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irradiation and annealing temperature for a variety of samples, both swept
and unswept. The various treatments simply exchange one ‘ype of compensator
for another at the aluminum sites and, within experimental error, the sum of
the aluminum centers remains constant for a given sample. This direct
accountability of all the_aluminum ions in hydrogen-swept samples strongly
suggests that the 3306 and 3367 cm™d infrared bands are associated with the
Al-OH"'center. Also, the ESR and IR results show that the aluminum content
of randomly selected bars of high-~quality quartz can vary by an order of
magnltudf;;:> - 5/4'\’, e R

A

Acoustic loss measurements on a 5 MHz 5th overtone resonator blank show no
loss peaks.that can be attributed to the Al-Lit centery even though the blank
was fabricated from a high-aluminum-content Premium Q bar and had been
Li-swept, i.e., Li was swept into the blank. The Al-Nat center loss peak was
removed by the Li sweep. Irradiation of unswept, Li-swept, and Hy-swept blanks
at room temperature introduces loss peaks at 25 K, 100 K and 135 K. Since
these three peaks anneal between 250 and 300°C, the same as the Al-hole center
electron spin resonance spectrum, we conclude that the three peaks are caused
by the Al-hole center. In unswept blanks, the Al-Nat loss peak is remcved by
radiation at room temperature but recovers upon annealing to temperatures
above 350°C. The decay of the Al-OH- center correlates with the recovery of
the Al-Nat center in unswept material.

™ A series of oxygen-vacancy-assoclated centers have been discovered by ESR q
and are labeled EY, EY, and EY centers. These are S = 1 centers and they
appear to contain two adjacent oxygen vacancies. They are only found in
unswept samples. i.e., samples containing interstitial alkali ions, although
the interstitial alkali ion is nct a component of the centers. Production and
thermal decay characteristics are described in detail.

Kh investigation of the thermally stimulated luminescence, TSL, from
quartz irradiated at 95K has been made below room temperature. It was
determined that three regions of TSL glow peak interest exist. "Region I
(115-145 K) contains a single sharp peak having a maximum in its broad spectral
emission at about 450 nm; Region II (145-185 K) is quite complex in structure,
and is dependent upon defect content and sample treatment; Region III
(185-270 K) can be eliminated by sweeping or by irradiation at temperatures
above 250 K prior to the 95K irradiation. Both Regions II and III show broad
band spectral emission with maxima near 380 nm. The intensity of the TSL glow
peak in Region III appears to correlate well with the presence of Al-Na%t
and/or Al-Li%* centers as determined from other measurements, suggesting it may
provide yet another method for quartz crystal quality evaluation.
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I. INTRODUCTION AND SUMMARY

Alpba-quartz is used in a variety of electronic devices (e.g., high-
precision oscillators, filters, accelerometers, etc.) where sensitivity and
stability are crucial operating criteria. Since many of these applications
require operation of the device in a radiation environment, considerable
effort has been directed in recent years toward understanding the radiation
response of quartz. It is now well-known that quartz-stabilized oscillators
exposed to ionizing radiation (i.e., x-rays and gamma rays as well as high
energv electrons, protons, and neutrons) may exhibit transient and steady-state
changes in frequency and associated reductions in Q.l-3 Early results obtained
by KingA and other 1'.nvestigatoz:ss-8 suggested that these deleterious effects in
the quartz oscillators were associated with the presence of impurities. This has
led to increased study of the general behavior of impurities in quartz and there
have been attempts to correlate observed frequency offsets with specific impurity-
related radiation-induced defects.9

At Oklahoma State University, we have used a number of experimental techniques
to investigate the various as-grown and radiation-induced defects in quart:z.
Electron spin resonance (ESR) and infrared absorption (IR) experiments have
provided information about the role of aluminum in the radiation response of
commercially available high-quality synthetic quartz. Samples obtained from two
separate sources were investigated and identical radiation responses were found
for the two materials. Interstitial ions such as H+, Li+, and Na+ as well as
radiation-induced holes trapped at oxygen ions act as charge compensators for the
ever-present substitutional aluminum ioms. Usually the charge compensator is
located adjacent to the aluminum and this gives rise to A&-OH-, A&-Li+, Ae-Na+,
and Al-hole centers. Absolute concentrations of these compunsated aluminum
centers have been determined as a function of irradlation and annealing temperature

for a variety of samples, both swept and unswept. The various treatments
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simply exchange one type of compensator for another at the i1luminum sites and,
within experimental error, the sum of the aluminum centers remains constant for

a given sample. This direct accountability of all the aluminum ions in hydrogen-
swept samples strongly suggests that the 3306 and 3367 cm-l infrared bands are
associated with the A-OH center. Also, the ESR and IR results show that the
aluminum content of randomly selected bars of high-quality quartz can vary by an
order of magnitude.

Acoustic loss measurements on a 5 MHz 5th overtone resonator blank show no
loss peaks that can be attributed to the AZ—Li+ center, even though the blank
was fabricated from a high-aluminum-content Premium Q bar and had been Li-
swept, i.e., Li was swept into the blank. The A&-Na+ center loss peak was

removed by the Li sweep. Irradiation of unswept, Li-swept, and H, -swept blanks

2

at room temperature introduces loss peaks at 25 K, 100 K and 135 K. In Hz—swept

material these peaks are approximately a factor of five smaller than the same
peaks in similar unswept or Li-swept blanks. Since these three peaks anneal
between 250 and 300°C, the same as the Af-hole center electron spin resonance

-

spectrum, we conclude that the three peaks are caused by the Af-hole center. 1In

+ . s
unswept blanks, the AZ-Na loss peak is removed by radiation at room temperature

but recovers upon annealing to temperatures above 350°C. The decay of the AL-OH

A

center correlates with the recovery of the AZ-Na+ center in unswept material.

An investigation of the thermally stimulated luminescence, TSL, from quartz
irradiated at 35 K has been made below room temperature. The synthetic quartz \
specimens were of very high quality with a Q of about 106. Such material contains
few impurities and the TSL is weak. Nonetheless, it was determined that three
regions of TSL glow peak interest exist. Region I (115-145 K) contains a single
sharp peak having a maximum in its broad spectral emission at about 450 nm; Region
I1 (145-185 K) is quite complex in structure, and is dependent upon defect content

and sample treatment; Region III (185-270 K) can be eliminated by electrodiffusion
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("sweeping') techniques or by irradiation at temperatures above 250 K prior to

the 95 K irradiation. Both Regions II and Il show broad band spectral emission
with maxima near 380 nm. The intensity of the TSL glow peak in Region I1I appears
to correlate well with the presence of AE-Na+ and/or A8—Li+ centers as determined
from other measurements, suggesting it may provide yet another method for quartz

crystal quality evaluation.

II. THE ROLE OF ALUMINUM IMPURITIES
A. Introduction

Aluminum is the most pervasive impurity in both natural and synthetic quartz.
These aluminum ions exist in the 3+ valence state in quartz and easily substitute
for silicon, thus requiring charge compensation (i.e., an aluminum ion needs an
additional positive-charged entity in the lattice to compensate for the charge of
the replaced silicon). Examples of such charge compensators in quartz are H+,
Li+, or Na+ ions at interstitial sites or holes trapped at oxygen ions. Because
of the strong Coulombic attraction force of the interstitial ions and the holes
with the aluminum and because of the high mobility of both the interstitial ions
and the holes, these charge compensators are usually located adjacent to the sub-
stitutional aluminum ions and this gives rise to either A&-OH_, AZ-Li+, A&-Na+,

or Al-hole centers. Schematic representations of these various compensated

aluminum centers are contained in Fig. 1.
The defect centers produced by local compensation of the substitutional
aluminum ions can be experimentally observed by widely varying techniques. 1In the
case of the AZ-OH center, the interstitial proton bonds to an oxygen ion to form ]
an OH molecule adjacent to the aluminum and infrared absorption provides a direct

monitor of the center. Formation of the Al-hole center by trapping a hole at an

oxygen ion adjacent to the aluminum results in an unpaired electron, and thus a

paramagnetic defect, which can easily be detected by electron spin resonance (ESR).
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Figure 1. Schematic representation of (a) the A2-OH center, (b) c}:e Az-\i
center where MY is either Lit or Na*, and (c¢) the [A2 +] center.
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The A&—M+ centers (where M+ represents an alkall ion) exhibit no characteristic
infarared bands and are not paramagnetic, but do cause 2 local lattice deformation.
As a result, they can couple to external forces acting along certain crystal-
lographic directions and can undergo a deformation relaxation with an attendant
mechanical loss.

The electrodiffusion (sweeping) process initially developed by KingA pro-
vides a method for changing the concentration of specific interstitial cations
(i.e., H+, Li+, Na+, etc.) within a given quartz crystal. This technique consists
of applying an electric field parallel to the c-axis of the crystal while main-
taining the sample temperature in the 400-550°C range. Either a vacuum or an
inert gas, air, or hydrogen atmosphere surrounds the crystal. As positive-
charged species are pulled along the large c-axis channels and out of the crystal
by the electric field, additional positive-charged species of a similar or
different nature are taken into the crystal at the opposite electrode in order
to maintain charge neutrality for the sample as a whole. For example, if either
air or a hydrogen atmosphere surrounds the crystal, the sweeping process will
remove interstitial alkali ions from the crystal and replace them with H+ ions.
Numerous cases exist in the literature where the sweeping process has greatly
helped in clarifying the behavior of various points defects in quartz.

In the present work, we have combined infrared and ESR data to obtain in-
formation about the formation and decay of the various aluminum centers in both
swept and unswept high-quality synthetic quartz. By monitoring the absolute
concentration of each type of compensated aluminum center (i.e., AZ-OH-, Aé-M+,
or Al-hole after each step of a series of irradiations and anneals, we have showm,
within experimental error, that the sum of these centers remains constant and that
different treatments simply change one type of compensator for another. This
direct accountability of all the aluminum ions within a crystal strongly suggests

that the 3306 and 3367 cm"1 infrared bands are associated with the A¢{-OH center
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and also reinforces the conviction that radiation-induced mcbility of interstitial

ions is the fundamental radiation response of quartz.

B. Background

1. Infrared Absorption

Quartz exhibits a large number of infrared absorption bands in the 3200 to
3600 cm"l spectral region and Kats10 has shown that many of these bands are due
to OH-streCChing vibrations. However, it has proven extremely difficult to assign
specific defect models to each of the OH~ absorption bands. Manv reseurchers have

focused attention on the two bands at 3306 and 3367 cm-l. Normally, the 3367 cm—1
0

1

band is approximately three times more intense than the 3306 em © band. Kat:sl
observed these two bands in both natural and synthetic gquartz and found that
x-irradiation at room temperature enhanced their intensities. Also, Xats observed
that sweeping in air strongly increased the two bands in synthetic samples and he
tentatively suggested the two bands arise from an OH molecule adjacent to a
substitutional aluminum.

