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CHAPTER I
INTRODUCTION
Quartz

510, has several crystalline phases as well as an amorphous phase.
o -quartz, someéimes called "low-quartz," is the common phase at tem-
peratures below 573°C.  We are concerned with & -quartz and will refer
to it simply as '"quartz." If it is between 573°¢C and 87OOC, it is
called M-quartz or "high-quartz" which has a hexagonal structure
instead of trigonal structure of «of-quartz. Among the other forms of
Si0Op are tridymite, cristobalite, and silica (the fused amorphous form).
Both right-handed and left-handed & -quartz are found in nature. They
are mirror images each other. The Brothers Pierre and Jacques Curie
discovered piezoelectricity in 1880. Piezoelectricity can be defined
as the electric field generated by mechanical stress especially in a
crystalline substances, as quartz, which is referred to as the direct
piezoelectric effect. The inverse piezoelectric effect is the stain
caused by an applied electric field. By using the piezoelectric pro-
perties of quartz, in 1916 Paul Langevin made quartz transducers for
ultrasonic submarine detection. About the same time the pilezoelectric
resonator was developed, and quartz proved to be the most suitable
material [1]. This resonator vibrates over an extremely narrow range
of frequencies. Quartz crystal can be used as an oscillator or a filter

which operates with a combination of the direct and inverse pilezoelectric



effects.

For a frequency control devices, the quartz stone is cut into plates
which become the frequency-determining elements. The simplest slab is
an X-cut or Y-cut plate which is perpendicular to an X-axis or Y-axis
respectively. These plates can have a number of modes of vibration and,
often, each mode will have a different temperature dependence. The X-
and Y-cuts have relatively poor temperature-frequency characteristics.
Rotated cuts were developed to improve the poor temperature-frequency
characteristics of the X- and Y-cuts. The most common modern-day crystal
is a rotated Y-plate called the AT-cut. The AT-cut is a Y-cut plate con-
taining the X-axis and rotated about the X-axis by approximately 35020'.
The primary vibration is a thickness-shear mode with atomic displace-
ments in the X-direction. Since the AT-cut crystals are normally
excited by electrodes placed on opposite sides of the plate, they
operate only on their odd overtones. The frequency of such a resonator

is given by [2]

j’n:' n ( 66 )1/2

where t is the crystal thickness, £ the density, n the overtone, and
1
C66 the effective elastic constant, which can be written in terms of

the actual elastic constants for rotated Y-cut as follows

v 2 . 2 .
C66 = C66 cos’® + C44 sin"® - 014 sin 26

1]
The rotation angle of 359 20 about the X-axis is chosen so that the
temperature coefficient of the frequency

2%
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is zero or very small at the desired operating temperature which is
usually between 25°C and 70°C.

Point defects produce anelasticity through a stress - induced order-
ing, which is an example of a relaxation process, i.e., a process in-
volving a time-dependent approach to a new equlibrium strain state as a
result of a change in the applied stress. In the case of the sinus-
oidally oscillating type of experiment, the strain will lag behind the
applied stress by a phase angle ¢ 1in an anelastic system. This phase

angle ¢ is found to be

tan ¢ = —— —— (L

where AW is the energy density dissipated in a full cycle and W is the
maximum stored energy density [3]. Equation (1) shows that tan¢ is a
measure of the energy dissipated or energy loss in a cycle due to the
anelasticity of the material. The quantity ¢ (or tan¢ ) is often
called the "internal friction" or the "acoustic loss.'" The quality

factor, Q, of a vibrating system is defined as

Q =27 AT : (2)

so long as the damping is small [4], and Equation (1) can be rewritten

as follows

$=0q " = — $«1 (3)

This electro-mechanical oscillatory system can be described by an analog
electrical network consisting of a series R, L, C, circuit shunted by a

second capacitance Cl as shown in Figure 1. The motional R, L, C
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Figure 1. Electrical Equivalent of a Quartz Crystal Resonator



elements describe the mechanical vibrational part while C1 is caused by
the electrodes and associated cables. The Q factor of the oscillating
system can be expressed in terms of the equivalent electrical constants

as the following [1]

Q= (4)

where @ is an oscillating frequency in the neighborhood of a natural
frequency.

