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INTRODUCTION

Uranophane (Ca[(UO2)(SiO3OH)]2(H2O)5; P21; Z = 2) is the
most common uranyl-silicate, precipitating from near neutral
to alkaline ground waters that contain dissolved Si and Ca
(Finch and Murakami 1999). Uranophane is a common alter-
ation product in uranium deposits and an expected alteration
product of used nuclear fuel in a geologic repository under
oxidizing conditions.

The crystal structure of a-uranophane is well known (Smith
et al. 1957; Stohl and Smith 1981; Ginderow 1988). Alpha
uranophane consists of alternating stacks of U-Si-O sheets with
interlayer cations bonded to water molecules or hydroxyl in
the a* direction (Fig. 1). The two-dimensional anion topology
in the U-Si-O sheet is best described as chains of edge-sharing
pentagons (P) connected through chains of alternating edge-
sharing triangles and squares. The topology can alternatively
be described as a chain-stacking sequence consisting of alter-
nating “arrowhead” chains (U, D, and R, following the nomen-
clature of Miller et al. 1996). Sklodowskite, Mg[(UO2)
(SiO3OH)]2(H2O)6, C2/m, has the same anion sheet structure as
a-uranophane, but the interlayer cation is Mg instead of Ca.
There is a polymorph of uranophane, b-uranophane, that has a
different uranyl silicate sheet structure with a different orien-
tation of the SiO4 tetrahedra that results in a different interlayer
configuration (Burns 1999). In this study, only the a-
uranophane structure was investigated.

Part of motivation for this study is that spent nuclear fuel
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ABSTRACT

The susceptibility of uranophane, a uranyl sheet silicate, ideally Ca(UO2)2(SiO3OH)2(H2O)5, to
ionizing irradiation has been evaluated by systematic irradiations with 200 keV electrons over the
temperature range 94 to 573 K. High-resolution transmission electron microscopy revealed that
amorphous domains formed locally, concurrently with a gradual disordering of the entire structure.
Amorphization doses at room temperature were 1.1 ¥ 1010 Gy for uranophane, 1.3 ¥ 1010 Gy for Sr-
substituted uranophane, and 1.9 ¥ 1010 Gy for Eu-substituted uranophane; thus, there was an in-
crease in amorphization dose with increasing average atomic mass. At 573 K, the amorphization
dose of uranophane was 2.0 ¥ 1011 Gy. The temperature dependence of the amorphization dose of
uranophane has two stages; £413 K and >413 K. Based on a defect accumulation model, the effec-
tive activation energies for amorphization at each stage are 0.0440 eV and 0.869 eV, respectively.
This suggests that the presence of H2O (and OH–) reduce the energy deposition required to cause
amorphization. Above 413 K, the amorphization dose increased due to the absence of H2O and OH–

and the absence of radiolytic decomposition of H2O and OH–.

and its corrosion products will be subjected to a high radiation
field, one that can result in substantial and important property
changes. Spent nuclear fuel and its corrosion products will be
subjected to a combination of high fluence irradiations from
a-, b-particles, g-rays, and recoil nuclei for at least 102–103

years. The annual absorbed dose due to b-decay in spent nuclear
fuel is 1.8 ¥ 105 Gy/year at 100 years after discharge (Hedin
1997), thus the total absorbed dose can reach 107–108 Gy. The
total absorbed dose in a high level nuclear waste form can be
as high as 1010 Gy (Weber et al. 1997).

In order to provide for consistency in units, quantities for
dose follow the International Commission on Radiological Units
and Measurements (ICRU) and the International Commission
on Radiological Protection (ICRP). In some cases, radiation
quantities are also defined based on previous work (Shani 1991;
Knoll 2000; Tsoulfanidis 1983). Because only a
monodirectional beam was used in our experiments, flux (or
electron flux) is defined as the number of electrons per unit
area, per unit time and fluence (electron fluence), F, is the time
integral of the flux over the exposure duration. Dose (or ab-
sorbed dose), D, is defined as the energy absorbed per unit
mass of material, and dose rate (or absorbed dose rate) is the
quotient of incremental absorbed dose by the absorption time.
In a previous study of electron irradiation of zeolite, Wang et
al. (2000) used dose, D, interchangeably with fluence, F. Al-
though this is a common usage in previous studies, this has
lead to confusion.

