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Abstract

MgAl2O4-spinel has been widely investigated as inert matrix for actinide-transmutation. Under impact of fission

fragments, it becomes amorphous. During reactor irradiation, crystalline and amorphous spinel are expected in the fuel,

containing, among others xenon and helium. Gas-release measurements and positron beam analysis (PBA) were per-

formed on amorphized specimens and compared to results on crystalline spinel. Helium was released in two stages

between 575 and 800 K in first-order desorption processes with activation enthalpies of 1.9 and 2.7 eV and attempt

frequencies of about 1013 s�1. Xenon was released between 1050 and 1450 K. PBA experiments indicated that defect

clustering occurred near the surface at low temperatures and in deeper regions at about 950–1200 K. Recrystallization

was observed between 1000 and 1350 K and defect annealing was completed at 1600 K. PBA indicates two different

damage zones, corresponding to displacement zones with and without xenon.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

In many oxides that are turned amorphous under

impact of energetic heavy rare gas ions, such as Al2O3,

TiO2, U3O8, SiO2 etc., the gas is swept out and released

during recrystallization, hence at much lower tempera-

tures than those for gas release from the crystalline ox-

ides [1]. The question is open whether this is also true for

helium, which is expected to be released at lower tem-

peratures from the crystalline oxides than the fission

gases krypton and xenon.

Spinel (MgAl2O4) has received considerable attention

as a potential inert matrix material because of its rela-

tively high thermal conductivity and its good stability

against neutron and a-particle damage [2]. However,

spinel has been shown sensitive to swelling as well as to

succumb to an amorphization transformation under

impact of fission products [3]. Following the EFTTRA

experiments [4], interest began to grow in the interplay

between helium gas build-up in the fuel (helium gas is

formed in the matrix through a-decay) and helium mo-

bility in a spinel matrix that becomes increasingly amor-

phous due to fission product damage. So far, many

studies have been performed on the behaviour of helium

and rare gases in both single-crystal and polycrystalline

spinel [5–9]. However, the behaviour of helium and

xenon in an initially amorphous spinel matrix has not

been studied so far.

The present work was therefore initiated to investi-

gate the following processes:

• helium release from amorphous spinel, compared

with results for crystalline spinel;
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• xenon release from amorphous spinel, compared with

results for crystalline spinel;

• helium and xenon release during recrystallization;

• defect formation and annealing in the presence of

helium and xenon.

In this paper, the above mentioned processes will be

discussed and whenever possible, comparisons between

amorphous and single/polycrystalline spinel will be

made.

2. Experimental procedure

2.1. Sample preparation

Spinel (MgAl2O4) single-crystal substrates of union

carbide, with (1 1 1) orientation were implanted at the

Los Alamos Ion-Beam Materials Laboratory with 450

keV Xe3þ ions at cryogenic temperature (100 K). This

procedure has been shown to yield an amorphous layer

on the spinel specimen [10]. Under more realistic con-

ditions, amorphous spinel can be formed by swift heavy

ions [11]. The samples were tilted 7� relative to the

normal beam incidence to decrease channelling. The

implantation was performed with a flux of 8� 1011 Xe

cm�2 s�1 up to a total dose of 1� 1016 Xe cm�2. A sec-

ond implantation on the same surface was performed

with 14 keV Heþ-ions at the same temperature where the

sample was tilted 61� relative to the normal beam inci-

dence in an attempt to deposit helium at approximately

half of the depth of the xenon layer. The implantation

flux used was 7� 1012 He cm�2 s�1 up to a total im-

planted dose of 1� 1015 He cm�2.

2.2. Damage distribution and implantation profile

TRIM [12] (version: SRIM-2000.10) calculations

were performed with threshold displacement energies of

30/30/60 eV for Mg/Al/O [6]. The results of the TRIM

calculations are shown in Fig. 1. The calculations show

a maximum in the displacements caused by xenon for a

dose of 1016 Xe cm�2 of about 25 displacements per

atom (dpa). The dpa-level caused by the helium im-

plantation is too small (<0.1 dpa) to be depicted in the

figure. According to TRIM, helium is implanted in the

centre of the damaged layer produced by the xenon

implantation.

