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Unswept and vacuum-swept synthetic quartz crystals were investigated in order to determine the
mechanisms responsible for the radiation sensitivity of this material. Results were obtained by
means of infrared (IR) spectroscopy, dielectric relaxation spectroscopy (DRS), and
thermoluminescence (TL). First, the effect of vacuum sweeping was clearly demonstrated in IR
absorption by a significant decrease in the amount of hydroxyl ions and in DRS by the
disappearance of the dielectric loss peak arising from the relaxation of alkali ions. Second, it was
shown that swept quartz is less sensitive to irradiation than the unswept crystal. A sharp decrease in
the TL sensitivity of the electrolyzed material was observed in the energy range corresponding to the
recombination of alkaline-electronic defects. DRS results indicated that the dielectric signal is
shifted toward a lower energy range for both types of crystals, suggesting that the irradiation greatly
facilitates the relaxation of alkaline species by creating low energy hosting sites. However, this shift
is drastically less pronounced in the swept quartz because relaxing species are more stable in this
material. Third, a correlation was established in TL between trapped charge carriers at point defects
in quartz and the frequency variation in quartz oscillators, which is a very promising result for space

applications. © 2009 American Institute of Physics. [DOI: 10.1063/1.3141750]

I. INTRODUCTION

In space systems, quartz crystals are mainly integrated in
ultrastable oscillators (USOs) for different applications in
telecommunication, navigation, science, or precise
positioning."* A high stability of these USOs is required over
the lifetime of satellites (from a few years up to 20 years)
and their specifications should be compatible with severe
environmental conditions.

However, radiation effects due to cosmic rays, trapped
protons, and electrons in the Van Allen belt, illustrated in
Fig. 1, are responsible for a frequency shift for quartz USO
embarked on board of spacecraft having a low-Earth orbit,
which impair their performance. One of the major programs
concerned by this issue is the Doppler satellite tracking sys-
tem Doppler orbitography and radio positioning integrated in
space (DORIS) developed by the Centre National d’Etudes
Spatiales (CNES) for precise orbit determination and ground
location with an accuracy of a few centimeters.” Since 1990,
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it is on board of JASON1 and ENVISAT altimetric satellites
as well as of remote sensing SPOT series 2, 4, and 5 satel-
lites. It also flew with SPOT3 and TOPEX-POSEIDON. A
new DORIS generation has been designed for JASON2
(launched in June 2008) and will be employed for PLEIA-
DES, ALTIKa, CRYOSAT2, HY2, SENTINNEL3, etc.
Previous work showed that radiation sensitivity of USO
is essentially due to the quartz resonator.’™ The frequency
fluctuations depend on resonator technology (design), quartz
crystal quality (impurities, dislocations, etc.), and also the
radiation characteristics (dose, flux, and temperature).
Norton et al.'® demonstrated that the signature, magnitude,
and direction of frequency variations resulting from 123
MeV proton and low level 1.25 MeV gamma (vy) radiation
are nearly identical for a given quartz resonator. These re-
sults confirmed by Suter,'' and more recently by Cash et
al.,'* indicate that the radiation induced frequency changes
are primarily ionization effects. Consequently, y radiation
data for low level radiation exposures can be accurately used
to predict the performance of a resonator when subjected to
proton radiation. This is very convenient because v irradia-

© 2009 American Institute of Physics
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tors, contrary to proton accelerators, are relatively inexpen-
sive and offer the possibility of adjusting the radiation dose
rate either by using shielding or varying the distance between
the device under test and the source. Since electrons (8) in
the MeV energy range mainly interact through ionization
processes with matter, B accelerators may also be employed.

In order to understand the mechanisms responsible for
the radiation sensitivity of quartz, it is necessary to study in
detail the material itself. There are numerous tools available
to measure the amount of imperfections in crystals and also
the displacement or recombination of defects such as induc-
tively coupled plasma (ICP) and glow discharge mass spec-
trometry for chemical analyses, x-ray topography for dislo-
cations, electron paramagnetic resonance for paramagnetic
defects, infrared (IR) spectroscopy for proton content, ther-
moluminescence (TL) for trapped charge carriers at point
defects, and dielectric relaxation spectroscopy (DRS) for
charges dynamics. These last three spectroscopic techniques
are jointly used within the framework of this study.

