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Abstract

Various theoretical approaches have been developed in order to estimate the enhanced diffusion coefficient of fission
products under alpha self-irradiation in spent nuclear fuel. These simplified models calculate the effects of alpha
particles and recoil atoms on mobility of uranium atoms in UO2. They lead to a diffusion coefficient which is propor-
tional to the volume alpha activity with a proportionality factor of about 10�44 (m5). However, the same models applied
for fission lead to a radiation-enhanced diffusion coefficient which is approximately two orders of magnitude lower than
values reported in literature for U and Pu. Other models are based on an extrapolation of radiation-enhanced diffusion
measured either in reactors or under heavy ion bombardment. These models lead to a proportionality factor between
the alpha self-irradiation enhanced diffusion coefficient and the volume alpha activity of 2 · 10�41 (m5).
� 2005 Elsevier B.V. All rights reserved.

PACS: 28.41.K; 66.30; 61.80
1. Introduction

Long-term interim dry storage and underground geo-
logical disposal are two of the options studied in France
for the management of spent nuclear fuel. Studies are
on-going in the framework of the PRECCI program
(acronym in French for Research Program on Spent
Fuel Long-term evolution) in CEA (Commissariat à
l�Energie Atomique) and aims at predicting the long-
term behaviour of spent nuclear fuel in the various envi-
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ronmental conditions encountered in dry storage or geo-
logical disposal. One of the final objectives is to propose
radionuclide source term models for performance assess-
ments of various types of spent nuclear fuel under repos-
itory conditions.

The release of radionuclides during geological
disposal is classically divided into two terms [1]:

(i) an instantaneous release of radionuclides, often
referred to as the instant release fraction (IRF);
it corresponds to the fraction of the radionuclide
inventory released rapidly as soon as water pene-
trates into the spent fuel rod;

(ii) a slow long-term release which corresponds
to the dissolution of the uranium oxide
matrix.
ed.
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The first term (IRF) is usually considered to be due to
the radionuclides located within the regions of the rod
presenting no confinement property in the long term
(10000 years). This fraction depends (i) on the location
of the radionuclides inside the fuel rod on removal from
the reactor, which is governed by the migration behav-
iour during irradiation in reactor, and (ii) on their
mobility during the repository phase before breaching
of the confinement. Therefore, to estimate the IRF it is
necessary to determine the diffusion coefficients of radio-
nuclides in conditions prevailing in geological disposal.

The mobility of heavy metal atoms (U,Pu), fission
gases and volatiles in reactor has been extensively inves-
tigated for performance assessment and safety analysis
during reactor operations because of its impact on ther-
mo-mechanical behaviour of the fuel rod during irradia-
tion. Extrapolating Arrhenius relationships given in the
literature [2,3] shows that thermal diffusion of heavy
metals and fissions products can be considered as
negligible at the expected temperatures (<400 �C) over
the time frame of both long-term dry storage (�100
years) and geological disposal (>10000 years). However,
studies of creep behaviour and swelling under irradia-
tion have shown that creep and swelling rates of the pel-
let are markedly increased by irradiation under 1200 �C,
where these phenomena are controlled by the low diffu-
sion rate of uranium atoms [4]. Furthermore, direct
measurements of uranium diffusion in UO2 in reactor
at 900 �C yielded a diffusion coefficient three to four
orders of magnitude higher than the thermal diffusion
coefficients [5]. These observations lead to the proposal
of another mechanism of diffusion, which is not temper-
ature controlled.

Enhanced diffusion of uranium and plutonium in
UO2 and (U,Pu)O2 under irradiation was studied by
Matzke [6]. The author showed that the diffusion coeffi-
cient was completely athermal below 1000 �C and was
proportional to the fission rate. The same behaviour of
the diffusion coefficient was observed by Turnbull
et al. [7] for fission gases and volatile fission products.