Brown and Kahanll provided further evidence supporting the model proposed
by Kats and also pointed out that failure to observe the 3306 and 3367 cm—l bands
did not necessarilv mean a low aluminum content for the quartz crystal. They found
that these two bands were not present initially in high-qualitv unswept quartz but
were introduced by irradiation at room temperature. This, in turn, led Brown
and Kahan to conclude that all of the substitutional aluminum ions are alkali-
compensated in the as-grown high-quality quartz (i.e., before irradiation or
sweeping).

Lipson et a1.12’13

have investigated the polarization of the 3306 and
3367 cm-l bands and have demonstrated the strong temperature dependence of their

half-widths (i.e., a narrowing at lower temperature). They found that heating to

500°C in a nitrogen atmosphere for long periods of time without application of an




electric field did not introduce the 3306 and 3367 cm_l bnads in gquartz. They
also found that sweeping the quartz in a vacuum failed to introduce significant
3306 and 3367 cm ' bands.

Recently, Sibley g&_gl.lé extended the study of the 3306 and 3367 cm—L bands
to include irradiations at various temperatures from 15 K to 300 K and to include
thermal anneals from 77 K to 750 K. They found that although room temperature
irradiation introduced these two bands in unswept synthetic quartz, a subsequent
intense 77 K irradiation destroyed the two bands. Following the room temperature
irradiation and subsequent 77 K irradiation, Sibley et al. found that the two bands
slowly recovered with nearly equal intensities up to approximactely 200 K, but in
the 230-270 K anneal region the 3367 <:1n_l band continued to grow while the
3306 c:m-l band decreased in intensity. At room temperature the bands had attained
their usual intensity ratio. This sudden reversal of intensities in the 230-270 K
region suggested the two bands arise from OH molecules in two different but
closely related site symmetries and that a transfer from one site to the other
(or a reorientation) occurs in the 230-270 K region.

2. Electron Spin Resonance

The Al-hole center is perhaps the best characterized of the point defects in
quartz. The first observations of this center were by electron spin resonance and

15 O'Brienl6 immediately offered an

were reported by Griffiths, Owen, and Ward.
interpretation of the ESR data in terms of a model having a hole trapped primarily
in a nonbonding orbital of an oxygen ion adjacent to a substitutional aluminum ion
(see Fig. lc). Mackeyl7 greatly expanded this early work by discovering a family
of [A8e+/M+]+ centers when germanium-doped quartz was irradiated at 77 K. The M+
represents an interstitial cation (i.e., either H+, Li+, or Na+) which is trapped
on one side of the aluminum ion while the hole remains trapped on the other side
of the aluminum. These interstitial-compensated aluminum-hole centers have been

further characterized by Mackey et dl.ls and by Nuttall.19




In :-quartz, the four oxygens surrounding a silicon (¢ aluminum) atom are
only pairwise-equivalent, short- and long-bond ovxygens. ,uctalllg has shown that
the ground state of the Al-hole center corresponds to trapping the hole on a long-
bond oxygen and Schnadt and Schneider20 have shown that only 0.U3 eV of energy
is required to transfer the hole from one type of oxygen to the other. Precise
values of the Al-hole center ground-state spin Hamiltonian hyperfine parameters
have been obtained by Barker21 using ENDOR techniques. Recently, Markes and
Halliburton22 have investigated the production and stabilization conditions for
Al-hole centers and Koumvakalis23 has correlated the Al-hole center ESR spectrum

. . . 24 .
with a visible optical absorption. The comprehensive review by Weil summarizes

much additional work on the aluminum-associated hole centers in quartz.

C. Experimental ;

The c-quartz used in the present investigation was all pure Z-growth material i
and included Electronic Grade and Premium Q bars25 obtained from Sawyer Research
Products, Eastlake, Ohio and a Supreme Q bar obtained from Toyo Communications
Equipment Company, Kawasaki, Japan. The sample labeling scheme introduced by
Markes and Halliburton22 has been followed in the present report. Impurity analysis
along with autoclave and sweeping information for some of the Sawyer samples used
in the present study are included in Reference 22. The Toyo bar SQ-A had been
numbered 40-57 by the manufacturer. Infrared and ESR samples were taken from
adjacent positions in each of the quartz bars and the same sample number was used
for both components of a pair. For example, the sample number PQ-E10 actually
represents both an infrared and an ESR sample in this paper. One of the pairs
of samples cut from the Toyo bar was swept at Oklahoma State University (graphite 1
electrodes, hydrogen atmosphere, 1600 volts/cm, 500°C, and 19 hrs duration). All
sweeping of Electronic Crade and Premium Q bars was done by Sawyer in air.

The infrared samples were cut in the form of plates (15 x 15 x 3 mm3) ]

8




perpendicular to the c-axis of the crystal. A Beckman 4240 spectrophotometer

was used to measure the infrared absorption. During the measurements, samples

were oriented such that the incident monitoring light was parallel to the c-axis
(i.e., the electric vector of the unpolarized incident light was always perpen-
dicular to the c-axis). All the infrared data were obtained near 77 K using a
metal Dewar equipped with CaF2 windows for the light beam. During irradiations,
the tail of the Dewar was rotated 90°, thus positioning a 0.005 inch thick aluminum
window in front of the sample.

The ESR spectrometer utilized a homodyne microwave bridge of our own design
(operating near 9.1 GHz) and a 9-~inch Fieldial-regulated Varian magnet. The
magnetic field modulation frequency was 100 kHz. All the ESR data were taken at
77 K using a glass finger Dewar inserted in a Varian V-4531 rectangular cavity.

The ESR samples were rectangular in shape (8 x 3 x 2 mm3) and, during measurements,
the magnetic field was always aligned parallel to the crystal c-axis.

Irradiations were 4 minutes in duration and used 1.7 MeV electrons from a
Van de Graaff accelerator. The current on the sample was 0.2 uA/cmz, corresponding
to a dose of 3 x 107 rad(Si). During a 77 K irradiation, the ESR sample was
immersed in liquid nitrogen, and then subsequently transferred into the glass
finger Dewar. For an intermediate temperature irradiation, the ESR sample was
placed in a styrofoam tube and nitrogen gas at the chosen temperature was passed
by the sample. Both the 77 K and the intermediate temperature irradiations of the
infrared samples were done with the sample mounted in the metal Dewar. For each of
the anneal steps above room temperature, the infrared and ESR samples were removed
from their respective Dewars, heated simultaneously in a furnace, and then remounted
in the Dewars.

A most important feature of the present investigation is the determination of
absolute concentrations of specific defects using the infrared and ESR data. An

+
ESR spin standard consisting of a single crystal of A’;203 doped with Cr3 ions was




obtained from the National Bureau of Standards, Office of Standard Reference
Materials. Transfer of the known spin concentration to an unknown quartz sample
was accomplished by placing the unknown and standard in the microwave cavity
simultaneously, thus eliminating errors due to spectrometer operation, and

26
performing double numerical integrations of the resulting spectra. In the case

of the infrared measurements, the expression NH = 2,16 x 1016 Ham was used for
concentration determinations. Originally presented by Kats,lo this expression
gives the OH concentration NH(defects/cmB) in terms of the half-width H(cm-l) and
maximum absorption coefficient am(cm-l) of the infrared absorption band. A
gaussian shape for the absorption curve and an effective charge of p - 0.43 for
the oscillator have been assumed.10 The half-widths of the 3367 cm—l and

3306 cm-1 infrared bands were taken to be 8.0 cm”l and 7.4 cm-l, respectively,

at 77-80 K where our measurements were performed. Smaller half-widths have been

reported by other researchers using higher-resolution instruments.

D. Results

In Fig. 2, the infrared absorption of the unswept Premium Q sample PQ-E1O0
is shown following each step of an irradiation and thermal anneal sequence. The
initial spectrum (Fig. 2a) was obtained from the as-received sample, without prior
irradiation. The broad bands at 3200 cm—l and 3300 cm-l have been attributed to
intrinsic overtone vibrations of the quartz latticelo and, thus, should remain
unchanged throughout the sequence depicted in Fig. 2. Additional smaller bands
at 3400, 3440, and 3585 cm—l are due to OH molecules stabilized in defect

configurations that have not yet been identified.lo-lh These latter three bands

are very pronounced in Sawyer Electronic Grade material but are barely observable
in Sawyer Premium Q mat:erial.14
The infrared spectrum shown in Fig. 2b was obtained after sample PQ-E1l0

was irradiated at 77 K and maintained at this low temperature. This treatment

10
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3600 3400 3200 3000
WAVE NUMBERS (cm-1)

Figure 2. Infrared absorption spectra from unswept Premium Q sample PQ-E10
after each step in the following sequence: (a) as-received,
without prior irradiation, (b) irradiation at 77 K, (c) anneal

to room temperature, (d) irradiation at room temperature, and
(e) reirradiation at 77 K.

11 S




greatly reduced the three OH bands initially present in the sampie and left only
the two intrinsic bands. Warming the sample to room temperature (Fig.2c) failed to
restore the OH bands at 3400, 23440, and 3585 cm-l. As shown in Figz. 24, a room
temperature irradiation introduces the two bands at 3306 and 3367 cm-l. The

3306 cm—l band is a shoulder on the side of the intrinsic 3300 <::n-l band and is
sometimes difficulc to resolve in relatively pure samples. As a final step in the
irradiation and anneal sequence, the infrared spectrum (Fig. 2e) of sample PQ-El10
was obtained after irradiation at 77 X. This second irradiation at 77 K eliminated
the bands at 3306 and 3367 cm-l, following their introduction by the room temp~
erature irradiation.

An ZSR sample labeled PQ-EL1C was taken from a position in the quartz bar
adjacent to the infrared sample PQ-E10. This unswept ESR sample was subjected to
the same irradiation and thermal anneal sequence as the infrared sample; the
results being shown in Fig. 3. Examination of the as-received sample (Fig. 3a)
revealed no ESR spectra. Irradiation at 77 X produced a few very weak unidentified
ZSR spectra (Fig. 3b), but these disappeared after warming the sample to room temp-
erature (Fig. 3c). The irradiation at room temperature introduced an intense set
of closely~-spaced ESR iines extending over a 30 G region when the magnetic field
is alizned along the crystal's c-axis. This spectrum, shown in Fig. 3d, is centered
at g_ = 2.0183 and has been assigned by previous investigators to the al-hole
centers.ls'l7’20 The second irradiation at 77 K further enhanced the number of
Al-hole centers (Fig. 3e)

The other half of the quartz bar from which the unswept samples PQ-E10 were
taken had been swept by Sawver. An infrared sample and an ad?acent ESR sample,

both labeled PQ-F12, were cut from this swept portion of the original bar. They

then were subjected to the same irradiation and thermal anneal sequence as the

unswept samples.