The measurement of acoustic loss as a function of temperature is a
useful technique for the identification of point defects in both natural
and synthetic quartz crystals. This measurement also_érovides a direct
connection to the performance of the crystal in an oscillating circuit.
The.losses are caused by an interaction of the crystal vibration with the
thermal phonons. The phonon-phonon interactions are related to the
anharmonic character of the solid. The loss due to the phonon-phonon
interactions is the expression of the anharmonic character of the solid,
and determines the background loss in a perfect crystal containing no
impurities. A general acoustic loss vs temperature spectrum is shown in
Figure 2. The dashed line is the background due to phonon-phonon inter-
actions and as is the 20K loss peak. The solid line is the result of
the superposition of the background loss and the effects of impurities.
Both the strong 54K loss and the weak 135K loss are caused by the Al-Nat
center, The exponentially increasing loss above 450K is due to the
diffusion of alkali ions in the crystal and the magnitude of this loss
contribution is dependent on the type of alkali present and their con-
centration,

H. E. Bgmmel, W..P. Mason, and A. W. Warner [5, 6] first found the
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two loss peaks, one near 20K and the other near 50K in 5MHz AT-cut quartz
resonators. J. C. King [7,8] introduced annealing, electrolysis and
irradiation techniques. He féund another loss peak near 135K in quartz
containing a large 50K loss peak. He also found that electrolysis re-
moved the 50K loss peak and induced a 85K loss peak. C. K. Jones and
C. S. Brown [9] reported that the 50K loss was increased and the 20K
peak decreased with increasing growth rate of the quartz stone. D. B.
Fraser [10] diffused the various alkali ions into resonators by electro-
diffusion technique., He found the 50K and 135K loss peaks with the Na+—
diffused natural quartz which was similar to those of the synthetic
z-minor quartz. The Li+-diffused resonator showed a reduction of the
50K loss peak while the K+—diffused resonator showed the large 50K loss
peak. This last result is understandable because the Na+ ions present
at fhe furnace or the anode material could move more readily in the case
of electrodiffusion of the large K+ ions than in the case of the Li+—
diffusions. J. C. King [7,8] and Fraser [10] showed that the Al—Na+
center is responsible for the 54K loss peak by using irradiation and
electrodiffusion techniques. J. J. Martin [11] swept Li+ and H+, or D+
into AT-cut resonators made from high-aluminum-content Premium Q grade
quartz and measured the acoustic loss in the temperature range from &4.5K
to 370K. The small 54K loss peak present in the as-received sample was
removed by the electrodiffusion but no new loss peaks were introduced
in this temperature range. Therefore, he concluded that the Al—Li+ and
the A1-OH centers have no acoustic loss peaks in this temperature
regién.

J. C. King [7,8] found that the size of the 50K loss peak was

reduced and a new 100K loss peak was produced after irradiating the



resonators with 50KV x-rays. King and Sander [12] produced the 100K

loss and the broad loss peak between 125K and 165K by irradiating the
AT-cut resonator at liquid nitrogen temperature and measuring the losses
~as the resonator was warmed up, and attributed these loss peaks to the
Al-hole center. J. J. Martin, L. E. Halliburton, and R. B. Bossoli [13]
described this broad loss as a single peak centered at 135K. J.J. Martin
and S. P. Doherty [14] suggested that the 23K peak is also due to the
Al-hole center. Infrared studies by W. A. Sibley, J. J. Martin, and

