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I - LOW TEMPERATURE QUARTZ CRYSTAL OSCILLATOR

GENERAL PRESENTATION

1/f noise remains the main limitation to the stability of quartz oscillators,

when thermal noise and random noise are reduced. It has been demonstrated that

(1)-

1/f noise level depends on the resonator Q-factor () following a 1/Q 4 law.

Q-factor has a finite value on account of phonon interactions, but also because

of impurity relaxation and diffusion. Therefore in this second part an analysis

of impurity mechanisms was undertaken to determine their contribution to Q-factor

and frequency fluctuations at low temperature.

Preliminary results on short and long term frequency stability of quartz reso-
Snators in liquid helium were obtained by using anadapted dual crystalpasv

system. The electronics was operated at room temperature and the crystal was

in a copper can. Temperature was first controlled at 4K, and then near 1.5K in

superfluid helium.

LOSS MECHANISMS DUE TO iMPURITIES

Superimposed on the phonon-phonon interaction losses, additional effects due

to impurities can be observed at low temperatures. The common defects in quartz f

crystal are substitutional Al3 atoms with charge compensating M+ alkali ions.

'.-They are responsible for loss peaks, for instance at 50K for Na+ ions. Thit Al~o

for a threshold in the loss-temperature characteristic for the lowest tempera-

ture. '

%.-
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1) Relaxation of interstitial alkali ions

The most common interpretation of ionic ccn-

ductivity in quartz crystals assumes that some

Si 4+atoms are replaced by Al 3+associated

V with a monovalent alkali ion (Na , Li+ or

K..) achieving change neutrality in the

crystal The ion an interstitial

2d site and is trapped in a double well poten-

Fig. 1 tial (Fig. 1). It can jump from one position

Double-well potential to the other one by thermal activation and

cross over the potential barrier V 0
0

The impurity is characterized by two quantum states with energy levels Ell E2

and energy splitting E = E - E If W and w are the probability densities
1 2* 12 21

of transition respectively from state 1 to 2 and 2 to 1, in the absence of sound

wave, a relaxation time T can be defined as

1 o o
= w12 + '21

If a sound wave is superimposed the energy spliting E is modulated by the cor-

responding high frequency strain n and takes the instantaneous value

El = E + Dn (2)

where D is the deformation potential.

Let n be the number of impurities per unit volume, and P 1 the probability of

the impurity to be in state 1 with energy E1 when in equilibrium.

PI (BE -l
P (eB +1) (3)
1

with B = l/kBT. T is the absolute temperature and kB thE Boltzmann constant.

(3)The energy contribution of the impurities can be written

Et = no [PI (E + Dn) + E 2 (4)

Differentiating with respect to strain gives the impurity contribution to

the elastic stress.

4.
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n D2rn dP

l-iWT (E)

where w is the angular frequency of the sound wave.

This relation shows that when the impurity system is disturbed by the sound

wave, a relaxation process occurs with time constant T to restore equilibrium.

There is a feedback of the change in population of impurity states to the elas-

tic stress which leads for the sound wave to dispersion (feedback in phase) and

to absorption (feedback out of phase).

The ratio 6a/n gives the change 6C of the elastic constant, from where is easi-

ly derived the velocity change 6v and the attenuation a of the sound wave

Sv = (6SC) (6)
20v e

0

a = ('SC) (7)

2v m
0

p is the specific mass of the crystal and v the sound wave phase velocity.
0

From these two relations can be obtained the frequency shift and the Q-factor

of the resonator

n D 2  W
i(8)

Q 4 kv2  T l+W T)(oB o

-W n D2 1
v0B - 0 T2(i+2 T2) (9)

o o B 0

The process which allows the impurity to cross over the potential barrier V0

of the double well potential is a thermal activation process. It can be easily

shown that it is governed by an Arrhenius type law

- V /<E >
12 e 0 0 (Q" 2v e (I

T 0

where v is the jump frequency of the impurity, and <E > the mean energy of
0 0

the harmonic oscillator composed of the impurity in one of the two quadratic

potential wells. il

-3 -
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If k BT >> hv , then <E > k BT and the relaxation time constant simply is

-Vo/kBT -Vo/kBT

-2v e =T e (i1.%T 0 0

V corresponds to the eigenfrequency of the harmonic oscillator0

V
o : 2m d 2 ,2

(a) The acoustic losses (1/Q) were measu-(a)
red on the B and C modes of SC and FC

