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Abstract

The e�ect of high-energy beta radiation on the long-range and local structure of 137Cs-substituted CsAlSi2O6

(pollucite) was studied by X-ray di�raction (XRD) and X-ray absorption spectroscopy (XAS) techniques at the Cs

K-edge. Analysis of the XRD pattern of pollucite with an absorbed dose of 1018 beta decays/g using Rietveld analysis

indicates a 0.5±1% volume expansion of the tetrahedral structure as measured at 50 K and a minor displacement of the

Cs cation toward the face of one of the six-membered rings. Analysis of the real-space pair-distribution function ob-

tained from Fourier transformation of the di�raction pattern indicates signi®cant correlated movement of the (Si,Al)±O

pairs and large static disorder between Cs±O pairs. Analysis of the Cs K-edge XAS revealed substantial contributions

from the Cs atomic X-ray absorption. This likely results from the exceedingly long Cs±O bond distances in the pollucite

structure, which diminish the ®ne structure of the XAS oscillations, and the destructive interference of the backscattered

photoelectron from static disorder between Cs±O pairs. In addition, a signi®cant lengthening of the Cs±Cs interatomic

distance was observed. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.10.)i; 61.10.Ht; 61.10.Nz

1. Introduction

Reprocessing of spent nuclear fuel has resulted in the

generation of enormous quantities of high-level radio-

active liquid waste containing 137Cs and other decay

products. Although, separation of 137Cs and other heat-

generating isotopes facilitates treatment of the liquid

wastes, specialized waste forms are then needed for long-

term storage of 137Cs-rich wastes. Potential waste forms

for 137Cs storage include borosilicate glass, glass±

ceramics, cesium-loaded zeolites, and pollucite. Of these

candidates, pollucite, CsAlSi2O6, o�ers the following

advantages. The pollucite structure can accommodate

more than 40 wt% Cs into its structure and, as a result,

will produce a highly dense waste form. As a pollucite

waste form is denser than the glass±ceramic or zeolite-

based alternatives, signi®cant cost-savings result due to

the smaller volume of material to be stored. In addition,

the measured and calculated solubility of pollucite, as

well as the leachability and mobility of Cs in the pollu-

cite structure are approximately three orders of magni-

tude less than that measured for silicate glass [1]. Due to

these advantages, researchers at PNNL [2,3] are also

examining the use of Ti-substituted pollucite, CsTiS-

i2O6:5, as a waste form for TiO2-rich wastes that have

very low solubility in borosilicate glass. The e�ect of
137Cs decay, involving the emission of beta-particles and

transmutation of Cs to Ba, on the integrity of the waste

form is a concern relevant to all potential 137Cs long-

term waste forms. In addition to the emission of 0.5 MeV

beta-particles, the decay of 137Cs generates 0.6 MeV

gamma radiation, which presents a signi®cant health

hazard and contributes to the absorbed dose of the

waste forms in a repository or during interim storage. In

the present study, gamma radiation does not contribute

much to the absorbed dose of the sample. Due to the

small size of the original sample (a disk 4 mm in diam-

eter and 1.5 mm thick), nearly all the self-emitted gam-

ma radiation escapes the sample without much

interaction (i.e., gamma self-absorption is negligible).

Under repository or interim storage conditions for
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actual waste forms, there will be a signi®cant back-

ground of gamma radiation from the array of waste

canisters that will contribute signi®cantly to the total

absorbed dose.

Most research on radiation e�ects in waste forms has

focused on alpha decay, and the associated recoil nuclei

of the actinide elements, that produce several orders of

magnitude more displacements per decay than beta de-

cay [5,6]. These atomic displacements result in the for-

mation of defects, such as lattice-site vacancies and

interstitial ions, and in many cases, the accumulation of

such radiation-induced defects can eventually render a

crystalline material amorphous (i.e., lacking long-range

order). The Ba-recoil nuclei generated by 137Cs decay has

an energy of only 8 eV. In typical crystalline oxide ma-

terials, the energy required to displace an atom from its

atomic position is about 20±60 eV [6]; thus, Ba dis-

placement is highly unlikely and ballistic collisions in-

volving the Ba-recoil nuclei will result in negligible

atomic displacements. However, the energy barrier to Cs

self-di�usion in pollucite along the [�12�2] direction to the

vacancy at the center of the six-membered aluminosili-

cate ring has been calculated to be only 6.8 eV [1]. Thus, a

beta-recoil nucleus with the appropriate trajectory could

result in the displacement of a Ba ion, assuming that

there is no e�ect of the reduced radii and valence change

on the magnitude of the energy barrier created. If only

ionic size is taken into consideration, the energy barrier

for di�usion is expected to be lower [1]. The additional

charge on the Ba2� ion may have little e�ect on the en-

ergy barrier because the overlap of the electron density of

the Ba2� with the oxygen atoms of the six-membered ring

is expected to be minimal [1]. Ionization may also impact

di�usion through the creation of trapped electronic ex-

citations resulting in structural defects that can increase

or lower the energy barrier to di�usion.

The beta-particles themselves can also impart energy

to the constituent atoms through ballistic collisions.