The high rate of energy absorption through ionization and
electronic excitation from a- and b-decay can also cause sig-
nificant self-heating; the temperature increase depends on the
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thermal loading of the geologic repository. At the proposed
repository at Yucca Mountain, temperatures as high as 573 K
may occur initially and remain above 373–423 K for several
hundred years after emplacement (Weber et al. 1997). There-
fore the temperature dependence of the radiation damage effects
is critical to understanding the radiation response of alteration prod-
ucts that form at the surface of the used nuclear fuel.

The secondary alteration products of spent nuclear fuel in
an oxidizing environment will be a variety of uranyl oxy-hy-
droxides, silicates and phosphates, depending on the ground-
water composition (Finch and Ewing 1992). Recently there has
been much interest in these secondary uranyl phases, as they
may become “sinks” for important radionuclides, such as 237Np
(Burns et al. 1997). Uranophane has been identified in corro-
sion tests of used nuclear fuels (Buck et al. 1998; Finch et al.
1999), and it is a common alteration product of uranium-phases
in an oxidizing environment.

PREVIOUS WORK

There have been few systematic studies of radiation-induced
amorphization due to ionizing radiation of minerals and ce-
ramics (Hobbs et al. 1994). A theoretical model of amorphi-
zation under electron irradiation has been developed by Motta
and Olander (1990) based on data for metals and intermetal-
lics. In their model, amorphization occurs when the target has

been provided with an additional amount of energy that is
greater than the free energy difference between crystalline and
amorphous states. The total free energy is the sum of the free
energy increase due to the point defect concentration and the
increase due to chemical disordering. The model is based on
radiation effects in metals and is certainly less applicable to
more complex, ceramic materials (Hobbs et al. 1994).

Hobbs and Pascucci (1980) have suggested a mechanism
for the ionization-induced amorphization in SiO2. They pro-
pose two stages in the amorphization process: (1) heteroge-
neous nucleation and growth of disordered strain centers
involving migration of point defects, and (2) a gradual homog-
enous disordering in the remaining matrix. The mechanism is
based on a model of radiolysis: (1) instability of Si-O bonds
due to electronic excitation and the breaking of bonds; and (2)
the formation of a peroxy linkage at other oxygen sites and the
creation of oxygen vacancies. The highly localized oxygen
vacancies can cause Si-O tetrahedra reorientation. Hobbs and
Pascucci (1980) also suggested that water in the form of hy-
drolyzed bonds may serve as nucleation centers of defects.

Many ion-irradiation experiments of ceramics and miner-
als have been completed as part of systematic investigations of
radiation-induced amorphization (Ewing et al. 2000). Irradia-
tion by electrons is, however, an entirely different process from
these heavy ion irradiations that directly produce displacement
cascades in the target (Wang and Ewing 1992). The more rel-
evant studies are electron and proton irradiations of hydrated
phases, such as zeolite (Yokota et al. 1984; Wang et al. 2000;
Mitome et al. 2001; Gu et al. 2000). In the case of hydrated
ceramics, such as clays and zeolites, the solid-state radiolysis
of molecular water plays an important role in the decomposi-
tion process (Wang et al. 2000). The formation of radicals, such
as (OH)– and (H2O)n

–, can induce the collapse of the structure.
As an example, light cations can be displaced by direct ioniza-
tion or the formation of (OH)– radicals. The “water radical
model” is supported by evidence for bubble formation in zeo-
lite due to the slow release rate of water (Wang et al. 2000).
Mitome et al. (2001) have proposed a model of electron irra-
diation-induced amorphization in zeolite based on competition
between defect creation and annihilation. This model has been
successfully applied to interpret the temperature dependence
of amorphi-zation dose in zeolite (Mitome et al. 2001).

The purposes of this study are: (1) to investigate and model
the effects of ionizing radiation on uranophane and related struc-
tures; (2) to measure the critical amorphization dose as a func-
tion of temperature.

EXPERIMENTAL METHODS

The samples for the irradiation experiments were synthetic
uranophane, sklodowskite [Mg(UO2)2(SiO3OH)25H2O; C2/m;
Z = 2], and uranophane in which 100% of the Ca has been
replaced by Sr and Eu. These samples are referred to as U-Ca,
U-Mg, U-Sr, and U-Eu, respectively. The procedure for the
synthesis was the same as that described by Nguyen et al.
(1992). The products of the synthesis were characterized by
powder X-ray diffraction analysis (XRD). All electron irradia-
tion experiments were conducted in a JEOL JEM-2010F trans-
mission electron microscope (TEM) operated at 200 keV. The

