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1. Synopsis

Using advanced megnetic resonance spectroscopies and small-cluster modding, atomic
sructure of radiation-induced point defects in akdi borate, slicate, and borosilicate glasses is
fully characterized. It is shown that in boron-containing glasses, most of these point defects are
electrongholes trapped by cation/anion vacancies, such as O, - O3" vadence-dternation pairs.
In microscopicaly phase-separated borosilicate glasses, radiation-induced defects are found to
cluster a the interface between the borate and silicate phases. Reaction and diffuson dynamics
of defect-anneding interdtitia hydrogen atoms in boron and silica oxide glasses are sudied. The
yidd of radiolytic O, is estimated. This oxygen is shown to be the fina product of triplet exciton
decay. Plausible mechanisms for the oxygen bubble formation are put forward. Two practical
conclusions relevant for the EMSP mission are made: Firg, the yidd of radiolytic oxygenis
shown to be too low to interfere with the storage of vitrified radioactive wagte in the first 10
Kyr. Second, microscopic phase separation is demonstrated to increase both the chemicd and
radiation ability of boroslicate glass.
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No 60313 (athree-year program that started in 1997). The cost of equipment and facilities was
supported by the BES office, Divison of Chemica Science, US-DOE, under contract number
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4. Introduction

Current scenarios for the long-term disposal of High-Level Radioactive Waste (HLW)
involve immobilization of radionuclides in glass forms and placement of glass logs in a degp
geologic repository. HLW forms must be highly durable and leach resistant to prevent release of
radionuclide ions into the environment. The leach resstance must be maintained in spite of
radiation damage caused by radionuclide decay. The HLW forms are dkai boroslicate glasses
containing 20-50 wt% of trangtion metal oxides and 10-20 wt% of radionuclides. The most
damaging radiation will indude b and g emisson from **’Cs and **Sr and other fission products
and a emisson from **Amand isotopes of Pu. While b and g radiationyields defects through
ionization of the glass network, a particles digolace atoms in energetic collisons. During the first
Kyr, when the radiation is most intensg, it is dominated by b and g emissions. At later times, the
a emissontakes over.

In the first 1-10 Kyr of storage, the HLW glasses will accumulate 0.1-10 Tera-rad (10°-
10" Jkg) of ionizing radiation, not counting knock-on collisons with a particles and fisson
fragments. Eventud contact of glass chips with water will occur after 10-100 Kyr of storage;
leaching of radionuclide ions by seeping water will then become a problem. One needs both a
short-term (1-10 Kyr) and a long-term (0.1-1 Myr) prognosis of the glass durability and
leaching resistance.

The concern is that the rates of glass aging/dissolution may change drameticdly after 1-2
Kyr of storage, when every atom in the glass matrix has been ionized and displaced >10° times
over. Though the dose rates in the HLW forms are not exceptiond, over the geologicd time
these doses sum up to the levels that are 107-10* times higher than the radiation doses
commonly studied by chemids, materids scientists, and geophysicigs. It is unknown how
amorphous solids in generd and oxide glasses in particular will behave after absorbing these
very high doses.



The consensus of the US DOE pand scientidts is that "at this stage a condderable
fraction of the research effort should be focused on smple systems, such as akdi borates,
dlicates and boroslicates. At later stages, with more ingight in the molecular mechanisms of
radiolytic processes, more complex composite glasses can be studied.” (Weber et d., J. Mater.
Res. 12, 1946 (1997); US DOE, Council on Materias Science, Santa Fe, NM, February 25-
29, 1996).

A serious concern about Tera-rad glasses is the formation of microscopic gas bubbles
and devitrification. In many oxide materids, radiolytic O, coalesces to form 0.01-0.1um
bubbles. In the HLW forms produced &t the Savannah River Site DWPF facility this processis
vigorous, with several per cent of network oxygens converting to oxygen a 0.1-1 Tera-rad.
The mechanism of this process is not known; there is so a controversy about the dose rate of
bubble formation for different types of ionizing radiation. Finding the mechanism for production
and agglomeration of intergtitia oxygen is one of the highest priorities in the research on the
HLW forms.