However, due to the small electron mass, this energy is

typically quite small. The maximum energy transferred,

Ed, to an ion from a collision with a beta-particle can be

calculated from Eq. (1) [6]:

Ed � 2Ee�Ee � 2mec2�=Mc2; �1�

where Ee is the energy of the beta-particle, me the elec-

tron rest mass, c the speed of light, and M is the mass of

the ion hit by the beta-particle [6]. The maximum energy

transferable to O, Al, Si, and Cs atoms by this process is

106, 63, 61, and 12 eV, respectively; however, the

probability for maximum energy transfer is low. In ad-

dition to the primary beta-particle collisions, secondary

collisions, especially those involving the lighter O, Al,

or Si atoms, can result in the transfer of energy that

may cause subsequent atomic displacements. While the

maximum energy transferable among O, Al, and Si

atoms in idealized secondary collisions is high, >92% of

the incident energy, the maximum energy transferred

from these light ions to Cs is lower, 38±57%. Thus, the

maximum energy transferable to Cs through secondary

collisions is on the order of 35±40 eV. However, the

probability of successive maximum energy transfers is

small. Since typical displacement energies are on the

order of 20±60 eV [6], one would expect, on an average,

about one displacement per beta-decay event, with most

of the displacements involving oxygen atoms and to

lesser extent Al and Si atoms.

The stability of defects created by collisions with

beta-recoil nuclei and beta-particles is largely dependent

on the thermal energy available to allow the displaced

atoms (i.e., interstitials) and vacancies to either migrate

or recombine. One source of thermal energy is the ab-

sorption of the beta-particle energy, which results in self-

heating. The amount of self-heating depends on the

activity of the sample, the thermal conductivity of

the material, the mean free path of beta-particle and the

geometry of the sample. As an upper estimate, we as-

sume that all emitted beta-particles are absorbed by the

sample. The thermal conductivity of pollucite is not

known; however, the thermal conductivity of a zeolite

with similar composition, Na±A, NaAlSiO4, has been

estimated at 0.6 W/m K [7]. The amount of self-heating

is estimated to be negligible, less than 5 K, due to the

low activity of the sample and the small sample size.

The majority of the energy of beta-particles is dissi-

pated by ionization processes that have a signi®cant

impact on materials in which solid-state radiolytic

damage is likely. An important aspect of beta-decay in

nuclear waste forms, compared to alpha-decay, is that it

occurs over relatively shorter time scales (several hun-

dred years), and any radiation e�ects that may occur are

a near-term concern for health and safety. An additional

aspect of beta-decay associated with the ®ssion products

is the transmutation of isotopes in the decay process. The

resulting changes in chemistry, valence, and ionic radius

may not be readily accommodated in the waste form. For

example, pollucite synthesized from oxides can accom-

modate more than 40 wt% Cs with an ionic radius of

0.188 nm, but only 10 wt% Ba with an ionic radius of

0.160 nm upon which a second phase BaAl2O4 is formed

[4]. Ba2� in 12-fold coordination has an ionic radii

equivalent to that of K�, for which there is an end

member analog to pollucite, leucite (KAlSi2O6). There-

fore, the limited solubility of Ba in pollucite most likely

results from ine�ective charge compensation mechanisms

to accommodate divalent Ba in the pollucite structure.

However, we note that the process by which the trans-

mutation product Ba accumulates (i.e., spontaneous

transmutation) will di�er signi®cantly from synthesis

from oxides. Since phase separation is a kinetically lim-

ited process, the response of the pollucite structure might

result in either enhanced or reduced solubility of Ba.
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The goal of these investigations is to characterize the

defects created by transmutation and beta-radiation

processes. We group these processes into ballistic pro-

cesses, resulting from collisions of atoms with the Ba-

recoil nuclei and the 0.5 MeV beta-particles, ionization

processes that are largely limited to the aluminosilicate

framework, and chemical processes resulting from the

transmutation of Cs� to Ba2� with the corresponding

ionic radii and valence changes. The sample selected for

evaluation has accumulated approximately 1018 beta-

decays/g, which is equivalent to an absorbed dose of

6:3� 107 Gy and approximately 5� 10ÿ5 displacements

per atom (dpa). Note that the calculated absorbed dose

is based only on the dose from the beta-particles because

of the limited self-absorption of gamma radiation. In

1984, the amount of 137Cs substituted in the pollucite

was 0.035 mole fraction, with the remainder being 133Cs.

Based on a 30.04 year half-life, the amount of Ba now

incorporated in the structure is 0.012 mole fraction. A

suite of spectroscopic tools has been utilized to charac-

terize the radiation e�ects on a range of length scales.

These include the X-ray di�raction (XRD) [8], the real

space analysis of the di�raction pattern or pair distri-

bution function analysis (PDF) [9], and extended X-ray

absorption ®ne structure spectroscopy (EXAFS) [10].

The combination of these techniques provides structural

information at the atomic to next nearest neighbor

length scale (EXAFS), from nearest neighbor to �1.0

nm length scale (PDF), and at the bulk length scale

(XRD-Rietveld analysis).

Pollucite belongs to a family of aluminosilicates that

includes leucite (KAlSi2O6) and analcite (Na-

AlSi2O6 á H2O). These aluminosilicates are based on an

(Si,Al)±O tetrahedral framework in which the tetrahedra

are linked by sharing corners to form four-, six-, and

eight-membered rings. A feature unique to this family is

the formation of elongated cages, the ends of which are

bound by six-membered rings and the sides of which are

composed of three elongated eight-membered rings.