The present paper focuses on the fine analysis of un-
swept and swept synthetic quartz crystals. The first part (Sec.
IT) describes the studied materials, the sweeping conditions,
and then summarizes the experimental procedures. The sec-
ond part (Sec. IIT) is dedicated to the characterization by IR,
DRS, and TL of quartz samples before and after irradiation
and also after a heat treatment at high temperature. The re-
sults obtained allow first to select the most appropriate ma-
terial for space applications in terms of radiation sensitivity
and, second, to establish a possible link between microscopic
characteristics (population of point defects) and macroscopic
properties (mechanical vibrations) of quartz.

Il. EXPERIMENTAL DETAILS

The a-quartz crystals investigated in this work were
manufactured by the GEMMA Quartz & Crystal Co. They
originate from two pure Z-zones of Y-bars with a 16
X 16 mm? square section. The Z faces of one bar were
clamped between platinum foil electrodes and swept (elec-
trolyzed) under vacuum at 490 °C with an electric field in-
tensity of 2500 V cm™! for about 10 days. Under these con-
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FIG. 1. (Color online) Spatial distribu-
tion of solar energetic protons (greater
than 60 MeV) (left) in the usual South
Atlantic anomaly (SAA) region and
(right) at SAA antipodes. Satellites
having a polar low-Earth orbit are sub-
mitted to periodic irradiations.

ditions, alkali ions located in the vicinity of substitutional
aluminum impurities are replaced either by protons released
by growth defects to give [AlgO;/H*]°(Al-OH") or by
electronic holes (h*) coming from the anode to form
[Al;0;/h*]°(Al-h*) paramagnetic defects.'*'* A comprehen-
sive review of the sweeping phenomenon has been provided
by Martin."?

Samples used for IR experiments were cut in the form of
plates (16 X 16 X5 mm?) perpendicular to the mechanical Y
crystal direction with surfaces optically polished. A NICO-
LET 750 Fourier spectrometer was used to acquire IR ab-
sorption spectra. During measurements, samples were ori-
ented such that the incident light is parallel to the Y axis.
Data were obtained at liquid nitrogen temperature (77 K)
using a metal Dewar equipped with CaF, windows for the IR
beam.

Quartz crystals characterized by DRS and TL were SC-
cut (defined by #=-34° and ¢$=22° in the IEEE87 Stan-
dards) disks of about 9 mm of diameter with a thickness
close to 0.5 mm. Dielectric measurements were carried out
using a Novocontrol Alpha dielectric analyzer. Blocking
electrodes made of 10 um thick polytetrafluoroethylene
(PTFE) films were inserted between each sample and the
metallic electrodes of the apparatus. This allows the dc con-
ductivity contribution of the sample to be transformed into a
dielectric loss peak. The temperature dependence of the di-
electric loss signal (¢’) was measured at fixed frequency (f
=0.02 Hz) and at a constant heating rate (0.5 deg min~') for
temperatures ranging from —150 to 250 °C. f was chosen
according to the sample conductivity such that the resonant
&' (T) peak is entirely measured in the explored temperature
range.

IR and DRS samples were irradiated using a Shepherd
irradiator which contains a ®®Co (1173 and 1332 keV 7y rays)
cylindrical sealed source. Irradiation was performed at room
temperature (RT) for doses ranging from 10 to 1 kGy with a
dose rate of 250 Gy h™'. Quartz crystals characterized by
DRS were also submitted to a subsequent annealing treat-
ment at 450 °C in air for 24 h.

TL data were recorded by means of an automatic labo-
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FIG. 2. (Color online) IR spectra obtained at 77 K of an unswept and a
vacuum-swept quartz crystal.

ratory designed appalratus]6 composed of a heating finger ca-
pable of heating a sample up to 500 °C in a nitrogen atmo-
sphere at a constant rate (2 degs™' in this work). The
subsequent luminescence was detected by an EMI 9813QKA
photomultiplier associated with two Schott BG12 optical fil-
ters and one IR rejector. The spectral window was from 350
to 470 nm. A *°Sr—""Y source delivering electrons () at a
dose rate of 250 Gy h™! mounted in our equipment was used
to irradiate the samples at RT.