12

TS . AT




I0G

Figure 3. ESR spectra from unswept Premium Q sample PQ-E10 after each step
in the following sequence: (a) as-received, without prior irradi-
ation, (b) irradiation at 77 K, (c) anneal to room temperature,

(d) irradiation at room temperature, and (e) reirradiation at 77 K. [
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The infrared absorption results for the swept sample PQ-Fl2 are shown in
Fig. 4. The two bands at 3306 and 3367 cm-l as well as the smaller bands at
3400, 3440, and 3585 cm_l are present prior to any irradiation (Fig. 4a). Irradiation
at 77 K destroys all of these bands (Fig. 4b), but warming the sample to room
temperature (Fig. 4c) restored the 3306 and 3367 <:m-.1 bands and partially restored
the additional weaker bands. Irradiation at room temperature (Fig. 4d) caused no
change in the infrared spectrum while the second irradiation at 77 K destroyed all
the bands (Fig. 4e) in a manner similar to the first irradiation at 77 K.

The ESR spectra obtained from the swept sample PQ-F1l2 following each step

of the irradiation and anneal sequence are shown in Fig. 5. No signals were

observed prior to irradiation (Fig. 5a). The first irradiation at 77 K produced
an intense Al-hole center spectrum (Fig. 5b) but nearly all of these centers were
destroyed during the anneal to room temperature (Fig. 5c). Additional irradiation
at room temperature (Fig. 5d) failed to change the ESR spectrum, while the second
irradiation at 77 K produced an intense Al-hole center spectrum (Fig. 5e) very
similar to that produced by the first irradiation at 77 K.

The combined concentration of centers giving rise to the 3306 and 3367 cm-l
infrared bands along with the concentration of the Al-hole centers were determined
for the PQ-E10 and PQ-F12 samples following each step of the irradiation and anneal
sequency. These results are given in the first and second columns of Tables I and
IT. Although not determined explicitly, the concentrations of AZ—M+ centers
(where M+ represents an alkali ion) given in the third column of Tables I and II
‘ were deduced from the Al-hole center data according to the following scheme. The
difference in Al-hole center concentration following the first 77 K irradiation and
the second 77 K irradiation is taken to represent the initial concentration of
: AZ—H+ centers.22 Since the AZ-M+ centers are not affected by irradiations below

+
200 K but are destroyed by irradiations above this temperature,z7 the A{-M center

concentration remains constant for the first three steps of the irradiation and

14
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Infrared absorption spectra from Sawyer-swept Premium Q sample PQ-F12
after each step in the following sequence: (a) as-received,

without prior irradiation, (b) irradiation at 77 X, (¢) anneal

to room temperature, (d) irradiation at room temperature, and
(d) reirradiation at 77 K.
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Figure 5. ESR spectra from Sawyer-swept Premium Q sample PQ-F1l2 after each
step in the following sequence: (a) as-received, without prior ir-
radiation, (b) irradiation at 77 K, (c) anneal to room temperature,
(d) irradiation at room temperature, and (e) reirradiation at 77 K.




anneal sequence and drops to zero for the last two steps. Finally, the total
concentration of all three aluminum-associated defects is given in the fourth
column of Tables I and II for each step of the sequence.

Similar infrared and ESR measurements were made on samples cut from addi-
tional quartz bars. The concentrations of the various aluminum-associated centers
following each step of the irradiation and anneal sequence are given in Tables III-
VIII for these latter samples. Results for the unswept sample PQ-A20 and the
swept sample PQ-Dl, both Sawyer Premium Q material, are presented in Table III
and IV, respectively. Tables V and VI contain the results from unswept sample
EG-C20 and swept sample EG-F20, both Sawyer Electronic Grade material. The PQ-D
and EG-F lumbered bars were swept by Sawyer. Finally, for comparison, the unswept
sample SQ-Al described in Table VII was taken from a bar of Toyo Supreme Q
material. Sample SQ-A2 was cut from an adjacent position in the same Toyo bar and
then swept in a hydrogen atmosphere at Oklahoma State University prior to obtaining
the data presented in Tabie VIII. In our ESR and infrared absorption experiments,
we have been unable to differentiate between sweeping in hydrogen and sweeping in
air. Thus, we will use the notation hydrogen-swept in the remainder of the report
to refer to sweeping in either atmosphere.

Since the low temperature irradiations did not always destroy all of the
A¢-OH centers in these latter samples (apparently because of insufficient radiation
doses), the AB-—M+ center concentrations were determined by taking the difference in
the sum of the A-OH and Al-hole center concentrations following the first and
second 77 K irradiations. In the case of sample PQ-D1 and EG-F20 where the second
77 K irradiation gave a larger concentration of AL-OH plus Al-hole centers than
the first 77 K irradiation, the AC-M+ center concentration is arbitrarily set equal

to zero.
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TABLE I. Concentration of the aluminum-associated defects in unswept
Sawyer Premium Q sample PQ-El0. Units are 1016 cencers/cmB.
- +
AL-OH [A1e+]° AL-M TOTAL
As~-received 0 0 40.2 40.2
lst 77 X irradiation 0 0.2 40.2 40.4
Anneal to room temperature 0 0 40.2 40,2
Room temperature irradiation 13.8 15.2 0 29.0
2nd 77 K irradiation 0 40.4 0 40.4

TABLE II. Concentration of the aluminum-associated defects in Sawyer-
swept Premium Q sample PQ-Fl2. Units are lO16 centers/cm3.
AL-OH™ (a2 3% ana TOTAL
As-received 11.4 0] 6.0 17.4
1st 77 K irradiation v 12.9 6.0 18.9
Anneal to room temperature 10.6 1.5 6.0 18.1
Room temperature jirradiation  10.3 1.2 0 11.5
2nd 77 K irradiation 0 18.9 0 18.9

18




TABLE III.

Sawyer Premium Q sample PQ-A20.

Units are lO16

Concentration of the aluminum-associated cefects in unswept

3
centers/cm”.

+
AL-M

AL-OH™ (a2 41° TOTAL
As-received 0 0 3.9 3.9
1st 77 X irradiation 0 0 3.9 3.9
Anneal to room temperature 0 0 3.9 3.9
Room temperature irradiaciocn 2.8 0.4 0 3.2
2ad 77 K irradiation 0 3.9 0 3.9

TABLE IV.

swept Premium Q sample PQ-DI.

Units are lO16

Concentration of the aluminum-associated defects in Sawyer-

3
centers/cm”.

+
A2-M

AL-CH™ (a2 ,3° TOTAL
As-received 9.3 0 0 9.3
Ist 77 X irradiation 0 15.1 0 15.1
Anneal to room temperature 8.4 1.7 0 10.1
Room temperature irradiation 9.2 1.0 0 10.2
2nd 77 K irradiation ‘ 0 14.6 0 14.6
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TABLZ V. Ccncentration of the alumiaum-associated defects in unswept

Sawyer Electronic Grade sample EG-C20.

3
centers/cm”.

Units are lO16

AL-0H™ [az_.2° azr-M" TOTAL
As-received 0 0 41.3 41.3
1st 77 X irradiation 0 2.9 41.3 44,2
Anneal to room temperature 1.4 0.7 41.3 43.4
Room temperature irradiation 32.1 5.1 0 37.2
2nd 77 £ irradiation 5.6 38.6 0 44.2

TABLE VI. Concentration of the aluminum-associated defects in Sawyer-

swept Electronic Grade sample EG-F20.

3
centers/cm”.

Units are lOl

6

AL-OH™ (a2 ,1° AZ-M TOTAL
. . 1 1
As-received N.A. 0 0 N.A.
1st 77 K irradiation 3.3 20.4 0 23.7
Anneal to room temperature 13.0 2.1 0 15.1
Room temperature irradiation 11.9 4.9 0 16.8
2nd 77 K irradiatiaon 0 20.0 0 20.0
“N.A. (not available) 20
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TABLE VII., Cconzenctrazion cof

.2 aluminum-associac2d Zefects in uaswes:

1 )
Tovo Supreme { sacmle SQ-Al. TUnits are 15‘5 centers/za”,
- o +
AL-OH fag ] AL-M TOTAL
As-received 0 0 32.3 32.3
lst 77 K irradiatien 0 C.% 32.3 32.9
Anneal to rocm temperature 0 C.3 32.3 32.%
Room temperaczure irradiarion 14.3 22.8 0 37.6
2ad 77 X irradiation 4.5 28.4 0 32.9

TABLE VIII. Concentration of the aluminum-associated defects in hydrogen-

. 16 :
swept Toyo Supreme Q sample SQ-A2. Units are 10 centars/cn”.

- +
~OH r 10 _
A2-0 [az 4] A2-M
As-received 35.1 0 0
lst 77 X irradiation 7.5 31.3 0
Anneal to room temperature 28.4 3.9 0
Room temperature irradiation 27.7 3.9 0
2nd 77 K irradiation 5.0 33.8 0
21
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Figure 6. Production of the 3367 <:m—l infrared band and the [A%  ]° center
ESR spectrum as a function of irradiation temperature %r the
unswept Sawyer Premium Q sample PQ-E1l and the unswept Toyo
Supreme Q sample SQ-A3.
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indicaces the zeoncen:tration of Al-hole centers that can bSe zenevared Hv 1 7

(11}

sults in Fiz. 7 snow that the abili:zv %o enhancs o

[

irradiation. The r
4al-hole centar concentraction by a second 77 X irradiation in unswept samplas
disappears in <h2 sane remperature rezion as the twc infrared Sands. Also
shown in Fig. 7 are the results of similar infrared and ISR Teasuremenzs sn

e swept sampl2 PQ-Flz. 1In direct contrasc to the .mswept samplss, 20

[71]

ignificant changes iIn the 500-9030 X cemperature regicn were observed

swept sample.

E. Discussion
The present sxperimental investigation has provided information abour <=2

role of aluminum (via izs need for charge compensation) in the radiatizan respcnsa

of high-qualicy svnthetic quartz. Specificallv, we have (1) made absolute
concentration oeasurz2ments of aluminum-associatad defects in quarsz a2s a
fxnction of samplz trz2acmenc; (2) provided conclusive avidance suppcriing
g the A2-OH™ model for the 3306 and 3367 cm © infrared bands; (3) further
verified that the radiation-induced mobility of inrersticials is a fundamencal

radiation response ol gquartz, wiile demonstraring that aluminum is a dominans

'3 e

anzerstizial crap; and (4) comparad the radiaticn response of nhigh-qualicy
quarcz cbrained from two independent sources (Sawyer and Tovo).