-6 doubly rotated-cut resonators, as
10
I- CCmode shown on fig. 2.

mode Two peaks can be observed. The 20K-

peak is due to the crystal lattice

0-7 anharmonicities and corresponds to

050 100 interaction of one sound wave phonon
-. (4)

with two thermal phonons The

10-6 (b) second peak at 50K is attributed to
10 (5)Cmode Na+ impurities 5 It can be observed

that B mode exhibits a lower peak

B mode than C mode in all cases. For each

resonator this shows how in the same

crystal, with the same impurity con-

10-  tent and the same propagation direc-
0 50 100

tion, the peak intensity is altered

106 (c) when changing the wave polarization

C mode i.e. the deformation potential D. This

difference cannot be explained only by
B mode

the ratio of velocities. The tempera-
ture T of the peak maximum remains

m
constant as expected from the relation

-7

0 50 100

Temperature (K)

Fig. 2
Low temperature acoustic losses

for the two shear modes
a) FC cut 246
b) FC cut 247

c) SC cut 206

-4-
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00

k B Tm Ln(oo13)

which does not depend on the deformation potential.

By substracting in the curves of Fig. 2 the background losses due to phonon in-

teractions the contributions of impurity relaxation were obtained and are given

on Fig. 3.

Adjusting parameters of relation 8 theoretical curves (dotted lines) were fitted

to the experimental ones (continuous lines). This curve fitting enables one to

evaluate the value of the relaxation time constant T 2.5.10 -12 S, the potential

barrier height V = O.040eV and the distance between the two wells 2d - 8 A.
0

These results show that the low temperature relaxation gives information or he
3+, +

Al -M defect structure. The impurity content n cannot be directly obtai J
0

from such measurements because the losses 1/Q depend on n D2 where the def .J-
0

tion potential D is not known. However n could be determined by comparis
0

with a reference crystal if its impurity concentration were known and if th,

cut and the vibration mode are the same.

If one considers that the relaxation time constant T is fluctuating by 6T, this

will produce a fluctuation 6w of the resonance frequency. From relation (9)

W2 T2
SW AE o (14)
W E 22 2T0o (1 + Wt 2

n D2

with E =v 2  and AE -
o o 4k T

B

Using relation (8) in (14) gives

E
6 0 6T5

W AEQ2 T (5

0

4
This will also exhibit a 1/Q -law between frequency and relaxation time fluc-

tuations in the power spectral densities. This was already pointed out, with
(i)the same form, in the case of fluctuations due to phonon interactions

.'o" -5 -
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2) Sound wave phonon scattering by static defects

In addition to the previous relaxation of interstitial alkali ions is the scat-

tering of the sound wave by the substitutional aluminium atoms replacing sili-

con. This can be considered as an isotropic effect which induces alteration

of the kinetic energy by mass difference and of the potential energy by change

of the linkages (equivalent to a change of some elastic constants). Both lead

to similar absorption and only scattering by atoms of different mass will be

considered here.

A linear chain of atoms with mass m has some substitutional atoms of mass

m+Am ; the perturbed Hamiltonian can be written

W = W + AW (16)0

where W corresponds to a perfect crystal and%, 0

AW =Y Am (un/3t) 2  (17)

u is the displacement of an atom at the lattice site R
n n

jk .R -jk.R1n + n]
un e j-[ak e +a e (18)

n mk

The sum is taken over all normal modes with wave number k and frequency wk '+

G is the number of atoms in the crystal. ak and ak respectively are the annihi-

lation and creation operators of the harmonic oscillator. Using (18) and (17)

it can be shown that for n impurities per unit volume randomly distributed in0

the cryztal

n Am ti
A 7- kL Wkk [a ak + a ak' (19)

Let N et N be the phonon numbers in normal mod's k and k'. Applying
k k

Fermi's Golden Rule gives the transition probability and then the rate at which

phonons are scattered from mode k.

dN n
k o Am2

- 7 W W [(N +l)N - N (N +1)] 6(w k-W) (20)
dt 8 m2G k k' k k' k ' k k

i
--

. . . . . . . . . .. . . . . . . . . . . . . . . .
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6 is the Kronecker symbol and 6(wk -W ) assumes conservation of energy. If con-

sidering that all modes k' are in thermal equilibrium, equation (20) can be

easily solved . However if interactions between thermal phonons are taken

into account a system of first order linear dif ".rential equations must be con-

sidered as a whole.

