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Abstract

He-ion irradiation simulating a-particle emission, induces crystal defect recovery in fluoroapatite Ca10(PO4)6F2 pre-

damaged by Pb-ions. In fluoroapatite loaded with a-emitter actinides, a similar effect is expected. Therefore, the

amorphization level in fluoroapatite has been modeled versus disposal time, a-decay fluence and temperature. When

loaded with 239Pu and 244Cm, the structural disorder reaches a plateau, which level depends only slightly on a-energies.
This level corresponds to an amorphous fraction of approximately 20% of disorder and is independent of the dose rate.

The time delay in reaching the equilibrium regime in the disorder production is inversely proportional to the dose rate

whereas the dose or the actinide content is not a critical parameter for the magnitude of the equilibrium level. � 2002

Elsevier Science B.V. All rights reserved.

PACS: 61.72.Cc; 61.80.Az

1. Introduction

Materials that are chemically and thermally stable

over geologic periods are needed for the immobilization

of high level radioactive a-emitters in a deep geological

repository. The material behavior under radiation is one

of the main factors to be considered. Indeed, radiation

can affect considerably the chemical durability when a

crystalline to amorphous transformation occurs. The

associated volume changes can lead to micro-fractures

or even a large fractionating of the waste form. There-

fore, the choice among different potential host matrices

should be based on two factors: amorphization suscep-

tibility and kinetics of the aqueous dissolution, taking

into account that the total fluence during disposal time

may be up to 20 times larger than that required for

amorphization. Hence, it is essential to search for ma-

terials in which the amorphizability is balanced by a

high tendency to recrystallize.

Actinide-containing minerals studies suggest that

apatites are potential nuclear waste disposal materials [1–

5]. One of the most convincing proofs of the apatite ra-

diation resistance was provided by apatitic minerals from

Ouzzal mole in Hoggar (Algeria), which were shown to

have incorporated actinides such as U and Th [6,7]. Some

of these apatites have sustained high doses of radio-

activity ranging from 1� 1019 to 3� 1019 a events g�1

though they are readily amorphized by ion-beams that

simulate a-recoils. Then, only their ability to anneal ra-

diation damages explains their crystallinity.

Regarding the very high radiotoxicity and the long

lifetimes of a-emitters, the safest storage condition will be

offered by the crystalline state provided that the total

amorphization of the solid waste form is prevented dur-

ing the disposal time. However, this condition is not

sufficiently safe because a large increase of the leach rate
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may also be caused by a percolation phenomenon [8]

between highly disordered zones. As a matter of fact, if

for low defect concentrations, only the damaged regions

at the surface can be easily dissolved, for high disordered

zone concentrations, continuous paths may be created

providing for preferential dissolution deep into the ma-

trix. Such a dissolution process can be evidenced when

fission tracks are etched by acidic solutions as observed

for a natural fluoroapatite (Fig. 1). Open channels inside

the ceramics induce a large increase of the leached surface

area, which was not yet considered. But, as the geomet-

rical shape of the disordered volume created by an a-
decay event is not well defined, it is difficult to evaluate

the defect concentration threshold leading to percolation.

For this reason, the disorder should always remain below

the percolation threshold. That implies that the concen-

tration of disordered volumes created by a-recoil nuclei
remains low enough to consider these zones as isolated.

To be able to estimate the disorder level in a crys-

talline waste form at any disposal time, calculation re-

quires measurements of the creation and annealing rates

of isolated disordered zones at different temperatures.

Based on previous experiments on disorder creation [10–

12] and annealing kinetics [9] in fluoroapatite, we pre-

sent a model of the disorder level evolution as a function

of disposal time.

2. Disorder creation and annealing kinetics in fluoroap-

atite

2.1. Disorder creation in fluoroapatite

Direct impact model for amorphization was evi-

denced in fluoroapatite (Ca10(PO4)6F2) through trans-

mission electronic microscopy experiments [10,13]. In

the direct impact model, the average amorphized volume

produced by every a-recoil at a temperature T, V0ðT Þ,

takes already into account the thermally activated intra-

cascade disorder annealing effect. V0ðT Þ is decreasing

with temperature and at temperatures higher than a

critical temperature, Tc, which is characteristic of the

material, amorphization will never occur ðV0ðT Þ ¼ 0Þ.
Let be dycreation, the increase of the disorder fraction

created by a a-decay dose dD. The defect creation ki-

netics can be written as follows:

