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Abstract

Three zeolites (analcime, natrolite, and zeolite-Y) were irradiated with 200 and 400 keV electrons. All zeolites

amorphized at a relatively low electron ¯uence. The electron ¯uences for amorphization by the 200 keV electron ir-

radiation at room temperature were: 7:0� 1019 eÿ=cm2 (analcime), 1:8� 1020 eÿ=cm2 (natrolite), and 3:4� 1020 eÿ=cm2

(zeolite-Y). These doses are equivalent to an energy deposition between 2:6� 1010 and 1:27� 1011 Gy. An inverse

temperature dependence of amorphization dose was observed for all three zeolites, i.e., amorphization dose decreased

with increasing temperature. Analcime was also irradiated with 1.5 MeV Kr� from 300 to 973 K. The amorphization

dose by the ion irradiation was constant, � 1� 1014 ions=cm2, which is � 0:1 dpa of collisional damage and �6.25 ´ 108

Gy of ionizing energy deposition. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Fe; 61.80.Jh; 87.64.Dz; 82.50.Gw

1. Introduction

Zeolites are hydrous aluminosilicates. The crystal

structures of the three zeolites are shown in Fig. 1 (based

on structural data from Refs. [1±3]). The basic zeolite

structure consists of a three-dimensional framework of

[SiO4] and [AlO4] tetrahedra. The framework is gener-

ally open and contains channels and cavities in which

cations and water molecules are located. The channel

sizes within the structures are marked by the dash-lines

in Fig. 1. The cations often have a high degree of mo-

bility giving rise to a high ion-exchange capacity, and

molecular water is readily lost and regained. Because of

their `cage-like' structures, zeolites have found many

applications, such as ion-exchange media and molecular

sieves catalysts. The high ion-exchange capacity of zeo-

lites has led to their use for the removal of Cs�, Sr2� and

actinides from high-level liquid nuclear waste [4±7].

Zeolites have also been proposed as back-®ll material [8]

and as waste forms [9] for the geological disposal of

nuclear waste.

Because zeolites have a high retention capacity for

radionuclides [10], they will be exposed to high-radiation

doses (a- and b-decay events) in the near-®eld of a nu-

clear waste repository. Irradiation of these phases may

result in changes to the crystal structure and properties,

such as ion-exchange and sorption capacities. Several

studies of zeolite have indicated that zeolites could be

amorphized during electron irradiations [8,9,11±13]. In

this study, we have completed a detailed investigation of

electron and ion damage of zeolite in a temperature

range from 25 to 1073 K.

2. Experimental methods

Three zeolites: analcime, natrolite, and zeolite-Y were

subjected to electron irradiations. Analcime and natro-

lite samples are naturally occurring, and zeolite-Y is

synthetic. The ideal chemical compositions of the three

zeolites are: Na16Al16Si32O96 � 16H2O (analcime),

Na16Al16Si24O80 � 16H2O (natrolite), and NaAlSi2O6 �
nH2O (zeolite-Y). The relative Al:Si ratios were con-

®rmed by energy dispersive spectrometry (EDS). The
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structures of the three phases were con®rmed by electron

di�raction.

The 200 keV electron irradiation with in situ obser-

vation of the three zeolites was conducted using a JEM

2000FX transmission electron microscope (TEM). A

heating stage was used to examine the temperature e�ect

on the radiation damage. Samples were irradiated in a

temperature range from 300 to 973 K. Analcime samples

were also irradiated by 400 keV electrons with an AEI

high voltage electron microscope (HVEM) at Argonne

National Laboratory using a liquid helium cold stage

and a tungsten heating stage. The temperature range of

the 400 keV electron irradiation of analcime was 25±

1073 K. The electron ¯ux was measured by a Faraday

cup (400 keV irradiation) or screen current density

through a hole in the sample (200 keV irradiation). The

dose rate e�ect was studied between 2:35� 1017 and

2:25� 1019 eÿ=cm2 s. During irradiation, the electron

beam was spread over an area with a diameter of at least

®ve micrometers in order to obtain a uniform beam

pro®le in the area of observation and to reduce beam

heating. High-resolution electron microscopy (HREM)

was also performed using a JEM 4000EX TEM.