After irradiation in reactor, the alpha activity is very
high in the spent nuclear fuel (1015 Bq t�1

iHM
1 during the

first hundred years of cooling in a UO2 fuel irradiated
to 47.5 GWd t�1

iHM). The effects of alpha decay in UO2

are similar to the effects of fission. Therefore a mecha-
nism of diffusion enhanced by alpha self-irradiation is
expected to occur in the spent nuclear fuel out of reac-
tor. This mechanism should be lower by some orders
of magnitude than the one measured under fission in
reactor. Thus direct measurements of the diffusion en-
hanced by alpha self-irradiation seem to be not possible
within the time frame of laboratory experiments. Vari-
ous theoretical approaches have been developed in order
1 tiHM = ton of initial heavy metal.
to propose rough estimates of the alpha self-irradiation
enhanced diffusion coefficient. They are presented in this
paper. The models are based on the effects of the recoil
atom and of the alpha particle in the UO2 lattice in com-
parison with the effects of fission fragments and also on
the radiation-enhanced diffusion coefficients reported in
literature.

Before extrapolating data measured in reactor to out-
of-reactor conditions, it seems necessary to identify and
quantify the mechanisms which cause the enhanced
mobility of atoms observed under fission. Thus, the first
part of the paper reviews the experimental data and
mechanisms proposed in the literature to explain the
enhanced mobility of atoms observed in reactor. The
effects of alpha decays in UO2 matrix are then described
and their potential influence on atomic mobility is
discussed. The diffusion coefficient corresponding to
each particular mechanism is also proposed.
2. Review on enhanced diffusion under fission

2.1. Experimental data

Matzke described in [6] the complete results of the
RADIF (RADiation-enhanced DIFfusion) experiments
performed in the 1980s by the Institute for Transuranium
Elements in order to determine the enhanced diffusion
coefficients of U and Pu atoms under irradiation. These
experiments consisted of measuring diffusion coefficients
of isotopic tracers of U and Pu in UO2 and (U,Pu)O2

during fission in a nuclear reactor. The influence
of fission rates (between 7 · 1017 and 6.4 · 1019

fission m�3 s�1) and temperature (between 130 and
1400 �C) was studied. The diffusion coefficient was found
to be temperature independent below 1000 �C within the
limit of measurement precision (see Fig. 3 in [6]).

The relationship between the radiation-enhanced dif-
fusion coefficient of U and Pu in UO2, D

� (m2 s�1) and
the fission rate, F (fissions m�3 s�1) derived from these
observations was [6]:

D� ¼ AF with A ¼ 1:2� 10�39 m5. ð1Þ

The radiation-enhanced diffusion coefficients in other
nuclear ceramics ((U,Pu)C and (U,Pu)N) were also
measured. The results showed that radiation-enhanced
diffusion decreases in the order (U,Pu)O2 > (U,Pu)C >
(U,Pu)N and is lower in (U,Pu)C than in (U,Pu)O2 by
approximately one order of magnitude [8].

Enhanced diffusion under irradiation was also stud-
ied for rare gases (Xe, Kr) and volatiles (I, Br). Experi-
mental data and conditions reported in the literature for
these elements are summarized in Table 1. In conclusion,
experimental data have evidenced enhanced mobility of
atoms due to fission. This mechanism is represented by a
diffusion coefficient which is proportional to the fission



Table 1
Summary of experimental data on radiation-enhanced diffusion coefficients of rare gases and volatiles in UO2 reported in literature

Authors Elements D*/F, m5 Type of determination

Turnbull et al. [7] Xe, I 2 · 10�40 Fission gas released during fission
Matzke et al. [9] Kr 2 · 10�40 Gas released under heavy ions bombardment
Hocking et al. [10] I 0.5–2 · 10�39 Diffusion profile after heavy

ions bombardment
Brémier and Walker [11] Xe 2 · 10�43�2 · 10�41 Steady state xenon concentration

in rim grains after restructuring
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rate. A large range of values, extending over three orders
of magnitude for rare gases (see Table 1), were proposed
in the literature. These observed discrepancies may be
explained either by an increase of diffusion due to initial
implantation defects in some experiments [10] or by a
decrease of diffusion due to trapping of gas atoms in
bubbles in other experiments [7,11]. Damage in UO2

induced by the fission fragments, which could explain
the excess mobility of atoms, is discussed below.