M. C. Wintersgill et al, [15] and ESR studies by M, E. Markes and L. E.
Halliburton [16] on well-characterized synthetic quartz show that in the
presence of an ionizing radiation field, hydrogen is mobile at all tempe-
ratures; but sodium and the other alkalis are mobile only at the tempera-
tures above 200K. Acoustic loss studies under irradiation by Doherty and
Martin [17] also show that sodium become mobile above 200K. .L. E. Halli-
burton, N. Koumvakalis, and M. E. Markes et al. [11] reported that the
room temperature irradiation breaks up the Al—Na+ centers and produced a
mixture of the Al-hole and Al-OH centers. They suggested that these
radiation-induced Al-hole centers are responsible for acoustic loss peaks

at 23K, 100K, 135K.
Internal Friction

When a stress is applied to a solid, the orientation of point
defects changes with time to a new equilibrium state. This process, known
as "stress-induced ordering,'" produces the anelastic behavior of the
solid [18]. Acoustic loss or internal friction is a measure of an-
elasticity. An ideal elastic solid satisfieé the following conditions;
an unique equilibrium relation, "instantaneous," and "linearity."”

However, if among these three conditions, the condition, "instantaneous,"



is discarded and time-dependence is introduced, the solid is anelastic.
Nowick and Berry have reviewed the theory of anelasticity [3]. 1In

the case of the dynamic experiments such as where the stress and the

strain change sinusoidally, the complex elastic modulus M* of an

anelastic solid can be written as

M* = Ml. e =M o +im (5)

where & is the loss angle, M, describes the "storage," and M. the

1 2

"loss." The internal friction then follows, from the above Equation (5).

tan ¢ = M, / M (6)

Suppose that the solid "relaxes" at a rate ¢ from its unrelaxed state
with modulus M, to a relaxed state with modulus My upon the application
of a step function stress. Nowick and Berry [3] showed that in the case

of small loss angle

§M §M @7
T s e Ry 7

where &M = My = Mr . Figure 3 shows the real M, and imaginary M., parts

1 2
of the complex elastic modulus M* plotted against the logarithm of W7 .
They also showed that the acoustic loss or internal friction for the

case of small losses can be written as follows

-1 ADY
R oy (®

where A , which is called "relaxation strength," is defined as"
a = 8§/ My . For the case of point defects, the anelastic behavior

of a solid often shows a single relaxation process, and follow a single
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Debye peak such as Equation (8). Often the relaxation process is due to
the thermally activated jumping of an atom or defect between equivalent
orientations. When this assumption holds, the probability of a jump per

second, 74, can be described by an Arrhenius relation;
7= ¢ exp ( -AH /RT) (9

where Tj is the product of a Vibrational.frequency and an entropy
factor, AH the height of the potential barrier between the equivalent
sites, | Boltzmann's constant, and T the absolute temperature. Acoustic
loss measurements are usually made with the sample vibrating on one of
its normal modes. Thus, instead of varying w , ~ can be varied over

a wide range by changing the temperature. Figure 4 shows M1 and M2
plotted as a function of temperature with fixed w . One way to obtain
the activation energy is to measure the loss versus temperature spectrum

for a number of harmonically related modes at Tp. Equation (9) can be

rewritten as follows

o= It _ AH 1 (10)
4 Tp

So a plot of W wversus 1 / Tp should yield a straight line of slope,
- AH / k. Another method is to numerically fit Equation (8) with
Equation (9) to the experimental loss versus temperature curve at one
frequency.

A common way to measure the acoustic loss or internal friction of
a sample is to drive it on one of its normal modes of vibration, remove
the drive and then measure the free decay of the amplitude. The vibra-

tion of this free decay can be expressed by the equation of motion
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describing an one-dimensional anelastic spring such as, according to

Nowick and Berry [3],
mx = -k*x=-Kk-(1+i tand ) x (1D)

where m is the mass attached to the end of the anelastic spring, k*

a complex spring constant, ¢ the loss angle, k,; is a constant. The

solution to Equation (11) is found to be

K ( tan¢ _ 3tan%
m 2 48

+in-)t]a

X = Xg exp [ - A
exp[i@(1+%‘i+--->tj (12)

