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Abstract

Host matrices for actinide immobilisation will undergo the formation of large helium quantities due to alpha decay.

Helium diffusion rate has to be known in order to predict the long-term behaviour of the material, and particularly, the

influence of helium accumulation on mechanical properties. A nuclear reaction analysis method, namely the
3He(d, p)4He reaction, has been used to analyse the evolution of 3He profiles after ion implantations at 1 and 3 MeV in

two materials, monoclinic ZrO2 (as a test material) and Ca9Nd(PO4)5(SiO4)F1.5(OH)0.5 britholite (envisaged for Am

and Pu long-term storage). Two data processing methods are used: the classical excitation curve (proton yields versus

deuteron energy) and second, the proton energy spectrum for a given deuteron energy. The characteristics of the 3He

profiles (depth, width) obtained by both methods are compared to SRIM estimations. Their evolution during sub-

sequent annealings allows an estimation of the helium diffusion rate in the britholite: D ðcm2=sÞ ¼ ð2:5� 1:5Þ�
10�4 expð�ð1:07� 0:03 eVÞ=kTÞ in the temperature range 200–400 �C, in agreement with previous results on similar

materials. Moreover, the shape of the proton energy spectra suggests channeling effects in britholite. � 2002 Elsevier

Science B.V. All rights reserved.

1. Introduction

To incorporate minor actinides (Np, Pu, Am, Cm), in

the frame of long-term storage of nuclear wastes, new

materials, with compositions partially based on natural

analogues are considered [1,2]. Among these, apatites

are considered for Pu and Am storage. Radioactive de-

cay of these elements leads to the formation of 7–8 he-

lium atoms per actinide atom on the average, each with

an energy release ranging from 4 to 9 MeV. Hence, the

design of the storage site requires the knowledge of the

helium diffusion rate in the matrix in a large temperature

range. Geological studies, aiming at mineral dating by

nuclear methods (e.g. U/Th/He), have led to upper limits

(see e.g. [3,4] for natural apatites), but few data are

available to allow a precise estimation of this diffusion

rate [5] at the beginning of the life of the repository site.

In order to obtain an estimation of the diffusion co-

efficient, we have used the 3He(d, p)4He reaction. A

three-step procedure is used [6]. First, 3He implantations

were performed to simulate radiogenic helium. Second,
3He(d, p)4He reaction was used to determine the char-

acteristics of the implanted helium peak, mainly mean

depth and width. At last, an Arrhenius plot was made

from the evolution of the width of the helium profiles

after annealing. This analytical method has several ad-

vantages: high selectivity (no other reactions induced by

deuterons in the proton energy range of interest),

probing of the material at depths large enough to avoid

surface distortion effects and good sensitivity to the
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shape of the helium profile. Two variants of this nuclear

reaction analysis (NRA) method are used [7]: the first

approach is to map the yield of the reaction products as

a function of the incident particle energy (excitation

curve method, Section 3.1), the alternative approach is

to make use of the energy distributions of the emitted

particles for a given incident particle energy (Section

3.2).

In this paper, preliminary results are presented,

mainly focussing on the data processing methods de-

veloped to analyse the helium profile characteristics.

2. Experimental

2.1. Materials

The zirconia samples have been elaborated from a

high purity (99.95%) fine grain (<20 lm) powder. High
density pellets were obtained by uniaxial hot pressing for

15 min at 1850 �C, 30 MPa in a graphite die under

vacuum. To limit chemical reaction, a 100 lm thick

tantalum foil was introduced between the die, the pis-

tons and the powder. A pyrolitic graphite foil (Papyex�)

introduced between the die and the tantalum foil facili-

tates sliding during densification. Zirconia undergoes a

monoclinic/quadratic transition around 1000 �C char-

acterised by large cell volume variations and distortions.

To avoid subsequent cracking of the pellets during

cooling, the pressure was maintained down to 600 �C,
allowing plastic deformation down to relatively low

temperatures. High density (5.5 g/cm3, >95%), fine (<40
lm), homogeneous grain size, purely monoclinic (qua-

dratic phase under limit of detection by X-ray diffraction

analysis) and crack-free pellets are then obtained. They

are subsequently machined (discs 1 mm thick, 12 mm

diameter), annealed (800 �C under air) to restore the

ZrO2 stoichiometry and finally polished for subsequent

analysis.