Ill. RESULTS AND DISCUSSION
A. IR measurements

Figure 2 compares the IR signal of an unswept and a
vacuum-swept pristine (unirradiated) crystal. The major fea-
ture of both spectra consists of the characteristic relatively
broad bands around 3300 and 3200 cm™', which are associ-
ated with the intrinsic Si—O stretching overtone vibrations of
the quartz lattice.'” We also observe a large absorption band
in the 3600-3200 cm™' range superimposed upon several
peaks. The nature and the structure of defects correlated with
this broad band are not well understood yet. For some
authors,'® it may be related to Si—-OH groups and for
others,'”* with microbubbles of liquid water (liquid inclu-
sions) or clusters of water molecules such as substitutional
(4H)g; defects, in the form of [H,0,]° and H,O interstitial
defects.

Only the unswept crystal exhibits the well-known s
bands located at 3348 cm7'(s;), 3396 cm'(s,),
3438 cm™!(s;), and 3580 cm‘l(s4).21 They involve OH
groups trapped at impurities during the hydrothermal synthe-
sis of quartz.zz’21 The electrodiffusion process results in the
substitution of the s-quadruplet by the e, band at 3366 cm™'.
The latter arises from the presence of protons at Al-O bonds
within Alg0, tetrahedra,”>* thus giving [Alg;0;/H*]° de-
fects. It also induces a significant reduction in the intensity of
the broad band visible in the 3000 cm™! region.zs_28 These
observations are consistent with the fact that during the
course of vacuum sweeping, Al-OH~ defects are formed
concomitantly with Al-h* ones'*'* due to removal of inter-
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FIG. 3. IR spectra recorded at 77 K of an unswept quartz crystal before and
after a 1 Gy vy irradiation dose.

stitial alkali ions from aluminum tetrahedra and their subse-
quent replacement by protons coming from conventional
growth defects.*+22

An irradiation at RT of an unswept crystal also induces a
drastic reduction in the s-quadruplet associated with the ap-
pearance of the e, band (Fig. 3). However, in the present
case, the latter is much less intense than that observed in the
swept material. In order to understand this observation, one
ought to specify that ionizing radiation produces a large
number of electron-hole pairs in the insulator materials they
pass through. Their presence is especially crucial in quartz
because they lead to the radiation-induced mobility of both
protons as well as alkali ions above 200 K, thus giving a
mixture of Al-A™ and Al-OH~ defects through mechanisms
which are still unclear.'***

B. DRS measurements

The evolution of the dielectric losses (€’) measured for
the unswept and swept pristine quartz materials as a function
of temperature is shown in Fig. 4. The increase in the signal

14

pristine quartz
12

10 1 unswept

£"(S.1.)

swept

T T T T T T T
0 50 100 150 200 250
T(°C)

FIG. 4. Dielectric losses (€') measured at f=0.02 Hz vs temperature for an
unswept and a vacuum swept quartz crystals.
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at high temperature corresponds to the so-called Maxwell—
Wagner—Sillar effect which results from the accumulation of
ionic charges at the blocking sample-electrode interface. In
contrast to the electrolyzed quartz crystal, the unswept
sample displays a dielectric loss peak centered at 170 °C.
This suggests that the latter material is less stable than the
swept one in terms of dielectric properties, which implies
that it has charge carriers relaxing at lower energies.34
Dielectric losses arise in quartz from impurities such as
alkali ions or protons that possess several crystallographi-
cally equivalent orientations with the basic structural unit of
the AlgO,4 tetrahedra, among which they may reorient
preferentially.35 According to the elementary microscopic
process, the potential barrier AE to be passed over by charge
carriers between two potential minima can be calculated
from the relaxation time 7 that characterizes the hopping
mechanism via the following exponential (Arrhenius) law:

AE

T=17, exp[k—T}, (1)

where k is Boltzmann’s constant, 7" represents the tempera-
ture, and the pre-exponential factor 7 is linked to the inverse
of the oscillation frequency attributed to the impurity trapped
in its host site. We assumed that 7, is a constant equal to
10713 §.% Taking into account that at the peak maximum
w7=1, where w is the electric field pulsations (w=27f), we
then determined the most probable potential barrier (AE) to
be passed over by the charge carriers. The value of 1.22 eV
calculated for the unswept crystal is very close to those ob-
tained for Li* and Na* implanted quartz materials suggesting
that relaxing charge carriers are probably these ion species.37

The detrapping energy of hydrogen ions from aluminum
tetrahedra can be expected to be too high to be observed in
the explored temperature domain for the chosen fixed fre-
quency f.38 The absence of a dielectric loss peak in the swept
material thus agrees with the fact that interstitial alkali ions
have been eliminated from the lattice and partially substi-
tuted by protons according to IR data.