When the loss angle $ is very small, the natural angular frequency o
in free decay becomes simple; that is @, = ﬂ—%L . Equation (12) can be

rewritten as follows
x=xpep [ -t Jeplivt], pecl (13

If a piezoelectric sample resonator is driven at its resonant fre-
quency and then allowed to freely decay, the decaying voltage will de-

Crease exponentially as
V=Vyexp ( =t/ tyg)exp (iwt) (14)

where t, is the relaxation time. Comparing the damping term in Equation

(14) with that of Equation (13), we find that

1
S (15)
where fy = ;ﬁ; is used. When we measure the time t, taken for the
2

amplitude of vibration to fall to a half of its initial value, the
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relaxation time ty is found to be

T
o 0.6

L
53 as)

Combining Equation (3), Equation (15) and Equation (16), we can write
the acoustic loss as follows

-1 ¢ _ _0.693

LT, P 1 (17

where f, is a tuned frequency and T% is obtained from the timer.
The Purpose of the Investigation

Quartz crystals are often used in electronic insturments as filters
and frequency control devices. The performance of such electronic de-
vices in space can be degraded by ionizing radiation [12]. Irradiation
at room temperature destroys the Al--M+ centers in quartz and produces a
mixture of the Al-hole and Al1-OH centers [21]. The frequency shift
caused by the removal of the Al—Na+ centers and by the production of the
Al-hole center is not desirable. Thus, it is very important to know how
the defects are modified or produced by the ionizing rédiation.
Radiation-induced loss peaks at 23K, 100K, and 135K appear to be related
to the Al-hole centers while the Al—Li+ and A1-OH centers do not show
acoustic loss peaks below 370K [11]. A pulsed-electron irradiation
technique was primarily used to investigate the destruction of the Al—Na+
centers versus the production of the Al-hole centers as a function of
radiation dose. The dependence of the Al-hole center to the Al—Na+
center upon radiation dose was determined by monitoring the 54K loss
peak for the Al-Na+ center and the 23K loss peak for the Al-hole center.
Measurements were also made using a 6000 gamma source., These data are

useful for predicting the radiation response of a quartz oscillator.



CHAPTER 1II
EXPERIMENTAL PROCEDURE
Method of Measurements

The acoustic loss of the 5MHz third overtone resonator blanks was
determined by using the log-decrement technique. The blank was held in
a gap holder so as to minimize losses due to the mounting sturucture.
Figure 5 shows the aluminum gap holder which has a printed circuit board
electrode. The electrodes are seperated by about 0.010 inches from the
surface of the blank. The gap holder with the sample crystal is threaded
onto the cold finger of a variable temperature liquid helium cryostat.

The variable temperature helium dewar is shown schematically in
Figure 6. It consists of a cold finger and heater, a heat leak chamber,
an inner helium chamber, an outer nitrogen chamber, and a thin-walled
stainless steel enclosure which is connected to a vacuum system. The
inner dewar, outer dewar, and stainless steel enclosure are insulated
from each other and the surroundings by the vacuum of at least 5 x 10_6
Torr. The sample can be thermally connected or disconnected to the
cryogenic fluid in the inner dewar by filling the heat leak chamber with
a small amount of helium gas at room temperature or by removing the
helium gas, heat exchange medium, from it. The heater system consists
of a 14 constantan wire wound on the cold finger and a HP 6201B DC

power supply. A model DRC-80C digital cryogenic thermometer/controller

with a model DC-500-DRC silicon diode sensor from Lake Shore Cryotronics,

15
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Inc. were used to monitor the sample's temperature.

To cool down the sample from room temperature to 4.5K, liquid
nitrogen was poured into the inner and outer dewars after the heat leak
chamber was filled with a helium gas. When the whole system reached
equilibrium at 80K, the liquid nitrogen was removed from the inner dewar
and then liquid helium was transferred. The holder and resonator blank
then cooled to approximately 4.5K. Data were taken starting at low tem-
peratures and then going up in high temperatures. The temperature was
raised by applying heater current and reducing the helium pressure in
the heat leak chamber. Once 20K was reached the heat leak chamber was
pumped continuously and current was increased to bring the sample to the
desired temperature.