2.2. Mechanisms of enhanced diffusion under fission

The fission fragments are decelerated in the lattice
over a mean distance of about 8 lm in oxide fuel. Over
most of its path length (first 5–6 lm), each fission frag-
ment transfers its energy (96%) by ionization and
electronic excitation. In the final micrometers, it releases
the remaining energy (4%) by nuclear collisions which
create atomic displacement cascades in the lattice [8].

The instantaneous effects of fission fragments are
summarized in Table 2. They occur over a very short
time interval (�10�11 s). The thermal spike associated
with each fission fragment leads to a significant temper-
ature rise along its path in a fuel volume of about 10�16–
10�15 cm3 with the simultaneous formation in this
volume of a thermo-elastic pressure field of 5 · 102 to
103 MPa due to thermal expansion [13]. These thermal
and mechanical effects considerably amplify the recom-
bination and mobility of the Frenkel pairs initially
created by fission. According to [14], 80% of uranium
Frenkel pairs created during fission disappear by recom-
bination during the thermal spike.

Mechanisms that could be responsible for enhanced
diffusion observed under irradiation have been reviewed
Table 2
Effects of fission fragments in the UO2 matrix [8,12]

Type Energy,
keV

Path,
lm

Energy fraction lost
through elastic
collisions, %

E
th
e

Light fragment �95000 9 3 9
Heavy fragment �70000 7 6 9
in [6,8]. Fast neutrons and conventional displacements
induced by atomic collisions were calculated to lead to
D* values which are lower by a factor of more than
two orders of magnitude than the experimental results
given in Eq. (1). Furthermore, no enhanced mobility in-
duced by recovery of defects due to thermal annealing
was observed after fission in the RADIF experiments.
The thermal rod model initially proposed to explain irra-
diation-enhanced creep of UO2 was also reported in [6]
as an explanation for the observed D* values. By consid-
ering that a molten volume V (10�15 cm3) caused by the
thermal spike exists along the fission spike in UO2 dur-
ing a time s (2 · 10�11 s), the diffusion coefficient D* is
given by:

D� ¼ DmeltsVF ; ð2Þ

where Dmelt is the diffusion coefficient typical of the melt
(i.e. Dmelt � 10�8 m2 s�1).

Hence, the thermal rod model yields a proportional-
ity factor of 2 · 10�40 m5 between D* and F. This value
is approximately one order of magnitude lower than the
measured value for U and Pu (1.2 · 10�39 m5) although
a high value for the volume of the molten zone was
taken into account in the calculation [13]. Matzke [6]
concluded then that a more effective mixing than in
the thermal rod approach takes place and invoked the
large pressure gradient existing along the fission track
causing a large separation of Frenkel defects to explain
the observed values of enhanced diffusion. These pro-
cesses should be more important in UO2 because of its
low thermal and electrical conductivity and should be
absent in materials like UC. This interpretation is con-
sistent with the difference between the D* values mea-
sured in UC and UO2 [8].
nergy fraction lost
rough electronic
xcitation, %

Total number of atoms
displaced

7 �40000 (�10300 U + 27700 O)
4 �60000 (�16500 U + 45000 O)
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3. Enhanced diffusion under alpha self-irradiation