These cages accommodate large cations such as Cs� and

Rb� (Fig. 1(a)). Cationic migration through these cages

requires that the cation to pass through the face of the

six-membered rings. The di�usion of Cs� in pollucite is

e�ectively hindered by the energy barrier presented by

the six-membered ring, even at 1000 K, but the smaller

Na� ion is quite labile at room temperature [1]. In ad-

dition, this family shows similar transformation behav-

ior between high temperature cubic structures and low

temperature tetragonal structures. The transition tem-

perature decreases with increasing cationic radii. At

temperatures greater than 373 K the pollucite is cubic

with a � 1:36693 nm, and upon cooling it gradually

becomes tetragonal with a � 1:36524 nm and

c � 1:37216 nm at room temperature [11]. In cubic

pollucite, the eight-, six- and four-membered rings are

normal to the two-, three-, and four-fold symmetry axes,

respectively. In tetrahedral pollucite, the eight-member

rings become further elongated commensurate with in-

creased puckering of the two four-membered rings at

each end (Fig. 1(b)). Adjacent Cs cations are separated

from each other by 0.48 and 0.58 nm measured normal

to the eight- and six-membered ring faces, respectively.

The Cs cations sit slightly o�set from the center of the

cage with the average Cs±O distance of 0.36 nm for

oxygen atoms belonging to the eight-membered rings. In

contrast, the average Cs±O distance for oxygen atoms

belonging to the six-membered rings is 0.39 nm.

2. Experimental

Stoichiometric 137Cs-doped pollucite was obtained

from ORIS-CIS Bio International, France as a sealed

beta source, originally used for tumor implant treat-

ments. The 137Cs-substituted pollucite was synthesized

by mixing colloidal silica solution with solutions of

Fig. 1. (a) View of the Cs cage formed by three eight-membered

and two six-membered rings. (b) View of along [1 1 0] showing

the Cs±Cs separation by an eight-membered ring.
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aluminum and cesium nitrates in stoichiometric pro-

portions. The solution was evaporated while stirring,

followed by calcination at 793±813 K until decomposi-

tion of the cesium nitrate occurred. The resulting

amorphous calcined material was ground in ether to

10 lm particle diameter. In an atmosphere of 100%

humidity at 373 K, the ground powder behaved plasti-

cally and was formed into pellets by simple compaction

at 250 Pa. The pellets were then sintered in two stages; at

1243 K for 2 h followed by 5 h at 1473 K. The density of

the resulting material was on the order of 3.3 g/cm3,

which is in good agreement with the calculated theore-

tical density of 3.244 g/cm3. For these studies, approxi-

mately 30 mg of the pollucite pellet was removed from the

stainless steel encapsulation and mixed with collodion

amyl-acetate solution. The resulting slurry was then

loaded into a sample holder and triply contained with

Kapton, a radiation-resistant mylar.

The XRD data were acquired at the Stanford Syn-

chrotron Radiation Laboratory (SSRL) beamline 7-2. A

Si standard (NIST 640b) was used for calibration pur-

poses. The sample was mounted in a He ¯ow cryostat,

and the temperature was adjusted to 50 K. The data

were collected in symmetric transmission geometry. For

Rietveld analysis, the incident X-ray energy was tuned at

22.163 keV (Ag Ka1 emission line energy), while for real

space PDF analysis it was tuned at 31 keV. A Ge solid-

state detector coupled to a digital ampli®er was used to

measure the scattered intensity. Appropriate energy

windows were set up to measure the coherent and in-

coherent (Compton scattering) intensities. The intensity

of the incident beam was monitored with an ionization

chamber. The data were normalized for ¯ux and cor-

rected for experimental e�ects, such as detector dead

time and absorption. For Rietveld analysis, the data

were acquired in two-theta steps of 0.02° up to 50° in

two-theta. For PDF analysis, data were acquired in

steps of 0.01 Q where Q � 4p sin�h�=k. It was not pos-

sible to acquire data to a maximum Q of �2.6 nmÿ1

because the signal-to-noise ratio became unfavorable

beyond Q � 1:2 nmÿ1. This is typical for amorphous

compounds where high Q data are strongly diminished

or for crystalline compounds with large disorder. Since

our measurements were performed at 50 K, static dis-

order rather than thermal is likely to cause the lack of

signal at high Q. XRD data were analyzed using the

Rietveld re®nement software GSAS [12]. The data for

PDF analysis were further corrected for background

scattering from the containment and Compton scatter-

ing [13]. Further data reduction to obtain the total

structure factor S(Q) was obtained following standard

procedures [14]. The reduced atomic distribution func-

tion, G(r) was ®nally obtained from the sine Fourier

transform of the interference function Q[S(Q) ) 1]. Low

frequency residuals due to errors in normalization of the

interference function were corrected by back-trans-

forming the low-r region (<0.12 nm) of G(r) and sub-

tracting it from the interference function [15]. The

reduced atomic distribution function G(r) was analyzed

using the program PWID [16] in which multiple gaus-

sians were associated with atomic pairs in the structure.

