which are
placed parallel, are then translated along a line parallel to the
crystal face so that a one to one correlation between crystal and
topograph is preserved. This set up is shown in Figure 16.

A typical diffraction photograph, a "topograph", resulting from
this method is shown in Figure 17. A diffraction image of the crystal
appears and diffraction contrast effects make variations in the per-
fection and orientation visible. For example, an individual dislocation
would appear as a single or multiply curved line if oriented favorably.
The particular areas of interest are those indicated by "A". These are
most probably Dauphine/(or electrically) twinned areas. A (30.1) Bragg
reflection was used in this diffraction topograph because of its sensi-
tivity to Dauphine’twinning. There is a very large difference in the
X-ray intensity in the (30.I) and (30.I1) reflections, yet the (30.1) of
one region of the crystal occurs at the same angle as the (30.1) of the
adjacent Dauphiné'twinned region. Consequently, the exposure in the
areas "A" is small enough so that they appear to be complete voids in
the crystal's diffraction image. As seen in the photograph a large

portion of the plate (the more opaque section) is twinned with respect
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to the remainder. The large amount of twinning occurring is un-
doubtedly responsible for the changes in frequency and temperature-
frequency behavior of quartz resonator Al 4-1 and others in which
large frequency shifts were observed. Dr. Young, in the reference
cited on page 27, has discussed the occurrence of Dauphine twinning
at temperatureswell below the O-B phase transition temperature of
quartz. Twinning of this type must have occurred in this specimen

during the sealing phase. One of the peculiarities of this twinning

is that some guartz specimens are more susceptible to it than others.

This susceptibility is probably related, in turn, to the entire history

of the quartz of the particular plate from its time of original growth.

This variation in susceptibility may account for the variation in
twinning of resonators fabricated in a similar manner.

The experiments outlined have revealed a tool of considerable
value in the further study of quartz as a freguency control element
and the pursuit of more intensive work along the lines noted is

recommended.
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V.  DISCUSSION

A. TFrequency Measurement Technigues

The principal source of frequency measurement error appears

to be the lack of precise temperature control allowing variation in
temperature between successive measurements. In addition, a mismatch
between oven temperature and crystal "turn-over" temperature exists
for one or more frequency modes of the same quartz plate.

The principal cyclic temperature variations shown in Figures 12
and 13 are short term variations but, in addition there appear to be
long term variations of temperature. The latter may be due to "aging"
of the mercury, fixed-contact thermostats. The thermostats are pro-
tected from voltage surges by varistors. However, after many operations
at 85°C, changes, especially at the surface of the mercury column, mey
occur which in turn may cause small changes in the operating temperature.
Such changes would not be apparent over a period of a day or two, but
would be apparent when measurements were compared over a period of
several months.

B. The Effects and Analyses of Strains in Quartz Resonators

The introduction of the X-ray diffraction topographic technique
as a method for examining quartz specimens brings to bear a new tool on
the previously difficult subject of the effects of strains on frequency
change. It has been apparent for some time, as reported in the Final
Report of Contract No. DA-36-039-SC-74956 (July, 1958) and reports of
subsequent contracts that stresses developed in plating and mounting

procedures introduced frequency changes in the respective resonators
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with time. Normally, such strains appeared to be relieved with time
with the result that a sharp or a gradual upward drift of the fre-
quency of the particular resonator occurred.

Effects observed that appeared to be specifically tagged were
increases in frequency where electroplated nickel films were used as
an electrode material and occasions where tab clips were used in lieu
of spring clips, the resonator being subsequently temperature cycled.
Earlier positive frequency shifts had been observed with certain
metal platings such as sputtered and electroplated rhodium and with
certain bimetal pairs.

Still another experience in rapid upward aging was noted in the
case of a number of commercially produced resonators examined for aging
characteristics in the Final Report of Contract No. DA-36-039-SC-78910
(February, 1959). At this time the strong upward aging vector observed
for resonators from a number of commercial sources was ascribed to the
probability of highly stressed electroplated films used as electrodes.
In any event the effects of strains and stress are undoubtedly of high
significance in preparing resonators of high stability.

A tool of the suggested discrimination of the X-ray diffraction
topographic technique will allow a thorough examination of the effect
of strains including those introduced by bonding cements and mounting
clips or other devices. A thorough study of this problem should give
a keener understanding of procedures necessary for the fabrication
of stable resonators on a mass production basis and may furnish a

method of fabricating units of controlled aging drifts.
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VI. CONCLUSIONS

Frequency measurements as now conducted allow precision of
approximately 5 parts in 109 for 16 me resonators operated at the
fundamental, 3rd and 5th modes. A more rapid frequency measurement
technique based on the Rohde and Schwarz frequency synthesiser
allows a precision of about 5 parts in 108.

The principal source of deviation currently existing in the
frequency measurements appears to be short and long term storage-
oven temperature instabilities of a magnitude of approximately
+ 0.01°C. Frequent entry into the ovens for specimen loading results
in undesirable temperature cycling of already Installed resonators
and often results in undesired stresses in the resonators. The
results of these are subsequently apparent in the frequency
measurements of particular resonators.

Aging behavior at various modes of operation of the same resonator
may be different. Part of this difference is ascribed to the fact
that the cut of the crystal required for minimum temperature-frequency
deviation at 85°C is particular to the mode of operation and part
to the fact that the fundamental mode appears to be more strain sensitive
than the overtone modes.

Resonators overcoated to frequency with a second metal coat exhibit
larger aging vectors than units base-coated only. A part of this larger
variation is due to the less perfect second film deposited on the sub-
strate near room temperature after only restricted cleaning of the

resonator.
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Procedures for sealing the HC-27/U glass container have been
perfected until very small losses from leakers have been suffered
as a result of poor sealing technique. On the other hand, losses
from quartz twinning during the sealing phase have been serious.

X-ray diffraction topography has proved to be a valuable tool
for the examination of quartz plates for strain effects and twinning.
It holds promise as a valuable tool for future studies and analyses
of the effects of mounting and bonding procedures on the stabilities
of quartz resonators.

Resonators scheduled for irradiation at a pulsed reactor facility
have been completed and all necessary measurements and preparations
have been made pending the scheduled conduct of the experiment on

12 September 1962.
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VII. PROGRAM FOR THE NEXT INTERVAL

The following tasks will be accomplished during the next quarter:

1.

Continued frequency measurements of units stored at

8 °c.

Fast neutron pulse irradiation of se€lected units.
Irradiation of 65 units is scheduled for 12 September 1962.
High (2mw) drive level studies of selected resonators for

periods of 48 to 72 hours.
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I. PURPOSE

The purpose of this project is to delineate the effects of
materials and fabrication techniques on the frequency stabilities
of quartz crystal resonators. Of particular interest are resonators
operated in the overtone modes. A comparison of the frequency
stabilities of resonators fabricated of natural, synthetic, swept#
natural, and swept synthetic quartz will be made.

The effect of the bonding cement and, in particular, the
effects on the bonding cement of the high temperature reached during

the sealing of the glass envelope will be investigated.

*"Syeeping" is a method of purification of quartz. The process consists
of heating the quartz to a temperature of 500° to 574°C and applying

a potential gradient of a few thousand volts per centimeter. This
results in the sweeping out of certain impurities.
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II. ABSTRACT

Frequency measurements of 150 resonators stored in constant
temperature ovens at 85°C have been continued during the Quarter.
The resonators consisted of 55 units prepared for general studies of
aging and 95 units prepared for study of the effects on aging of
exposure to pulsed neutron radiation (lOl3nvt). Ninety additional
resonators were fabricated and the yield of 78 were examined for
electrical parameters and aging by standard measurement procedures.

The general aging behavior observed continued to follow the
previously defined trends, i.e., the frequency data plots of the funda-
mental mode were different and more erratic than those of the 3rd and 5th
modes and the fundamental mode appeared to be more susceptible to the
effects of stress. Aging of the better units plated with Al, Au or
Al + Au continued to be small, < 3 parts in 108 per month. Units plated
with Al + Al exhibited aging rates about 3 times this much.

The resonators exposed to a pulse of neutron irradiation at the
Sandia Pulsed Reactor Facility (49 units) exhibited no appreciable
frequency shift or aging effect as a result of this exposure.

A comparison of the effects of exposure of resonators of cultured
and swept cultured quartz to gamma radiation from a Cs-137 source for 24
hours at a level of 1.4 x 106 Rad/hr indicated that the swept cultured quartz
showed much less total frequency shift ( < 1 ppm compared to about + 29 ppm)
and subsequently exhibited somewhat less aging, although the aging of both
types was relatively small in the time of measurement (30 days).

Some studies of the damage and resonator aging effects of continuous
drive of resonators for about 60 hours at a 2 milliwatt level, as compared

to the usual 1 microwatt level, were inconclusive.
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A study by X-ray topography of stresses induced in resonators during
the fabricating processes revealed that the principal stress was applied
on mounting the unit in the spring clip. Removal of all mounting and
fabrication components by suitable mechanical or chemical methods resulted

in a return of the guartz blank to an essentially unstressed condition.
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II1. PUBLICATIONS, CONFERENCES AND REPORTS

During this reporting period two monthly letters (No. 16 and 17)
were submitted. Report No. 6 (Sixth Quarterly Report) was written,
reproduced and distributed.

On 26 September 1962 Dr. R. A. Young, Mr. R. B. Belser and
Mr. W. H. Hicklin of Georgia Tech met with Dr. E. A. Gerber, Dr. G. K.
Guttwein, Dr. E. Hafner, Mr. J. M. Stanley and Mr. P. E. Mulvihill of
the U. S. Army Electronics Research and Development Laboratories at
Fort Monmouth, New Jersey. Plans for the proposed continuation of
the research program on aging studies of quartz resonators were
established and the scope of the technical requirements was decided.

A discussion of a technique of examining stresses, electrical twinning,
and other faults in quartz resonators by X~ray diffraction topography was

presented by Dr. Young.
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IV. FACTUAL DATA

A. Introduction

The principal work of the project during the seventh quarter has been
devoted to the completion of the studies of the effects of pulsed neutron
radiation and of gamma radiation on the aging of quartz resonators and to
the continuation of the primary aging studies related to the effects of
materials and processing on the aging of the rescnators. In addition, studies
concerning the effects of continuous drive on the aging of resonators and
the use of X-ray topography in examining strains induced in resonators by
mounting procedures have been carried out.

B. Apparatus and Procedures

1. General
Apparatus and procedures have operated relatively well during
the Quarter with the exception of a few difficulties which are noted below.