To compare the damage processes due to nuclear

collision and due to ionization, analcime samples were

also irradiated with 1.5 MeV Kr� from 300 to 973 K

using the HVEM-Tandem Facility at Argonne National

Laboratory. The dose rate was 8:5� 1011 ions=cm2 s.

The electron microscope was operated at an accelerating

voltage of 300 keV. To reduce the electron damage to

the sample, the electron beam was turned o� during

most of the ion irradiation, and the electron beam was

spread during TEM observation.

3. Results

All three zeolites transformed to the amorphous state

easily under electron irradiation. Analcime was most

easily amorphized. The electron ¯uences for amorph-

ization of the three zeolites by 200 keV electron at

room temperature were: 7:0� 1019 eÿ=cm2 (analcime),

1:8� 1020 eÿ=cm2 (natrolite), and 3:4� 1020 eÿ=cm2 (ze-

olite-Y). The sequence of electron di�raction patterns

recorded during irradiations of natrolite and zeolite-Y

are shown in Fig. 2. The transformation from the crys-

talline-to-amorphous state was progressive. The high-

resolution lattice images of zeolite-Y clearly show the

gradual disruption of the periodic structure (Fig. 3). The

transformation was uniform over the observed region.

The dose rate e�ect was examined in the range of

2:35� 1017 ± 2:25� 1019 ions=cm2 s. Changes in the dose

rate did not a�ect the amorphization dose signi®cantly

in the range of study.

The amorphization dose was measured at di�erent

temperatures. The variation of amorphization dose with

temperature for the three zeolites is plotted in Fig. 4. For

all the electron irradiations, the amorphization dose

decreases with increasing temperature. The 1.5 MeV

Kr� irradiation did not show a signi®cant temperature

e�ect (Fig. 4). The amorphization ¯uence for analcime

under 1.5 MeV Kr� irradiation is � 1� 1014 ions=cm2

and is almost constant from 300 to 973 K.

Bubbles were observed in analcime and natrolite

during electron irradiation. The bubbles were con®rmed

by sample tilting and through focus imaging with TEM

observation. No bubble was observed in zeolite-Y. In

analcime, bubbles formed after the sample became

amorphous. In natrolite, bubble formation was con-

current with amorphization.

4. Discussion

The energy loss of electrons in materials can be cal-

culated using electron stopping in solids. The Bethe

equation for electron particle stopping is [14]

Fig. 1. (A) Crystal structure of analcime projected along [1 1 1] direction. (B) Crystal structure of zeolite-Y along [1 1 1] direction

showing the cages formed by [Si, Al]O4 tetrahedra. The vertices of the polygons are Si or Al. (C) Structure of natrolite looking down

[0 0 1] direction. The diameters of the main channels within the structures are marked by the dash-lines.
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Fig. 3. HREM images of the zeolite-Y lattice show the uniform and progressive change from the crystalline-to-amorphous state under

a 400 keV electron irradiation. The approximate doses were: (A) beginning of the irradiation, (B) 2� 1020, (C) 4� 1020, and

(D) 6� 1020 eÿ=cm2.

Fig. 2. The electron di�raction patterns show the progressive changes in natrolite and zeolite-Y from crystalline-to-amorphous. For

natrolite, the approximate electron doses were (A) beginning of the irradiation, (B) 1� 1020, (C) 1:5� 1020, and (d) 1:8� 1020 eÿ=cm2.

For zeolite-Y, the approximate doses were (A) beginning of the irradiation, (B) 2� 1020, (C) 3� 1020, and (D) 3:4� 1020 eÿ=cm2.
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in which b � V =c � speed of the electron relative to

speed of light in vacuum; n is the number of electrons

per unit volume in the medium; s � T=mc2 the kinetic

energy, T, of the electron expressed in multiples of the

electron rest energy mc2; Iev is the mean excitation en-

ergy of the medium. The following empirical formula

was used to calculate the mean excitation energy [14]:

I �
19:0 eV; Z � 1
11:2� 11:7Z eV; 26 Z6 13
52:8� 8:71Z eV; Z > 13;

8<: �3�

where Z is the atomic number of target. The composite

value of I for multiple-element materials is given by

ln I � 1

n

X
i

NiZi ln Ii; �4�

where n is the total number of electrons/cm3 in the

material.