Yu et al. have compared TRIM calculations for 400

keV, 10� tilted xenon, with Rutherford backscattering

measurements (RBS) and TEM measurements [10].

According to Yu�s TRIM calculations, the projected

range of 400 keV Xe-ions is 90 nm. However, it was

measured by cross-sectional TEM that the thickness of

the amorphous layer is 165 nm at a dose of 1016 Xe

cm�2. TEM observation gives a thickness of 155 nm for

an amorphous spinel layer created by the implantation

of 340 keV Xe2þ ions [13]. This is according to their

TRIM calculations at the end of both xenon ion and

damage range. From the measurements presented in

Refs. [10,13], we may conclude that the amorphous layer

ends just after the maximum of the displacements as

calculated by TRIM.

The sample used in our investigation, can be more or

less compared with the sample described in Ref. [10],

though our xenon implantation energy is higher (450

keV vs. 400 keV), thus we expect to find an amorphous

layer with a thickness slightly larger than 165 nm. In the

analysis, we should also take into account the possibility

of channelling of xenon; part of it might be implanted

deeper than predicted by TRIM.

The calculations for helium are performed for spinel

without xenon, however, TRIM calculations for helium

in spinel with an addition of 1.5% xenon show negligi-

ble differences compared to spinel without xenon. The

presence of xenon and the amorphous structure will

influence the helium path, the damage will block chan-

nelling, and xenon ions will scatter the helium.

A larger volume (31%) for amorphous spinel (i.e. a

lower density), compared to crystalline spinel has been

reported [14]. Finally, the results presented in Fig. 1

have not been corrected for sputtering. For a sputtering

coefficient of 9 atoms/ion, the total surface sputtered off

the sample due to the xenon implantation is about 8.5

nm. Due to sputtering the implantation profile will

flatten slightly, and the maximum of this profile is shif-

ted slightly towards the surface.

RBS-measurements for the present sample were per-

formed at Los Alamos National Laboratories and are

shown in Fig. 2. The RBS spectrum for spinel with only
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Fig. 1. Results of TRIM calculations for xenon (1016 Xe cm�2)

and helium (1015 He cm�2) in spinel. The displacements caused

by helium ions are negligible. Displacement energies of 30/30/60

eV for Mg/Al/O were used.
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xenon and spinel with xenon and helium are almost

identical, as the damage caused by helium is negligible

compared to the damage caused by xenon (Fig. 1). The

magnesium and aluminium signal for the amorphous

spinel reach the random level. The oxygen shoulder will

remain below the random level even if the oxygen sub-

lattice becomes entirely disordered (amorphous). This is

because the helium ion beam channels below the damage

layer and this reduces the RBS yield for backscattered

energies between the low end of the magnesium peak

and the surface position of the oxygen peak. The oxygen

damage peak is then superimposed on this low chan-

nelling background. In the case of the random spectrum,

the yield is high at all backscattered energies.

2.3. Desorption experiments

Two desorption apparatus were used to perform

desorption experiments, one apparatus is based on the

principle of the detection of gases in a flow effusing from

a crucible (the Knudsen cell (KCM, Knudsen Cell

Measurements) [15,16] of the Institute for Transuranium

Elements), the second apparatus is based on the partial

pressure increase in a small oven (the thermal helium

desorption facility (THDS) of the Interfaculty Reactor

Institute). Several samples have been investigated in one

of the two systems, as described in Table 1. The sample

sizes and the corresponding helium contents are also

given in the table. In the THDS, samples were annealed

in vacuum with a ramp rate of either 60 Kmin�1 (sample

VII) or 180 Kmin�1 (sample VIII) up to 1300 K, or in

several annealing steps, where the maximum tempera-

ture was increased by 50 K for each measurement (i.e.

