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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13. GEORGIA 

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

Attention: Dr. E. A. Gerber 

Subject: Progress Letter No. 2 

Dear Sir: 

Contract No. DA-36-039-SC-87407 
Georgia Tech Project No. A-552 
Period: 1 April to 1 May 1961 

3 May 1961 

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 

10-7 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 lo-7 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 

out lined be low. 

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 

designe~ 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 l attached. 

Two signal voltages are t~n 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 for 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-e voltage proportional to amplitude and phase 

difference between the two i-f signals derived from the bridge. Thus if the 

bridge is balanced the output 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-e 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-e 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 resultJ a greater resolution of null condition is 

obtained in the proposed system. 

Since the synchronous detector output is determined by the direction 

of bridge unbalanceJ the d-e 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 is indicated on the block diagram by the connection between the 

low-pass filter output and the oscillator reactance ci.rcuit 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 VFO 

frequency into the correct crystal frequency. This relieves the operatorJ 

from this point onJ 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 is a bottle-neck, and in 

effort to speed the operation plating techniques are freq~ently 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 lo-7 mm of mercury range with adequate 

cold trapping in the same time now required to pump to the 10-4 or lo-5 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 avoiding 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 me fundamental will be 

fabricated and measured. Some of the older 16.5 me resonators will be 

installed as a check on the quality 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 f.abricated employing aluminum and gold overcoats for frequency adjust­

ment. Units for operation in the overtone modes will be prepared provided 

the quartz plates, currently on order, are received. 

Approved: 

Vernon Crawford 
Head, Physics Branch 
Physical Sciences Division 

Respectfully submitted. 

Richard B. Belser 
Project Director 
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GEORGIA INSTITUTE OF TECHNOLOGY 
!ENGINEERING IXPERIMIENT 8TATION 

ATLANTA 13, GEORGIA 

Frequency Control Division 

5 June 1961 

Electronic Components Research and Development Laboratories 
Fort Monmouth, 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 

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. 

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 resonator 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 cycle. By increasing 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. 



-2- 5 June 1961 

Mr. R. B. Belser, W. H. Hicklin and W. Bruce Warren attended the 14th 

Annual Freq_uency Control Symposium in Atlantic City, N. J ., 31 Mfzy, 1-2 June 

1961. 

Plans for the month of June are to complete the measurement eq_uipment, 

fabricate and measure additional resonators in accordance with the scheduled 

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

Approved: 

Vernon Crawford 
Head, Physics Branch 
Physical Sciences Division 

RBB:am 

Respectfully submitted, 

Richard B. Belser 
Project Director 



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

TABlE I 

PARAMETERS OF RESONATORS FABRICATED WRING QUARTER 

Base Plating Final Plating Bonding 
Unit Type Metal Temp Pressure Metal Pressure Cement Curing Curing 
No. Quartz ( oc) (nun Hg)* Temp Time 

( oc) (Hours) 

Grou12 1 - Yield lOocj, 

1-1 Natural Aluminum 300 4 X l0-6 5504A 150 3 
1-2 " " " " " " " " 1-3 " " " " " " 1-4 II " " " " 

" 1-5 " " II II If 

1-6 " If " II " 
1-7 II II " " " 
1-8 II II " " " 
1-9 

,, II II " II 

1-10 " II II " II " 

Grou12 2 - Yield w 
2-1 Natural Aluminum 300 2 X l0-6 5504A 300 1 
2-2 " " II II " II " 
2-3 II " II " " 
2-4 II II II " " 
2-5 " II II " " 
2-6 " " II II " 
2-7 " II II " " 
2-8 " " " II If 

2-9 II II " II " 
2-lG II II " " II 

* This pressure is that recorded at the instant of evaporatio~pressures just before and 
Bhortly after evaporation are usually an order of magnitude lower. 

-13. A-



~uarter1y Report No. 1, ProjE 

TABlE I (Con: 

Mounting Vacuum Baking 

Unit Type Resonator Time Temp Pressure Fund~ 
No. Holder (Hours) ( oc) (nnn Hg) 

GrouE l - Yield 10~ 
GE 0.00611 

2 X 10-7 1-l Glass Springs 3 175 
l-2 
l-3 
l-4 
l-5 
l-6 
l-7 
l-8 
l-9 22.~ 

l-10 II 24.5 

GE 0.006 11 

3 
Grou~ 2 - Yield foi 

175 2 X 10- 4.5 14.0 
2-l Glass Springs 
2-2 II II " 4.5 13.0 
2-3 II II " 6.0 15.0 
2-4 " " II 5·5 16.5 
2-5 " " II 6.0 Hi 
2-6 II " II 6.0 18.0 
2-7 II " II 6.5 17-5 
2-8 II " II 7-0 50.0 
2-9 II ,, II 7-0 17-5 
2-lQ II II II II 6.0 17-5 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT &TATION 

ATLANTA 13, GEORGIA 

Frequency Control Division 
Electronic Components Research and Development Laboratories 
Fort ~~th, NeY Jersey 

Attention& Dr. E. A. Ger'Oer 

Subject: 

Dea.r Sir: 

The rrur-poz~ of this projc>: 1:. i& to del:L.;.cntc the ei":tccts of m:.tcrit\ ·:. 
and. fo.bric~;.~~:to:u techniques on ~:C.c eta.bilit1c:3 of quo.rtz cr-;;::t,J.l l~sono.to 
Of particul ' ;~ interest ar.e l."'0s n::.tc1rs op~rr.~~ed in ·:he overto:.1c ln:)des o.nd a 
comp •. 1.:::1.con ~·,;:'t'~leen the c't~:c.::.l: ~ ·;.~- ~s of res..::'"'.' 't0ra 'f:; ·:~-~·:t.cat::!d. of' natural, 
synthetic <L",;.('. m;cpt synt:1, ·· .. .::. .. .rtz. A t.:~·:euenc: · .;:.. .. ~~;urc:ment accur.:.:.cy of ----~ 
a few part:: '.>.!l J.J:P is de.:·. -~ ... --cy. 

Thirty 80 Nc rczon.'l.t·::;rs ;.; 1-oo fabricated d:urins ~::..~ nonth of June. 
consisted ~ 20 units i'abri.:..:.":;. 6. of cultured quartz e.J:.(l 10 o'f r. .. "l.tural 
The cultured qur;.1"tz units v:::l'\.~ plo.ted nth aluminum o:n.ly and b.."1.li' iiere o . 
m.rcpt qu..:"l:rtz and b.s.J..f on 'l.lll.mTC:?t mterial. The ten u:.1its on natural qu:. . '-.z 
were OOJ:;a plated. vith nluminu.m. bu.t plated to frequency l:ith gold. R5 va 
for near~ .. ll~un:i.t: •. '"~~~ ... :n :;e ~~ lO to 20 or~:~,~~:h~n ovc:~-atcd at 80 
(5th mode). Y ... eld ,_,, ·,::..;...~..,. r ... .,ona.tors was 100 percc .... ~ ... 

t.bn.Eu.rcm:m:ts o:t :.~c :i'i:f'ty resor..a~ors fabricated to da:w ~c;?7<; bocn >::De 
regularly. Sc1:::c clr-lft 1n p:::.rt:1 in 10 vas noted due to cl..-att:; c-.'XIut in · ru­
mcntation. T'ac CI :rt.er., bridc;e and oven have been housed in insulated 
boY..cs o;.rith plastic cu1"ta.ins in :Lront. These bave cut down drafts and s ·a:.:=---­
lized mcn~urcmcnts. 

The aJ?l:>lication of' the ir.~?roved maourell'Jent techniqUe utilizine au 
:nl::ltic nul.lir.,z of' the crystal b:ridze encountered a difficulty rel.n.ted to 
instubility in the I·F anrplificrs. 'nle I-F a:l'Il>lifiers ho.ve been reb ., + 
eliminate thia problem which vm.s primrily due to insufficient shielding 

·In uddition1 a 10 kc aliiplitud.c modulation 1-...·:~s been added to the error 
si[;rl.G.l f'r~ tho crys·.:::;.l bridge to facilitate ;:~ ·. -~ i'ree ampli:f'ica-'.::.ion of 
th~ sync":..~~ ;.:.::;us dct.,~--;:: ;. _ ;.,~ J'J.tput. 'l'he mathoi~ · ·.. . . :h this has been £:~ccora-
:_;L:L:.::~cd i .. · .. ::icatc6. :.:.._ .-be block diagram of . .. ;; ...... :;;.. 1. The ent::.re system 
: :::..:.gl"am h:::. ... ·;:):::~u redl~1m for the sake of .::lar:.t .. .:r "'"ith the modii'i::!ations 
:;;llo-..ru inside '.:.he dotte-d portions oZ the diag.4':.-un. 

PATENT .J.~~~~~-~;BY .... ~ 
FORMAT ...... ~ ........ 19 ......... BY ... i!..4. 



Progress Letter No. 4 
Freq. Con. Div., Dr. Gerber -2- 5 July 1961 

The 10 kc signal from an audio oscillator is injected aloD8 with the 
error signal from the crystal bridge at the input mi:~r, ·w-ith the result 
that the I-F signal output of Jchc mixer is arnplitud.e m::>dulatzd v.t a 10 kc 
rate. This at:Iplitude modulated 31gnal is heterodyned 1n thc oynchronous 
detector vTith the t'Ulmoduln.ted ni3=J,al :from the I-F reference cho.r.nel to pro­
duce a 10 kc output -v;hose phase reverses whenever the phase of the erro:t• 
signal !rom the cr,ystal bridge ~cverses. The 10 kc signal is th0n amplified 
and applied to the 10 kc phace detector whose output is a D-C 7altage of 
proper polarity to tune the CI meter oscillator to the frequency required 
for null 1n the crystcl. bridge. 

Quarterly Progress Report llo. 1 vas completed and forwarded for ap­
proval.* 

Plana tor the month ot July ~~ to t~b~tg~te ~d m~~s~ re~onators 
in a.ccordllnce vrith the scheduled program. Tho measurement o.pp::t.ro.tus has 
now been i.I:Iproved to the point that good aging xooaauremants should be 
obtained during the month. 

Respectfllll1 submitted, 

I • 

Richard B. BelGer . •· ' 

RBB/vo.r 

Addressee, 5 

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

* T'.ae approved copy has now been received and vill be reproduced and d'-s­
tributed shortly atter the 15th of July. 

, I 
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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 

Dear Sir: 

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

The purpose of this project is to delineate the effects of materials 
arid'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. 

During the reporting period three groups of crystal 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 R~ Yield -s 

5 Aluminum Gold 22.0 lOO% 
6 Aluminum Aluminum 15.4 50% 
7 Aluminum Gold 26.1 6o% 

* in 85°C Average value for the operable units measured at the 5th overtone 
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 Me). 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 coaxial 
leads into the cr,ystal positions caused a rather serious te~erature control 
problem. This action resulted from the relative~ large volume of metal in 
the coaxial cable outer conductor transferring heat readily betr1een oven 
levels and to the outside. The mcasureiiPnt errors due to small oven tem­
perature changes have been virtually eliminated 'by: . 

1. Enclosing 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 ha~re been made only at the fifth mode using 
equipment designed for use at 100 !-1c on Project A-508. Ho1rever1 the equip­
ment under construction for :mcc"surcments at the fundamental and third over­
tone as well as the fifth overtone is expected to be completed shortly. 
The improvement 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). 

· -The program for August is to continue fabrication and measurements of 
ccystai" units according to plan.. In addition, units already on test "'dll 
be removed from the aging oven::; by groups ·and measurements will be made for 
calculation of the "Q" values of the resonators. The measureJrents will be 
made at the fundamental frequency only. 

RBB/var 

Addressee1 5 

bee: A. L. Bennett 
R. B. Belser 
w. H. Hicklin 
Library1 2 
Surplus 

Respectfulll submitted, 

Richard B. Belser 
Project Director 
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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: l September to l 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 resonators fabricated of natural 
synthetic and swept synthetic quartz. A frequency measurement accuracy 
of a few parts in 109 is 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 in the signal to interference ratio of the 
output of the AFC circuit. As a result inadequate 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. Renee, it has 
been decided to abandon the AFC portion of the system but to incorporate 
improvements in 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 operative 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. 

PATENT )t!.:.;:~.~~~~z BY .• A.f..~) 
FORMAT ...... ?.:.: ......... 19......... Bv .. !l.l?:_ 



Fl"'o:;;.~e:s8 Icttc:~ I\To. 6 
Freq. Ccn. Div., Dr. Gerb2r 2 5 October 1961 

Quarterly Rcpor-G no. 2 >·:as sub:m:i.tted a.."ld appl·oVE:d except for :minor 
corrections. It is nov undercoing .final reproduction in the corrected 
copy ancl >rill bo distributed in a fevr days. 

Notice tlw.t the bal..:t.n.ce of the financial allotment 1'or the vor1;: for 
the 24-m.onth total 1-rorl: period, per a telephone conversation bet1·reen Dr. 
G. K. Gutt1·rein and 1-!r. R. B. BelGer, has been confirr~ted by the Contracting 
Officer and i'ro::7l~ can proceed without interference from lack of sui'f'icient 
±'unds. 

Co~poncnts nccessa~~ for nounting quartz resonators in the HC-6/U 
glass container have been received and vrork is proceeding on this phase. 
So:.!le e:g;Jerirc.ents i·rith a 11Pyroce!"".....m11 sealing and bonding are also nnking 
progress and some success along this line appears feasible. 

During the month of October the frequency measurying system should 
be baclc in operation and fabrication and ~asure:mznt of' ~senators accord­
ing to schedule vill be continued. Units vrill be mounted in the glass 
EC-6/U container for the first time. 

Respect~ aubmitted1 

Richard B. Belser 

PJ3B/var 

Addxessce1 5 

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



GEORGIA INSTITUTE OF TECHNOL<JGY 
ENGINEERING EXPERIMENT STATION 

ATL.ANTA 13, GEORGIA 

November 5, 1961 

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

Attention: Dr. E. A. Gerber 

Subject: 

Dear Sir: 

Progress Letter No. 7 
Contract No. DA-36-039-sc-87407 
Georgia Tech Project No. A-552 
Period: 1 October to 1 November 1961 

The purpose of' this project is to delineate the ,~f'f'ects 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 m<:!asurement accuracy 
of' a f'ew parts in 109 is desired. 

The dif'f'iculties encountered with the AGC-AFC f'r,~quency 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 s:rstem is that driving 
the crystal through a transformer degrades the ef'f'ective Q of' the crystal 
and gives it poor control of' the CI meter. It has be<:!n f'ound 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 may be CI meter controlled by a series of' cr.rstals of' closely 
nntching frequencies to those under test or a f'requen•:!Y synthesizer of' high 
short time stability such as the Rohde and Schwarz signal generator. By 
driving the crystal under measurement passively with the proper frequency, 
the resonant frequency of' the crystal under examination can be determined. 
W:ith refinement this technique is e~cted to reach the desired accuracy 
o:f measurement of' a f'ew 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 b~came apparent that 
this method would not become workable without extensi're further development, 
work was immediately begun upon reestablishment of' th1:! original bridge 
method with some ref'ineme~t. Since this held no prospect f'or measure:Qlent 
accuracies of' parts in 10 the passive measurement ouGlined was adopted sincE' 
it could be initiated as readily as a return to the f'ormer method. However, 
the Rohde and Schwarz frequency synthesizer would greatly facilitate the use 
or the new system. 

PATENT ./L~~~~.t.7BY .... ~ 
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l'req. Con. Div., Dr. Gerber 2 November 51 1961 

A uethod. for sealing the glass HC-6/u tmts bas 'been perfected. After 
1;he rese>I.la.tor has been mounted the envelope, base ancl crystal are held by 
1;vo J:i.gn in a vertical evacuated Vycor tube heated e: :terna.l.ly by a gas ring .. 
lJUrne·r. 'l'he envelope, in an inverted posit:1.on1 is hnld. b;y the lower Jig. 
~:'he t~I~ll" Jig holds the base and mounted ree~onator vl deb mates vith the 
(:nvelc!pE:. The latter Jig is spring loaded to force 1~,he two parts together. 
E.s the t>ealinG frit is melted. 

'lb.Et gas burner heats the parts to a temperature ot about 2;o•c. Tt:ds 
d.ds :Ln c~Utga.nsing the parts and in reduoins; streaae1. set up when the X:>w.r 
l'ing 3.s heated by the induction coU. T.lle induction coU is actuated a·t a 
c·urrer.:.t of one a.m,pere for about 30 to 45 seconds unt::~ the Kovar ring glows 
s.t a d.uJJ. red. A dial gauge monitors the relative mtwement between the 

· twe:r· ari.Ci. lm·n:r Jigs. When this reads about 0.017" 1.lle foot S"dtch to the 
:fnduct.ic•n co1J. is released. The dial gauge continue1. to IDOVe about 0.0)3". 
J.. motj.ozL be~en the Jigs of 0.020" has been found t<·· give consistently 
leak.]tl'Oc•f sealing as determined b;y the vacuum oil lerk test. on comple·tion 
c·f the £.eal the heat supplied by the gas burner is Sl aduall.y l'l~duced to 
anneal tb.e sez;~. The time allowed tor this i• :five x linutes. The resul·tant 
seale b:3:v~ given no trouble from cracks l'luot to :residl al stress·~s 1n the 
e:J.a.ss. The ~thod also removes the neceasit;y tor ca::t ef'Ul. programming o! 
the cunoent o1' the induction heater coil. 