The I value for analcime is 125.5. The stopping

powers of analcime were calculated, according to Eq. (1),

as 5.3 MeV/cm for 200 keV electron and 4.1 MeV/cm for

400 keV electron. Similarly, the stopping powers for

other two zeolites are: 5.26 MeV/cm (200 keV, natrolite)

and 4.51 MeV/cm (200 keV, zeolite-Y).

Using the stopping powers, the amorphization doses

were converted to energy depositions as 2:62� 1010 Gy

(analcime), 6:74� 1010 Gy (natrolite) and 1:27� 1011

Gy (zeolite-Y). The amorphization dose for 400 keV

electron irradiated analcime is 4:34� 1010 Gy.

The amorphization of zeolites under electron irradi-

ation was mainly due to ionization processes. This is

because almost all of the energy loss by electron irradi-

ation is by ionization within the energy range of this

study. Displacements by nuclear collision can be esti-

mated by the displacement cross-section for electron

radiation, rd, which can be calculated using McKinley

and Feshbach theory [15]
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in which

Em � 2
m
M
�E � 2mc2�E

mc2
; �6�

where Em is the maximum energy transferred to target

nucleus; Ed is the displacement threshold energy; Z is the

atomic number; m is the mass of electron; M is the mass

of target nucleus; b � v=c; v is the speed of the electron

and c is the speed of light in vacuum; c � �1ÿ b2�ÿ1=2
.

The number of displacements per atom, dpa, in thin

target sample is related to the displacement cross-section

by [16]

dpa � Drd; �7�
where D is the electron dose (eÿ/cm2).

For a 200 keV electron irradiation on zeolites, the

maximum transferred energies, Em, to target nuclei are

525 eV (H), 32.8 eV (O), 22.8 eV (Na), 19.4 eV (Al) and

18.8 eV (Si). The cross-sections (barns) for electron ra-

diation are calculated as: 9.6 (H), 21.3 (O), 21.2 (Na), 0

(Si), and 0 (Al), assuming Ed � 20 eV. Except for H, the

values of Em are too small for multiple displacements.

For single displacements by electron irradiation on a

compound, the average of cross-sections weighted by

atomic ratio is used. The average of displacement cross-

sections for electron irradiation is 10 barns for all the

three zeolites. According to Eq. (7), the estimated dis-

placements (dpa) by nuclear collision are about 0.0007,

0.0018, and 0.003 for the amorphization doses of

7� 1019 eÿ=cm2 (analcime), 1:8� 1020 eÿ=cm2 (natro-

lite), and 3:4� 1020 eÿ=cm2 (zeolite-Y), respectively.

Multiple displacements by H knock-on atoms (PKAs)

can also be estimated. Assuming all the displaced H

atoms have energy of 500 eV, using SRIM-2000, we

have calculated the displacements in zeolites to be 0.008

displacements/ion/�A or 1.2 displacements/H within the

range (�150 �A of 500 eV H). For about 15 mol% H in

Fig. 4. Temperature dependence of amorphization dose of

three zeolites. The curves were plotted according to the model

detailed in the text.
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zeolites, the displacements of H by electrons are 0.00015,

0.00038, and 0.00071 per atom. These PKAs further

create displacements of 0.00018, 0.0005, and 0.0008 dpa

in analcime, natrolite, and zeolite-Y. Therefore, the

maximum total displacements by nuclear collision are

roughly 0.0009±0.004 dpa for these three zeolites at the

amorphization dose. Obviously, the displacement dose is

too small to introduce signi®cant structural damage in

zeolites. This calculation con®rmed that the electron

damage is mainly due to ionization rather than nuclear

collision.

