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ARTICLE INFO ABSTRACT

Article history: The immobilization of fission products and minor actinides by vitrification is the reference process for
Received 12 September 2008 industrial management of high-level radioactive wastes generated by spent fuel reprocessing. Radiation
Accepted 23 February 2010 damage and radiogenic helium accumulation must be specifically studied to evaluate the effects of minor

actinide alpha decay on the glass long-term behavior under repository conditions.

A specific experimental study was conducted for a comprehensive evaluation of the behavior of helium
and its diffusion mechanisms in borosilicate nuclear waste glass. Helium production was simulated by
external implantation with 3He ions at a concentration (~1 at.%) 30 times higher than obtained after
10,000 years of storage. Helium diffusion coefficients as a function of temperature were extracted from
the depth profiles after annealing. The *He(d,o)'H nuclear reaction analysis (NRA) technique was success-
fully adopted for low-temperature in situ measurements of depth profiles. Its high depth resolution
revealed helium mobility at temperatures as low as 253 K and the presence of a trapped helium fraction.
The diffusion coefficients of un-trapped helium atoms follow an Arrhenius law between 253 K and 323 K.
An activation energy of 0.55 + 0.03 eV was determined, which is consistent with a process controlled by
diffusion in the glass free volume.
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1. Introduction
R7T7 borosilicate glass was selected to immobilize the high-le-
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self-irradiation by B, Y and o decay. The effects of radiation on the
glassy matrix are one of the major points to be considered for a
waste package performance assessment. The main source of radia-
tion damage is o decay, because the number of atoms displaced by
each a disintegration is much larger than that from the g and y de-
cay. Some studies carried out on nuclear borosilicate glasses have
revealed variations in the glass density (slight swelling or densifi-
cation depending on the chemical composition of the nuclear
glass) and in the mechanical properties (Young’s modulus, hard-
ness, toughness) due to the accumulation of o decays within the
glass [1-7]. These modifications have been attributed to the conse-
quences of the nuclear interactions induced by the alpha decay re-
coil nuclei [5,7].

The behavior of the helium produced by the o-emitters present
in the waste must be evaluated to determine the effect of helium
generation on the glass integrity. This requires an assessment of
helium diffusion in the glass to predict whether or not helium will
be released from the glass matrix under disposal conditions.

To the best of our knowledge, three main techniques have been
used to simulate helium accumulation induced by o decay in nu-
clear borosilicate glasses. The first consists in doping glass speci-
mens with a short-lived actinide to obtain in a few years the
cumulative dose received by the future glass packages over several
millennia [4-8]. The second technique is based on irradiation of
borosilicate glasses by thermal neutrons to generate a homoge-
neous helium concentration within the glassy matrix by the
198(n,a)’Li nuclear reaction [3,9]. Its high cross section value al-
lows a high helium dose to be reached within a reasonable irradi-
ation time. The helium permeation technique by hot isostatic
pressing under helium atmosphere offers the advantage of intro-
ducing helium in the glassy matrix without damage [10].

In this study, the accumulation of helium in the glass was ob-
tained by implanting 3He ions. Although the implantation tech-
nique is easy to implement, it allows a high helium dose to be
accumulated in only a few minutes. This technique produces a
lower defect concentration than doping or '°B(n,a)’Li techniques.
However, prior to the helium implantation, the defect concentra-
tion can be enhanced by heavy ion irradiation in order to predict
the influence of defects on helium diffusion. The analyses were
performed in the DIADDHEM (DIspositif d’Analyse de la Diffusion
du Deutérium ou de I'HElium dans les Matériaux) experimental
facility. The 3He(d,o)'H nuclear reaction analysis method (NRA)
was used to determine the depth profile of the implanted helium
concentration. The mechanisms involved in helium migration into
borosilicate nuclear waste glass were investigated from the evolu-
tion of the concentration profiles as a function of the annealing
conditions. The helium diffusion coefficients and activation energy
in borosilicate glass were determined.