FIGURE 1. The structure of uranophane viewed along (a) [100]
and (b) [010]. Ca and H2O exist in the interlayer of the sheet structure
after Burns (1999)
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samples were irradiated in the temperature range 94 to 573 K
using a GATAN Smart Controller as a heating and cold stage.
The sample holder was tilted 20∞ from the major zone axis to
minimize electron channeling. The electron flux varied from
7.01 ¥ 1017 to 6.11 ¥ 1018 e–/cm2/s. The crystalline-to-amor-
phous transition was monitored in situ by selected area elec-
tron diffraction (SAED) patterns (Fig. 2). The change in
intensity of the diffraction maxima in the SAED was observed
with a charge-coupled device (CCD) camera. The intensity of
diffraction maxima was determined by counting the number of
electrons. By this procedure, a square region of interest was
established around the diffraction maximum of interest (Fig.
3a). Then a histogram for the number of pixels that have the
same number of electron counts was produced by running the
option “analysis” in Digital Micrograph (Gatan Inc.). The back-
ground electron count was based on the average value of the
peak with lower counts, and the diffraction maximum is the
largest count of electrons (Fig. 3b). Because the background
counts can increase due to the appearance of a diffraction halo
caused by the formation of amorphous material, the actual in-
tensity measured is the maximum value after background sub-
traction. High-resolution electron microscopy (HRTEM) was
completed at the same time.

RESULTS

SAED patterns along the [100] zone show a gradual de-
crease of intensity for all diffraction maxima with increasing
electron fluence at 278 K (Fig. 2). Some diffraction spots, for
which the intensity was measured by a CCD camera, are in-
dexed in Figure 3a. A typical histogram for the diffraction spot
020 is shown in Figure 3b. The horizontal axis gives the num-
ber of electrons in the pixel, and the vertical axis represents the
number of pixels having the same number of electron counts.

FIGURE 2. SAED of the radiation-induced transition for uranophane
irradiated at room temperature. (a) un-irradiated, (b) 3.2, (c) 6.3, and
(d) 7.9 (¥ 1019 e–/cm2).

FIGURE 3. (a) SAED of uranophane at initial stage, in which the
diffraction maxima of the indexed spots were counted by a charge-
couple device (CCD) camera. The white squares around the diffraction
maxima represent regions of interest used to produce the histogram.
(b) The intensity was counted as the number of electrons. The real
number of electrons in the diffraction maxima was the measured value
less the average number of background electrons. (c) Change in the
intensity of selected diffraction spots shows an exponential decrease
with increasing fluence. The upper gray band represents the maximum
possible counts for the CCD camera. Thus, the data points within the
band are not reliable.

The results of the detailed measurement of the intensity change
are shown in Figure 3c. The change in the maximum electron
count after background subtraction revealed that the intensity
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of all indexed spots decreased exponentially (that is, I = Ae–

BDa: where A and B are arbitrary coefficients). The crystalline-
to-amorphous transition required a lower fluence as the
amorphous regions became larger, supporting a nucleation and
growth mechanism. The same phenomena has been observed
in electron-irradiated zeolite (Mitome et al. 2001)

HRTEM images of the crystalline-to-amorphous transition
show the gradual disruption of the periodic structure (Fig. 4).
The disordering process occurs uniformly, but isolated
amorphized regions appeared prior to complete amorphization
(within the circles in Figs. 4a and b). Bubble formation due to
released oxygen or hydrogen was not observed during irradia-
tion, as is frequently the case for electron-irradiated zeolite
(Wang et al. 2000). Table 1 summarizes the amorphization
fluence, Fc, and the absorbed electronic dose, Dc, for uranophane
from 94 to 573 K.

The temperature dependence of the amorphization fluence,
Fc, for Ca-uranophane is shown in Figure 5. There are two stages
in the Fc-T curve: Fc increases gradually up to 413 K and then
increases rapidly above 413 K. Prior to irradiation at high tem-

peratures, the SAED patterns along [100] were observed in
order to determine whether there was a thermal effect at 573
K. No change was evident in the SAED pattern; thus, at least
in that part of the structure viewed perpendicular to a*, that is
the b-c plane, there was no evidence for thermal breakdown of
the uranophane structure. However, it is likely that H2O mol-
ecules are driven from the interlayer sites between the b-c planes
at temperatures above 413 K.