A schematic diagram of the acoustic loss measuring system is shown
in Figure 7. The radio frequency (focs 5MHz) signal from a HP 3325A
synthesizer/function generator goes to the gate which is opened for 10
ms every 0.5, 1, 2, or 5s by the gate control. The sample resonator is
driven at its resonant frequency and then allowed to freely decay.

This decaying rf (fo:3 5MHz) signal is fed into the mixer after ampli-
fication by a wide-band pre-amplifier, and there mixed with the rf

(fo + 455KHz) signal from the local oscillator. The mixer output, which
is 455KHz, is amplified by the two stage intermediate frequency ampli-
fier. This decaying 1F signal is rectified with a precision operational
amplifier detector and displayed on a Tektronix 5441 storage oscillo-
scope. The rectified signal from the detector also goes to a pair of
level detectors which start the timer function of a HP 5326A timer-
counter at 8V and stop it at 4V. Hence the timer reading yields the

half~-time t

S of the exponential decay. The acoustic loss, Q—l, is
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Figure 7. A Schematic Diagram of the Acoustic Loss Measuring System
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calculated from Equation (17),
Description of Sample

Toyo supreme Q labeled bar, SQ-B, of Z-growth synthetic quartz con-
tains 'approximately 10 to 15 ppm aluminum as impurities.
The substitutional aluminum is compensated by the interstitial alkali,
Na+ or Li+, for electrical neutrality [21]. From the 0SU supplied Toyo
bar, SQ-B, the 14 mm diameter 5MHz third overtone resonator blank was
manufactured by Frequehcy Electronics,Inc. It is a plano-convex shaped
AT-cut so that the loss measured is characteristic of the quartz rather

than of its mounting structure.
Radiation Technique

A Van de Graaff electrostatic accelerator was used to irradiate the
sample. The holder with the sample was removed from its mounting and
carefully wrapped with a piece of household aluminum foil of thickness
0.033mm. The sample was placed 5" in front of the aluminum window of
the accelerator.

IrraAiations were carried out at room temperature with a 1.75 MeV
eleqtron beam. The current density was 10/‘A/cm2 on the sample. The
irradiation time was controlled by a Gralab Model 900 programable timer,
which made the pulsed-electron possible.

In the first and second irradiations, the Gralab timer was not used
and the sample was irradiated for consecutive two and four seconds res-
pectively. From the third to the ninth irradiations, the sample was
irradiated for one second intervals with the beam off for three seconds.

This pulse technique was adopted so that sample heating by the electron



21

beam could be minimized. The pulses were concentrated by the Gralab
timer. In the tenth and twelfth irradiations, the sample was irradiated

for one second intervals with beam off for four seconds.
Statement of Errors

Uncertainties may exist in the process of irradiating the sample
with the Van de Graaff electrostatic accelerator. The accelerating
voltage can be read to about + 0,025 MV. Consequently, the electron
energy has an uncertainty of + 1.4 %. The beam current meter can be
réad to about 0.1 MA; however, sometimes the current drifts + 0.54A
during an irradiation. ~We estimate the uncertainty in the beam current
to be + 5 %. The irradiation time has been controlled by a Gralab Model
900 programable timer that is accurate within + 0.015 % at one minute.
But the rising and falling time of the beam current is considered to be
around 10 ms which gives the uncertainty of 1 %. the error due to the
adjustment of the accelerator voltage, the beam current, and the irra-
diation time turns out fo be about + 7.5 %. Uncertainties may have
occured in the placement of the sample in front of the Van de Graaff
window. The sample was placed 12.7 cm (5 inches) from the window.