Let nk and n be the phonon numbers when in thermal equilibrium

k /k/BT  -

n k [e 1 1 (21)

and
N =nk + nk (22)
k k k

N = nk, + nk, (23)

The conservation of energy implies w k W k' and therefore nk = nk,• Thus the

set of equations similar to (20) becomes

dn
"- K ' (nk, -nk) (24)

k'

t~n Tr Amn 2

with K - -) w' and W W
8G1 m o o k kt

Time dependent solutions of the form nk = ak e can be used. This leads to
k k.

the new time-independent system

a = K T (a - a) (25)

which has the eigenvalues

I/Kt (26)

and

[L- (p + I p = 0 27
KT

_- p being the total number of possible values of k' at the frequency w The de-

generated eigensolution is equivalent for large p to

- I/KT p (28)

The total number of k' values is obtained by integrating in the k-space over

the surface Wk = Wk = o and taking into account the three acoustic branches

I...

• %
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0 (29)
' -" 2 wt C3

0

where 3/C3 = 2/C' + 1/C'. Ct and C. respectively are the transverse and longi-'t Z t
tudinal sound wave velocities and L' is the crystal volume.

Thus 3

1 o AM 0 (30)
Fr 76 = ~iC

0

Introducing the lattice parameter a, the resonator Q-factor is

3 
3 

a
3no a (Am)2 W

S o (31)
Q -16, G -

0

This shows that 1/Q is temperature independant and will give a threshold for

the lowest temperature when phonon interactions and interstitial impurity rela-

xation are minimized. But this effect appears to be neglegible at low frequen-

cies.

... .-.

.
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LOW TEMPERATLRE DUAL CRYSTAL PASSIVE SYSTEM

To perform frequency stability measurements on a resonator at low temperature

with the electronics at room temperature the most convenient system is the dual

crystal system (7) because of the distance between the inner part of the dewar

and the outside.

1) Description

In fig. 4 is shown a schematic diagram of the system adapted to low temperature

measurements.

PltSynthe-

OIPI'PUTtizer -

Oscil- BUFFER Phase modulator Directional
lator coupler

Electronic uning V  16f f --DIVIDER~ m fm.

fm~FL°Ck-in"m

Fig. 4

Schematic diagram of dual crystal passive system

The output signal of the auxiliary quartz oscillator is phase modulated at a

fixed frequency and then is passed through a directional coupler to the quartz

resonator under test.

The reflected signal by the quartz is amplified and then detected. The auxilia-

ry quartz oscillator is locked on the resonance frequency of the quartz inside

the dewar with the help of a lock-in amplifier which is operated at the modula-

ting frequency fm.
m

.
. .
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The heart of this apparatus is the phase modulator which must be designed with

care. As a matter of fact, the spurious amplitude modulation generated at the

same time as the phase modulation, must be minimized, because this phase modu-

lation after reflection on the quartz gives the amplitude modulation the modu-

lation index of which is proportional to the difference frequency between the

.auxiliary oscillator and the quartz. The set constituted by the directional cou-
pler and the reference quartz resonator works like a discriminator.

It appears that a modulation index of 10- 5 (which gives an amplitude of -100 dB

with regard to the carrier) produces a relative frequency shift of 10- 13 . The

phase modulation is an original design and is entirely digital.

The phase modulator

The phase modulation is obtained by using the

time delay produced by a logic gate (Fig. 5)

between the output and the input signals.

Let AT be this time delay. It corresponds to

a phase shift A = 2w AT/T where T is the

period of the HF signal. By using n gates, AT T
it is possible to obtain a phase shift

Fig. 5
between 0 to nbo with n-steps.

A four bit multiplexer (Fig. 6) using

eight gates leads to an output signal 1 3

having a triangular phase modulation 0 15 14 13 12 1 i0 9

with a peak to peak phase shift of 
multiplexer 8

21r/3 (Fig. 7).

16 f

This modulation waveform is obtained by Fig. 6

connecting together the multiplexer inputs &(t

1-15, 2-14, 3-13, 4-12, 5-11, 6-10, 7-9.