The average amorphization fluence and dose for the ura-
nyl-silicates with other cations substituted for Ca are plotted
vs. the atomic mass of the substituting cations in Figure 6. The
uranyl-silicates that retain the uranophane structure (open
circles) show a trend in which Fc increases with increasing
atomic mass of the substituting cation. The absorbed electronic
dose, Dc, also reveals the same trend. A similar relationship
between amorphization dose and the mass of the target has been
observed in other ion irradiation experiments (Meldrum et al.
1997; Utsunomiya et al. 2002). The Fc of sklodowskite (U-
Mg) is 9.6 ¥ 1019 (e–/cm2); thus, the critical amorphization
fluence is similar to that of the uranophane samples.

TABLE 1. The amorphization fluence, Fc (x1019 e–/cm2) and the absorbed electronic dose, Dc (x1010 Gy), of uranophane at various
temperatures

T (K) 94 143 193 243 298 353 413 453 503 523 573
Fc 3.95 5.06 6.23 6.29 9.20 8.56 11.1 20.4 113 236 1337

3.66 5.98 5.68 6.12 8.48 8.17 10.3 21.9 136 1421
4.15 4.96 5.44 6.67 7.32 9.20 9.57 20.6 133
3.94 5.96 6.06 7.15 8.61 7.67 11.4 20.9
4.66 5.15 6.01 6.51 6.82 8.58 10.2 21.7
4.03 5.20 5.47 7.21 6.81 8.98
4.72 5.24 6.07 6.85 7.67 8.22
3.86 5.32 5.68 5.89 8.41 9.68
4.32 4.57 5.60 6.57 7.87 7.64
4.55 4.85 5.70 7.01

Average Fc 4.18 5.23 5.79 6.63 7.91 8.52 10.5 21.1 127 236 1379
Dc 0.602 0.753 0.833 0.954 1.14 1.23 1.51 3.04 18.3 34.0 198

FIGURE 4. The HRTEM of transition for the uranophane irradiated at the room temperature. (a) 1.6, (b) 3.2, (c) 4.7, and (d) 7.9 (¥1019 e–/cm2).
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DISCUSSION

Energy deposition from electron irradiation of a sample can
be estimated from the stopping power of the target composi-
tion. The total stopping power is the sum of the ionization,
elastic scattering, and radiative contributions. The radiative
stopping power is due to the energy depletion by electromag-
netic radiation. The total stopping power is expressed as:

-Ê
Ë

ˆ
¯

= -Ê
Ë

ˆ
¯

+ -Ê
Ë

ˆ
¯

+ -Ê
Ë

ˆ
¯

d
d

d
d

d
d

E

x

E

x

E

x

E

xtot ion rad els

d
d

                   (1)

The elastic scattering factor is not significant, as will be
described later; thus, the total electronic stopping power is es-
sentially the sum of the first and the second terms. The ioniz-
ing stopping power from the volume around an electron track
can be calculated based on the stopping-power theory of Bethe
using the formulation of Turner (1995). The stopping-power
of electrons in MeV/cm is
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t = Ekin/mc2, in which Ekin is the kinetic energy, t is the multiple
of the electron rest energy mc2, k0 = 1/4pe0, in which e0 is the
permittivity constant, e is the magnitude of the electron charge,
n is the number of electrons per unit volume in the medium, m
is the electron rest mass, c is the speed of light in vacuum, b is
the ratio of the speed of the particle to the light (V/c), and I is
the mean excitation energy of the medium, which is expressed
by the following empirical formulae
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where Z is the atomic number of the target. For a complex com-

position, I can be calculated by summing the contributions from
the individual constituent elements
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Ni is atomic density (atoms/cm3) for an element with atomic
number Zi and its mean excitation energy Ii. The I of uranophane
(U-Ca) is calculated to be 307.9 eV. The ionizing stopping
power of 200 keV electrons in uranophane (U-Ca) is calcu-
lated to be 3.40 MeV/cm. For the other uranophane composi-
tion in which 100 percent of the Ca was replaced by Eu (U-Eu)
and Sr (U-Sr), the mean excitation energies were estimated to
be 682.7 and 423.1 eV, respectively. Thus, the ionizing stop-
ping powers for U-Eu and U-Sr are 2.63 and 3.06 MeV/cm,
respectively.