The britholite (fluoroapatite) samples have been ob-

tained by calcination of the precursors in a platinum

crucible and grinding. Neodymium was added as a Pu

simulating material. The powder is then hot pressed in a

graphite die, with a boron nitride diffusion barrier. The

pellets have a high density (3.45 g/cm3, i.e. >95%) and a

heterogeneous microstructure, made of two popula-

tions of clusters (100–500 lm large) with very different

grain sizes (around 5 and 50 lm). The composition has

been obtained by WDS-EPMA analysis (Table 1).

Setting CaþNd ¼ 10 leads to the formula Ca8.97Nd1.03-

(PO4)4.83(SiO4)0.92F1.6(OH)0.4. Following [8], the fluo-

rine deficit has been compensated by introducing (OH)

groups. The crystal structure is in agreement with [8]

(hexagonal cell, a¼ 0:94004ð37Þ nm and c¼ 0:69040ð29Þ
nm). The pellets have been machined into 2 mm thick,

10 mm diameter discs, which were then polished.

2.2. 3He implantations

3He ion implantations have been performed at two

different energies:

(1) 1 MeV implantations have been performed at CEA/

DEN/Sac/DMN/SRMP. The sample holder was

cooled using liquid nitrogen, ensuring a sample tem-

perature well below 200 K during the implantations.

The flux was homogeneous on the whole implanted

surface (disc diameter 20 mm, min/max difference

<10%). The doses are around 1016 cm�2, i.e. around

1020 cm�3 at the peak maximum. For sensitivity tests,

a zirconia sample has been doubly implanted at 0.3

and 1.0 MeV.

(2) 3 MeV implantations were performed at the PHASE

laboratory (CNRS, Strasbourg). The sample holder

was at room temperature and, due to bad fixing, the

temperature of the sample could be as high as 200 �C
during the implantation. The flux is heterogeneous

(a factor of 2–5 from the centre to the periphery of

the samples has been observed). The maximum

doses are 1:5� 1016 cm�2, leading to the maximum
3He concentration of around 1020 cm�3.

The characteristics of the implanted peaks have been

estimated with SRIM [9] from the stoichiometric for-

mula and theoretical densities of the materials (given the

expected 3He ranges and grain sizes, no porosity has to

be taken into account) as given in Table 2. For further

analysis, the calculated profiles have been fitted with the

gaussian function: the latter have characteristics (depth

and width) somewhat different from SRIMs estimations

of ranges and stragglings, due to the lower weight at-

tributed to the low depth tail of the distributions.

2.3. Nuclear microprobe

The 3He(d, p)4He NRA measurements have been

performed using the nuclear microprobe facility of the

Table 1

Composition of the britholite samples, as deduced from WDS

analysis

Element WDS

Si 0.0221

P 0.1156

Ca 0.2147

Nd 0.0246

O 0.5846

F 0.0384

Ca/Nd 8.73

P/Si 5.24

Oxygen is obtained from the individual oxide formulae.
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‘Laboratoire Pierre S€uue’ in Saclay (CEA-DSM/DRE-

CAM and CNRS). This facility is described elsewhere

[10]. Schematically, it is based on a 3.75 MV single

ended Van de Graaff accelerator equipped with two

microbeam lines. This machine is able to supply proton,

deuteron, helium-3 or helium-4 ion beams in the energy

range from 400 keV to 3.75 MeV. An object-slit system

and a focusing quadrupole device permit to obtain 1� 1

to 100� 100 lm2 beam spots.

The vacuum chamber is operating between 5� 10�7

and 10�6 Torr. It contains a vertical sample holder (6

positions) controlled by step motors allowing 4 degrees

of freedom (3 translations and 1 tilt), an optical micro-

scope and 4 detectors: a Si–Li X-ray detector to register

yields from particle induced X-ray emission (PIXE) and

3 surface barrier detectors to record scattered ions, re-

coiled ions and nuclear reaction products.