We estimate the uncertainty in the position to be + 0.5 cm for a 3.9 7%
error. However, it does not affect the overall error of the radiation
dose very much since the irradiation energy is expected to change a
little due to the distance of 12.7 cm apart. Thus, the total error

in the radiation dose is estimated to be + 8 % to + 10 Z.

The cleaning and mounting techniques were developed to minimize
their effect on the acoustic loss. Since we typically achieve acoustic

Q's, 3’107, at 5K we are reasonably certain that the holder and cleaning
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procedures are not limiting the measurement at higher temperature.

The Lake Shore's Model DRC-80 thermometer and controller displays
temperature accurately with + 0.5K from 4K to 330K. The temperature
was increased in a rate of 0.13K/minute during the measurements, and
so fhe displayed temperature was not exactly same as the sample's
temperature.

Finally the error of the acoustic loss measurement can be occurred
due to the reading error of the decay time, Ty, and the tuning error of
the resonance frequency. The frequency can be adjusted within + S5Hz.
But this frequency error does not make a big difference in the calcula-
tion of the acoustic loss. The decay time was not stable but fluctuated
within + 0.5 ms at T% =10 ms or + 1 ms at Ty = 20 ms approximately.
The uncertainty of the acoustic loss measurement is expected to be

+ 4.8 .



CHAPTER III
RESULTS AND DISCUSSIONS

Figure 8 shows the acoustic loss versus temperature spectra for the
the unswept Toyo Supreme Q resonator blank in the as-received state and
after irradiations of 60 seconds and 330 seconds. Nine other spectra
were measured for irradiations ranging from 2 seconds to 270 seconds.
These curves were omitted for the purpose of clarity. The curve for the
as-received state shows the expected thermal phonon background [2] with
a large 54K Al—Na+ peak superimposed on it. A much smaller Al—Na+
related peak is also present at 135K. Interfering modes were also ob-
served in the region between 100K and 200K. The 54K loss peak has a
height, AQ;Z, of 5.63 x 10_5. Samples from Toyo bar, SQ-B, contain 10
to 15 ppm aluminum as impurities and a previously measured Na+—swept
SQ-B resonator blank shows the 54K loss peak with AQ;i =2 x 10—4.

The concentration of the A1~Na+»centers for the unswept SQ-B is estimated

to be about 3 ppm from the Equation;

C=[5C+20%)x 10" 1 -aqt
- 54k

(18)
.. -1 .
where C is in ppm and leS&k is the height of the 54K loss peak [11].
Thus, about 1/5 to 1/3 of the 10 to 15 ppm Al sites are compensated by
. s + . .. .
the interstitial Na ions and the remaining aluminum must be compensated

. R R -
by interstitial Li ions. No Al-OH centers are observed unless the

sample has been air/hydrogen swept or irradiated.

23
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The loss spectrum for the partially irradiated sample after the
pulsed 60 sec dose shows that the 54K Al-Na+ peak was reduced to about
20 % of its initial value and that loss peaks at 23K and 335K were intro-
duced by the irradiation. The 23K peak-[lé] is related to the Al-hole
center. Interfering modes were still observed. The new 23K and 335K
loss peaks indicate that the Al-hole centers and as-yet unknown defect
centers has been created respectively by the low-level dose of the room
temperature irradiation. The concentration of the Al—Na+ centers were
reduced to 0,6 ppm from 3 ppm. The Al—Na+ and Al-Li+ centers were con-
verted into a mixture of Al-hole and Al-OH centers by the irradiation
[21]. Further pulsed irradiation as shown by the 330 seconds curve
reduced the 54K loss peak to about 1.63 x 10—6 and increased the 23K
loss peak to about 1.58 x 10_6. The concentration of the Al—Na+centers
was reduced to about 0.09 ppm due to the destruction of the Al—Na+
centers.