5. Objectives.
Our am isto develop fundamental knowledge of radiation-matter interaction at the

atomic level and provide mechanistic insight required for prognostication of the Tera-rad
damage in HLW glasses through

. understanding of the mechanism for radiolytic damage a the atomic scae;

. quantifying the effects of radiation on generation, secondary reactions, migration and
agolomeration of defects,

. linking of specific defects with the undesirable endpoints;

. sudying the effects of glass compostion and microgtructure on the nature of radiolytic
damage.

The following directions have been pursued:

. Studies of short-lived reactive precursors of point defects, such as electrons, holes, and
mobile interdtitid aoms;

. Identification and structura characterization of metastable point defects;

. Solving questions concerning oxygen bubble formation:

- resolving the controversy about the rates of oxygen formation;
- identification of the mechanism for oxygen formation and coa escence;
- identification of reduced phasesin glasses.

6. Oxygen bubbles: the yield.



Radiation-induced evolution of O, wasfirst observed inthe TV tubes. After 2 weeks of
exposure to atypical 20 keV dectron beam (the dose of 4 Tera-rad), 10% of network oxygens
in a 23 um layer near the surface was converted to Q. The yield of O, was (1-3)x10°
molecules per dectron volt of absorbed radiation. From TEM, the average radius of bubblesis
10-50 nm, and their concentration at saturation is (1-5)x10*® cm®. The pressure indde the
bubble is nearly-critica (>104 molecules per bubble). Such agglomeration is possible if only the
solid is saturated many times over by O,. For that, the yield of O, must be > 10 times grester
than the concentration of O, at saturation, 10" cmi®, which corresponds to the dose of 0.01-
0.1 Terarad. At lower doses, radiolytic O, is present as interdtitial gas, and no bubbles are
formed.

Recently, a clam was made tha the threshold for the bubble formation is lowered 4-5
orders of magnitude when the HLW glass is irradiated with 1.5 MeV g-rays instead of 1-500
keV eectrons. From these data, the dose rate of O, formation should exceed 0.1 molecules per
€V. Some authors used this report to express concerns about short-term stability of the HLW
forms. Others questioned the vdidity of this TEM study. During aroutine TEM scan, theb dose
absorbed by a specimen exceeds the g dose by severa orders of the magnitude.

In our study, glasses of various compositions were irrediated with 3 MeV dectrons to
(1-10)x10° rad. For this energy, there should be little difference in radiation chemistry induced
by b- and g-particles. To measure the gas evolution, 10-50 pm glass powder was baked out in

vacuo a 600°C and irradiated a 100-200°C us ng the eectron beam from a 3 MeV Van de
Graaff accelerator. The evolved gases were anadlyzed usng MS. The gas compostion was
gudied as a function of the sample temperature, etc.

It was found that the yield of radiolytic Q, is lower than the lowest of the earlier
estimates. Apparently, accumulation of negatively charged defects (“the space charge’) that
are formed when low-energy (1-to-100 keV) electrons are stopped inside the glass speeds up
voldilization of the glass enormoudy. The MeV dectrons have far greater penetration depths
(centimeters) than the keV eectrons (micrometers). Thus, homogeneous irradiation of glass with
MeV dectrons reduces the space charge by many orders of magnitude. Our results agree with
the recent Raman spectroscopy studies (Boizot et d., J. Non-Cryst. Solids 243, 268 (1999)) in
which stretching vibrations of interstitid O, at 1550 cm™ where observed; from these Raman

measurements and our data on outgassing, the yield of G, is < 10" molecules per eV. Since
sdf-irradiation of the HLW glasses is homogeneous and the ionizing partices emitted have
energies > 1 MeV, the radiolytic yidd of O, in the wagte forms is quite low. Additiond
decrease is possible due to uptake of oxygen by trangtion metd ions present in the glass form.