The fundamental frequency modulation is

equal to 1/16 of the driving frequency

of the multiplexer states. This driving

frequency is obtained by dividing the 4 t
F i,4.

output signal of the auxiliary locked

osciilator.
- II -

::,:-~~~.. -. '". . . . . .. . . . . ". . . . . . .""".. . . . . . .".'".--.' ".".".". .".. .'
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*]. in . are respectively represented the input signal (a), the output signal

-'- of the first gate with a phase shift of AT (b), the output signal of the second
0

gate with a shift of 2AT (c) the command signal (d) and the phase modulated
0

output signal (e).

a) 5 MHz input J L

*b) Output 1st gate §1127K
c) Output 2nd gate 71dB YT'.§L
d) command signal

e) phase modulated {4~ V Y F K
output signal

T-AT T ;+AT T T;-AT T

Fig. 8

The last pulse width at the commutation time is not equal to T0

where T is the 2 period of the 5 MHz signal. In fact, when the phase jump is

positive (for the 0 to 8 multiplexer states) the pulse width increases by AT and

when the phase jump is negative (for the 8 to 15 multiplexer states) the pulse

width decreases by AT. In Fig. 9, we pulsewidth

.1' show the pulse width versus time, we

obtain eight pulses larger and eight T+A

*]]]'[][ pulses smaller than the mean T Since t Ii me I t
0 T-AT

the pulse amplitude is constant the 0

index modulation can be expressed by TM

Fig. 9
8 AT

T x number of pulse on a half period of modulation
0

.... ...
" % - * *.
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For a 400 Hz frequency modulation with a AT of 8 ns and a fundamental frequency

of 5 MHz, this modulation "index" is equal to 6 x 10 (or -83 dB).

In fact experiments give -60 dB ; this difference is due to the overshoot when

the commutation occurs.

The amplitude modulation rejection factor can be increased by using a monosta-

ble which gives a constant pulse width.Thus the amplitude modulation can be re-

*jected to -100 dB.

Buffer

This "cascade" buffer gives the possibility of obtaining three outputs from

one input with a feedback coupling of 100 dB. Each output feeds respectively

the phase modulator, the divider, which gives the modulation frequency and

the third output which gives the 5 MHz signal.

Directional coupler

The coupling factor of the directional coupler is 10 dB. This is a commercial

one. Its directivity is 40 dB. A better directivity would be desirable but is

not available.

Amplifier - Detector

It permits on the one hand amplification of the signal reflected 
by the quartz

to a level sufficient to be detected by a diode and orn the other hand presenta-

tion of a constant load to the output of the directional coupler, which is 
the

load as seen by the resonator under test.

4 -13 -

-- o
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Lock-in amplifier

This lock-in amplifier consists of two amplifiers with respective phases which

are out-of-phase. The outputs of the amplifiers are sampled at the halt' period

of the modulation frequency and then summed on a resistor.

The sampling signal is always in quadrature with respect to the excitation si-

gnal for all the modulation frequencies.

Synthesizer

The resonance frequency of the quartz at low temperature presents a shift of

5 KHz with respect to its value at room temperature. Therefore the auxiliary

oscillator cannot be a Xtal oscillator, and a synthesizer must be used in the

loop. This enables one to obtain a 5 MHz output frequency whatever the

frequency of the resonator is in a 4 to 6 MHz range.

Frequency measurements system

This system is essentially constituted by two frequency difference multipliers

5
(FDM) which enhance the frequency fluctuations by a factor of 2 x 10

5
. The sche-

matic diagram of this system is given on Fig. 10.

10 MHz ± 2x12" Z7

.. D.M.

ee5 nHz erst F.D.M. x iau

@74

•W Pat?;Fi.

2- 14 -

5 M.z 3 fi t -. . . , ° . . ...

SY4j



..- :..

The first FDM was built by the LPMO. Selective filters are inserted at the

output of the frequency multipliers (x9 reference channol and xlO oscillator

under test channel)in order to prevent the beat of the side bands of the two

channel signals in the mixer. Just a selective filter after the mixer does

not avoid these spurious signals, because they are at a frequency near the

5 MHz ± 10 Af desired frequency.

[4"* The second FDM is a commercial unit which enhances by a factor of 2xlO the

the difference frequency of the two signals connected at its inputs.