In spent nuclear fuels, the alpha activity is still very
high over thousands years after removal from the reac-
tor (see Fig. 1). An enhanced diffusion similar to the
one observed under fission but lower by some orders
of magnitude is then expected to occur in spent nuclear
fuel. The following paragraphs describe the theoretical
models that were developed in order to quantify the ef-
fects of alpha decays in UO2. Their influence on atoms
mobility is then discussed. The diffusion coefficient
corresponding to each depicted mechanism is roughly
assessed. In the proposed models, spent fuel is consid-
ered to be similar to UO2, i.e. properties of UO2 are used
to assess the diffusion coefficients of U and O in UO2 in
order to simulate the mobility of fission products in
spent fuel. The effects of fission products, particularly
of fission gas bubbles, irradiation defects and hetero-
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Fig. 1. Specific alpha activities of UO2 (UOX) and MOX fuels ver

Table 3
Effects of fission fragments, alpha particle and recoil atom in UO2 [1

Parameter Fission fra

Stopping range 7–9 lm
Energy 70–95 MeV
Fraction of energy lost by elastic (nuclear)/

inelastic (electronic) collisions
0.04/0.96

Number of displaced atoms �4 to 6 ·
a Effective total number of Frenkel pairs (i.e. after recombination)
b Dynamic molecular simulation of cascades created by a U incident

110 effective Frenkel pairs of uranium.
geneity of the spent fuel pellets are thus not taken into
account in these simplified models.

3.1. Effects of the alpha decay in UO2

Damage due to the alpha particle and recoil atom
emitted by alpha decays of actinides in UO2 are summa-
rized in Table 3 in comparison with the characteristics of
the fission fragment damage in UO2. Extrapolation from
in-reactor data given by Eq. (1) was already proposed by
the authors in order to assess the diffusion coefficient
enhanced by alpha self-irradiation [16]. In this app-
roach, the diffusion coefficient was assumed to be
proportional to the total number of displaced atoms
by each event (fission or alpha decay). It led to a diffu-
sion coefficient enhanced by alpha self-irradiation, D�

a

(m2 s�1) which is proportional to the volume alpha
activity Aa (Bq m�3) as [16]:
00 10000 100000 1000000
e (y)

UOX (33 GWd/tiHM)
UOX (41.2 GWd/tiHM)
UOX (47.5 GWd/tiHM)
UOX (60 GWd/tiHM)
MOX (33 GWd/tiHM)
MOX (41.2 GWd/tiHM)
MOX (47.5 GWd/tiHM)
MOX (60 GWd/tiHM)

sus time and burnup calculated with the code CESAR4 [15].

2]

gment a particle Recoil atom

15 lm 20 nm
5 MeV �100 keV
0.01/0.99 0.9/0.1

104a 200 �1500b

produced by fission �5 · 103 [8].
atom of 70 keV yields 290 effective Frenkel pairs of oxygen and
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D�
a � 2� 10�41Aa. ð3Þ

This approach is based on a major assumption with a
relatively poor physical justification. Therefore, theoret-
ical approaches based more precisely on the potential
effects of the recoil nuclei and alpha particles on the
mobility of atoms in the UO2 matrix are proposed here
to estimate the diffusion coefficients enhanced by alpha
self-irradiation.

3.2. Enhanced mobility induced by elastic collisions

The effects of the elastic collisions due to the recoil
nucleus on the mobility of atoms in UO2 are discussed
in this section.

3.2.1. Atomic displacements due to ballistic collisions

The first cause of enhanced mobility is the cascade of
displacements created by the recoil atoms: the total
number of atoms (uranium and oxygen) displaced per
recoil atom ranges from 1100 to 2200 [17] (about 300
U atoms + 850 O atoms displaced by an alpha decay
event). Following a random motion, the diffusion coeffi-
cient due to ballistic collisions, Dbal

a , is given by:

Dbal
a ¼ d2

2hc
; ð4Þ

where d2 is the mean square path distance per displace-
ment and hc, the characteristic time to achieve one dis-
placement per atom on average. hc is related to the
total number of U displaced atoms by cascades nd and
to the volume alpha activity by:

hc ¼
q � N av

M � ndAa
; ð5Þ

where M is the molar mass of UO2 (0.270 kg mol�1), q
its volume mass (�104 kg m�3) and Nav, the Avogadro�s
number (6.02 · 1023).

