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Abstract

We have studied helium migration in monoclinic (a-ZrO2) and cubic yttria-stabilized zirconia, YSZ (ZrO2:Y) from

non-destructive 3He depth profiling using the resonant 3He(d, p)4He nuclear reaction. Results have been obtained on

polycrystalline a-ZrO2 ceramics and YSZ single crystals implanted with 3-MeV 3He ions at a depth around 7 lm then

isochronously annealed in air at temperatures between 200 and 1100 �C. In a-ZrO2, no change of the depth profile is

found up to 800 �C. In contrast, two regimes are found in YSZ: (i) below 800 �C, diffusion is controlled by helium

trapping at native oxygen vacancies (�10 at.%), (ii) above 800 �C, helium escapes out of the profile, with almost

complete outgassing at 1100 �C.
� 2003 Elsevier B.V. All rights reserved.

PACS: 66.30; 61.72.S; 81.70.J; 24.30.)v
1. Introduction

Stabilized cubic zirconia (ZrO2) is a refractory ma-

terial (melting point, Tm ¼ 2780 �C) that is widely used

for various industrial applications and considered to be

a potential inert matrix for actinide immobilization or

transmutation [1]. Due to the a-decays, the helium

content could reach large values (>1 at.%) for long-term

ageing [2]. Since the solution energy of helium in solids is

large (P 3 eV) [3], He atoms will tend to coalesce and

form bubbles inducing detrimental modifications of the

material structure and mechanical properties (e.g. em-

brittlement) [4]. First steps of these processes involve

atomic diffusion at moderate or high temperatures de-

pending on the nuclear application.
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However, data on helium migration are scarce in this

material [5], as well as in other inert oxide matrixes, in

contrast to transition element metals which have been

thoroughly investigated in this field [4]. Such data are

nonetheless necessary to implement models on helium

behavior (diffusion, coalescence, bubble nucleation and

growth) that could eventually induce swelling and ma-

terial damage. The study of the diffusion of implanted

helium, in conditions similar to radiogenic helium pro-

duction, is thus an important issue.

Since the standard ion-beam techniques (RBS or

ERDA) cannot be used to analyze helium at large

depths [6] corresponding to ion implantations in the

MeV range, we have thus studied the thermally activated

migration of 3He atoms using the resonant 3He(d, p)4He

nuclear reaction, where 3He acts as a tracer of 4He dif-

fusion with an isotopic factor correction. Such a reac-

tion was already used a long time ago to profile helium

deeply implanted in Nb by detecting the protons emitted

at about 13 MeV [7]. The slowing down of deuterons in
ed.
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the matrix allows a scanning of the 3He depth profile

with no contribution of the matrix. Studies of helium

diffusion in Ni and Zr were performed later with a

deuteron milli-beam by detecting the recoiling a particles
at smaller implantation depths [8,9]. The depth profile

was deduced from the a particle spectrum by a decon-

volution procedure. Our aim was then to apply the same

technique based on proton detection with deuteron

micro-beams or milli-beams delivered by nuclear probe

facilities. Although the depth resolution and sensitivity

of this NRA technique are known to be low [6], we show

that helium migration can nevertheless be monitored by
3He depth profiling.
2. Experimental

We used zirconia sintered ceramics of 100% pure

monoclinic structure (a-ZrO2) and mass density around

95% of the theoretical density (5.8 g cm�3). The bulky

sintered ceramics were machined into discs of 10-mm

diameter and 1-mm thickness, annealed at 800 �C in air,

and polished for analysis. Micrographic examinations

showed that grain sizes were smaller than 40 lm. We

also used polished yttria-stabilized zirconia (YSZ) single

crystal plates (5 · 10· 1 mm3) with 9.5 mol.% yttria

content (Zr0:8Y0:2O1:9) of cubic fluorite structure (5.93

g cm�3) with the h100i orientation provided by Crystal
Table 1

Optimized values of the integrated areas ðAÞ, centroids ðxcÞ, and stand
3He ion-implanted zirconia samples annealed during time ta at temper

13-MeV proton yield curves obtained with the deuteron micro-beam

Samples T (�C) ta (h)