The position, width and amplitude of the gaussians were

set as re®nable parameters. The reduced structure factor

G(r) was then calculated. Finally, the calculated G(r) was

convoluted with the function S�r� � sin�Qmaxr�=r to

account for termination ripples created by the limited Q

range of the data [16].

X-ray absorption experiments were conducted at the

wiggler end-station 4-2 of the SSRL. A monochromator

with silicon [2 2 0] crystals was used to access the high-

energy Cs K-edge at 36.005 keV. Ba K-edge XAS was

attempted, but the Ba content in this sample was below

the detection limit for XAS measurements and no ab-

sorption edge was observed. The X-ray absorption

spectra were collected at liquid nitrogen temperature in

both the transmission mode, using ionization chambers

®lled with argon gas, and ¯uorescence mode, using a 13-

element Ge detector. Energy calibration for the Cs K-

edge was performed by assigning the ®rst in¯ection

point in the absorption edge of a CsCl standard to

36.005 keV (the ionization energy of the 1s atomic level

of Cs). The data were acquired to photoelectron wave-

number k � 1:4 nmÿ1, where k � ��2m=�h2��E ÿ E0��1=2
, E

is the incident X-ray energy and E0 is 36.005 keV. The

signal-to-noise ratio of the absorption spectra collected

in the transmission mode was higher than that collected

in the ¯uorescence mode. Therefore, subsequent data

analysis was only performed on the absorption spectra

collected in the transmission mode. The absorption

spectrum was normalized by ®tting a second-order

polynomial through the pre-edge region and a third-

order polynomial through the post-edge regions setting

the di�erence at E0 to unity. The EXAFS oscillations

were extracted by ®tting a polynomial spline function

through the post-edge region. The number and position

of the nodes in the spline were varied to minimize the

integrated intensity in the Fourier transform moduli

(FTM) of the EXAFS between 0 and 0.2 nm. EXAFS

nodes are selected as end points for a Fourier transform

region and a sine window function is used to reduce the

magnitude of termination ripples. Note that all FTM

have not been corrected for the photoelectron phase

shift and as a result the peaks appear to be 0.02±0.05 nm

shorter than the actual distance.

3. Results

3.1. X-ray di�raction

The observed di�raction lines were indexed in terms

of a tetragonal structure and are close to those reported

N.J. Hess et al. / Journal of Nuclear Materials 281 (2000) 22±33 25



for tetragonal pollucite by Palmer et al. [11]. No attempt

was made to di�erentiate between tetrahedral Al and Si

atoms. In the following discussion, the symbol T will be

used to represent Al or Si atoms. Fractional coordinates

and thermal factors of the Cs and T atoms were re®ned

readily; however, the re®nement of the oxygen fractional

coordinates and thermal factors presented a greater

di�culty. An iterative procedure was adopted in which

only selected oxygen parameters were varied at a time.

Although this procedure led to convergence, unreason-

able T±O bond lengths and O±T±O angles resulted.

Therefore, the values for T±O bond lengths and O±T±O

angles were constrained to a range appropriate for TO4

tetrahedra. The results of the re®nement using this ap-

proach are listed in Table 1 and a comparison of the

experimental and calculated XRD patterns is shown in

Fig. 2. The sample was found to be tetragonal with

space group I 41/a and lattice parameters a � b �
1:364390�33� nm and c � 1:38145�6� nm. The space

Fig. 2. Observed (crosses) and calculated (line) XRD pro®les.

Below, the short vertical bars mark the positions of bragg

re¯ections. The di�erence between the observed and calculated

di�raction pro®les is shown in the lower part of the ®gure.

Table 1

Coordinates and isotropic displacement parameters for 137Cs doped pollucite at 50 Ka

Atom X Y z Uiso

Cs 0.3647 0.3629 0.13490 0.0404

T1 0.0773 0.3805 0.16569 0.0381

T2 0.1626 0.5960 0.12363 0.0350

T3 0.3851 0.6550 0.08457 0.0236

O1 0.1306 0.2915 0.10220 0.0362

O2 0.1236 0.4813 0.12304 0.0362

O3 0.1178 0.6535 0.22059 0.0362

O4 0.1198 0.6575 0.03151 0.0362

O5 0.2840 0.5933 0.12431 0.0362

O6 0.4764 0.6160 0.15400 0.0424

Interatomic distances (nm)

Cs±O1 0.33705 T1±O1 0.16554 Cs±Cs 0.48812

Cs±O1 0.32721 T1±O1 0.16392 Cs±Cs 0.48084

Cs±O2 0.36687 T1±O2 0.16245 Cs±Cs 0.54224

Cs±O2 0.35440 T1±O4 0.16198

Cs±O2 0.37067 T2±O3 0.16686

Cs±O3 0.34834 T2±O4 0.16319

Cs±O3 0.35080 T2±O5 0.16576

Cs±O4 0.33171 T2±O2 0.16526

Cs±O4 0.34281 T3±O3 0.16247

Cs±O5 0.33342 T3±O5 0.17062

Cs±O5 0.38757 T3±O6 0.16595

Cs±O6 0.37840 T3±O6 0.16466

Cs±O6 0.34144

Interatomic angles (deg)