In order to detect the 12–14 MeV protons from the

nuclear reaction induced by deuterons on helium-3, a

1500 lm thick annular surface barrier sandwich con-

sisting of three 500 lm thick annular silicon slices has

been used. Some connection problems were encountered

during spectrum recording and a satellite proton peak

has appeared approximately 3.5 MeV below the total

energy peak. Its intensity is approximately 30% of the

main peak. It looks like a secondary detection phe-

nomenon with only a 1000 lm silicon detector (2 slices

over 3) so that the NRA total yield was systematically

corrected.

The incident deuteron energy has been made to vary

in a decreasing way from 1.8 or 2.1 MeV to 750 keV.

The typical beam conditions were: beam spot � 50� 50

lm2, current intensity � 4 nA, acquisition time � 1200–

2400 s. An absorber foil (9–25 lm Mylar or 32 lm
aluminium foil) was placed in front of the annular de-

tector in order to stop the backscattered deuterons.

More details on the 3He(d, p)4He NRA measurements

can be found in the review of Paszti [11] or in the paper

of Lennard [7].

3. Data processing

3.1. Excitation curve method

Given a monoenergetic deuterons beam (initial en-

ergy Ed) interacting with the implanted 3He, the total

number of detected protons is derived from

NpðEdÞ ¼ NdðEdÞX
Z 1

x¼0

drðEdðxÞÞ
dX

qðxÞdx ð1Þ

with x being distance from the surface of the material;

qðxÞ, helium-3 concentration at depth x; dr=dX, differ-
ential cross-section of the 3He(d, p)4He reaction calcu-

lated in the actual experimental configuration for a

deuteron energy EdðxÞ, with

EdðxÞ ¼ Ed � gðxÞ;

actual energy of the interacting deuterons at depth x;

gðxÞ ¼
Z x

0

oEd

ou
du;

deuteron energy loss from the sample surface to the

depth x;

oEd

ou
ð¼ SðEdÞÞ;

stopping power of the deuterons in the material; Nd

being number of deuterons of initial energy Ed; X, solid
angle of the proton detector.

From the analysis of the NpðEdÞ curve obtained for

different deuteron energies, it is theoretically possible to

obtain the profile qðxÞ as long as this profile is not too

complex. This is the classical excitation curve method. It

requires a good knowledge of the stopping power of the

incident deuterons in the material and of the (d, p) re-

action cross-section. The stopping power of the deute-

rons has been estimated with SRIM. To allow the

numerical integration of Eq. (1), we have used polyno-

mial fittings as shown in Fig. 1 (residual deviation <1%),
which allows more straightforward calculations than

more sophisticated interpolation methods. Several esti-

mations of the (d, p) reaction differential cross-section

are available (see for example [12] or [13,14] for recent

reviews in the frame of fusion research). They show some

differences but no available experiment allows a valuable

choice. The more recent evaluations, proposed as poly-

nomial or spline functions and partially based on theo-

retical considerations, are however claimed to be more

trustable. To take into account the take-off angle of the

proton detector (around 175� instead of 86� in [12]), a

kinematic correction has to be performed (Fig. 2):

rðh;EdÞ ¼ rCMðEdÞ
Kffiffiffiffiffiffiffi

AC
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D=B� sin2 h
q ð2Þ

Table 2

SRIM estimations and gaussian curve fitting of the character-

istics of the 3He peaks in zirconia and britholite

Numbers

in lm
SRIM Gauss curves

Range Strag-

gling

Mean

depth

r FWHM

Zirconia, d ¼ 5:8 g/cm3

0.3 MeV 0.751 0.115 0.786 0.082 0.193

1 MeV 1.92 0.153 1.99 0.091 0.214

3 MeV 6.98 0.248 7.06 0.139 2.355

Britholite, d ¼ 3:45 g/cm3

1 MeV 2.61 0.150 2.70 0.114 0.269

3 MeV 9.12 0.220 9.22 0.158 0.372
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with rCMðEdÞ being (d, p) reaction cross-section in the

center of mass frame; h, mean angle of the proton de-

tector with respect to the incident deuteron beam ¼ 175�;