dycreation ¼ V0ðT Þ½1� y�dD: ð1Þ

Then, when post-cascade disorder annealing is negligi-

ble, the disorder fraction, y, is given by [14,15]

y ¼ 1� expð�V0ðT ÞDÞ: ð2Þ

The elementary damaged volume V0ðT Þ can be evaluated

from the initial slope of the amorphization curve and D

is the cumulative a-decay dose. The product V0ðT ÞD
determines the disorder level and consequently the

amorphization dose is inversely proportional to V0ðT Þ.
When the direct impact model applies, the thermal

evolution of V0ðT Þ can be determined from the plots of

the amorphization dose versus temperature, already re-

ported for a large number of potential nuclear waste

materials [11,16–22]. In the present study, V0ðT Þ is de-

termined from the magnitude of the disordered volume

produced by a Pb-ion at temperature T.

2.2. Disorder a-annealing in fluoroapatite

Previous studies on Durango fluoroapatite single

crystals, have shown that the isolated a-recoil disordered
volumes simulated by 220 keV-Pb2þ ions are readily

annealed at room temperature by the 1.6 MeV-helium

beam used for RBS-C measurements [9]. In order to

understand this epitaxial a-annealing phenomenon,

other experiments were performed with different He-ion

energies ranging from 0.3 to 3.2 MeV. These studies

have shown that, in the energy range investigated, the

amorphous fraction, y, decreases according to a mono-

exponential law as a function of He-ion fluence, /, fol-
lowing the equation

y ¼ y0 þ y1 expð�f/Þ; ð3Þ

where y0, is the initial disorder in sample, y1 the disorder
contribution due to Pb-ion irradiation and f, is the

a-annealing cross-section depending on the chemical

nature of the crystalline compounds. This equation

assumes that only the disorder created by Pb-ion irra-

diation is recovered by He-ion annealing and not the

initial disorder due to impurities, dislocations, surface

damages and other damages that remain unaffected by

a-annealing. As a matter of fact the vmin determined on

fluoroapatite was never improved by a-irradiation.

Fig. 1. Preferential dissolution by an acidic solution of neu-

tron-induced fission tracks in a natural fluoroapatite.
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Since the He-ion intensity distribution and the

real spot size used in RBS experiments are difficult to

determine, the f-value in Eq. (3) is not very accurately

evaluated. Nevertheless, when different calculated cross-

sections are reported as a function of the a-particle en-

ergy, their trends follow the evolution of the electronic

energy density deposited in the solid [9]. Consequently,

two main characteristics of the a-annealing effect can be

given:

(i) The annealing rate of isolated amorphous volumes

is proportional to the electronic energy deposited by the

a-particles in the solid. Then, the a-annealing cross-

section, f, is proportional to the electronic stopping

power, dE=dx with a proportionality coefficient, cðT Þ,
that is temperature dependent and corresponds to the

volume recovery per eV. This coefficient depends on the

matrix itself. The derivative of Eq. (3) becomes

dy ¼ �ðycðT ÞdE=dxÞd/: ð4Þ

(ii) Despite a defect recovery process that only op-

erates at the crystalline to amorphous interface, the

disorder annealing rate, dy, has been measured to be

proportional to the amorphous fraction y [9]. This

proportionality means that only the energy deposited by

inelastic interactions in the disordered volumes is effi-

cient for the disorder annealing. It should be noted that

Eq. (4) implies the existence of a large remaining crys-

talline fraction in the material and therefore y ¼ 1 is

totally excluded.

Additional a-annealing studies have been performed

on a 80 nm thick amorphous layer created by 220 keV-Pb

ions in a Ca10(PO4)6F2 single crystal cut perpendicularly

to the c-axis [23]. 1.6 MeV-He ions have been used to

produce a-annealing and to measure by RBS-C the evo-

lution of the amorphous layer thickness. This thickness

decreases linearly with the He-ion beam fluence while the

Ca rear edge in RBS spectra moves without deformation

towards the surface indicating that an epitaxial recrys-

tallization occurs in the material. In contrast to electron

annealing behavior [24] an important crystalline nucle-

ation process in the amorphous phase can be excluded.