Further support for the ionization-induced amorph-

ization is from the comparison of 400 and 200 keV

electron irradiation of analcime. The 400 keV electron

has a larger displacement cross-section (Eq. (5)) and

smaller ionization energy loss (Eq. (1)) than a 200 keV

electron. The fact that 400 keV electron irradiation re-

quired a higher amorphization dose than that of 200 keV

electron showed that the amorphization of analcime was

due to ionization rather than nuclear collisions.

Simple radiolysis models of electron damage predict

a uniform damage rate across an irradiated region [17±

19]. The uniform transformation from the crystalline-to-

amorphous state, as observed by high-resolution trans-

mission electron microscopy (HRTEM) (Fig. 3), is

consistent with a dominantly ionization process. The

susceptibility of zeolites to amorphization is attributed

to their open structures and their metastability. The

open, cage-like structure of zeolite is susceptible to

breakdown if a part of the network is disrupted. Because

the zeolite structure is based on a delicate charge balance

of cations and anions, removal or addition of non-net-

work elements, such as Na�, can also cause local dis-

tortions of the structure. Displacements within this open

structure can easily be accomplished by either direct

collision or ionization by an incident electron. Unbal-

anced charge caused by solid-state radiolysis may be the

main driving force for the collapse of local structure.

The susceptibility to amorphization of most crystal-

line phases is based on the resistance to recrystallization

[20]. However, zeolites are formed by hydrothermal al-

teration in nature or synthesized by hydrothermal re-

actions. Zeolites cannot be formed from an oxide melt.

The decreasing amorphization dose with increasing

temperature for all of the zeolites in this study (Fig. 4)

also indicates the thermal instability of the zeolites. This

showed that thermal energy assisted damage accumula-

tion rather than annealing the damage. All three zeolites

can be amorphized by heating. The amorphization

temperatures are 900°C for zeolite-Y and 1000°C for

analcime and natrolite. Thus, we expect that there is no

driving force for the recrystallization of zeolite under

electron and ion irradiations. Without annealing, the

susceptibility of zeolites to amorphization is solely based

on how likely the structure is to `collapse' during irra-

diation. During electron irradiation, most of the energy

loss is due to ionization. In zeolites, the most probable

displacements caused by ionization are the light and

loosely bonded species, such as Na�, H� and water

molecules. These species can be easily displaced by

ionization or by direct collision. The structural water

may be either displaced as a molecule or as separate ions

and radicals. During ionizing irradiation, di�erent

transient radicals are produced, and electrons (eÿ) and

electron holes (h�) can be trapped by ion clusters and

other aggregates. The typical radicals or ion clusters

include: �OH�ÿ; � H2O�ÿn ; H�; Na�nÿ1��
n , Z� [21,22],

where Z is the zeolite framework. The radicals are mo-

bile due to local charge imbalance. These radicals may

further interact with the zeolite [Al,Si]O4 framework and

induce the collapse of the structure. The ionization and

decomposition of water molecules (i.e., the production

of �H2O�ÿn , (OH)�, H�) is the dominant process in the

electron irradiation of zeolites, because the water con-

tent can be as high as 50% of the total volume of zeo-

lites. The water molecule is also highly mobile due to

ionization because it is bonded to structure only by van

der Waals forces. During the electron irradiation, the

[Al,Si]O4 framework may collapse due to several

mechanism (Fig. 5), as suggested in previous studies

[18,19]:

1. Direct removal of network atoms. This has a low

probability due to the strong bonding in the network.

2. The breaking of the [Al,Si]±O bonds due to the re-

moval of Na� by either direct ionization of Na� or

by the (OH)ÿ radical.

3. The breaking of the [Al,Si]±O bond due to the forma-

tion of and O±H bond by H�.

If the structure has large enough openings, some of

the radiation-induced mobile radicals are easily re-

leased without disrupting the framework structure.