300–500, 300–550 K etc.). Immediately after reaching

the maximum temperature, the sample was cooled down

(sample IX). A similar approach for helium in silicon is

described in Ref. [17].

In the KCM experiments, the release of both helium

and xenon (samples IV–VI) and only xenon (sample III)

were monitored. The samples were annealed under vac-

uum with a heating rate of 30 Kmin�1. In both systems,

the mass signal was monitored with a quadrupole mass

spectrometer, and the measured temperatures have been

corrected for a delay in the temperature between the

crucible and the sample, as spinel is almost transparent

for infrared radiation. The helium release curves ob-

tained with both systems will be compared.

2.4. Positron beam analysis

The positron beam analysis (PBA) technique was

applied on:
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Fig. 2. RBS measurements for spinel: (a) random pristine spi-

nel, (b) xenon implanted spinel; (1 1 1) channelling direction, (c)

xenon and helium implanted spinel; (1 1 1) channelling direc-

tion, (d) pristine spinel; (1 1 1) channelling direction.

Table 1

Overview of investigated samples and the applied analyses

Sample Typea Experiment Annealing Number of

implanted

He-ions

Surface

(mm2)

Tmax (K) of
peak HeA/XeA

Tmax (K) of
peak HeB/XeB

Peak content (%)

HeA/HeB/HeC

I 1 PBA RT

II 2 PBA RT

III 2 KCM 0.5 K s�1 3.16 –/1066 –/1249

IV 3 KCM 0.5 K s�1 2:6� 1013 2.64 690/1066 758/1249

V 3 KCM 0.5 K s�1 2:1� 1013 2.08 690/1066 758/1249

VI 3 KCM 0.5 K s�1 3:4� 1013 3.42 690/1066 758/1249

VII 3 THDS 1 Ks�1 3:1� 1013 3.05 627/– 741/– 44/56/0

VIII 3 THDS 3 Ks�1 3:9� 1013 3.87 615/– 745/– 32/54/14

IX 3 THDS Stepwise 4:6� 1013 4.64 42/50/8

X 3 PBA See Fig. 7

a Sample type 1: virgin spinel; sample type 2: spinel amorphized with xenon; sample type 3: amorphous spinel implanted with

helium.

182 P.M.G. Damen et al. / Journal of Nuclear Materials 306 (2002) 180–189



• a virgin single-crystal sample (sample I);

• spinel with an amorphous layer (spinel with xenon,

sample II);

• amorphous spinel implanted with helium (sample X).

For all these samples, investigations have been per-

formed at room temperature (RT). For the last sample

(X), the defect evolution during thermal annealing has

also been studied. The sample was annealed in vacuum

for 10 min at a constant temperature and then cooled to

RT before starting the measurement. The equipment for

heating the sample is described in Ref. [18], and the

annealing of the samples has been performed in vacuum

by making use of electron bombardment.

The generation and evolution of defects can be moni-

tored with the PBA technique. A mono-energetic posi-

tron beam was used, and the energy of the positrons was

varied between 0.1 and 25 keV. With increasing positron

implantation energy, the depth increases at which a

positron is thermalized and ultimately annihilates. In

this way, depth-dependent defect information can be

obtained [19]. The thermalized positron will annihilate

with an electron present in the material and mostly two

photons will be emitted with an energy of 511 keV, when

the electron has zero momentum. If the electron car-

ries momentum, the energy will deviate from 511 keV

because of Doppler broadening. One of the two photons

is detected with a high-resolution germanium detector

and this event is stored in a pulse height analysed

spectrum. After accumulation of about 106 events in the

511 keV photo-peak, the broadening of this peak, due to

the Doppler effect caused by the momentum of the an-

nihilating electron, is determined and quantified by the

so-called S- and W -parameters. By defining the appro-

priate windows in the photo peak, the S-parameter is

sensitive to the fraction of annihilations with low mo-

mentum electrons and the W -parameter to the fraction

of high momentum electrons.