Plans for the :month ot Novei:tber are to renew agj ng measurements ot 
:resonatc·rs fabricated with the new passive frequency measurement system. 
Jiesonators v1ll be mounted 1n the new BC-6/U glass mcunts tor the first 
tiloo. 

P.BB/va.r 

cc: Addressee, 5 

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

'-. 

... ~ ~ .. 

~-. ··. 

Reapectf'ul.q submitted, 

Riehm B. B¢lser 
ProJeat Director 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

5 December 1961 

Frequenc~y Control Division 
Electronic Components Research and Developnent Iaborntories 
Fo1'1i 1-fonnou.th, New Jersey 

Attention: :Or. E. A. Gerber 

Subject:. 

D:;cy Sir: 

Progress Letter No. 8 
Contract No. DA-36-039-sc-87407 
GeorGia Tech Project No. A-552 
Period: 1 November to 1 December 1961 

The pw..·posc of: this J?l~oject. is to delineate the ef'f:ects of' mL\tcrials 
and fo.bl·ication technique::; on stabilities of: qun.rtz cryctnl re::;o:nn.tors. 
O:C p:.l·ticulc.r intercGt U.."O l'c:.;omtors o:pcra.tcd in the overtone mode~ emU. 
a com:rnri::;on betveen the sta.bilities of resonators fabricated of nat1.1.1:al 
cynthctic, and swept synthetic quartz. A :frequency measurement accurac:­
of n fe\f J:Xlrts in 109 is desired. 

The frequency measuring oqui!&:ncnt based upon tho crystal bridge 
met..lJ.od of mca.surer;tent has been completed. The system uas completed 
essentio.lly as described. in Pl"oc;rezs Lettel" No. 7 and Quarterly Report 
Uo. 3. I•'requency mea.sureraents of' all cry~tnls have been n:ade at each 
of the opcratinc; fxequcncies (16, 48, and 80 Me). Resul·ts ilJ.dicate that 
the p.rec is ion of' measurements my o.wroa.ch a few parts in 109 by the uz----­
of f'requency multiplication::: of' 9 o.t 16 Me, 3 at 48 He, anJ. 2 at 8o Me 
before counting and then counting for ten seconds, 

Initial U~.Casuring of the crystal units was a laborious ta.sl~ bccau:::. · ,----­
of the necessity of rrAtchins tho frequencies of the Cl~s·tals controllin 
the CI m<::tor to the crystals otored in the oven. Tlercnty :percent of' the 
c-.~yst.J.ls i'a.'brica.tcd during this project \·rere required f'or usc a.1 rcferc · e 
frequency cl""JGtuls. Rcsono..tors fabricated during previous contracts 'rcre 
employed to cover tho lover fraqucncy r::mc;es at each op:;ra.ting frcquen ,,. 

Fm·ther impro,rem.ents in the 85QC oven temperature co:1trol have given: 
a tcruporature stnbil.ity of about + 0.02QC ma..ximum deviation. Additional 
ir~prove~~nts planned include full-proportional control of' the inner oven 
u:.:;ing a mgnetic ampl~ier to supply the oven heater pow·er. The D.C. 
control current for the amplifier will be obtained from a ~~ermistor 
bridcc. 

Fa.brication of cryatal resono.tors was ::;tartcd again during November. 
'E."le :f~st group (No. 9) was base plated vith evaporated aluminum vithout 
overcoat~ to frequency and s~~ed in HC-6/U glass holders. ~be apparatus 

7 



Proc;rcss I.ctJccr No. 8 
Frcq. Con. Div., Dr. Gerber 2 5 December 1961 

described in Quarterly Report No. 3 ~us used for sc~line. ~1e units were 
mounted in tab-clips spot-1reldcJ. to the pins and vrere bonU.cd -;fi th Pyrocero.m­
silvcl1 cement. No aghl(; data on these units ru.·e av-ailable a:.> yet. 

Dr, G. K. Guttvrein of USASRDL ·~isited the Georgia Institute of Tcch­
nolor;y on 2 November 1961. ~1e prcc;ress o.nd future pro[7o.rn of' the project 
1rcrc discL1~;:3.:~d. Particular cmpha:.ds was placed on measurement of aginc; 
at the fl:ndn.!lJ.entul~ 3rd, and 5th overtones f'or respective rc::>onators in 
order to define the overtone dependence of aging. 

Plans for the month of December include the fabrico.tion of crystal 
units in a~cordance to the previous schedule vri Lb. em:plmsis plo.ccd upon 
units mounted in glass HC-6/u holders. M:::aouremcnts in prosress will be 
continued and. the current frequency measuring technique will be refined. 

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

Respectfully submitted, 

Richard B. Belser 
Project Director 



Headquarters 

GEORGIA INSTITUTE OF TECHNOLOGY 
ltNCiiiNEERING EXPERIMENT STATION 

ATL.ANTA 13, GEORGIA 

5 Jl.ll1uary' 1962 

u. s. Army Sienal Research and Developrrent Laboratory 
Fort Nonnouth, Ne,., Jersey 

Attention: 

Subject: 

Dear Sir: 

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

Progreso Letter ~ro. 9 
Contract No. DA-36-039-sc-87407 
C~orgia. Tech Project Iro. A-552 
Period: 1 Deceni'oor 1961 to 1 January 1962 

The ?U~osc of thio project io to delineate the effects of rDtcrials 
o.nd fabrication techniques on sto.bili ties of quartz crystal resonators. 
Of particubr interest are resom.tors operated 1n the overtone r::oJ.Gs ~r/' 

a conr_pari::wn bet1recn the sta:oilities of resonators fabricated of natur:. 
synthetic, r.nd sveJ?t synthetic qunrtz. A 'frequency measurement accura · 
of a few pur'cs in 109 is desired. 

The pascivc bridge freQuency measuring ap~aratus 
about 45 d2.yc. The :precision of mco.surerent vi th fGvr exceptions hc.s bcc;:n 
very good. Th;;re are, ho-:.rever, two major sources of' mea.surem:nt error! 

1. Tl1e oven temperature deviates about ± 0.03°C about 
poruture of 85°C. 

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

This l:J.ttel~ condition causes the frequency stability of' the CI met~ 
to be poor since the CI meter crystal must be "pulled" :from its nol"l!al 
resoD.:J.nt frequency during the measurements. 

Rcf'ercncc Item 1 above: the operation a.t the sa.Ir.e temperature of 
each unit at the ::f'u.nclamental, third, nnd fifth modes results in a mis­
match bet1rcen the respective tum-over teinperature of the crystal and the 
oven tcmpcr~turc except at one mode of' operation. Thus the effect of the 
temperature changes of the crystal oven cause measurement errors to be 
la.reer for one or more of the OJ?erating modes. It is also possible, of 
course, ttw.t in some cases none of the operating modes will have a turn­
over temperature at 85°C. 

REVIEW 
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Progress Letter No. 9 
U.s. A:rrrry Sig. Res. e.nd Dev. Lab 
Dr. Gerber 

2 5 January 1962 

Correlation of the dependence of the frequency of the crystal units 
upon the oven temperature is no,·r being determined by logging, vrith the 
resistance of a thermistor mounted in an evacuated bulb and :placed in the 
crystal oven along with the crystal measurements. 

Procurement of a magnetic aL~lifier which will deliver a Go-cycle 
AC voltage controlled by a fe-vr millian:rpcres of DC current he.s roen initi­
ated. The control current will be obtained from a ther~stor bridge. 

Reference item 2 above: the logical solution to this :problem is 
the substitution of a hiGh quality frequency synthesizer for the ClJrStal 
controlled CI n:.cter. :a:ovever, son~ relief rray be obtained a.s the steel{ 
of CI meter cryst:lls increases. Frequency counting periods of ·ten seconds 
are not being used :presently because of the instability of the cl~stal 
controlled CI rJZter. 

The type of meac1:trcneuts being observed is illustrated in Figures 1, 
2, and 3. me unit (l-2), base :plated only with evaporated aluminum and 
sealed in an evacuated bulb, exhibits relatively large aeing at the fifth 
mode (Figure 3) but a very small aL:.ount at the fundamental and third CNer­
tone. 

1Vo groups of CI"'JCts.l unita llcre co:zrpletcd during the month. Group 
9 was base plated with alumi:."lu:m., mounted in tab-clips, bonded 1rith Pyro­
ceram 95 and silver cement (five :P3.rts Pyroceram to one :part silver by 
volume) in the manner described below and sealed 1n RC-6/U glass holders. 
The yield w-as 90% operable units. A second group (No. 10) l<ras completed 
\rith plating tl....l'lcl bonding similar to th.'l.t of Grou:9 9 for C0111J.):lrison 1-rith 
units :previously :prepared with other types of bondinG accntn. These were 
sealed in the glass lam:p envelopes instead of the glass HC-6/U containers. 
The yield of the latter grcuJ? was also 90%· 

Considerable trouble was enco~untered when bondin~ to metal filns 
with the Pyroceram-silver cem~nt. Several units of Group 9 which '\Wuld 

operate unbonded failed after the cement 1-ras cured. Several bondine; and 
firing operations were necessary before 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 l :part silver flake (by volume). 
2. Add thinner until the mixture has the consistency of cream. 
3 • A:p:pl:y a thin coat to the mounted crystals at the clip and allow 

to dry. 
4. Ap:pl:y a second thin coat and .fire 5 minutes at 450°C in air. 

All but one unit of Group 10 unit operated after bondina. 

Part of the trouble with the Pyroceram-silver bond.inc appears to be 
the mismatch between the thermsl expansion of quartz and Pyrocera.m. In 
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Progress ~tter Ho. 9 
U.s. Arrrry Sig. Res. and Dev. lll.b 
Dr. C-erber 

3 5 Janu.:~.ry 1962 

order to investieate the bonding more thoroughly, polished plates of 
:fused quartz uere plated with evaporated aluminum and U.Ged for various 
bonding eX}_)eriments. It "t-ra.s fol.Uld. that upon coolin._--; the P.pocer....m con­
tracts pulling the film from the quartz at the periphery of the cemznt. 

In several cases of extreme bc:b...:"l.Vior a snnll chip of silica ims 
broken from the plate. A w~ry, slovr cooling rate did not :!Jrprove bond 
relia bill ty. 

Exper1:ments are being extcuclecl to include bonding to films of silver 
and gold on fUsed silica substrates. Also, the silver content of the 
cement has been varied. Evidence recently obtained indicates that a mix­
ture havinc 5 parts silver and 1 p~rt Pyroceram b,y volume produces, after 
:firing, a more ductile cemen·t; vhich possesses sufficient bond strength 
and "~>Thich does not da.nnge the film or the quartz durin3 the cool-down 
cycle. 

The program forth~ month of JanuarJ includes: 

Fabrication of crystal units in HC-6/U holders, contL~ued fre­
quency measurements, additional e;~~')erimcnts -vrith bonds of P.;rocera.m-silver 
cement, and completion of the osc:iJ.J.atol'3 required for studies of the 
effects on aging of continuous crystal drive. 

Respect:f'ully submi tted1 

RBB/ve.r Richard B. Belser 
Project Director 

Enclosures: Figures 11 21 3 

cc: 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 8TATION 

ATL.ANTA 13, GEORGIA 

5 February 1962 

Headquarters 
u. s. Army Signal Research and Development Laboratory 
Fort Monmouth, New Jersey 

Attention: 

SubJect: 

Dear Sir: 

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

Progress Letter No. 10 
Contract l~o. DA-36-039-sc-874o7 
Georgia Tech Pro,1ect No. A-552 
PfJriodt l. Jg .. mmry ~Q 1 F~brua:qr 1962 

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 an 
a comparison between the stabilities of resonators fabricated of natura 
synthetic, and swept synthetic quartz. A frequency measurement ace 
of a few parts in 109 is desired. 

One grou:p of crystal units was fabricated during the month. This· 
group (no. 11) was base plated with evaporated aluminum, mounted 1n 0.00 
inch springs, bonded with du Pont No. 5504-A cement and mounted 1n glass 
bulbs which were subsequently evacuated, baked, and sealed. The quartz 
used was of the swept, cultured type. The yield was 100% and a.ll of t,_,.e...----­
units vere operable on the three modes of interest (lst1 3rd1 and 5th) D 

Frequency measurements have continued using the passive bridge sy t m. 
Modifications have been made subsequent to Quarterly Report No. 3 and '1 ...... A~,.__ __ _ 

:final design is show 1n the block diagram of Figure 1. llo basic chan e 
1n the operation of the system resulted from the changes. However, th 
use of the HR0-5R receiver improved the signal-to-noise ratio b,y reduc 
the bandwidth 1n the null detection circuit. The frequency converter was 
eliminated by using the HR0-5R for a null amplifier at 16 Me and by de 
tuning the :front end of the VHF receiver so that 48 Me could be receive 
directly. 

Frequency measurements are considered to be accurate to a :few parts 
in 1~ except for a few cases in which the frequency match between the 
crystal controlling the CI meter and the one being measured is poor. 

·i 

PMcr:r .. ft..;J.j ~~--~~Y .... ~ 
FORMAT ....... V.:. ...... 19 ......... BY .. /!~ ................... 



Progress Letter No. 10 
U. S. Arrri:J Sig. Res. and Dev. Iab. 
Dr. Gerber 2 5 February 1962 

The primary e:rfort during the month has been to improve the oven 
temperature control. Tw'o approaches have been taken. Figure 2-A shows 
in block form a control system using the amplified output of a thermistor 
bridge to control the output voltage of a magnetic amplifier*. Power is 
supplied directly to the oven beater from the latter. 

A second system sbo1m in Figure 2-B consists of a fixed DC voltage 
across the oven heater upon which is superimposed a 10 kc AC voltage the 
amplifier of which is varied 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 
Pyrocera.m No. 95 and silver flake has indicated that improved 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 acetate to ·which 
has been added a small amount (about 3% by weight) of nitrocellulose, 
dried a.t a low temperature of about l00°C for one hour and then fired 
for five minutes 1n 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 pa.tterno in quartz plates caused by 
various cements has been initiated in conjunction with Dr. R. A. Young 
and 1-lr. N. K. Hearn, Jr., of the x-ray departm::mt. Such a study was sug­
gested by the fracturing of silica plates by the Pyrocera.m-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, 
and it waa conjectured that considerable mechanical distortion of the 
plate would likely occur '\vhen the cement contracted upon cooling. Initial 
investigations of stress in quartz plates reveal considerable stress 
exerted on the plates by the various mounting systems being employed cur­
rently. These a.re being examined with the objective of devising a mounting 
method applying a minimum stress. 

Measurements of approxima tel ... ~ 75 resonators have been continued 
throughout the month. Since measuring is required at the fundamento.J., 3rd1 
and 5th modes each unit requires three measurements and a limit of about 
ten un1 ts per day or 50 per week may be measured. This allows daily meas­
urement of ten un1 ts or bimonthly measurements of 100 un1 ts. A plot of a 
typical fre9.uency behavior being obtained is shown in Figures 3 (1-10) 
and 4 ( 10-1). Note that positive aging was displayed 1n the fundamental 
modes in both cases but veey little in the overtone modes. 

--... --
* Freed ty:pe MAO-3 



Progress Latter No. 10 
u. s. A:r1:rJy Sig. Res. and Dev. lab. 
Dr. Gerber 3 

The program for the month of February includes: 

5 February 1962 

1. completion of the oven te~ra.tures control systems.; 

2. continued frequency measurements; 

3. installation of a second storage oven operating at 85°C. This 
oven is to be used in conjunction vrith studies of the effect of continuous 
crystal drive and of the effects of radiation on crystal frequencies. 

Respectfully submitted, 

ImB/var Richard B. Belser 
Project Director 

Enclosures: Figures l; 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 
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Figure 1. Passive Bridge Frequency Measuring System 
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Headquarters 

GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

8 March 1962 

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

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

Subject: Progress Letter No. 11 

Dear Sir: 

Contract No. DA-36-039-sc-87407 
Georgia Tech Project No. A-552 
Period: 1 February to 1 March 1962 

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

9
synthetic quartz. A frequency measurement accuracy 

of a few parts in 10 is desired. 

Two groups of crystal units lwere fabricated during the month. The 
pertinent details of each group are given in Table I. All of the units 
of group 12 were operable at the 1st, 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 1st 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 &ld 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-l;:c oscillator. The beat of' the local oscil­
lator with the 20-kc transmission from WWVL is monitored co§tinuously. 
The oscillator is maintained at a frequency of 14 + 2 pp 10 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 1-1hen frequency measurements are being made since an unreliable 
chopper amplifier can not be operated unattended. This unit will be 
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Dr. Gerber 

8 March 1962 

replaced or repaired. Experiments indicate that the control system 
will hold the oven to a maximum temperature deviation of+ O.Ol°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 nmr being modified for use on this project. 