As-implanted monoclinic ceramics

As-implanted YSZ single crystal

YSZ single crystal 200 1/2

YSZ single crystal 330 1

YSZ single crystal 580 1

Monoclinic ceramics 800 1

YSZ single crystal 1100 1

Table 2

Optimized values of the integrated areas ðAÞ, centroids ðxcÞ, and stand
3He ion-implanted YSZ single crystals annealed during time ta at temp

deuteron milli-beam (Fig. 2). The effective diffusion constants ðD�Þ ar
lm) given by the SRIM2000 simulation [10]

T (�C) ta (h) A (arb. u.) x

200 1/2 1.01 6

330 1 0.90 6

580 1 0.97 6

800 1 0.68 7

930 1 0.03 7
GmbH Company (Berlin, Germany). Implantations in

the YSZ single crystals with 3-MeV 3He ions were per-

formed at the Laboratoire PHASE (CNRS, Strasbourg,

France) with a 7� angle tilt off the h100i axis at a fluence

of 1.7 · 1016 cm�2 (±5%) (2.6 · 1020 cm�3, i.e. around

0.30 at.% at the peak of the distribution). The zirconia

ceramics were implanted at the same fluence at normal

incidence. The mean projected range ðRpÞ in such �ran-
dom� conditions is 6.93 lm with a longitudinal range

straggling ðDRpÞ of 327 nm, as computed with the

TRIM96/SRIM2000 code [10]. The beam was swept

over the samples surface in order to obtain homoge-

neous implantations.

Thermal annealing of different samples was then

performed in air at 400 and 800 �C during 1 h for the

monoclinic zirconia ceramics and at temperatures be-

tween 200 and 1100 �C for the YSZ single crystals

during 1/2 or 1 h (Tables 1 and 2). In the case of a-ZrO2

ceramics, no further annealing at temperature higher

than 800 �C was performed due to the phase transition

to the tetragonal b-ZrO2 phase starting at around 1000

�C.
3He depth profiling was then achieved with the reso-

nant 3He(d, p)4He nuclear reaction [7–9] on as-implanted

and thermally annealed samples. These measurements

were first carried out at the nuclear microprobe facility of

the Laboratoire Pierre-S€uue (CEA/Saclay, France) by

using a deuteron micro-beam at normal incidence with
ard deviations ðsÞ of the Gaussian 3He depth profiles in 3-MeV

ature T , and effective diffusion constants ðD�Þ deduced from the

(Fig. 1(a) and (b))

A (arb. u.) xc (lm) s (lm) D� (cm2 s�1)

3.90 6.50 0.32

3.76 6.43 0.28

3.09 6.09 0.28

3.76 5.65 1.05 1.5 · 10�12

4.08 5.88 1.52 3.1 · 10�12

3.76 6.50 0.34

0.03 6.65 0.45

ard deviations ðsÞ of the Gaussian 3He depth profiles in 3-MeV

erature T , deduced from the excitation curves obtained with the

e deduced by using the reference standard deviation (s0 ¼ 0:327

c (lm) s (lm) D� (cm2 s�1)

.54 0.40 1.5 · 10�13

.01 1.50 3.0 · 10�12

.75 2.37 7.7 · 10�12

.32 2.37 7.7 · 10�12

.17 1.26



Fig. 1. (a) Yield of 13-MeV protons versus deuteron incident

energy obtained with a micro-beam for polycrystalline mono-

clinic zirconia ceramics as-implanted with 3-MeV 3He ions

(open circles), and thermally annealed 1 h at 800 �C (full cir-

cles). The solid line is a least-squares fitted curve with the op-

timized parameters of the as-implanted Gaussian 3He depth

profile given in Table 1. (b) Yield of 13-MeV protons versus

deuteron incident energy obtained with a micro-beam for YSZ

single crystals as-implanted with 3-MeV 3He ions (full squares),

and thermally annealed 1/2 h at 200 �C (open squares), 1 h at

330 �C (full triangles), 1 h at 580 �C (open triangles), and 1 h at

1100 �C (full diamonds, magnification · 30). The solid lines are
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focal spot sizes ranging between 40 · 40 and 80· 80 lm2,

and beam currents between 3 and 8 nA. Complemen-

tary cross check measurements were also performed at

the Van de Graaff accelerator of the INSTN (CEA/

Saclay) with a deuteron milli-beam of around 0.5-mm

spot size at normal incidence and beam currents between

37 and 50 nA. It gave a maximum beam current den-

sity of 500 lAcm�2 in the former case, and 25 lAcm�2 in

the latter. No effect of the beam current density rang-

ing from 20 to 400 lAcm�2 was found with the milli-

beam.