The evolution of €' (7) in the case of the unswept and
the swept quartz crystals before and after irradiation for
doses of 10 Gy, 100 Gy, and 1 kGy is illustrated in Fig. 5.
Some signals seem to be poorly resolved probably because
of bad contacts between PTFE/metallic electrodes and the
sample during measurements. The irradiated unswept crys-
tals display a dielectric loss peak shifted toward low tem-
peratures compared with its position in the pristine state.
This tendency is valid whatever the irradiation dose is. We
note that the sample exposed to 10 Gy exhibits a peculiar
behavior with the appearance of two peaks. Compared to
unswept quartz, irradiated swept crystals exhibit a dielectric
loss peak with lower intensity and located at higher tempera-
ture.

A 7y ray exposure with doses of 10 Gy, 100 Gy, and 1
kGy thus induces a decrease in AE for both materials. This
observation demonstrates that alkali ions are less trapped in
the irradiated samples and relax more easily.”‘42 It is con-
sistent with the fact that upon irradiation at temperatures
above 200 K,33’43 alkali ions are released from their initial

J. Appl. Phys. 105, 113523 (2009)
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FIG. 5. Dielectric losses recorded at f=0.02 Hz vs temperature for unswept
and vacuum-swept quartz crystals before (dashed line) and after irradiation
(solid line).

host site and replaced by electron holes to form the Al-A*
defects. The alkali interaction with the oxygen atom of the
aluminum tetrahedron thus decreases.

As reported in Table I, the relaxation of charge carriers
strongly depends on the irradiation dose in the unswept
quartz in contrast to what was already reported for doses
greater than 100 Gy.42 The following tendency is in quite
good agreement with the creation of [Alg;0;/Li*]*" defects
up(ﬁ irradiation, which was demonstrated by Halliburton et
al.,

TABLE 1. Detrapping energy (AE*+0.02 eV) obtained from DRS results in
the unswept and vacuum-swept quartz materials after 1 Gy, 10 Gy, or 1 kGy
v irradiation and annealing treatment at 450 °C.

AEunirrradiuled
Unswept 1.22
Vacuum swept e
AE)) gy AE g 6y AE| yqy
Unswept 0.66; 0.92 0.54 0.89
Vacuum swept 1.16 e 1.09
AE g Gysaso-c AE00 Gy+450 °C AE} kGysa50 °C
Unswept 1.19 1.18 1.15
Vacuum swept 1.29 e 1.29
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FIG. 6. Dielectric losses recorded at f=0.02 Hz vs temperature (above) for
unswept and (below) vacuum-swept quartz crystals before irradiation
(dashed line) and after an irradiation-plus-annealing treatment at 450 °C
(solid line).

AE; 1y < AE ) gy <AEjq cy-

This suggests that the detrapping energy calculated for the
irradiated quartz is inversely proportional to the number of
lithium-related defects induced by irradiation. The appear-
ance of two dielectric loss peaks in the unswept quartz ex-
posed to 10 Gy may be due to the relaxation of two groups of
charge carriers related to Li* and Na* relaxations, respec-
tively.

In contrast to the untreated quartz, the vacuum-swept
material is not very sensitive to the irradiation dose (Table I).
This probably results from the high stability of charge carri-
ers in this material. The dielectric loss peak may linked to H*
or K* ions which were not eliminated during vacuum sweep-
ing.

Dielectric losses of both materials before irradiation and
after an irradiation-plus-annealing procedure at 450 °C are
illustrated in Fig. 6. It is clearly shown that signals of the
unswept quartz samples are very similar in position and in
shape before irradiation and after annealing. A heat treatment
results in a full recovery of the initial [AlgO;/M*]° defects
which have been transformed by irradiation, as revealed by
AE values very close to those obtained for the unirradiated
sample. Consequently, the creation of defects by irradiation
is perfectly reversible in untreated synthetic quartz upon an-
nealing at 450 °C.

J. Appl. Phys. 105, 113523 (2009)
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FIG. 7. TL curves taken at a heating rate of 2 degs™' of unswept and

vacuum-swept quartz disks unirradiated and S-irradiated at 1, 10, and 100
Gy.