K ¼ B½cos h þ ðD=B� sin2Þ1=2�2;

A ¼ A0E0=Et; A0 ¼ M1M4=Det:;

B ¼ B0E0=Et; B0 ¼ M1M3=Det:;

C ¼ C0ð1þ ðM1QÞ=ðM2EtÞÞ; C0 ¼ M2M3=Det:;

D ¼ D0ð1þ ðM1QÞ=ðM2EtÞÞ; D0 ¼ M2M4=Det:;

Det: ¼ ðM1 þM2ÞðM3 þM4Þ; M1 being atomic mass of

incident deuteron; M2, atomic mass of helium 3; M3,

atomic mass of proton; M4, atomic mass of helium 4;

E0, energy of incident deuteron; Q, energy of the (d, p)

reaction in the center of mass frame ¼ 18:352 keV; Et ¼
E0 þ Q.

The excitation curve method fails in determining

the characteristics of complex profiles, because Eq. (1)

cannot generally be deconvoluted. It is necessary to use

numerical methods and make approximations. In our

case, the as-implanted 3He profiles, as suggested by

SRIM simulations, are assumed to be gaussian (except

for the low-depth tail). On the other hand, an estimation

of the helium diffusion coefficient can easily be obtained

provided the profile can be described by a gaussian curve

(4.2.2). We then assume here that the helium profiles for

both as-implanted and annealed samples, can be de-

scribed with such a gaussian form:

qðxÞ ¼ cHe
rHe

ffiffiffiffiffiffi
2p

p exp

 
� ðx� xmÞ2

2r2
He

!
ð3Þ

with cHe being total 3He surfacic density; rHe, variance

(full width at half-maximum FWHM ¼ rHe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 lnð2ÞÞ

p
;

xm, mean depth of the profile.
The only parameters to be determined are cHe, rHe

and xm, here using a numerical method (minimisation of

residual deviation by dichotomy). Good accuracy is

obtained for NpðEdÞ data with at least 10 points. Nu-

merical simulations of excitation curves for expected

cases are presented on Fig. 3(a).

3.2. Energy spectrum analysis

The excitation curve method, however, has major

limitations. First, recording the NpðEdÞ curve requires

long-duration experiments. Next, its main drawback is

that it can only lead to a coarse description of the actual

helium profile. Coming back to Eq. (1), the energy

spectrum of the detected protons for a given deuteron

energy is only a convolution of the 3He depth profile by

the (d, p) reaction cross-section:

dNp

dEp

ðEpÞ ¼ NdðEdÞX
drðEd � gðxÞÞ

dX
qðxÞdx: ð4Þ

This is then much more sensitive to the actual 3He depth

profile than the excitation curve and provides a better

Fig. 1. Deuteron stopping power in zirconia and britholite, as

calculated from SRIM (þ) and fitting (––).

Fig. 2. (d, p) reaction differential cross-section, from [9] (�),
with kinematic correction for a detector angle ¼ 175� (þ), and
fitting (––).
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depth resolution. In order to obtain a proton energy

spectrum matching as well as possible the helium profile,

the cross-section should be relatively flat in the energy

range where the interactions occur, i.e. on the high en-

ergy side of the dr=dX ðEdÞ curve (Fig. 2). This deter-

mines the suitable deuteron energy range. Owing to the

broad resonance of the rðEdÞ (or equivalently rðxÞ)
curve, this requirement is obtained in the case of narrow

profiles (see e.g. Section 4.1, ZrO2 implanted with 0.3

and 1.0 MeV 3He) but also for the broader profiles

obtained after 3 MeV implantations and subsequent

annealings. In that case, the deuteron energy has to be at

least around 1400 keV.

As compared to the excitation curve method, further

parameters have to be taken into account:

• channel-energy calibration of the proton detector:

this will be discussed below;

• energy of the detected proton: initial energy, energy

losses in the sample and the absorber foil.