The measurement system noise versus integration time T is given by fig. 11.

a y ()
a~y(

10-12 _ __

10-1

*414

'it.'<lO_13,

101
0.1 1 s 10 s lOC s

Fig. 11

.41

. .. * a
-.. 4. :. 5 a
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2) Measurements

-temperature stability

Temperature control of the crystal in the helium dewar was performed by

operating the crystal in a copper can sunk in the helium bath. Temperature was

measured by means of a germanium resistor in an AC resistor bridge, resistance

changes being detected with a lock-in amplifier. Temperature fluctuations were

recorded at 4 K and at 1.5 K. The corresponding stability curves are presented

in FiJ. 12.

AT (OK)

10
- 2

10 -3 410-4

lO.4

1.5 K

10- 5  1 lo (S)

.1 1 10 100

Fig. 12

Temperature stability at 1.5K and 4K

-16-



- Frequency stability

The frequency-temperature characteristics of quartz rescnato- at low tem-

perature were measured between 4 K and 1.5 K and are given, fir two resonators,

in Fig. 13.

AT-cuts exhibits a general behavior corresponding to the lower curve, where the

frequency temperature coefficient goes to zero with temperature.

Frequency

j10-8

A
q FC CUT

Slope 2xlO /K

AT CUT

! Slope

Temperature (0 K)

Fig. 13

Frequency vs temperature for FC and AT cut
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This is what can be expected from the theory. At 1.5 K the temperature co-

efficient is of the order of 6.10 /OK. This gives an indication of the
-5

temperature stability which Is necessary; for instance 1.6.10 K to achieve

frequency stability of 1.10-1. These numbers are to be considered only for

the static thermal behavior of the crystal. The dynamic temperature coeffi-

cient of quartz resonators has not been evaluated, but would need to be con-

sidered in addition.

In the present state of the research, short term and long term frequency

stability measurements were not yet performed with temperature controls

o'erated at the same time.

Preliminary results were obtained with a resonator in the helium bath, but

without temperature and pressure control. In this condition the result in-

dicates a frequency stability of 4.10 -12 for 10 < T < 100 s at 4 K.

These frequency fluctuations can be related to the temperature fluctuations

of the free running bath which correspond to 2.10 K and at 4 K the frequency

temperature coefficient of the crystal is 2.10-8g.

CONCLUSION

Impurities can have two effects at low temperature diffraction due to substi-

tutional aluminum atoms and relaxation of interstitial alkalin ions. If the

last one seems to have negligible influence, at least at low frequency, the

first one can induce important relaxation peaks and lead to frequency fluctua-

4tions following the I/Q law previously pointed out in the case of phonon-

phonon interactions. Experimental verification will be the task of the next

part of the project.

Electronics for operating quartz resonators at low temperature and for control-

ling temperature fluctuations were developed during the present period of the

project.

4% %
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Temperature stability of 2.5 10- 5 K was obtained at 1.5 K. Taking into account

the frequency temperature coefficient of the crystal, 6 10 K, this would cor-
-13respond to a frequency stability of 1.5 10 Measuring short and long term

frequency stabilities will be the purpose of the next part of this study.
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1I - FAST WARM-UP SAW OSCILLATOR

heriera ElIy , thcrmo 1 behav ior of SAW osc il a tors I S (11ilt' at he samefl( t C t, 0

tmperature variaotions ( tempera ture dr i ft;) atnd fast temipratur vrilt I.,

temrperature iristcihi Ii ti es of t hermostaits at' th''rma I trots ri: I it:, ' t-;

Ii I 1i't ors

I n the pro~sen t worl' , onlIy fas t tonije rct t' 'iar i att ion.; 'Ircf to bf 01it. ' I'll I II

.

this cse a ;;pati a d istri biition of temperaiture with ii t he rrys;tnIar'a'

Ufrtlltfltct..' iit/UI1Ve Ltlpt'Iatuie gr3iaeltt which onuae sti'e:s ;Ail ;p;;

4...distribution. This is the "Dynamic thermal behavior" .Thermal s;tr'::es

aind strains are coup~jled with the high frequency surface acoustic wave by crys-

tal nonhinearities. Therefore velocity and frequency are shifted.