2. Quartz Resonator Fabrication

The base plating and sealing apparatus has operated well during
the quarter. The equipment and techniques for sealing HC—27/U holders
have been Improved and the yield of successfully sealed units has now
approached 100%.

3. Oven QOperation

On 12 November one of the 36-position ovens lost power for
several hours due to a blown fuse. The fuse was replaced and no further
trouble was encountered. A severe electrical storm on the cited date may
have caused the fuse to blow.
The Marconi solid state oven falled during the quarter and was returned
for repair. A group of units, S group, comprising 9 units intended for use
in the Mzrconi oven, was placed in a-100 position oven for storage and

measurement.
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4, Frequency Measurements

The frequency measuring system has required some maintenance
during the quarter. The readout multiplier has caused the most trouble.
The accuracy of the measuring system seems to have deteriorated slightly
and the system will require overhaul in the near future.

The BNC oven connector (UG-1104/U)* on the HF crystal impedance
bridge was replaced 29 October 1962. The frequency changes caused

7

by the above action were about +0.65 parts per 10' at the third overtone

7

and +1.4 parts per 10' at the fifth overtone.

C. Experimental Work

1. Resonator Fabrication

Eleven groups of crystal units comprising 90 rescnators were
fabricated during the quarter. The total number of operable units
obtained was T78; the yield was thus 86.5%. Most of the losses occurred
during sealing of either the T-5 l/é or the HC—27/U glass containers.

The pertinent parameters of each group are compiled in Table I.

As will Dbe noted, one group of units is plated with Al only, 6 groups
are plated with Au only, 2 groups are plated with Al + Al, one group is
plated with Al + Au, and one group is plated with Au + Al. The type of
quartz used in the gold plated units was varied in order to give a com-
parison among the behavior characteristics of the various types, 1.e.,
natural and cultured, swept and unswept, respectively. Except for the Al
only which is on natural unswept quartz, the remainder are on swept natural
quartz blanks. There was also some variation in the type of bonding and
container used. The principally used bonding agent was duPont 5504 A.

*Gremar Part No. 91737.
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TABLE 1
FABRICATION DETAILS FOR QUARTZ RESONATORS FABRICATED
DURING PERIOD 15 AUGUST 1962 - 15 NOVEMBER 1962

SAEe T /

FINAL SEAL

GROUP  |FmBRicATION gAse FinAL prremyI- REMARKS
NUMBER bATE QUARTZ | PLRATE PLATE MOUNT Bowp HOLDER BAKE ATMOS PHERY
G /0-8-42 ’.32’;1'.’5# AL NONE E G6LASS 5504 A |.o08 sPronss|3ans - r1s’e] 41”7 TEFLON GEfTER-sPIASH sHIZELD OSEN. BARIUM LETTER Fildswer AFT&R  Framnar |Ska .
S 10-18- 62 5:;;;: Au NONE GE GLASS Pig::fk:m .006 sprinGs [3Hrs- 175 | 3x00” STRAM Kropres Misnii6NED  AnD ANNEALED SPRINGS.
14 /6-22- 62 : nr:::: Avu NONE GE GLASS 55041 -006 sPRINGS|ZHAS - 175°¢ | 231077
/4 | J0-22-42 ::::'AL Au NONE E GLASS 5504R | .006"semincs|3HRs- 1752 | 2xs877
/5 10-23~62 5::3;5: Av MONE GE 6LASS 5504A .804"sPRiNGs |3Hrs- 7S°e | gxr8”
15 10-23-62 fsu:;::” Av NONE GE GLASS 5504 A . 006 sPRINGS 3nas- 115°e | 2x067T
/6 10-29-62 B;A\::::L Av NONE HC-27/u | PvRockRam |. 0ok sPRINGS | s rm - 356 P SPRINGS | RITACHED, 76 BASE| W[ PYrocRAM + AJ FLAKE .
17 H-Z- 62 'fs:vr::r“ Au AL GE GLASS ,ZZ‘-";a, .00s” sPRINas [ZHRs- 175°¢ | 41077 ALLoY STubiks.
|1 B H-6-62 z:::;nk AL Ac GE GLASS 5504 A |.006"spRriues| SHRS - 175 za167 BAse pLRTE DEGASED 8By WERTING /N VAcuo BEFeRs FvAPORATION OF FiwAL PLATE.
19 1-12- 42 ?J::; - AL AL He-27/0 | pvRocernm|tag cLips | Sam- 350%| zn18S . —
20 1n-12-62 A;:;u::n. A Au He- 27/U |pvmocEram |Tan crips | SMm- 160€ z:uo'r ud 3 vliTs Arsofime (@ 300Pc. DrRop \pRENZAT TRMP To 50l°C - No
ISIBLE _AlsoYine AFITER PREHEAT TEMP| DECREASED To /50% .
* Predsvre salmm ol Mercur




Quarterly Report No. 7, Project No. A-552

Eight groups are in GE T-5 1/2 containers and 3 are in HC-E?/U glass
containers. The Al + Au and Au + Al specimens were prepared to establish
the extent of alloying occuring during and subsequent to fabrication and
to examine the effect of this bimetal coat on the long term aging of
resonators.

Table II gives the specific parameters determined to date for the
individual resonators.

During the sealing of group No. 20 (Al + Au), the first three units
sealed gave evidence, by color changesin the film, that the gold and
aluminum were alloying.¥* The pre-heat temperature was reduced from
350°C to 200°C for unit No. 4 in this group and to 150°C for unit No. 5.

The remzining five units were sealed at the 150°C pre-heat temperature.

No visible alloying was obtained for units 20-4 to 20-10. The effect of

the alloying on RS is plainly visible in Table IT. since the Ry values of

9 to 13 ohms were recorded for the first three specimens in the group and
1-6 ohms for the last seven. Similarly Group No. 17 (Au + Al) exhibited

Ry values of 11 to 15 ohms compared with 4 to 8 ohms for group No. 1

(A1 only) and 3 to 5 ohms for Groups 5, 14, and 15 (Au only). The Ry values
for Groups 18 and 19 (Al + Al) were also relatively high with one or two
specimens with very high Rg values. The Al overcoat on Group No. 18 was
deposited on the quartz resonator at 300°C in contrast to 25°C for overcoats
deposited heretofore.

Group 17 was plated with the combination gold base plate plus aluminum
final plate. The thickness ratio of gold to aluminum was 3/1 (1500 £/5OO &).
The units were bonded with Hysol K-16-081 (A, B), an epoxy~-silver cement
that requires no high temperature baking for curing. The units were then

mounted in T-5 1/2 bulbs and the frequency and resistance were measured for

*The alloy formed in this case had a purple color similar to that described
for the intermetallic compound Au; Al.

8
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TABLE 2 (Continued)
ELECTRICAT, PARAMETERS OF QUARTZ RESONATORS FABRICATED
DURING PERIOD 15 AUGUST 1962 - 15 NOVEMBER 1962
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TABLE 2 (Continued)
ELECTRICAL PARAMETERS OF QUARTZ RESONATORS FABRICATED
DURING PERIOD 15 AUGUST 1962 ~ 15 NOVEMBER 1962

THEEE T 3___.

_ EFUNDAMENTAL THIRD OVE&RTONE FIETH QVERTO NE Q_ METER EASUREMENTS
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the fundamental and third overtone modes. After vacuum baking at 175°C
for three hours (chamber pressure 2 x lO_7 Torr), the parameters of the
resonators were remeasured.* Table 3 indicates the changes in frequency
and resistance due to vacuum baking and/or alloying of the plating.

Units of group 18 were base plated with aluminum and exposed to air.
The units were then returned to the vacuum chamber, which was then
evacuated to about 2 x lO-7 Torr. After the specimens were heated at
300°C, the final plate of Al was evaporated.

None of the units which were mounted in HC-27/U holders during this
Quarter "twinned" during sealing. All of the units were fabricated of
swept, natural quartz blanks. One unit of group 16 was found to be
twinned before sealing, however.

2. Frequency Measurements

a. Long Term Aging Studies
Iong term aging studies have been continued for approximately
56 units fabricated about 6-9 months ago. These units have been stored
at 85°C in ovens having a total capacity of 36 units each. The frequency
of each unit has been measured on the fundamental, third and fifth
overtones at least twice a month during the elapsed time since storage.
Graphs of typical behavior patterns are shown in Figures 1-6. The
order in which measurements have been made at the various modes seems to
be of no significance. For example, a unit may be alternately measured on
the third and fifth modes with excellent reproducibility.
b. Effects of Exposure to Neutron Pulse
On 10 September 1962 selected units were removed from the

100 unit oven for exposure to pulsed irradiation; about 30 specimens were

*The plating was no longer in distinct layers. Instead the gold had
disappeared and the color was that of aluminum.

10
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TABLE 3

Frequency and Resistance Changes of Resonators Base Plated with Gold and Over
Plated with Aluminum which Occurred during Vacuum Baking for 3 Hours at 175°C.

Unit Hsy ook B3 Thiiisgv. Pd maed o,
(@) @ (@) Q) (~) (~)
17-1 13.3 N.C. 19.0 -1.0 +39 -6
17-2% - - - +2.0 - - - -3.0 -2622 -8lpo
17-4 1.7 +1.5 21.0 +0.5 +16 ~-756
17-5 4.7 +1.0 20.0 +2.5 +19 -197
17-6 11.4 -1.5 15.5 4.0 +49 +43
17-7 13.1 -1.0 17.5 -1.0 +367 +899
17-8 13.0 +3.0 20.0 +0.5 +313 +888
17-9 13.0 +0.5 20.5 +1.0 +310 +1010

*Stem Damaged in Tip-Off Procedure
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Frequency versus time data for guartz resonator Al + Al
8-1 (natural quartz).

Figure L.






Quarterly Report No. 7, Project No. A-552

Frequency versus time data for quarte resonator Al 10-T7

(natural quartz).

Figure 6.
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reserved as control specimens and kept in the laboratory at room
temperature. The units to be irradiated were taken to the Sandia Pulsed
Reactor Facility on 11 September and irradiated on 12 September.

These were arranged about the perimeter of the reactor with the
plated faces of the guartz crystals perpendicular to radii of the
reactor and at the position nearest possible to the reactor core, i.e.,
immediately adjacent to the core container. The units were supported in
this position in a foamed plastic as suggested by operators of the reactor.
After irradiation and a short cool-off period the units were retrieved
and repacked for transportation back to Georgia Tech.

The irradiated units were returned to the laboratory on 1L September
1962, and nine of the irradiated units were immediately replaced in the
oven., On 17 September the parameters of the nine units were measured;
immediately afterwards the oven was opened again to return the balance
of the units to their original test positions. The measurements of frequency
changes experienced by the various resonators are summarized in Table L.