B
In the present investigation, we did not monizor the Al-M centers

it

directly dut inferred their presence from the absence of AL-OH and Al-hole

centers. It is important to note that this is not a limitation of our resul:s
since the recent acoustic loss measurements of Doherty et al. )where the
Al-Na  centers were observed directly, strongly support our method of accounting

for aluminum ioms not Sownd ia the form of AL-OH or Al-hole centers.
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1. Absolute Concentration Measuraments

The resul:s prasentad in Tables I-VIII suggest that substizutional
aluninum ions in high-quality quarct: have eicther interstitial avdrogen ioms,
radiation-~iaduced holas, or intarscitial alkall ions as charge compensators.
The apsolute concentration of aluminum ions pcssessing a specific ccmpensazs
varias in a svystematic manner, and depends cn wnat stage che sample is a: in
the irradiation and anneal segquence and on wnether the sampla has been swep:
or not. As-received unswept samplas nave only al-M centers whereas as-
racaived hydrcgen-swep: samples have primarily al-OH  cenctars. Sampl
appears =2 be an excepcion o this last scacament but that is simply Decause thsa
sweering wvas no:t completad. The lst 77 X irradsazicn 2.:minates AL-CE cencars
and produces Al-nole centers in nvdrogen-swerst¢ samples, but dees not signl
zancly affec: unswept samplas. Returning a samplie, 2ither svdrogen-swapt or
mswepl, to room temperature Iollowing che initial 77 X irvadiation restores
iz to near the as-received condition. Room temperazura itTadiaticun alwavs
leaves AL-OH™ centers and Al-hole centers; the reiazive ratic of the concen-
crations of the twc centers dapending con factors noc yet identified. Zaly
Al-nole centers ares observed altaer the Iad 77 X irradiaziosn in Scth swept and

unswept samples.
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If all of the aliminum in a sample can be accounted for either as A2-OH ,
Al-hole, or Aﬂ-M‘ cenzers, then the toctals (i.e., the sums of the three centers,
for a given sample will remain constant as the sample is cycled through the
sequenre of irradiations and anneals. Since the data in Tables I-VIII
come from two completelv independent experiments, ESR and infrared absorption,
variations in the totals for a given sample are not unexpected. However, it
is satisfying to note that the observed variations are within the expected
experimental error (including estimates of random as well as systematic
contributions) of 25% to 30%. Amecng the potential sources of error are
(1) the choice of "effective" oscillator strengths for the infrared bands;

(2) the pessibility that the irradiations were not always saturating the
concentration of defects; and (3) the possibility of noruniformity of
aluminum content Zrom the ISR sample to the infrared sample even though they
were taken from adiacent positions in the quartz bars.

In the case of samples ?Q-E10 and EG-F20, the mass spectroscopy data
presented in Reference 22 provides additional confirmation of the aluminum
concentrations faund in the present investigation. Sample PQ-E3 was reported
in the earlier work to have a total aluminum content of 7 ug/g, which is

L 16 -3 o
equivalent to a concentration of 41.3 x 10 ¢m ~; whereas the present ESR

and infrared results (Table I) give a maximum concentration of 40.4 x 1016
cm-3 for the aluminum in sample PQ~El1Q. These two Premium Q samples, PQ-E3
and PQ-E10, are from the same bar, although different locations, and the
fortuitously small difference between the mass spectroscopy and ESR-infrared
results for the toral aluminum concentration can easily be attributed to the

nonwmiform distributicn of the aluminum ions within the quartz bar. Samples

£G-E39 and EG-E42 were reported in Reference 22 to have aluminum concentrations

27
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of 3 and 2 ug/g, respectively (i.e., 17.7 x 10" ez and il1.§ x 10 ca 7).

Sample EG~-F20 is from the same original bar as samples IG-EZ9 and EG-E42 and

b
. .. , 22
should have a similar aluminum content. The ESR and infrared results

(Table VI) give concentrations ranging froz 13.1 x lO16 cm_3 to 23.7 x lOl

6

c:n_3 for the aluminum in sample EG-F20. Again, the agreement between the
mass spectroscopy and ESR-infrared results as to total aluminum content is
reasonable, considering that the EG-£ and ZG-F samplies were from opposite
ends of the original bar.

2. Infrared Band Identifications

- - N

10 il 12-14 ;
In the past, Kats, Brown and Kahan, and others have suggested

{ that the 3306 and 3367 cm—l infrared absorption bands arise from an AL-OH™

center (i.e., on OH molecule adjacent to a substitutional aluminum). Given

the behavior of these two bands as described bv previous investigators, this
is a conceptually satisfying explamation of their origin and since there is ]
no significant conflicting data, the simple 42-0H model has not been dis—_
puted in the literature. However, despite this general acceptance of the
model, conclusive evidence has not yet been presented to directly link the
3306 and 3367 c:x:n_l bands to aluminum. In the case of the paramagnetic
Al-hole center, the presence of aluminum is clzarly indicated by the resclved

7
aluminum hyperfine interactions in the ZSR spectra. There are, of course,
no effects analogous te the hvperfine splitcing which connect the two infrared
bands to aluminum.
. In the present investigation, the concentration of defects giving rise to
b the 3306 and 3367 crn_1 infrared bands in tvdrogen-swept samples (Tables II, 1V,
VI, and VIII) is seen to vary inversely with the Al-hole center concentration.

Whenever the 3306 and 3367 cm-l bands are intense, the Al-hole center ESR
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spectrun is relatively weak, and vice versa. A similar, although not as
pronounced, relationship exists for the unswepr samples (Tables I, IT1, v,
and VII) during the room temperature and 2nd 77 K irradiations. Mcre
preciselyv stated, the sum of the Al-hole center concentraticr and che in-
frared-active-defect concentration remains constant, within experimental

. - , + .
error, for a given sample for all cases where the Al-M center ccncentration
is negligible.

-

The variable temperature irradiation data presented in Fig. 6 and cthe

high-temperature anneal data presented in Fig. 7 provide additional evidence
linking aluminum with the 3306 and 3367 t:z:n'-l infrared bands. In both cases,

the Al-hole center ESR spectrum and the two infrared bands exhibit similar

P L T T

behavior. As shown in Fig. 6, the ESR and infrared spectra are enhanced by

P AP e,

irradiation temperatures above 200 K in previously unirradiated, unswept
samples. The high-temperature anneal data from unswept samples (Figz. 7) show
that the thermal decay of the two infrared bands correlates directly with the
disappearance of the ability to enhance the production of Al-hole centers by
77 X re-irradiation. The hydrogen-swept sample shows quite different behavior
during the high-temperature anneal (Fig. 7) when compared to the unswept samples,
but the correlation between the Al-hole center spectrum and the two infrared
bands remains excellent in the case of the hvdrogen-swept sample. All of the
results in Figs. 6 and 7 are a consequence of the alkali interstitial ions, their
presence in the unswept samples and their absence in the hydrogen-swept samples.
There is no doubt that the Al-hole center is aluminum-related and that
the Al-hole centers and the 3306 and 3367 cm~1 infrared bands are closely

related. The nature of the relationship is either correlative or anti-

correlative depending on the specific experiment (e.g., sum of the absolute J




zoncentrations, variable temperature irracdiations, . righ-temperature anneais’.

Considered as a whole, these results scrongly suggesc that the 33C6 and 3367
-1, . . . . s . .
ca = infrared bands in quartz are associated with subs:cictutional aluminum

ions, and the simplest such defect would be the AL-OH™ center.

3. Radiation Response Mechanisms

It was recognized early in the study of quartz that the radiation-inducea
mobility of intersctitial cations was an important faccor ia the radiation

. . : X
response of both natural and synthetic material. O©'3rien suggested that
the Al-hole center was formed when ionizing radiation removed both am electrc
and a positive interstitial ion (either alkali or hydrogen) from the vicinitw
- o . | . 10 Lo 11 .
of the substitutional aluminum. Kats and Brown and Kahan explained the
. 0 S . . et C

nroduction of the 3306 and 3367 cm = inifrared absorption bands by irradiation
in terms of the retrapping of interstitial hydrogen icns at aluminum sites
after an initial radiacion-induced reiease of interstirial alkali icns from
. . . . . . . .1
the aluminum sites and hydrogen from other trapping sites. King and Sander
have proposed that the transient frequency shifts observed in quartz cscil-
lators result from the radiation-induced motion of interstitial hydrcgen
away frem aluminum sites followed immediately bv a thermally-induced diffusicn
of the hvdrogen back to the aluminur. The more recent work of Markes and ]

. 22 . 14 . s Coi .
Halliburton and Siblev et al. nas snown that the intersti-ial hydrcgen ion
can be displaced by irradiaticn at any temperature whereas interstitial alkalis
cnly become mobile when the irradiation temperaturs is apove 200 XK.

The results from the present study strongly support the work of the
eariier investigators and thus further verifv the following description of
the response of high-quality svnthetic quart: to jonizing radiation. The

: . ; : . . +
aluminum in as-received umnswept quartz normally is only iIn the form of Al-M
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centers and irradiation at 77 K has essentiallyv no effect on such samples.
At this low temperature, the interstitial alkali ion can not be removed
from the aluminum site and this, in turn, prevents hydrogen ions released by
the radiation from being trapped at the aluminum site. The hydrogen :ons,

. . ‘es . 22 - c
instead, become trapped at other unidentified sites. Irradiation of the
unswept samples above 200 X gives quite different results since there is
then sufficient thermal energy available to allow the radiation-iaduced

; R + . o .
dissociation of the AL-M centers. As the interstitial alkali ions are
removed from the aluminum sites, holes and interstitial hydrogen ions are
trapped by the aluminum to form Al-hole centers and A2-OH centers, respec-
tively. Anpealing the unswept samples above 600 K destroys the Al-hole centers

- +

and AL-OH centers and restores the Ai-M centers.

In the case of hydrogen-swept quartz, the interstitial alkali ions have
been replaced by interstitial hydrogen ions and, before irradiation, all of the
aluminum is in the form of A2-OH centers. Irradiationm at 77 K dissociates
the OH molecules and allows the hydrogen to move away from the aluminum site.
The hydrogen then acts as an electron trap while the aluminum becomes a hole trap,

29,30 -
“7»~" and Al-hole centers are formed. If the temperature

i.e., hydrogen atoms
of the sample is raised above 130 K following the 77 K irradiatiomn, the
hvdrogen atems thermally decay and the Al-hole center concentration decreases
22
significantly.”” Irradiation of the hydrogen-swept samples at rcom temper-
atura also dissociates the OH molecules and moves the hyvdrogen away from the
aluminum but the lack of stable trapping sites at this higher temperature
forces many of the hydrogens to return to the aluminum ions. During the
short period of time the hydrogen is displaced from the aluminum, a hole may

be trapped by the aluminum in the form of Al-hole centers. The return of

the hydrogen ccnverts the Al-hole centers back into AL-OH
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centers. Thus, ip hydrogen-swepC sampies, the steady 3tate concentrazicn ¢
Al~hole centers remaining after the room temperature :irradiation is signifi-

cantly reduced from the value attained during irradiation and it is also

considerably less than the steady state concentration produced by a 77 X
irradiation.