In general, the annihilation of a positron with a

valence electron (low momentum) causes less broadening

than the annihilation with core electrons. Taking into

account that a positron annihilating in a local open vol-

ume (such as a defect or defect agglomerate) has a lower

probability to annihilate with core electrons, we therefore

expect the S-parameter to be larger as compared to the S
of a defect-free sample. For the value of theW -parameter

the opposite is observed [19]. In the analysis described in

this article we will only use the S-parameter.

3. Results and discussion

3.1. Helium and xenon desorption

The results of the helium and xenon desorption ex-

periments are shown in Fig. 3, where the THDS results

(only helium release) are displayed in the upper figure

(samples VII and VIII) and the Knudsen cell results

(both helium and xenon release) in the lower figure

(sample IV). The data are plotted vs. temperature to

facilitate an easy comparison between the different

heating rates applied. For both investigation methods

most of the helium is released between 600 and 800 K

and xenon is released between 1050 and 1500 K.

In the figures, it can clearly be seen that helium is

released in two stages (HeA and HeB), which is also

observed for the xenon release (Fig. 3(b)). For sample

VIII, also a third stage releasing a minor amount of

helium is observed (HeC), although this is not observed

for sample VII and also not with KCM. However, the

third stage is also observed for sample IX, which will be

discussed later. The xenon release starts very suddenly at

1050 K; this might be an effect of sweeping out during

recrystallization. The release of HeC occurs in the same

temperature range as the first part of the xenon release,

which makes the hypothesis of sweeping the gas during

recrystallization stronger. It could also be possible that
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Fig. 3. Results of helium and xenon release experiments. In the

upper figure (a), the helium release as-measured with THDS is

shown (samples VII and VIII) while in the lower figure (b) the

results helium and xenon release of the Knudsen cell experi-

ments are shown (sample IV). HeA, HeB, HeC, XeA and XeB
indicate the different release stages for helium and xenon.
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the release of the helium in HeC is caused by burst re-

lease due to thermally induced flaking [6], however, this

has not been confirmed by SEM investigations of the as-

annealed samples. The release stages HeA and HeB might

be explained by helium release from the zone where no

xenon is implanted (close to the surface, HeA) and he-

lium release from the zone where also xenon is present

(HeB). This fits approximately to the amounts of helium

trapped in both zones. The fractions of helium released

in each peak (HeA, HeB and HeC) are given in Table 1 as

well. It should be noted that the KCM results are given

in Ampere. As there is no calibration of helium and xe-

non at the moment, this is the direct output signal of the

mass spectrometer, which is linear with the amount of

ions. An overview of relevant temperatures is also given

in Table 1.

The results of the partial annealing experiment, as

performed with THDS with a heating rate of 3 K s�1

(sample IX) are shown in Fig. 4. In this figure, the

spectra are labelled with characters A–L, which corre-

spond to the data given in Table 2. In addition, the re-

lease rates during both heating and cooling are shown.

Again, we can distinguish three release stages, indicated

by HeA, HeB and HeC. The maximum release is observed

at a temperature of about 850 K. For the ramp an-

nealing experiments, most of the helium is released at

this temperature. The helium release in the partial an-

nealing starts at about 600 K, which corresponds to the

first release peak observed in the ramp annealing ex-

periments. For successive temperature steps, the tem-

perature at which the helium release starts, is somewhat

lower than the maximum temperature of the previous

annealing step. In case of partial annealing, helium is

retained up to the same temperatures as observed for

sample VIII, annealed at 3 K s�1. The fact that at lower

ramping rate no release at this temperature is seen is due

to the signal/background ratio, which becomes too low

as the helium release per unit of time is reduced. From

the experiments where the sample has been annealed

stepwise, information on the release mechanisms can be

obtained by looking at the first part of the release curves

[17].