2. Experimental
2.1. DIADDHEM description

This experimental study was performed in the DIADDHEM facil-
ity developed at CEMHTI laboratory and installed on a Van de Gra-
aff accelerator beamline. The originality of this facility resides in
the coupling of the NRA coincidence technique with sample heat-
ing and cooling systems (Fig. 1). It offers the advantage of implant-
ing helium at low-temperature and allowing in situ measurements
of helium desorption or depth profiles over a wide range of anneal-
ing temperature from 120K to 1170 K. The main components of
this device are three particle detectors and a motorized goniometer
(one rotation and two translation drives). The goniometer is
equipped with an electronic bombardment furnace heating the
rear side of the sample holder and a cooling system including

Retractable jaws cooled by
cold nitrogen gas
Furnace

178° Annular detector 0° Detector

100 mm’

1200 mm’
D+
beam D
O particles Protons
and transmitted
Backscattered through the
deuterons sample
[Coincidence

Alpha energy
spectrum
Fig. 1. Experimental configuration of DIADDHEM.

two retractable jaws cooled by cold nitrogen gas. The DIADDHEM
facility was described in detail in a previous paper [11].

The 3He(d,a)'H NRA technique is based on irradiating the
sample by a deuteron beam produced by a 3 MV Van de Graaff
accelerator. The detection in coincidence of both reaction products
(a-particles and protons) emitted from the *He(d,o)'H nuclear
reaction reduces the backscattered ?H intensity by a factor of about
4 % 10* and provides a-particle spectra free of spurious signals in
the region of interest (Fig. 2). The helium depth profile is measured
from the alpha energy spectrum at a depth of up to 6 pum into boro-
silicate glass. More details about the NRA coincidence technique
are described by Sauvage et al. [12].

2.2. Sample preparation
Cylindrical borosilicate glass rods were fabricated at CEA

Marcoule and cut into disks by the Primeverre in Montpellier.
The chemical composition of the studied glass is indicated in Table
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Fig. 2. Energy spectra in single and coincidence mode at 178° for borosilicate glass.
Analysis was performed with 900 keV D* ions at a charge of 150 pC.

Table 1
Chemical composition of the studied glass.

Component concentration (mol%)

Sio, 52.8 Sro 0.2 La,03 0.2
B,03 14.1 Zn0 2.2 Ce,03 0.2
Al,03 34 Fe,05 1.3 Nd,05 0.3
Na,O 11.3 Zr0, 1.5 Pr,03 0.1
Li,0 4.6 MoOs 0.8 TeO, 0.1
Cs,0 0.3 MnO, 0.3 P,05 0.1
Cao 5.0 NiO 0.3 Y,03 0.2
BaO 0.3 Cr,03 0.2 Other oxides 0.2
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1. The specimens were polished on both sides using 6 pm diamond
paste and the surface of the analysis side was then finished using
1 wm diamond paste. The resulting disks were approximately
270+20 um thick and 8.8 mm in diameter. A carbon layer
(~15 nm) was deposited on the analysis surface of the disks to
avoid electrical discharge during the *He* or D* bombardment
and physical deterioration of the disk.

2.3. Helium implantation, annealing and determination of helium
depth profiles

In a preliminary study, a borosilicate disk was implanted at
room temperature with 600 keV >He ions at a dose of 5 x 10'° at
cm~2. Online measurement of the helium desorption revealed a
20% loss from the initial helium concentration after storage at room
temperature for 20 h. These results highlight the strong mobility of
helium at room temperature. Consequently, the helium implanta-
tion and the helium depth profile measurement must be performed
at a lower temperature. A specific procedure was therefore defined
for the study of helium in borosilicate glass in order to minimize he-
lium diffusion during implantation and profiling (Fig. 3).

After cooling the sample to a temperature below 150 K, >He ions
were implanted at an energy of 600 keV and a fluence of 2 x 10'®
at cm ™2 (~36 x 10" He g~!). The as-implanted helium depth pro-
file was then measured by maintaining the sample at that temper-
ature. After sample thermal cycling, the sample was cooled again
before determining the helium profile.