Then a rough estimate of the diffusion coefficient of
uranium induced by cascades is given by:

Dbal
a ¼ M

2q � N av

d2ndAa. ð6Þ

Assuming a mean square path length per displacement
of 0.30 nm2 – this value is based on the results of mole-
cular dynamic simulations – Eq. (6) leads to a propor-
tionality coefficient between Dbal

a and a volume alpha
activity of about 2 · 10�45 m5 for U atoms.

In reactor, fission fragments lose a small part of their
energy by ballistic collisions (see Table 1). The ballistic
effects of fissions on U atom mobility can also be as-
sessed by using Eq. (6) with the number of U atoms dis-
placed per fission (nd � 27000), the volume fission rate F
instead of Aa, and by assuming a mean square path
length of 1 nm2 per displacement. It yields a proportion-
ality coefficient A close to 6 · 10�43 m5. This value is
three to four orders of magnitude lower than the exper-
imental value given in Eq. (1). In agreement with the
conclusion given in [6], cascades alone cannot explain
the diffusion process observed in reactor. Therefore,
other mechanisms of diffusion seem to contribute to
the excess mobility of atoms in reactor. It should be also
the case for the diffusion process under alpha self-
irradiation.

3.2.2. Diffusion accelerated by migration of point

defects

In crystalline solids, the atomic mobility at thermal
equilibrium is mainly due to defects. Two types of de-
fects can coexist: interstitial defects (one atom inserted
in an interstitial position in the crystal) and vacancy
defects (one atom absent from its site). The thermal
vibrations insure an equilibrium between both types of
defects. Irradiation by energetic particles create such de-
fects by moving some atoms from their initial location.
However, the created defects are out of equilibrium
and their number results from the equilibrium between
creation by the flux of irradiating particles and their
elimination in wells.

Due to recombination, the number of isolated defects
created by the recoil atom is lower than the total number
of displaced atoms. The numbers of oxygen and ura-
nium Frenkel pairs created in UO2 by a uranium inci-
dent atom with an energy ranging between 1 keV and
20 keV were calculated by molecular dynamic simula-
tions. Extrapolation of these results to an incident en-
ergy of 70 keV yields 290 Frenkel pairs of oxygen and
110 Frenkel pairs of uranium created per recoil atom.
The enhanced mobility of atoms due to the thermal
annealing of these defects was determined by a very sim-
ple model of point-defect migration: the steady-state
number of interstitials and vacancies of uranium and
oxygen is calculated by taking into account the creation
rate given above, a recombination term of Frenkel pairs,
and an elimination term of defects at the sinks (grain
boundaries, dislocations . . .). Table 4 summarizes the
enhanced diffusion coefficient of O and U atoms due
to the mobility of defects created in excess by alpha de-
cays. The migration of defects is thermally activated,
thus the diffusion coefficients given here depend on
temperature.

Below 600 K, the mobility of uranium vacancies is
very low (10�37 m2 s�1). Thus the enhanced mobility of
the fission products which migrate via uranium vacan-
cies or Schottky trio (one uranium + two oxygen vacan-
cies) induced by this process should be negligible.
Furthermore, this mechanism of diffusion is temperature
dependent, in contrast to the radiation-enhanced diffu-
sion coefficients observed in reactor (see Section 2.1).
Thus, it cannot explain the enhanced mobility observed
under fission at very low temperature.