When the release is a first-order desorption process,

the time (t) dependent release can be described as:

dN
dt

¼ �Nf ð1Þ

with NðtÞ the number of helium retained in the sample,

f ¼ f0 expð�Q=kT Þ the temperature dependent release

frequency, k is the Boltzmann constant, T the tempera-

ture and Q is the activation enthalpy of diffusion. If we

consider only the first part of the release curve, the

change in N is very small, so we can assume N to be

constant and equal to N0;i, which is the amount of helium

at the begin of the annealing step i. Then, plotting the

logarithm of the release rate vs. 1=T will show Arrhenius

behaviour. From the slopes of the curves the activation

enthalpy Q can be derived. The pre-exponential factors
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Fig. 4. Partial helium desorption for sample IX. The applied

heating rate was 3 K s�1. The letters A–L indicate the annealing

step as shown in Table 2. HeA, HeB and HeC are indicators for

the three different release stages observed.

Table 2

Results of the partial annealing THDS experiments of sample IX as shown in Figs. 4 and 5

Annealing step Tmax (K) Helium content (%) Q (eV) dQ (eV) (fitting error) Attempt frequency (s�1)

A 656 100.0 2.04 0.19 1:66� 1014

B 707 97.4 2.05 0.08 2:24� 1013

C 760 84.1 1.71 0.07 1:70� 109

D 811 58.4 2.94 0.18 2:88� 1015

E 863 51.9 2.65 0.14 5:62� 1013

F 915 44.8 2.73 0.10 1:74� 1013

G 963 19.7 2.52 0.09 1:05� 1011

H 1012 8.3 2.82 0.16 1:15� 1012

J 1063 3.6 1.80 0.14 1:35� 106

K 1111 1.2 2.02 0.17 6:76� 106

L 1183 0.2 1.58 0.14 5:75� 104

184 P.M.G. Damen et al. / Journal of Nuclear Materials 306 (2002) 180–189



f0;i of the different partial annealing steps (i) can be

derived by calculating:

f0;i ¼
dN
dt

� �
1

N0;i

� �
exp

Q
kT

� �
: ð2Þ

In this assumption N0;i is the initial fraction of helium

present in the sample at the beginning of the ith an-

nealing step.

The Arrhenius behaviour (release rate vs. 1=T ) has
been plotted in Fig. 5. In each curve, the part, which

has been used for determining the activation enthalpy,

has been indicated. From the plot, the activation enth-

alpy for diffusion can be obtained from the slopes of the

curves if only the initial part of each desorption curve

is used. In Table 2, for each of the annealing steps, the

following data are given: The maximum annealing tem-

perature (Tmax) for the annealing step (these data are

already corrected for the delay in temperature between

sample and crucible), the fraction of initially implanted

helium (4:64� 1013 ions) which is still present at the

beginning of the annealing step, the activation enthalpy

(Q) as determined from the part of the slope as indicated

in Fig. 5, the error in the activation enthalpy (dQ) only
due to the fitting, and the value of the calculated attempt

frequencies f0;i (Eq. (2)). The calculated values for the

activation enthalpy Q and the frequency pre-factor f0;i
are shown in Fig. 6. One can clearly distinguish the three

different regions in the figure as indicated with HeA, HeB
and HeC. The frequencies found for the two stages of

desorption HeA and HeB are close to what is expected

for first-order desorption, namely of the order of the

jump frequencies for solids [20]. The HeC desorption has

a very low pre-exponential factor which might indicate a

multi-step activated process like diffusion or desorption

from helium bubbles.

Three different activation enthalpies are derived for

the curves in the slope: (1:9� 0:2) eV for HeA, (2:7�
0:3) eV for HeB and (1:8� 0:3) eV for HeC. The errors in

the activation enthalpy presented above only apply to

the error in the fitting, where the error in background

subtraction is included; however, the real error in acti-

vation enthalpy is caused by more parameters. Although

we corrected our measured temperature data for the

temperature delay between crucible and sample, we will

still have some error in temperature (�10 K). The real

error in activation enthalpy will thus be larger than the

errors given above.