The helium depth profiles were measured using a 2 x 2 mm?
deuteron beam at 900 keV. The depth profiles were extracted using
the RESNRA (RESolution in NRA) freeware coupled to the SIMNRA
5.0 (simulation program for the analysis of NRA) software. This
code allows the depth resolution as a function of the distance from
the sample surface to be determined from the experimental alpha
particle spectrum [13]. The depth resolution is 0.06 um near the
borosilicate glass surface and degrades with depth due to primary
deuteron beam and alpha particle energy straggling [11].

Four temperatures were investigated. Samples S1, S2, S3 and S4
were annealed at 253 K, 273 K, 298 K and 323 K, respectively. The
thermal cycle was carried out with positive and negative slopes of
15 K/min and 10 K/min, respectively.

3. Results and discussion
3.1. Helium depth profiles

3He depth profiles of the samples before and after annealing are
shown in Fig. 4. The maximum helium concentration [He]nax of the
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Fig. 3. Experimental procedure for >He implantation and depth profile determina-
tion before and after annealing stage.

as-implanted samples ranges from 1 to 1.15at.% at a depth of
1.83 pm. The theoretical helium distribution determined by SRIM
(Stopping and Range of lons in Matter) calculations [14] is pre-
sented in Fig. 5. For a fluence of 2 x 10'® at cm 2, the [He]ax esti-
mated by SRIM is 1.15 at.% at a depth of 1.9 um. The maximum
number of displacements per atom (dpa) is calculated as 0.68
within the nuclear cascade zone located at 1.83 um. A difference
of 0.07 um is observed between the experimental and simulated
helium distribution location. The depth resolution of the NRA coin-
cidence technique (0.12 wm at 1.83 um in borosilicate glass) is not
sufficient to conclude that helium migration occurred within the
nuclear cascade region during implantation [11].

The helium concentration depth profile broadens with the
annealing temperature and time, due to helium diffusion within
the glassy matrix. Helium mobility is observed at a temperature
as low as 253 K (Fig. 4). From a temperature of 273 K, an asymme-
try in the depth profiles appears to reveal anisotropy of the helium
diffusion.

After annealing for 90 min at 298 K and for 10 min at 323 K, we
observe a narrow peak located on the central region of the as-im-
planted profile and overlapping the broadened helium depth pro-
file. This peak is a reliable indicator of the presence of a trapped
helium fraction. This fraction is revealed in case of large diffusion
of the un-trapped helium population. The helium profile of the
sample annealed for 60 min at 323 K reveals thermal resolution
of the trapped helium. Helium trapping may occur in defect clus-
ters and/or in nanometer-size bubbles and/or porosities.

The total helium content of each profile was determined from
the helium depth profile integration; no significant helium desorp-
tion was observed under all annealing conditions.

3.2. Helium diffusion coefficient calculation

3.2.1. Model calculation

A one-dimensional model used previously by Guilbert et al. [15]
is applied to simulate the *He concentration profile changes after
sample annealing.

aCp(x,t) 0 (.0
4%—:&@&Qm® (1)

D is the diffusion coefficient at the annealing temperature T, x
the distance from the sample surface and ¢ the annealing time.
The experimental results of depth profiling indicate trapping of a
significant fraction of the initial implanted helium atoms. We then
entered in the model a trapped helium population C;(x, 0) equal to
a fraction A of the initial helium distribution C(x, 0). We assume
that the trapped helium peak is located at the initial helium max-
imum concentration.

The helium concentration Cp(x, 0) in Eq. (1) at annealing time
t = 0 is considered as the fraction of helium diffusing in the borosil-
icate glass and corresponds to the term (1 — 1) - C(x, 0).

The final helium concentration profile ((x, t) after an annealing
time t is assumed to be the sum of the two contributions, one
which can diffuse into the glass and another one which is trapped.

C(x,t) = Cp(x, t) + /- C(x,0) 2)

This model does not directly take into account the mechanism
of thermal resolution of helium during the annealing time t. The
4 term is then estimated after each annealing stage.