Table 4
Increase of the oxygen (DO

a ) and uranium (DU
a ) diffusion coefficients due to the defects created by cascades of displacements versus

volume alpha activity and temperature

Volume alpha activity, Bq m�3 1016 1015 1014 1013

DO
a at 300 K (m2 s�1) 2 · 10�27 7 · 10�28 2 · 10�28 7 · 10�29

DO
a at 400 K (m2 s�1) 3 · 10�25 8 · 10�26 2 · 10�26 4 · 10�27

DO
a at 600 K (m2 s�1) 5 · 10�24 5 · 10�25 5 · 10�26 5 · 10�27

DU
a at 600 K (m2 s�1) 3 · 10�29 9 · 10�30 3 · 10�30 9 · 10�31
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3.3. Enhanced mobility induced by electronic excitation

The effects of inelastic collisions on the mobility of
atoms are discussed in this section.

3.3.1. Extrapolation from accelerator data

As with fission fragments, the alpha particle loses
most of its energy by inelastic collisions. An interpreta-
tion of enhanced diffusion induced by electronic excita-
tion is proposed here by considering that the diffusion
coefficient D* (m2 s�1) observed in reactor is propor-
tional to the material volume damaged by the two fission
fragments per unit material volume:

D� ¼ kdE=dx2lF ; ð7Þ

where l is the fragment path length in the UO2 (m) and
F, the fission rate (fissions m�3 s�1). The kdE/dx value for
iodine assuming an incident ion stopping power of
20 keV nm�1 was estimated on the basis of work
performed under irradiation by Hocking et al. [10]
and ranges between 4 · 10�35 and 1.4 · 10�34 m4.

Assuming the proportionality factor kdE/dx is linearly
dependent on the electronic interaction arising from the
incident particles, its value ranges between 6 · 10�37 and
2.1 · 10�36 m4 for 5 MeV alpha particles with an elec-
tronic stopping power of 0.3 keV nm�1. By analogy with
the reactor model, the alpha self-irradiation enhanced
diffusion coefficient associated with electronic excitation
in a material with an alpha volume activity Aa is thus:

DE
a ¼ k0:3 keV=nmlaAa. ð8Þ

Allowing for the path length of the alpha particle in UO2

(la � 15 lm), the contribution of electronic excitation to
diffusion was inferred for iodine:

DE
a � 2� 10�41Aa. ð9Þ

This value is the same as the value based on the extra-
polation from in-reactor data for uranium (see Section
3.1).

3.3.2. The thermal rod approach

If we assume that electronic excitation due to the
alpha particle induces a thermal spike as with fission,
the enhanced diffusion can also be evaluated using the
thermal rod approach (see Section 2.2). The diffusion
coefficient, Dthrod

a (m2 s�1) is then given by:
Dthrod
a ¼ DmeltsVAa; ð10Þ

where Dmelt is the diffusion coefficient in the melt (see
Section 2.2), V is the volume of the molten zone (m3)
and s its life-time (s).

An analytical model based on a balance of energy
(macroscopic approach) has been developed in order
to calculate the characteristics of the molten zone
induced by the alpha particle and by the recoil atom.

Assuming that the inelastic loss of energy, E(J), cre-
ates a molten zone at the melting temperature of UO2,
Tm, the characteristics of the molten zone are given by
the energy balance:

E ¼ n
Z Tm

T 0

Cp dT þ nDHm ð11Þ

with n the number of UO2 moles in the molten zone; T0,
the initial temperature of the bulk; Cp, the heat capacity
of UO2 (J mol�1 K�1) and DHm, the enthalpy of melting
(J mol�1). By neglecting the temperature dependence of
parameters, we obtain:

n ¼ E
CpðTm � T 0Þ þ DHm

ð12Þ

and the volume of the molten zone is given by:

V ¼ M
q

E
CpðTm � T 0Þ þ DHm

ð13Þ

with M the molar mass of UO2 (kg mol�1) and q its
volume mass (kg m�3).

Eq. (13) neglects the loss of heat in the liquid phase
and should lead to an overestimate of V. Its application
to fission leads to a volume of the molten zone due to the
fission spike of 10�15 cm3, which is in good agreement
with the value reported in [13] (see Section 2.2).