3.2. Positron beam analysis

PBA-experiments were performed at RT on a virgin

spinel single-crystal (sample I) and a spinel crystal with

an amorphous layer (sample II). The helium implanted

amorphous layer (sample X) was investigated by PBA at

RT and after annealing up to certain temperatures. The

applied heating schedule is presented in Fig. 7. For each

annealing step, the sample is heated up to the desired

temperature within several minutes. After the tempera-

ture is kept constant for about 10 min, the sample is

cooled down to RT before the positron measurement is

started. The PBA measurements on the as-helium irra-

diated amorphous spinel (sample X) reveals a somewhat

lower S-value as compared to the amorphous sample

without helium (sample II). The assumption is that

Fig. 5. Arrhenius plot for THDS results as shown in Fig. 4. The

squares in the figure indicate the parts of the curves, which have

been used for the calculation of the activation enthalpies. The

letters A–L indicate the annealing step as given in Table 2 and

are also shown in Fig. 4.
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helium fills up part of the open volumes in the amor-

phous structure.

In Fig. 8, the as-measured S-parameter vs. the depth
in the material is shown for virgin (unimplanted) spinel

(sample I) and the amorphous spinel with helium after

various annealing stages. In the top part of the figure,

also the xenon displacements and the xenon ion distri-

bution are shown in arbitrary units, as calculated with

TRIM. The depth at which a local maximum in the S-
parameter is seen for the as-irradiated sample agrees

quite well with the position of the maximum in the xe-

non displacement profile. From this can be concluded

that the TRIM calculations agree well with the real

implantation data and channelling effects can be ne-

glected in our case. It can be seen that in the xenon and

helium implanted area, the S-parameter increases after
annealing up to temperatures of 1470 K. Above 1600 K,

the S-parameter profile reaches the curve for pristine

spinel.

Fig. 9 shows the fitting results as obtained with the

program VEPFIT [21,22] where a three-layer model has

been used to describe the amorphous region (layers 1

and 2) on top of the bulk material (layer 3). The reason

to split the xenon and helium implanted region into two

layers is based on the observation that, with increasing

positron depth, the S-parameter first drops, then in-

creases to a maximum whereafter it gradually decreases

to the S-value of the bulk. The S-parameters and the

upper boundary of the layers 1 and 2 and the S-
parameter of the bulk are the fitting parameters in the

model. Fitting has been performed on the data obtained

after xenon and helium implantation and after annealing

at 895 and 1470 K. The results in this graph are pre-

sented numerically in Table 3 where the border of each

zone is given, not its thickness. From the fittings with the

VEPFIT-program, the following observations can be

made (see Fig. 9 and Table 3):

• At RT, the first layer has a width of about 50 nm,

which is according to TRIM the part where only
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ments. For each annealing step, the sample is heated up to the

desired temperature within several minutes. After the temper-

ature is kept constant for about 10 min, the sample is cooled

down to RT (no forced cooling), before the positron measure-

ment is started.

Fig. 8. The as-measured (symbols) S-parameter and the results

obtained with VEPFIT (drawn lines) vs. the depth for several

annealing temperatures. The upper part of the figure shows the

results as calculated with TRIM for comparison.
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helium and no xenon are implanted. This zone has a

low S-parameter, the second zone has a high S-
parameter, and its depth location agrees very well

with the xenon displacement profile, and thus with

the thickness of the amorphous layer reported in

Ref. [10].

• For the annealing at 895 K, we can see that the first

layer has become much smaller and its S-parameter
has increased significantly; this corresponds to a

small layer under the surface with large open vol-

umes. The end position of the second layer has not

changed much compared to the RT sample; for this

layer, there has been a drop in the S-parameter com-
pared to the second zone at RT. Helium release has

occurred, but xenon is still immobile.

• After annealing at 1470 K, we see that the first zone

has approximately the same width as the first zone at

RT. The S-parameter of this zone is about the same
as the S-parameter of the second zone after annealing
at 895 K, the second zone at this temperature has a

high S-parameter comparable to layer 2 at RT, xenon
release has occurred leaving open volumes behind.