In general, frequency changes noted were only a few parts in lO7 and of the
same order of magnitude as that of the control units kept at room temperature
in the laboratory. There appeared to be a slight negative change indicated
for the aluminum plated resonators. The significance of this at this time
has not been ascertained.

A test of the residual radicactivity of the resonators on return
revealed that the red paint used to mark the containers of each unit for
identification was the only part of the resonator giving off radiation at

any appreciable level.

18
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TABLE 4

Summary of Frequency Changes of Irradiated Resonators
(sandia Pulged Reactor Facility)

Total Average Number Average Number Average
Base Number Number AF 7 Stored at AF Ieft in AF 7
Plate Quartz Holder Units Irradiated (pp 10") Room Temp. (PP 107) Oven (pP 10")
AG Watural T-5 1/2 29 16 +0.125 6 -0.66 7 +0.71
AU Watural HC-27/U 29 16 -0.60 7 -1.78 6 +0.0
Al Natural HC-27/U 22 11 -3.96 3 -1.33 8 -0.25
Al Cultured HC-27/U 9 3 -3.0 1% ~3.00 5 -0.h
Al Swept

Cultured HC-27/U 6 3 -5.83 S 3 +0.0

Totals 95 kg 17 29

*Unit taken to reactor but not irradiated.
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Figures 7, 9 and 11 illustrate typical frequency stability measure-
ments of these resonators before and after irradiation whereas Figures 8,
10 and 12 illustrate data for resonators removed from the ovens on the
same date, stored at room temperature and returned to the oven along with
the irradiated units. It will be noted that there is no appreciable
difference in the behaviors of the irradiated and non irradiated units.
The illustrations include silver plated units mounted in T-5 1/2 bulbs
and gold and aluminum plated units mounted in HC-27/U holders. All of
the units for which graphs are given were fabricated of natural quartz.

A few units fabricated of cultured and swept cultured quartz wers
included in the experiment. They showed no discernible differences in
behavior that might be ascribed to the differences in the materials of
the quartz blanks.

¢c. Effects of Gamma Irradiation
On 15 October 1962 several units not previously irradiated,
three cultured and three swept cultured quartz units mounted in HC-27/U
holders, were removed from the 100-unit oven, exposed to gamma-
radiation from a cesium-137 source at a dose level of 1l.h x 106 RAD/hr.
and then returned to the oven for continued aging measurements.

The results of these experiments are depicted in Figures 13 through
18. The large frequency changes for the cultured (not swept) quartz
units required that a new reference frequency be chosen for the graphs.
The magnitudes of the changes are noted on the graphs. The frequency
changes due to irradiation were obtained from measurements made in the
oven prior to and subsequent to the irradiation. Aging had not been
established for the fundamental mode previous to exposure although data

at the 3rd mode had been obtained.
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(cultured), before and after exposure to gamma radiation

Frequency versus time data for quartz resonator Al 3-9
from Cs-137 source (2% hours).

Figure 15.
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3. Effects of Continuous Drive

Crystal units being studied for long term aging effects are
normally oscillated only during the actual measurement of frequency.
The RF voltage applied to the crystal impedance bridge is held at 10 mv
for all measurements and the calculated crystal power is about 1 microwatt
or less for all modes of operation.

The effects on frequency stability and impedance of resonators
subjected to continuous drive at a relatively high drive level (about 2 mw)
was studied on units in established positions within the oven using the
followlng procedures.

a. The crystal frequencies at the low drive level were
measured using the Rhode and Schwarz Freguency Synthesizer as
the RV generator.

b. The drive level on a selected mode was then increased
until the voltage across the bridge was of the magnitude*
necessary for the crystal to dissipate 2 mw of power with the
impedance bridge at balance.

c. During the initial stages of operation, the deviations of
the output of the bridge were monitored and the bridge was balanced
if the unit tended to drift.

d. The drive was then continued for a period of about 60
hours. The deviations from null were recorded in order to
establish that the bridge remained balanced.

e. The drive was returned to the 1 uw level; the frequencies
were measured again to determine the magnitude of the changes

produced.

*For most units the RF voltage across the bridge was about 700 mv.
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Table 5 gives the data obtained for five continuous drive level
experiments. Frequency changes for operation in the fundamental mode
were in each case greater than for operation in the third mode.
However, considering the experiment in retrospect, the reason for the
differences observed may be due to the fact that the frequency of the
Rhode and Schwarz synthesizer was doubled before its use at the third
overtone; the overtone mode measurement thus had a higher harmonic
content than the fundamental measurement.

L. Data Analyses

a. General Behavior
The Figures 1-6 exhibit behavior typical of that already

outlined in Quarterly Reports No. 5 and 6. Measurements at the funda-
mental mode have continued to show a greater number of random excursions
than have measurements at the 3rd or 5th mode. Further, the fundamental
appears to be more susceptible to stress or strain effects which result
from mounting or subsequent temperature cycling. This behavior is
indicated clearly in Figure 2 (Al + Au 7-8). The tracking of the 3rd
and 5th modes is essentially along the same paths on the graphs.

The contrast in behavior between units having the coating Al + Au
and Al + Al is also clearly discernible by examination of Figures 2 and L.
The aging rate of unit Al + Au 7-8 (Figure 2) at the 3rd and 5th modes is

T

< 2 parts in 10' in approximately 6 months compared with about 6 parts

in 107 for Al + Al 8-1 (Figure 4) in 5 months and about L4 parts in 107 in
6 months for Al + Al 8-4 (Figure 5).

Unit Al 10-7 bonded with pyroceram displays in Figure 6 a typical
positive frequency change of the fundamental, apparently due to stress,

whereas the 3rd and 5th modes are remarkably stable over a 6 month period.
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The latter shows changes < 1 part in lO7 except for a random excursion
in the last 30 days, apparently due to oven opening, a power failure
and a part replacement in the bridge which occurred during this period.

b. Resonators with Bimetal Electrodes

The relatively excellent aging behavior of Al + Au units led
to the further examination of this plating combination since it was
well known that the metal film pair Al and Au alloy at fairly low
temperatures.¥ Hence Group 17, with the plating order Au + Al, and
Group 20, with the plating order Al + Au, were fabricated. The latter
were put in HC-27/U glass containers.

As noted in Table 2 and in Section IV. C, 1, alloying did occur for
the A1l + Au group No. 17. Apparently it occurred during bakeout, as
suggested by the apparent disappearance of the gold color and the
uniformly high Rg values, in the range 11 to 15 ohms, after bakeout.

These high values would naturally result in a lower @ value for these
units although the values were not measured in time for inclusion in the
table.

Similarly in Table 2, for group 20, Rgq values for the first three
units are high and the films displayed a purple color that is characteristic
of the gold-aluminum intermetallic compound Au) Al. Reduction of
the preheat temperature, during sealing of the HC-27/U container, from 300°
to 150° eliminated this apparent alloying action and Rg values dropped from
9-13 ohms to 1 to 3 ohms (except for a value of 60 ohms for one unit).

The frequencies of the units of group No. 17 (Au + Al) were monitored

before and after sealing for detection of the shifts in Ry and frequency that

*See Final Report Contract No. DA-36-039-5SC-L42h53 (1954) and R. B. Belser
"Alloying Behavior of Thin Bimetal Films Simultaneously or Successively
Deposited, " Journal of Applied Physics 31, 562-570 (1960).
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might occur as a result of bakeout. The results are at first puzzling,
since the RS values did not exhibit the large changes expected. However,
the first values were measured in air at atmospheric pressure whereas
the second values were measured in vacuo. Previous experience has shown
that an Ry value of approximately 12 ohms will reduce, on baking and
sealing of the specimen in vacuo, to a value of 6-8 ohms, i.e., it will
be reduced by 1/2 to 1/3 of 1ts original value. As noted in Table 3,
however, the Rg values of these units were reduced or increased by + 2 ohms.
Hence the normal reduction of -4 to -6 ohms did not occur. In fact, five
of seven units experlenced increases of +0.5 to +3 chms to show a net Rg
increase of about 6 ohms over the values expected had there been no alloying.
An example of the effects of alloying may be seen in the data for
the units of Group No. 20 (Al + Au). For the first three specimen, sealed
after preheating to 300°C, the Rg value is 11 ohms; for the last seven
elements, sealed at 150°C, the Rg is < 3 ohms. The R; values in the former
cases are > 3 times those of the unalloyed specimens.
For the film order Au + Al it is observed from the Rg values that
alloying occurred below the resonator bakeout temperature of 175°C (in
fact it has been shown to occur at < 100°C in the references cited); but
for the order Al + Au, the oxide formed on the Al on exposure to alr before
plating with gold apparently acts as an effective barrier to alloying at
least up to 150°C, as indicated by the results for Group No. 20, It is
obvious that the order Al + Au in lieu of Au + Al is the preferrsd one;
moreover, this is the order which has given relatively low aging rates for
resconators measured thus far. No information has yet been obtained about
the aging associated with the order Au + Al. However the reduction in @

to values 1/3 to 1/2 the possible value as a result of the high Ry values,
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appears to indicate the undesirableness of this order of deposition. The
use of Au as the outer film has other advantages such as larger frequency
adjustment ranges for thin films, less gas adsorption, and less corrosion
lozding. The latter two factors may contribute significant aging vectors
to resonator behavior, as was noted for Al + Al films (Figure &4).
The frequency changes indicated for the fundamental and 3rd overtone
modes in Table 3 as a result of the alloying are not easily explained.
In general, positive changes in frequency were recorded. In a preliminary
examination of records of numbers of other rescnators fabricated in
previous work, it was found that positive frequency changes were often
recorded. In some of these previous experiments, frequencies were
monitored through each fabrication step of the resonator after it was
mounted in the spring clips. Large negative frequency changes were often
encountered when the glass stem holding the resonator was joined to the
glass container. In turn, a positive change was recorded on evacuating
and sealing the resonator. The larger the negative frequency changes observed
in the stem sealing step, the larger the positive frequency shift observed
in the final sealing phase normally was. The shifts appeared to be related
to an adsorption - desorption phenomenon occurring respectively during the
stem sealing and final seal phases. Some corrosion of films such as
aluminum might occur and sometimes overall negative changes were observed.
It appeared that positive changes occurred consistently when bimetal
layers were employed, and it is possible here that changes in the mechanical
properties of the Tilm such as hardness and strain as well as the internal
friction of the film contribute to the change. Suffice it to say that the
data thus far collected have not been analyzed completely, and further, they

may not be sufficient to clarify the mechanisms involved. The suggestion
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Frequency shifts experienced by the resonators as a result of
irradiation were of very similar magnitude at both the fundamental and
third modes for the unswept cultured quartz. For the swept resonators
the shifts were small but also different, in the two cases depicted in
Figures 16 and 17 the change of the fundamental was positive and that of
the third mode was negative. Aging at the fundamental continued to exhibit
somewhat more erratic behavior than at the third mode.