O1±T1±O1 110.6 O2±T2±O3 109.3 O3±T3±O5 110.0

O1±T1±O2 104.9 O2±T2±O4 111.6 O3±T3±O6 112.5

O1±T1±O4 113.5 O2±T2±O5 107.5 O3±T3±O6 107.8

O1±T1±O2 109.2 O3±T2±O4 104.7 O5±T3±O6 105.2

O1±T1±O4 106.0 O3±T2±O5 111.9 O5±T3±O6 109.0

O2±T1±O4 112.7 O4±T2±O5 111.9 O6±T3±O6 112.2

a Space group: I 41=a; a � b � 1:364390�33�, c � 1:38145�6� nm; density: 3.235 gm/cm3. rmax�xyz� � 0:0008; rmax�Uiso� � 0:02;

v2 � 1:375.
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group is the same as determined by Palmer et al. [11];

however, the lattice parameters are approximately 1.0%

and 0.4% larger, respectively, than PalmerÕs lattice pa-

rameters interpolated to 50 K [11]. The lattice parame-

ters are also in close agreement to those of Yanase et al.

[17] extrapolated to 50 K; however, their structure was

re®ned to a di�erent space group, I 41/acd, which is in-

consistent with our di�raction results. While the frac-

tional coordinates are nearly identical to those observed

by Palmer et al. [11], the thermal parameters are sig-

ni®cantly larger suggesting greater disorder in our

sample. Large thermal parameters have been observed in

other pollucite samples [2,11,17]. Typically, larger than

expected lattice parameters can be explained by the

substitution of cations with larger ionic radii into the

lattice or structural disorder. Substitution-induced lat-

tice expansion is unlikely for this pollucite sample since

X-ray ¯uorescence analysis indicates the absence of el-

emental impurities. Structural disorder leading to lattice

expansion could be due to synthesis conditions, trans-

mutation e�ects [18], radiation-induced defects, or lat-

tice distortions due to trapped electronic excitations.

However, the pollucite was fully dense when produced,

so it is unlikely that the synthesis conditions resulted in

expanded lattice parameters. The e�ect of transmutation

processes is expected to be minimal because the initial

mole fraction of 137Cs in this sample is low. In fact, due

to the smaller ionic radius of Ba2�, the transmutation of

Cs to Ba would actually result in a reduction of lattice

parameters, if the change in valance is ignored. How-

ever, the e�ect of valence change and defects created by

associated ballistic collisions are di�cult to evaluate;

therefore, the expanded lattice may re¯ect swelling due

to the accumulated radiation and transmutation-

induced defects.

3.2. Pair distribution function

The results of the ®t to the PDF are summarized in

Table 2 and a plot of the calculated and experimental

G(r) is shown in Fig. 3(a). The contribution of each

atomic pair to the total atomic distribution function was

identi®ed using the results of the Rietveld re®nement of

the di�raction data as input parameters to the program

PDFFIT [19]. From this simulation, we discovered that

decreasing the Debye±Waller factors from the values

obtained in the Rietveld re®nement gave a better

agreement with the PDF experimental data. On the basis

of this observation, we conclude that the large thermal

factors obtained in the Rietveld re®nement were due to

static, long-range disorder. The partial contributions

from the di�erent atom pairs were calculated and are

shown in Fig. 3(b). This allows assignment of each

gaussian of the PWID ®t to an atomic pair.

The ®rst gaussian peak at 0.17 nm corresponds to the

T±O pair originating from the T±O bond of the TO4

tetrahedral unit (see Fig. 3). The second gaussian peak at

0.25 nm represents an O±O pair and re¯ects the O±O

separation along the edges of the TO4 tetrahedral unit.

From analysis of the di�raction data, the average O±O

separation is 0.267 nm. The disparity between the PDF

and the di�raction determination is most likely because

of the Fourier ripple, which results from the limited Q

range of the data that distorts the position of the O±O

pair. The magnitude of the Fourier ripple is clearly ob-

served in Fig. 3(a) by the oscillations at distances less

than 0.17 nm. The third gaussian peak at 0.34 nm has

two components assigned to T±T and Cs±O pairs. The

Table 2

Results of the multiple gaussian ®t of the atomic pair

distribution function

Pair Position (nm) Sigma

T±O 0.17 (1) 0.02 (1)

O±O 0.25 (1) 0.02 (1)

T±T, Cs±O 0.34 (1) 0.17 (1)

Cs±T 0.41 (1) 0.31 (4)

Cs±Cs 0.49 (1) 0.12 (2)

Cs±Cs 0.57 (1) 0.12 (2)

Fig. 3. Comparison of the experimental PDF with modeled

PDF: (a) experimental PDF (circles), model PDF using gaus-

sians (thick solid line) and the di�erence curve (thin solid line).

Positions of the gaussians are on top of peaks with their cor-

responding sigmas; (b) the calculated partial reduced pair dis-

tribution function. The contributions from each pair are labeled

on top of peaks. Pairs involving Cs are shown with thick dashed

lines. Note that these pairs dominate the PDF at radial dis-

tances greater than 0.3 nm.
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T±T pair contribution, which re¯ects the distance be-

tween coordinating tetrahedral atoms of corner-sharing

tetrahedra, has a maximum distribution based on the

di�raction result at 0.315 nm that is shorter than

the 0.34 nm determined from the gaussian ®t. Similarly,

the Cs±O pair contribution, which represents the 13

oxygen nearest neighbors to Cs, have a bimodal maxi-

mal distribution at 0.335 and 0.388 nm based on the

di�raction result. The appearance of the third gaussian

peak at an intermediate position between the T±T and

Cs±O pairs likely indicates that the resolution of the

PDF experiment is not su�cient to resolve the two

contributions, and the observed peak occurs at an in-

termediate value. The fourth gaussian peak at 0.41 nm is

dominated by Cs±T pair contributions with minor T±O

pair contributions. The Cs±T pairs represent the six- and

eight-membered rings of the aluminosilicate framework

that forms the channels in which the Cs atoms reside.