The radiative stopping power is negligible in cases where
the target material consists of light elements. However, when
the target material has elements heavier than lead or the inci-
dent electron energy is higher than 1 MeV, the effects of the
radiative stopping power must be considered. The radiative
stopping power is caused by Bremsstrahlung. An empirical for-
mula gives an approximate value for the radiative stopping
power (Turner 1995)
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where E is the total energy of electron, E = Ekin + mc2 in MeV.
Based on the mole fraction of Z, the radiative stopping power
in uranophane (U-Ca) is calculated to be 0.0360 MeV/cm. Thus
the contribution of the radiative stopping power is less than
2% as compared with the ionizing stopping power. Finally, the
total electronic stopping power is 3.44 MeV/cm and those of
the other uranophane compositions, U-Eu and U-Sr, are 2.66
and 3.09 (MeV/cm), respectively.

FIGURE 6. The amorphization fluence, Fc, and the absorbed
electronic dose, Dc, for other uranyl silicates. Plotted as a function of
the increasing atomic mass of the cations substituting for Ca. U-Ca,
U-Sr, and U-Eu have the uranophane structure (open circles). U-Mg is
sklodowskite. Closed circles represent the electronic dose, Dc, in Gy.

FIGURE 5. The temperature dependence of the amorphization
fluence, Fc, for the electron-irradiated uranophane.
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The total electronic energy deposition, which is same as the
absorbed electronic dose, Dc, in Gy = J/kg, can be reduced to
the equation:
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The amorphization dose of the uranophane (U-Ca) at 298 K
is 1.14 ¥ 1010 Gy; 1.90 ¥ 1010 Gy for U-Eu; 1.32 ¥ 1010 Gy for
U-Sr.

The cross-section for atomic displacement through electron-
nucleus collision, sd, may be estimated by the expression given
by McKinley and Feshbach (1948):
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Ed represents the threshold displacement energy. Em is the maxi-
mum transferable energy by collision events:
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in which M is the mass of a nucleus. Under the present experi-
mental conditions, 200 keV, the Em values for U, Si, Ca, O, and
H are calculated to be 2.20, 18.7, 13.1, 32.8, and 521 (eV),
respectively. Assuming that Ed of U, Si, Ca, O, and H are 40
(Zinkle and Kinoshita 1997), 23 (Weber et al. 1998), 25 (Ziegler
et al. 1985), 28 (Zinkle and Kinoshita 1997), and 10 (Ziegler et
al. 1985) (eV), the cross-section, sd, of H, O, Ca, and Si were
estimated to be 4.26, 2.75, 2.41, and ~0 (¥ 10–24 cm2). The value
of sd for U cannot be estimated by this expression because it is
not valid for the high Z elements. However the estimated sd in
the present study has a tendency such that the higher Z ele-
ments have smaller sd; thus the sd of U can be inferred to be ~
0 (cm2). The average displacement cross-section for uranophane
is 1.5 ¥ 10–24 (cm2) per mole fraction. The cross-section can be
converted to displacements per atom, dpa, by the following
expression when the sample is a thin film and the energy loss
is very small (Wang et al. 2000; Nastasi et al. 1996)

dpa = F ·sd              (12)

in which F is electron fluence (electrons/cm2). Based on this
relation, the displacement damage level at the amorphization
dose of uranophane at room temperature is only 0.00012 dpa.
Therefore, the number of displacements due to ballistic inter-
actions between electrons and nuclei is too low to cause radia-
tion-induced amorphization of the structure. Although there
must be multiple displacements caused by H primary knock-
on atoms (PKAs) due to the relatively large Em (521 eV) of H,
these displacements are fewer than the primary displacement
events. Assuming that the H atom experiences the maximum
in transferable energy, 521 eV, the displacement/ion/Å can be

calculated to be 0.0035 using SRIM-2000 (Ziegler et al. 1985),
which corresponds to 0.53 displacement/H within the range
~150 A. For about 32 mol% H in uranophane, the dpa by elec-
trons is 0.000038. Thus the displacement by the PKAs is
0.00002 and total maximum dpa is 0.00014. Such a low dpa
means that the amorphization of uranophane must be the result
of ionization effects and not be due to electron-nuclei colli-
sions.

In materials sensitive to thermal effects or metastable phase
formation, the thermal effect is significant in the amorphization
process. A previous electron irradiation study in coesite sug-
gested that the critical amorphization dose decreased rapidly
at low temperatures (Gong et al. 1996). Studies of zeolite have
also revealed abrupt decreases in amorphization dose at low
temperatures (Wang et al. 2000). In these cases, thermally in-
duced amorphization processes are dominant. In contrast, ther-
mally induced amorphization is not a major process of the
amorphization of uranophane within the temperature range of
the present experiments (Fig. 5). Thus, the thermally activated
amorphization is not considered in the following discussion.