5. ZX-ray Topographs of Strain Patterns in Quartz Resonators

By the X-ray topograph system using the Soller slit described
in Quarterly Report No. 6 of this Contract (15 August 1962) topographs
were made of a quartz resonator after the respective steps of plating with
aluminum, mounting, and bonding. Then the bonding material, spring clips
and plating were removed and a final topograph of the cleaned crystal was
made. The aluminum film was removed with a chromic acid solution and the
bonding cement with a mixture composed of 50-50 (by volume) butyl
cellosolve and methylene chloride.

The successive topographs are shown in Figures 19-21. It will be noted
in the Figures that no observable stress as denoted by the pattern of
straight parallel lines in the topograph was developed on the application
of the metal plating, but that mounting in the spring clips resulted in
distortion of the straight lines into a pattern resembling contour lines
on a map or a polarized light pattern in a stressed plastic. This distor-
tion indicates stress. The degree of strain in the crystal is related to
the curvature and spacing of the lines. The principal stress occurred upon
mounting the crystal blank in spring clips. The subsequent steps of bonding
and bond curing appeared to increase the strain in the quartz a relatively

small amount more.*

*A precise method of interpreting the topographs gquantitatively has not yet
been worked out.
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On removal of the bond, mounting clips, and plating, the resonator
resumed an unstressed condition similar to that observed in Figure 19A.

It is apparent that the spring clip mounting method alone establishes
a significant strain in the quartz and that a mounting method exhibiting
less stress could be devised. This in turn would probably allow better
long term resonator stabilities for units in the frequency ranges being

studied.
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V. CONCLUSIONS

Resonators exposed to a lO13 nvt burst of fast neutron radiation
from the Sandia Pulsed Reactor Facility showed little or no frequency
shifts as a result of the exposure. Subseguent stability of the
resonators appeared to be unaffected.
Unswept and swept cultured quartz resonators exposed to high
intensity gamma radiation (1.4 x 106 Rad/nr.) from a Cs-137 source for
about 24 hours differed greatly in frequency shifts observed. Whereas
the resonators fabricated from unswept cultured gquartz underwent changes
of about +30 ppm during exposure, those fabricated from swept cultured
blanks changed < 1 ppm. Stability, subsequent to exposure, was slightly
better for the swept elements; however, stability in both cases appeared
to be good; many units exhibited shifts of < 0.2 ppm in 30 days. Frequency
stability at the fundamental was more erratic than at the 3rd mode.
Resonators fabricated by preferred methods using only a base plating
of gold, silver or aluminum have continued to exhibit small aging vectors
of <+ 3 parts in 108 rer month. Addition of an Al overcoat to an undercoat of Al

7

has normally increased this vector to about a minus 1 part in 10" per month. An
Au overcoat added to the Al undercoat, on the other hand, has resulted in an
aging vector little different from the resonator coated with the base cozt

only, provided the resonator was mounted in a GE T-5 1/2 bulb. When the

same combination was used in HC-BT/U containers the sealing heat alloyed the

two films and increased Rg values by a factor > 3; a reduction of vacuum

preheat employed during sealing of the HC-27/U from 300°C to 150°C prevented

the alloying.
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Effects of strain due tc mounting and temperature cycling during
entry of covens or power failure have continued tc obscure the true aging
of some units. Positive aging vectors of large magnitude are associated
with relief of such strains and these appear to affect the fundamental
mede more than the overtone modes.

Effects on resonators of continuous drive at a 2 milliwatt level
for approximately 60 hours were inconclusive since changes observed in
frequency and impedance were very small (see Table 5) except in the case
of Al 4-8 (Figure 1), a resonator of erratic aging history.

The method of X-ray topography exhibited that the stress applied to
a resonator during the steps plating, mounting in spring clips, bonding,
and bond curing cccurred principally on mounting in the spring clips.
Removal of the clips, bonding, and plating resulted in a topograph

resembling that of the original unplated blank.
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VI. PROGRAM FOR THE NEXT INTERVAL

Frequency and other measurements of resonators prepared for long
term aging studies and the effects of neutron and gamms radiation will
be continued. The frequencies of approximately 50 resonators, prepared
for examination of the variations in aging due to the type of quartz used
for the blank, will be followed. The effects of overcoating to adjust to
final frequency, of bonding, and of continuous drive on the long term
stability of the resonators will be measured. Exploratory studies of

mounting stresses will be continued by the method of X-ray topography.
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II. ABSTRACT

Over three hundred AT-cut quartz resonators of 16 Mc fundamental
frequency have been meticulously fabricated, stored at 85°C and
measured for frequency stability in the fundamental, third and fifth
modes over periods of 3 to 15 months. Controlled variables introduced
were types of quartz, plating metal, bonding cement, and mounting en-
velope. Accuracy of measurements was a few parts in 109.

Observations made previously with regard to aging being greater
and more erratic at the fundamental than at the overtone modes were
confirmed. The better units, coated with single layer electrodes of
aluminum or gold changed frequency < 2 parts in 108 per moenth and those
coated with bimetal layers of Al + Au changed only slightly more. Re-
sonators plated with Al + Al exhibited changes several times greater.
Bilayer electrodes of all types, in general, induced greater frequency
changes than sintgle layer electrodes and greater susceptibility to fre-
quency shifts due to inadvertent temperature cycling (oven failure and
oven opening).

DuPont No. 5504 bonding cement was found satisfactory for use in
the T-5 1/2 envelope but Pyroceram 95 plus silver powder cement was
found necessary for the HC-27/U container. Stabilities of resonators
in the HC-27/U container approached those found in the T-5 1/2.

Variations introduced by the type of quartz, natural or cultured,
swept or unswept, did not appear to be significant in the aging of the
units examined confirming that surface and fabrication parameters are
the predominant factors in the aging of units of fundamental frequencies
of 16 Mc when operated at the fundamental or at an overtone mcde. On
the other hand, resonators of various types of quartz, exposed to massive
doses of gamma radiation (34 x 106 Rads) from a Cs-137 source, differed
greatly in frequency shifts observed, i.e., < 1 ppm for swept cultured
quartz compared to +30 ppm for the unswept type, whereas resonators of
natural quartz gave variable results. Rescnator Q values varied both
with the type of quartz and with the metal of the plating. In general
gold plated units exhibited higher @ than aluminum plated units and the
Q of swept cultured quartz was as good or better than that of natural

quartz but that of the unswept cultured quartz was poorer than either.
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Aging, subsequent to exposure, was slightly better for the swept
resonators than for the unswept, but both were good and a number ex-
hibited shifts of < 2 parts in lO7 in 30 days. The observation that
swept synthetic quartz is gamma radiation insensitive appears important
to current communication problems and is of interest in basic studies
of quartz.

Resonators exposed to pulsed neutron radiation from the "Godiva'
Pulsed Reactor Facility (1013nvt) exhibited no greater frequency
changes (* a few parts in 107) or subsequent aging than control units
transported to the site and returned without irradiation.

Methods of X-ray diffraction topography have been developed for the
examination of strains, twinning and other defects in quartz plates. One
method based on the distortion of the X-ray source image has exhibited
that stress applied to a resonator during the fabrication steps, plating,
mounting, mounting in spring clips, bonding, and bond curing, occurred
principally on mounting in the spring clips. Removal of the clips, bonding,
and plating resulted in a topograph resembling that of the original un-
plated blank. The source image distortion and ILang X-ray diffraction tech-
niques have provided methods of high discrimination for application to
quality control of resonator blanks and to research on the analyses of the
effects of strains, twinning or other defects on the stability of quartz

resonators.
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IV. TFACTUAL DATA

A. INTRODUCTION

The cbjectives of this research as outlined in Section I, Purpose,
reguired the fabrication of approximately 350 quartz resonators, storage
of the units at a constant temperature of 85°C, and measurement of the
frequency of the units to an accuracy of a few parts in 109. Measure-
ments were required at the fundamental freguency and at the third and
fifth overtones.

The measurement accuracy envisioned, the relatively large number of
measurements to be made, and the high frequencies (up to 100 Mc) required
the development of a new measuring technigue and considerable modification
of eguipment. This period of adjustment interrupted the measurements
somewhat during the first 10 months of the work but achieved the desired
objectives in measurement accuracy and speed. This attainment in turn
allowed completion of the other objectives of the project.

At the beginning of the second year, an additional assignment on the
measurement of the effects of pulsed radiation on the aging of resonators
was undertaken. This was completed; and some additional information
was obtained on cumulative effects of exposure to gamme radiation on the
aging of guartz resonators.

X~ray diffraction methods employing the techmnigues of X-ray topography
and source image distortion were introduced for the study of strains,
twinning and other defects in quartz resonator blanks. These technigues
have provided new tools for the study of strains and twinning that result

from mounting procedures.
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BE. APPARATUS

1. Vacuum Equipment

The vacuum equipment consisted principally of two systems
including the usual mechanical forepumps and oil-diffusion pumped
final stages. With the aid of liquid nitrogen cold-traps and titanium-
evaporation gettering, pressures in the range of lO-.7 were readily
obtainable.

a. Base Plating Apparatus

For the base plating of quartz resonators the apparatus

in Figure 1 was employed. The horizontal arms of the vacuum chamber
include filament and baffle arrangements for pumping by the evaporation
of titanium. In the upper arm is a small copper tank of liquid nitrogen
for cryogenic pumping, an evaporation filament, and a substrate heater
assembly. The lower arm contains a second evaporation filament and heater
assembly.

The crystal mask is held horizontally in the center of the chamber
between the evaporation filaments and substrate heaters. Pressures of lO-7
Torr are attainable by the arrangement exhibited. The substrate temperature
is maintained at a desired level by automatic control. The temperature moni-
tor is a thermocouple positioned near the substrate mask. Prolonged degassing
at elevated temperatures is thus feasible without continuous surveillance.
Viton¥ O-rings are used for sealing the chamber to the three headers and
the base plate. FElectrical and thermocouple circuits enter the chamber
through sealed packing glands in the headers or the demountable throat of

the base plate. The pressure gauge (Figure 1) is attached to the header of

one arm of the chamber.