Three units of Group 1 (natural, unswept quartz with aluminum 
base plate)6were exposed to gamma radiation for 24 hours at an intensity 
of l. 6 x 10 rad/hour. This irradiation level is the maximum obtainable 
with a readily available source. The frequency changes produced are given 
in Table II. 

TABLE II 

Frequency change (ppm)* 

Unit Fund. 3rd Mode 5th Mode 

1 - 2 + 3.8 + 0.33 + 0.35 

1 - 5 -:- 10.1 + 6.8 + 7-15 

1 - 6 - 0.81 - 1.5 - 1.64 

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

These results confirm previous experiments indicating that c~ystal 
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 
ppm. 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 8o 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 "t>rere inadvertently vacuum baked at 225°C 

2 
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rather than the normal temperature of 175°C. The cement (duPont #5504A) 
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 same component of the epoxy cement. 

The program for the month of March includes: 

1. complete installation of the third 85°C oven ~cing 172 positions 
available for aging studiesj 

2. continue frequency measurementsj 

3· mruce initial studies of the effect of continuous drive on 
crystal agingj 

4. complete one crystal group. A maximum of tw·o groups a month 
can be completed •·rithout overloading the measurement 
laboratoryj 

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

RBB/var 

Enclosures: Table I 
Figures lA, B, 
2A, :e, c 
3A, B, C 

cc: Addressee, 5 

Respectfully submitted, 

-fpt...Richard B. Belser 
Froject Director 

3 



TABLE I 

Group Quartz Base Plate* Mounting 

l2(A) suept natural Evap. Al. 0.006" springs 

12(B) swept cultured Evap. Al. 0.006" sprincs 

13(A) natural Evap. Al. 0.006'1 springs 

13(B) cultured Evap. Al. 0.006" springs 

*No final plating. 

Bonding Sealing 

5504-A 3 hour 
vacuum bake 

5504-A 3 hour 
vacuum bake 

5504-A 3 hour 
vacuum bake 

5504-A 3 hour 
vacuum "bake 

Average R (ohms) 
s 

1st 3rd 5th 

5.6 9·3 15.2 

6.7 10.1 15.0 

processing incomplete 

processinG incomplete 
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Headquarters 

GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

5 July 1962 

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. 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 swept9synthetic quartz. A frequency measurement accuracy 
of ~ few parts in 10 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-4 (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. generat~r. The synthesizer delivers 

* 2 parts silver plus 1 :part Pyroceram by volume. 
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about 24 Me to a frequency doubler which develops 48 Me 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 10 • 
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 
accumulated 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 109. 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 Me unit was uncanned and mounted in a vacuum system near 
the intake of a hot filament iGnization gauge*. 

2. The system was pumped to 5 x lo-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 maximum obtainable with a TS-683 CI meter. Calculations show that 
one ~~er of adsorbed gas on the surface of the crystal would be of the_grder 
of 10 molecules which is approximately ~he number in the system at 10 Torr. 

* Veeco type RG-75P.· 
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Hence, the evidence appears to indicate that positive changes in tbe 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 quartz. 

'!he program tor the month of Jul.y includes& 

1. Continued frequency measurements ot crystal units. 

2. The design and construction ot a crystal oven and holder so that 
quartz plates DBY be temperature c;ycled up to 1oo•c on the tunda­
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 ot rejects due to poor angle control. 

3· Tho C.esign and construction ot a pilot model aging oven which will 
allOW" precise temperatures to be maintained. Full proportional 
control will be used. The oven will house a uax1mum of ten un1 ts. 
The temperature control circuit will permit small temperature changes 
if desired without loss ot precise control. 

Respecttull.7 submi tted1 

RBB/var Ricbarcl B. Belser 
ProJect Director 

Enclosures s Figures 11 21 3 

cc: Addressee, 5 

bee: E. J. Scheibner 
R. B. Belser 
w. H. Hicklin 
Library, 2 

, 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENOINEERINO 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 

Dear Sir; 

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

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 6o 
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 
34 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 mo~e~~~~ E VV 
illustrated in Figure 3 of Progress Letter No. 14. K t:. V ..1} 
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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 thermistor 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 11 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 (1013 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. oven; and 

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

Enclosures: Figures 1 through 8 

cc: Addressee, 5 

Respectfully submitted, 

Richard B. Belser 
Project Director 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

October 5, 1962 

Headquarters 
U.s. A.rmy 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 

Dear Sir: 

Contract No. DA-36-039-SC-87407 
Georgia Tech Project No. A-552 
Period: l September to l October 

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. 

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. Axmy 
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 resonators by X-ray 
diffraction topography was presented by Dr. R. A. Young. 

In September,QMarterly 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. 

PATENT ./~ .. ~~~t~; __ ?.:Sv.~ 
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Measurements of long term aging effects have continued for sufficient 
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 
bridge. 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 the 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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fundamental mode can be made at this time. More experiments of this tYJ?e 
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 14 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 I. In general, frequency changes noted were only 
a few parts in 10 7 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. 

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 quartz units were exposed to gamma 
radiatio~ from a Cesium 137 source for 24 hours at a dose rate of 
1.4 x 106 rad/hour. A tYJ?ical example of frequency changes observed 
are shown in Figure 11. The frequency versus time data obtained sub­
sequent to exposure are illustrated in Figures 12, 13 and 14. 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 gamma 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 October includes: 

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

2. a continuation of the drive level studies ana, 

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

Addressee: 5 
Enclosures - Figures 1-14, Table I 

Respectfully submitted, 

Richard B. Belser 
Project Director 
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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. K. Guttwein 

Subject: 

Dear Sir: 

Solid State and Frequency Control Division 
Piezoelectric Crystal and Circuitry Branch 

Progress Letter No. 17 
Contract No. DA-36-039-SC-87407 
Georgia Tech Project No. A-552 
Period: 1 Gotebe,r · to 1 November 1962 

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 Letter 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 monthj 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 resonators in which 
getters were ~lashed 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 mi~imum 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 hours~nd 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 gamma 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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3. Fabrication of one group of special units for 
measurements in the Marconi high precision 
temperature control oven. 

RBB:m:l 

Addressee: 5 
Enclosures: Tables I and II 

Respectfully submitted, 

Richard B. Belser 
Project Director 



Group 

G 

14 

15 

TABLE I 

Parameters of Resonators Fabricated in October, 1962 

No. of Yield Base Bonding 
Units (o/o) Quartz Plate Support Cement Holder Remarks 

8 80 Natural Al o.oo6" DuPont T/5 1/2 Holder Vac. Baked and Gettered 
Springs 5504A 

9 90 4-Natura.l o.oo6" DuPont 
5-Swpt. Nat. Au Springs 5504A T/5 1/2 Holder Vac. Baked Only 

9 90 4-Cultured 0.006" DuPont 
5-Swpt. Cult. Au Springs 5504A 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) DZ* 
Unit Quartz 1st. Mode 3rd. Mode 1st. Mode 3rd. Mode 

Al-3-7 Cultured +28.2 +27-3 -5·5 +0.0 

Al-3-8 Cultured +28.4 +28.8 +2.0 .:!:,1.5 

Al-3-9 Cultured +29.2 +29.8 ·+0.~:,., 

Al-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-5-4 Swpt. 
Cultured -0.4 -0.3 +0.0 +0.0 

Z is a direct function of Rs and is obtained from the calibration dial of an impedance bridge. 

*Total Dose: Approximated Lti- Rad./Hr. for approximately 24 hours. 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA 13, GEORGIA 

1 January 1963 

Headquarters 
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 Letter No. 18 
Contract No. DA-36-039-SC-87407 
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 109 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 14 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 14. 
This resonator was fabricated of unswept, natural quartz. The data for a 
similar unit of swept, natural quartz tttlashawn in Figure 2. 
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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 + A1 or Al + Au, 
whereas the latter two groups are plated only with a single layer of gold. 

In cases where the metal films were alloyed by heating uuring 
sealing, as for three units of group #20 (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 change is sufficient to exhibit frequency changes 
measurable in parts in 107. 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.. ~he frequency changes of group 18 
at the fundamental were very large (Figure 4). 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 ti.Ioo is to be spent principally in 
finishing up measurements for the Technical Report covering the research 
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completed in the last two years • Additional continuous drive and gaillllB 
radiation studies are to be conducted if time permits. Work on the 
Technical Report will begin. 

RBB:mi 

Addressee: 5 

Enclosures: Table I, Figures 1-6 

Respectfully submitted, 

Richard B. Belser 
Project Director 
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Vacuum equiprnt far fa.br1ca.t1on of resonators of frequencies of 161 48 

~~ ~~e: t~~;;~~ ~~~!:!1:: ~;~;ere!=~f ~~0 a.~~-7°~ ~~pping 
:DErcury. A 200-unit coos taut temperature oven has been likewise improved 
by incorporation into it of coaxial leads and me terminations. '1\l.ese 
improvements facilitate measurenents at frequencies above 16 me. 

The frequency :EEa..surement system, based on a single-ended bridge and 
counter :DEthod1 has been JIX'Idified to incorporate autOllE.tic gain coatrol of 
the C:rysta.l Impedance ~ter Oscillator and auto:m.tic nulling of the bridge. 
These improvements are expected to bring the frequency measureDEnt accuracy 
to a fev pe.rts io 109. 

Polished quartz crystal blanks of 16 me f'unda.IMnt.a.l frequency for 
operation at the funda.IMntal, the third and fifth overtones have been 
procured. A portion of these are of natural quartz and a portion of 
cultured quartz. Arrange:EEnts ba.ve also been liBde for procureiEnt of 
blanks of "svept'' natural and cultured quartz. 

1'\.rcoty aluminum plated resoiJ.B.tors have been fabricated s.nd measured. 
Initial aging measureJIEnts of these twits have indicated excellent stabilities. 

~ioeering Experiment Station, Geo~~~e;__:!~~t:~ 7ar,....Te"c"'hna=lo:o:-::1!;f::-,--:cAt"-1an=t;::a:-,­
Ceorgia. AGING CHARACI'ERISTICS C1F QUAR'l2. CRYSTAL RESONA'IDRS, R· B. Belser 
and w. H. Hicklin. 

Report No. 1 (First Quarterly), 15 February 1961 to 15 ftfiy 1961, 17 pp., 
4 Illus. Signal Corps Contract No. DA·36-039-SC-874o7, Unclassified Report. 

Vacuum equi~nt for fabrication of resonators or frequencies of 16, 48 
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mercury. A 200-twit constant temperature oven has been likewise improved 
by incorporation into it of coaxial leads and me terminations. 'Ill.esc 
improvements facilitate measurements at frequencies above 16 me. 

The frequency measurement system, based on a single-ended bridge and 
counter method, has been IOOdified to i.Dcorpo:rn.te automatic gain control of 
the Crystal Impedance l*;ter Oscillator and autOliBtic nulling of the bridge. 
These improvements are expected to bring the frequeocy measurement accuracy 
to a fev parts in lo9. 

Polished qua.rtz crystal blank£; of 16 me fundamental frequency for 
operation at the :f'U.llda.lMntal, the third and fifth overtones have been 
procured. A portion of these are of natural quartz a.nd a portion of 
cultured quartz. ArrangciEnts have also been :m.de for procureiDE!nt of 
blanks of "svept" natural and cultured quartz. 

Tw'enty alwninWil plated resonators have been fabricated and fJJ"'asured. 
Initial aging measureiDE!nts of these units have indicated excellent stabilities, 
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:DErcury. A 200-unit constant temperature oven has been likeviae improved 
by incorpor:e.tion into it of coaxial lea.da a.nd me terminations. 'Iitese 
improvenents facilitate :DEaaurements at frequencies above 16 me. 

The frequency measurement system, based on a single-ended bridge and 
cotwter method, ba.s been IOOdified to i.Dcorpo:rn.te automatic gain control of 
the Crystal Impedance ~ter Oscillator and automatic nulling of the bridge. 
These improvemeots are expected to bring the frequency measurement accuracy 
to a fev parts in 109. 

Polished qua.rtz crystal blanks of l6 me fundamental frequency for 
operation at the f'undiUI'If!ntal, the third a.nd fifth overtones have been 
procured. A portion of these are of na. tur:e.l quartz a.nd a. portion of 
cultured quartz. Arrangements have also been :m.de for procurement of' 
blanks of "swept" Il."ltural and cultured qu.artz. 

'1\renty all.ua.illUDI plated resonators have been fabricated and measured. 
Initial aging measurements of these units have indicated excellent stabilities. 
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improvements facilitate measurements at frequ.encies above 16 me. 

The frequency measurement system, based on a single-ended bridge and 
counter method, has been IOOdified to i.Dcorporate automatic gain control or 
the Crystal Impedance ~ter Oscillator and auto:m.tic nulling of the bridge. 
These improvements are expected to bring the frequency measurement accuracy 
to a. fev parts in 109. 
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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 lo-7 wn 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* 

0-rings are used for sealing the header and base plates. Electrical and 

thermocouple circuits enter the chamber through sealed packing glands. 

b. Final 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 

to pressures in the 10-7 mm Hg range in the time formerly required to pump 

to lo-5 mm Hg, about 20 minutes. Getter pumping in the lower chamber is 

available if desired. 

c. Vacuum Baking 

A combination of diffUsion, cryogenic and getter pumping reduces 

the pressure in the main chamber to about 3 x lo-7 mm 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. 

-9-
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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 volts per centimeter. This results 
in the sweeping out of certain impurities. 

l 
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II. 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-

8 able for measurement to a part in 10 at 80 Me; the modification is 

expected to increase accuracy of measurement to a few parts in 109 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 10
8 

and indications are that the differ-

ences ascribable to the quartz itself will be less than those ascribable 

to fabrication variables. 

2 
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III. 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. K. 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. 

3 
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rJ. FACTUAL DATA 

A. Introduction 

The principle effort during the second ~uarter has oeen the faorica­

tion and measuring of resonator units faoricated of natural ~uartz and 

synthetic ~uartz, ooth swept and unswept. Refinements of the measurement 

techni~ue, oven temperature control, and measurement e~uipment tempera­

ture control were made in order to improve the precision of fre~uency meas­

urement. 

B. Apparatus 

l. Fre~uency Measurement System 

The AGC-AFC fre~uency measuring system has oeen ouilt in final 

assembly form and has oeen rack mounted. 

Figure 1, a olock diagram of the final system, reveals some changes 

in the original design discussed in Report No. l. Modulation of the i.f. 

voltage in the null signal channel by a 10-kc voltage was employed to 

overcome the stability proolem associated with the necessary de amplifica­

tion of the phase detector output to give sufficient AFC voltage. The 

output of the synchronous detector in the aoove figure is now a 10-kc 

signal of which the phase and amplitude are proportional to the phase and 

amplitude of the oridge null output. Their output is amplified to produce 

ade~uate AFC voltage in an ac coupled amplifier. The latter was chosen 

oecause it is inherently more staole than a conventional de coupled ampli­

fier. 

Trouble shooting of the whole system is now in progress. Some proo­

lems exist with regard to CI-meter signal leakage through the null-signal 

channel. This leakage masks the null indication and has deteriorated 

4 
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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. Vacuum 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, 85oC 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. 

6 
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TABLE I 

DESCRIPTIVE DETAILS OF SO Me RESONATORS 
FABRICATED AND EXAMINED IN THE FIRST AND SECOND Q.UARTERS 

Base Plate Final Plate Bonding 
Group Type 
Nurnber Quartz Metal FcT P(MM Hg) Metal P(MM Hg) Cement Cure Time -- -reT (Hrs) c 

l Natural Al 300 L~ x 10-6 5504 A 150 3 
2 Natural Al 300 2 X 10-~ 5504 A 300 l 

6 3 Cultured Al 300 5 X 10- 5504 A 150 3 rl 
Unswept 

4 X 10-6 
Q! 

rf1 
4 Cultured Al 300 5504 A 150 3 cd 

81-rept 
4 X 10-~ 

Q! 

2 X 10-~ ::J 
5 Natural Al 300 Au 5504 A 150 3 1=1 

·ri 
6 Natural Al 300 6 X 10:6 

Al 3 X 10-
6 

5504 A 150 3 +' 
1=1 

7 Natural Al 300 2 X 10 
6 

Au 5 X 10- 5504 A 150 3 0 

8 3 X 10- 1 x lo-5 5504 A 
0 

Natural Al 300 Al 150 3 

Mounting Vacuum Bake 
Group Type Resonator Percent 
Number Q.uartz ~ Holder Time 

(em) P(MM H~2 Yield 
(Hrs) c 

l Natural GE Glass .006" Springs 3 175 2 X 10-7 100 
,-... 2 Natural GE Glass .006" Springs 3 175 2 x lo-7 90 

1=1 3 Cultured GE Glass .006" Springs 3 175 2 x lo-7 100 0 
·ri Unswept +' 

X 10-7 ro 4 Cultured GE Glass .006" Springs 3 175 3 100 ::J 
1=1 Swept ·ri 

x lo-7 +' 5 Natural GE Glass .006" Springs 3 175 2 100 j:\ 
0 6 Natural GE Glass .oo6" Springs 3 175 2 X 10-7 50 0 

7 Natural GE Glass .006" Springs 3 175 2 X 10-7 6o 
8 Natural GE Glass .006" Springs 3 175 3 x lo-7 100 

7 
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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 frequency 

with aluminum. 

