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           Frequency Change of Quartz Resonators Irradiated by

                              1 MeV Electrons
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                            (Received September 10,1975)

               The resonant frequencies of natural-and Synthetic-quartz AT-cut

            plates irradiated by l MeV electrons have been measured in the fluence

            range from 3×1010 to 2×1017 electrons/cm2. The frequencies of purest

            synthetic quartz plates have increased rather monotonously againSt

            fluence, whereas those of impurity-abundant synthetic and natural

            quartz plates have shown different behaviors;once decreasing up to

            about 10■5 electrons/cm2 but increaSing at higher fluence. This

            impurity dependence has beell confirmed for sodium using a sodium-

            diffused crysta1,0f which the frequency has dropped drastically near

            1017electrons/cm2 fluence.

1.Introduction

   Quartz has been widely applied as a precision frequency generator because the

oscillating frequency of its appropriately cut plate is definite and quite stable against

temperature and ageing. In 1945, Fronde1■reported a change of frequency for BT-cut

natural quartz resonators exposed to X-rays. Since then, the effects of nuclear radiations

on resonance frequency have been studied by many investigators2-8, but the mechanism

has not been well understood.

   we have made some experiments to acquire more informations about the radiation.

induced frequency change, with the use of several natural and synthetic quartz

together with a sodium-diffused crysta1. The irradiations were carried out by using

energetic electrons only, in order to avoid an implantation of bombarding ions. The

fluence cQvered over seven decades・the range of which has never been reported in

the literatures. A dependence of resonant frequency on impurities has been confirmed,

and the representative example for Sodium is presented.

2.Experimental Procedure

   Six types of quartz, A, B, C, D, E, and F, were prepared, the characters of which

are listed in the Table. All these are AT-cut resonator plates, operating at the

fundamental vibration of 5 MHz in frequency, but 6 MHz for the sample E. The

amounts of lattice defects and impurities in these crystals are different from one

another according to their origins, but quantitative analysis has not been done . In
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Quartz resonat？rs used．In the Tab1e，“purest・stands for1ow impurity 1eve1s among

the crysta1s used．Other types of impurities such as Li and K，may possib1y be

incorporated in“purest”crystaIs，of which infrared absorption peak 工eve1s，however，

have been found neg1egib1y sma11．Kinsekisha，of course produce purest crysta1s，but we

did not adopt such crysta1s in the present experiment．

Samp1e

A

lB

D

Quartz

synthetic

synthetic

synthetic

natura1

natura1

 synthetic

NaOH－treated

Origin

S1oan＊

Sawyer＊

Kinsekisha＊

Brazi1

unknown

Sawyer＊

Shape
（mm）

   Squa「e
19．0×19．0×O．332

   Square
ユ2．5×ユ2．5×O．332

   Square
12．5×12．5×O．332

   Square
ユ2．5×ユ2．5×0．332

  CirCu1ar

17．35 in dia．

   Squa「e
ユ2．5×12．5×0．332

Co1oration
after exposure

（nOne）

（nOne）

brown

brown

brown

（nOne）

Rich impurities

purest

Purest

A1，Fe，Mg，Cu，Na

A1，B，Fe，Mg，Na

A1，B，Fe，Mg，Na

Na

   ＊Name of manufacturer of quartz．

particu1ar the sampIe F，of which the origin was quite the same as that of B，had

been dipped in me1ted sodium－hydroxide at about400℃and thus a sodium diffusion in

quartz was performed．

   After mirror－1ike po1ishing and HF－etching，go1d fi1ms of about700Ain thickness

were vapor－deposited on both surfaces of each p1ate．The pattems of go1d fi1ms and

the e1ectrode configu1ations are shown in Fig．1，where（a）and（b） were adopted for

the square samp1es，whi1e（c）and（d）for the circuIar ones．

Fig．

ω
（b） （o） （d）

1．Pattems of go1d fi1ms and e1ectrode configurations．1Lead

 wires are bonded on the go1d surfaces with a dotite一脾int．

   The samp1eswere irradiated by1MeV e1ectrons extracted from a2MV Van de

Graaff a㏄e1erator of Kyoto University，after being sett1ed in a vacuum chamber

con五ected with the a㏄eIerating tube，as shown in Fig．2．A thin a1uminum foi1was

p1aced in front of the quartz p1尋te to make the e1ectron beam uniform1y incident on

it・Th・b・・m・・・…t・th・ti・畔f1・・・・…t・・w・・m・・・…dwithth・・…f・b・・m

current integrator．To generate osci11ation of the quartz p1ate，a transistorized circuit

was comected with it．But during the irradiation，the circuit was detached from the
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    LEAD          samp1e chamber and was kept outside
    BLOCK