In Fig. 10, for three indicated depths in the material,

the as-measured S-parameter is plotted vs. the annealing
temperature. From Fig. 8, we can see that at a depth of

8.5 nm we are looking very close under the surface and

in this region we observe a large increase in the S-value
at 895 K. At a depth of 24 nm we are looking in the

regime where only helium and no xenon is present. A

depth of 95 nm is the region with the maximum of the

displacements caused by the xenon. Up to 600 K, we do

not observe a large change in the S-parameter at any of
the selected depths. From the helium desorption exper-

iments we know that there has been no helium release at

these temperatures.

We can distinguish five different stages in the change

of the S-parameter vs. temperature beyond 600 K; these

changes are numbered in Fig. 10.

1. In stage 1, between 700 and 950 K, the S-parameter
at 9 and 24 nm increases while the S-parameter at

95 nm stays more or less constant. The increase in

S-parameter for the two lower depths can be ex-

plained by the release of helium and the clustering

of defects.

2. In stage 2, between 920 K and 1200 K, the near-sur-

face S-parameter stays more or less constant while

the S-parameter in the deeper regions increases. In

this temperature interval, helium has been released;

this is the temperature interval where we observe

the first release peak of xenon. Recrystallization has

occurred leaving large defect clusters behind. TEM

observations have shown [13] that recrystallization

of the amorphous surface layer takes place in the

temperature interval between 883 and 1128 K.

3. In stage 3, between 1200 and 1350 K, we observe a

large drop in the S-value for both the near surface re-
gion (8.5 nm) and the deeper regions. We expect that

this is due to defect recovery after recrystallization.

4. In stage 4, between 1350 and 1480 K, we observe an

increase in the S-value in the region where xenon has

been implanted. According to literature [13], the xe-

non stays immobile up to 1370 K. In this stage, ac-

cording to the Knudsen cell measurements (KCM)

we expect that xenon is released, leaving open vol-

umes behind, by which the increase in the S-parame-
ter in the xenon implanted zones can be explained.

5. Finally, in stage 5, we see after annealing up to

more then 1600 K that the S-values reach the level
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Fig. 10. As-measured S-parameter vs. the annealing tempera-

ture for three different depths. The �virgin� point is for an un-

implanted, unannealed spinel single crystal. The numbers 1–5

refer to the different stages observed in the S-profile as ex-

plained in the text.

Table 3

Fitted layer boundary and S-parameters per layer with a three-layer model using VEPFIT for sample X annealed at the indicated

temperatures

Annealing temperature

(K)

Upper boundary layer

1 (nm)

Upper boundary layer

2 (nm)

S layer 1 S layer 2 S bulk (layer 3)

300 40.5 182.9 0.5097 0.5828 0.4748

895 14.8 168.0 0.6166 0.5476 0.4748

1470 48.3 109.0 0.5430 0.5743 0.4748
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of pristine spinel, and all defects have been removed

from the sample.

4. Comparisons with the helium and xenon behaviour in

crystalline spinel

4.1. Helium release

We have observed three stages for helium release

from amorphous spinel:

• HeA at about 620 K with an activation enthalpy of

1.9 eV;

• HeB at about 740 K with an activation enthalpy of

2.7 eV;

• HeC at about 1000 K with an activation enthalpy of

1.8 eV, probably caused by sweeping out during

recrystallization.

In the literature, no helium implantation experiments

could be found where helium was implanted in spinel at

the same depth and dose as was the case in our samples.

Thus we will try to compare our release curves with data

from the literature where about the same implanted dose

has been used.

Neeft et al. [8] have implanted 900 keV 3He-ions in

both single-crystal and polycrystalline spinel with dif-

ferent doses. It was observed that the helium release

took place in at least two stages in a wide temperature

interval ranging from 600 to 1600 K, where the release

temperature range depends both on the implanted dose

and whether the spinel is single-crystal or polycrystal-

line. It was concluded that the helium at higher doses is

released at lower temperatures. If the release tempera-

ture gets lower for a higher implanted dose (more

damage), then it would fit in our experiments where we

have introduced much more damage than in the cases

presented in Ref. [8].