Two procedures for overplating were used. The first was to base 

plate the resonator blanks with aluminum, open the system to air, evacu­

ate and replate the resonator blanks with an overplate of gold or aluminum. 

This 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 given in 

Table II. 

Figures 2, 3, 4, 5, 6, and 7 depict typical frequency changes vrith 

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 coaxial connectors 

8 
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TABLE II 

SERIES RESISTANCE OF OPERABLE RESONATORS 
FABRICATED DURING THE SECOND QUARTER* 

Unit R (n) 
s 

Plating, 

3-l-Al 33.5 
3-2-Al 21.5 
3-3-Al 37.0 
3-4-Al 41.5 
3-5-Al 15.0 
3-6-Al 16.5 
3-7-Al 20.0 
3-8-Al 15.0 
3-9-Al 16.5 
3-10-Al 21.0 

AVERAGE VALUE 23.8 

6-l-Al+Al 
6-2-Al+Al 
6-3-Al+Al 
6-4-Al+Al 
6-6-Al+Al 

Plating1 

16.5 
14.0 
18.5 
13.0 
15.0 

AVERAGE VALUE 15.4 

Unit 

Al Only 

4-l-Al 
4-2-Al 
4-3-Al 
4-4-Al 
4-5-Al 
4-6-Al 
4-7-Al 
4-8-Al 
4-9-Al 
4-10-Al 

Al + Al 

8-l-Al+Al 
8-2-Al+Al 
8-3-Al+Al 
8-4-Al+Al 
8-5-Al+Al 
8-6-Al+Al 
8-7-Al+Al 
8-8-Al+Al 
8-9-Al+Al 
8-10-Al+Al 

Plating, Al + Au 

5-l-Al+Au 15.0 
5-2-Al+Au 16.5 
5-3-Al+Au 38.5 
5-4-Al+Au 20.0 
5-5-Al+Au 17.5 
5-6-Al+Au > 100 
5-7-Al+Au 24.0 
-5-8-Al+Au 14.0 
5-9-Al+Au 13.0 
5-10-Al+Au 38.5 

AVERAGE VALUE 21.9 

7-l-Al+Au 
7-6-Al+Au 
7-7-Al+Au 
7-8-Al+Au 
7-9-Al+Au 
7-10-Al+Au 

R (n) 
s 

53.0 
26.0 
20.0 
15.0 
15.0 
52.0 
18.0 
17-5 
10.5 
11.5 

23.9 

21.5 
20.0 
45.0 
15.0 
21.5 
52.0 
50.0 
21.5 
26.5 
33·5 

30-7 

25.0 
46.0 
17.5 
21.5 
22.5 
24.0 

26.1 

*Average R values for Groups land 2 (Al only), 17.9 ohms and 19.8 ohms 
respectivel~. 
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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 4 

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 peculiar 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. It 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 Q for the resonators were not made 

during the period out are on the agenda for the next Quarter. 

D. Comments 

When the initial supply of duPont No. 5504-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 
Te~erature Minimum Maximum 

oc) 

110 48 hr Unlimited 

130 10 hr Unlimited 

150 3 hr Unlimited 

170 80 min Unlimited 

190 45 min Unlimited 

220 l hr 2 hr 

280 30 min l hr 

The curing schedule used for most of the units faoricated was three hours 

at l50°C. Recently a duPont Ceramic Products Bulletin No. CP 2-361 was 

ootained which gives the following schedules for curing duPont No. 5504-A 

cement: 

O:Eeration Time Temte ra ture 
(Hours) oc) 

Drying l 150 - 160 

Curing 16 160 

Curing l 260 
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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 l50°C and cured for one hour at 260°C. The curing oven 

will be designed so that an inert atmosphere can be used to prevent damage 

to the resonator plating or mounting assembly during curing. 
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V. CONCLUSIONS 

Differences in stabilities and R values of resonators fabricated 
s 

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 10
8 

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 is expected in the near future. The design 

of a suitable sealing chamber for these units has been 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 

Richard B. Belser Project Director 

w. Bruce Warren Research Engineer 

Robert E. Meek Research Engineer 

Walter H. Hicklin Ass 1t. Research Engineer 

James o. Darnell Research Assistant 

Carroll M. Shirley Teclmician 

Walter C. Knapp Teclmician 

Charles s. Wilson Electronic Teclmician 

Time 
(Hours) 

106 

114 

6o 

211 

275 

319 

379 

Mr. R. B. Belser, Research Associate Professor of Physics and Project 

Director, has been associated with resonator aging studies sponsored by 

USASRADL 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. Belser for approximately ten years. 

Mr. W. B. Warren is an electrical engineering graduate of the Georgia 

Institute of Teclmology 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 circuit design and instrumentation and has 

directed a number of projects in associated fields sponsored by USASRADL 

and by the U.S. Air Force. 

Mr. W. C. 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. 

Messrs. J. o. Darnell, C. M. Shirley, and C. S. Wilson are technical 

school graduates or e~uivalent 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 e~uipment, the design, construction and maintenance of 

electronic instrumentation, and the fabrication and measurement of ~uartz 

resonators for periods of from 1 to 5 years. 

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. 

* 11 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 

The AGC-AFC frequency-measurement system designed with the intent to 

measure frequency to a few parts in 109 ran into difficulty because of 

phase shifts occurring in the signals from two IF 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 frequency measurements. Although these difficulties 

were overcome subsequently, the probability of the completion of a success­

ful measurements system in a 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 frequency 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 container 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. 

2 



Quarterly Report No. 3, Project No. A-552 

Approximately 75 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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III. PUBLICATIONS, LECTURES, 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. K. 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 orQer 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. K. Guttwein of the Signal Research and Development 

Laboratories and 

Dr. A. L. Bennett, Messrs. R. B. Belser, S. N. Witt, R. E. Meek, 

W. B. Warren, W. H. Hicklin, C. M. Shirley, C. S. Wilson, 

and Dr. D. S. Harmer of the Georgia Institute of Technology. 
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rv. 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 109 for resonators operated at 16, 48, and 80 Me. 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 isolation 

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 

l. 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-kc low frequency error signal, so that any 

differential phase shift between the outputs of the two IF amplifiers 

causes a change in the phase of the 10-kc signal from the synchronous 

detector. This change in phase requires that the frequency of oscil­

lation 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 a function of the setting of the gain control. As a result 

the measured value of the crystal resonant frequency was a 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 l 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 kc 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 either 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 IF center frequency, whose phase is 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 kc modulation. 

This signal can be amplified in a conventional IF amplifier 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 kc 

either side of the center frequency. The output of this IF amplifier is 

supplied to an envelope detector the output of which is the 10 kc 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 is 

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 de 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

ticQlar 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 ~nd in such a way as not to interfere with the data acquisition by 

the currently used frequency measurement system described in the subse­

quent section. 

2. Passive Bridge Frequency Measurement System 

The frequency measuring system displayed in Figure 2 was used 

first for 100 Me and later for 80 Me frequency measurements. The trans­

former T1 must be a theoretically perfect transformer if the oscillator 

is to "see 11 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) 

9 
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\ 
\ 
\ 

AMPLIFIER 

T 1 - FERRITE TRANSFORMER (UNITY TURNS RATIO) 

T 2 - FERRITE CORE COUPLING TRANSFORMER 

CP C2 - DIFFERENTIAL CAPACITOR (3-20 pp.f) 

R 1 - RESISTOR (lOOU) 

CR - CRYSTAL RESONATOR 

C 3 - COMPENSATING CAPACITOR (ABOUT 10 pp.f) 

Figure 2. Single-ended bridge for improved measurement accuracy 
at high frequencies 
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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 Q intrinsic to 

operation in a bridge circuit. 

It was found that transformer T
1 

could be eliminated by the passive 

bridge fre~uency measurement system shown in Figure 3. The system re~uires 

a stable source of R.F. voltage at the crystal fre~uency to drive the 

bridge. At present a crystal controlled CI meter is being used) and a 

large number of crystals are re~uired to cover the range of fre~uencies 

to be measured since each unit represents a very limited bandwidth of 

satisfactory operation. A more convenient arrangement would be to sub­

* stitute a fre~uency 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
2

J R2 ) and D
1 

in each bridge rectifies the R.F. voltage across the 

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. VTVM (item G in Figure 3). 

Since 10 mv is the lowest voltage which may be conveniently read with 

the particular R.F. VTVM used) that value of voltage will be used as the 

input voltage to the bridge at all fre~uencies. 

*Rohde and Schwarz) Model xu8. 
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D. 
NULL 

AMPLIFIER 
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C. Allows VHF Receiver to be Used as Null Amplifier at 16 and 48 Me 
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E. Honeywell Model 104 WIG Electronik Null Indicator 
F. Frequency Multiplication of 9 at 16 Me; 3 at 48 Me, and 2 at 80 Me 
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c3 

Rl 

Tl NULL 

rOOTPUT 

A. CRYSTAL BRIDGE FOR 48 AND 80 Me 

TI,~NULL c, l OUTPUT 

CRYSTAL 

\r----........_----101-------' 

B. CRYSTAL BRIDGE FOR 16 Me 

clA, s ~ 8-> 87 (L(Lf Dill. Cond. 

c2 ~ 200 wf Cond. 

c3 = 10 fLfLI Cond. 

Rl ~ 25 n Res. 

R2 ~ 1.5 X 10 6 n Res. 

Dl = 1N270 Diode 

Tl = 1 : 1 T oro idol (Ferrite Core) 

c2 = 200 fLfLI Cond. 

c3 = 10 {L(Lf Cond. 

Rl ~ 10 n Res. 

R2 = 1.5 X 1Q6 n Res. 

R3 = 250 n Rheostat 

Tl = 1 : 1 Toroidal {Ferrite Core) 

Dl = 1N270 Diode 

Figure 4. Crystal bridge circuits for passive bridge freQuency 
measuring system 
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The balanced condition of the bridge for 48 and 80 Me can be shown 

to be: 

R 
s 

(1) 

For the particular condenser used, the balance equation is satisfied 

for R values of 2.3 ohms minimum and 272 ohms maximum. 
s 

The theoretical value of drive level at 80 Me was determined for an 

* average crystal resistance of 23 ohms • 

R s v{l 1 + "mR c jwClBRs 
v VB 

J s 0 

X 

R 
s 

1 + 

R 
1 s 

jwR C s Q 

+ 
jwClB 

2 
C 

2 
R 2 

(l) lB s 

2R 2 (c +w s lB 

Now determine the value of ClB: 

+ jwRs(clB + 

Since the capacitor is a differential type: ClA + ClB 

or: c = 95 - c lA lB 

At the bridge null, 

clA (1 
R ) s 

+ jwC R c \ '1 + jrnC3R~) 0 s S \ I 
-- = = R ,=\1 ·we R clB (1 Rl ) 1; + J 0 s 

+ jwC3Rl 

* An average of 75 crystal units. 
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0 

8 + 87 95 IJ.IJ.f 

( 4) 

(5) 



If: 

p = 
X 
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' R .l + jwC3R1' ··.·l = 
1 1 +: -2. • i 95 , \ R1 i \1 + jwC R 

1
: 

L \ / '• OS 

clB 95 

[l ·(::) + jwC3R1~ 
jwC R 1 

0 E) 

! R = 23D ! 
I s ! 

Rl 25D j 

~ RsCo = RlC3 ~ Then: 

w = ( 21r) ( So ) (lo
6) 

! 

: c = 7 !l!lf j 

( 0 ) 

clB 95 
23 

l + 25 

p = 
X 

= 49.5 !l!lf 

\ 
c )2) 

0 / 

-6 
10 watts. 

(6) 

( 7) 

(8) 

(9) 

(10) 

An average value of crystal resistance of 15 ohms is found for the 

3rd mode (48 Me) crystal. Similar calculations give a value of 3.9 x 10- 7 

watts for the crystal power. The voltage division ratio for the 16 Me 
-7 

bridge was calculated to give a crystal power of 8.1 x 10 watts for an 

assumed value of 7 ohms for R . This latter bridge has a balance range 
s 

of 0.2 ohms 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 Me when measuring 

16-Mc units; 128 Me when measuring 48-Mc units. An 8o-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 Me 

6 -8 
by the ± 1 count error is .25 x 10 • If the 16-Mc signal is multiplied 

by 9 and counted at 144 Me this error reduces to 6.95 x 10-9. Multiplica-

tions are 9 at 16 Me, 3 at 48 Me, and 2 at 80 Me. 

Preliminary measurements with the system 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 10-5 mm Hg; 

2. A gas-fired 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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Figure 5· Frequency converter to permit use of VHF receiver as the null 
amplifier at 16 and 48 me crystal frequencies 
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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-

oil 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 fre~uently leaked. The use 

of the dial-gauge permits continuous monitoring of the relative motion 

between the base and envelope 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. For an 

induction current of one ampere, the time re~uired for the spring-loaded 

rod to compress the mated junction 0.020 inches is in the range 30 to 45 

seconds. 

* Lepel Model CB-2. 

** The rod may be moved vertically and rotated if needed. A double 0-ring 
provides vacuum tight seal. 
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C. Other Work 

The work during the ~uarter has been primarily directed to the develop­

ment of the fre~uency 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 fre~uency measurements caused 

by the extensive measurement e~uipment 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 be: 

(l) 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 continuously 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 techni~ues on the fre~uency stabilities of ~uartz crystal 

resonators. Of particular interest are resonators operated in the over-

tone modes. A comparison of the fre~uency stabilities of resonators 

* fabricated of natural, synthetic, swept natural, and swept synthetic 

~uartz 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 ~uartz. The process consists 
of heating the ~uartz to a temperature of 500 to 574° C and applying a 
potential gradient of a fe-vr thousand volts per centimeter. This results 
in the sweeping out of certain impurities. 
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II. 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, especially when the reference 

crystal must be "pulled" off of its resonant frequency. 

The 200 position, 85°C crystal oven temperature cycling of about : 

0.03°C 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 other than 85°C at all three mcdes 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~ O.Ol°C. 

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 nolsy bonds. A more suitable mixture 

is one part Pyroceram plus two parts silver by volume. The cement is 

fired for five minutes at 450°C. Neither of the above cements is 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 

sealing. 
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III. 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. Introduction 

Work during the fourth quarter has been directed toward refinements 

of the frequency measuring system and the fabrication of crystal units. 

Attention has been directed to the improvement of the temperature 

stability of the 200-position, 85°C 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 quarter. This number will be soon in­

creased to 172 by -t;he installation of a second 36-posi tion oven. 

B. Apparatus Modification and Construction 

1. Frequency 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 HR0-5R 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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ence crystal must be upulledu 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 is 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 kc oscillator. The frequency of this oscillator is 

maintained at 14 + 2 pp 109 above 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 

0-76/U oscillator is monitored continuously by plotting the beat fre-

quency of the two 100 kc oscillators. This latter unit serves as a 

stand-by. 

2. Crystal Storage Ovens 

0 
Presently two 85 C ovens are in operation. 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 ± 0.03°C. 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 
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temperature control system for the modified proportional 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 85°C is now 

+ 0 about _ 0.01 c. However, an unreliable chopper amplifier has restricted 

use of this system to periods 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 frequency measurements. 

3. Vacuum Equipment 

No 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 Resonator Fabrication and Measurement 

Two groups of crystal resonators were fabricated during this quarter. 

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 Pyroceram No. 95 to one part silver powder by volume. 
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PROBE 
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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 MA0-3.­

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 until the mixture has the consistency 
of cream. 

3. Apply a thin coat to the mounted crystal at the clip and 
al:low to dry. 

4. Apply a second coat and dry. 

5. Fire for 5 minutes in an oven pre-set to 450°C. 

All 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 is 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 

175°C. The purpose of group 10 was to check the aging rate of units 

bonded with P,yroceram 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 is 

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 7a. Frequency versus temperature characteristics of an aluminum 
plus gold plated resonator. 

JULY 

-

-

~ 

25 

~ 
0 

c._,, 
(]) 
\.) 

c+ 

!2:: 
0 

f 
\Jl 
\Jl 
1\) 



[\) 
[\) 

+0.00007 

+0.00006 

+0.00005 

+0.00004 

+0.00003 

~ z +0.00002 
UJ 
u 
0:: 
UJ 
~+0.00001 

UJ 
0 

~ 0 

Crystal Unit: 7-9 
Base Plate: Ev AI 
Final Plate: Ev Au 
Holder: G. E. Glass 
Overtone: 3rd 
Rs: 10.6 n 
Frequency: 48073163.0 
Quartz: Natural 

::c 
u --...___ 
)-

~ -0.00001 
UJ 
;::) 
0 
UJ 
0:: -0.00002 
u.. 

-0.00003 

-0.00004 

-0.00005 

-0.00006 

-0.00007 
19 

JAN. 
29 

-

8 18 28 
FEB. 

10 
MAR. 

20 30 9 
APR. 

19 29 9 
MAY 

DAYS OF STORAGE AT 85°C 

19 29 8 
JUN. 

18 28 

Figure Tb· Fre~uency versus temperature characteristics of an aluminum 
plus gold plated resonator. 