The disorder recovery rate at the interface between

the amorphous layer and the underlying crystalline

phase is about 2 atoms per He-ion whatever the layer

thickness may be [23]. Now, if we consider isolated

amorphous zones with a total volume corresponding to

a 25 nm-thick fully amorphous layer, this recovery rate

was estimated to reach about 60 atoms per 1.6 MeV-He

ion [9]. This difference shows that the recovery at the

interface of a fully amorphous layer is similar to the

recovery in small isolated amorphous zones with a total

amorphous volume corresponding to a 0.8 nm-thick

layer only. This effect can be explained if the recovery

process is generated by an undetermined active entity (a

broken bond?) diffusing in the amorphous phase with a

limited diffusion range. If a random diffusion process is

assumed, an average range of 3 nm can be estimated in

amorphous fluoroapatite. Therefore, when the amor-

phous fraction increases, the diffusion range can become

smaller than the size of some amorphous domains and

the efficiency of the recovery process will decrease ac-

cordingly. Consequently, for large amorphous fractions,

Eq. (4) cannot be used.

The amorphous fraction corresponding to a decrease

of a-annealing rate is difficult to calculate accurately

because the geometry of a-recoil amorphous tracks is

not well known. However, our RBS-experiments show

that the amorphization rate, dy, remains proportional to

y when y6 0:5 to 0.6 [9].

2.2.1. Kinetics under disposal conditions

For the actual disposal conditions, RBS results have

to be extended to a homogeneously doped waste form.

In this case, two points have to be considered:

(i) the a-particle energy E. The a-particle energy dis-

tribution ranges from 0 to Emax at any given position in

the solid. For fluoroapatite, the factor cðT Þ, standing for

the volume recovery per eV at temperature T (see Eq. (4))

is independent of the a-particle energy and an average

value ðdE=dxÞav can be used for the energy density

deposited along the a-particle range, R, in the waste

form.

(ii) the a-flux / in the waste form. In the actinide host

phase, the a-flux evolution, d/, is directly proportional

to the dose rate dD: (d/ ¼ kdD) whereas the dose rate

depends on actinide concentrations and radioactive half-

life of the considered nuclides. To determine the constant

k, let us consider an elementary volume, dV, located at a

distance x from a plane. The number of a-particles with a

range R, emitted from this elementary volume is

dN ¼ dV dD. Their probability to cross the given plane

can be written as P ¼ ðR� xÞ=2R where P varies linearly

from 0.5 at x ¼ 0 to 0 at x ¼ R with an average value of

0.25. Therefore, the a-fluence through the given plane is

equal to the number of a-particles emitted by a form

layer of R=4 in thickness when only one side of the plane

(i.e. at the surface of the form) is considered, or R=2 if

both sides are taken into account. Thus, in the bulk,

k ¼ R=2, and the a-flux increment d/ is equal to

d/ ¼ ðR=2ÞdD:

Consequently, the disordered fraction evolution, dy,

under He-ion irradiation (Eq. (4)) in a homogeneously

doped waste form can be written as

dy ¼ �cðT ÞyðdE=dxÞavðR=2ÞdD: ð5Þ

As the product RðdE=dxÞav is equal to the initial energy

of a-particles, the a-annealing rate in the bulk can be

expressed as

dy ¼ �cðT ÞyðE=2ÞdD ð6Þ
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and at the waste form surface as

dy ¼ �cðT ÞyðE=4ÞdD: ð7Þ

When a-annealing is working, the disorder level in the

bulk is governed by a balance between creation (Eq. (1))

and annealing rates (Eq. (6)):

dy=dD ¼ V0ðT Þ½1� y� � ycðT ÞE=2: ð8Þ

As mentioned above, this equation cannot be used

for a large amorphous fraction. When the disorder level

increases, the creation rate which depends on the crys-

talline fraction decreases while the annealing rate in-

creases. Therefore, an equilibrium can be reached at

dy ¼ 0 and the amorphous fraction at equilibrium, yeq, is
given by the following expression:

yeq ¼ V0ðT Þ=ðV0ðT Þ þ cðT ÞE=2Þ: ð9Þ

Eq. (9) shows an interesting behavior of the a-
annealing process characterized by the fact that the

equilibrium disorder is independent on the concentra-

tion and half-life of the a-emitters since the a-flux and

a-recoil number are always proportional in a given

disordered volume.

2.3. Disorder thermal annealing in fluoroapatite

The plot of the defect recovery versus temperature in

epitaxial recrystallization provides the thermal activa-

tion energies Ea and jump frequencies F. But in fluoro-

apatite, a direct measurement by RBS-C of thermal

annealing of isolated disordered volumes cannot be

achieved because of the high efficiency of the a-anneal-
ing process. Nevertheless by this technique, it has been

possible to determine the thermal epitaxial regrowth

kinetic of amorphous layers [23]. Determinations were

performed in synthetic fluoroapatite single crystals along

the c and h110i axis by measuring the energy shift of the

calcium rear edge for temperatures ranging between 350

and 560 �C. The different thermal annealing parameters

Ea and F, are given in Table 1.