*Viton is the trade name for a linear copolymer of vinylidene fluoride
and hexafluoropropylene and has a lower vapor pressure than neoprene.
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(3) After the inlet of argon or air remove the holder, thus
sealed at the base, from the chamber.

(4) Remove the container from the chamber and plug the small
hole in the envelope with vacuum wax (Apiezon or de
Khotinsky) .

(5) Make a vacuum oil leak test of the sealed container in the
manner described in the Final Reports of Contracts Nos.
DA-36-039-SC-7koU6, p. 10, July 31, 1958, and DA-36-039-SC-
78910, pp. 77-85, February 28, 1957.

3. Ovems
Three 85°C ovens were in operation during the project. Two

of the ovens had 36 positions each and one had a capacity of 200 positions.
The capacity of the latter after a short trial period was reduced to 100
positions in order to improve its temperature stability.

Nested construction was employed for all ovens. A top view of the
interior of one of the small ovens, typlcal of all, is shown in Figure 5.
Sections 2 and 4 (numbered from the outer section) were fitted with heating
elements on the outer, vertical walls. The wall temperatures were controlled
by means of a Tixed-contact mercury thermostats. Section 2 was maintained
at 75°C and Section 4 at 85°C. The control circuit associated with the
thermostats is shown in Figure 6. The outer oven had an on-off control.
The inner oven was driven with a modified proportional control system.

Temperature stability of *0.005°C was obtained when the ambient room
temperature remained in the range 24 to 26°C. However, on excessively
cold or hot days when the building air conditioning system failed to take
care of extreme conditions, temperature excursions of about *0.01°C were

experienced. (See Figures 13-15).

1L
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4. Measuring Equipment

a. Introduction
A requirement to measure hundreds of quartz crystal units
of 16, L8 and 80 Mc in frequency in a short period of time with an accuracy

9

of a few parts in 107 was a stringent specification which had not been met
by anyone at the time this research program was undertaken. Two measure-
ment methods were attempted. The second proved successful.
b. AGC-AFC frequency measurement system
Efforts were first made to develop an AGC-AFC frequency
measurement system in which automatic controls would diminish the time
normally consumed in measuring the frequencies of resonators (5 minutes
each) by the bridge method previously used. Work on this technique was
continued for about nine months and resulted in the systems exhibited by
block diagram in Figures 7 and &. Details of the progress and development
are contained in Quarterly Reports Nos. 1-3 of this project dated respec-
tively (15 May, 15 August and 15 November, 1961). Although it appeared
that difficulties avrising in the circults, due principally to uncontrolled
phase shifts in the signals, could be eliminated with time and effort, no
further time could be expended without undue loss of required data. An
alternate measurement system was therefore sought.
c. Passive bridge frequency measuring system
The development of a passive bridge frequency measuring

system was next undertaken.

The circuit displayed in Figure 9 is that of the active bridge system
used previously with the frequency measurement equipment. This was used
successfully for 100 Mc and 80 Mc frequency measurements to parts in lOT.

The transformer T, must be a theoretically perfect transformer 1if the

17
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Table 1

Details of Fabrication of Resonators

Fabri-
Croup No. of  cation Type Base Tinal
No. Units Date Quartz Plate Plate Mount
1 10 5-25-61 Natural Al None GE Class
Unswept
2 10 5-30-61 Natural Al None GFE Glass
Unsvwept
3 10 6-5-61 Culturcd AL None GE (lass
Unswept
b 10 6-19-01 Cultured AL None GE Glass
Swept
5 10 6-27-61 Natural Al Au CGE (lzss
Unswept
& 3 7-10-61 Natural Al Al GE Glass
Unswept
7 6 7-14-01 Natural Al Au GE Glass
Unswept
8 10 8-7-61 Natural A Al GE Class
Unswept
9 9 12-11-61  Ratural Al None HC-27 /U
Unswept
10 10 1-2-62 Natural Al None GE Glass
Unswept
11 10 1-15-62 Cultured Al Hone GE Glass
Swept
12a 22762 Natural A1 None GE Glass
2 Swept
12b 2-27-62 Cultured Al None GE Glass
Swept
132 3-5-62 Naturzl Al None GE Glass
9 Unswaopt
13b 3-5-62 Cultured Al None GE Glass
Unswept
a-1 9% 9-17-62 Natural Al None GR Gluss
Unswept

¥nits of Group S-] were never Tlaced in ovens for aging studics.

Bond
550k4A
55044
55044
55044
55044
55044
5504
55048
Pyroceram
Pyroceram
55044
55044
55044
55044
55044
5504A

Pyroceram

Holder

006 Springs
.006 Springs
006 Springs
006 Springs
006 Springs
.006 Springs
.006 Springs
.006 Springs
Tab Clips
Tab Clips
.006 Springs
006 Springs
.Q06 Springs
.006 Springs
.006 Springs

.006 Springs

for Regular Aging Studies

Final Seal

Bake

3
3
3
3
3

hrs-175°C
hrs-175°C
hrs-175°C
hrs-175°C

hrs-175°C

3 hrs-175°C

3
3

hrs-175°C

hrs-175°C

10 min-250°C

W w w w W

hrs-p25°0
hrs-225°C

hrs-175°C

hrs-175°C
hrs-175°C

hrs-175°C

Pressure

ATM(MMHE)

ax107 1
2x1077
2x107 7
3}{10'7
2x1077
ex1077
2x107T
2x10™7
ExlO_u
2x1077
2x1077
3x1077
3x107 7
2x107 7
2x1077

-7
bx10™!

Remarks

Cement cured 1 hour at av of 300°C

Sezled w/induction heater  5/1 Pyr.

5/1 Ppyr.

Strain studies (misaligred and amnealed clips)
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FREQUENCY CHANGE (PP10)

+7

+6

+5

+4

+2

+1

| CRYSTAL - 3-8 REMAKRS
QUARTZ - Coultured 1. Crystal Drive Reduced to Zero
BASE PLATE -~ Ev Al After Each Measurement
| FINAL PLATE - None 2. Thermistor — 1 Meg, General
HOLDER -~ G.E. Glass Purpose
RS - 10.20Q 3. Calculated Temperature Changes:
| FREQUENCY - 16042064.6 3 x 10~3 °C 110 Ohm Resistance ]
Change
4. Data Token July 11 & 12, 1962
-0.009 __|
A /\\, Temperature Curve
\ N -0.006 —
[A) / \ M\
I\ \ O |f
-y W\ ~0.003 —|
4 , \,
Y
v Temperature Curve 0
Frequency Curve l \ |
. —l e \ Frequency Curve 40.003
S | R —————1 Study Discontinued Over Night| ——— \ I~ 7A/—-\ ) ]
Bridge Left | | \
Cannected f ¢ +0.006 —
to Oven \ / \
\ \ ! \ +0.009 —
Bridge Disconnected t
After Each Measurement
0 2 4 6 8 10 12 16 18 20 22 24 26 28 30 32 34 36 38

Figure 13.

HOURS OF STORAGE AT 85°C

Short-term aging of an aluminum-plated, cultured quartz
resonator (Al 3-8) operated at the fundamental frequency.
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FREQUENCY CHANGE (PP10")

+8

CRYS'TAL .!3 8 ) ! ! | l ‘
-3 REMARKS:
+7 ’_QUARTZ = Cultured J . 1. Crystal Drive Reduced to Zero N
EI/:JSELPIL_CA-I-'FE_ A'L After Each Measurment
HOLDER -~ G,ETGIZ:E .2, Thermistor -~ 1 Meg, General Purpose
+6 —OVERTONE - 5§ 3. Caleulated Temperature Changes:
RS — 10.20 3 x 10-3 °C/10Q Resistance Change.
FREQUENCY - 80365088.5 4. Data Taken Ju|y 9& ]0, 1962
+5 '
+4
Temperature Curve
@)
+3 f ~0.009 ©
Temperature Curve z
z
+2 -0.006 @
=
Bridge Disconnected <
Bridge Left After Each Measurment %
+1 1 Connected -0.003 >
to Oven Lt
’ x
0¢ —-— Study Discontinued Over Night -0~ 0.000 =
\ / &
-1 Frequency Curve Frequency Curve b +0.003 %
/ ]
-2 +0.006
-3
-4 ]
-5
-6
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Figure 15.

HOURS OF STORAGE AT 85°C

Short-term aging of an aluminum-plated, cultured guartz
resonator (Al 3-8) operated at the fifth overtone.
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The ewrphasis on aluminum cozted resonators as noted in the table
above was the result of operation in overtone modes since gold plated
units may be excessively damped =zt the fifth overtone mode.

Although it had been previously shown that overcoating may degrade
stability™ somewhat, the amount to be expected, when utilizing refined
fabrication and measurement procedures, znd methods of minimizing it
remained to be explored. Moreover, although employment of metal over-
coats different from the buse vplating is common in industry, the exact
behavior of such electrodes has not been well defined. The effects of
the types of plating listed above have been examined with frequency
measurement discrimination of 1 part in 108, at least an order of
magnitude better than previously used here.

A second principal objective of this study was a comparison of the

respective aging of a resonator at its fundamental, 3rd and 5th modes

and measurements of the resonators were made at each mode where feasible.
(1) Resonators vlated with aluminum base plate only

A series of typical frequency measurement versus time
data for resonators coated with aluminum base plating only are shown in
Figures 16-18. It should be noted here that the principal plotting scale

7

is parts in 10 and that a few parts in 109 are discernible.

Figure 16 exhibits a moderate difference in the stability of resonator
2-10 (Al only) at the fundamental and third mode. The larger fluctuations
which occur appear to be the result of temperature changes and stresses de-
veloped when ovens were opened or power failed (six occurrences). In spite

of these, stablility at the fundamental was maintalined within a variation

* See Final Revort of Contract No. DA-36-039-8C-78905 or Paper by
the authors in the Proceedings of the 14th Annuzl Frequency Control
Symposium.
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FREQUENCY CHANGE (PP107)

+7

+6

+5

+4

+3

+2

+1

-4

-5

-6

MAY

with Pyroceram-Ag cement.