8 18 
JULY 

-

-

28 

1-d 
1--j 
0 

c...... 
(1) 

0 
c+ 

!2: 
0 . 
~ 
I 

Vl 
Vl 
[\) 



[\) 
w 

+0.00007 

+0.00006 

+0.00005 

+0.00004 

+0.00003 

~ +0.00002 
LlJ 
u 
0:: 

~ +0.00001 

LlJ 
c.:> 

~ 0 
I 
u 
r 
~ -0.00001 
LlJ 
:::J 
0 

~ -0.00002 
LL 

-0.00003 

-0.00004 

-0.00005 

-0.00006 

-0.00007 

-
-

19 
JAN. 

Cry
1
stal Uni~: 7-9 I 

Base Plate: Ev AI 
Final Plate: Ev Au -
Holder: G. E. Glass 
Overtone: 5th 
Rs: 18.5 -
Frequency: 80129484.5 

r--... - --

8 18 28 
FEB. 

10 
MAR. 

20 

Quartz: 

30 9 19 29 9 19 29 8 18 28 
APR. MAY JUN. 

DAYS OF STORAGE AT 85°C 

Figure 7c. Fre~uency versus temperature characteristics of an aluminum 
plus gold plated resonator. 

Natural 

8 18 28 
JULY 

~ 
0 

c..... 
(]) 
(l 

c+ 
!21 
0 . 
:r 
\.Jl 
\.Jl 
[\) 



Quarterly Report No. 4, Project No. A-552 

V. CONCLUSIONS 

The passive bridge measuring system is 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 CI 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 ± 0.03°C. This deviation is especially troublesome 

since each crystal is 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 operation. Full­

proportional oven temperature control now being installed will, it 

appears, reduce the temperature deviation to a maximum of+ O.Ol°C. 

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 

Pyroceram and quartz may cause the bond to be noisy or, in some cases, 

to fail 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 recommended by some users. The 

epoxy-silver cement, duPont No. 5504A (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 TBE NEXT INTERVAL 

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

1. Continued frequency measurements of resonators on storage. 

2. Fabrication and measurement of about 50 crystal resonators. 

3. Improvements on crystal oven temperature stability. 

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

5· 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 frequency 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 variations 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 1.4 x 106 rad/hour for a period of 24 hours. All units 

cycled through a minimum in frequency of >5 ppm below the original value 

2 
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and returned near the original value. For a unit terminating about l ppm 

below its original value the aging, upon subsequent storage at 85°C, was 

very small< l pp 107 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 bef0re 

exposure. Twelve resonators 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 6o units to pulsed neutron radiation at a 

reactor site. 
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III. 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, 

where 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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Dl. 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 ± O.Ol5°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 10-7 Torr range for both base plating and vacuum baking. 

5 
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The HC-27/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-21/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: 

(l) 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 (25,000) 

and the friction generated melts a hole through the glass. 

(2) Make the base seal in vacuo at a pressure of about 10-5 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. 

(4) 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· Frequency 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 

e~uipment 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 elements. 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 ~uarter it became necessary to replace the BNC oven 

coupler (UG-ll04A/U) on the high fre~uency 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 techni~ue of locating the null by interpolation rather than by direct 
indication has been tried and may provide accuracies of + l cycle at 48 Me. 
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) 

ill' c 
Unit Rs (D) F (-) R (D) F ( -)** (F -F ) 0 

Q s a a a s f.lf.lf 

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 47341642 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 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 4758088o 13.5 47581190 390? 6.1 

Au-2-4 6.8 47537450 11.5 47538730 128o 6.1 24oOOO 

Au-2-7 8.2 4754ol56 12.7 47541393 1237 6.1 206200 

Au-2-8 8.2 47491025 12.0 47492268 1243 6.1 205500 
Au-2-10 6.6 4753348o 10.5 4753484o 136o 6.1 233000 
Au-2-12 10.5 47565198 15.5 47566350 1152 6.1 172800 

Au-2-13 7-2 47682186 11.0 476836o3 1417 6.1 205000 

Au-2-15 11.3 47491114 18.0 47492204 1090 6.1 169000 

Au-2-17 7-0 474D704o 11.3 474D8450 1410 6.1 211000 

Au-2-20 11.2 47290070 15.5 47291476 14o6 6.1 1328oO 

Au-2-21 8.2 47417185 10.0 47418590 14o5 6.1 1814DO 

Au-2-22 7-1 47598425 11.5 47599585 1160 6.1 2538o0 
Au-3-1 6.8 47235520 9.4 47237014 1494 6.1 205500 

Au-3-2 6.3 47395230 10.5 47396750 1520 6.1 2184oo 

Au-3-16 7.0 47338431 11.0 47339870 1439 6.1 205500 

Au-3-19 9.0 47604772 11.0 476o5850 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. 

** R + F obtained using a series load condenser of 32 1-lf.lf. a a 
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TABLE I (Continued) 

bJi' c 
Unit R (n) F (-) R (n) F (-)** (F -F ) 0 

Q s s a a a s 1-ll-lf 

Au-4-1 7-2 47279475 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 47210612 10.5 47211771 1159 6.1 257500 
Au-4-6 6.0 47263608 11.3 47264839 1231 6.1 282500 

Au-4-7 8.4 47273495 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 II 

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

.6F c 
Unit R (r2) F ( -) R (r2) F ( -)** (F -F ) 0 

Q s s a a a s 1--LI·..Lf 

Ag-1-1 9-5 49209678 13.8 49211025 1347 8.0 153800 
Ag-1-2 10.5 49348614 16.0 4934986o 1246 8.0 152400 
Ag-1-3 12.5 48985592 17.5 48986995 1403 8.0 113200 
Ag-1-4 16.0 48998740 26.0 49000077 1337 8.0 93000 
Ag-1-5 10.5 48986986 13.0 48988459 1474 8.0 1288oo 
Ag-1-6 10.5 49190650 15.5 49191852 1202 8.0 157800 
Ag-1-7 9.2 49505251 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 58o? 8.0 
Ag-1-10 10.0 49052491 13.0 49053990 1509 8.0 132000 
Ag-1-11 9.0 49127018 13.0 4912826o 1242 8.0 177500 
Ag-1-12 9-5 49341631 15.5 49342834 1203 8.0 173000 
Ag-1-13 8.0 49147207 13.5 49148387 118o 8.0 212000 
Ag-1-14 10.5 49145985 14.5 49147238 1253 8.0 151200 
Ag-1-15 20.0 49186157 28.0 49187500 1343 8.0 74200 
Ag-1-16 9-7 49072261 15.0 49073723 1462 8.0 140000 
Ag-1-17 11.2 49345871 16.5 49347000 1129 8.0 157700 
Ag-1-18 10.5 49357900 15-5 49359018 1118 8.0 1640oo 
Ag-1-19 9-3 49424508 16.0 49425773 1265 8.0 169000 
Ag-1-20 32.0 49264307 38.0 49264903 596? 8.0 
Ag-2-1 10.5 49276940 Unable to measure Ra and Fa 
Ag-2-2 7.2 49129666 10.0 49131150 1484 8.0 186200 
Ag-2-3 10.5 49307200 13-5 49308622 1422 8.0 133200 
Ag-2-4 10.0 49154316 17.0 49155680 1364 8.0 145900 
Ag-2-5 6.5 49200915 13.0 49202312 1397 8.0 219000 
Ag-2-6 7.1 49246870 13.0 49248245 1275 8.0 220000 
Ag-2-7 7-5 49141919 13.5 49143157 1238 8.0 214000 
Ag-2-8 8.5 49142550 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. 

** R and F obtained using a series load condenser of 32 ~~f. a a 
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TABLE III 

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

6F c 
Unit Rs(D) F ( -) F (D) F (-)** (F -F ) 0 Q s a a a s 1-ll-lf 

Al-1-1 5-7 48158239 9-5 48160114 1875 6.1 196000 
Al-1-2 8.5 48137273 12.0 48139080 18o7 6.1 136000 
Al-1-3 8.8 48216o26 16.2 48217831 18o5 6.1 133000 
Al-1-4 6.8 48185190 10.0 48187116 1926 6.1 159800 
Al-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 48134744 1993 6.1 183000 
Al-1-8 6.8 4814228o 11.0 48144053 1773 6.1 174000 

+Al-1-9 
Al-1-11 9-5 48188519 14.0 48190588 2069 6.1 80300 
Al-1-12 7-5 48140224 11.1 48142273 2049 6.1 137500 
Al-1-13 46.0 48213494 6.1 
Al-1-15 6.8 48146102 10.5 48148123 2021 6.1 152200 

+Al-1-16 
+Al-1-17 
+Al-1-18 
+Al-1-19 
+Al-1-20 

Al-2-1 11.0 48021085 13.5 48o23072 1987 6.1 95700 
Al-2-2 6.5 47997834 9-5 47999712 1878 6.1 171500 
Al-2-3 48.0 48042522 
Al-2-4 6.0 48009756 8.7 48011838 2082 6.1 167000 
Al-2-5 46.0 48086230 
Al-2-6 5-5 48006867 7.6 48008903 2036 6.1 187200 
Al-2-7 32.5 48080153 
Al-2-8 5.0 48033294 8.0 48o35239 1945 6.1 216000 
Al-2-9 4.9 48018517 7.6 48020643 2126 6.1 212000 

+Al-2-10 
+Al-2-11 
+Al-2-12 
Al-2-13 5-7 48030826 8.0 48032852 2026 6.1 181000 
Al-2-14 6.6 48028774 9.0 48o30810 2036 6.1 156200 

+Al-2-15 
Al-2-16 5-0 48019870 8.0 48021989 2119 6.1 197000 
Al-2-17 8.0 48039024 11.0 48o41023 1999 6.1 131000 

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

** R and F obtained using a series load condenser of 32 1-ll-lf• a a 

+ High frequency. Possibly "twinned." 
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C. Crystal Resonator Fabrication and Measurement 

l. 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 l 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-l/2 glass 

envelope. 

Quartz plates prepared for these experiments were all of natural 

quartz. Pertinent paramete~ of each resonator are listed in Tables I, 

II, and III. 

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 l June, this 

time coming within the 30-day prestorage time. 

12 
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Routine frequency measurements were continued on about 70 resonators 

fabricated 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 9f Resonators Exposed to Conditions of Continuous 

Drive 

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 

measurement. Three units were studied. 

After a period of aging in the 85°C ovens for a period of 6o 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 (E ). Drive level (P ) is then: 
c c 

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. 
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base plated with aluminum and final plated with gold. 
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base plated with aluminum and final plated with aluminum. 

26 30 3 
APRIL 

\Jl ... 
t-cJ 
~ 
0 

c.__,. 
(]) 

0 
c+ 

2: 
0 . 
::t> 
I 

\Jl 
\Jl 
[\.) 



[\) 
w 

+0.00006 

+0.00005 

+0.00004 

+0.00003 

+0.00002 

;:: + 0.0000 I 
z 
w 
u 
ffi 0 
a._ 

w 
<.::> 
~ -0.00001 
::c 
u 
>-
~ -0.00002 
w 
:::J 
cr 
~ -0.00003 
u.. 

-0.00004 

-0.00005 

-0.00006 

-0.00007 

-0.00008 

I I I 
Crystal Unit: 8-4 

- Base Plate: Ev AI 

Final Plate: Ev AI 

_ Holder: G. E. Glass 

Overtone: 3rd 

Rs: 9.6 U 
-

Frequency: 48200585 ~ 

Quartz: Natural 

-----r---r--- r---r--1---r--r-- --r--r--~ -------

16 20 24 28 5 9 13 17 21 25 5 9 13 17 21 25 29 2 
JAN. FEB. MARCH 

DAYS OF STORAGE AT 85°C 

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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Figure 6b. Fre~uency versus time data for a natural ~uartz resonator base 
plated with aluminum and bonded with pyroceram 95-silver cement. 
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operation at high drive level, 2 mw for 7 days, fundamental mode. 
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5. Effects of Gamma Radiation on the Stability of Resonators 

Under Contract No. DA-36-039-sc-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 106 rad/hour 

for periods 10 to 6o 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 1.4 x 106 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, 11 

American Mineralogist ]2; Nos. land 2, 432 (1945). 
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and fifth modes. Patterns of behavior are exhibited in Figures 131 14, 

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 6o 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 Ty;pe Material 

2-1 Aluminum only Natural quartz 
(no overcoat) 

2-4 II II 

2-7 II II 

2-9 II II 

3-1 II Cultured quartz 
3-2 II II 

3-3 II II 

3-5 II II 

4-2 II Swept cultured quartz 
4-3 II II 

4-4 " II 

4-6 II II 
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Arrangements are being made for exposure of other units at a pulsed 

atomic reaetor 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 Me units fabricated in 

previous quarters, in spite of some measurement difficulties experienced 

during the period, have shown that units fabricated with meticulous care 

within rather varied material specifications will exhibit minimal aging. 

The data depicted in Figures l-6 show that units made of natural or syn­

thetic quartz, base plated with aluminum only, may age < 5 parts in 108 

in 6o days and exhibit distinct differences in aging at the overtone mode 

or modes (Figures la and lb). 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 107 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 4b. 

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 107 and the 

shift obse~red was different at the various modes of operation for the 
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same unit. Aging of resonators after exposure to the high drive level 

experiment was not markedly directional although it appeared to be some-

what more erratic. Measurement difficulties encountered during the period, 

however, a11pear to be superimposed upon the curve contributing in part to 

random freq_uency shifts of small magnitude. 

c. Aging of Resonators Exposed to Gamma Radiation 

Resonators of 100 Me fre~uency exposed to gamma radiation 

at an intensity of 1.4 x 106 rad/hour for periods less than five hours 

exhibited rr.arked negative fre~uency shifts of 5 to 10 ppm. Aging there-

after was upward until a plateau was reached a few ppm above the minimum 

fre~uency reached. Exposure for longer periods of time resulted in a 

partial, complete, or overshoot return to the initial fre~uency level. 

Aging, after the 24-hour exposure, was downward. The rate of aging ap-

peared to be dependent on whether the fre~uency established was over or 

under the fre~uency 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. Freq_uency Measurement Techniq_ue 

The freq_uency measurement techniq_ue, 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 freq_uency measurement accuracy and reliability 

pointed up other major causes of resonator instability. These were the 

limits of oven temperature control accuracy, a capacitative or inductive 

effect due to position of any given resonator within the oven, and the 

necessity of entering the ovens at relatively freq_uent intervals. Each 

of these operations is associated with shifts in freq_uency that are 

easily discernible by present measurement techniq_ues and will undoubtedly 

req_uire 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 (± O.Ol5°C), and are for most purposes, they may be 

~uite 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 re~uired 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 various 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 

fre~uencies of nearby units. Even though spare units are employed in all 

spaces at all times, small shifts in fre~uency may occur. These vary from 

10 to 100 cycles in the present 100 unit oven. 

D. Summary and Recommendations 

The problems associated 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. Improved 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 cillLnges 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 gamma 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 107 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 JTITERVAL 

The following tasks will be accomplished during the next quarter: 

1. Continued frequency measurements of units stored at 85°C; 

2. Initial 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 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. 

* "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. 

l 
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II. ABSTRACT 

During the quarter approximately l4o resonators have been 

maintained in oven storage at 85°C and measured periodically for 

frequency and R . Of these approximately 56 were units prepared for 
s 

long term aging study and the remainder were undergoing measurements 

preliminary to exposure to high intensity pulsed radiation (lo13nvt). 

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 Me 

to the vicinity of 22 Me, with no significant change in R . Frequency 
s 

versus temperature data and R values indicated characteristics 
s 

resembling an AC-cut more than an AT-cut resonator. An investigation 

of changes ~n these resonators by the method of X-ray diffraction 

topography j;ldicated extensive electrical twinning in the units exhibiting 

the frequency shift. It was also 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. Also, overcoated units 

have displayed greater aging rates than units coated only with a base coat. 

For the base-coated units a typical change in frequency has been < ~ l part 

in 107 in 150 days whereas the overtone modes of the same unit have shown 

a more definite negative frequency trend of about 2 parts in 107 in the 

same period. Some of the overcoated units have exhibited shifts at the 

overtone modes as large as 6 parts in 107 in about 120 days. 

2 
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Tne fundamental mode has exhibited somewhat greater frequency 

shift spikes about the base frequency than have the overtone moQeS. 

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 prepared for exposure to 

intense pulsed radiation have been completed and the units are 

scheduled for exposure in early September. 

3 
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III. PUBLICATIONS, LECTURES, AND REPORTS 

During this reporting period two monthly letters (No. 14 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 Laboratory, 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. 

4 
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DJ. FACTUAL DATA 

A. Introduction 

The principal work of the project during the current ~uarter has 

been devoted to the fabrication of ~uartz 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 fre~uency to an 

accuracy of about 5 parts in 109 at the lst, 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 ~uartz resonators. The 

latter units were measured only at the third overtone to an accuracy 

of about 5 parts in 10
8. Secondary studies of oven temperature control, 

sealing of HC 27/U glass units, and damage inflicted on the ~uartz 

resonator during sealing were undertaken. 