For this gaussian peak, there is an excellent agreement

with the di�raction result, the experimental PDF and the

calculated PDF. The ®fth gaussian peak at 0.49 nm is

the most distant peak for which the contributions can be

readily identi®ed. It arises from Cs±Cs pairs that rep-

resent the adjacent Cs atoms separated by the face of the

eight-membered rings and some minor Cs±T pair con-

tributions. The Cs±Cs distance of 0.49 nm is in good

agreement with the distance of 0.485 nm determined

from the di�raction data. The sixth peak at 0.57 nm has

contributions from Cs±Cs, Cs±T, and T±T pairs. The

distance of this peak does correspond to the Cs±Cs in-

teratomic distance between Cs atoms separated by the

face of the six-membered rings determined by the XRD

data, although because of the multiple contributions to

this peak the correspondence may be fortuitous.

3.3. X-ray absorption

The background-subtracted, normalized Cs K-edge

absorption spectra of pollucite is shown in Fig. 4(a). As

a result of the long core-hole lifetime at this energy, the

absorption edge spans approximately 30 eV, and the

XANES pro®le is relatively featureless. Also apparent in

the inset of Fig. 4(a) is the low amplitude of the EXAFS

oscillations. Qualitative results are best described in the

Fourier transform moduli (FTM) of the reduced EX-

AFS. A Fourier transform was taken over the EXAFS

region 0.265 < k < 1.25 nmÿ1. The FTM in Fig. 4(b) re-

veals a large amplitude peak centered at approximately

0.20 nm. As there are no expected Cs neighbors in the

structure at distances between 0.22 and 0.25 nm, we

assume that this feature has no structural origin and that

must be due to insu�cient background subtraction (for

EXAFS analysis purposes). Features at low-r in the

FTM are interesting by themselves since they could

contain information about the chemical environment of

the absorbing atom or from the absorbing atom itself.

To clarify this point, we note that the EXAFS oscilla-

tions are de®ned by v�k� � �l�k� ÿ l0�k��=l0�k�, where k

is the photoelectron wavenumber, l(k) is the X-ray ab-

sorption coe�cient and l0(k) is the atomic X-ray ab-

sorption coe�cient. In a conventional EXAFS analysis,

l0(k) is assumed to be smooth and is usually replaced by

a spline function, as we described in Section 2. However,

l0(k) is not necessarily smooth. It has been shown that

the atomic background is expected to contain features

associated with the many-body relaxation of the atomic

charge that could produce low-r peaks in the FTM [20].

An alternative explanation for low-r peaks has been

Fig. 4. (a) Normalized X-ray absorption spectrum and EXAFS

(inset) before (thin line) and after ®ltering (thick line). (b)

Fourier transform moduli of the un®ltered (thin line) and ®l-

tered (thick line) EXAFS. Atomic EXAFS or multielectron

processes produce the low R feature, indicated with an arrow,

that is not fully removed in the spline subtraction but is

removed by ®ltering.
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given by the photoelectron backscattering in the pe-

riphery of the absorbing atom [21]. This phenomenon,

called ``atomic'' EXAFS (AXAFS) re¯ects the embed-

ded nature of the absorbing atom in the potential of the

crystal and could contain information about the chem-

ical bond and interstitial charge distribution [22]. It has

been claimed to be the cause of low-r features in the

FTM of several systems [23±25]. Further investigation is

under way to clarify the nature of the low-r peak in the

FTM (Fig. 4(b)). To remove this low frequency contri-

bution, the EXAFS were ®ltered by taking a back

Fourier transform over the range from 0.22 to 0.60 nm.

A comparison of the ®ltered and un®ltered EXAFS and

Transform in Fig. 4(b) reveals that the signi®cant fea-

tures are retained.

The ®ltered EXAFS was ®t over the photoelectron

wavevector range from 0.25 to 1.24 nmÿ1 using param-

eterized amplitude and phase scattering waves calculated

by FEFF 8 [26]. We note that XRD indicates that the 13

oxygen neighbors of Cs are dispersed in radial distances

between 0.352 and 0.388 nm from the absorbing Cs.