In case of isolated disordered volumes, it is necessary

to transpose the thermal annealing kinetics that were

obtained on amorphous layers to small isolated amor-

phous volumes present in the fluoroapatite matrix.

From this extrapolation, it becomes possible to get the

order of magnitude of the thermal annealing rate taking

into account both, the total surface area of the isolated

amorphous volumes and the thermal motion of the

crystalline to amorphous interface.

At equilibrium between creation and recovery, a cy-

lindrical amorphous volume shape of 20 nm in length

and of average volume v ¼ V0ðT Þ=2 cm3 with a surface

area s cm2 can be assumed. If y is the amorphous frac-

tion, then the number of amorphous zones with an av-

erage volume v in a cubic centimeter is y=v, and their

corresponding total surface area is S ¼ ys=v cm2. Con-

sequently, the annealed volume fraction is equal to S dL,

where dL is the interface displacement which depends on

the time increment dt and thermal annealing parameters

of the amorphous layer (Ea,F). S dL is expressed by

dy ¼ �ðs=vÞyF expð�Ea=kT Þdt: ð10Þ

This expression was chosen in agreement with our ex-

perimental results showing that the epitaxial regrowth of

an amorphous layer versus time proceeds linearly.

Nevertheless, this expression has not been clearly dem-

onstrated to model the thermal recovery of the fission

tracks [25]. Calculation with Eq. (10) gives only a crude

evaluation of the thermal annealing rate in fluoroapatite

because of uncertainties on the annealed interface area

as well as on the recrystallization velocity at the inter-

face, which has to be extrapolated from measurements

performed at temperatures higher than 350 �C.

3. Fluoroapatite behavior modeling under repository

conditions

The evolution of the relative damaged fraction in the

actinide waste form can be expressed as a balance be-

tween defect creation and recovery rates. Combining

Eqs. (1), (6) and (10) provides the variation, dy, of the

amorphous fraction in a solid containing a-emitters as a

function of the storage time:

dy ¼ V0ðT Þ½1� y�dD� y½ðs=vÞF expð�Ea=kT Þdt
þ cðT ÞðE=2ÞdD�: ð11Þ

As mentioned above, this equation is valid when

amorphous volumes created by a-recoils can be taken as

isolated. In a waste form loaded with 10 wt.% in con-

centration of actinide element, the number of atomic

displacements (dpa) is approximately 20–30 times higher

than the required amorphization dose in fluoroapatite

and even higher if the daughter is a short-life nuclide.

Then the waste form amorphization can occur at any

time if the annealing processes are not efficient enough.

At the beginning of the disposal, a rather large

temperature rise resulting from the high level of a-decay
events may help to keep the waste form crystalline be-

cause of the reduction of the damage production and

the increase of the annealing rate. But after one or two

Table 1

Jump frequencies (F) and activation energies (Ea) of thermal

annealing of amorphous layers in fluoroapatite synthetic single

crystals oriented along the c and h110i axis

Orientation Ea (eV) F (cm/year)

c-axis 1.7 3:5� 109

h110i 1.48 6:4� 107
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half-life periods of time, the temperature will decrease

and subsequently, the creation and annealing terms can

change in a quite different way, whereas a large fraction

of a-decays is still to come.

To get a disorder level evaluation during all the dis-

posal time, it is necessary to take into account the

temperature and radioactivity evolutions as a function

of time. As for the moment, the repository temperature

evolution is not yet well determined, the disorder eval-

uation will be established only for a constant tempera-

ture: 60 �C.
Under this condition, Eq. (11) can be rewritten as

dy=dt þ y½dD=dtðV0ðT Þ þ cðT ÞE=2Þ þ RðT Þ�
¼ V0ðT ÞdD=dt ð12Þ

with

RðT Þ ¼ ðs=vÞF expð�Ea=kT Þ;

where dD=dt is the a-activity depending on the initial

concentration N0 and the half-life of the a-emitter as well

as the half-life of its daughter. This differential equation

can only be partially solved using the initial conditions:

y ¼ 0 and D ¼ 0 at t ¼ 0. Eq. (13) is obtained where the

amorphous fraction, y, appears as a function of the

cumulative dose D:

y ¼ yeq½1� ð1þ IðtÞRðT ÞÞ expð�V0ðT ÞD=yeq � RðT ÞtÞ�
ð13Þ

with

yeq ¼ V0ðT Þ=ðV0ðT Þ þ cðT ÞEa=2Þ

and

IðtÞ ¼
Z t

0

exp½ðV0ðT ÞD=yeq þ RðT Þu�du:

The integral IðtÞ is undefined and a numeric calculation

must be performed to determine y versus time.