S"I

In a previous interim report (July 1981), a one-dimensional model of temperature

distribution was presented. The perturbation method used to calculate correspon-

ding frequency shifts led to numerical results. Comparison with experimental

data showed some differences. Consequently a new model of temperature distribu-

'

tion is required in order to explain the dynamic thermal behavior.

[hr. present work~ shows that

-the mea surc'd {lynum E temperature coeffictifent a is ,r;mallI for' quautv h~:ivtj irip.

.. --

-,'.," ';enero firsthorder behavioro SeTvAWr oseftf- icns . ~ h .ane : . ;e

,erxperermantal vilos I' a for ST-cat slot lF-i'iit. ;re fA :;,/K T1,1

;, 1, s/K 't l .

- theoretical results obtained by using a new one-dimensional thermal model are

in good agreement with the experimental results.

.. :(:.w%- (N-



The theoretical study is deveLopod ;Ilonig IUir I llwiii, I ine

- alculation of temperature distributior i ri ;j mirrre-d rit,: r ruina]I rnod, t igkJ

into account fast thermal exchanges be t.we ,r tthe i:r-y:; ti p1 ] ;i ; Iri l. :;rJ,-

rounding medium.

- calculation of corresponding 3 tresse.; ind stra in:: !o diig t,,) the t hor't. i cl

values of dynamic tenperaturt! cootti u' i rit. :i by iv;ri n)' a jerhirt',:it. r : i i.hI.

o- t take itnt.o ;iccorr t the me -h li i cdi Inolli iir) r| n rt ,-p;ll. .i w,,-,!i-

mensional model of temperature dit'r'u-;ieri i ; d.vel I Ji.

ONE-DIMENSIONAL MODEl,

A one-dimensional model has been used. It consists of a crystal plate of 2h-

thickness and of infinite length along Oy and Oz.

x

T
0

O(x,t)

On-di mensional. temperat~iire di:;tri hWii . n

'jht? bottom of the p late is submrritted to Lemypera tore var' jution 0~( t, ). Hit, * * hirr -

j'es with the surrounding medium at temperature TP occur on the up~ji.'r .ir

o)f the device. This heat trans fer is rons idekrei tio be liinear, arid rlijsr:i !,-ri -ed

by the transfer coefficient H1.

-21-

.--. o -.. ~.~.~, *. . .0 - . . . . ... A A



:,,-t o x ,t) be t tt temperature it side th Iry tal . T[ he buant iiriy-,:1 (,f;!; ,,r

th, ) t'o lIow i1g

a (-2h, t) = ( t)(;

d 0 + H ( T ) 0 x=0 (2)
lix 0

'rL;equent1y' temprat.rte di -tribut-ion with in the ery:;,.;-j take.; th(. ,,r ir

from t.he Du~hamel tli,)t' in

n . n n (1

t. - ,I ( tO

1(t) = + exp + 7 ,() d (,1
o2

0

.7 i-, the thermal diffusivity constant of the crystal in the x direction and

1 is the nth root of the transcendental equation

B cot 0 + 2h H = 0 ()

Considering that it(t) is a slowly varying function of time, the int(.-jr;.JiOn (if

1(t) has been performed by parts and time derivatives higher than the First order

are neglected. Then the temperature distribution is given by the relation

2 ( 0 + 4 h ' 1 1 2' ) i B ( + )

.x.. ) sin (x4-h) ) (t - -a /h' 2)
n=1 6 (2hi1 + 4h2 H 2  + 6K) n " 4h

t. ) is the first I. ime derivative of ( ).

.;i ' e the interrnai teimperatut, r,(x,t ) i' er::; ; ;i i >,i 1> tr' i, ',,, t,,. l

, :--es and :-trai ir; ;irpeir.

; ,: (f t.ho -ur:, ll hirknip ;:; )t" the' pk ito with ri'S, ,. t. t Ii thr' , i i I 'ii ' ,

r, Lonsions are :;iipp(irted in t.h,, diiickiie:;;; irect ion. 1,)llowing 1,i iil , t.l,

4,.1

,,i i:ihat. i,. def'orm~ition:; and s-r,,;,e.; ai,(, 'vrihiated by i nto i ;ic rn -

At twundall r~y (.?() iii :-, l corrt,:;po( i ~itl,,
h ){ ;i [l l., which-[ I:; Frt' , t.() ,x ll]



Frequency shifts are deduced from formulas for stresses, strains and deformna-

NO tions by the method presented in the previous l981-report. As in this calcil-

lation, summation appearing in relation (6) is t-runcated after the sixth term.