In contrast, the same annealing conditions are not so
optimal in the case of swept crystals because they exhibit a
dielectric loss peak centered at 1.29 eV, whereas no peak was
observed in the pristine state. This is probably due to the fact
that in this material, charge carriers are much too stable to be
restabilized in deeper sites upon annealing.

To conclude, it is clearly demonstrated that DRS is a
powerful tool for studying the relaxation of alkali ions in
quartz crystals. It has been shown that charge carriers in the
unswept material (probably Li* and Na*) are less stable than
those of the unswept one before irradiation, after irradiation,
and also after an irradiation-plus-annealing treatment. From
these points of view, the vacuum-swept quartz appears as the
most appropriate material for space applications.

C. TL measurements

Figure 7 illustrates the TL response of unswept and
vacuum swept quartz crystals before and after 1, 10, and 100
Gy B irradiations. We do not observe any signal in both
pristine quartz materials. This behavior is to be distinguished
from that of DRS where the local displacement of interstitial
alkali ions was observed in the pristine unswept sample.
Thus the sole movement of a mobile ion does not give rise to
luminescence within the spectral window used (350-470
nm).
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TABLE II. Lifetime (7 in seconds), pre-exponential factor (A), and relative intensity (percent) of four expo-
nential components deduced from TL decay curves after a preheating time at 85 °C.

Unswept quartz

Swept quartz

TL emission peak/domain

©C) r A (%) r A (%)
110 15 238 300 86.9 15 7000 3.7
130-150 330 9800 3.6 e
680 13000 69.5
150200 4800 1100 0.4 5500 50 000 35
200-250 13 500 25 000 9.1

The unswept quartz materials exhibit the well-known
peak at 110 °C, 54 the intensity of which increases with the
dose. The appearance of numerous TL emissions above
150 °C only after a high irradiation dose (100 Gy) shows a
nonlinear growth of the signal in these samples. Concerning
the swept crystals, peaks at 110, 170, and 250 °C are de-
tected as well as a weak and broad band above 300 °C. We
also observe the disappearance of a shoulder at 140 °C and
the appearance of a peak at 170 °C previously observed in a
natural quartz.47 The intensity of the signals at 110 and
170 °C steadily grows with the dose in contrast to others
which saturate above 10 Gy.

After vacuum sweeping, the drastic reduction in the peak
at 110 °C and of signals at high temperature can be corre-
lated with the absence of alkali ions in the vicinity of alumi-
num tetrahedra. Previous works on doped quartz showed that
the TL intensity is linked to the concentration of substitu-
tional aluminum (AI’*) associated with an alkali ion as a
local charge compensator.48’49 In contrast, the presence of H*
as a compensator for Al’* leads to a decrease in the TL
emission. The extrapolation of these conclusions to the pure
quartz studied here confirms that the [Alg;O;/M*]° system is
a major source of luminescence in the near UV-blue domain.

Activation energies related to TL peaks (AEy;) obtained
from the Arrhenius equation in the temperature range from
110 to 250 °C lie between 1.05 (peak at 110 °C) and 1.55
eV (emission at 250 °C) based on measurements performed
by Petrov and Bailiff"**' corrected for the thermal quenching
of luminescence. These values can be compared with the
DRS data of the potential barrier (AEpgg) for alkali ions,
which are of the same order of magnitude (Table II). We
must nonetheless point out that the detrapping energy de-
scribing TL mechanisms includes the energy associated with
the recombination of an electron-hole pair so that AEpgg is
necessarily larger than AEqy.

The TL process is generally considered to be a result of
a transfer of charges (electrons or holes) between an electron
trap and a hole trap. Also coupling TL with DRS and IR
spectroscopy in quartz clearly demonstrates that this phe-
nomenon is accompanied by a movement of compensator
alkali (Li*, Na*, or K*) or hydrogen (H*) ions.

1. Further investigations

Assuming that the frequency shift in USO originates
from trapped charge carriers at point defects in the quartz

lattice, we should find common characteristics between the
TL properties of the quartz material and the frequency fluc-
tuations of quartz oscillators.

TL decay curves shown in Fig. 8 were recorded for a
B-irradiated unswept sample as a function of the preheating
time at 85 °C, which is the operating temperature of space
USO integrated in the DORIS system. The frame ranging
from 110 to 270 °C defines the domain within which a sig-
nificative decay was observed.