I l T
CRYSTAL -~ 10-5
| QUARTZ - Natural
BASE PLATE ~ Ev Al
FINAL PLATE - None
| HOLDER - G.E. Glass
OVERTONE -~ 1,3, 5 0
RS - 7.50, 10.00, 210 (1) '26'22 Oven
| FREQUENCY - 16055156.2_| | _ pene
48251810.7
80430086.0
.
1st L"L\ - / i //J f
S 4
7 —] 1= P "l ;P.‘. G . //\\ hat :
Ao o \'*>°/ el L\ R ..J" \),4 L0
L/- \.4/ -\’ __L_ > %_L/"
o] y o
\ﬁ\
3rd ~_ A “‘*‘*-#Q—-—L—-_-L_A_L P \h
N~ A
ot
_
—_ RN I [ — —_
10-29-62 BNC Oven
Coupler Replaced
| On H.F. Bridge N
] 6-23-62 Power 11-12-62 Oven Lost
Off Over Night Power for Several
Hours_
5-22-62 Oven 6-16-62 2% Hours
Opened Power Failure
8 18 28 7 17 27 7 17 27 6 16 26 5 15 25 5 15 25 4 14
JUN. JULY AUG. SEPT. OCT. NOV,
DAYS OF STORAGE AT 85°C
Figure 18. Aging data for natural quartz resonstor Al 10-5, bonded
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< 11 part in 107 for 9 months. Aging at the 3rd overtone was somewhat
less and showed lesser fluctuations with temperature change or thermal
shock.

Figure 17 {Al 10-1) exhibits a remarkable case of stability for
seven months where data for both of the overtone modes tracked re-
latively well with that of the fundamental. Aging was inappreciable and
stability was maintained to variations of less than *5 parts in 108 for
the fundamental, t7 parts in 108 for the third overtone mode, and T3 parts
in 108 for the rifth overtone mode.

Figure 18 exhibits the aging pattern of a unit which appears to be

moderately sensitive to thermzal stress.
(2) Resonators plated with Al + Al

Quartz resonator blanks coated with Al + Al and mounted
in the T-5 1/2 envelope exhibited with rare exception downward drifts of =
few parts in lO7 over a six month pericd. A typical pattern of behavior
is that in Figure 19 (Al + Al 8-9). The departure of the data of the funda-
mental from that of the overtone modes is striking. An effort to reduce
this typical drift by applying the overcoating aluminum at a temperature
of 300°C did not give greatly improved results except in the one case ex-
hibited in Figure 20 (Al + Al 18-L). The large increase in frequency ob-
served on 22 January for the fundamental mode as a result of oven failure
for 72 hours was characteristic of most of these units. This large frequency
increase implied the presence of strain as a result of thermal shock. The
radiant heating to 300°C after plating may have induced strain in the
blanks beyond that encountered by the usual Al + Al rescnator. Additional

studies of this technique of plating are necessary for its proper evaluation.
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FREQUENCY CHANGE (PP107)

T T

CRYSTAL - 89
| QUARTZ ~ Natural

BASE PLATE - Ev Al
FINAL PLATE ~ Ev Al
L— HOLDER - G.E. Glass
OVERTONE ~ 1, 3,5

RS - 6.4, 10.1, 16.5 Q
— FREQUENCY ~ 16023877.4

48149930.0
80257818.5
— 10-29-62 Replaced]
O] BNC Oven Coupler
1o 1 10-26-62 on H. F. Bridge

Oven Opened

-

Zas
/]

11-12-62 Oven Power
\\ \'C\ Off Several Hours
m b.\ 1st
=
-y o/
~) i\\\ ;

4

[}
| 6-23-62 Power \\% 2 /
[~ Off Over Night N !/
hnand A
5.22-62 6-16-62 N—- T~ T~ /7
OVen 21/2 HOUI’ Slfh sQ.\ﬁN q /
Opened — Power A N4
Failure .Q
mooo2r 3 w0 2 30 10 2 30 9 19 29 8 18 28 8 18 28 7
MAY JUNE JuLyY AUG. SEPT. oCT. NOV.

DAYS OF STORAGE AT 85°C

Figure 19. Aging data for natural quartz resonator Al + Al 8-9.
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Other resonators (10) plated with Al + Al and mounted in the
HC-E?/U container exhibited aging rates not greatly different from
those in the T-5 1/2 tube. Data for the best unit, Al + Al (19-10)
is exhibited in Figure 21. These units were only operated about 10

weeks.
(3) Resonators plated with Al + Au

For plating aluminum base plated resonators to final
frequency a metal of greater density than aluminum would be advantageous,
provided there were no deleterious effects on the future stabilities of
the resonators. Gold and silver have been used at various times for the
overcoating material. Although it has been shown in the past* that bi-
metal layers as electrode materials may be unstable, they have been
used successfully by the resonator industry in limited combinations for
some purposes (Au + Ni and Ag + Ni). As a result a restudy of this
problem with greater measurement precision has been undertaken.

Three groups of resonators comprising a total of 25 units were
fabricated. Two groups Al + Au-5 and Al + Au-7 were mounted in the T-5 1/2
container and one group (Al + Au-20) in the HC-27/U holder. Group Al +
Au-5 proved to possess very poor activity, apparently, because the gold
overcoat was too thick. No aging data were obtained for specimens of
this group. Units of group Al + Au-7 exhibited total frequency shifts of
only a few parts in lO7 over a perlod of nine months. An example of data

for a typical unit is shown in Figure 22.

% Tinal Repowt Contract No. DA-36-039-3C-64613, pp. 46-51, July
1957.
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Pyroceram, exhibited relatively poor stability compared with those of
Group Au-15. Aging for these units was in the range 3 to 25 parts in
lO7 in 100 days. The resonators exhibiting the greatest frequency
changes appeared to have leaks or gas sources in the respective con-

tainers.
(5) Resonators coated with Au + Al

It has been shown by one of the authors™ that the

oxide coating usually formed on aluminum film electrodes on exposure
to air and before overcoating to frequency with gold, as discussed in
the preceding section, acts as an effective barrier to alloying between
the gluminum and gold so long as certain temperature limits are not ex-
ceeded. In order to examine the effect of alloying where no oxide
barrier existed a series of seven resonators were fabricated with bi-
metal films in the order Au + Al. Even though these units were mounted
in the T-5 1/2 glass container alloying occurred during fabrication and
bakeout as evidenced by the high Ry values of the units. Since, as noted
in the reference in the footnote below, the Au + Al film pair has been
shown to begin alloying at < 100°C, it was impossible to fabricate
resonators using the standard resonator fabrication techniques developed
for this work without the occurrence of alloying. To deviate from the
standard procedures sufficiently to prevent alloying would have intro-
duced too many unknown variables to interpret the resultant data.

The resonators had a somewhat higher Ry than normal for this type
of resonator but were relatively stable as shown in Figure 26 (Au + Al 17-6).

* R. B. Belser, "Alloying Behavior of Thin Bimetal Films Simultaneously
or Successively Deposited," Journal of Applied Physics 31, 562-570 (1960).
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[T T 1

CRYSTAL - G-4

i) QUARTZ - Nat. Unswept
BASE PLATE - Ev Al
FINAL PLATE - None

[ HOLDER - G.E. Glass

OVERTONE - 1,3, 5
RS - 4.5,7.5,11.00Q
+2 = FREQUENCY ~ 16,48,80 mc
NOTE: ~ Gettered Holder
+1
1st 3rd
e s et =g ::S;;:¥;§2
" - iy =
0 Sth
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Coupler on H.F. Bridge
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-3
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DAYS OF STORAGE AT 85°C

Figure 27. Aging data for natural quartz resonator Al G-, gettered.
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resonators were fabricated and examined. These were made up in the

gquantities and types of quartz listed below:

natural 107*
swept natural quartz 53
cultured 29
swept cultured 18

Measurements of the electrical parameters, RS, CO and Q, and the
aging of the units stored at 85°C were made. A close examination of
Tables 1 and 2, which list the types of quartz and other parameters of
each unit, provides data for comparison and analyses. Specifically,
Groups Al-12, A1-13, Au-1L and Au-15, were split between two types of

guartz as follows:

Group No. Type of Quartz
12a(1-5) Swept Natural
12b(6~10) Swept Cultured
13a(1-5) Natural
13b(6-10) Cultured
1ha(1-5) Natural
146(6-10) Swept Natural
15a(1-5) Cultured
15b(6-10) Swept Cultured

Examination of the § values (omitting deviations lower than 65 percent

of the normal) for these units, yields the following average data.

* (Group S-1 consisting of 9 units was never measured )
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Aluminum Plated Gold Plated
Natural Lo, hos( 13a) 79,975(1ka)
Cultured 37,033(13b) 79, 720(152)
Natural Swept 52,725(12a) 83, 480(14v)
Cultured Swept 53, 500(12D) 134,950(15b)

It is observed that naturzl and cultured quartz resonators exhibit
almost the same dependence of @ on the metal plating, aluminum or gold.
On the other hand, the swept natural and swept cultured are of higher q
than the unswept quartz. The difference between sluminum plated and gold
plated resonators is quite marked. The gold plated swept cultured quartz
gave by far the highest values of Q obtained.

A Turther analysils of Q values may be made by averaging the values
in Table 2 for the units by groups and by subdividing these measurements
as to types of quartz and metal plating. This.sorting is done in Table 3.

Although variation in a group is considerable, and this variation may
be further emphasized by the fact that no values were measurable for some
units at the fifth overtone mode, it is quite apparent that the 3rd over-
tone generally exhibits the higher Q whereas the Q of the lst and 5th modes
are lower and of approximately the same value for about 30 percent of the
measurements. There is, however, a tendency for the 5th mode value to be
higher than the fundamental value. A part of this latter effect is un-
doubtedly due to lack of Q values at the 5th mode for units of low Q since
these particular units are almost always characterized by high Ry values
at the 5th mode. Inclusion of estimated Q values for these units would
reduce the quoted Q values at the 5th mode by 10 to 20 percent in a number

of cases.
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TABIE 3

Summary of Q Measurements of AT-Cut Quartz Resonators
Operated at the Fundamental, Third and Fifth Modes.*

Group Designation

6N
8N

18NS
191Ws

5N

20 NS

lhaN
S-2N

QA Q2 93

Plating Metal - Al Only

63,150 8k, 290 61,370
L5, 0hk 75,811 59,825
30,193 80, 633 83, 850
57,912 112, 433 88, 755
Lo, ko5 73,800 68, 325
6L, 600 96, 475 71,612
49,960 80,280 55,100
56,500 74,930 55,543
37,033 62,570 58,333
50, 611 74,950 63,550
3,991 90, Th0 72,720
53,300 79,370 76, 470

Plating Metal - Al + Al

55, 810 96,280 66, 600
29,500 68, 800 5k, 54k

a—— e g

P — ——

Plating Metal - Al + Au

73,733 113,26k 70, 833
37,655 75,683 63,150

Plating Metal - Au Only

79,975 104, koo 59,073

— B

{

Remarks

HC-27 /U, tab clips
Pyroceram
Pyroceram, tab clips

*The letters N, NS, C and CS designate the type of quartz from which the
resonator was made; namely, natural, natural swept, cultured or cultured swept.
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TABLE 3 {Continued)

Summary of a Q Measurements of AT-Cut Quartz Resonators
Operated at the Fundamental, Third and Fifth Modes

Group Designation Ql Q? Q3

Plating Metal - Au Only

1hpNS 83, 480 106, 340 86, 150
16NS _— _ —

15aC 81,980 79, 720 108, 900
151bCS 100,900 130, 750 130, k25

Plating Metal - Au + Al

17NS - - T
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The Q of the natural quartz crystals plated with each metal is quite
variable, ranging from 30,000 to 80,000 at the fundamental.
A comparison of Q values found for the gold plated units has already

been made; a comparison of the values for aluminum plated resonator follows:

Aluminum Plated Resonators Q Value Range at Fundamental Mode
Natural Quartz 30,000 to 65,000

Cultured Quartz 37,000 to 57,000

Natural Swept {one group only) 50,000

Cultured Swept 44 000 to 53,300

It appeared on the basis of completed data for a relatively few re-
songtors plated with gold only that the latter exhibited significantly
higher Q wvalues than those plated with Al only. Likewise those plated
with Al + Au, without subsequent alloying, gave high Q values (Table 3).