Within the genera.i description of the response of quartz to ionizing
radiation, a number of gquestions remain wmanswered. Thus far, ao conclusive
experimental evidence has been presented regarding the identity sf the
elactron traps in quartz. When hydrogen-swept samplas are irradiated and

. . . 29,3C a1 |
maintained below 125 K, hydrogen atoms are believed to play the rcle of
X 31
electron traps. in the case of unswept quartz and hvdrogen-gwept quartz
above 125 K, the datapresented in this report along with additional data to be
31 . . . A T a14
reported, althougn not conclusive, suggest that the interscitial alkasli

ions play a direct role in forming stable electrom traps. Also, the

radiacion-induced dissociation mechanisms for the AL-OH centers and the

+ \ C s
Al-M centers are aot well understood. They appear to be quite distinct
mechanisms, as illusctrated by their significantly different temperature de-
pendences, and our preliminary evidence suggests they are based on elactronic

excitation and thermal excitation, respectively.

4. Comparison of Quartz

The quality of svnthetic quartz samples, as measured by the total aluminunm
content, can vary significantly. 1In the present investigation, four Premium ]
Q and two Electronic Grade samples from Sawyer were examined and the alumiaum
content varied from 1.5 ppm for sample PQ-A20 to 15.3 ppm for sample PQ-EiO0.
These aluminum content values are based on the number of silicon sites

(1L ppm = 2.65 x 1016 Si/cmj) and are taken from the concentration of AaAl-hole
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centers following the 2nd 77 K irradiation, as given in Tables I-VIII. It is
interesting to note the order of magnitude range in aluminum content for

Premium Q material. In fact, the Electronic Grade samples had aluminum contents
that fell within the range of values for the Premium Q material. A number of
reasons exist for the observed variations in aluminum content in synthetic quartz
and include (a) the variation in aluminum content of the natural quartz used as
the nutrient material in the growth process; (b) the hydrothermal growth con-~
ditions in the autoclave, i.e., thermal gradients, mineralizer, etc.; and (c¢)

the quality and orientation of the seed crystal.

Since samples from only one Toyo bar were examined, it is impossible to
generalize about the aluminum content of Toyo quartz. However, the one bar vielded
samples SQ-Al and SQ-A2 with 10.7 ppm and 12.8 ppm values, respectively, for
aluminum content and these fall within the range of values for the Sawyer samples.
Thus, at this time, there is no reason to expect the Toyo material to be signifi-
cantly better or worse than Sawyer material, at least in regard to impurity content.

Finally, as shown in Figs. 6 and 7 and Tables I-VIII, the Sawyer and Toyo )
quartz exhibit nearly identical radiation responses. This consistency in material
behavior for samples obtained from widely separated sources and possibly grown

under differing conditions strongly suggests that we are observing the fundamental

(i.e., universal) response of high quality aluminum-containing quartz to ionizing

radiation.

F. Summary

The present investigation has made use of infrared absorption and ESR measure-
ment techniques to monitor the absolute concentrations of the various compensated
aluminum centers in a variety of high quality synthetic quartz samples. When these
results are coupled with the work of previous investigators, a consistent picture

of the role of aluminum in the radiation response of quartz emerges and can be ,

33




r — S

summarized by the following statements:
(1Y Aluminum in as-received unswept quarrcz is primerily in the form of
*
Al~-M centers.
(2) Aluminum in as-received hydrogen-gswept quartz is primarily in the form

of A¢-CH centers.

~

(3) Al-OH centers are converted to Al-hole centers by irradiationm at 77 K.
. st , . NP —
(4) Al-M centers are not affected by irradiation at 77 K.
- + . - . .
(3) A¢-M centers are converted into AZ-OH and Al-hole centers by irradiation
at temperatures above 200 XK. The ratio of the resulting AZ-OH and Al-ncle centers
evidently depends on the types of electron trups present in the sanmple.
- > 7+ A
(6) In unswept quartz, Af-OH centers are converted into A¢{-M centers by
annealing above 600 XK.
(7) In hydrogen-swept quartz, A{-OH centers are not affected bv annealing
apove 800 K.
Significant questions still remain concerning the identity of electron traps
and the nature of the radiation-induced dissociation mechanisms for the AZ-OH and
s ot . . . .
Ac-M  centers. Also, the fundamental question of why the aluninum in as-grown quartz

much prefers to be in the form of AZ-M centers as opposed o AJ-OH centers has not

teen answered.

) . 3+, . 32 . .
Substitutional Al is present in all quartz and requires charz. compensation.

. - . R & N
Examples of such charge compensators are interstitial Li or Na ions, or holes or

protons at an oxygen lon adjacent to the aluminum. The proton forms an OH wmolecule

32,10

. . - . + - . . .
which is infrared active. The Al-Na defect is responsible for the acoustic

1o8s peak observed near 50 K in 5 MHz 5th overtone AT-cut crystals.33 Irradiation

4,28

.F . . .
at room *emperature destroys the Al-Na centers and this [s responsible for

34




much of the steady state frequency offset. Recent work at Oklahoma State University
has shown that the alxali ions bSecome mobile under irradiation onlv if the tempn-

14,22,28
“,-._,_ . s . :
Following a room temperature irradiation,

erature is greater than 200 K.
either a hole which can be observed by ESR techniques or a proton is found trapped
on an oxygen adjacent to the A13+. The interstitial alkali ions are usually in the
relatively large c-axis channels and at high temperatures can move along the channel
under an applied electric fi.ld. King,A and later Katslo and Fraser,33 used this
technique to "sweep' hydrogen and specific alkalis into the sample. Sweeping
hvdrogen in to replace the alkalis has been shown to improve the radiation hardness
of quartz oscillatots.7

The identification of both growth and radiation-induced defects which affect
the performance of quartz resonators is an important part of our project. Recently,
using sweeping, IR absorption and acoustic loss measurements Martin and Doherty34
reported that the Al-OH center does not have an acoustic loss peak at temperatures
below 370 K. They also reported that irradiation of both unswept and H,- swept
Premium Q quartz resonator blanks produced acoustic loss peaks at 25 K and 100 K
and a broad loss peak between 125 K and 165 K. King and Sanderl had earlier re-
ported the two higher temperature peaks and had suggested that they were caused
by the Al-hole center. The 25K peak had also been observed earlier and was attrib-
uted to changes in the interaction between the resonant vibration of the blank
and the thermal phonons.9 We report here an isochronal anneal study of these three
loss peaks which shows that all three peaks are associated with the Al-hole center.

We also compare the acoustic loss spectrum of unswept and Li-swept Premium Q material.

B. Experimental Procedure
All samples for thils study were cut from an unswept purc Z growth Sawyer
Premium Q bar of cultured quartz that has been given an in-house designation PQ-E.

Samples from this bar have been extensively studied at Oklahoma State University using
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22,32 32,34

ESR, IR, and acoustic loss3A techniques. All of “nese investigations
show that the bar is of high quality but that it :ontains somewhat more aluminum
(10-15 ppm) than the average Premium Q material (5-8 ppm). <Consequently, alumi-
num~related effects are more readily observed.

5 MHz 5th overtone AT-cut plano convex resonator blanks of the Warner35
design were fabricated for this study by K&W Mfg., Prague, OK. The acoustic loss,
Q_l, of the resonator blanks was measured bv the log decrement method from 5 to2
300 K. The measurements were made in a variable temperature helium Dewar with
the blanks mounted in a gap holder similar to the one described bv Fraser.9 The
vlank was driven for 10 ms at its series resonant frequency and then alilowed to
freely decay. The decaying rf signal was detected with a superheterodvne de-
tector and displaved on a variable persistence storage oscilloscope. The expo-
nential decav times were measured using a window dectector to gate a digital timer.

s

Electrolysis, or sweeping, was carried out at temperatures of 470-480 C in

a controlled atmosphere svstem. This system allowed the use of H or get-

2 Dy

. . . . -6
tered N, atmospheres, or an oil-diffusion-pumped vacuum of .pproximately 2 x 10

it

<

Torr. For the acoustic loss studies, the AT-cut resonator blanks were directly
swept. Vapor-deposited Au electrodes were used. For the Li sweeping runs, LiCl
was vapor deposited on the sample surface and then an Au electrode was deposited
over the LiCl layer. The Li electrolysis was carried out in a vacuum better than
5 x 10-6 Torr.

Irradiations were carried out at room temperature using 1.7 MeV electroms
from a Van de Graaff accelerator. Typical doses were approximately 2000 J/cm3
(~4108 rads). This dose is not expected to producé significant knock-on damage,
but it has been shown to saturate the Al-related defects. The production of
Al-0OH7 centers by the irradiation was measured by a liquid nitrogen temperature

polarized infrared scan on the resonator blank.
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C. Results and Discussion

Figure 8 compares the current-versus-time curves for typical H, and Li sweeping

2
runs. The component of the applied field parallel to the ¢ axis is 35 V/cm for the
Li sweep and 1500 V/cm for the HZ sweep. In the H, case, the large initial
current and subsequent decay is most likely caused by the alkalis being removed
from the sample and the low final current is most likely protons being swept through
the lattice. Since Li ions are being supplied from the LiCl film at the positive
electrode, the current remains nearly constant in the Li sweeping runs. Infrared
absorption scans show that no Al-OH centers are present in the Li-swept sample.
Figure 9 compares the acoustic loss, Q_l, versus temperature spectra for unswept,
HZ- swept, and Li- swept resonators fabricated from the PQ-E bar. The Al—Na+ loss
peak near 50 K is absent in both of the swept resonators. We do not see any loss
peaks caused by the Al-Li+ center. Evidently the coupling of this center to the AT
thickness shear mode is much weaker than that of the Al-—Na+ center. An earlier
comparisonls of Hz— and D,- swept PQ-E resonators showed that the Al1-OH center
does not have loss peaks at temperatures below 370 K.