Some radicals can also recombine (such as eÿ + h� and

OHÿ + H�) without interacting with the zeolite

framework. This is the case for zeolite-Y. In zeolite-Y,

the largest free aperture diameter of the channel is

Fig. 5. Schematic diagram of the mechanisms of structural

damage of zeolite structure by electron irradiation.
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1.13 nm (Fig. 1), which provides a large `window' for

the movement of radicals. In comparison, the aperture

sizes of analcime and natrolite are 0.44 and 1� 0:6 nm

(Fig. 1), respectively. Thus, the release and recombi-

nation rates of radiation-induced radicals from anal-

cime and natrolite are not as rapid as that in zeolite-

Y. More free radicals are available to cause the dis-

ruption of the framework structure in analcime and

natrolite. This explains why zeolite-Y requires the

largest dose for amorphization. Between analcime and

natrolite, the aperture size in analcime is smaller than

that of natrolite, thus the radical release and recom-

bination rate in analcime is slower, leading to a higher

damage rate.

This hypothesis is supported by the observation of

bubble formation in analcime and natrolite (Fig. 6(A)

and (B)). In zeolite-Y, no bubbles were observed (Fig.

6(C)), even under the focused electron beam. The bub-

bles may be due to the accumulation of water. Molec-

ular hydrogen, as reported in the c-radiation of zeolites

[23], may be another source for bubble formation. In

zeolite-Y, the release rate of water was so rapid that not

enough water molecules can accumulate to form bub-

bles. In analcime and natrolite, the water molecules and

other radicals were not completely released. The water

molecules accumulate locally to form bubbles. The

bubbles in analcime formed only following prolonged

irradiation after amorphization (except under the very

intense focused beam that causes almost instant bubble

formation after amorphization). The shape of the bub-

bles in analcime is rounded because they are formed in a

uniformly amorphous matrix. In natrolite, the bubbles

formed at much lower dose than that required for

amorphization. The shape of the bubbles in natrolite is

irregular in contrast to the round bubbles in analcime.

The possible explanation to the irregularly shaped

bubbles in natrolite is that the bubbles formed within a

crystalline matrix.

In summary:

1. The water migration and release rate in analcime is so

low that even bubbles cannot form in short time. The

free radicals interact with the framework causing

structural disruption. Because the water was not re-

leased, the water molecules eventually formed bub-

bles in the amorphous matrix after prolonged

irradiation.

2. The water release rate in natrolite was faster than that

of analcime, but not fast enough to be fully released

from the sample to prevent bubble formation. Bub-

bles formed while the sample was being amorphized.

3. Because of the larger channel size in zeolite-Y, molec-

ular water was almost instantly released during irra-

diation. Thus, no bubbles formed even under

prolonged irradiation. Because of the faster release

of water and recombination of various radicals in ze-

olite-Y, a larger fraction of the absorbed energy is not

utilized in the disruption of the framework structure.

Thus, the amorphization dose for zeolite-Y is higher.

At elevated temperature, a decrease in the amorphi-

zation dose was observed (Fig. 4) with electron irradia-

tion. This observation is based on three series of

irradiations using 200 keV electrons from 300 to 973 K

and one series of irradiations using 400 keV electrons

from 25 to 1073 K. This temperature dependence is the

inverse of that commonly observed for irradiation-in-

duced amorphization of crystalline solids which usually

show an increased amorphization dose at elevated tem-

peratures. A similar dose±temperature relationship has

been reported in an electron irradiation study of coesite

[24], in which the electron dose decreased with increasing

temperature. The explanation of this observation was

that these phases are thermally unstable. Almost all ze-

olites become amorphous or transform to other phases

upon heating [25±28].

Based on these results, we suggest that the thermal

energy due to sample heating enhances the extent of

Fig. 6. The 200 keV electron irradiation at room temperature produced bubbles in analcime (A) and natrolite (B). No bubbles were

formed in zeolite-Y (C).
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damage caused by the incident electrons. Thermal en-

ergy assists the electron beam damage by:

1. increasing the excitation of moving species (Na�,

OHÿ, H�, �H2O�ÿn , etc.),

2. decreasing the stability of the [(Si, Al)O4] network

due to thermal vibrations,

3. enhancing the radiolytic reactions that disrupt the

[Al,Si]O4 network.

A simple empirical model has been developed to follow

the dose±temperature trend. In this model, we assume

that there is no recovery of damage. We de®ne the initial

temperature, T1, as the temperature above which ther-

mal energy begins to contribute to the damage, and, the

critical temperature, T2, as the temperature above which

the material becomes amorphous without irradiation.