Eq. (13) applies only in the case of a direct in-cascade

amorphization and when the disordered volumes can be

considered as isolated. When these conditions are ful-

filled, the disorder at any time and temperature can be

calculated and it becomes possible to adjust the disposal

conditions in order to keep the disorder fraction at the

safest level.

4. Numerical results in fluoroapatite and discussion

The equations established above can be used to cal-

culate as a function of time the disorder level in a flu-

oroapatite matrix incorporating either 239Pu (t1=2 ¼
24; 110 years) or 244Cm (t1=2 ¼ 18:1 years).

In case of 239Pu (t1=2 ¼ 24; 110 years) the daughter

nuclei are 235U (t1=2 ¼ 7� 108 years) with a recoil energy

of 88 keV. In view of its very long half-life, 235U can be

considered as stable and the cumulative dose, DðtÞ,
versus time is given by

DðtÞ ¼ N0ð1� expð�k1tÞÞ: ð14Þ

For 244Cm, the daughter nuclei are 240Pu atoms with a

recoil energy of 95 keV. They decay with a lifetime of

6570 years to 236U (t1=2 ¼ 2:4� 107 years) which will be

taken as stable. In this case DðtÞ is expressed as

DðtÞ ¼ N0

ðk2 � k1Þ
½ðk1 � 2k2Þ expð�k1tÞ

þ k1 expð�k2tÞ� þ 2N0: ð15Þ

The a-annealing term is proportional to the a-parti-
cle energies that are equal to 5.15 MeV for 239Pu and 5.8

and 5.16 MeV for 244Cm and 240Pu respectively. For this

radioactive decay chain, since there is less than 2% mass

difference between the two nuclei recoiling, the recoil

energy and consequently V0ðT Þ can be taken with a good

approximation as proportional to the a-particle energy,

E. If V0ðT Þ and E vary in the same proportion, Eq. (9)

shows that the a-particle energy variation has only a

small influence on yeq. Then, the a-particle energy and

V0ðT Þ values for the considered radionuclide can also be

used for the daughter nucleus decay to make the calcu-

lation easier.

The disorder creation term depends on the amor-

phized volume created by each a-recoil (V0). From TEM

experiments [10], we have determined that the disor-

dered volume produced by a 320 keV-Pb ion is equal to

3:3� 10�19 cm3 at 25 �C. As the energy density depos-

ited along the track by 320 keV-Pb ions and a-recoil
nuclei are comparable, the disordered volume can be

assumed to be, at first approximation, proportional to

the number of displaced atoms calculated by the SRIM-

2000 code [26]. Then, the V0 (25 �C) values for 244Cm

and 239Pu are 1:14� 10�19 cm3 and 1:05� 10�19 cm3

respectively.

4.1. Effect of temperature on the defect creation and

annealing rate

When the direct amorphization model applies, the V0
variation versus temperature can be determined since

V0ðT Þ is inversely proportional to the critical amorph-

ization doses which have been measured as a function of

temperature for fluoroapatite [11,12]. If a disposal tem-

perature of 60 �C is considered, the critical dose is in-

creased by a factor of approximately 1.3 between 25 and

60 �C, and V0 will be reduced by the same factor to give

V0ð60 �CÞ ¼ 8:8� 10�20 cm3 for 244Cm and V0ð60 �CÞ ¼
8:1� 10�20 cm3 for 239Pu.

From RBS experiments [9] in fluoroapatite, the vol-

ume recovery per eV at 25 �C is equal to cð25 �CÞ ¼
0:77� 10�25 cm3/eV. Taking into account an a-anneal-
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ing thermal activation energy of approximately 0.1 eV

[23], the annealing efficiency is increased by a factor 1.5

at 60 �C and cð60 �CÞ ¼ 1:16� 10�25 cm3/eV.

The thermal annealing rate at 60 �C is obtained by

extrapolation of annealing kinetics data measured at

high temperature on an amorphous layer [23] (Table 1).

For h110i and c-axis orientation, it is estimated to be

2:7� 10�15 cm/year and 7� 10�17 cm/year, respectively.