Recently, Martin and Doherty34 reported that irradiation of unswept and Hz—
swept PQ-E resonator blanks at room temperature produced loss peaks at 25 K and
100 K and a broad loss between 125 and 165 K. The peaks were much larger in the

unswept material than in the H,- swept blank. The room temperature irradiation

2
also removed the Al-Na+ loss peak which was present initially in the unswept blank.
King and Sanderl have previously observed the peak at 100 K and the broad loss
between 125 K and 1653 K. They attributed these loss peaks to the Al-hole center.
Martin and Doherty suggested that the 25 K peak is also due to the Al-hole center.
Figure 10 shows the Q-l vs temperature spectrum for the Li-swept resonator blank

in the as-swept condition and after a room temperature irradiation. The radiation-
induced peaxs dre in excellent agreement with the earlier results on an unswept
blank.
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Figure 8.
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The current-versus-time curves are shown for lithium and hydrogen
electrolysis of PQ-E series resonator blanks.
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Figure 9. The acoustic loss, Q_l, versus temperature spectra are shown for

unswept, hydrogen, and lithium swept PQ-E gseries resonator blanks.
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Figure 10. The acoustic loss spectrum of the lithium-swept resonator blank
shows radiation-induced loss peaks at 25 K, 100 K, and 135 K.
The same peaks are observed in unswept blanks. In hydrogen-swept
blanks the three peaks are significantly reduced.
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Defect-related acoustic loss peaks can be described by

$Q-l = Dt/ (Ll + JZ 72) (1)
where AQ-l is the loss above the intrinsic background, D is the strength factor,
w 1s the angular frequency, and T is the relaxation time for reorientation of the
defect. The relaxation time is usually thermally activated as the defect must 3o
over an energy barrier to reach the equivalent sites.36 Thus,

- = Toexp(E/kT) 2)
where E is the barrier height and 5 contains the number of equivalent orientarions
and the attack rate. We have fit Eq. 1, with the relaxation time given in Eg. 2,
to the Al-Nabcencer loss peak and to the three radiation-induced peaks. For pur-

poses of this calculation the broad loss between 125 K and 165 K is described by a

single pe.k centered at 135 K. The calculated parameters are listed in Table IX.

Table IX. Loss Peak Parameters

T(x) E(meV) To(sec) Defect

54 55 2.5 x 10713 Al-Na©

25 8 8.3 x 10710 Al-hole
-17

100 90 10x 10 °° Al-hole

135 110 2.7 x 10712 Al-hole

Our activation energy and relaxation time for the Al-Na+ center loss peak
are in excellent agreement with those determined by Stevels and Volger36 from
dielectric loss measurements. Stevels and Volger have also reported a radiation-
induced dielectric loss peak with E = 7.5 meV and T, " 5 x 10_7 sec. This ac-
tivation energy is in reasonable agreement with our 25 K peak, but the relaxation

37 have also made dielectric loss measure-

time is much longer. Taylor and Farmell
ments on irradiated quartz; they found a loss peak near E = 7.5 meV in agreement
with Stevels and Volger and an additional peak at low temperature with E = 1.2 meV

and = = 6.2 x 107° s.
© 41
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The thermal anneal behavior of the Al-hole ard Al-OH centers in unswept
22 ‘

quartz has been studied by Marks and Halliburton and by Sibley et gl.,l“

respectively. The Al-hole center, as observed by ESR techniques, anneals out

-]

Qe —
slightly below 300 C while the Al-OH center anneals out between 350 C and
-]
400 C. These results strongly suggest that the alkali does not return to the
-]

o
aluminum site until the 350 C to 400 C range is reached. 1I1f the three radiation-

induced loss peaks are due to the Al-hole center, they should show the same an-

nealing pattern as the Al-hole center ESR spectrum. We have carried out an isc-
chronal anneal study on the unswept blank and found that the 25 K, 100 K, and
o

135 X loss peaks all anneal out at 270 C, as shnown in Fig. 11. Thus, all three

loss peaks are most likely caused by the Al-hole center. When the anneal is con-

. . + ) °
tinued to higher temperatures, the Al-Na center loss peak recovers between 350 C

o
)

and 400 C as shown in Fig. 1l1. The anneal of the AL-OH center, as measured by
infrared absorption, in a room-temperature-irradiated unswept optical sample taken
trom the PQ-E bar is also shown in Fig. 11. The Al-OH strength grows slightly
when the Al-hole centers decay and then goes out when the Na+ ions return to the

Al sites.

D. Conclusions
. . +

When a Premium Q resonator blank was swept with Li, the 54 K Al-Na center peak

was removed from tha acoustic loss versus temperature spectrum but no new peak
. .t -

that could be attributed to the Al-Li center was observed. Therefore, we con-

. . .+ , .
clude that zhe Al-Li center shows much less coupling to the AT thickness shear

+
mode than the Al-Na center. Both unswept and Li-swept Premium Q blanks show
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large acoustic logs peaks at 25 K, 100 K, and 135 K when "uey are irradiated at

room temperature. These peaks are also present in HZ- swept material, in which case
thev are approximately 20% of the height observed in the unswept gquartz. Annealing
studies show that all three of these loss peaks are due to the Al-hole center and
that it anneals out at 250°-300°C. The Al-Na+ center loss peax which is removed
by a room temperature irradiation returns for annealing temperatures above 350°C.

The Al-OH center in unswept material anneals out at that same temperature.

IV. MAGNETIC RESONANCE
A. Introduction

Electron spin resonance (ESR) studies in high-quality cultured quartz help
provide information about impurity contents and defact structures. Among the first

ESR results on radiation~induced defects in quartz was the report by Weeks38 of the

t

oxygen-vacancy-associlated trapped electron center, now known as the El center.

' 39
center was carried out by Silsbee, whereas

Further experimental work on the El

. .40 ) . ;
Feigl, Fowler, and Yip theoretically analyzed this center in order to provide
more information on its electronic structure.
Similar oxygen-vacancy-associated trapped electron centers involving hvdrogen.

' 1 41-43 '
centers, have been studied. An extensive analysis of the Ea

4
center crovided a model consisting of an H ion trapped in an oxygen vacancy
. L . . 3 . . . .o 2
aiong with an unpaired electron in an sp~ orbital of . neighboring Si ion. The g,
center's EPR spectrum also shows a hyperfine interaction with a single hydrogen, but
no definite model for tiis center has been proposed.
Another major paramagnetic species found in quartz is the aluminum-associated
. L
trapped hole center (Al-hole center) first observed by Griffiths et al. Q'Brien
was able to explain the electron spin resonance data for the Al-hole center by a

model having a hole trappec in a non-~-bonding orbital of an oxygen ion adjacent to

a substitutional aluminum ion.
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All quartz, both natural and synthetic, contains some aluminum as a substi-
. . . L3+ .
tutional impurity. Also present to charge compensate the A/ which repliaces a
bt . Lo . + .+ + .
Si are interstitial ioms, usually H, Li , and Na . Their presence has been
observed in the electron-like germanium centers in quartz studied bv Anderson and
145 17 17 1
Weil and by Mackey. Mackey and Mackey et al. 8 have also studied aluminum-
associated trapped hole centers involving an interstitial impurity ion. These
. + .+ + . c o
latter centers are designated by [A8e+/M 1 where M represents an interstitial
+ .+ + - o .
H, Li , or Na charge compensator. Such centers are created by icnizing radiation
below room temperature (usually at 77 K) and are only stable at these lower temp-
eratures.
Quartz has large ~-axis channels along which interstitial ions can move.

Katslo applied an electric field parallel to the c-axis and was able to "sweep' in
or out hydrogen and alkali ions for samples temperatures in the 400°C to 350°C range.
Sweeping is very useful in providing a single type of charge compensator and helps
in defect identification studies. Sweeping in hydrogen to replace alkalis has
been reported!‘6 to increase the radiation hardness of quartz resonators.

Markes and Halliburton22 found, in high quality quartz grown using sodium
carbonate as the mineralizer, the majority of aluminum impurity ions are charge-
compensated by neighboring interstitial Na+ ions. They found that electron ir-
radiation above 200 K removed the Na+ interstitials from the AZ sites and either
Al-hole or A¢-OH centers were created. A short re-irradiation at 77 K would
convert all the AZ sites to Al-hole centers indicating that at 77 K the inter-
stitial hydrogen ions have radiation-induced mobility. Heating the samples above
600 K causes the alkali ions to return to the Al sites and the sample is restored
to its pre-irradiated state. These results provide a procedure for testing the

effectiveness of the sweeping process in removing interstitial alkali ions from the

22
quartz samples.
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B. Experimental Procedure

High quality synthetic quartz crystals were obtained from Sawyer Research
Product347 and Toyo Communications Equipment Company.48 The lumbered bars of pure
Z-growth material were cut with a diamond saw into small samples (3 x 8 x 12 mm3)
for use in the ESR studies. The Sawyer samples were Premium Q (PQ) grade quartz
from unswept and swept (by Sawyer) bars. The Toyo quartz samples were from a
Toyo Supreme Q (SQ) bar.

All irradiations were performed using 1.7 MeV electrons from a van de Graaff
accelerator. The 77 K irradiations were done with the sample immersed in liquid
nitrogen, and the 0°C irradiations with the sample Immersed in an ice bath. The
variable temperature irradiations were performed using a nitrogen gas flow system
where nitrogen gas of the desired cemperature flows by the sample while it is being
irradiated. A1l of the ESR spectra showr in Section TV were taken at room temperature.

The ESR spectrometer used was a Varian 4500 using 100 kHz modulation and
operating at 9.23 GHz. The magnet was a Varian 12 inch Fieldial-regulated and
a Narda N6244S-37 microwave amplifier was added to the bridge increasing the
sensitivity especiallv at lower microwave power. A Varian Variable Temperature
Accessory V-4557 using a nitrogen gas flow permitted thermal anneal studies up
to 200°Z. A Varian E-500 digital gaussmeter and an HP 5340A microwave frequency

counter were used to measure g values and magnetic field splittings.

C. Results

When samples of high quality quartz (PQ and SQ) are electron irradiated at
0°C (ice bath), the ESR spectrum (taken at room temperature) shown in Fig. 12 is
observed when the magnetic field is parallel to the c-axis. Since the ESR line-
widths are extremely narrow (< 0.05 G) the phase of the 100 kHz modulation unit was
adjusted to prevent modulation "sidebands" from appearing and giving distorted ESR

lineshapes. All ESR spectra were recorded with the phase adjusted in this manner.
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|
Figure 12 shows ESR lines due to £, centers. In additic . | iree other ESR doudlels

' 1" t

and E, are alsv cbserved.

b1,

the sampie 1s given a short 77 K electron irradiacion, the ESR specirum

shown in Fig. 13 is obtained when the magnetic field is parailel to the :c-axis.