B. Apparatus and Procedures 

l. General 

Vacuum e~uipment, fre~uency measuring apparatus, constant 

temperature resonator storage ovens, and resonator sealing e~uipment 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 E~uipment 

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

and is awaiting installation. A Manson model RD 180-A, Ultra High 

5 
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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 18oA Ultra High Stability 

Oscillator was purchased and calibrated for use as a standard frequency 

source. The calibration is maintained at + 14 parts in 109 ~ 2 parts 

in 109 by comparison with the standard frequency transmission from WWVL. 

In addition, a Western Electric company model 0-76A/U oscillator is 

compared in frequency with the Manson oscillator using a RMS model CR-1 

cosine phase plotter. The 0-76Aju serves as a stand-by frequency standard 

and also furnishes standard frequency signals 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 

measurement was improved by about 2 parts in 108 by this action. The 

improvement is apparently due to cleaner output signals from the syn-

thesizer when using the Manson oscillator. 

4. 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 10-7 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. QMartz 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 Me to approximately 22.5 Me at the fundamental and a drastic 

change from the normal temperature - frequency behavior associated with 

7 



Unit 

Al-3-l 
3-2 
3-3 
3-4 
3-5 
3-6 
3-7 
3-8 
3-9 
3-10 

Al-4-2 
4-3 
4-6 

Al-5-l 
5-3 
5-4 
5-5 
5-6 

Quarterly Report No. 6, Project No. A-552 

TABLE I 

Aluminum Plated Crystal Units Fabricated 
for Pulsed Radiation Experiment 

Quartz 

Cultured 
II 

II 

II 

II 

II 

II 

II 

" 
II 

Swept 
Cultured 

" 
II 

II 

II 

II 

II 

II 

R (n) 
s 

9·5 
22.2 
16.0 
43.0 
20.0 
12.5 
11.5 
15.5 
21.5 
17.0 

21.3 
7-4 

23-5 

5-5 
6.5 
5·9 

17.0 
16.5 

F (-) s 

48225766 
48199401 
48185702 
48212283 
48176125 
48195792 
48224353 
48216342 
48240396 
48200704 

48226377 
48240448 
48252059 

48220484 
48174740 
48198143 
48191730 
48191365 

95,500 
62,600 
75,800 
30,400 
67, 700 
76,500 
84,200 
59,400 
56,300 
62,200 

82,000 
124,500 
110.500 

172,000 
151,500 
168,000 

52,500 
104,500 

*All units were mounted in the HC 27/U glass container and 
bonded with l 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 

radiation studies at only the third mode; and 

c. short term, rapid sequence frequency measurements of 

selected units of group .§:.· above at one or more modes. 

All measurements were made at 85°C. 

Routine frequency measurements were continued on about 6o 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 leaking in comparison with the non-leakers of Figures 

8-10. 

9 



Figure 1. 

ltJ() 1~6 ,.,., /1.6 186 

I ~fft PU? 14 'fur<.J::_ C..) 
Fre~uency versus temperature characteristics of AT-cut resonator Al 4-l twinned during 
sealing of the HC-27/U holder. 
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Figure 5· Fre~uency versus time data for natural ~uartz resonator Al + Au 7-10 base-plated 
with aluminum and overplated with gold. 
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Figure 9· Fre~uency versus time data for natural ~uartz resonator Au l-18 base-plated 
with gold. 
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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 temperature 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 

approxim~tely ± O.Ol°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 O.Ol°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 10
8 

should be readily discernible, however. 

4. Data Analyses 

a. ~asurements at the FQndamental and Overtone Modes 

(l) 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 same 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. 
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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 Resonators 

As noted in preceding Section IV. C-2, approximately 84 

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 resonators, 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 frequency characteristics. 

2. Short Term Aging and Equipment Capability Study 

These studies were initiated to determine: 

a. The precision of frequency measurementsj 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 O.Ol8°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. 
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resonators suffered severe damage during sealing in the HC-27/U 

container. Both the frequencies 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 4-1 of Figure 1. 

Two X-ray methods were actually used, one is the topographic 

method in which an image of the crystal is 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)-624, 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 technique 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 technique 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 
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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. OUr 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 definitive 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 

receiving 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 ntopograph.,, 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 nAn. 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 Dauphin/ twinning. There is a very large difference in the 

X-ray intensity 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 Dauphine'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 a-~ phase transition temperature of 

quartz. Twinning of this type nru.st 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 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 fQrther study of quartz as a frequency control element 

and the pursuit of more intensive work along the lines noted is 

recommended. 
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V. DISCUSSION 

A. Frequency Measurement Techniques 

The principal source of frequency measurement error appears 

to be the lack of precise temperature control allowing variation in 

temperature between successive measurements. In a'ddition, a mismatch 

between oven temperature and crystal "turn-over 11 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, may 

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 QMartz 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

~uency 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 subse~uently 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 co~~rcial 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 techni~ue 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 

+ O.Ol°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 ~uarter: 

1. Continued fre~uency measurements of units stored at 

85°C. 

2. Fast neutron pulse irradiation of selected units. 

Irradiation of 65 units is scheduled for 12 September 1962. 

3. High (2~w) 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 techni~ues on the fre~uency stabilities 

of ~uartz crystal resonators. Of particular interest are resonators 

operated in the overtone modes. A comparison of the fre~uency 

stabilities of resonators fabricated of natural, synthetic, swept* 

natural, and swept synthetic ~uartz 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 ~uartz. The process consists 
of heating the ~uartz 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 (lo13nvt). 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 frequenc~ 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 withAl, 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 

6 
hours at a level of 1.4 x 10 Rad/hr indicated that the swept cultured quartz 

showed much less total frequency shift ( < l 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 6o hours at a 2 milliwatt level, as compared 

to the usual l 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 quartz blank to an essentially unstressed condition. 

3 



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

III. 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. Go 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 ~uart~ resonators were 

established and the scope of the technical re~uirements was decided. 

A discussion of a techni~ue of examining stresses, electrical twinning, 

and other faults in ~uartz 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 resonators. 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 \-rell 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 vell 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 Operation 

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 failed during the quarter and was returned 

for repair. A group of units, S group, comprising 9 units intended for use 

in the Marconi oven, was placed in a-100 position oven for storage and 

measurement. 
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4. Fre~uency Measurements 

The fre~uency measuring system has re~uired some maintenance 

during the ~uarter. The readout multiplier has caused the most trouble. 

The accuracy of the measuring system seems to have deteriorated slightly 

and the system will re~uire overhaul in the near future. 

The BNC oven connector (UG-1104/U)* on the HF crystal impedance 

bridge was replaced 29 October 1962. The fre~uency changes caused 

by the above action were about +0.65 parts per 107 at the third overtone 

and +1.4 parts per 107 at the fifth overtone. 

C. Experimental Work 

1. Resonator Fabrication 

Eleven groups of crystal units comprising 90 resonators were 

fabricated during the ~uarter. The total number of operable units 

obtained was 78; the yield was thus 86.5%. Most of the losses occurred 

during sealing of either the T-5 l/2 or the HC-27/U glass containers. 

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

As will be 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 

~uartz used in the gold plated units was varied in order to give a com­

parison among the behavior characteristics of the various types, i.e., 

natural and cultured, swept and unswept, respectively. Except for the Al 

only which is on natural unswept ~uartz, the remainder are on swept natural 

~uartz 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 l 

FABRICATION DETAILS FOR QUARTZ RESONATORS FABRICATED 

DURING PERIOD 15 AUGUST 1962 - 15 NOVEMBER 1962 

FI/'JAI.. SEAL 

PRN~oe€,1'-
MOt!NT .8DWD I'/0Ll1~R. 8PKE AT/II!OSP'HEIG 

IG£ 61.ASS 55o4A • IJD' ~SI'tt•I'J'S 3HR..fl- f7"''C 4tUD • ., TE~LIW 61. rrGih5P.L'!S~ 
S6D~ 14 

d)06 ·:~PRIN6S l,H,U- 175't:... 3'1<10_., ~(li.Ati-J lo>rut>tE.s GE Gt..AS!> P'fRocCRRM 

GE. 61..11$$ .550411, ·~>oi."~Pit.lll'f. 3HilS • 175'& z )lll,.~ 

!G£ GLASS 55o4-A • Do6'' !<PR1fo.J6S !JHtts-tT!I'c 
_., 

ZltfO 

6E 6LA.SS 560.4.14 .fJ()I.'':sPRuJ6S 3HIU- tTS'c 
_., 

~1110 

6E 6LAS~ 5!5o4A • t>l>6.SPR.•III6S 3ttas- ns·~ Z111t> • ., 

14C-Z.7/u PVIt.OCIF.R.AI'I ·t><>'SPRo,.,6$ s ,.,,., -;,so' c. 2." fl)-~ SPf/.111165 Af'rRc:HEt> 
HVSOI. _., 

GE 6LA~5 Mtl.· 081 . oo6 • U'R.o~o~•s 3Htu- ns'c .. 'AIO ALLoY s II PI£.~. 

GE GLAS.S 5604- A . '"'' ".sPRIIJ6$ attits- ns'"c. Z1110-T /3A51f PI- PTl: /)Et;AS 

HC.-Z7/IJ pvR.OC£111'1~ 7196 Cl-IPS 51fl•- I50°G ~x.t6$' 

NC- 21/u P-( .. o (Ill! A~ TA/1 Ct.. IPS SMrll- l&o·e -r' 
;JttD l;w..,b3 ..... IT.S AS.'-" 

I "'.SI.e of.E A i.c-o~'"'" /#} 

R E./Ill A R. t<. 5 

SHIELl> u.se.•. Blllf.luM ETTE:te n~ ls!'>'Et> A~r. 

Ht.SA<.t&A.JE /lAID Alo..INEALEJ> ~P.et~J.s;s. 

ro SR.S~ W/ PVRO£ 'oi!A,._., + A~ ~J.I~t«E. 

~L> 13~ H~4:l T'/,AJ;i /IY \Ill c:uo """~ & 
.EV,Pot< 

IN(:r ~300 •e . /)R.l>P lPilEHCAT rl MP Tll ISO 

T(ila p,eEil EAT" TEMP DECit.EAU l> To 15{). 

:e FNvi'IL. .Sl.AL. 

.,.,.,,.. bF F AIAL. PLPT!. 

. --- ---·-·-

·~- ND 



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

Eight groups are in GE T-5 l/2 containers and 3 are in HC-27/U glass 

containers. The Al + Au and Au + Al specimens v.rere 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 l50°C for unit No. 5. 

The remaining five units were sealed at the l50°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 II. since the Rs values of 

9 to 13 ohms were recorded for the first three specimens in the group and 

l-6 ohms for the last seven. Similarly Group No. 17 (Au+ Al) exhibited 

Rs values of ll to 15 ohms compared with 4 to 8 ohms for group No. l 

(Al only) and 3 to 5 ohms for Groups 5; 14; and 15 (Au only). The Rs values 

for Groups 18 and 19 (Al + Al) were also relatively high with one or two 

specimens with very high Rs 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/l (1500 A/500 A). 

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 l/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 Auh Al. 
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TABLE 2 (Continued) 

ELECTRICAL 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 
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the fundamental and third overtone modes. After vacuum baking at 175°C 

for three hours (chamber pressure 2 x 10-7 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 

-7 
evacuated to about 2 x 10 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 

Long 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. 
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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 l75°C. 

Rsl 
Msl 6Rs3 6Fl &~ 

Unit F\md Rs 3 Third Ov. Fund Thir<l Ov. w ~ {0) Ul) ~ (-) 

17-l 13.3 N.C. 19.0 -1.0 +39 -6 

17-2* +2.0 -3.0 -2622 -8422 

17-4 14.7 +1.5 21.0 +0.5 +16 -756 

17-5 14.7 +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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Figure 4. Fre~uency versus time data for ~uartz resonator Al + Al 
8-l (natural ~uartz). 
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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 ll September and irradiated on l2 September. 

These were arranged about the perimeter of the reactor with the 

plated faces of the ~uartz 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 14 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 fre~uency 

changes experienced by the various resonators are summarized in Table 4. 

In general) fre~uency 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 resonators. The significance of this at this time 

has not been ascertained. 

A test of the residual radioactivity 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. 
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TABLE 4 

SUllll1E, ry of Frequency Changes of Irradiated Resonators !D 
(Sandia Pulsed Reactor Facility) ~ 

f-:1 

Total Average Number Average Number 
c+ 

Average (]) 

Base Number Number l::F Stored at l::F Left in l::F 
f-:1 
f-J 

Plate Quartz Holder Units In-adiated ~pp 10 7 ~ Room Temp. ~pp 107~ Oven (PP 107) "<: 

~ 

T-5 l/2 16 6 -0.66 
(]) 

AG Natural 29 +0 .125 7 +0.71 f-cJ 
0 
f-:1 

AU Natural HC-27 /U 29 16 -0.60 7 -l. 78 6 +0.0 c+ 

~ 

HC-27 /U -3.96 8 
0 

f-J Al Natural 22 ll 3 -1.33 -0.25 . 
\.D 

--l 

Al Cultured HC-27/U 9 3 -3.0 l* -3.00 5 -0.4 
~ 

'"1) 
f-:1 

Al Swept 0 
r~. 

Cultured HC-27 /U 6 3 -5.83 3 +0.0 (]) 
() 

c+ 

~ 
Totals 95 49 17 29 0 . 

~ 
I 

\.Jl 
\.Jl 
[\) 

*Unit taken to reactor but not irradiated. 
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Figures 7, 9 and ll illustrate typical frequency stability measure-

ments of these resonators before and after irradiation whereas Figures 8, 

10 and l2 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 l/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 were 

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-

6 radiation from a cesium-137 source at a dose level of 1.4 x 10 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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Figure 7. FreQuency versus time data for Quartz resonator Ag l-2 (natural Quartz), 

before and after irradiation with a neutron pulse of lOl3 nvt. 
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Figure 11. Frequency versus time data for quartz resonator Al 1-4 (natural Quartz), 

before and after irradiation with a neutron pulse of 1013 nvt. 
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Figure 13. Fre~uency versus time data for ~uartz resonator A1 3-7 
(cultured) before and after exposure to gamma radiation 
from Cs-137 source (24 hours). 
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Figure 15. Frequency versus time data for quartz resonator Al 3-9 
(cultured), before and after exposure to gamma radiation 
from Cs-137 source (24 hours). 
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Figure 18. Fre~uency versus time data for ~uartz resonator Al 5-4 
(swept cultured), before and after exposure to gamma 
radiation from a Cs-137 source (24 hours). 
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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 l 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 

following procedures. 

a. The crystal frequencies at the low drive level were 

Beasured using the Rhode and Schwarz Frequency Synthesizer as 

the RF 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 l ~w levelj 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 

overtonej the overtone mode measurement thus had a higher harmonic 

content than the fundamental measurement. 

4. Data Analyses 

a. General Behavior 

The Figures 1-6 exhibit behavior typical of that already 

outlined in ~uarterly 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 contraBt in behavior between units having the coating Al + Au 

and Al + Al is also clearly discernible by examination of Figures 2 and 4. 

The aging rate of unit Al + Au 7-8 (Figure 2) at the 3rd and 5th modes is 

< 2 parts in 107 in approximately 6 months compared with about 6 parts 

in 10
7 

for Al + Al 8-l (Figure 4) in 5 months and about 4 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< l part in 107 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 Al +Au group No. 17. Apparently it occurred during bakeout, as 

suggested by the apparent disappearance of the gold color and the 

uniformly high Rs values, in the range ll to 15 ohms, after bakeout. 

These high values would naturally result in a lower Q value for these 

units although the values were not measured in time for inclusion in the 

table. 

Similarly in Table 2, for group 20, Rs values for the first three 

units are high and the films displayed a purple color that is characteristic 

of the gold-aluminum intermetallic compound Au4 Al. Reduction of 

the preheat temperature, during sealing of the HC-27/U container, from 300° 

to 150° eliminated this apparent alloying action and Rs values dropped from 

9-13 ohms to l to 3 ohms (except for a value of 6o 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 Rs and freQuency that 

*See Final Report Contract No. DA-36-039-SC-42453 (1954) and R. B. Belser 
"Alloying Behavior of Thin Bimetal Films Simultaneously or Successively 
Deposited, 11 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 Rs value of approximately l2 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 l/2 to l/3 of its original value. As noted in Table 3, 

however, the Rs 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 experienced increases of +0.5 to +3 ohms to show a net Rs 

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 Rs value is ll ohms; for the last seven 

elements, sealed at l50°C, the Rs is < 3 ohms. The Rs values in the former 

cases are> 3 times those of the unalloyed specimens. 

For the film order Au + Al it is observed from the Rs values that 

alloying occurred below the resonator bakeout temperature of l75°C (in 

fact it has been shown to occur at< l00°C in the references cited); but 

for the order Al + Au, the oxide formed on the Al on exposure to air before 

plating with gold apparently acts as an effective barrier to alloying at 

least up to l50°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 preferred one; 

moreover, this is the order which has given relatively low aging rates for 

resonators measured thus far. No information has yet been obtained about 

the aging associated with the order Au + Al. However the reduction in Q 

to values l/3 to l/2 the possible value as a result of the high Rs 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 fre~uency 

adjustment ranges for thin films, less gas adsorption, and less corrosion 

loading. The latter two factors may contribute significant aging vectors 

to resonator behavior, as was noted for Al + Al films (Figure 4). 