With the same notations as in Eq. (2), the energy of

the emitted proton in the laboratory frame is given by

Ep ¼ EtB½cos h þ ðD=B� sin2 hÞ1=2�2: ð5Þ

The energy loss of the protons through the sample and

the absorber (Al or Mylar) has been calculated with

SRIM. Since only the high energy part of the curves is to

be used (Ep � 13 MeV), hyperbolic approximations have

been used in the following. A simulation of the proton

energy distributions is reported in Fig. 3(b).

3.3. Stragglings

In both methods, the main limitation in the helium

profile description comes from the energy stragglings of

the incident deuterons and emitted protons in the ma-

terials. From [15], an approximation of the straggling

for intermediate energy losses ð0:01 < DE=E < 0:2Þ, is
given by Bohr’s formula:

RB ¼ 0:395z
Z
A
d

� �1=2

ð6Þ

with R being variance in MeV of the energy distribution

of the particles, similar to a Gauss curve; E0, incident

particle energy (MeV); m, z, atomic mass and number of

the incident particles; A, Z, atomic mass and number of

the target (in the case of polyatomic targets, average

values weighted by the atomic fractions); x, particle

range (cm); d, target density (g/cm3).

For high energy losses (0:2 < DE=E < 0:8), an esti-

mation of the straggling can be obtained from Tschal€aar
[15]:

R2
T

R2
B

¼ S2ðEðxÞÞ
dx

Z E0

EðxÞ

dE
S3ðEÞ ; ð7Þ

where S ¼ dE=dx is the stopping power and EðxÞ the

mean energy at depth x.

The component of the total energy straggling of the

protons arising from the deuteron straggling is obtained

from simplification of the kinematic formula for h ¼
180�:

oEp

oEd

¼ B0 þ D0 �
ffiffiffiffiffiffiffiffiffi
B0D0

p 2Ed þ Qð1þM1=M2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
d þ QEdð1þM1=M2Þ

p
� �1 for Ed ¼ 500 keV: ð8Þ

Assuming normal distributions, the total straggling of

the detected protons is then obtained by the quadratic

sum of the different components (incident deuterons and

emitted protons in the samples and protons in the ab-

sorber). Applying these formulae to the outcoming

Fig. 3. Simulation of the results of a nuclear microprobe ex-

periment (zirconia sample, max. 3He ¼ 1020 cm�3, gaussian

profile, depth ¼ 7 lm, deuteron doses ¼ 10 lC) for 3He profile

variances ¼ 0:2, 0.5 and 1.0 lm: (a) excitation curves (deuteron

energy ranging from 1000 to 2000 keV); (b) proton energy

spectra (deuteron energy ¼ 1400 keV), without stragglings.
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protons leads to stragglings around 10–20 keV in each

material (sample and absorbers). When using the proton

energy curve method, this will hide details in the helium

distribution smaller than approximately 0.1 lm: this is
then the resolution limit of this method.

But the main straggling effect arises from the incident

deuterons: in the energy range and depths of interest

here (respectively Ed ¼ 1–2 MeV and x ¼ 6–8 lm), the
Tschal€aar formula leads to values around 50–60 keV. For
both methods, this induces an apparent broadening of

the helium distributions. In the case of the materials

implanted with 3 MeV 3He, and assuming gaussian he-

lium distributions, the apparent variances are increased

by about 0.15–0.20 lm. This is comparable to the ef-

fective variances after implantation, as estimated by

SRIM, and should then be taken into account. In the

preliminary estimations we present here, we consider

this effect as a systematic error, which can then be ne-

glected, to first order, since the helium diffusion coeffi-

cients are estimated from variance differences (see

Section 4.2.2).

4. Results and discussion

4.1. Monoclinic zirconia

An example of excitation curve and subsequent

analysis obtained from a monoclinic zirconia sample is

reported in Fig. 4. The sample has been implanted with 3

MeV 3He at an expected dose of around 2� 1016 cm�2.