The £, and E3 signals are gone but the El, E,, and a new doublet labeled I, are

verv prominent. The c-axis g-values and magnetic field separations of these

doubicts are given in Table X.
] tt
The small doublet labeled E3 and the center labeled L,
A

temperature and disappear in about 6 hours. The E3 center appears td be an S =

decay s’ .owly at room

[T

T =

center interacting weakly with a 100% abundant I = nucleus (probably hydrogen).

tolr=

" " 1

The other ioublets labeled E., E,, and E, exhibited a large anisotropy in magnetic

1’z 3
49,50

—

field splittings characteristic of S = sogin systems. ‘Weeks and Abrzham

repcrted seeing 5 = . centers in 1.5 MeV electron-irradiated quartz which was

60 . . .
Co *-irradiated at 77 K. The S = 1 centers we have observed appear to be the

same 15 Weeks observed and we have given them E labels, indicating two unpaired

spins Ivrming an 5 = 1 center. Weeks and Abraham took only a rough angular
viriaticn of tne most intense S = 1 center and did not determine accurate spin-
H1ml.tom. a0 tarameters,  we have made an accurate anguiar variation of the ESR
aTeclrimotos 7= D0 center which is shown in Fig. 14.
"
Mo 1, onronil sluse anneal results shown in Fig. 15 for the E  centers

fescribe the thermal stability of these centers for 5 minute anneals at each

tumperature. [he ESR spectra were recorded at 0°C after each anneal. The E,
" tr -
centers arnca. ous at -0°C while the El and E3 centers are more stable and are gone
by 90°.. - |

[t was found that the E centers cculd be produced in all unswept quartz
samples by a short 77 K irradiation provided the samples had previously received

4n electron irradiation at room temperature. A variable temperature electron

irradiation of an as-grown PQ quartz sample was performed where each irradiation
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TABLE X. The c-axis g values and line separations for paramagnetic defects pro-
1] 1
duced by electron irradiation of Sawyer PQ and Toyo SQ quartz. The EZ and E4

centers have splittings due to a hyperfine interaction with a proton, and this

1 "

is probably the cause of the small splitting observed for the E3 center. The E

centers have c-axis splittings due to their S = 1 defect configuration.

Center 8. AHC(G)
E; 2.0005 0.4
E; 2.0010 0.1
E; 2.0011 ~5 (4 lines)
5.0
11.0
17.8




was followed by a short 77 K irradiation (necessary to populate the E centers).
Figure 16 shows the results which indicate that the 77 ¥ irradiation will not

"
produce the E centars unless the sample has received an electron irradiation

above 200 K. Markes and Halliburtonls have found in ESR studies of the [A€e+]o
center in quartz that this is the temperature at which Na+ interstitial ions

become mobile under electron irradiation. The removal of the intersitital! will
leave substitutional AZ3+ ions, allowing an enhanced Al-hole population to be
created by a subsequent 77 K irradiation. For E" centers it is therefore necessary
to perform an irradiation above 200 K before a 77 K irradiation, in order for them
to be observed using ESR. In Sawyer-swept samples where the alkali ions have been
replaced by hydrogen, Markes and Halliburton found no enhancement in the number

of Al-hole centers following the above 200 K irradiation. We have observed only
very small numbers of E” centers in Sawyer-swept PQ quartz. This indicates that the
alkalis (Na+, Li+) must be present in the quartz samples and removed from the

+ . R . . . , . "
3 substitutional ions (by above 200 K irradiation) in order for the E centers

Al
to appear.

The growth of E” centers with room-temperature-irradiation time where each
room-temperature electron irradiation was followed by a short 2 minute irradiation
at 77 X is illustrated in Fig. 17. This shows that the process for moving the
alkali ions away from the aluminum impurity sites occurs fairly slowly. The
approximate dose on the sample after 20 minutes of irradiation time is 2 x lOlS
e—/cmz.

"

Although the magnetic resonance signals for the E centers were observed to
thermally anneal out by 100°C, they could be recreated by a short 77 X irradiationm.
A high temperature thermal anneal was performed to see if there was a point where
the E" centers could not be recreated by the 77 K irradiation. Figure 18 shows the

high temperature anneal results for a PQ quartz sample where each anneal was fol-

lowed by a short 77 X electron irradiation. After an anneal temperature of 600 K,
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the number of F centers formed bv the 77K irradiation is seen to decrease. This

29
is the same temperature range irn which Markes and Halliburton™~ found the :l-iole

center production to decrease. This decrease was attributed to the return of the

alkali ions tc¢ the aluminum impurity sites. Thus, a high-temperature anneal will
"

return the quartz sample to its as-grown state and the E centers will not be

created by only a 77 K irradiation.

D. Discussion

The highly anisotropic angular variation of the ESR spectrum for the E

1"

centers indicates that they are S = 1l centers. We have also detected for the El

center the AMS = 2 "half-field" transition confirming its S = 1 nature. Using the

following spin Hamiltonian for S =1

M - EEE s 55

and the angular variation data for the E, centers, the g and D tensor »rincipal
values and directions given in Table XI were calculated by a least squares fitting

procedure. It is hoped that interpretation of these parameters will lead to a

"
definitive model for the E centers.

"

The correlation of the ESR results for the & centers with the previous results

for the Al-hole center will help us determine the role the E centers play in the
"

overall response of high quality quartz to radiation. The fact that the E centers
are not seen in Sawyer-swept samples of PQ quartz indicates that the alkalis plav

some role in the stabilization of the ¥ defects. Also the alkalis must be moved
"
away from the A/ impurity sites before the E centers are observed. Hopefully, con-
"
tinued study of the E centers as well as the Al-hole and single electron centers

1
(E centers) through ESR and other techniques will give a more complete understanding

of the defect structure of high quality quartz crystals.
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TABLE XI. Principle values and ang.es of the g and D tensors for the El center

in quartz. (D in MHz.)

i 8, = 2.0004 3= 33,1 @ = 54.1
gy = 2.0006 9 = 91.8 o = =33.1
[ gz=2.0014 9 = 57.0 $ = 58.0
F D = 110.6 6 = 34.5 ¢ = 67.0
: X
D = 117.2 6 = 85.1 b = =30.2
y
D = -227.7 6 = 56.0 @ = 56.5
z
J
9
58 .




V. THERMOLUMINESCENCE
A. Introduction

Since many applications of SiO, require the special properties of this high-
purity material in its crystalline form, quartz, there is a continuing uneed for
developing reliable procedures to evaluate the quality of crystals in a nonde-
structive manner. One purpose of this report is to present evidence that the
technique of thermally stimulared luminescence, TSL, can be used as a means of
determining the quality of high-purity quartz specimens and that it shows promise
of being capable of characterizing certain defects present by type and
concentration.

. : . + + .

Direct monitoring of the A/-M centers, where M represents an alkali ion,
presents the greatest experimental difficulty since it requires precise fabrication
ané mecunting of resonators for acoustic loss measurements in a variable temperature

) 28 . . s NP .
helium Dewar. Recently, during a study aimed at providing a definitive picture
. : o , 52
of the role of aluminum in the radiation response of quartz, Halliburton et al.

developed another evaluation method by calculating absolute concentrations of Ai-OH

and Al-hole centers for irradiations at 77 K, 300 K, and then a reirradiation at

77 K. (See Section II of this report.) 1In this work the assumption was made that
the sum of the concentrations of all three types of centers remained constant and
that different treatments simply changed one type of compensator for another. In

+ -
this way the presence of A¢-M centers could be inferred from the absence of AZ-OH

and Al-hole centers. As shown in this work, TSL holds high promise of providing

comparable Al—M+ center information from one simple experiment. ;
An effective method of reducing the concentration of AE—M+ centers 1is the

electrodiffusion ("sweeping') process initially developed by Kinga and used since

that time by many investigators as a technique for changing the reiative concentra-~

tions of charge-compensating hydrogen and alkali ions in defect identification studies.




Particularly pertinent is the report7 that sweeping prior ' fabrication increases
the radiation hardness of quartz crystals used in precision oscillators. The
advantage of the development of a4 simple screening procedure to measure the com- ]
pleteness of a sweeping process is evident.

TSL in quartz has been studied by many investigators. Numbered among them,

for example, are Yokota,53 Arnold,SA Batrak,55 McMorrisDb and Durrani,57 who

have looked at glow peaks above room temperature in a wide variety of natural
and/or synthetic crystals. The results of these studies proved to be very sample-
dependent and attempts to relate individual glow peaks to specific defect centers
and changes in charge state have met with, at best, limited success. Low temp-
erature TSL has received less attention. Medlin58 studied both natural and
svathetic specimens below and above room temperature and for singie crystal
material observed strong glow peaks at 190 K and 210 K as well as four minor peaks
between 90 K and 150 K. He attempted a systematic survey of the effect of adding 1

different cation impurities during the crystallization process but concluded that

of the more than twenty tried, only Ti$+ affected the glow curves c¢f the synthetic
samples. The addition of this impurity gave rise to an intense glow peak at 165 K.
[, The emission spectrum for the 165 ¥ glow peak consisted of several clesely spaced

bands in the 400-700 am region. Other glow peaks showed an emission maximum near %
' 330 nn. Schlesinger,59 working mainly with Ge-doped crvstals, observed low temper- 3

ature glow maxima from 190 K to 300 K and used a re-excitation technique to conclude :

that the main glow peaks in this material wer2 due to thermally-released electrons.
| The 2537 K peak, however, was assigned to thermally-released holes. Levy and col-

. X . . 60
laborators using gamma-irradiated natural and synthetic crystals found all
significant TSL output was contained in the region between 150 K and 220 K with at

least four resolvable glow peaks corresponding to different charge traps. The origins

ey T T T T e

of the traps and whether they trapped holes or electrons was not determined. The

emission spectrum at 180 K could be accurately described by a single Gaussian band
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with maximum at 380 nm and a half-width of 0.82 eV. The current work on extremely

12

Y - = 4
L4,~2,2/ 8,3.1

v »
has shown

high purity synthetic quartz at Oklahoma State Universicw
that under irradiation, hydrogen iuvns are mobile at all temperatures while inter-~
stitial alkali-metal ions only become mobile above 200 K. The TSL investigation

reported here is confined to the range below room temperature where radiation-

induced mobility effects are prominent.