TL components were described in the form of individual
exponential decay

ITL=2Ai exp(— L) (2)

7
where Ity is the intensity of the TL peak/emission, A is a
pre-exponential factor, 7 is the decay time (in seconds), and 7
represents the lifetime (in seconds) of the ith component.
Such an approach is a nontrivial approximation because it
corresponds to first-order mechanisms involving uncorre-
lated trap/centers.

Four main groups of components have been extracted.
Their characteristics deduced from an iterative least-squares
procedure are given in Table II for the unswept and swept
crystals. As reported in Fig. 9, we obtained a linear combi-
nation of TL components which reproduces with a good
qualitative agreement the frequency variations in an USO

108

10¢ 5

TL(0.5c/s)

10° ;

102

0

FIG. 8. (Color online) TL decay curves recorded at a heating rate of
2 deg s7! in an unswept quartz crystal as a function of the preheating time
(in seconds) at 85 °C. The frame defines the domain within which a signifi-
cative decay was observed.
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FIG. 9. (Color online) (above) Linear combination of four exponential com-
ponents given in Table II compared with the (bottom) frequency behavior of
a USO using an unswept GEMMA quartz (Ref. 52). This material comes
from the batch for the two JASON2 USO.

manufactured with an unswept GEMMA quartz crystal over
a 120 min cycle of two 30 min irradiations. This simulates a
polar orbital period for space systems at the altitude of the
Van Allen radiation belt (Fig. 1). Also to accept this visual
correlation, one assumes the following:

(1) One kind of center (or group of centers) induces a spe-
cific sensitivity on the frequency variation.

(2) The sensitivity to radiation can be negative or positive
depending on the nature of the center (the middle life-
time component is negative in our calculations).

(3) Mechanisms of trapping/relaxation of charge carriers are
the same in static conditions (in laboratory) and dynamic
conditions (on board of spacecraft).

Calculations indicate that the intermediate
(150-200 °C) and long (200—250 °C) lifetime components
in contrast to the very short (110 °C) and short
(130-150 °C) lifetime ones have a cumulative effect. In-
deed, the respective fractions of 50% and 78% of the initial
charge carriers are still trapped just before the second irra-
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diation. This suggests that the revolution period of 1 h be-
tween two irradiations for polar altimetric satellites is not
enough such that the crystal relaxes completely. Moreover,
keeping in mind that the TL response above 270 °C, which
involves very long lifetime components, has not been con-
sidered. This could have a significant impact on the long
term cumulative frequency shifts.

IV. CONCLUSION

The combined use of different spectroscopic techniques
clearly demonstrates, first of all, that the swept quartz is less
sensitive to irradiation than the unswept one, as revealed by
a sharp decrease in the TL response in the energy domain
corresponding to the recombination of alkaline-electronic de-
fects and a less pronounced shift in the dielectric relaxation
peak shift toward lower energy of swept crystals in compari-
son with the untreated ones.

We also reported possible correlations between different
methods used to characterize irradiation/thermal effects in
quartz. Nevertheless, further investigations are required to
perfectly identify the processes responsible for each phenom-
enon detected in IR, DRS, and TL. This will be possible once
the chemical impurities are clearly identified and/or quanti-
fied (not only Li and Na but also Ge, Ti, and Fe). Therefore,
ICP analysis of the quartz materials investigated in this work
is currently in progress.

Finally, by correlating the evolution of the TL properties
of quartz with frequency fluctuations of a quartz oscillator,
we established a potential link between macroscopic charac-
teristics (mechanical vibrations) and microscopic properties
(thermal capture or eviction of trapped charge carriers at
point defects) in this material. This is a promising result for
space applications. Thus we aim to link the population of
charges trapped by irradiation within certain traps with the
frequency drift of USO upon irradiation, which is still an
open question. This crucial point is actually under study but
further investigations are needed to compare the lifetimes of
trapped charges with the lifetimes of short and midterm fre-
quency shifts upon and after irradiation.

ACKNOWLEDGMENTS

The authors sincerely thank Dr. J. Détaint and Dr. B.
Capelle from the Institut de Minéralogie et de Physique des
Milieux Condensés (IMPMC) for fruitful discussions. This
work was funded by the CNES, the French space agency.

'L. E. Halliburton and J. J. Martin, in Precision Frequency Control, edited
by E. A. Gerber and A. Ballato (Academic, Orlando, 1985), Chap. 1, pp.
1-45.