The analysis has been performed with a 5 nA deuteron

microbeam (50� 50 lm2). The deuteron dose at each

energy (decreasing from 1800 to 1000 keV) is 5 lC, in-
ducing a recording time of approximately 1000 s for

each energy. In order to stop the backscattered deute-

rons, a 32 lm thick aluminium foil is placed in front of

the proton detector; this induces a too large energy

straggling to allow a relevant analysis of the proton

energy spectra. The calculated curve is obtained by a

numerical simulation of the experiment from Eq. (1), in

which the integral is discretised with a 0.02 lm depth

step and using polynomial approximations of the deu-

teron stopping power and the (d, p) reaction differential

cross-section data. The 3He profile parameters are then

obtained through a classical convergence method by

dichotomy, leading to the following values:

Depth of maximum 3He concentration: 6:61� 0:02 lm;
Variance of 3He distribution: 0:37� 0:02 lm;
i.e. FWHM: 0.87 lm;

3He dose: 2:40� 0:05� 1016 cm�2;

Maximum 3He concentration: 2:58� 0:16� 1020 cm�3.

These values are compared to SRIM estimations (Table

2). It appears that the 3He profile characteristics (depth

and width) are very different: calculated depth 6% lower,

twofold variance. As mentioned above, the apparent

broadening of the profiles can be mainly attributed to

the deuteron straggling effects.

A sample has been annealed at 800 �C for 1 h. The

corresponding excitation curve shows no evolution of

the helium distribution, mean depth and width. This

means a high trapping efficiency of helium in this ma-

terial, perhaps by formation of either vacancy-helium

complexes or clusters such as bubbles.

The sensitivity of the proton energy spectrum method

has been evaluated with a sample that has been im-

planted with 0.3 and 1.0 MeV 3He. The analysis is per-

formed with a 800 keV deuteron beam. This allows the

use of a very thin absorber, here a 12.5 lm thick Mylar

foil. In that case, proton straggling is drastically lowered

and the resulting proton energy spectrum clearly exhibits

two peaks, corresponding to the two helium layers as

shown in Fig. 5. The analysis has been performed from

Fig. 4. Excitation curve and corresponding analysis for a zir-

conia sample (3 MeV 3He implantation).

Fig. 5. Proton energy spectrum for a zirconia sample implanted

with 0.3 and 1.0 MeV 3He, and analysis from Eq. (4) (deuteron

energy ¼ 800 keV).
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Eq. (4). As mentioned above, this method requires a

calibration of the proton detector. For the low-energy

part of the detected spectra (Ep < 5 MeV), several cha-

racteristic nuclear reactions allow an accurate calibra-

tion, mainly those induced on 12C and 16O. But the

extrapolation to the proton energy range of interest here

(around 13 MeV) is not accurate enough. A hypothesis

has to be made. We have here assumed that the actual

mean depth of the deepest helium layer is given by the

SRIM estimations. All other parameters have then been

adjusted to obtain the best agreement with the experi-

mental curve (Fig. 5). The following results are ob-

tained:

The apparent widths are again very different from SRIM

estimations, mainly due to straggling effects, but the

depth of the first layer is correctly estimated.

4.2. Britholite

4.2.1. Channeling

The analysis of britholite has been only performed on

samples implanted with 3 MeV 3He, in conditions sim-

ilar to zirconia analysis. But, in order to reduce the

proton energy straggling, a 25 lm Mylar absorber has

been used. In those conditions, the proton energy spec-

tra show puzzling features (Fig. 6): a large tail appears

on the high energy side of the main peak, which can even

resolve into a secondary peak for some analysed areas.

Due to kinematic effects (Eq. (5)), this corresponds to

protons arising from reactions with deuterons of lower

energy, i.e. at greater depths. This means that in this

material, helium has been partly implanted at depths

larger than those estimated by SRIM, i.e. assuming a

random distribution of the atoms in the structure. Such

an effect was not seen in zirconia, and should be at-

tributed to the structure of britholite. The latter is

characterised by wide channels (diameter around 0.5

nm) along the c-axis of the hexagonal structure, con-

taining mainly the fluorine atoms, i.e. with a low-atomic

density. In such a structure, a particle coming in a di-

rection close to the channel axis will undergo lower en-

ergy losses as compared to the general (random) case

because of the lower probability of collisions with the

atoms of the structure and focussing by the channel

edges. Due to experimental conditions (grains size <
5 lm, deuteron beam � 50� 50 lm2), around one hun-