For the micro-beam measurements, charged particle

spectra were recorded with an annular surface barrier

detector with a 1500-lm depletion length and energy

resolution of 25 keV at a detection angle between 170�
and 175�. A 25-lm thick mylar energy filter was used to

stop the backscattered deuterons and the a particles

from the 16O(d, a) reaction, in order to decrease the

detector�s dead time. For the milli-beam measurements,

the surface barrier detector was set at 150� with a

29-lm mylar screen. The broad proton peak appears at

about 13 MeV in a low background region well sepa-

rated from the low-energy protons due to the 16O(d, p)

and 12C(d, p) reactions which were used for energy

calibration.

We have plotted the curves of the 13-MeV proton

yield [7], normalized by a deuteron integrated charge of

5 lC with the micro-beam and 40 lC with the milli-

beam, versus the deuteron incident energy. The experi-

mental excitation curve is the convolution integral of the
3He depth profile with the reaction cross section and the

energy spread of the incident ions. Since the cross sec-

tion of this reaction shows a maximum for a deuteron

energy near 430 keV with a FWHM around 350 keV

[6,11], it gives here a maximum proton yield at around

1.3 MeV. The beam energy was progressively decreased

from 2.0 to 0.7 MeV by variable steps from 100 to 25

keV near the curve maximum. Around 15 min acquisi-

tion time was necessary to record the spectra with suf-

ficient statistics for each deuteron energy.
least-squares fitted curves with the optimized parameters of the

Gaussian 3He depth profiles given in Table 1.
3. Results

The excitation curves of 3He in as-implanted and

thermally annealed polycrystalline monoclinic zirconia

and YSZ single crystals were obtained either with the

deuteron micro-beam (Fig. 1(a) and (b)) or the milli-

beam (Fig. 2). All data were fitted by a model where the

proton yield Y ðE0Þ at a given incident deuteron energy

ðE0Þ is the convolution of the 3He concentration depth

profile qðxÞ with the 3He(d, p)4He reaction cross section

ðrÞ [12]. Since r depends only weakly on the detection

angle in the considered energy and angular range [11],

we have thus neglected the angular dependence of the

proton yield which writes [8]:
Y ðE0Þ ¼
Z x0

0

r½EðxÞ�qðxÞdx; ð1Þ

where x0 is the deuteron projected range, and r½EðxÞ� the
total cross section for the deuteron energy EðxÞ at depth
x as given by the TRIM96/SRIM2000 computer code

[10].

The helium concentration depth profile qðxÞ was

approximated by a Gaussian curve, as is frequently done

in the case of an implantation profile where the 3rd-

order (�skewness�) and 4th-order moments (�kurtosis�) of
the distribution are neglected [13]:



Fig. 2. Yield of 13-MeV protons versus deuteron incident en-

ergy obtained with a milli-beam for YSZ single crystals im-

planted with 3-MeV 3He ions and thermally annealed 1/2 h at

200 �C (full squares), 1 h at 330 �C (open triangles), 580 �C
(open squares), 800 �C (open circles), and 930 �C (full triangles,

magnification· 10). The solid lines are least-squares fitted

curves with the optimized parameters of the Gaussian 3He

depth profiles given in Table 2.

Fig. 3. 3He Gaussian depth profiles normalized to the as-im-

planted integrated area ðA0Þ deduced from the 13-MeV proton

yield curves obtained with a deuteron micro-beam for as-im-

planted (solid) and annealed YSZ single crystals: 200 �C (dash),

330 �C (dash-dot), 580 �C (dot), and 1100 �C (magnifica-

tion· 100; dash-dot-dot).
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qðxÞ ¼ ðA=sp2pÞ exp½�ðx� xcÞ2=2s2�; ð2Þ

A is the depth profile integrated area proportional to the

helium fluence, xc the centroid of the distribution which

for the as-implanted profile must be near the mean pro-

jected range of the 3He ions ðRpÞ, and s the standard

deviation near the longitudinal range straggling ðDRpÞ.
The three parameters ðA; xc; sÞ were optimized by an

IMSL modified Levenberg–Marquard algorithm which

minimizes a normalized quadratic error function between

the simulated and experimental curves (see the fitted

curves in Figs. 1 and 2 with an error less than 5% per

point and best fitted values of A, xc, s in Tables 1 and 2).

For this purpose, a specific computer program (AGE-

ING) was developed in a PV-wave/GUI environment.