’B. W. Parkinson and J. J. Spiker, AIAA J. 1, 152 (1996).

M. Brunet, A. Auriol, P. Agnieray, and F. Nouel, Frequency Control Sym-
posium, 49th Proceedings of the 1995 IEEE International, p. 122 (1995).
‘R Euler, P. Ligor, A. Kahan, P. Pellegrini, T. M. Flanagan, and T. F.
Wrobel, IEEE Trans. Nucl. Sci. NS-25, 1267 (1978).

Sp. Pellegrini, F. Euler, A. Kahan, T. M. Flanagan, and T. F. Wrobel, IEEE
Trans. Nucl. Sci. 25, 1267 (1978).

ST, J. Young, D. R. Koehler, and R. A. Adams, Proceedings of the 32nd
Annual Frequency Control Symposium (National Technical Information
Service, Springfield, VA, 1978), p. 34.

D. R. Koehler and J. J. Martin, J. Appl. Phys. 57, 5205 (1985).

8H. G. Lipson, F. Euler, and P. A. Ligor, Proceedings Annual Frequency

Downloaded 10 Jun 2009 to 162.38.149.221. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1109/TNS.1978.4329523
http://dx.doi.org/10.1109/TNS.1978.4329523
http://dx.doi.org/10.1063/1.335258

113523-8 Lefevre et al.

Control Symposium 33, US Army Electronics Command, Atlantic City,
NJ, 1979, p. 122.

°F. Euler, P. Ligor, A. Kahan, and P. Pellegrini, in Proceedings of the
Annual Frequency Control Symposium, 1978, p. 24.

107 R. Norton, J. M. Cloeren, and J. J. Suter, in Proceedings of the Thirty-
Eighth Annual Frequency Control Symposium, IEEE, New York, 1984), p.
63.

"5 1. Suter, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 34, 667
(1987).

2P E. Cash, D. A. Emmons, and W. J. Stapor, Frequency Control Sympo-
sium, 50th Proceedings of the 1996 IEEE International (1995), p. 10.

M. C. M. O’Brien, Proc. R. Soc. London A231, 404 (1955).

147, A. Weil, Radiat. Eff. 26, 261 (1975).

By 1. Martin, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 35, 288
(1988).

16p, Guibert, R. Chapoulie, S. Dubernet, A. Largeteau, and G. Demazeau,
Proceedings of TimeNav’07: Joint Meeting of IEEE-IFCS, EFTF and
ENC-GNSS, 2007 (unpublished), p. 164.

'7H. Bahadur, J. Appl. Phys. 66, 4973 (1989).

D. T. Griggs and J. D. Blacic, Science 147, 292 (1965).

R. D. Aines and G. R. Rossman, J. Geophys. Res., [Solid Earth] 89, 4059
(1984).

2p_ Cordier, J. A. Weil, D. F. Howarth, and J. C. Doukhan, Eur. J. Mineral.
6, 17 (1994).

2S. H. G. Lipson, F. Euler, and A. F. Armington, in Proceedings 32nd
Annual Frequency Control Symposium IEEE (1978), p. 11 .

22A. Kats, Philips Res. Rep. 17, 133 (1962).

ZR. N. Brown and A. Kahan, J. Phys. Chem. Solids 36, 467 (1975).

2W. A. Sibley, J. J. Martin, M. C. Wintersgill, and J. D. Brown, J. Appl.
Phys. 50, 5449 (1979).

»D. M. Dodd and D. B. Fraser, J. Appl. Phys. 26, 673 (1965).

25, 7. Boy, B. Boizot, R. Petit, D. Picchedda, and J. P. Romand, Frequency
Control Symposium, 2007 Joint with the 21st European Frequency and
Time Forum, 2007 (unpublished), p. 199.

273, P. Bachheimer, J. Phys. IV 4, C2-173 (1994).

J. Appl. Phys. 105, 113523 (2009)

M. S. Paterson, Bull. Mineral. 105, 20 (1982).

®L. E. Halliburton, N. Koumvakalis, M. E. Markes, and J. J. Martin, J.
Appl. Phys. 4-6, 513 (1998).

%93, J. Martin, J. Appl. Phys. 56, 2536 (1984).

3G, Lipson and A. Kahan, IEEE Trans. Nuclear Sci. NS-31, 1223 (1984).