0

If reference temperature To is different from zero, this relation is written

* in th e following- form:

Aw a [0(t) 4

In the usual t'-rnperature range from OOW to 10()"( the value~ of'~ ~ th ~

denit on the point of the frequenry-temptnratiure charaictor-is-. ic , hvciri:-- T.(*

t' elastic and piezoelectric constants have to be st ides esrii as con:;I drit in

the first order.

':::-. -

S. - 23

-- - a [.(t)*........



747- ;

Experimental results

Experiments on the dynamic thermal sensitivity were performed on different

quartz cuts. SAW delay lines were submitted to temperature cyclings by using
(5)a temperature controlled oven

Fig. 2 shows experimental curves obtained by sweeping temperature over, a tempe-

rature range of 80C about l0.5 0C with sweep periods respectively equal to

885 s (a), 1 330 s (b) and 2 660 s (c) for a ST-cut quartz SAW delay line at

frequency about 87.7 MHz.

The measured a is equal to 5.6 10 s/K.

Fig.2

b Experimental sinu-
soldal temperature

cyclings

a.3

A')
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Table I summarizes measured values of' a for AT, SI' and F sT-cut! whi,h v,

turnover point of static frequency-temper;itur~e rhiaracteri ;tiC.

cuts ATTFSI T S I FS

I measured I 5.b -  I
I (s/K) I

Table I
Values of the dynamic thermal coefficient a
for different orientations of' quartz crystal

In temperature ranges beyond the turnover point, the presence of large frequency

shifts coming from static temperature behavior (non-zero first order T.C.) makes
it difficult to distinguish between static and dynamic effects and thus to reach

the actual value of a. Consequently, it is interesting to get theoretical values
of a for quartz-cuts with zero first order static temperature coefficient.

Theoretical results

The dynamic coefficient a was calculated for several cuts of quartz crystal as

a function of the linear transfer coefficient H. To compare with the above-
mentioned results, theoretical values of a for ST and FST-cuts are reported in

Table II, the normalized transfer coefficient 2hH being equal to 100. (see

Appendix II)

cuts 1 ST

aI
theor. - 6  -6 1I I- iI
s/K) o0.3V

Table 11
kne-dimensional theoreti 'n l v u:; r I ,

for ST ,ind FST 'ut.:,

2 -2

4'
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Consequently, the one-dimensional theoretical model with linear transfer along

the upper face of the plate seems to show that the FST cut has a smaller

sensitivity to dynamic thermal effects than the ST-cut.

1kC.iU1C of the interes t of studyinig cts with zero t'ir:-L order ;tai,. iier'n;,l

c(efficients, different double-rotation cut.s (0,0,) were studied :,rid the theo-

rettical a calculated. The corresponding values are reported in i'tb[t - 11. -,T

and FST quartz are included for comparison as is the nulk SC cut.

Power

asAn Cuts a (s/K) V Flow
( / ) Anle

ST 0 42.5 0 -4.0 10-  3156 0

FST 6.31 -41.5 'V. 1 3584 3.H

3.78 - ./ 10 371 Y
-7

7v 65.68 3 , - o.fl U) rIq17

NEW ('[ITS 7" 67.4 27 0.1? 10 .39, - 9.8

s0 1 271 - o.', 0 ) l. "
102 11.06 45 6-.2 0 35)21 - 1./4

7
BULK SC 22.5 34.3 3.0) 10-  3608

Table III
Theoretical values of a for double rotation cuts with zero first

order static thermal coefficient obtained with the one-dimensional
model (angle values are in the standard YXwgt-notation)

It should be noted that any theoretical value a is smaller than 1.0 10- 6 s/K.

Furthermore it is interesting to point out that the cut defined by angles d

770, 0 = 65.680 and i : 360 exhibits a T.C. a weaker than 1.0 10- 7  s/K.

Also it seems reasonable to search for cuts with zero dynamic coefficient if

at the same time, these cuts have a zero first order static temperature co-

efficient.