We de®ne the temperature e�ect using an exponential

term, exp()Q/T), in which Q is the activation energy (in

units of temperature).

The damage rate equation is written as

dfc

dD
� ÿf0�1ÿ fc�

1ÿ exp�ÿQ=T � ; �8�

where fc is the crystalline fraction in the irradiated re-

gion; D the electron dose; and f0 is the amorphous

fraction created by a unit of electron dose. This is a

semi-empirical equation. The e�ect of thermal energy is

to extend the damaged region. The parameter Q can be

thought of as an energy barrier that prevents the damage

for extending beyond the original damage region, de-

®ned as the damage region at 0 K. The solution to

Eq. (8) is

fc � 1ÿ exp
ÿf0

1ÿ exp�ÿQ=T �D
� �

; �9�

which gives the change of crystalline fraction as a simple

exponential function of electron dose. The amorphiza-

tion dose is then

Dc � K�1ÿ exp�ÿQ=T ��; �10�
where Dc is the amorphization dose and K is a constant.

With the addition of initial conditions, Dc � D0 when

T 6 T1 and Dc � 0 when T � T2:

Dc �
D0 for T 6 T1;

D0 1ÿ exp ÿ Q � 1
TÿT1
ÿ 1

T2ÿT1

� �� �h i
for T1 < T 6 T2:

8><>: �11�

This is the temperature dependence of amorphization

dose for the electron irradiation of zeolite. The general

form of Eq. (11) is plotted in Fig. 7. The curves based on

the experimental data for electron irradiations in Fig. 4

were also plotted using Eq. (11). The model described by

Eq. (11) provides a successful ®t to the experimental

data. The activation energies, Q, obtained for Fig. 4 are

40 K for the natrolite data and 100 K for the other two

zeolites. If we use the form Q � Ea=kB, where kB is the

Boltzmann constant, Ea is 0.0034 eV for 200 keV elec-

tron irradiation of natrolite and 0.0086 eV for the other

data. These activation energies are very small as com-

pared with the activation energies for many other pro-

cesses (for example, � 0:1 eV for H-di�usion in metal

and � 2 eV for vacancy formation [29]). The underlying

physical meaning of the activation energy, Q, requires

further investigation. Due to the di�culty of e�ectively

cooling powder samples, low temperature �< 300 K�
data on powder samples of zeolite-Y and natrolite are

presently not available.

The ion irradiation did not show a signi®cant tem-

perature e�ect (Fig. 4). Compared with the results from

the electron irradiations, this result revealed a signi®cant

di�erence between the cascade damage and ionization

damage. The energy loss by nuclear collision or ioniza-

tion can be calculated using the Monte Carlo code

SRIM-2000 [30]. The calculation was based on the as-

sumption of a displacement energy of 20 eV. For an

amorphization dose of 1� 1014 Kr�=cm2, the collisional

damage is 0.1 dpa (displacement per atom) and the en-

ergy loss by ionization is 6:25� 108 Gy. Compared with

the electron irradiation, the ionizing energy loss for the

amorphization dose of the Kr� irradiation is only 2% of

that of the 200 keV electron irradiation at room tem-

perature. This suggests that the amorphization by Kr�

irradiation is mainly due to nuclear collisions. In the

heavy ion irradiation, the incident ion disrupts the

structure by the formation of displacement cascades.

Within the initial period of cascade (or subcascades)

formation, all the atoms in the cascade can be consid-

ered as being in a liquid or gaseous state [20]. Without

recrystallization, such as in the case of zeolite, the whole

volume of the cascade becomes amorphous upon energy

Fig. 7. Temperature dependence of amorphization dose of ze-

olite under electron irradiation according to Eq. (11) where T2

is 900 K. Two sets of curves (solid- and dash-lines) show the

cases of T1 as 0 and 300 K. The curves within one set show the

change with Q.
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dissipation. The total dose for the `full' amorphization

of the TEM sample depends on the size of the cascade.