The fre~uency 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 fre~uency were recorded. In a preliminary 

examination of records of numbers of other resonators fabricated in 

previous work, it was found that positive fre~uency changes were often 

recorded. In some of these previous experiments, fre~uencies were 

monitored through each fabrication step of the resonator after it was 

mounted in the spring clips. Large negative fre~uency 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 fre~uency changes observed 

in the stem sealing step, the larger the positive fre~uency 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 film 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 moie. 

5. X-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 platin& 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 

snEll amount more.* 

*A precise method of interpreting the topographs quantitatively 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 l9A. 

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 1013 nvt burst of fast neutron radiation 

from the Sandia Pulsed Reactor Facility showed little or no frequency 

shifts as a result of the exposure. Subsequent stability of the 

resonators appeared to be unaffected. 

Unswept and swept cultured quartz resonators exposed to high 

intensity gamma radiation (1.4 x 10
6 

Rad/hr.) from a Cs-137 source for 

about 24 hours differed greatly in frequency shifts observed. Whereas 

the resonators fabricated from unswept cultured quartz underwent changes 

of about +30 ppm during exposure, those fabricated from swept cultured 

blanks changed < l 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 10
8 

per month. Addition of an Al overcoat to an undercoat of Al 

has normally increased this vector to about a minus l part in 107 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 b~se coat 

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

same combination was used in HC-27/U containers the sealing heat alloyed the 

tvo films and increased Rs values by a factor > 3; a reduction of vacuum 

preheat employed during sealing of the HC-27/U from 300°C to l50°C prevented 

the alloying. 
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Effects of strain due to mounting and temperature cycling during 

entry of ovens or power failure have continued to 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 

mode more than the overtone modes. 

Effects on resonators of continuous drive at a 2 milliwatt level 

for approximately 6o 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 occurred 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 gamma 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. 



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

VII. PERSONNEL 

The persons employed and the approximate hours worked upon the 

project by each are listed below. 

R. B. Belser 

w. H. Hicklin 

N. K. Hearn 

J. o. Darnell 

c. M. Shirley 

T. L. Spradling 

J. c. Shaw 

Project Director 

Assistant Research Engineer 

Assistant Research Physicist 

Research Assistant 

TecJ:mician 

Graduate Research Assistant 

Graduate Research Assistant 

Respectfully submitted, 

Richard B. Belser 
Project Director 

48 

Hours 

175 

490 

82 

310 

248 

219 



DISTRIBUTION LIST 

CONTRACT: DA-36-039-SC-87407 

CONTRACTOR: Georgia Institute of Technology 

TO 

OASD (R and E), Room 3El065 
ATI'N: Technical Library 
The Pentagon 
Washington 25, D. c. 

Chief of Research and Development 
OCS, Department of the Army 
Washington 25, D. C. 

Commanding General 
U. S. Army Materiel Command 
ATTN: R and D Directorate 
Washington 25, D. C. 

Commanding General 
U. S. Army Electronics Command 
ATTN: AMSEL-AD 
Fort Monmouth, New Jersey 

Director 
U. s. Naval Research Laboratory 
ATTN: Code 2027 
Washington 25, D. C. 

Commanding Officer and Director 
U. S. Navy Electronics Laboratory 
San Diego 52, California 

Chief, Bureau of Ships 
ATTN: Code 690B, Mr. R. B. McDowell 
Department of the Navy 

CYS 

l 

l 

l 

l 

l 

l 

Washington 25, D. C. l 

Commanding General 
USA Combat Developments Command 
ATTN: CDCMR-E 
Fort Belvoir, Virginia 

Commanding Officer 
USA Communication and Electronics 

Combat Development Agency 
Fort Huachuca, Arizona 

l 

l 

DATE: 28 January 1963 

TO 

Wright Air Development Division 
ATTN: WCLNE, Mr. C. Friend 
Wright-Patterson AFB, Ohio 

Aeronautical Systems Division 
ATrN : ASAPRL 
Wright-Patterson AFB, Ohio 

Rome Air Development Center 
ATTN: RAALD 
Griffiss AFB, New York 

Chief 
U. s. Army Security Agency 
Arlington Hall Station 
Arlington 12, Virginia 

Deputy President 
U. S. Army Security Agency Board 
Arlington Hall Station 
Arlington 12, Virginia 

Commander 

CY 

l 

l 

l 

2 

l 

Armed Services Technical Information Agenc 
ATTN: TISIA 
Arlington Hall Station 
Arlington 12, Virginia 10 

National Bureau of Standards 
Boulder Laboratories 
ATTN: Mr. W. D. George 
Boulder, Colorado 

Air Force Cambridge Research Laboratories 
ATI'N: CRXL-R 
L. G. Hanscom Field 

l 

Bedford, Massachusetts l 

Air Force Command and Control Development 
Division 

ATTN: CRZC 
L. G. Hanscom Field 
Bedford, Massachusetts l 



Distribution List - Continued 

Contract: DA-36-039-SC-87407 

TO 

Hq., Electronic Systems Division 
ATTN: ESAT 
L. G. Hanscom Field 
Bedford, Massachusetts 

CYS 

l 

AFSC Scientific/Technical Liaison Office 
Naval Air R and D Activities Command 
Johnsville, Pennsylvania 

Commanding Officer 
U. S. Army Electronics Materiel 

Support Agency 
ATTN: SELMS I AJ)J 

l 

Fort Monmouth, New Jersey l 

Commanding Officer 
U. s. Army Electronics Rand D Laboratory 
Fort Monmouth, New Jersey 

ATTN: SELRA/LNA 

ATTN: SELRA/LNE 

ATTN : SELRA/LNR 

ATTN : SELRA/DE 

ATTN : SELRA/ AJJT 

l 

l 

l 

l 

l 

TO 

Dr. Virgil E. Bottom 
McMurray College 
Abilene, Texas 

Bell Telephone Laboratories, Inc. 
ATTN: Mr. Roger A. Sykes 
Allentown, Pennsylvania 

Motorola, Inc. 
Comm. and Electronics Division 
4501 Augusta Boulevard 
Chicago 51, Illinois 

Systems Incorporated 
24oO Diversified Way 
Orlando, Florida 
ATTN: Dr. w. Horton 

Hewlett-Packard Co. 
1501 Page Mill Road 
Palo Alto, California 
ATTN: Mr. Donald Hammond 

Keystone Electronics Co. 
922 McCarter Highway 
Newark 4, New Jersey 
ATTN: Mr. James M. Ronan 

Director, Fort Monmouth Office 

CYS 

l 

l 

l 

l 

l 

l 

ATTN: SELRA/PF, Technical Staff 
(Record Copy) 

USA Comm. and Elecs. Combat Dev. Agency 
l 

ATTN: SELRA/TN 3 

ATTN: SELRA/PF, Dr. E. A. Gerber l 

ATTN: SELRA/PFP, Miss M. Herberg 3 

ATTN: SELRA/PFP, l 

Fort Monmouth, New Jersey l 

Clevite Corporation 
54o East l05th Street 
Cleveland 8, Ohio 
ATTN: Dr. D. Hale l 

This contract is supervised by the Solid State and Frequency Control Division, 
Electronic Components Department, USAELRDL, Fort Monmouth, New Jersey. For further 
technical information, contact the Project Engineer, Mr. P. E. Mulvihill, Telephone 
535-2475 (New Jersey Area Code 201). 

2 





-~-~-----~,-------·-----------------~------------------

ASTIA AVAILABILITY NOTICE 

Qualified requestors may obtain copies of this report from ASTIA. 











Figure 

4o 

41 

42 

Final Report, Project No. A-552 

Frequency versus time data for quartz resonator Al 3-7 
(culturedt before and after exposure to gamma radiation 
(1.4 x 10 Rad/hr) for 24 hours .••.•••.•••• 

Frequency versus time data for quartz resonator Al 5-4 (swept 
cu~tured) before and after exposure to gamma radiation (1.4 x 
10 Rad/hr) for 24 hours. • • • • • • . • • • • • • • • . • 

Effects of gamma radiation on cultured quartz resonator 
Al 3-8. . . . . . . .. . . . . • · • · · 

Page 

93 

94 

95 

43 Effects of gamma radiation on swept cultured quartz resonator 
Al 4-7. . . . . . . . . . . . . . . . . . . . . . 96 

44 Sketch of x-ray-topographic apparatus used to observe strain 
patterns in quartz plates . • . • . • • • • • • • • . • • • • • 102 

45 X-ray topographs exhibiting strain patterns in a quartz plate 
caused by mounting the plate in standard spring clips (0.006") 
without other bonding . • • • • • • . . • • • • • • • • • 10 3 

46 Sketch of x-ray topographic apparatus using Lang's technique. 105 

47 X-ray topograph of quartz crystal plate using Lang's technique. 
The portions of the plate marked A are electrically twinned 106 

48 X-ray topographs showing stress effects in quartz resonator 
before and after plating with evaporated aluminum .•••••• 109 

49 X-ray topographs showing stress effects in quartz resonator 
after plating and mounting in spring clips and after bonding .• 110 

50 X-ray topographs showing stress effects in quartz resonator 
after plating, mounting in spring clips, bonding and heat 
treating; and after removal of mount, bond and plating. • • • • lll 

vii 



Table 
Number 

Final Report, Project No. A-552 

LIST OF TABLES 

Page 

1. Details of Fabrication of Resonators for Regular 
Aging Studies • . • • • • . • • • • • • • • • • • 33 

2. Measurements of Electrical Parameters of Quartz 
Resonators for Regular Aging Studies (Appendix) 120 (Appendix) 

3· Summary of Q measurements of AT-Cut Quartz Resonators 
Operated at the Fundamental, Third and Fifth Modes. • 62 

4. Effects on Resonator Fre~uency of Temperature Cycling 
Due to OVen Failure • • • • • . • • • • • 74 

5· Effects of Continuous Drive on Resonator Fre~uencies 
and Resistances • • • 

6. Details of Fabrication of Resonators for Pulsed 
Radiation Studies • • 

7· Electrical Parameters of Resonators for Pulsed Radia-
tion Studies • • • • • • • • • • 127 (Appendix) 

8. Fre~uency Changes of Resonators Exposed to Pulsed 
Neutron Irradiation (Sandia Pulsed Reactor Facility). 80 

9- Fre~uency Changes Experienced by Resonators Exposed to 
Gamma Radiation from Ce-137 Source for 24 Hours . • . 92 

ix 





Final Report, Project No. A-552 

II. ABSTRACT 

Over three hundred AT-cut quartz resonators of 16 Me fundamental 

frequency have been meticulously fabricate~, stored at 85°C and 

measured for frequency stability in the fundamental, third and fifth 

mode·s 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 month 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 sittgle 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 l/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 l/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 Me when operated at the fundamental or at an overtone mode. 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., < l ppm for swept cultured 

quartz compared to +30 ppm for the unswept type, whereas resonators of 

natural quartz gave variable results. Resonator Q values varied both 

with the type of quartz and with the metal of the plating. In general 

gold plated units exhibited higher Q 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 107 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 (lo13nvt) 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 Lang 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. 

3 





Final Report, Project No. A-552 

rl. FACTUAL DATA 

A. INTRODUCTION 

The objectives of this research as outlined in Section I, Purpose, 

required 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 frequency 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 Me) required 

the development of a new measuring technique and considerable modification 

of equipment. 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 completedj and some additional information 

was obtained on cumulative effects of exposure to gamma radiation on the 

aging of quartz resonators. 

X-ray diffraction methods employing the techniques of X-ray topography 

and source image distortion were introduced for the study of strains, 

twinning and other defects in quartz resonator blanks. These techniques 

have provided new tools for the study of strains and twinning that result 

from mounting procedures. 

5 
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B • .APPARAWS 

l. Vacuwn Equipment 

The vacuum e~uipment consisted principally of two systems 

including the usual mechanical forepumps and oil-diffusion pumped 

final stages. With the aid of li~uid nitrogen cold-traps and titaniwn­

evaporation gettering, pressures in the range of 10-7 were readily 

obtainable. 

a. Base Plating Apparatus 

For the base plating of ~uartz resonators the apparatus 

in Figure l was employed. The horizontal arms of the vacuwn chamber 

include filament and baffle arrangements for pumping by the evaporation 

of titaniwn. In the upper arm is a small copper tank of li~uid 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 10-7 

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* 0-rings are used for sealing the chamber to the three headers and 

the base plate. Electrical 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 l) 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-74946, p. 10, July 31, 1958, and DA-36-039-SC-

78910, pp. 77-85, February 28, 1957. 

3. Ovens 

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, typical 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 fixed-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). 
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4. Measuring Equipment 

a. Introduction 

A requirement to measure hundreds of quartz crystal units 

of 16, 48 and 80 Me in frequency in a short period of time with an accuracy 

of a few parts in 109 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 1-rould diminish the time 

normally consumed in measuring the frequencies of resonators (5 minutes 

each) by the bridge method previously used. Work on this technique \vas 

continued for about nine months and resulted in the sysboms exhibited by 

block diagram in Figures 7 and 8. 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 arising in the circuits, 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 Me and So Me frequency measurements to parts in 107. 

The transformer T1 must be a theoretically perfect transformer if the 

17 
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Table 1 
Details of Fabrication of Resonators for Regular Aging Studies 

Fat,ri- Final Seal 
Croup No. of cr1tion Type Base Final Presr;ure 
No. Unltc Date Quartz Plat~ Plate Mount Bond Holder Bake ATM(MM:-!g) Remarks 

l lU 5-25-61 Natural Al None GE Class 5504A .006 Springs 3 hrs-175 °C 2xl0-7 
f-:tj 
f-J· 

Unswept :::; 
2 lO 7-30-Gl Naturd.l Al None GE Glass 5504A .006 Springs 3 hrs-l75°C 2xl0-7 Ce~cnt cured l hour at av of 300°C Pl 

f--J 
Unswcpt 

2xlo- 7 10 6-5-61 Cultured Al None GE Class 5504A .oo6 Springs 3 hrs-l77°C ~ 
Unswept (!) 

4 10 G-19-Gl Cultured A)_ None CE Class 5504A .oo6 Sprinr;s 3 hrs-175 °C 3xlo-7 f-Q 
0 Swept 

2xlo-7 
>-j 

5 10 6-27-fil Natural Al Au CE Class 550lfA .oo6 Springs 3 hrs-l75°C c+ 
Unswept 

2xl0 -? G 6 7-10-61 Natural Al Al GE Glass 5)04A .006 Springs 3 hrs-l75°C 
>1j w Unswept 

w 2xlo-7 
>-j 

7 6 7-14-Gl Naturdl Al Au GE Glass 5504A .oo6 Springs 3 hrs-l75°C 0 
Unswcpt ~. 

2 10 8-7-61 Natural Al Al GE Class 5504A .oo6 Springe, 3 hrs-l75°C 2xl0-7 (!) 

Unswept 
() 

2xl0- 4 c+ 
9 9 12-11-Gl Natural Al None HC-27 /U Pyroceram Tab Clips 10 min-250°C Se~led w/induction heater 5/l Pyr. 

Unswept 
-7 !2: 

10 10 l-2-62 Natural Al None GE Glass Pyrocerdm Tab Clips 1:!"S- ;J25 °::; 2xl0 5/l Pyr. 0 
Unswept 

2xl0 - 7 ll JO l-l5-G2 Cultured Al None GE Glass 5504A .oo6 Springs 3 hrs-22S °C >-
Swept 

3xl0-? 
I 

l2a 2-27-62 Natura] Al None GE Glass 5504A .ooG Springs 3 hrs-l75°C \_ll 

9 Swept \_ll 

l2b 2-27-62 Cultured Al None GE Glass 5504A .oo6 Springs 3 hrs-l75°C 3xlo-7 
J\) 

Swept 
2xlo-7 13" 3-5-G2 Naturoel Al None Gll Glass 5504A .006 Springs 3 hrs-l75°C 

9 Unswt~pt 

2xl0-? l3b 3-5-62 Cultured Al None GE Glass 5504A .ooG Springs 3 hrs-l75"C 
Unswept 

-7 S-1 9* SJ-17-G~ Natur-al Al None GF: GlctSG 55D4A .oofi Springs 3 hrs-l?5°C 4xl0 Strain studies (misaligned and annealed clips) 
Unswcpt Pyroceram 

X-TJnl ts of Group S-J v.Tere never ylaced in ovens for agine r;tudics. 
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The e,:,phasis on aluminum coc~ted resonators as noted in the table 

above ·Has the result of operation in overtone modes since gold plated 

units may be excessively damped at 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, and methods of minimizing it 

remr-:tined to be explored. Moreover, although employment of metal over-

coats diff2rent from the base plating 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 ±l 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 vrere made at each mode ,,There feasible. 