The 100K and 135K Al-hole [12, 13, 14] loss peaks are small and the
interfering modes persisted around these temperatures throughout the
experiments while the 23K loss peak responds well to the production of
the Al-hole defect centers following the low-level dose of irradiation
at room temperature. Therefore, the 23K and 54K loss peaks were used to
monitor the production of Al-hole centers and the destruction of the

+
Al-Na centers respectively as functions of the low-level dose of irra-

-1
23k’

and 54K peak height, AQ;ik’ vs irradiation time curves. 40.4 % of the

diation at room temperature. Figure 9 shows the 23K peak height, AQ

original 54K loss peak in reference to the 330 seconds irradiation was
sharply removed by the 10 seconds irradiation and 81.5 % of the original

54K peak by the 60 seconds irradiation. It smoothly goes down from the
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60 seconds to 210 seconds irradiation and starts to be saturated at
about 210 seconds irradiation. These results suggest that the 81.5 7
of the Al—Na+ centers has been destroyed with the low-level dose of the
room temperature irradiation for 60 seconds. The 23K Al-hole center
loss peak increases rapidly during the initial irradiations and then
slows. It saturates near 250 seconds. The 54K Al—Na+ center peak
mirrors this process in the sense that it shows an initial rapid de-
crease and is nearly completely removed by the time the Al-hole peak
feaches saturation. These results suggest that the production of the
Al-hole centers is clearly related to the destruction of the Al-Na+
centers. It is now known that the room temperature irradiation to the
saturation converts about 25 % of the Al sites into the Al-hole centers
and 75 % of the Al sites into the A1-OH centers [21]. Therefore, the
production pattern of the Al-hole centers follows the destruction pat-
tern of the sum of the Al-Li+ and Al—Na+ centers. Since approximately
77 % of the Al sites for the unswept sample, SQ-B, are compensated by
the Li+ ions, the destruction pattern of the A1-Li+ centers is also ex-
pected to follow closely the production pattern of the Al-hole centers.
The results of Hitt and Martin [19] and Martin [20] suggest that both
the Al-Na+ and Al-Li+ centers have similar behavior during irradiation
at room temperature. Consequently, we assume that the Al—Li+ concen-
tration tracks with the Al-Na+ curve as shown in Figure 8. Other works
done by J. J. Martin [20] shows that the Al-OH centers also start to be
produced by the small dose of the room temperature irradiation and grow
up smoothly as does the Al-hole 23K peak curve following the irradiation.
Both the Al-hole and the A1-OH centers start to be produced with the

low-level dose of irradiation at room temperature.
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The acoustic loss spectra shown in Figure 8 have an interesting
irradiation-time dependence. While our measurements only went to 330K,
the results strongly suggest the presence of a loss peak near 335K [20].
This peak seems to reach maximum streﬁgth at 10 seconds irradiation time
and then decreases for the subsequent irradiation. It can be understood
as follows. The freed Na+ ions from the Al—Na+ centers are trapped in
unknown sites and produce new X—Na+ defect centers, where X represents
an unknown site. It does not go up high like the 54K loss peak because
the concentration of the X sites is lower ‘than that of the Al sites.

It goes down again since the X-Na+ centers are destroyed by the room

temperature irradiation.



CHAPTER IV
CONCLUSIONS

Approximately 81.5 7 of the Al—Na+ centers were destroyed with the
60 seconds irradiation at room temperature. Both the removal of the 54K
A1—Na+ loss peak and the production of the 23K Al-hole loss peak start
to saturate after about 200 seconds irradiation time. No "steps'" were
observed in the production curves. Like the A1-OH center, the Al-hole
center grows in smoothly as the Al—Na+ and, probably, Al—Li+ centers are
removed with the room temperature irradiation. The destruction pattern
of the Al—Li+ centers is expected to follow closely the production
pattern of the Al-hole centers which is similar to the destruction
pattern of the A1—Na+ centers. Therefore, the A1—Li+ center tracks with
the Al—Na+ curve as shown in Figure 8.

The loss peak near 335K grows and then decays as the radiation dose
increases. The 335K loss peak is considered to be caused by an unknown

+
defect center, X-Na .
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