The anisotropy of the helium profiles observed at temperatures
above 273 K could indicate a space-dependence of the helium dif-
fusion coefficient, as with glass damage. The effect of the glass
damage on the helium diffusion mechanisms in borosilicate glasses
is discussed in the literature. Malow and Andresen [9] observed a
reduction of the apparent helium diffusion coefficients with
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Fig. 4. Helium depth profiles of samples S1, S2, S3 and S4 implanted with 600 keV >He at 2 x 106 *He cm 2.
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Fig. 5. Depth distributions of 600 keV 3He* and of displacements yield per atom
(dpa) calculated by SRIM at a fluence of 2 x 10" at cm 2. Spatial variation of D(x)
function introduced in the model calculation. The hatched zone on the graph
represents the region damaged by *He implantation with a dpa value higher than
0.03 dpa.

increasing o dose generated by the '°B(n,a)’Li nuclear reaction.
This change was attributed to the radiation damage of the glass.
Peuget et al. [5] reported an impact of the alpha dose rate on the
macroscopic and mechanical properties of R7T7 borosilicate glass
doped with 2#*CmO,. The authors described progressive swelling
and a hardness reduction as a function of alpha decay doses for
doses ranging from 10'7 a/g to 2 x 10'® a/g (~0.083 dpa). No fur-
ther significant variation was shown at higher doses, i.e. the glass
swelling saturates at about 0.5% and the hardness decreases from
the initial value by up to 30%. The authors ascribe the observed

changes to the damage induced by nuclear interactions caused
by recoil nuclei from alpha decays.

We have therefore introduced in our model a spatial depen-
dence for D which reflects the presence of defects induced during
the implantation stage. According to our implantation conditions
(mono-energetic primary *He beam 600 keV 3He*, 2 x 10'° at
cm~2), the dpa profile simulated by SRIM is inhomogeneous
(Fig. 5). The maximum number of dpa is estimated to be 0.68
and located at the depth of 1.83 pm. We assume that the glass is
damaged when the variation of the macroscopic and mechanical
properties determined by Peuget et al. [5] reaches half the satura-
tion values. The corresponding o dose is then estimated at 7 x 107
o/g, corresponding to 0.03 dpa. Hence, the layer of material for
which the depth ranges from 0.30 pm to 2.04 um is presumed
damaged (Fig. 5). Because the experimental helium depth profiles
(Fig. 4) reveal a very low helium concentration from the surface
to the depth of 0.3 um, the D(x) function is simplified to two con-
stants Dsysface and Dyolume linked by the following expression:

(x— xD)} )
Op2
Xp is the maximum depth at which the material is considered
damaged and op the depth resolution of NRA coincidence tech-
nique at the depth of Xp. The simulation is performed with the
D(x) equation in which Xp and op values are set at 2.04 um and

0.14 pum, respectively. The 0.14 pm value of op corresponds to
the depth resolution at Xj, of the depth profiling technique used.

D(X) = Diyre + L teme— Doursee) <1 + tanh (3)

2

3.2.2. Results of simulation
A set of calculations with Dgycface, Dyolume and A as parameters
was performed to achieve the best fit of each experimental helium
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profile. The more pertinent depth profiles as function of the
annealing stage and their simulation are compared in Fig. 6. The
resulting Dsyrfaces Dvolume and A values are reported in Table 2.
The standard deviations are determined by iterative simulation
with different D and A couple parameters and calculation of the
Pearson correlation coefficient.

All the profiles are correctly fitted. The fit is better for the lower
temperature than for the higher ones where an imperfect simula-
tion of the rising edge of the helium peak (Fig. 6b and c) is
observed.