For the as-implanted polycrystalline monoclinic zir-

conia (a-ZrO2) and YSZ single crystal, it is seen that the

agreement is good between xc and Rp (6% deviation) on

the one hand, and s and DRp (2% deviation) on the other

hand (Table 1) like in a previous study on helium dif-

fusion in britholite (fluorapatite) ceramics [12]. Depth

profiles qðxÞ=A0 normalized to the as-implanted inte-

grated area ðA0Þ are shown in Fig. 3 for YSZ single

crystals. We have previously shown [12] that the 3He

depth profiles obtained by this convolution procedure

was in very good agreement with the results based on the

SIMNRA computer code [14]. In a-ZrO2, no effect on

the proton yield curve (Fig. 1a) and depth profile pa-

rameters (Table 1) was seen up to 800 �C within exper-

imental resolution. In contrast in the YSZ, s increased

markedly up to a factor 7 at 800 �C and decreased

above. The distribution was slightly displaced towards

the surface below 580 �C then shifted back. In contrast,
the remaining 3He content proportional to A remained

almost constant up to 580 �C, then decreased by a factor

around 0.3 at 800 �C, 30 at 930 �C, and 100 at 1100 �C
(Tables 1 and 2). Although the milli-beam data yielded

broader depth profiles than the micro-beam ones, the

same overall features were found when the annealing

temperature was increased. Despite these systematic

discrepancies, it is seen that micro and milli-beam data

are in good agreement in the variations of s and A
normalized to the as-implanted values (s=s0 and A=A0)

versus annealing temperature (Fig. 4).

Hence, the helium effective diffusion constant ðD�Þ
for this concentration at a given temperature was de-

duced according to the relation [15,16]:

D� ¼ ðs2 � s20Þ=2ta; ð3Þ

where ta stands for the annealing time, s0 for the stan-

dard deviation of the as-implanted profile and s the

standard deviation after annealing (Tables 1 and 2). It is

to be noted that an isotopic correction factor of
p
4=3

must be applied to our D� values for 3He in order to

obtain the 4He diffusion constants. The resolution limit

on s values of 0.01 lm leads to a relative error on D�

ranging between 2% and 14%. The milli-beam data of

YSZ give D� values twice as large as the micro-beam

data due to the above-mentioned discrepancies on s
values. However, an almost athermal behavior is found

for D� in both sets of data.
4. Discussion

Three different mechanisms of helium diffusion in

solids are known to occur: the interstitial, substitutional



Fig. 4. 3He Gaussian depth profile integrated area ðA=A0Þ
(squares, left scale) and standard deviations ðs=s0Þ (circles, right
scale) normalized to the as-implanted values deduced from the

micro-beam (open symbols) and milli-beam (full symbols) data

versus annealing temperatures for YSZ single crystals, with a

least-squares fitted curve for A=A0 (solid) and least-squares fit-

ted parabolic one for s=s0 (dot). Calculated isochronal anneal-

ing curves with DH ¼ 4:0 eV and m ¼ 1013 s�1 (dash-dot), and

DH ¼ 4:6 eV and m ¼ 1013 s�1 (dash) are also displayed with a

data point (full triangle) of helium release in YSZ ceramics [5].
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and dissociative ones [3,4]. In metals, it is fairly well

established that the interstitial mechanism operates only

at low temperatures (<100 K) with small migration en-

thalpies (e.g. <0.5 eV in b.c.c. transition metals) [3]: as

temperature rises helium atoms are rapidly trapped by

the native or irradiation-induced vacancies since the

solution energy is large (P 3 eV) [3,4]. Helium diffusion

at high temperatures or under displacive irradiation

proceeds either through a substitutional mechanism in-

volving the vacancy-assisted migration or through the

dissociative mechanism involving helium-vacancy ðV Þ
clusters ðHen–VmÞ in which helium atoms are trapped [8].

It is to be noted that the former process requires a large

vacancy concentration in order to take place. In the

latter process, the ðHen–VmÞ clusters at large He con-

centrations can act as nucleation centers for gas bubbles

[3,4].

The present results on zirconia clearly show that no

effect on the 3He depth profile is observed within ex-

perimental resolution in the polycrystalline ceramics

with the monoclinic crystal structure after annealing up

to 800 �C. In contrast, an increasing broadening of the

depth profile is seen after isochronal annealing of the

cubic YSZ single crystals up to 800 �C. At temperatures

higher than 800 �C, the He content ðAÞ decreases and s
decreases back towards the as-implanted value (Fig. 4).