(l) Resonators plated with aluminum base plate only 

A series of typical frequency measurement versus time 

data for resonators coated with aluminum base plating only are shmm in 

Figures 16-18. It should be noted ]1ere that the principal plotting scale 

is parts in 107 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 1-rhen ovens were opened or power failed (six occurrences). In spite 

of these, stability at the fundamental was m::J.intained vi thin a variation 

* See Final Renort of Contract No. DA-36-039-SC-78905 or Paper by 
the authors in the Proceedings of the 14th Annual Frequency Contro1 

Symposium. 
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< ~l pgrt in 10 7 for 9 months. Aging at the 3rd overtone was somewhc~t 

less and showed lesser fluctuations with temperature change or thermal 

shock. 

Figure 17 (Al 10-l) 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 vras inappreciable and 

stability was maintained to variations of less than ~5 parts in 108 for 

8 the fundamental, ±7 parts in 10 for the third overtone mode, and ±3 parts 

8 in 10 for the fifth overtone mode. 

Figure 18 exhibits the aging pattern of a unit which appears to be 

moderately sensitive to thermal stress. 

(2) Resonators plated with Al + Al 

Quartz resonator blanks coated with Al + Al and mounted 

in the T-5 l/2 envelope exhibited with rare exception downward drifts of a 

few parts in 107 over a six month period. 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 18-4). 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 resonator. Additional 

studies of this technique of plating are necessary for its proper evaluation. 

44 



+5 

+4 

+3 

+2 

+1 

0 

" 0 

0.. -1 e::. 
UJ 
0 
z -2 
<( 
I 
u 

+ >- -3 u \Jl z 
UJ 
::::> 
a 

-4 UJ 
0:: 
LL 

-5 

-6 

-7 

-8 

-9 

l I I I 
CRYSTAL - 8-9 

1-- QUARTZ - Natural 
BASE PLATE - Ev AI 
FINAL PLATE - Ev AI 

f--- HOLDER - G. E. Glass 
OVERTONE - 1, 3, 5 
RS - 6.4, 10.1, 16.5 n 

1-- FREQUENCY - 16023877.4 
48149930.0 
80257818.5 ___.. 10-29~62 Replaced --~ 1\ BNC Oven Coupler 

10-26-62 on H. F. Bridge 

'~ \ Oven Opened 

! ' ~~ I 1\. 
"\ -!--- 11-12-62 Oven Power 

~ ~ Off Severa I Hours .,, t 
~ ~ 1st 

"' 1-o...... ·:...~ r-- .. ... ~--~ ~ v p[ 
~ 

r--~ ~ / 

"'"" ~ ~ 
I 

..... I 
a.: "- ..... 

I'. ' / I 'b.-.. I', I r-..."-

11 I L 6-23-62 Power '~ 
~ 3rd !/' 1- Off Over Night 
~ 1--.:: , ; 

5-22-62 6-16-62 r---· ~-~ ' """' 
~~ 

~1 
Oven 2Ji:! Hour 5th 

-,, 
~'-,) 

1--- Opened Power 

I 
Failure ~ I I 

11 21 31 10 20 30 10 20 30 9 19 29 8 18 28 8 18 28 7 17 

MAY JUNE JULY AUG. SEPT. OCT. NOV. 

DAYS OF STORAGE AT 85°C 

Figure 19. Aging data for natural quartz resonator Al + Al 8-9. 

1-1] 
t-j 
0 
~. 
(D 
() 

c+ 

~ 
0 

::r> 
I 

\Jl 
\Jl 
[\) 





Final Report, Project No. A-552 

Other resonators (10) plated withAl + Al and mounted in the 

HC-27/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 withAl+ 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 107 over a period of nine months. An example of data 

for a typical unit is shown in Figure 22. 

* Final RepoTt Contract No. DA-36-039-SC-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 

107 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 aluminum 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 l/2 glass container alloying occurred during fabrication and 

bakeout as evidenced by the high Rs 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 < l00°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 intra-

duced too many unknown variables to interpret the resultant data. 

The resonators had a somewhat higher Rs 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 ( 196o). 
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resonators were fabricated and examined. These were made u~ in the 

quantities and types of quartz listed below: 

natural 

swe~t natural quartz 

cultured 

swe~t cultured 

107* 

53 

29 

18 

Measurements of the electrical ~arameters, R , C and Q, and the s 0 

aging of the units stored at 85°C were made. A close examination of 

Tables l and 2, which list the types of quartz and other ~arameters of 

each unit, ~rovides data for comparison and analyses. S~ecifically, 

Grou~s Al-12, Al-13, Au-14 and Au-15, were s~lit between two types of 

quartz as follows: 

Grou~ No. TyJ?e of Quartz 

l2a(l-5) Swe~t Natural 

l2b( 6-10) Swe~t Cultured 

l3a(l-5) Natural 

l3b(6-lO) Cultured 

l4a(l-5) Natural 

l4b( 6-10) Swe~t Natural 

l5a(l-5) Cultured 

l5b(6-lO) Swe~t Cultured 

Examination of the Q values (omitting deviations lower than 65 ~ercent 

of the normal) for these units, yields the following average data. 

* (Grou~ S-1 consisting of 9 units was never measured) 
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Aluminum Plated Gold Plated 

Natural 4o,425(13a) 79, 975( 14a) 

Cultured 37,033(13b) 79,720(15a) 

Natural Swept 52,725 ( l2a) 83, 48o ( 14b) 

Cultured Swept 53,500(12b) 134,950(15b) 

It is observed that natural and cultured quartz resonators exhibit 

almost the same dependence of Q 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 aluminum plated and gold 

plated resonators is quite marked. The gold plated swept cultured quartz 

gave by far the highest values of Q obtained. 

A further analysis 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 Rs 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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TABLE 3 

Summary of Q Measurements of AT-Cut Quartz Resonators 
Operated at the Fundamental, Third and Fifth Modes.* 

Group Designation Ql ~ Q3 Remarks 

Plating Metal - Al Only 

1-N 63,150 84,290 61,370 
2-N 45, o44 75,811 59,825 

{HC-27/U, tab clips 9-N 30,193 so, 633 83,850 
10-N 57,912 112,433 88,755 

Pyroceram 

13a-N 40,425 73,SOO 68,325 
Pyroceram, tab clj_ps 

G-N 64,6oo 96,475 71,612 

12a-NS 49,960 so, 2SO 55,100 

3C 56,500 74,930 55,543 
13bC 37,033 62,570 58, 333 
4cs 50,611 74,950 63,550 
llCS 43,991 90,74o 72,720 
l2bCS 53,300 79,370 76,470 

Plating Metal - Al + Al 

6N 55,810 96,280 66,600 
8N 29,500 68,soo 54,544 

18NS 
19NS 

Plating Metal - Al + Au 

5N 73,733 113,264 70,833 
7N 37,655 75,683 63,150 

20 NS 

Plating Metal - Au Only 

14aN 79,975 lo4,4oo 59,073 
S-2N 

*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 

Plating Metal - Au Only 

l4bNS 83,480 
l6NS 

106, 340 86,150 

l5aC 81,980 79,720 108,900 

l5bCS 100,900 130,750 130,425 

Plating Metal - Au + Al 

l7NS 
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The Q of the natural quartz crystals plated with each metal is quite 

variable, ranging from 30,000 to Bo,ooo 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

sonators plated with gold only that the latter exhibited significantly 

higher Q values than those plated with Al only. Likewise those plated 

withAl+ 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 6o, 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. Examples of 

aging of natural quartz specimens may be observed in Figures 16, 17, 18, 

27 and 28. These resonators were all 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 oe detectaole oy measurements of resonators in which the aging is 

principally a characteristic of the quartz alone and not principally of 

the faorication materials and techniques employed; or else the difference 

is so small as to oe undetectaole when frequency measurement is accurate 

to less than a part in 109. 

5· Effects of cements 

One of the variaoles in quartz crystal faorication and aging 

is the type of cement used to oond the spring clip or tao to the plated 

metal electrode and the quartz. In the past very staole resonators have 

oeen successfully faoricated using duPont No. 5504A epoxy silver cement 

and Hanovia No. 2. 

The duPont No. 5504A cement, principally employed, was the one com­

ponent type. After application it was cured for 3 hours at l50°C in air. 

After the resonator units were assemoled the cement underwent a further 

oaking for 3 hours in vacuo at l75°C oefore the resonator was sealed. Of 

the 23 groups (aoout 10 each) of resonators faoricated 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 variations in the curing and oaking schedule for the cement and 

resonators have oeen attempted, usually out not always with resultant de­

gradation of the expected resonator staoility. For instance, units of 

Group No. Al-2 received a curing treatment at 300°C for one hour instead 

of 3 hours at l50°C. Figure 16 demonstrates a typical aging curve for a 

resonator of this group. It cannot oe stated from the "behavior of this 
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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 vacuwn 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 appeared to be particular to the re­

sonator rather tl1an 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 t:rpes 

examined. 

8. Effects of Exposure to Neutron and Gamma 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 6. The electrical 

parameters of the individual units (except those of Groups Al-3, Al-4, 

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 t11irty days before starting aging measurements. The measure­

ments were then continued for ninety days. 

On 10 Septem1)er 1962 selected units were removed from the 100 unit 

oven for exposure to pulsed irradiation; 17 specimens were reserved as 
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control specimens and kept in the laboratory at room temperature and 

29 units were left in the oven. Tne 49 units to be irradiated were 

taken to the S;mdia Pulsed Reactor Facility on ll 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 

reactor. After irradiation with a neutron pulse of 1013 nvt * and after a 

short cool-off period the units were retrieved and repacked for return to 

Georgia Tech. 

A measurement of the residual radioactivity 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 rescmator giving off 

radiation at any appreciable level. 

Tne 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 o~: the nine units were measured; imrnedia tely 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. 

GY3.phs 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-

ami ned were fa br:Lca ted of n~ tural quartz; three groups were fabricated of 

cultured quartz, one unswept and two swept. Although 6 aluminum plated 

* This dose is small coflpared to ones causing known structural damage. 
The latter are in the lol9 nvt range. 
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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 lol3 nvt is 

insufficient to seriously disturb either the original frequency or the 

subsequent aging of the resonators. Frequency changes recorded as a 

result of the exposure were at most only a few parts in 107 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 

(l) 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 frequency 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-SC-85363, the authors 

showed that natural quartz resonators exposed to intense gamma 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 +l 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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Observations were made after exposures of as short a time as 30 seconds 

in the weli 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 

King,
1 

Sawyer,3 and Young14 all indicate that the impurities in Quartz 

are Quite variable depending on source, although in Quantities approaching 

the limits of TI~ady chemical or spectrochemical analysis. The variation 

in Q (Sawyer), acoustic absorption (King), and effects of radiation on the 

freQuencies of Cluartz resonators reported herein and, by Stanley, and data 

obtained in X-n~y topographic examination of Quartz as recently reported 

by u~ by Smith and Spencer15 of Bell Telephone Laboratories, and by Hale, 

Carlson and Krueger of Clevite Corporation16 point to significant variations 

in the impurity and structure differences in the QUartz that may be con-

trolled, by growing techniQues 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: 

-8 2 -1 1.1 x 10 em sec 

-10 2 -1 
DK = 2.0 x 10 em sec 

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. l of the succeeding research contract. 
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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 em. 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 

-12 2 -1 
the diffusion rate was estimated as 10 em sec • 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 Sawyer3j and King2 and Rowen 

4 
(and Foster) 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 reduction of the 

quartz. 

It would thus appear from the Q 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, 









b 
1\) 

X-RAY TUBE 
TARGET BRASS TUBE 
(L . F ) /(Evacuated) '"' o<"'/ 

~MYLAR WINDOWS 
(Each End) 

SOLLER SLITS 
QUARTZ CRYSTAL 

NOTE: X-ray Target- Crystal Distance Approximately 

INCIDENT 

/X-RAY BEAM 

3 Feet. Crystal- Film Distance about 8 Inches. SCINTILLATION COUNTER 

Figure 44. Sketch of x-ray-topographic apparatus used to observe strain 
patterns in ~uartz plates. 
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Dauphine((or electrically) twinned areas. A (30.i) Bragg reflection 

was used in this diffraction topograph because of its sensitivity to 

Dauphine/twinning. There is a very large difference in the X-ray in-

tensity in the (30-i) and (3o.i) reflections, yet the (30.i) of one 

region of the crystal occurs at the same angle as the (3u.l) of the 

adjacent Dauphine'twinned region. Conse~uently, 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 opa~ue section) is twinned 1-rith respect 

to the remainder. The large amount of twinning occurring is undoubtedly 

responsible for the changes in fre~uency and temperature-fre~uency be-

havior of ~uartz resonator Al 4-l and others in which large fre~uency 

shifts were observed. Dr. Young,
14 

has discussed the occurrence of 

Dauphine'twinning at temperatures well below the a-~ phase transition 

temperature of ~uartz. Twinning of this type must have occurred in this 

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

is that some ~uartz specimens are more susceptible to it than others. This 

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

~uartz 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 ~uartz as a fre~uency 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 ~uartz is more susceptible to twinning than 
natural ~uartz during its exposure to the temperatures re~uired to seal 
the HC-27/U glass container. 
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Table 7 

Electrical Parameters of Resonators for Pulsed Radiation Studies 

6F c 
Unit Rs(D) F (~) Ra(n) Fa(~)* (Fa-Fs) 0 Q s J.lJ.lf 

Gold Plated Resonators l 

Au-l-2 6.8 47328832 9.8 47330332 1500 6.1 202200 

Au-l-4 7-4 47294893 10.0 47296366 1473 6.1 192000 

Au-l-5 10.0 47341642 14.0 47343243 l6ol 6.1 130000 

Au-l-7 10.5 47379920 15-5 47381450 1530 6.1 130000 

Au-l-8 10.3 47415630 14.0 47417150 1520 6.1 133500 

Au-l-9 9-7 47342936 16.0 47344387 1451 6.1 148500 

Au-2-l 8.8 47580880 13-5 47581190 390? 6.1 

Au-2-4 6.8 47537450 11.5 47538730 1280 6.1 240000 

Au-2-7 8.2 47540156 12.7 47541393 1237 6.1 206200 

Au-2-8 8.2 47491025 12.0 47492268 1243 6.1 205500 
Au-2-10 6.6 47533480 10.5 4753484o l36o 6.1 233000 
Au-2-12 10.5 47565198 15-5 4?566350 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 47407040 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 l814oO 

Au-2-22 7·1 47598425 11.5 47599585 1160 6.1 253800 

Au-3-l 6.8 47235520 9.4 47237014 1494 6.1 205500 

Au-3-2 6.3 47395230 10.5 47396750 1520 6.1 21840o 

Au-3-16 7-0 47338431 11.0 47339870 1439 6.1 205500 

Au-3-19 9.0 47604772 11.0 47605850 1078 6.1 215500 

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

*Ra +Fa obtained using a series load condenser of 32 J.l~· 

127 



Final Report, Project No. A-552 

Table 7 (Continued) 

* N c 
Unit R (n) Fa(-) R (n) F (-) (Fa-Fs) 

0 
Q s a a i-liJ.f 

Au-4-l 7-2 47279475 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 47210612 10.5 47211771 1159 6.1 257500 
Au-4-6 6.0 47263608 11.3 47264839 1231 6.1 282500 

Au-4-7 8.4 47273495 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 
Silver Plated Resonators2 

Ag-1-l 9-5 49209678 13.8 49211025 1347 8.0 153800 
Ag-l-2 10.5 49348614 16.0 49349860 1246 8.0 152400 

Ag-l-3 12.5 48985592 17·5 48986995 1403 8.0 113200 
Ag-l-4 16.0 48998740 26.0 49000077 1337 8.0 93000 
Ag-l-5 10.5 48986986 13.0 48988459 1474 8.0 128800 
Ag-l-6 10.5 49190650 15-5 49191852 1202 8.0 157800 
Ag-l-7 9-2 49505251 15.0 49506630 1379 8.0 157000 
Ag-l-8 9-2 49111317 13.5 49112570 1255 8.0 172200 
Ag-l-9 17·5 49193350 28.0 49193930 580? 8.0 - - - -
Ag-l-10 10.0 49052491 13.0 49053990 1509 8.0 132000 
Ag-l-11 9-0 49127018 13.0 49128260 1242 8.0 177500 
Ag-l-12 9·5 49341631 15-5 49342834 1203 8.0 173000 
Ag-l-13 8.0 49147207 13-5 49148387 1180 8.0 212000 
Ag-l-14 10.5 49145985 14.5 49147238 1253 8.0 151200 
Ag-l-15 20.0 49186157 28.0 49187500 1343 8.0 74200 
Ag-l-16 9·7 49072261 15.0 49073723 1462 8.0 140000 

Ag-l-17 11.2 49345871 16.5 49347000 1129 8.0 157700 
Ag-l-18 10.5 49357900 15-5 49359018 1118 8.0 164000 

Ag-l-19 9·3 49424508 16.0 49425773 1265 8.0 169000 
Ag-l-20 32.0 49264307 38.0 49264903 596? 8.0 - - - -
Ag-2-l 10.5 49276940 - - - - Unable to measure Ra and Fa 

2 Quartz: Natural; Holder: GE Glass; Bond: DuPont 5504A cement cured 3 
minutes at l50°C 

*Ra and Fa obtained using a series load condenser of 32 IJ.IJ.f. 
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