The simulation results show helium trapping and helium ther-
mal resolution phenomena. With regard to the / values determined
for the shortest annealing time, the quantity of trapped helium
after implantation at 130 K is estimated between 10% and 30% of
the initial helium concentration. The trapping yield is determined
more precisely in the case where the trapped helium population
can be deconvoluted from the helium diffusing within the glassy
matrix. The most pertinent initial trapped helium fraction is ob-
served after annealing for 10 min at 323 K, i.e. 19% with an abso-
lute standard deviation of 1% (Fig. 6c). This initial trapping
fraction could be underestimated because of a possible helium
thermal resolution during the time t; necessary to reach the
annealing temperature and to return to 130 K, but it could not ex-
ceed 30% (see Table 2). The helium would be trapped from implan-
tation-induced defects and diffused after thermal resolution in the
free volumes of the glass. At 323 K, the trapped helium fraction de-
creases from 19% after 10 min of annealing to 3% after 60 min (Ta-
ble 2), i.e. the thermal resolution of trapped helium is highly
effective at this temperature.
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Table 2
Helium diffusion coefficients D and trapped fraction / calculated from the simulation
of the change of helium depth profiles after annealing stages.

Sample annealed D D 2(%)
10~"* cm?s! 10~ cm?s7!

S1-253K

300 min 0.4 +0.08 0.4 £0.08 187

S$2-273 K

30 min 4.0+0.8 4.0+0.8

90 min 3.0£0.5 3.0+£0.5 155

270 min 1.7+03 1.5+03 55

53-298 K

10 min 38+8 305 155

30 min 22+3 19+1 102

90 min 202 151 102

S4-323 K

10 min 125+10 12510 19+1

60 min 755 70+10 3+1

The simulation results do not show a significant difference be-
tween Dgyrface aNd Dyolume. A slight decrease of Dy face and Dyorume
with time is observed. Two plausible interpretations can be ad-
vanced. Firstly, D is estimated from the evolution of the helium
depth profile after annealing versus the as-implanted profile as ref-
erence. Consequently, this estimation is made without taking into
account the helium diffusion during the time t; necessary to reach
the annealing temperature and to return to 130 K. This influence
should be predominant for short annealing times. Because the rate
of temperature variation is 15 K/min and 10 K/min for the positive

1.2
Reference S3
1.0 4 Experimental Annealed at
-------- Simulation 208K - 90 min
~ 0.8+
5]
=
~ 0.6 1
L
T
o
— 0.4 1
0.2 o
0.0 Lsssesmparientt® - e e seerenptennt
00 05 10 15 20 25 30 35 40
Depth (um)
1.2
Reference S4
1.0 | Experimental Annealed at
eeeeeee Simulation 323K - 60 min
~ 0.8+
=
IS
=~ 0.6 1
Q
&
— 0.4 -
0.2 .
00 p ....o."""‘. poitiole |iGiq. 0. ...'..'0000.........
00 05 10 15 20 25 30 35 40

Depth (um)

Fig. 6. Comparison between best-fit calculations and the corresponding experimental helium profiles obtained after annealing stage.
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Fig. 7. Arrhenius plot of Dgyface and Dyorume diffusion coefficients.

and negative slopes, this cannot explain the variation in D observed
at 273 K for long annealing times. In any case, experimental helium
depth profiles at 298 K and 323 K with an annealing time of 0 min
will be measured to conclude on this point.

Secondly, the determination of the D values can be affected by
helium resolution phenomenon. In case of a high helium resolution
fraction, D values would be underestimated. This can explain an
apparent decrease in the diffusion coefficient over time.

Because the simulation results reproduce the data quite well,
differences in Dgy face and Dyoume cannot lead to the slightly asym-
metric profiles observed at 298 and 323 K. Another mechanism
should be taken into account to better fit this asymmetry; it may
be related to the resolution of trapped helium atoms in the dam-
aged zone.

An upgrade of the simulation model is under development to
take into account the trapped helium resolution kinetics.

3.3. Activation energy

The Dsyface and Dyoume diffusion coefficients were plotted on a
logarithmic scale versus the reciprocal Kelvin temperature (Fig. 7),
resulting in straight lines with excellent Pearson’s chi-square val-
ues, from which we estimated two values for the activation energy
of helium diffusion. The difference between the two activation en-
ergy values for helium diffusion towards the surface
(0.56+0.02eV) and the volume (0.55+0.03 eV) is considered
non-significant. The activation energy of helium diffusion in this
glass is estimated at 0.55 +0.03 eV.