Similarly, the Cs±T radial distances range from 0.392 to

0.478 nm and the Cs±Cs radial distances range from

0.484 to 0.488 nm. Owing to the limited number of in-

dependent points in the spectrum [27], it is impossible to

optimize all the parameters for all the neighbors. The

number of ®t parameters was reduced by grouping the

Cs±O contributions in two average positions, the Cs±T

contributions in one average position and the Cs±Cs

contributions in two average positions. The best ®t to

the EXAFS, displayed in Fig. 5(a), is composed of ®ve

scattering paths. The agreement to the experimental

data is quite good except at the ends of the transform

range. The r-space comparison of the ®t to the experi-

mental data is shown in Fig. 5(b) and the quantitative

®tting results are given in Table 3. For all scattering

paths, the ®tted number of atoms calculated is signi®-

cantly lower than the crystallographic number of

neighbors for the ®tting region. This underestimation is

the result of the simpli®cation made by assigning aver-

age distances to the neighbors. Physically, the conse-

quence of a large number of closely spaced neighbors is

a destructive interference of the photoelectron contri-

bution of each path. The resulting diminished EXAFS

amplitude is not accurately represented by a single av-

erage amplitude. As a result, the number of atoms is not

reported in Table 3 and only the average ®tted distances

are listed.

The ®t to the EXAFS indicates that the Cs nearest

neighboring oxygen atoms are distributed at two dis-

tances, 0.339 and 0.371 nm, and are in good agreement

with the Cs±O distances reported for the tetrahedral

pollucite structure by Palmer et al. [11]. In addition, the

shorter Cs±O distance determined from the EXAFS

analysis agrees well with the position of the third

gaussian of PDF assigned to the T±T and Cs±O pairs.

The Cs±T distance at 0.413 nm, corresponding to the Si

and Al atoms of the tetrahedra composing the six- and

eight-membered rings, agrees well with the average Cs±T

interatomic distance of 0.409 nm determined from the

analysis of the di�raction data. The longer Cs±T dis-

tance at 0.456 nm, corresponding to one of the tetra-

hedra composing the four-membered rings that cap both

ends of the eight-membered rings, was not detected in

the EXAFS probably due to low photoelectron back-

scattering amplitude. Two distant Cs±Cs interatomic

distances at 0.518 and 0.576 nm were observed in the ®ts

to the EXAFS. The 0.518 nm Cs±Cs interatomic dis-

tance, corresponding to Cs atoms separated by the eight-

membered rings, is approximately 0.035 nm longer than

the distance determined by the analysis of the di�raction

Fig. 5. (a) Fit to the ®ltered k3-weighted EXAFS in wavevec-

tor-space. (b) Fourier transform moduli of all paths contrib-

uting to the total EXAFS in r-space.
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data. On the other hand, the 0.576 nm Cs±Cs inter-

atomic distance is in excellent agreement with the dif-

fraction data. Attempts to adjust the EXAFS ®t to

shorter distances produced unrealistic parameters; a

negative number of Cs atoms or exceedingly large delta

E0 values for this shell. Fits to the non-®ltered EXAFS

and EXAFS obtained by using a variety of splines also

resulted in a 0.518 nm Cs±Cs interatomic distance for

this shell, indicating that this longer distance is not likely

an artifact of data processing.

4. Discussion

The interatomic distances determined by XRD, PDF,

and EXAFS analyses are summarized and compared to

the tetragonal structure of Palmer et al. [11] in Table 4.

In general, the agreement is excellent and all techniques

re¯ect the tetragonal character of the pollucite sample.

The singular disagreement is the Cs±Cs distance deter-

mination along the [0 1 1] direction separating the eight-

membered rings. The analysis of the XRD indicates that

this distance is 0.485 nm while the EXAFS data indi-

cates a substantially longer 0.518 nm distance. Both

XRD and EXAFS techniques are more sensitive to Cs±

Cs distance determinations because of the large number

of electrons belonging to Cs relative to the other atoms

in pollucite. While there is no obvious explanation for

this disparity, the XRD determination will re¯ect the

Cs±Cs separation that is averaged over a large number

of unit cells, whereas the EXAFS determination will

re¯ect only the local Cs±Cs separation. Perhaps the ra-

diation-induced defects and presence of Ba2� have in-

creased the average Cs±Cs separation as seen by EXAFS

but not in a correlated manner that would be detected by

long-range, di�raction-based spectroscopy such as

XRD. Fig. 6 summarizes the distortions of the pollucite

structure determined by XRD relative to PalmerÕs te-

tragonal pollucite. In general, the aluminosilicate

framework shows minor distortions that can be ex-

plained by small rotations along T±O±T bonds leading

to increased puckering of the six- and eight-membered

Table 4

Interatomic distances in nm as determined by XRD, PDF, and EXAFS analyses

Interatomic distance Ref. [11] at 298 K XRDa PDF EXAFS

T±O 0.164 0.165 0.17 Not observed

O±O 0.269 0.267 0.25 Not observed

T±T 0.313 0.315 0.34 Not observed

Cs±O 0.335 0.335 0.339

0.388 0.371

Cs±T 0.404 0.409 0.41 0.413

Cs±T 0.451 0.456 0.49 Not detected

Cs±Cs 0.482 0.485 0.518

Cs±Cs 0.578 0.576 0.57 0.576

a Reported number represents the average distance determined by analysis of XRD data.

Table 3

Metrical parameters from ®t to EXAFS data for CsAlSi2O6 at 77 K

Scattering pathsa Metric parametersb Cubic, Ref. [11] Tetragonal, Ref. [11] Experimental

Cs±O d (nm) 0.337 0.324±0.352 0.339 � 0.002

n 6 6 n.d.c

Cs±O d (nm) 0.352 0.360±0.390 0.371 � 0.002

n 6 7 n.d.