According to the model by Mitome et al. (2001), defects
can recombine and disappear due to radiation-enhanced diffu-
sion. Thus, the increase in the amount of interstitial atoms dur-
ing a time, dt, is expressed as the sum of an increasing rate of
the defect formation by electron irradiation and a decreasing
rate due to annihilation:

dC = (C0 – C)jsdef dt – C2sdef'vddt              (13)

where C, C0, j, sdef and sdef' are the concentration of defect
pairs, the concentration of the initial sites that are orgins of the
localized defects, the electron current density, the cross-sec-
tions for creation and annihilation of the defects, respectively.
Thus, sdef and sdef’ are different from sd which represents the
displacement cross-section. The concentration, C, saturates
within a short period, and this is given as:
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in which the defect diffusion rate, vd, is dependent on the tem-
perature as given by the equation:
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where Edif and k are the diffusion energy and Boltzmann’s con-
stant. Combining Equations 14 and 15
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The probability for breaking down the structure, P, may be
expressed by the activation energy to decompose the structure,
Eb
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Because C0, j, sdef, Vd, and sdef' are independent of tempera-
ture, the effective activation energy, Eeff, is Eeff = Eb – Edif/2.
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The temperature dependence of the critical amorphization
fluence, Fc, may be related to the probability of structural de-
struction described by Equation 17. The correlation may be
described as

Fc = F0 + kr P              (18)

where F0 is the amorphization fluence at 0 K and kr is a corre-
lation coefficient between the Fc and P. Then the Fc-T relation-
ship in Figure 5 can be fitted to two separate stages:
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The second stage has a larger activation energy (Eeff = 4.49
¥ 105 eV/K) than the first stage (Eeff = 1.64 ¥ 104 eV/K). The
diffusion energy, Ed, does not vary in the same material; thus,
the main difference in Eeff is attributed to the decomposition
energy of the target, Eb. For uranophane, the only difference in
the irradiated uranophane above and below 413 K is probably
the presence or absence of H2O and OH– in the structure. H2O
and OH– that occur in the interlayer of the sheet structure (Fig.
1b) may dissociate from the structure at ~413 K. In clay miner-
als, water molecules in the interlayer dehydrate between 373–
573 K depending upon the coordination with interlayer cations.
For example, dehydration in vermiculite occurs at 423 K (Graf
v. Reichenbach and Beyer 1997) and in montmorillonite at 403
K (Mozas et al. 1980). The second stage (> 413 K) in the Fc-T
curve corresponds to amorphization of uranophane that does
not contain H2O or OH–. Mitome et al. (2001) have suggested
that the decomposition energy, Eb, of the water-free material is
higher than the equivalent structure that contains water; that is,
water molecule radicals cause the structure to collapse because
of altered charge balance distributions. An alternative expla-
nation for the effect of OH– is that the OH– ion can form point-
defect complexes and promote radiation damage during electron
irradiation. This has been observed in MgO (Kinoshita et al.
1998), and water in the form of hydrolyzed bonds can also be a
nucleating agent for point defects (Hobbs and Pascucci 1980).
These models suggest that the point defects can form in larger
numbers due to the existence of OH– and H2O. Thus, radiation-
induced amorphization can be accelerated in structures that
contain OH– and H2O. However, considering that bubble for-
mation has been observed in electron-irradiated zeolite (Wang
et al. 2000), the water molecule radicals may be a more impor-
tant factor in the decomposition energy than the role of OH– in
accelerating the formation of point defects.

The temperature effect of self-heating from b-decay of fis-
sion products can drive the temperature as high as 523 K de-
pending on the thermal loading of the disposal strategy for spent
nuclear fuel in a geologic repository, and the temperature will
decrease to less than 373 K during the first several hundred
years of storage. The annual dose due to b-decay is 107–108 Gy
for commercial HLW forms during first several hundred years
after discharge from the reactor (Weber et al. 1997), and at a
position one meter from the spent nuclear fuel, the annual dose

from g-radiation is 1.8 ¥ 105 Gy/year after 100 years and 8.8 ¥
102 Gy/year after 200 years (Hedin 1997). Compared to these
annual doses, the amorphization dose of uranophane is very
high: 1010~1011 Gy from room temperature up to 573 K. In ad-
dition, the dose rates used in the present experiments were 1015–
1016 Gy/year, which is 107 to 1010 higher than the annual dose
in the spent nuclear fuel. Thus, these results suggest that the
uranyl silicate alteration phases will remain crystalline despite
the highly intense g-field that emanates from the spent nuclear
fuel.
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