The life-time of the molten zone, s, is then calculated
by assuming that the molten zone is a cylinder (thermal

rod) along the stopping range l (m) of the damaging
particle. The heat of the cylinder dissipates by thermal
conduction in the bulk (infinite medium) which is at
the constant temperature T0. The profile of temperature
in the medium is then given by [18]:

T ðr; tÞ � T 0 ¼ ðTm � T 0Þerfc
r

2
ffiffiffiffi
at

p
� �

with a ¼ k �M
q � Cp

;

ð14Þ



Table 5
Values of the parameters used in Eqs. (12) and (18) for alpha
decay out-of-reactor and of fission in reactor [19]

Parameter Value for alpha
decay out of reactor

Value for fission
in reactor

Cp 123a J mol�1 K�1 123 J mol�1 K�1

k 3.959 W m�1 K�1 3.959 W m�1 K�1

DHm 7 · 104 J mol�1 7 · 104 J mol�1

M 0.270 kg mol�1 0.270 kg mol�1

q 9560 kg m3 9560 kg m3

Dmelt 10�8 m2 s�1 10�8 m2 s�1

Tm 3120 K 3120 K
T0 500 K 1000 K
E 8 · 10�13 J for

the a particle
1.4 · 10�11 J

1.3 · 10�15 J for
the recoil atom

Per fission
fragment

l 1.5 · 10�5 m for the
a particle

9 · 10�6 m

2 · 10�8 m for the recoil atom

a Corresponds to the mean value of Cp between 1000 K and
3120 K.
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where r is the distance from the cylinder and k, the ther-
mal conductivity of UO2 (W m�1 K�1). From Fourier�s
law, the thermal flux at the surface of the cylinder is
given by:

u ¼ �k
oT
or

����
r¼0

¼ þk
2ffiffiffi
p

p ðTm � T 0Þ
2

ffiffiffiffi
at

p ¼ kðTm � T 0Þffiffiffiffiffiffiffi
pat

p . ð15Þ

The life-time of the thermal rod, s, is then considered as
the time during which the latent heat of solidification is
transferred to the bulk: it means that the temperature of
the molten zone is constant at Tm during the time s:

nDHm ¼
Z s

0

uðtÞS dt ¼ 2kSðTm � T 0Þffiffiffiffiffiffi
pa

p
ffiffiffi
s

p
; ð16Þ

where S is the external surface of the cylinder. Then,

s ¼ M
q

ðnDHmÞ2

16k � Cp � l � V ðTm � T 0Þ2
. ð17Þ

Replacing s and V in Eq. (10) yields:

Dthrod
a

Aa
¼ M

q
Dmelt � n2 � DH 2

m

16k � Cp � l � ðTm � T 0Þ2
. ð18Þ

From Eqs. (12) and (18), it appears that the diffusion
coefficient calculated by the thermal rod approach is
proportional to E2/l. Taking into account the electronic
loss of energy of the recoil atom and of the alpha particle
and their respective stopping ranges in the lattice, the
enhanced diffusion induced by electronic excitation is
essentially due to the alpha particle. Combining Eqs.
(12) and (18) with the values of the parameters reported
in Table 5 leads to a proportionality factor between the
enhanced diffusion coefficient and the volume alpha
activity of 7 · 10�45 m5, which is of the same order as
the diffusion enhanced by ballistic collisions.
Table 6
Enhanced diffusion coefficients under alpha self-irradiation given by
activity in Bq m�3)

Model Diffusion coefficient (m2 s�1)

Extrapolation from in
reactor data
for uranium

D�
a � 2� 10�41Aa

Extrapolation from irradiators
data for iodine

DE
a � 2� 10�41Aa

Effect of ballistic collisions
for uranium

Dbal
a � 2� 10�45Aa

Migration of defects

At 600 K for O DO
a � 5� 10�40Aa

At 400 K for O DO
a � 3:5� 10�35A0:62

a

At 600 K for U DU
a � 3� 10�37A0:5

a

Electronic effect Dthrod
a � 7� 10�45Aa
If this very simplified approach is applied to the char-
acteristics of fissions in reactor that are also given in
Table 5, it yields a value of 2 · 10�41 m5 for A which
is in agreement with the value reported in [6] for the
thermal rod approach.
4. Synthesis and discussion