This activation energy is consistent with helium diffusion in the
free volume of borosilicate glass systems. Because inert gases do

Table 3
Summary of our results and comparison with the literature data.

not interact with the glass network, Doremus suggested that the
gas atoms occupy empty interstices within the network [16]. The
size of the interstitial space is directly related to the glass chemical
composition, and changes the helium diffusion kinetics. The den-
sity and the size of the interstitial sites available for helium diffu-
sion affect the doorways and the jump distance between the
interstitial sites, which can modify the activation energy and/or
the diffusion mechanism [17-20].

The glass studied in this work is a very complex borosilicate
composition with numerous network formers (Si, B, Al, Fe), net-
work modifiers (Na, Li, Ca, Sr, Ba, etc.) and other elements whose
role in the glass structure is not well known and cannot be easily
related to the glass free volume. Care must therefore be taken in
comparing the activation energy measured in this study with the
values observed on simpler borosilicate glasses. Nevertheless, Alte-
mose [10] used the permeation technique to investigate helium
diffusion between 460 and 800K in simple borosilicate glasses
with variable alkali content. The permeation technique introduces
a homogenous helium concentration in volume without damage.
The author noted an increase in the activation energy of helium
diffusion as a function of the alkali concentration (Table 3). It var-
ied from 0.22 eV for the glass with 1.94 mol% of Na,O, which is
close to the value measured on vitreous silica (0.26 eV [17,21]),
to 0.45 eV for the glass with 11.9 mol% of Na,O. The activation en-
ergy determined for the material studied in this work (11.3 mol% of
Na,0) is closer to the one corresponding to the highest Na,O con-
tent (SiO,: 69 mol%, B,03: 16%, Al,05: 1%, Nay0: 11.9%) [10]. The
high activation energy value we obtained could be related to the
high concentration of alkali and alkali-earth atoms in the studied
glass (Nay0: 11.3 mol%, Ca,0: 5%, BaO: 0.3%, SrO: 0.2%) (Table 1).
Alkali and alkali-earth atoms certainly fill more the interstitial sites
available for helium diffusion and maybe also increase the jump
distance.

3.4. Effect of glass damage on helium diffusion

In Table 3 and Fig. 8, the obtained helium diffusion coefficients
are compared with those reported in the literature using doping
and the '°B(n,a)Li’ techniques [6,8,9]. The main differences of
the implantation technique used in this study with these tech-
niques are the heterogeneity of helium concentration in volume
and the lower helium concentration to defect concentration ratio.

The helium depth distribution determined at 253 K, 273 K and
298 K (expect the profile obtained after annealing for 90 min at
298 K) broadens within an assumed damaged zone (hatched area
in Fig. 4). Therefore, the corresponding diffusion coefficients Dgy;,-
face aNd Dyolume are assumed to be determined in a damaged mate-
rial. However, we attribute a lower reliability to the estimated

Author Material He incorporation mode %[He] dpa D at 298 K (cm?/s) Activation energy (eV)
Perkins and Begeal [21] Silicon dioxide Permeation - - 2x10°8 0.23

Altemose [10] Sodium borosilicate (1.94% Na,0) Permeation - - 3x10°8 0.22

Altemose [10] Sodium borosilicate (11.9% Na,0)  Permeation = = 8x 101 0.45

Malow B [9] Zinc borosilicate 10B(n,at)"Li 0.0003 0.002 8 x 101> 0.8

Turcotte [6] Zinc borosilicate 244Cm doping 0.002 0.034 2 x 10714 0.65

Hall [8] Borosilicate 238py doping 0.0025 0.043 4 x 101> 0.75

Malow A [9] Zinc borosilicate 10B(n,at)"Li 0.02 0.14 1x 10719 1.15

Malow C [9]* Zinc borosilicate 10B(n,o)"Li - - 2 x 10712 0.47

This study R7T7 3He implantation Upto1.15 0-0.68 2x10° 13 0.55

"Malow A, data obtained on a damaged glass (dpa = 0.14).
Malow B, data obtained on a low damaged glass (dpa = 0.02).