Almost complete outgassing is achieved at 1100 �C.
In polycrystalline YSZ ceramics, for 200-keV and 1-

MeV 4He ion implantations in a low-fluence range

(1.4 · 1013–1.4 · 1015 cm�2), it was concluded that the

activation energy (1.6 eV) found by thermal helium de-
sorption spectroscopy (THDS) corresponds to vacancy-

assisted diffusion [5]. At larger fluences (1.4 · 1016 cm�2)

a different mechanism occurs due to pressurized bubble

formation [5]. In samples implanted with 200-keV 4He

ions at 700-nm depth, neutron depth profiling (NDP)

data show that �after annealing at 600 K the amount of

helium and its spatial distribution in the sample are ef-

fectively unchanged for both high and low fluence� [5].
At low fluence (1.4 · 1015 cm�2) all the helium was re-

leased after annealing at around 630 �C, whereas at high
fluence (1.4 · 1016 cm�2) a 62% helium release was found

with a depth profile FWHM narrowing from 200 to 135

nm [5]. This small FWHM at 200 keV gives an helium

peak concentration twice as large as in our case, i.e. 0.66

at.%, for around the same helium fluence. Helium

bubble formation is thus favored at such a large con-

centration.

In the present case, at 0.3 at.%, it is striking to note

that helium migration is indeed enhanced in the cubic

YSZ single crystals with respect to the cubic YSZ [5] and

monoclinic zirconia ceramics. However, a very weak

dependence of the effective diffusion constant against

annealing temperature is found below 800 �C. It looks
like the diffusion process is dominated by trapping of

implanted helium by vacancies as often found in the case

of some metals [8,9,17,18]. Around 100 displaced atoms

per incoming 3-MeV He ion are produced in the im-

plantation process, along the damage profile, as com-

puted with the SRIM2000 code [10] on the basis of a

mean displacement energy threshold of 40 eV for both

Zr and O atoms [19]. This yields an upper bound of the

mean irradiation-induced vacancy concentration (VZr
and VO) near 1021 cm�3, i.e. around 1 at.%, not taking

account of the vacancy-interstitial recombinations.

In YSZ this is negligible compared to the large

amount of native oxygen vacancies ðVOÞ at a concentra-

tion ðCV Þ near 10 at.% present in the bulk of the crystals.

For thermal treatments performed under oxidizing at-

mosphere, no change of the oxide non-stoichiometry is

expected in YSZ due to the charge compensation of Y3þ

ions substituted for Zr4þ ions, with the electroneutrality

condition CV � CY =2 [20]. Such a large native defect

density favors a substitutional or dissociative diffusion

mechanism. The pressurized bubble mechanism as sug-

gested by Damen et al. for polycrystalline YSZ ceramics

at large He content [5] is thus questionable in our case,

since a progressive broadening of the depth profile does

occur between 330 and 800 �C.
We believe instead that two regimes of helium mi-

gration are found in the present work. In the implan-

tation process prior to annealing, all He atoms are

trapped by neighboring native oxygen vacancies, since

q � CV , near the implanted helium ion end-of-range,

whereby (He–V) clusters are formed. In the first diffu-

sion regime below 800 �C, we think that a vacancy-

assisted substitutional diffusion mechanism first occurs
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and the D� values deduced from depth profile broaden-

ing include both processes of diffusion and trapping [15].

We will base our discussion on only one kind of traps

ðVOÞ far from saturation with a constant density ðCV Þ
versus depth. Assuming that the concentration ðCHe–VÞ
of filled traps (the helium-decorated oxygen vacancies) is

much smaller than CV leads to the following diffusion

equation [15]:

oqðx; tÞ=ot ¼ DðT Þo2q=ox2 � kðT ÞCV qðx; tÞ þ k0ðT ÞCHe–V;

ð4Þ

where kðT Þ and k0ðT Þ stand respectively for the kinetic

constants of the 1st-order reactions of trapping in (He–

V) clusters and detrapping, and DðT Þ the diffusion

constant at temperature T .
Assuming in addition a local equilibrium in steady

state conditions, one gets a new diffusion equation for

the total He concentration q0 ¼ qþ CHe–V such as:

oq0ðx; tÞ=ot ¼ D�ðT Þo2q0=ox2 ð5Þ

with an apparent vacancy-dependent diffusion constant

ðD�Þ [15]:

D� ¼ D=ð1þ kCV =k0Þ: ð6Þ

Assuming Arrhenius laws for the thermal depen-

dences of D, k and k0 one has:

D� � D�
0 expð�DE�=kBT Þ ð7Þ

with a prefactor D�
0 and an effective activation energy

DE� which writes:

DE� � DEm þ DEd � DEt; ð8Þ

where kB is the Boltzmann�s constant, and DEm, DEt and

DEd are respectively the activation energies of helium

migration, trapping and detrapping. Such an equation

can lead to an almost athermal behavior of D� if

DEm � DEt � DEd. An experimental value near 0.2 eV is

found here for DE�.

At temperatures higher than 800 �C, detrapping from
the (He–V) clusters takes place and an apparent profile

narrowing is observed in both sets of data, in agreement

with the data of YSZ ceramics [5] (see the data point of

[5] plotted in Fig. 4). In this 2nd diffusion regime, helium

outgassing is thus controlled by the gradient of total

helium concentration between the sample surface and

the trapping zone near the helium ion end-of-range. One

writes that helium release to the surface follows the de-

crease of the filled trap concentration ðCHe–VÞ according
to a 1st order kinetics [15] that leads to a decrease of the

helium content in the distribution such as:

dA ¼ �Am0 expð�DH=kBT Þdt; ð9Þ

where m0 is a characteristic attempt frequency factor, and

DH the activation enthalpy for helium release. Integra-
tion gives a classical dependence for isochronal anneal-

ing during the annealing time ta at temperature T :

A=A0 ¼ exp½�m0ta expð�DH=kBT Þ�: ð10Þ

A least-squares fit of Eq. (10) (solid line) in Fig. 4 gives

DH ¼ 1:73 eV and m0 ¼ 5.8· 104 s�1. The latter un-

physical value probably stems from the small number of

data points. We have therefore plotted 2 calculated

isochronal annealing curves (Fig. 4) which seem to rep-

resent fairly well the fan of data with DH ¼ 4:0 eV (dot-

dashed), and DH ¼ 4:6 eV (dashed) by fixing m0 ¼ 1013

s�1 near the Debye frequency. Although no theoretical

values are available for zirconia, the latter DH values are

consistent with the calculated activation energy (3.9 eV)

for the dissociative diffusion mechanism of (He–V)

clusters with one vacancy in MgO [21], and experimental

values ranging between 4.0 and 4.7 eV deduced from

THDS and NDP measurements [22].

The stronger trapping in the ceramics below 800 �C
could be explained by the contribution of grain bound-

aries on which bubble nucleation and growth could

occur. Whether small bubbles are formed in the latter

case should be examined by high-resolution transmission

electron microscopy. As a starting point, the present

results show anyway that the resonant 3He(d, p)4He

nuclear reaction allows one to monitor the diffusion of

helium atoms deeply implanted in a zirconia matrix at

concentrations above 0.1 at.%, despite the low resolu-

tion of this NRA technique.
5. Conclusions

In this preliminary work, we have studied the helium

migration in zirconia by a non-destructive 3He depth

profiling using the resonant 3He(d, p)4He nuclear reac-

tion. For this, 3-MeV 3He ions were implanted at a

depth around 7 lm and a peak concentration near 0.3

at.%. The emission yield of 13-MeV protons was mea-

sured versus the deuteron incident energy for as-

implanted and thermally annealed samples. By fitting

calculated proton yield curves to the experimental data,

the parameters of the assumed Gaussian 3He depth

profile were deduced before and after isochronal an-

nealing at various temperatures. No effect is seen in the

monoclinic zirconia (a-ZrO2) ceramics after annealing

1 h at 800 �C, whereas depth profile broadening occurs

after 1-h annealing at 330 �C in YSZ single crystals.

Effective diffusion constants were deduced from the

profile standard deviations. Two regimes are found: in

the first one, broadening of the 3He depth profile occurs

up to 800 �C with an almost constant helium content.

The quasi-athermal behavior of the effective diffusion

constants is attributed to the contribution of helium

trapping at native oxygen vacancies. A second regime of
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helium release occurs above 800 �C, with almost com-

plete helium release from helium-vacancy clusters after

annealing at 1100 �C with an activation energy around 4

eV.
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