dred grains are simultaneously analysed. Therefore, we

have to assume that, among these, a few grains are

correctly oriented to allow this channeling effect. Here,

we observed that the energy of the protons coming from

the deepest (channelled) 3He is around 300 keV higher

than the main component of the spectra (Fig. 6). A

coarse simulation shows that this corresponds to stop-

ping powers (either for 3He or deuterons, since the

beams are in both cases perpendicular to the surface of

the sample) only 10–20% lower than in the normal

(random) material; the resulting implantation depths are

increased in about the same extent.

It would be very interesting to analyse this effect,

because of its possible consequences on helium diffusion:

this could explain the hypothetical channels put forward

by Soulet [2] to explain the behaviour of helium in ap-

atite as deduced from RBS analysis. This is however

beyond the scope of this paper.

4.2.2. Helium diffusion coefficient

Both data processing methods, excitation curve and

proton energy spectra, have been used to estimate the

helium diffusion coefficient in the britholite. For this,

two samples have been implanted with 3 MeV 3He. They

have subsequently been cut and the different sectors

annealed at different temperatures. The temperatures

and durations are extrapolated from Ouchani’s RBS

results [5]:

Peak Mean depth (lm) Variance (lm) 3He

(1016

cm�2)
Apparent SRIM Apparent SRIM

300

keV

0.80 0.79 0.23 0.086 0.53

1

MeV

¼ SRIM 1.98 0.21 0.090 0.65

T (�C) t (h)

200 264

250 48

325 1

400 0.58

Fig. 6. Proton energy spectrum (deuteron energy ¼ 1400 keV)

for a britholite sample implanted with 3 MeV 3He (þ) com-
pared with a simulation of a single gaussian 3He profile (––).
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The main results are reported in Tables 3 and 4. For the

as-implanted samples, the excitation curve method leads

to mean depths lower than SRIM estimations (around

8.6 lm versus 9.1 lm), as in zirconia. This cannot be due
to the channeling effects, which should on the opposite

lead to higher depths. The widths are here again larger

than SRIM estimations, but not as much as in zirconia

(Table 2). On the other hand, the results show a very

heterogeneous 3He implantation (very different helium

concentrations on the different sectors of a given sam-

ple): Fig. 7.

In the case of proton energy spectra, the channel/

energy calibration of the proton detector has been built

assuming a mean depth for the helium profile in the as-

implanted samples given by the excitation curve method.

The same calibration has then been used for analysing

the spectra obtained with the annealed samples.

In both methods, the helium concentration has been

assumed to have a gaussian profile. In that case, it is

possible to deduce a diffusion coefficient from the vari-

ation of the variance of the distribution after the an-

nealing steps. From [16], we have

r2
t ¼ r2

0 þ 2Dt; ð9Þ

where rt being variance after annealing; r0, variance

before annealing; t, annealing duration.

The helium diffusion coefficient can be deduced from

Tables 3 and 4. Since the experiments have been

performed with 3He but radiogenic helium is 4He, a

mass correction has been performed: Dð4HeÞ ¼
Dð3HeÞ �

ffiffiffiffiffiffiffiffi
3=4

p
. The results are reported on Fig. 8 and

compared to the values obtained by RBS analysis [5] on

an apatite. An Arrhenius plot can be made, leading to

Table 3

Main characteristics of helium profiles (3 MeV 3He implantation) in annealed britholite obtained with the excitation curve method

Run 1005 Run 2602 Run 3001 � (%)

No an-

nealing

200 �C 250 �C No an-

nealing

325 �C 400 �C No an-

nealing

325 �C 400 �C

– (264 h) (48 h) – (1 h) (0.58 h) – (1 h) (0.58 h)

Filter Mylar 25 lm Al 32 lm Al 32 lm

Number of data 13 15 6

Mean depth (lm) 8.622 8.650 8.666 8.631 8.525 8.781 8.638 8.581 8.576 0.2–0.3

Variance (lm) 0.211 0.429 0.481 0.291 0.544 1.101 0.247 0.538 1.141 4–6

FWHM (lm) 0.496 1.010 1.133 0.684 1.280 2.592 0.581 1.266 2.686 4–6

cHe=1016 (cm�2) 2.52 0.53 2.55 2.86 2.06 1.96 2.89 2.08 1.94 0.7–2

cHe max =1020

(cm�3)

3.41 0.47 1.77 3.92 1.51 0.71 4.67 1.55 0.68 5–7

Annealing temperatures are given in �C; duration is given in parentheses.