Cs±T d (nm) 0.394, 0.413 0.392±0.415 0.4.13 � 0.002

n 6, 3 9 n.d.

Cs±T d (nm) 0.452 0.426±0.478 0.476 � 0.002

n 6 6 n.d.

Cs±Cs d (nm) 0.483 0.482 0.518 � 0.002

n 3 3 n.d.

Cs±Cs d (nm) 0.591 0.578 0.576 � 0.001

n 2 2 n.d.

r2 0.02648

a The scattering path is de®ned between the absorbing central atom, Cs, and each of the backscattering atoms. For all scattering paths

dE0 � 8 eV.
b d� interatomic distance, n�number of atoms.
c n:d: � not determined, see text for explanation.
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rings. In addition, the Cs atom is displaced along the

[�1 2 �2] direction towards the center of one of the six-

membered rings. Thus, the beta radiation-induced e�ects

lead to swelling of the lattice, as indicated by the slightly

expanded lattice parameters for the tetragonal pollucite

structure as well as puckering of the aluminosilicate

channel encapsulating Cs.

Ewing et al. [28] and Weber et al. [5,6] provide ex-

tensive reviews of the current literature on radiation

e�ects studies on ceramic and glass waste forms. How-

ever, there are only a few radiation e�ects studies on

materials with an open aluminosilicate framework such

as pollucite. Recent electron-beam irradiations on Na-

aluminosilicates analcime, natrolite, and zeolite-NaY

[29±31] provide compelling evidence of ionization-in-

duced amorphization of this class of materials at rela-

tively low absorbed doses. In addition, contrary to the

behavior of the majority of crystalline aluminosilicates,

the amorphization dose decreases with increasing tem-

perature [29]. The results of these studies [29±31] suggest

that self-irradiation from beta-decay may also result in

the accumulation of defects that eventually lead to

amorphization and that thermal self-annealing processes

are not e�ective in retarding the accumulation of defects.

The early stages of defect accumulation may manifest

itself as small increases or decreases in lattice parameters

and rotations about T±O±T bond angles as observed in

this study.

Whether the accumulation of defects a�ects the

mobility of Cs in pollucite and related open-framework

aluminosilicates is critical for the assessment of long-

term performance of waste forms. Only a few leaching

studies following transmutation or irradiation of pol-

lucite or closely related aluminosilicates have been done

and seem to have contradictory results. In one of these

studies [32], the transmutation of 137Cs in pollucite has

been simulated by the neutron radiation of 133Cs-sub-

stituted pollucite. By this process, 133Cs was converted

to 134Cs by neutron capture, which decays to Ba with a

2.06 years half-life and releasing a beta-particle with

similar energy to the 137Cs decay. Immediately follow-

ing neutron irradiation, the pollucite sample was an-

nealed at 1423 K for 1 h to remove the neutron

damage e�ects and leach tests were conducted at one

year intervals for two years. Although no appreciable

change in density was observed, increases of 0.6% and

1.25% of Si and Cs were detected in the leachate after

two years, respectively. The higher Si and Cs concen-

trations suggest that the transmutation of Cs to Ba

results in decreased stability of the aluminosilicate

framework and leads to enhanced mobility of Cs. A

recent electron-beam irradiation study of Cs-substitut-

ed zeolite-NaY at about three orders of magnitude

higher than the absorbed dose [31] suggests that the

presence of Cs increases the resistance of the zeolite to

radiation-induced amorphization and that the mobility

Fig. 6. Distortions of the tetragonal pollucite structure as determined from an analysis of the XRD data as seen looking in the [0 1 1]

direction. The Cs atom is displaced along the [�1 2 �2] direction toward the center of the upper six-membered ring. For clarity, only the

edges of the TO4 polyhedra are illustrated. Small rotations about the T±O±T angles that result in small displacements of the tetrahedral

atoms, shown as small dark spheres, are indicated.
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of Cs is decreased signi®cantly on amorphization in

subsequent leaching studies. The decreased mobility

suggests that amorphization of the zeolite structure

leads to the collapse of channels necessary for Cs mi-

gration. While the high beta doses necessary for

amorphization will not be attained in Cs-bearing waste

forms, the results of these two studies indicate that at

low doses, prior to the onset of amorphization, the

accumulated defects may lead to higher mobility and

leachability of Cs; whereas once amorphization occurs,

the Cs becomes trapped in the collapsed structure.

Thus, the amorphous state, while unattainable by self-

radiation from beta-decay, may be desirable for Cs

retention. A more thorough analysis of the e�ect of

accumulated defects from both transmutation and

ionization processes on the pollucite structure is needed

to assess the impact on Cs mobility.

5. Conclusions

XRD, PDF, and EXAFS analyses of beta irradiation

of pollucite due to transmutation of 137Cs� to 135Ba2�

indicates swelling of the pollucite lattice and suggest

puckering of the aluminosilicate cage encapsulating Cs

largely due to ionization processes. The e�ect of the

lattice swelling and distortion of the local Cs environ-

ment is anticipated to increase the mobility of Cs at low

damage levels. This behavior may impact the choice of

waste form for the long-term disposal of 137Cs, a ®ssion

product of uranium and a major contaminant at De-

partment of Energy production facilities and necessitates

detailed study of the accumulation of radiation defects

in open framework materials.
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