With respect to the aging of quartz resonators made of the various
types of quartz, in the numbers listed on page 60, it appears that aging
as now being measured is dependent more on the actual fabrication para-
meters of each group than on the material of the quartz. Ixamples of
aging of natural quartz specimens may be observed in Figures 16, 17, 18,
27 and 28. These resonators were zll plated with aluminum only.

Examples of the aging of units made of natural swept quartz are shown
in Figures 20 (Al + Al), 21 (Al + Al), 23 (Al + Au), 24 (Au + Al) and
26 (Au + Al). Figure 25 (Au 15-2) depicts the aging of a unit of cultured
unswept quartz.

Additional comparisons of units plated with gold only are shown in

Figures 29, 30 and 31 for natural swept, cultured, and cultured swept
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Although one would expect the intrinsic differences among the types
of quartz to affect aging rates, it is evident that these effects may
only be detectable by measurements of resonators in which the aging is
principally a characteristic of the quartz alone and not principally of
the fabrication materials and techniques employed; or else the difference
is so small as to be undetectable when frequency measurement is accurate

to less than a part in 109.

5. Effects of cements

One of the variables in quartz crystal fabrication and aging
is the type of cement used to bond the spring clip or tab to the plated
metal electrode and the quartz. In the past very stable resonators have
been successfully fabricated using duPont No. 5504A epoxy silver cement
and Henovia No. 2.

The duPont No. 5504A cement, principally employed, was the one com-
ponent type. After application it was cured for 3 hours at 150°C in air.
After the resonator units were assembled the cement underwent a further
baking for 3 hours in vacuc at 175°C before the resonator was sealed. OF
the 23 groups (about 10 each) of resonators fabricated duPont 5504A was
used for 17 groups. Aging curves of resonators employing this cement are
shown in previous Figures 16, 19, 20, 22, 25, 28, 29, 30 and 31.

Some variastions in the curing and baking schedule for the cement and
resonators have been attempted, usually but not always with resultant de-
gradation of the expected resonator stability. For instance, units of
Group No. Al-2 received a curing treatment at 300°C for one hour instead
of 3 hours at 150°C. TFigure 16 demonstrates az typical aging curve for a

resonator of this group. It cannot be stated from the behavior of this
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Figure 32. Aging data for swept cultured quartz resonator Al 1l-3 bhonded
with 5504 cement and vacuum baked three hours at 225°C.
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Those for the fundamental mode of operation were in each case greater
than for operation in the third mode.

Resonator G—8, the unit showing the largest frequency change
(+277 cycles), was a gettered unit that was not vacuum baked (not de-
gassed thoroughly in vacuo before sealing). The continuous high drive
level may have caused a net loss of adsorbed gas from the resonator
surfaces. These were captured by the getter thus preventing their re-
turn under the conditions of the test.

Frequency changes occurring appearad to be particular to the re-
sonator rather than the group. It does appear, however, that a con-
tinuous drive at the level employed (2 mw) is sufficient to cause sig-
nificant frequency shifts for most of the resonators of the types

examined.

8. Effects of Exposure to Neutron and Gamms Radiation on

Aging of Quartz Resonators

a. Pulsed Neutron Radiation

Eleven groups (10 ea) of resonators were fabricated for
studies of the effects of pulsed neutron radiation on crystal aging. The
fabrication details of each group are given in Table &. The electrical
parameters of the individual units (except those of Groups Al-3, Al-lL,
and Al-5 for which no data were taken) are given in Table 7 (Appendix).

The units were placed in 85°C ovens when completed and held at that
temperature for thirty days before starting aging measurements. The measure-
ments were then continued for ninety days.

On 10 September 1962 selected units were removed from the 100 unit

oven for exposure to pulsed irradiation; 17 specimens were reserved as

T
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control specimens and kept in the laboratory at room temperature and
29 units were left in the oven. The 49 units to be irradiated were
taken to the Sandia Pulsed Reactor Facility on 11 September and irradiated
on 12 September.
These were arranged about the perimeter and immediately adjacent
to the core of the reactor with the plated faces of the quartz crystals
perpendicular to radii of the reactor core. The units were supported
in this position in a foamed plastic as suggested by operators of the

3

reactor. After irradiation with a neutron pulse of lOl nvt” and after a
short cool-off period the units were retrieved and repacked for return to
Georgia Tech.

A measurement of the residual radicactivity of the resonators on
return revealed that the red paint used to mark the containers of each
unit for identification was the only part of the resonator giving off
radiation at any appreciable level.

The irradiated units arrived at the laboratory on 14 September 1962,
and nine of them were immediately replaced in the oven. On 17 September
the parameters of the nine units were measured; immediately afterwards the
oven was opened again to return the balance of the units to their original
test positions.

A summary of frequency changes observed are presented in Table 8.
Graphs of typical frequency stabilities are shown in Figures 33, 34 and
35. It will be noted that eight of the eleven groups of resonators ex-

amined were fabricated of natural quartz; three groups were fabricated of

cultured quartz, one unswept and two swept. Although & aluminum plated

¥ This dose is smallocompared to ones causing known structural damage.
The latter are in the 10%° nvt Trange.
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Figure 33. Effect of pulsed neutron radiation on natural quartz resonator Ag 1-2.
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resonators of swept cultured quartz exhibited the largest changes in
frequency observed, -5 parts in 107, this change can not be clearly
ascribed to the quartz. Some of it appears to be related to the alumi-
num plating.

From Table 8 and Figures 33, 34 and 35 it is readily observed that
the effects of exposure to a single fast neutron burst of 1013 nvt is
insufficient to seriously disturb either the original frequency or the
subsequent aging of the resonators. Freguency changes recorded as a
result of the exposure were at most only a few parts in lO7 and speci-
mens removed from the oven, stored and returned to it along with the

exposed specimens suffered changes of the same order of magnitude.
b. Effects of Gamma Radiation
(1) Summary of earlier experimental work

It has been shown previously by Frondel7 that exposure
of a natural quartz resonator to X-rays of high intensity or for a long
period of time resulted in a shift in the frsquency of the resonator; and
at the time the irradiation of the quartz was suggested as a possible
method of adjusting resonators to frequency.

Subsequently, under Contract No. DA-36-039-5C-85363, the authors
showed that natural quartz resonators exposed to intense gamms radiation
from a 12000 Curie Cs-137 source (1.4 x 106 Rad/Hr) underwent significant
negative frequency shifts in periods of five to thirty minutes.8 Changes
as large as -10 ppm were registered. Afterwards these resonators under-
went changes of frequency with time of as much as +1 ppm in 30 days. This
relatively rapid upward drift decreased with time and stabilized after
about 90 days at a value about 1.3 ppm above the original minimum. Figure 36

exhibits an example of this behavior.
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Figure 38. Aging data for natural quartz resonator Al 1-2 after exposure

to gamma radiation (1.4 x 106 Rad/Hr) for 24 hours.
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Figure 40. Trequency versus time data for quartz resonator Al 3-7 (cultured) before and

after exposure to gamma radiation (1.4 x 106 Rad/Hr) for 24 hours.
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Figure 41. Frequency versus time data for quartz resonator Al 5-i4 (swept cultured) before

and after exposure to gamma radiation (1.4 x 106 Rad/Hr) for 24 hours.
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Observations were made after exposures of as short a time as 30 seconds
in the well of the Cs-137 source up to periods covering a duration
of 24 hours.®

Natural and swept natural quartz resonators displayed a greater
scatter in reaction to irradiation than did the cultured and swept cul-
tured resonators. This scatter appears to be related to the probably
greater diversity of impurity atoms in natural quartz.

The findings of Verhoogen,6 Bond and Andrus,12 Keith and Tuttle,l3

3 and Younglu all indicate that the impurities in quartz

King,l Sawyer,
are quite variable depending on source, although in quantities approaching
the limits of ready chemical or spectrochemical analysis. The variation
in Q (Sawyer), acoustic absorption (King), and effects of radiation on the
frequencies of quartz resonators reported herein and, by Stanley, and data
obtained in X-ray topographic examination of quartz as recently reported

by us, by Smith and Spencerl5

of Bell Telephone Ilaboratories,and by Hale,
Carlson and Krueger of Clevite Corporationl6 point to significant variations
in the impurity and structure differences in the quartz that may be con-
trolled, by growing techniliques in the case of cultured quartz, and bene-
fitted by the act of sweeping for both natural and cultured quartz.

Verhoogen reported diffusion rates at 500°C of monovalent ions through

the quartz lattice parallel to the C axis as follows:

DLi = 1.1 % lO'8 e sec:'l
DNa = 5.8 x 1010 cnP sec™1
DK = 2.0 x lO_lo cm? sec-l

Numerical error was estimated as a factor of 2 or 3. These values for

¥ The data incorporated in this paragraph will be given in greater
detail in the Quarterly Report No. 1 of the succeeding research contract.

o7
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natural quartz were actually calculated from data obtained by a method

of sweeping, apparently first devised by Verhoogen, in which a potential
was applied across the quartz plate while heated. The potential was in
the range 1000 to 1500 volts per cm. Spectroscopically detectable quan-
tities of these ions could be found at the cathode. Very small amounts
of Mg++ were detectable on the cathode after a period of several days and
the diffusion rate was estimated as 10_12 cm2 sec_l. On the other hand,
the diffusion of Ca++, Fe++ and Al+++ were undetectable. It thus appears
that the alkali metals are the ones most likely to be removed by sweeping.
This observation has also been confirmed by Sawyer3; and King2 and Rowen
(and Foster)LL stated that the presence of oxygen atoms in the atmosphere
was essential to sweeping since short circuiting occurred in the quartz
during sweeping in vacuo, apparently due to partial reductiom of the
quartz.