Table 4

Main characteristics of helium profiles (3 MeV 3He implantation) in annealed britholite obtained with the proton energy spectra

method (analysis of the main peak, channeling contributions neglected, straggling not taken into account)

T annealing (�C) Proton detector calibration: 17.828 keV/channel

t (h) Depth (lm) He3 1016 (cm�2) Variance (lm)

Run 1005, Ed ¼ 1400 keV a

Non-annealed 8.622 1.75 0.45

200 264 8.65 0.40 0.60

250 48 8.65 0.95 0.65

Proton detector calibration: 21.054 keV/channel

Run 3001, Ed ¼ 1400 keV a

Non-annealed 8.622 2.68 0.48

325 1 8.47 2.67 0.62

400 0.58 8.47 2.25 0.87

aDepth: non-annealed ¼ 8:622 lm (excitation curve).
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the following estimations valid for T ranging from 200

to 400 �C:

Dð4HeÞ ¼ D0 expð�Ea=kTÞ, D in cm2=s, Ea in eV and T

in K, and

Excitation curve method: D0 ¼ ð4:03� 0:8Þ � 10�4

cm2=s, Ea ¼ 1:09� 0:02 eV;

Protons energy spectra method: D0 ¼ ð1:89� 0:7Þ �
10�4cm2=s, Ea ¼ 1:08� 0:04 eV.

Both methods lead to comparable results and are in

agreement with Ouchani’s estimations. The main ap-

proximation of the methods we use here, i.e. neglecting

the stragglings, is then of low consequences in deter-

mining the diffusion coefficients.

5. Summary

In the frame of studies dedicated to the behaviour of

ceramic materials considered for long-duration nuclear

waste storage, we have been led to determine the

diffusion coefficient of helium in these materials. For

this purpose, a three-step method has been used, con-

sisting of implanting 3He, analysing the implanted

profile with the 3He(d, p)4He reaction and deducing a

diffusion coefficient from the evolution of the profile

width with the annealing temperature. The analysis of

helium profiles has been made according to two different

methods: first, the classical excitation curve (number of

collected protons for a set of deuteron energies) and

second, the proton energy spectra for selected deuteron

energies.

In the case of monoclinic zirconia, here used as a

reference material, we have deduced mean implantation

depths that are significantly smaller than SRIM

estimations, which could arise from uncertainties either

in stopping power or in the (d, p) reaction cross-section.

The apparent width of the helium distributions is much

higher than SRIM estimations, mainly due to analysis

approximations (deuteron and proton stragglings

are neglected). Moreover, helium is very efficiently

trapped (no measurable diffusion after annealing at 800

�C).
As for britholite, the analysis of the proton energy

spectra has shown a channeling mechanism in the ma-

terial, possibly related to the presence of large channels

in the structure. Annealing tests in the temperature

range 200–400 �C have led to estimations of the helium

diffusion coefficient in this material. Both methods, ex-

citation curve and proton energy spectra, lead to com-

parable values, which are in good agreement with

previous results on an apatite.

Further studies are needed concerning the analysis of

channeling in britholite and trapping mechanisms of

Fig. 7. Analysis of excitation curves for samples of britholite

implanted with 3 MeV 3He and subsequently annealed.

Fig. 8. Helium diffusion coefficient in britholite. Excitation

curve and proton energy spectrum (deuteron energy ¼ 1400

keV) methods, and results from [5] obtained by RBS analysis on

an apatite.
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helium in those materials. Improvement of data analysis,

taking into account straggling effects, are in progress

[17].
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