1

②
1 I   3 BEAM CURRENT
3

INTEGRATOR

4

難
ELECTRONIC
VOLTMETER

苅

OSCILLへTOR FREQUENCY
CIRCUIT COUNTER

CONTROL R00M

Fig．2． Target assemb1y for e1ectron
irradiation and  b1ock  diagram

formeasurement．①incident
eIectr㎝bea肌，②thina1uminum
foi1，③insu1ator，④samp1e
chamber at the end of the

acce1aratingtube，⑤quartz，⑥
thermocoupエe，⑦copPerbase．
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wa11for the purpose of shie1ding bremsstrah1ung

X－rays．

  The temperature at the target was kept mo－

nitoring by using a thermocoup1e，the indication

of which was recorded on an e1ectronic vo1tmeter．

This precaution was needed to prevent 盆n

unexpected temperature－rise of the samp1e when

irradiate（1by energetic e1ectrons．Therefore a

constant temperature of19．5℃was maintained

at the chamber and the associated instruments．

  Wehaveusedthreedifferentosci11atingcir㎝its，

designed as shown in Fig．3（a），（b），（c），in order

to make certain that the observed frequency is

independent of the circuit design．Moreover，a

transmission method舳0was emp1oyed to confirm

its va1idity．Each frequency measurement by
usin圭・a Precision  frequency counter started

immさdiate1y after the irradiation，and the fre－

quency was determined thirty minutes after the

irradiation．This time－1ag was necessary to make

the activated atoms in the irradiated samp1e
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Fig．3．Osci11ator circuits．The circuit（c）is after King et a1．一in Ref．6．
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stab1e enough．Such a procedure was repeated－at every exposure of wanted f1uence，

pi1ing up to2×10■7e1ectrons／cm2．In this experiment，we do not refer to a dependence

of radiation－induced frequency change upon f1uence rate，because of the difficu1ty to

irradiate the sαme resonator to the sαme f1uence at different f1uence rate．

3．Resu1ts and Discussion

   The frequency deviation versus f1uence（∫一Φ）characteristics＊＊＊obtained－is drawn

in Fig．4for each crysta1，where an independence had been confirmed of the shape of
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Fig．4．Frequency versus f1uence characteristics．The notations A～E represent the samp1es

      1isted in the Tab1e．

go1d fi1m as we11as of the e1ectrode configu1ations．The∫一Φ re1ations were a1so

independent of the osci11ator circuit and were consistent with those measured with

the transmission method舳．

   In the case of semiconductor crysta1of si1icon，the 1attice defects induced by

irradiations have been studied and estab1ished fair1y we11．11一’7It has been found that，

the vacancies initia11y introduced are mobi1e and migrate within the1crysta1，and that

they fina11y associate with the impurity centers such as oxygen atoms，PhosPhorus

atoms，and vacancies themse1ves，resu1ting in forming comp1ex centers．

   In the case of quartz crysta1，however，different types of comp1ex centers invo1ving

various impurities are very Iike1y produced by high energy e1ectron irradiation．The

reason is that any quartz is impure at present compared with a refined si1icon or

germanium．The comp1ex centers and other1attice imperfections wi11modify the

e1astic constants of quartz．Then the resonant frequency shou1d be changed，since it is

re1ated to the e1astic constant as∫＝（α。o／ρ）1／2／2オ，where彦is the thickness of quartz

p1ate，ρthe density and C’、o the effective e1astic constant dependent upon a cut an91e

of quartz．From Fig．4，we can deduce three types of radiation－induced defects；（1）

the defects that make the resonant frequency increase，（2）those give decreasing

柵＊Exact1y SPeakiri9，the fraction of frequency deviation as a function of f1uence（△∫／∫一φ）is given．
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characteristic of frequency，and（3）those with no effect on frequency．

   Refering to Fig．4together with the Tab1e，each samp1e shows a different∫一φ

behavior according to its origin．Therefore it wou1d be interesting to investigate which

impurity is effective and how it affects the！一Φre1ation．

   The samp1es A and B，both synthetic quartz with best purity，show positive

frequency change against f1uence，and in particu1ar，the crysta1B has the most

radiation－to1erant property．On the contrary，the specimens C，D，and E which have

apPreciab1e amounts of imPurities express negative behaviors of frequency change

unti11the f工uence reaches about1015e1ectrons／cm2．These facts suggest that the

decreasing behavior of frequency is attributab1e to some impurities as Iisted in the