The values of the alpha self-irradiation enhanced
diffusion coefficients of uranium given by the various
the different theoretical approaches (Aa is the volume alpha

Comments

D�
a is proportional to the total number of

atoms displaced per alpha decay; extrapolation
from fission fragments effects is based
on the A value given in [6]
DE

a is proportional to the volume damaged by
the alpha particle; extrapolation is based on
the A value given in [10]
Random motion due to cascades of
displacements

Diffusion accelerated by the thermal
migration of punctual defects
created by cascades

Thermal rod approach



C. Ferry et al. / Journal of Nuclear Materials 346 (2005) 48–55 55
theoretical approaches described above are summarized
in Table 6 with the main assumptions of the models.

The physical models based on the enhanced mobility
of atoms induced by the alpha particle due to electronic
excitation and by the recoil atom due to cascades of dis-
placements yields an enhanced diffusion coefficient for U
atoms under alpha self-irradiation, Dtot

a :

Dtot
a ¼ Dthrod

a þ Dbal
a � 9� 10�45Aa. ð19Þ

Eq. (19) yields a diffusion coefficient which is fairly con-
stant over the first hundred years (see Fig. 1) and ranges
between 2 · 10�29 and 4 · 10�28 m2 s�1 depending on
the type of fuel (UO2 or MOX) and the burnup (from
33 to 60 GWd t�1

iHM). It then decreases with time as the
alpha activity in the spent fuel decreases. However, these
models applied for fission do not reproduce the high
value of radiation-enhanced diffusion coefficient given
in Eq. (1).

The two other models correspond to an extrapolation
from in reactor and heavy ion bombardment experimen-
tal data reported in [6,10]. Both are based on the highest
values reported in the literature for radiation-enhanced
diffusion (see Table 1) and should give an upper estimate
of Da which is three orders of magnitude higher than the
value given by Eq. (19). It leads to a cumulative fraction
released from spherical grains of 8 lm calculated with
the Booth�s model of about 5% after 10000 years of dis-
posal [20]. It indicates a limited effect of this mechanism
on the release of radionuclides from the spent fuel grains
in repository conditions, although the value used for the
calculation should represent an upper estimate of D�

a.
5. Conclusion

Rough estimates of the diffusion coefficient enhanced
by alpha self-irradiation were proposed. Some were
based on an assessment of the electronic effect due to
the alpha particle and of the ballistic effects due to the
recoil atom on the mobility of U and O atoms in
UO2. These models yield values smaller than
4 · 10�28 m2 s�1 for U atoms during the first hundred
years of cooling but are not able to reproduce the
enhanced mobility observed under fission. Thus, other
approaches proposed were based on extrapolation from
the highest radiation-enhanced diffusion coefficients
reported in the literature. The mean value of the diffu-
sion coefficient deduced from these extrapolations is
10�25 m2 s�1 during the first hundred years of cooling
in a UOX fuel with a burnup of 60 GWd t�1

iHM.
Hence, many uncertainties exist concerning the alpha

self-irradiation enhanced diffusion coefficient. The
on-going experiments should allow to depict the mecha-
nisms of enhanced mobility of He and I atoms under
alpha self-irradiation: The 5 MeV alpha particle fluence
that would be necessary to measure an atomic displace-
ment within the detection limits of the analysis methods
available (NRA or SIMS) is too high; the electronic
effect will therefore be studied mainly through irra-
diation by heavy ions (Xe, Kr, I, Br) – with different
higher energy and stopping powers and at various
fluences.
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