For isolated defects, all crystalline orientations are pre-

sent but the fastest process occurring in this case along

the h110i direction will direct the annealing kinet-

ics. Then, with an amorphous average volume v ¼
V0ð60 �CÞ=2 � 4� 10�20 cm3 which corresponds to a

surface s � 10�12 cm2, the value Rð60 �CÞ ¼ 7� 10�8

cm�1/year can be used in Eq. (13). This disorder thermal

recovery rate corresponds to a defect lifetime of 10

million years. This value obtained by extrapolation of

measurements performed at much higher temperatures,

is affected by large uncertainties. But, the long defect

lifetime shows that thermal annealing in fluoroapatite is

negligible compared to a-annealing except for very low

a-decay rate. If the defect lifetime is long enough, the

disorder level will remain constant for a long time, even

if the a-decay rate is close to zero.

4.2. Disorder evaluation in fluoroapatite containing 244Cm

or 239Pu

With the above experimentally determined parame-

ters at 60 �C, Eq. (13) which gives the disorder level

evolution as a function of time, can be used for fluoro-

apatite matrices loaded with 1% in weight of 244Cm or
239Pu (Fig. 2). When actinides are introduced in fluoro-

apatite at this level, a chemical composition modifica-

tion is necessary to maintain the charge balance. But for

this preliminary approach of the disorder evolution, one

assumes that this chemical modification does not change

the creation and annealing rates.

Fig. 2 shows that for both actinides, the disorder

reaches a plateau which level depends weakly on a-
energies. This disorder level corresponds to an amor-

phous fraction close to 20% and is independent of the

dose rate. The time delay in reaching the equilibrium

regime is proportional to the lifetime of the nuclide of

interest and inversely proportional to its concentration.

The delay corresponds approximately to a dose of 1019

a-decay events per cubic centimeter. At the end of the

a-emitter life, the dose rate becomes negligible and the

thermal annealing becomes predominant. As a conse-

quence, the disorder decreases slowly until it goes close to

zero.

Comparisons with already published data [5] are

quite difficult because of (i) different compositions of

investigated apatite hosts: i.e. fully phosphate fluoro-

apatite and fully silicate oxoapatite, (ii) the a-annealing
effect operates in phosphate fluoroapatite but not in

silicate oxoapatite since this matrix loaded with 244Cm

readily get amorphous [27,28], excluding an efficient

a-annealing effect.

5. Conclusion

The crystalline state in natural phosphate apatites

having experienced high a-decay doses, is due to a-
annealing and thermal annealing acting simultaneously

with efficiencies depending on temperature and dose rate

conditions. Following the data listed in Table 1 for

temperatures close to ambient, a-annealing can be con-

sidered as the dominant process of recovery since the

thermal disorder lifetime is evaluated to 107–108 years.

On the contrary, at higher temperature (>60 �C), the

Fig. 2. Disorder level evolution as a function of time for fluoroapatite matrices loaded with 1 wt% of 244Cm or 239Pu at 60 �C.
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thermal annealing has an activation energy 15 times

larger than a-annealing (�1.5 eV instead of �0.1 eV)

and therefore both annealing effects will cooperate to

avoid amorphization.

For actinide immobilization, the situation is different

since the a-decay doses and dose rates will be much

higher than in minerals. But, as it is shown through the

present study, due to a dominant a-annealing process,

the total amorphization of fluoroapatite loaded with a-
emitters will never occur over geologic periods whatever

the actinide content may be. Actually, at a given tem-

perature, the disorder induced by a-recoils reaches an

equilibrium level independent of the dose rate. There-

fore, the actinide content is not a critical parameter in

fluoroapatite as far as the amorphization is concerned.

Nevertheless more accurate data on the disorder cre-

ation and annealing efficiency are still needed. For ex-

ample, the thermal annealing should be measured at

temperatures lower than 350 �C in order to improve the

data extrapolation at disposal temperature. In the same

way, the disorder creation term should be measured as a

function of temperature.

To introduce significant amount (10 wt%) of acti-

nides in (Ca10(PO4)6F2), it is necessary to modify the

chemical composition of the host. For example, silicate

groupings can be introduced in the structure using the

substitution of (PO3�
4 , Ca2þ) by (SiO4�

4 , RE3þ or/and

An3þ). The following apatite composition [3,7,29]:

Ca9RE1�xAnx(PO4)5(SiO4)F2 can be considered as an

actinide host phase. This compound is a mono-silicated

fluoroapatite and our studies are now focused on this

apatite composition [7,30].
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