In the dose regime studied, most of the evolved gases are formed due to radiolytic
desorption of atmospheric gases and activation of chemisorbed HO and CO,. The yidd of

radiolytic O, is comparable to the yield of radiolyticaly desorbed N, and by 10-100 times less
than the yield of CO,. Particularly low yields of O, were observed in the smulated HLW glass



MCC-76-68 from PNNL, due to uptake of O, by trangtion metd ions. We found no evidence
of efficient formation of O, by high-energy radiation.

The implication of our study is that the concentration of O, at which the bubbles

are formed will accumulate only after > 10 Kyr of the storage. There is no need to be
concerned about volatilization of the HLW glasses in the nearest future.

7. Point Defects: Structural aspects.

Formation of atomic-scale ("point”) defects is the first step towards the radiaion
damage of glass network. It isaso the stage at which radiation chemistry playsthe decisiverole.
In the past, a number of radiation-induced defects had been identified; however, little was
known about their nature, Sructure, and origin. Using advanced magnetic resonance techniques,
we sysematicaly studied radiation-induced defects in dkdi and akaine earth borates, slicates,
and boroslicates, related mineras have aso been studied. Our work yields detailed information
about the atomic structure and environment of these paramagnetic centers. In the following, we
summarize some of these results more detailled accounts could be found in the recent
publications from our group (section 3).

7.1 Alkdi dlicates and microscopic mechanisms for oxygen formation.

Irradiation of dkai dlicate glasses yidds three classes of paramagnetic defects: oxygen
hole centers, slicon dangling bonds, and peroxy radicals. The latter two defects are formed via
dissociation of triplet excitons; the dectron centers are negative-U diamagnetic dkdi metd
clusters.

Previoudy, it has been repeatedly speculated that the radiation damage of slicate glass

network is triggered by release of mobile akai cations from holes trapped by °SOAIK'
groups. We have shown that the hole trapping does not actudly result in the cation release:

In the ©SIO» AIK (oxygen hole) center, the OAIlk digtance is just 10% longer than this
disance in aregular °© SOAK' group. Insde the cage formed by bridging oxygens, the cation
undergoes thermally activated smdl-amplitude swinging motion aong the y axis.



In akai-loaded silicates, =SI0,* groups aso trgp holes; in these Jehn-Teler active
centers the unpaired eectron rapidly tunnels between two non-bridging oxygens, as shown
above. The obsarvation of such tunneling in our experiments solves a long-term controversy as
to the nature of these hole centers.

Irrediation of dkali slicates yidds trapped excitons, slicon peroxy radicas and slicon
dangling bond centers are formed when these trgpped triplet excitons dissociate:

Interdtitial superoxide anion, a precursor of oxygen molecule, is formed when this S-bonded
peroxy radical reacts with anearby °© SOAK' group and the slica network rebuilds it f:
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This thermdlly activated reaction is vigorous at 200, 300°C, the expected temperature in the
HLW repository. In slica (which does not yield oxygen bubbles), silicon peroxy radicals do not
dissociate due to the lack of the © SO'AKK™ groups, the stability of peroxy radicas decreases
with the glass basicity. After recombination with a hole, the superoxide anion yidds an G,
molecule. This reaction sequence accounts for the dow generation of intergtitid O, and
evolution of oxygen bubblesin radiolyss of akali oxide glasses.



7.2. Alkdli Borates.

Irradiation of borate and boroglicate glasses yidds severd classes of dable
paramagnetic centers. (i) severd variants of oxygen hole centers, (ii) dectron centers (boron
dangling bonds, hydrogen aioms, and akai metd clugters), and (iii) boron and oxygen
deficiency centers (such as peroxy radicals).

All of the observed hole centers have the akali cation vacancy as a precursor (Oy
defect). Some of the hole-trapping species are >BO™ groups and distorted B,;-O-B; linkages,
other are -BOs* groups.