Single crystals of spinel were implanted with 30 keV
3He-ions, with four different doses, varying between

6:2� 1015 and 53� 1015 He cm�2 [9]. Helium release was

observed in three stages; between 550 and 700 K, be-

tween 750 and 1100 K and between 1100 and 1400 K.

Secondly, spinel single-crystals were irradiated with

a-particles of 4.5 MeV originating from an 241Am-

source. Two activation enthalpies are quoted: 1.8 eV

attributed to helium interstitial diffusion and 2.4 eV at-

tributed to helium release from vacancy clusters.

The temperatures for the THDS experiments de-

scribed in the present article, have been calibrated with

a thermocouple mounted to the sample, however, the

temperature data for the experiments described in Refs.

[8,9] are not corrected for the delay in temperature be-

tween sample and crucible (normally the crucible tem-

perature is monitored). Therefore it might be that the

measured activation enthalpies are somewhat overesti-

mated.

If we compare the helium release data for amorphous

spinel to data for crystalline spinel we see that in general

helium is released with a somewhat higher activation

enthalpy than in the amorphous case. Most of the he-

lium is released below the recrystallization temperature.

It is likely that amorphized spinel contains deeper traps

for helium than crystalline spinel. Also it might be ex-

pected that xenon atoms embedded in amorphous spinel

generate sufficient open space to trap helium stronger

than in amorphous spinel without xenon.

4.2. Xenon release

We could not find information in the literature, on

annealing experiments for xenon implanted spinel.

However, Matzke [23] has measured the xenon release

from spinel in air to start at 1800 K, thus at much higher

temperatures as was the case in our experiments. Turos

et al. [24] have investigated the damage caused by xenon

and krypton implantations. After annealing at 775 K, a

reduction of the number of defects resulting in a de-

crease of almost 50% of the Al- and O-damage peaks

was observed with RBS for an implanted dose of

1� 1015 Kr cm�2. For crystalline spinel, an important

recovery of defects is observed at this temperature for

this implanted dose, however, this effect was not ob-

served for an implanted dose of 7� 1015 Kr cm�2. Our

RBS measurements have only been performed on un-

annealed specimens. From PBA we did not observe a

defect recovery at these temperatures. The xenon release

from amorphized spinel starts most likely at the re-

crystallization temperature. Then part of the xenon is

swept out, which can be seen as a very sharp rise in the

xenon release signal. The rest of the xenon is released via

diffusion processes, as would be the case in crystalline

spinel.

5. Conclusions and final remarks

Spinel was amorphized by the implantation of

1� 1016 Xe cm�2 of 450 keV at cryogenic temperatures

(100 K). Then, 14 keV Heþ-ions were implanted in the

sample up to a total implanted dose of 1� 1015 He cm�2.

The helium was implanted in the centre of the amor-

phous zone. The maximum helium concentration

amounted to 0.07 at.% is found at a depth of 77 nm.

The release profile of helium under thermal annealing

has been monitored by KCM and THDS. Helium is

released in at least two stages, with peak maxima at

about 615 and 720 K. The activation enthalpies of the

different release stages could be determined from the

measured partial desorption spectra. These are 1.9, 2.7

and 1.8 eV for stages 1 (HeA), 2 (HeB) and 3 (HeC), re-
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spectively, with frequency factors of 6� 1013, 6� 1014

and 3� 106 s�1. The two largest frequency factors given

are typical for first-order desorption, the smaller value

could be explained by a multi-step activated process like

diffusion or desorption from helium bubbles. Xenon

release starts very suddenly at 1050 K. This could be an

effect of sweeping out during recrystallization. Then, the

second xenon release peak is observed with a maximum

at about 1280 K, all helium has been released at this

temperature.

PBA experiments have been performed at RT and

after various annealing steps. The PBA data have been

analysed using the VEPFIT code, where a three-layer

model was used. At RT, these three-layers, correspond-

ing to amorphized spinel without xenon, amorphized

with xenon and the substrate agree very well with data

calculated with TRIM.
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