B. Experimentali Procedure

Samples were taken from single crystal ingots of both Electronic Grade and
Premium Q material purchased from Sawyer Research Products, Fastlake, Ohio and from
a Supreme Q bar obtained from Toyo Communications Equipment Company, Kawasak:,
Japan. Only Z-growth material was investigated. Since other experimenters have

made use of specimens from the same bars, impurity analvses, autoclave, and electro-

el [=<al
diffusion ("sweeping'') information are available in their papers.z"‘>~ Although
certain sweeping techniques have been developed locally, all swept samples studied
in this work were purchased as such from Sawver where thev had been swept in air.
Data in the last three columns of Table XII are taken from the work of Halliburton
52 . ut , 0 . . - .
et al. and show the Al-M | [Axe+] (aluminum-hole), and the AL-OH concentraticns
deduced for samples taken from the same ingots as thos wused in the TSL experiments.
It should be noted that the impurity concentrations in a single ingect can varv con-
. , 12 .
siderably, as Lipson et al. have shown. This suggests that some care should be
taken in assuming that the calculated c. centrations are absolutely character-
istic of the whole bar.
. . - 3 .
Samples were cut in the form of plates approximately 13 x 13 x 3 mm~ perpendi-
cular to the c-axis of the crystal. They were then mounted on the copper cold
finger of a cryostat originally designed for low temperature optical absorption

o]
studies. A rectangular hole of 12 x 6 mm” in the cold finger and a matching hole

in a second copper plate placed on the other side of the sample and attached to the
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cold finger Zor temperature uniformity allowed the quartz specimen oo he irradi-
ated rfrom either side and to be observed simultancously from bHoth sides while heing
warned. Samples were irradiated at 95 K through a 2.905-inch-thick aluminum window
with Ll.5-MeV electrons from a4 Van de Craaff generator operating at a beam current
of 10 .A for a total time of five minutes. Direct calibraticn using a glass dosi-
meter indicated specimens were typically irradiated to a dose c¢f the order of c¢ne
Mrad bv this procedure. After irradiacion, the cryostat was placed in front of ain

optical detection system consisting of a 0.5-meter 3ausch and Lomb monochromaccr

%
e
&1
jonl
£
o]
%)

I 6256 photomultiplier tube connected tc appropriate electronics for the
determination of the spectral distribution of the TSL. The wavelength range of
200 nm to 700 nm could be scanned in 2.5 minutes. At the same rime, total zlow
curves were observed from the opposite face of the crystal using an EMT 9558Q
photomultiplier tube. A heating rate of about 11 K/min was used. Photemultiplier
cutputs were plotted versus wavelength and thermocouple voltage, respectively, on

two Houston Instrument X-Y recorders. Comparisons of the two traces at 2quivalent

time points and monochromator scans in both wavelength directions over the zlow

v]

oseak regions were used to compensate {or the changes in glow peak intensitv durin:

it

single spectral analysis wavelength scans.

In order to zain better insight into the origin of the TSL, changes asscciated
Wwith 4 series of irradiations at different temperatures were also studied. The
results thus obtained were comparad with those of other local experiments
infrared, ESR, and \) properties were evaluated after similar multiple treatments.
Por this work the specimens were initially irradiated at 95 K with 1.3-MeV electrons
as described above. Although limitations imposed by the construction of the crvestat
nrecluded 77 K irradiations for direct comparison purposes, cther evidence indicates

29 97
22,27,52 after

that very little annealing of defects occurs between 77 K and 95 K.
a TSL run to 300 K, the samples remained in the cryostat and were irradiated at 300 K

~-- or at some other specific temperiturae abeove 93 X -—= Yor avother total of 5 minutes.

S
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:
|

They were chen recooled to 95 K and reirradiated. Foilow | multiple irradiations
which produced a change in the TS as described below, the specimen could essentially
be returned to its initial condition by a 750 ¥ dannweal for ten minutes. This effect

4,22

. ) . 1 )
had been observed previously through other measurement techniques.

. Experimental Results

Figure 19 compares the TRL data for an Flectronic Grade (EG-2170 and &
Premium Q (P?Q=Al0) specimen after 1 95 K irradiation. Neither of these samp.es nad

been swept. As might have been anticipated, Premium () specimens (wiln an  2xcepticn
=] t 4 t

to be noted later) showed generally reduced TSL output. The glow peaks clearly
fall into three temperaturc regions: legisn I (115-145 K), Region IT (145-185 K)

aad Region ITII (185-270 K). The general pattern of the data in regions I and IT1
was reasonably consistent For all the unswept samples studied but beth the size and
number of distinguishable glow peaks in Region II were considerably more sample-
dependent.

Samples which had been swept show marked differences from unswepnt samples as
indicated in Fig. 20. Here it can be seen that for swept samples there is n» emissicn
in Region III and the emission in Region II is significantly less. The peak in-
zensity of Region I was found to be somewhat dependent on the length of time hetween
the irradiation and the initiation of the TSL run. It was also observed that when
the initial irradiation temperatures were avove 100 K, tnis peak was greatly reduced
sr m.ssing from the glow cur-e.

Because total TSL output of all measured specimens was low, the simpler glow
peark structure in Regions I and III yiclded the most definitive spectral distribution
data.  Ta both cases the spectral peaks were broad and relacively featureless.

Zeg.on L light showed 1 maximum arcund 450 nm with a half-width of about 3.5 eV.
Comparable figares for Region TIT were 320 nm and 6.75 eV, Region IT evaluations
were ccaplicated * the prosence »f as manv as five overlapping, resolvable total

hé
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g8low peaks in some Electronic Grade samples but were in basic agreement with the
results of Region [TI.

Halliburton et al.52 have clearly shown that a 200 K irradiation can change

the distribution of hydrogen and alkali-metal ions in high-purity quartz. Such a
treatment has also been found to change the TSL. After a 300 K irradiation and
reirradiation at 95 K, the Region II and [I1 glow peaks are considerably suppressed
as can be seen in Fig. 21 while Region I is essentially unaffected. One is reminded

that the effect of the 300 K intermediate irradiation can be eliminated by annealing

the sample at 750 K for 10 minutes,

52

In addition, Halliburton et all™ have shown that irradiation at temperatures

as low as 200 K can enhance the concentrations of A2-OH and Al-hole centers while
reducing the Al-M+ center concentration. Corresponding effects were sought in TSL
studies. Irradiation of unswept specimens at an intermediate temperature in the
200-300 K range followed by reirradiation at 95 K and a TSL measurement was found to
result in a decrease in the height of the Region III glow peak as measured from its
initiation point. In Fig. 22 TSL data for two specimens are shown as a function of
intermediate irradiation temperature and compared with infrared, ESR, and Q—l data
obtained in other local experiments.28 The comparison with the trend of the Q—l
data and the inverse correlation with the infrared and ESR data strongly suggest
that all four techniques serve as indicators of the movement of alkali-metal icns
away from charge-compensating positions adjacent to aluminum substitutional defects. !
Some temperature differences are observed but this is not considered surprising

in view of the variety of cryostats, mounting and handling techniques, and crystals
used. Further evidence that the TSL peak in Region III varies with the AL-M+ center
concentration appears in the first column of Table XII where peak heights measured

after single (95 K) and double (300 K and 95 K) irradiations of specimens from

several representative bars are included with the other data described.
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Another important effect was observed when samples wer (rradiated at inter-
mediate temperatures below 300 K and then reirradiated at 45 K fuor a TSL run. 4
new, extremely strong glow peak appeared in the 180-210 K region in unswept specimens.
Some overlapping of this peak with the regular Region IIT1 peak is taken to be re-
sponsible for the point scatter in the TSL data of Fig. 22. As shown in Fig. 23,
the intensity of the new peak goes through a maximum for an intermediate irradiation
temperature of about 200 K. The data plotted are for an unswept Premium C sample

(from bar PQ-E) which was determined by other techniques {see Table XII) tu nave a

w

. - . - + L '
particularly high concentration of A2-M centers. Similar, but less prouounced,
behavior was observed in an unswept Electronic urade specimen of lower aluminum

content. No such peak appeared in a swept Premium O sample which also showed no

initial Region III peak.

D. Discussion and Conclusions
. 27 . , . . . _
From previous work there is now good evidence that aluminum impurities and
. . + . . - . s A +
their compensating defects such as H 1ions in the form OH and alkali ioms, M ,
are responsible for many important properites of high-purity synthetic quartz.
. 52 . o

Recent studies at Oklahoma State have emphasized methods for determining the
Jefect concentrations in such crystals using infrared, ESR, and accustic loss
techniques. A related technique, TSL, has been recognized for many years as having
the potential to nondestructively measure impurity concentrations and radiation
doses. 1If it can be shown that a TSL glow peak corresponds to the presence of a
particular type of defect in quartz and that the intensitv of the peak is prcportional
to the roncentration of this type of defect, an impurtant advance will have been made.

The TSL data in Fig. 22 and Table XII strongly suggest that the emission in
A : K3 + 1 I3 . .
Region LIl is due to the presence of AL-M centers and that the intensitv of this
glow peak is 4 measure of the concentration of these centers. Thus, it is proposed l

that the existence and magnitude of the Region TIT TSL peak in as-grown or annealed

70
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; . +
(758 K) quartz can be used as a nondestructive test for the presence of AL-M

defects. This test should improve and simplify the rout:ine evaluation of guartz
quality for use in radiation-resistant precision oscillators.

Region I emission occurs in all crystals which have been irradiated at suf-
ficiently low temperature and is tentatively assumed to be due to the presence of
hydrogen in the form of hydrogen atoms, H°. Markes and Halliburton22 have
preseuted pulsed thermal anneal ESR data which show that H° centers are present
following low temperature irradiation and are thermally destroyed between 115 K
and 135 K consistent with the assumption. The recombination process responsible
for the 450 nm light is unidentified but release of the hvdrogen electron to an
Al~hole center is a plausible candidate.

The complexity and variability from sample to sample of the Region II TSL has

22
already been described. The above-referenced pulsed thermal anneal data also
indicate the presence and change in number of several unidentified, but probably
oxygen-vacancy and/or hydrogen-related, defects in the same temperature region.
Recombination processes in this Region -~ and in Region III -- must differ frem
those in Region I as shown by the spectral response results.

Perhaps the most intriguing and unexpected effect found in this investigation
was the appearance of the very intense TSL peak in the 180 K-210 K region fol-
lowing a double irradiation procedure in which the first irradiation was carried
out at some intermediate temperature between 145 K and 300 K. The origin of thais
peak is unknown at this time but cercainly deserves further study since it mav help
to elucidate the details of the process by which thermal and irradiation effects
combine to dissociate compensating alkali ions from aluminum impurity centers above
200 K. The new peak also shows a correlation with the presence and behavior of the

_ +
regular Region III peak already proposed as an indicator of Al-M defects,

e.g.: 1) maximum magnitudes observed are greater for specimens with higher Region III




peaks, 2) the emission spectrum of the TSL output agrees with that of the Region
II1 peak, and 3) the peak did not appear upon intermediate irradiation of a swept
Premium Q specimen which also showed no Region III peak.

Unfortunately, although the effect 1s large, it is very sensitive to the
specific value of the intermediate irradiation temperature (see Fig. 23) and
involves multiple operations before a TSL run can be initiated. This leaves the
regular Region III peak intensity -- as proposed earlier -- a simpler and more

reliable indicator of high-purity crystal quality.
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