The B,-O-B; linkage & the cation vacancy is the main precursor of the hole center at low akali
loading; a higher loading, most of these hole centers originate from dissociated >BO"Alk”
groups. After hole trapping, tetrahedraly coordinated boron in the Bi-O-B; linkage retracts
and becomes trigondl. At very high akali metal loading, the holes are trapped by >BO,* groups
to yield >B(O°)O'Alk™ centers. Thermal activation of these hole centers at 100, 200°C results
in the release of akai cation and the formation of >BO,¢~ centers in which the charge and spin
are divided between two non-bridging oxygens. Dengty functiona caculations indicate that
gtabilization of this center is due to strong electron correlation.

A typicd example of the hole center in borate/borosilicate dass is given by a © BOe
radicd in minerd danburite (see below). The holeis trapped by a Ca?* vacancy at the B,-O-B,
linkage. One of the B-O bonds elongated to 0.245 nm, and the boron becomes trigonal with
quadrupole coupling congtant Q. of 2.77 MHz and asymmetry factor of 0.11. Quadrupolar and
hyperfine dipolar tensors are coaxid within 10°:



While the holes are trapped by severa variants of the O; defect, the eectrons are
trapped by overcoordinated oxygen (Os") defects. If this defect involves a proton, an H atom is
formed. If this defect involves a network boron atom, boron dangling bond center is formed.
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In dkdi-loaded glasses, clusters of akai cations bound to severd BO,™ groups may trap one or
two dectrons, yielding paramagnetic or diamagnetic centers, respectively. The formation of
these centers requires thermal activation: the O;" defects are deeper eectron traps. Long
irradiation exposure aso yields boron and oxygen deficiency centers, respectively:
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This boron peroxy radicd is likely to be the precursor of interditid oxygen in irradiated dkdli
borate glasses.

Most of radiation-induced defects in alkali silicates and borates were also
observed in more complex borosilicate glasses. Our studies of the defect geometry and

electronic structure yield the atomic-scale picture of the radiation damage in the HLW
glass forms.

7.3. Alkdi Borodlicates.

Due to limited miscibility of dlicate and borate phases in the mdt, most of akdi
borosilicate glasses are microscopicaly phase separaied. A common example is "pyrex” in
which 1-5 nm borate idands are separated by pure SO,. This microgtructure accounts for the
exceptional chemical durability of Pyrex glass.
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We demondirated that in irradiated pyrex and vycor glasses, dectron and hole centers
cluster on the surface of borate phase idands, whereas oxygen deficiency/excess centers occur
mainly in the slicate phase and have remarkably low yields. The only defect that occurs in both



of the phases is hydrogen atom. Since the slicate network is largely spared the radiation
damage, it retains the superior mechanica and chemica properties of undamaged glass.

Our reaults indicate that microscopicaly phase-separated glasses exhibit not only the
highest leach resstance but aso the highest radiation resstance among boroslicate glasses.
Such phase separation is beneficial for the HLW glass and should be sought after.

8. Short-lived reactive intermediates: Hydrogen atoms.

Due to ther smadl sze, hydrogen (H) atoms are the only neutrd species that rapidly
migrate in glasses. These H atoms are also very reactive species that account for numerous
anneding reactions with radiation-induced defects. Usng time-resolved pulsed eectron
paramagnetic resonance, the H atoms were observed from 10 ns to 1 ms. We use spin-
polarized H atoms to probe the glass structure and to study other short-lived intermediates.
Previoudy, we have sudied the H atoms in pure slicaglass (I. A. Shkrob and A. D. Trifunec,
Phys. Rev. B 54 (1996); J. Chem. Phys. 107 (1997) 2374); lately we expanded this study to
vitreous B,O3. We found that

The H/D aoms are spin-polarized due to H + H recombination in radiolytic spurs. H,
formed in radiolysisis dso from this reaction.

Spin rdaxation in these H/D aoms is due rapid hopping between the stes with different
arrangements of magnetic boron nucle. From the temperature dependence of the relaxation
times, we determined the activation energy of hopping (0.13, 0.16 eV) and the residence
time of the H atom in a trapping site (57 ns a 300K); the diffusion coefficient is 1.5x10”
cné/s at 300 K and the mean hoping distance is 0.56 nm.