In ion irradiations, the size of the cascade is determined

mainly by the ion mass, ion energy, and the displace-

ment energy of the target material, and it is relatively

independent of sample temperature. This is because the

energy density within a cascade is much higher than the

thermal energy contribution. Thus, for heavy ion irra-

diation, increasing temperature does not have as signif-

icant e�ect on zeolite as does the electron irradiation.

The model described by Eq. (11) is mainly for ion-

izing irradiation. The model is based on an ionization

process for which the damaged regions are considered to

be in a low energetic state as compared with the high

energy density in a displacement cascade under heavy

ion irradiation. This is a reasonable assumption for the

electron irradiation, for which no dense cascade forms

in the range of the energy and dose rate used in this

study. The ionization damage process is susceptible to

the temperature increase because of the direct interac-

tion of free radicals with the [Al, Si]O4 network. In

contrast, the damage created by a heavy ion in cascades

or subcascades may consist of several thousands atoms

in collaborative movement. The moving species, which

are mainly the displaced atoms, only interact with the

matrix at the subcascade boundaries. Thus, we antici-

pate that the damage caused by a displacement cascade

is less easily a�ected by the increase of sample temper-

ature than in the case of the ionization process. If we

apply Eq. (11) to the results of the 1.5 MeV Kr� irra-

diation of analcime, the startup temperature, T1, must

be higher than 973 K. The amorphization dose of

1.5 MeV Kr� in Fig. 4 is actually a ¯at line at T < T1 as

shown in Fig. 7.

The radiation-induced amorphization of zeolite may

have a positive consequence in terms of retaining ra-

dioactive elements. The dose rate in this study is 108±109

higher than that experienced by radionuclide-containing

zeolites. However, we did not observe a dose rate e�ect

in the range of 2:35� 1017 ± 2:25� 1019 eÿ=cm2 s. The

results of this study provide insight into the e�ects of

ionizing radiation on zeolite structures over long period.

The amorphization of zeolite has been known to reduce

the release of absorbed cesium, strontium and thorium

during leaching tests [26,31]. Amorphization also retards

molecular/elemental uptake and reduces the sorption

capacity of zeolites [31,32]. The e�ect of electron irra-

diation on zeolite suggests the possible closure of

structural channels, at least to a certain degree, during

the irradiation. An estimate of the time required for the

full amorphization of zeolites with a speci®c radionu-

clide loading due to the radioactive decay can be made.

For a 10 wt% 137Cs loading in analcime, the time re-

quired to reach the amorphization dose is 400 years, and

much less, 50 years, for a full loading (replacement of all

of the Na� with Cs�, 41 wt%). In our experiments, we

observed a gradual growth of amorphous fraction

during irradiation. Thus, localized amorphization due to

b-decay events may occur much earlier than the time

required for the full amorphization of the bulk material.

Because radiation occurs only after radioactive elements

are absorbed into the zeolite structure, the radiation

damage may e�ectively close the pathways for further

release of radionuclides.

5. Conclusions

We have investigated electron-irradiation e�ects on

three zeolites: analcime, natrolite and zeolite-Y. All

three zeolites amorphized easily upon irradiation.

Analcime was the most easily amorphized, and the ze-

olite-Y required the largest electron dose to become fully

amorphized. The di�erent susceptibilities of these three

zeolites to amorphization were attributed to the di�erent

sizes of the channels in the zeolite structures, through

which the radiation-induced radicals can escape and

recombine. The di�erent channel sizes also a�ected

bubble formation. For the zeolite with largest channel

(zeolite-Y), no bubbles formed because of the rapid re-

lease of water. For analcime, which has the smallest

channels, the water accumulation was so slow that the

bubbles formed only after complete amorphization.

Bubbles formed in natrolite prior to complete amorph-

ization. With increasing temperature, the amorphization

doses of the three zeolites decreased. This amorphization

dose±temperature relationship was modelled based on

the thermal instability of the zeolites. Analcime samples

were also irradiated with 1.5 MeV Kr� from 300 to

973 K. The amorphization dose of the Kr� irradiation

was constant over the range of temperatures.
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