. . .. .. . .* . . . . .~ . .... .. . .. .:- .. . . . ... .. . . .. . .
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In order to model more completely the dynamic thermal behavior of ':;AW d+vi-

ces, a two-dimensional thermal diffusion model was built. In the axis sys;tem

Oxyz the plate has an infinite length along Oz, and a cross section 29--long

. . and 2h-thick (Fig. 3). x

, ,.,- ( '0(~

T -h

0

,Fig.. *

Two-dimensional tempe'rat.ure distribution

A time variable temperature *(t) is applied at y Z - . The boundarie; x =- h

exchanges heat with the external medium maintained at T, with a linear heat

transfer such

-e + H (6 - T) = 0 at x = + h (I)
ax

-a + H (0 - T ) = 0 at x = - h (8)
ax 0

The temperature (x,y,t) inside the plate obeys the diffusion equation

a20 320 1 ao
-+ -- (')

3x2  k 2 a2y K at

where k 2  = X /\, A and A are the thet-m.i condurt iviti-:; :O ni, -x . I t, :r,.
x V x y

K is the diffusion constant along Ox.

W'!,f boundary cond ition1s are the Fo] lowit/

t, t > 0 -h x h y 9. 4(t)

y -00 o 4(i)

* 0* .. s - 2" -
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al :d

' t > 0 -, < . x h X + 1 1 0 - T 0

x -- - h - - + I ii - j T - o
X )

The initial conditions are

t -. (X,y,O) - 1) -_, V

-h x h

'I: " .otutiori of eqtLationl (9) with (10), (1]), (12) i; 'alculated in t :, te -

-1 'irst., by calnulatirg a peculiar soolut. ion, called V(x,y, t) obtairied -'i th

driving temnperature 0(t.) considered a. ;i corstant temperature .

b) then, the solution of the problem with a time dependant excitation 0(t) is

obtained by application of the Duhamel theorem as in the one-dimensional

model.

I'he t'irst step (a) is solved along classical resolution methods of the diffu-

sion equation with boundary conditions. Solutions are developed into series

such as

11 41 cos a x
n cosh k a y

[(t 2 W H2 )h + Hi cos ot h nosh ka n Z
n (13)

(_l~i (?m l) -" ( ( ?rn.-l ) 21 2
(-1) (?m+,,) (21n ) -

y  
(' n k24,

I,

"1 r,-44 ion

-28 -
.- •d 4

n 4V7

tie 1t ,)) f tiS.~-In ke ~ (-1 - 1 "kt' tL r



Z- ( - - -)h, W 7 -9'- R* - 1 1 *

S. , , r~ls i x ( I ) .sh(',

r- I t

*2 CnI i

V. t *' 2,

wih y2
('r .- Ir, )%'

liii:; relation, Like in the case o t l ic a)tic-C i tin:; i i .L model , hii: ,, i , .':.

SThe first one is proportional to the applied temperature C(tL ) arid i[I t.'drt'::;

fr'equency shifts as in static thermal behavior. The second one prop,, t I,;am;I to

the first derivation of ;(t) versus time is the term causing the dynamic ther-

mal behavior.

.
.1

CONCLUSION

Last experimental results indicate that SAW devices present a lower sensitivity

to dynamic temperature effects than first experiments indicated. In particular

a dynamic T.C. i for ST-cut equal to 5.6 10-6 s/K and a smaller coefficient for

FST-cut have been found.

A one-dimensional model taking into account a heat transfer function was used

to reach theoretical values of the dynamic TC a for several cuts having a zero
first order static temperature coefficient. Values of a are always smaller

than 1.0 10"-6 s/K. To model more accurately the dynamic thermal behavior of
SAW oscillators, a two-dimensional model of thermal diffusion has been pro-

posed.

In order to complete the above mentioned calculations the next steps in the

work concerning a fast warm-up oscillator should be as follows:

- calculation of thermal stresses and strains in the two-dimensional model

- calculation of corresponding sensitivity in the case of cuts with zero

first order static T.C. and comparison with previous results.

29 -
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APPENDIX I

Experimental temperature controlled oven
for dynamic temperature effect measurements

(fig. 4)

For this type of measurement, the device must have a very weak thermal

inertia. We have chosen a temperature controlled oven with a flat heater.

The SAW delay line is held on a face of the heater. Temperature measure-

ments and control are performed with an H.P. temperature probe which is in

contact with the heater on the other side.

31
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BW temperature probe

SAW inpu

SAWW inputt

SAW delay line

Plate Heater

SAW delay line

Sizes in mm
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