Malow C, extrapolated data obtained on restored damaged glasses by heat treatment at temperatures above 673 K; these samples can be considered as pristine glasses.

2 Extrapolated value.
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673 K; these samples can be considered as pristine glasses

Fig. 8. Helium diffusion coefficients versus reciprocal Kelvin temperature reported
in the literature and obtained by the present study.

Dsurface Values compared with the values for Dyume because of the
imperfect simulation of the depth profile towards the surface.

A large diffusion towards the bulk in a region assumed to be
undamaged material is observed after annealing at 298 K (for 90
min) and 323 K. These Dyoume Values can be related to helium dif-
fusion within an undamaged material. As shown in Fig. 6d, the
experimental depth profile obtained after annealing at 323 K for
60 min is correctly simulated towards the surface and the volume
with the same diffusion coefficient.

We conclude that the damage yield induced by 3He implanta-
tion at 2 x 10'® at cm~2 has no significant influence on the helium
diffusion. More precisely, the heterogeneity of the damage distri-
bution does not appear to affect helium diffusion. The Dgyface and
Dyolume diffusion coefficients follow an Arrhenius law with the
same activation energy (Fig. 7).

The literature studies listed in Table 3 are based on helium re-
lease measurements by thermal desorption spectroscopy (TDS).
Generally, TDS is a powerful tool for providing fast and reliable
characterization of the helium diffusion mechanisms. In a glassy
matrix, however, this technique gives an apparent diffusion coeffi-
cient combining thermal diffusion in free volumes and helium
trapping/resolution phenomena. In contrast, NRA experimentally
reveals the presence of helium trapping and resolution mecha-
nisms. We can suspect therefore that the decrease in the apparent
diffusion coefficient of helium observed by Malow and Andresen
[9] could be due to the trapping effect induced throughout the
damaged glass volume. To explain an apparent decrease in diffu-
sivity with time, Turcotte proposed that the helium desorption
could be first controlled by thermal diffusion and then by resolu-
tion effects. This could lead to errors in determining the helium dif-
fusion coefficient [6].

Whatever the high damage yield (up to 0.68 dpa) induced by
helium implantation within the nuclear cascade zone, the diffusion
coefficients and activation energy of this study are in closer agree-
ment with the ones determined on fresh or slightly damaged boro-
silicate glasses (Table 3).

In fact, as shown in Table 3, our activation energy (0.55 eV) and
helium diffusion coefficient at room temperature (2 x 10~ cm?

s~1) are close to the values (0.47 eV and 2 x 1072 cm? s~ ') ob-
tained by the 1°B(n,o)’Li technique in a glass annealed at high tem-
perature (T > 773 K), temperature range in which the glassy matrix
has been restored by heating [9].

Some specific experiments on samples pre-irradiated by heavy
ions are in progress to confirm the initial data on the impact of
glass damage on the intrinsic helium diffusion coefficient.

4. Conclusion

The behavior of helium in nuclear borosilicate glass was inves-
tigated by helium-3 ion implantation. This method offers the pos-
sibility of accumulating a high helium dose in a short time. Helium
diffusion in a glassy matrix is measured by NRA coincidence. Com-
pared with the thermal desorption spectroscopy method used in
the literature, NRA highlights the different mechanisms involved
in the behavior of helium within the glass. This technique reveals
the presence of a trapped helium fraction after implantation, esti-
mated at about 20% of the initial helium fluence. Thermal resolu-
tion of the trapped helium was demonstrated depending on the
annealing time and temperature. Helium diffusion coefficients in
borosilicate glass were determined and the results do not reveal
a significant effect of the glass implantation damage on the helium
diffusion coefficients. The activation energy of helium diffusion
within this borosilicate glass was estimated at 0.55 + 0.03 eV. This
study proves that the helium ion implantation is a suitable tech-
nique to better understand helium behavior in nuclear glass.
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