It would thus appear from the @ studies cited and the radiation
effect studies completed by us that the alkali metal atoms in the quartz
are a source of one of the principal degradatory factors both in the Q
differences observed between natural, cultured and swept cultured quartz
and the frequency changes experienced by resonators exposed to high gamma
ray intensities.

The fact that natural quartz may respond less well to sweeping or in
a more erratic manner under irradiation than synthetic quartz is ascribed
to its growth from aqueous solutions of unknown and variable mineral con-
tent and to deposit at temperatures, pressures and rates, particular to a
specific geologic situation. These undoubtedly varied over a wide range
of possible conditions. Structural differences other than those provided by

impurity content may also make a contribution to the differences observed,
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Figure 4k, Sketch of x-ray-topographic apparatus used to observe strain
ratterns in quartz plates.

2GG-y *ON 3o8lfoag ‘qaodsy TBUTL










50T

P:i/cryeoce S/ / Cry s7a /

Xrey 7vde
/ 7arg et / Kece /i//'flj S/r#
t
) £/
2% ‘ ) (Pl <))

Note. ﬁrjef— C'r;fsA-/ Distance

/s about 8.5 FF

Crys/a/—Fitm Distarce /S 57
The Xray feam /s -/rnfps'»/‘//c,/
/erj/{ an evecvated Bress Fube

ée/wccn e /arje/ ﬂﬂ/("yf/d/
The fobe is albout &/ 44 JensH

Figure L6. Sketch of x-ray topographic

Directrors oF
Trans/ 2r0r

apparatus using Lang's technique.

2GG-v ‘oN gostoag ‘gaodsy TeuTd







Final Report, Project No. A-552

Dauphiné/(or electrically) twinned areas. A (30.1) Bragg reflection
was used in this diffraction topograph because of its sensitivity to
Dauphiné/twinning. There is a very large difference in the X-ray in-
tensity in the (30-1) and (30.1) reflections, yet the (30.1) of one
region of the crystal occurs at the same angle as the (30.1) of the
adjacent Dauphiné’twinned region. Consequently, the exposure in the
areas "A" is small enough so that they appear to be complete voids in
the crystal's diffraction image. As seen in the photograph a large
portion of the plate (the more opaque section) is twinned with respect
to the remainder. The large amount of twinning occurring is undoubtedly
responsible for the changes in frequency and temperature-frequency be-
havior of quartz resonator Al 4-1 and others in which large frequency
shifts were observed. Dr. Young,ll'L has discussed the occurrence of
Dauphiné’twinning at temperatures well below the Q- phase transition
temperature of quartz. Twinning of this type must have occurred in this
specimen during the sealing phase. One of the peculiarities of this twinning
is that some quartz specimens are more susceptible to it than others. This
susceptibility is probably related, in turn, to the entire history of the
quartz of the particular plate from its time of original growth. This var-
iation is susceptibility may account for the variation in twinning of re-
sonators fabricated in a similar manner.¥

The experiments outlined have revealed a tool of considerable value in
the further study of quartz as a frequency control element and the pursuit of
more intensive work along the lines noted is planned.

#* Very recently some indications have been obtained from fabrication
results that swept cultured quartz is more susceptible to twinning than
natural quartz during its exposure to the temperatures required to seal
the HC-ET/U glass container.
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VI. IDENTIFICATION OF KEY TECHNICAL PERSONNEL

The persons listed below have been employed on the work of this

Project. The number of hours devoted to it by each is noted.

Individual Position Hours
R. B. Belsger Project Director 1600
W. H. Hicklin Asst. Res. Ingr. L0ooo
D. S. Harmer Res. Assoc. Prof. of Physics 80
W. B. Warren Research Engineer 219
R. A. Young Res. Assoc. Prof. of Physics 4
N. X. Hearn, Jr. Asst. Res. Physicist &2
J. O. Darnell Regearch Assistant 3000
C. M. Shirley Research Technician 3000
J. C. Shaw Graduate Research Assistant 237
T. L. Spradling Graduate Research Assistant 439

Mr. Belser, M.S., Physics, has worked in the field of quartz crystal
fabrication and measurement for 13 years. Mr. Hicklin, graduate of
Valpairaiso Technical Institute, has been associated with Mr. Belser for
eleven years. Radiation tests were conducted under the supervision of
Dr. D. 5. Harmer, who received his graduate degree in Nuclear Chemistry
from the University of California. The work on X-ray diffraction topography
was conducted under the supervision of Dr. R. A. Young, Head of the Solid
State Branch and the X-ray Diffraction Laboratories of the Engineering
Experiment Station, by Mr. N. K. Hearn, a Physics graduate of Xansas State
College (Emporia). Mr. Warren, M.S. degree in Electrical Engineering, has

been working in the fields of electronic circultry and precision measurements
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for 12 years and is a project director of related work. Messrs Darnell
and Shirley are skilled assistants, familiar with electronic, mechanical
and vacuum technology. Messers Shaw and Spradling have B.S. degrees in
Electrical Engineering from Georgia Tech and are working on graduate

degrees.
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Table 7

Electrical Parameters of Resonators for Pulsed Radiation Studies

OF C

Unit R (2) F(~) R (2) Fa(™)¥ (F -Fg) —= Q

Gold Plated Resonatorsl

Au-1-2 6.8 47328832 9.8 47330332 1500 6.1 202200
Au-1-4 7.4 47294893  10.0 47296366 1473 6.1 192000
Au-1-5 10.0 y73j16hke 14,0 47343243 1601 6.1 130000
Au-1-7 10.5 47379920  15.5 47381450 1530 6.1 130000
Au-1-8 10.3 hrh15630 1k.0 47h17150 1520 6.1 133500
Au-1-9 9.7 47342936  16.0 47344387 1451 6.1 148500
Au-2-1 8.8 47580880  13.5 47581190 3907 6.1

Au-2-4 6.8 h7537h50 11.5 47538730 1280 6.1 240000
Au-2-7 8.2 k7540156  12.7 47541393 1237 6.1 206200
Au-2-8 8.2 h7hol025  12.0 h7hoz268 1243 6.1 205500
Au-2-10 6.6 47533480  10.5 47534840 1360 6.1 233000
Au-2-12 10.5 47565198  15.5 47566350 1152 6.1 172800
Au-2-13 7.2 47682186  11.0 47683603 1417 6.1 205000
Au-2-15 11.3 h7hor114 18.0 Y7hoz20h 1090 6.1 169000
Au-2-17 7.0 h7horoko  11.3 47408450 1410 6.1 211000
Au-2-20 11.2 47290070  15.5 47291476 1406 6.1 132800
Au-2-21 8.2 47h17185  10.0 47418590 1405 6.1 181400
Au-2-22 7.1 h7598Lk25  11.5 47599585 1160 6.1 253800
Au-3-1 6.8 47235520 9.4 7237014 1hok 6. 205500
Au-3-2 6.3 47395230  10.5 47396750 1520 6.1 218400
Au-3-16 7.0 47338431  11.0 47339870 1439 6.1 205500
Au-3-19 9.0 yreok772 11.0 47605850 1078 6.1 215500

1
Quartz: Natural; Holder: HC-27/U; Bond: 1 part pyroceram + 2 parts
silver (by volume) fired 5 minutes at 450°C.

*R, + Fy obtained using a series load condenser of 32 ppf.

127



Final Report, Project No. A-552

Table 7 (Continued)

* OF c,
Unit RS(Q) Fo (™) Ra(ﬂ) F (~) (F,-Fg) ey Q
Au-k4-1 7.2 Yro79hTs 8.5 47280722 1247 6.1 233000
Au-4-2 5.8 47289371 9.0 47290605 1234 6.1 292000
Au-4-5 7.0 k7210612 10.5 kro11771 1159 6.1 257500
Au-4-6 6.0 47263608  11.3 47264839 1231 6.1 282500
Au-~l-7 8.4 hro73hos 12,2 Lro74683 1188 6.1 209000
Au-4-8 6.7 47173198 8.9 7174586 1388 6.1 225000
Au-L-9 6.6 k7207566  10.0 k7208733 1167 6.1 272000
Au-k-10 6.8 47231838  10.7 k7232940 1102 6.1 281000
Silver Plated Resonators?

Ag-1-1 9.5 k9209678  13.8 Lo211025 1347 8.0 153800
Ag-1-2 10.5 Lkos3h861k  16.0 49349860 1246 8.0 152Lo0
Ag-1-3 12.5 48985592  17.5 48986995 1403 8.0 113200
Ag-1-k 16.0 489987h0  26.0 Looo00TT 1337 8.0 93000
Ag-1-5 10.5 48986986  13.0 48988459 1h7h 8.0 128800
Ag-1-6 10.5 k9190650 15.5 k9191852 1202 8.0 157800
Ag-1-7 9.2 k9505251  15.0 49506630 1379 8.0 157000
Ag-1-8 9.2 49111317 13.5 k9112570 1255 8.0 172200
Ag-1-9 17.5 49193350 28.0 49193930 5807 8.0 - - -~
Ag-1-10 10.0 hkoos2ko1  13.0 49053990 1509 8.0 132000
Ag-1-11 9.0 k9127018  13.0 49128260 12hp 8.0 177500
Ag-1-12 9.5 ko3ki631  15.5 Lo342834 1203 8.0 173000
Ag-1-13 8.0 koik7207  13.5 49148387 1180 8.0 212000
Ag~1-1k 10.5 ho1k5985  14.5 Lkoil7238 1253 8.0 151200
Ag-1-15 20.0 k9186157 28.0 49187500 1343 8.0 k200
Ag-1-16 9.7 4booT2261  15.0 L9073723 1h62 8.0 140000
Ag-1-17 11.2 ko345871  16.5 49347000 1129 8.0 157700
Ag-1-18 10.5 k9357900  15.5 49359018 1118 8.0 16Lko00
Ag~1-19 9.3 holipks08  16.0 holp5773 1265 8.0 169000
Ag-1-20 32.0 kooek307  38.0 49264903 5967 8.0 ----
Ag-2-1 10.5 hoz760k0 - - = - - - - Unable to measure Ry and Fy

2Quartz: Natural; Holder: GE Class; Bond: DuPont 55044 cement cured 3
minutes at 150°C

*Ra and Fa obtained using a series load condenser of 32 puf.
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