Tab1e．

   Another important phenomenon is that，each∫一Φcurve has a turning point near

the f1uence described above，where every samp1e begins to show a rapid1y increasing

behavior in frequency．This is exp1ained as fo1エ。ws：The impurity comp工ex centers

initia11y created have frequency－decreasing characters，but are saturated around the

f1uence of三10i5e1ectrons／cm2．Above it，other kinds of defects，which are commonIy

produced in any samp1e，become dominant・and p1ay an important ro1e on frequency．

   To estab1ish the impurity effect，we app1iedthe samp1e F，which had been artificiaI1y

sodium－diffused into the crysta1B，as described－a1ready．The resu1ts ofアーΦre1ation is

presented in Fig．5，where a drastic decrease of frequency is seen．The e1ectrodiffusion
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        Fig．5，Frequency versus f1uence characteristic of a sodium－diffused quartz p1ate．

experiments done by severa1study groups2川have proved that a1ka1i ions move in

the crysta1through the z－axis chameI．Then the diffused sodium ions in our samp1e

are expected to exist interstitia11y a1ong the z－axis channe1． By e1ectron irradiatibn，

these sodium impurities wou1d easi1y tum to cOmp1ex centers，resu1ting in a drop of

reSOnant frequenCy，

   There arises a question that，notwithstanding the drastic change as found in the
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samp1e F，why the sodium－impure samp1es C，D，and E did not show the simi1ar

behaviors in frequency change．A possib1e exp1anation is that the samp1e F contained

much more sodium atoms or sodium impurities existed not in the same way as those

in other crystaIs．

   Frond－e1■has found that the amount of frequency change for a BT一㎝t p1ate is

c1ose1y re1ated to the intensity of coIoration．In our experiment，the co1oration to be

browned was a1so observed for the impurity－rich sampIes of C，D，and E，as shown in

the Tab1e．The intensity，however，was saturated near10’5e1ectrons／cm2，the f1uence

of which was again near1y the same as the va1ue at the turning point of∫一Φ curve．

Then a qua1itative concIusion can be made that the defects above this va1ue have no

corre1ation with these co1or centers but continue the frequency increasing．

   It has been shown by Griffith et a1．’8，O’Brien and Pryce’9，O’Brien20，and．Mitche11

and Paige2■that the co1oration induced in most specimens by irradiation is due to

substitutiona11y incorporated a1uminum impurity．The frequencies of the disco1ored

crysta1s have been found decreasing unti1co1oration is saturated．Therefore it is a1so

possib1e that the negative frequency change is attributed to the existence of

substitutiona1a1umim岬．This exp1anation，of course，camot be denied．Unfortunate1y，

since no quantitative出a1ysis has been done，a1umimm is present1y considered one of

the possib1e e1ements t6give a decreasing characteristic of frequency change．

   Somedefects maketheresonant frequency decrease，whi1e others increase，Therefore

it wou1d be possib1e tO prepare such a crysta1that is not affected by irradiation，by

mixing frequency－1owering－impurities with frequency－raising－impurities，a1though the

1atter ones have not been estab1ished．An examp1e is seen in Fig．5．The crysta1B is

of best purity and has a frequency－increasing property．However，its sodium－processed

specimen，that is the samp1e F，shows a constant frequency up tonear1y1肝e1ectrons／

cm2．Then sodium is conc1uded to have compensated an increase of frequency－sodium

is frequency－1owering impurity．

   NaturaI quartz contains usua11y severa1kinds of impurities with the order of10■5

～10－4and a1so dozens of different impurities with the1ower order．Even though the

samp1es are cut from the same mother crysta1，the impurity contents are s1ight1y

different．This makes the present study difficu1t enough．But if a precision impurity

contro1is attained as in the cases of si1icon and germanium，it wou1d be ab1e to get a

crysta1app1icab1e to a dosimeter，of which the frequency change is a re1iab1e measure

of irradiated f1uence．

   We have annea1ed some irradiated samp1es at various temperatures and」measured

the recoveries of frequencies．The resu1ts are very comp1icated and indefinite at

present，which means that various types of d－efects appear and－disappear as annea1ing

proceeds．

   When quartz is exposed to radiations，it a㏄ompanies a1so the changes of infrared

absorption，e1ectrica1resistance五，quaIity factor Q as a resonator，etc．The measue－

ments of these physica1properties at the same time wou1d be usefu1to mderstand
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better the mechanism of frequency change．These new experiments are in
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progress．

Nuc1ear

   No畑α〃eaづm〃。oグーI．Koga kind1y pointed out the inf1uences of vacuum pressure

and bombarding quartz e1ectrodes on frequency change．But our experiment was done

at the constant pressure of5x10－7Torr，and the e1ectrodes were not bombarded by

e1ectrons．Substantia11y，no distinct differe早。es were observed whether they were

bombarded or not．
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