Free H atoms that escgpe from the spurs dowly recombine with each other and with
metastable radiation-induced centers. Below 140 K, trapped H atoms reside in a cavity
formed by two or three B-O-B bonds; in high-OH loaded glass there are dso H atoms
trapped at a ste formed by two HO-terminated boroxol rings.

There is no isotope effect on the diffuson of H/D aoms in boron and slicon oxide glasses,

o
there is a consderable isotope effect on their yidd aove 20 C. Our results and
calculations indicate that the isotope effect on the H/D atom yield is due to electron

trapping by pre-existing >OH defects.



9. Conclusions and practical implications.

Severd families of radiaioninduced defects in oxide glasses have been characterized
gructurdly on the atomic scale. Chemicd pathways leading to these defects are established. Al
in dl, our sudy points out to remarkable robusiness of mixed oxide glasses as waste storage
forms. It appears that concerns about radiation stability of these glasses {n paticular, the
occurrence of radiationrinduced phase separation and mass migraion of cations) are
exaggerated. We emphasize that only the effects of b and g radiation were examined in our
study. These two types of radiation are expected to dominate in the first Kyr of storage. By the
“radiation gability” we imply the effect of theionizing radiation on the HLW glass prior to
contact with seeping water.

We found no evidence for enhanced dkai cation migraion in irradiated glasses
(invoked as possble mechaniam for extendve radiation damage). In dkdi slicaes, trgpping of
holes by nonbridging oxygens does not release these cations. In akali borates, the holes are
trapped by pre-exising cation vacancies. There is no evidence for efficient cation emisson due
to hole trgpping or extensve metdlization due to dectron trapping. While this metdlizationis
known to happen in ionic crysas, in boron-containing glasses, due to their more covaent
nature, the dectrons are preferentialy trapped by over-coordinated oxygen, yieding dangling
bond centers. Thus, concerns about explosve relaxation of defectsin the metdlized glass are
exaggerated.

In microscopically phase-separated boroslicate glasses the radiation damage is
concentrated at the boundaries between the slicate and borate domains. The damage to the
dlicamatrix is minimal. The microscopic separation increases the radiation durability in the same
way it increases chemicd durability. Since most borosilicate HLW glasses are phase separated,
the matrix itsdf inhibits the growth of radiation-induced defects.

Trangport properties of mobile H atoms in room-temperature silicon and boron oxide
glasses have been studied. These atoms are shown to diffuse in glass nearly as rgpidly as in
water and efficently anned radiation-induced points defects. Our study suggests that hydroxyl
groups (< 2000 ppm) are beneficia for the radiation stability of HLW forms. Possibly, some
metas might be added to the glass frit as hydroxides (this would aso reduce the mdting point of

glass).

Formation of molecular oxygen in glasses subjected to high-dose irradiation has been
studied. It is shown that there is no efficient formation of O, under high-energy irradiation (> 1
MeV). Our sudy resffirms low-end estimates of volatilization in the HLW glasses (10 Kyr of
Storage as the onset of the bubble formation).

10. Recommendations for further studies.
Short of the catastrophic falure of a geologic repository, the storage of HLW inthe first

1-10 Kyr will be safe. However, prognostication of the HLW glass behavior after the firg 10
Kyr of storage, under various “catastrophic” scenarios (collgpse of this repository, flooding,



etc.), requires experimenta approaches that do not presently exist. While our sudy supports the
view that boroglicate glass is an adequate choice of the HLW matrix for storage in the nearest
future (< 1 Kyr), the robustness of this matrix for storage over > 10 Kyr is questionable. In 10-
100 Kyr, extendve radiation damage will compromise the glass integrity. No mitigation of this
damage ispossible.

In this respect, t is important to follow up this work, as there are no experimental
gudies on the very long term radiation and chemicd ability of glasses. In particular, little is
known about the effect of prolonged a radiolyss, while this type of radiation will preval after
the first Kyr. Furthermore, effects of radiation damage on the leach resistance of glasses need to
be assessed. As only microscopic samples can be irradiated to Tera-rads over short period of
time, using focussed particle beams, the development of suitable anadytical and spectroscopic
techniques should be requested.
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