%27, J. Martin, J. Appl. Phys. 68, 5095 (1990).

M. E. Markes and L. E. Halliburton, J. Appl. Phys. 50, 8172 (1979).

**H. Jain and A. S. Nowick, J. Appl. Phys. 53, 477 (1982).

37, Toulouse, S. Ling, and A. S. Nowick, Phys. Rev. B 52, 3122 (1988).

3. Fripiat, J. Chaussidon, and A. Jelli, Chimie Physique des Phénomeénes
de Surface (Masson, Paris, 1971).

C. Poignon, G. Jeandel, and G. Morlot, J. Appl. Phys. 80, 6192 (1996).

BA. K. Kronenberg and S. H. Kirby, Am. Mineral. 72, 734 (1987).

*¥A. S. Nowick and H. Jain, in Proceedings of the 34th Annual Frequency
Control Symposium, U.S. AERADCOM, Ft. Monmouth, NJ (1980), p. 9.

“°H. Jain and A. S. Nowick, J. Appl. Phys. 53, 485 (1982).

S, Ling and A. S. Nowick, Proc. Ann. Symp. Freq. Contr. 40, 96 (1986).

43, Devautour-Vinot, O. Cambon, N. Prud’Homme, J. C. Giuntini, J. J.
Boy, and G. Cibiel, J. Appl. Phys. 102, 104102 (2007).

K. P. Semenov and A. A. Fotchenkov, Kristallografiya 22, 326 (1977).

“L. E. Halliburton, C. Y. Chen, and S. D. Tapp, in Proceedings of the 39th
Annual Frequency Control Symposium (1985), p. 673.

G, Chen and S. H. Li, J. Phys. D 33, 437 (2000).

6V, Pagonis, G. Kitis, and R. Chen, Radiat. Meas. 37, 267 (2003).

“"H. Y. Goksu, L. K. Bailiff, and V. B. Mikhailik, Radiat. Meas. 37, 323
(2003).

“p E. Hickel, G. Demazeau, R. Arnaud, R. Chapoulie, P. Guibert, E. Varta-
nian, G. Villeneuve, F. Bechtel, and B. Capelle, High Press. Res. 18, 265
(2000).

YE, Vartanian, P. Guibert, C. Roque, F. Bechtel, and M. Shvoerer, Radiat.
Meas. 32, 647 (2000).

3. A. Petrov and I. K. Bailiff, Radiat. Meas. 24, 519 (1995).

’1S. A. Petrov and L. K. Bailiff, Radiat. Meas. 27, 185 (1997).

32G. Cibiel, Frequency Control Symposium, 2007 Joint with the 21st Euro-
pean Frequency and Time Forum, 2007 (unpublished), Vol. 6192, p. 1164.

Downloaded 10 Jun 2009 to 162.38.149.221. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1109/T-UFFC.1987.27000
http://dx.doi.org/10.1080/00337577508232999
http://dx.doi.org/10.1109/58.20449
http://dx.doi.org/10.1063/1.343770
http://dx.doi.org/10.1126/science.147.3655.292
http://dx.doi.org/10.1029/JB089iB06p04059
http://dx.doi.org/10.1016/0022-3697(75)90076-1
http://dx.doi.org/10.1063/1.326596
http://dx.doi.org/10.1063/1.326596
http://dx.doi.org/10.1051/jp4:1994220
http://dx.doi.org/10.1063/1.334318
http://dx.doi.org/10.1109/TNS.1984.4333487
http://dx.doi.org/10.1063/1.347046
http://dx.doi.org/10.1063/1.325957
http://dx.doi.org/10.1063/1.329949
http://dx.doi.org/10.1063/1.363694
http://dx.doi.org/10.1063/1.329950
http://dx.doi.org/10.1109/FREQ.1986.200928
http://dx.doi.org/10.1063/1.2812414
http://dx.doi.org/10.1088/0022-3727/33/4/318
http://dx.doi.org/10.1016/S1350-4487(03)00042-8
http://dx.doi.org/10.1016/S1350-4487(03)00005-2
http://dx.doi.org/10.1080/08957950008200978
http://dx.doi.org/10.1016/S1350-4487(00)00109-8
http://dx.doi.org/10.1016/S1350-4487(00)00109-8
http://dx.doi.org/10.1016/1350-4487(95)00002-V
http://dx.doi.org/10.1016/S1350-4487(96)00148-5

