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Role of hydrogen and lithium impurities in radiation damage
in neutron-irradiated MgO single crystals
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Radiation damage induced by neutron irradiation was studied by optical absorption measurements in un-
doped MgO crystals and in MgO crystals intentionally doped with either hydrogen or lithium impurities. The
oxygen-vacancy concentration incurred by the neutron irradiation increases with neutron dose. Suppression of
radiation damage as characterized by oxygen vacancies is observed in MgO:H crystals and attributed to
migration of oxygen vacancies to microcavities filled with hydrogen gas. In MgO:Li crystals irradiated with
neutron doses below 1018 neutrons/cm2, most of the oxygen vacancies are camouflaged as hydride ions formed
by the capture of protons by the oxygen vacancies. Substitutional lithium ions are also displaced. We postulate
that they aggregate at Li2O precipitates. Thermal annealing experiments demonstrate that protons are mobile at
700 K and lithium ions at 1100 K.
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I. INTRODUCTION

The irradiation of MgO single crystals by energetic ne
trons (E.0.1 MeV) produces1 several optically detectabl
defects:~1! anion vacancies~primarily the one-electronF1

center! which absorb at about 250 nm~5.0 eV!,2,3 ~2! anion
divacancies,F2, which absorb at 355 and 975 nm~3.49 and
1.27 eV, respectively!,4–7 and ~3! an unidentified higher-
order point defect which absorbs at 573 nm~2.16 eV!.2,7–10

Cation vacancies are produced, but they do not survive,
cause the cation interstitials are unstable and quickly rec
bine with the vacancies. Cation vacancies can be produ
by the displacement of protons substituting for magnes
ions via an ionization mechanism11,12; however, this will not
be discussed here.

Impurity ions play important roles in the rate of produ
tion of radiation-induced defects in crystalline solids. In ge
eral, impurities enhance the production rate of surviving
cancies, because displaced interstitials are trapped by
impurities.13 In MgO, the formation ofF1 centers is en-
hanced by the presence of Fe impurities.13 However, when
doped individually with two light impurities, MgO crystal
exhibit a decrease in vacancy concentrations. In nomin
pure MgO crystals annealed at high temperature in hydro
prior to reactor irradiation, the vacancy concentration at sa
ration doses is only about 70% of that recorded in un
nealed crystals.14 It has been proposed that the decrease
sults from the migration of vacancies to macroscopic voi
formed by a preirradiation annealing treatment. When do
with a concentration of 231019 cm23 lithium ions,15 a re-
duced concentration ofF1 and F2 centers has been ob
served. A satisfactory explanation of the role played by
lithium ions has not yet been provided.

The mechanisms for displacement are the same in b
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doped and undoped crystals, but the concentration ofsurviv-
ing defects depends on the crystal impurity content. The p
pose of the present paper is to elucidate the role played
these two light ion impurities in reducing the concentratio
of defects, such asF1 centers. This work is divided into fou
sections. The first section addresses the formation ofF1 cen-
ters in nominally pure MgO single crystals. In the seco
section, neutron irradiation of crystals containing large co
centrations of hydrogen is investigated. The third sect
concerns the inhibition ofF1 centers in lithium-doped MgO
crystals. The fourth section analyzes the isochronal annea
behavior of neutron-irradiated MgO:Li crystals.

II. EXPERIMENTAL PROCEDURE

The single crystals of magnesium oxide used in this
vestigation were grown at the Oak Ridge National Labo
tory by an arc-fusion technique using high-purity MgO po
der from Kanto Chemical Chemistry, Tokyo, Japan.16 Typical
chemical analyses have been reported previously.16,17 MgO
crystals intentionally doped with hydrogen were produced
presoaking the starting MgO powder with water. The resu
ing crystals were very cloudy due to the presence of cavi
containing high-pressure hydrogen gas.18,19 Lithium doping
was achieved by mixing 5% of Li2CO3 powder with MgO
powder before crystal growth. The actual lithium concent
tion in the resulting single crystals was determined by sp
trographic analysis to be 400 ppm.

Neutron irradiations were performed either at the O
Ridge National Laboratory Low Temperature Neutron Irr
diation Facility or at the High Flux Reactor of the Institu
for Advanced Materials of the Joint Research Center~JRC!
at Petten. The fluxes were 2.031017 and 7.831017 fission
spectrum neutrons/(cm2 s) (E.0.1 MeV), respectively.
The ambient temperature in both cases was 325620 K.
©2002 The American Physical Society08-1
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Optical absorption measurements in the UV-VIS-IR
gions were made with a Perkin-Elmer Lambda 19 spec
photometer. Far-infrared data were taken with a Perk
Elmer FT-IR 2000 spectrophotometer. Heat treatments w
made in flowing high-purity nitrogen gas inside a horizon
furnace.

III. EXPERIMENTAL RESULTS

In MgO crystals, elastic collisions of energetic neutro
with lattice ions can produce anion vacancies with one
two electrons:F1 and F centers, respectively. In neutron
irradiated crystals the anion vacancies prefer to be in theF1

state. The absorption coefficient of the band at 5.0 eV
reliable determination of the anion-vacancy concentrati
regardless of the charge state. Both the neutralF center and
the positively chargedF1 absorb at this energy. TheF center
absorbs at 5.01 eV, and theF1 center at 4.92 eV.2,3 Although
the oscillator strengths and full widths at half maximu
~FWHM! of these centers are different, their values comp
sate one another in such a way that the measurement o
absorption coefficient at this energy conveniently determi
the sum of the concentrations of both centers. The con
sion factor from absorption coefficient to concentration is
31015 cm22.13 In heavily irradiated crystals, the absorptio
coefficients were obtained by determining the wavelength
which the half-maximum absorption occurs. Table I summ
rizes the conversion factors from absorption coefficient
defect concentration for various defects in MgO crystals.

A. Nominally pure MgO crystals

In Fig. 1, theF1 concentrations of the neutron-irradiate
crystals are plotted versus neutron doses on a log-log p
The concentration of anion vacancies increases with neu
dose, in agreement with previous findings.7,20

In an early work on samples with different iron conce
trations, it was observed that higher Fe content results
higher F1 concentration under either neutron or electr
irradiation.13 The increased damage in crystals with a larg
impurity concentration has been associated with the trapp
of displaced interstitials by impurities, thus preventing th
recombination with vacancies. Interstitials wander into
neighborhood of an impurity atom and form an associat
with some binding energy due to lattice strains around
impurity.13 In general, more impurities mean more trapp
interstitials and as a result more surviving vacancies. Ho
ever, vacancy concentrations can be diminished by dop

TABLE I. Conversion factors from absorption coefficient (a)
to defect concentration (n), n5Ca, for F1, @H2#1, and VOH

2

centers.

Defect Defect description C(cm22)

F1 Oxygen vacancy which has trapped an electron 531015

@H2#1 Oxygen vacancy occupied by a proton 5.531016

VOH
2 A proton substituting for a Mg21 ion 331016
22410
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with selected impurities. In the next two sections, we sh
present results in crystals intentionally doped with hydrog
or lithium.

B. Hydrogen-doped MgO crystals

In a previous study by Hendersonet al.,14 when nomi-
nally pure MgO crystals were subjected to irradiation w
1019 neutrons/cm2 after annealing in hydrogen at elevate
temperatures, the concentration ofF1 centers was reported
to be 30% smaller than in unannealed samples. The redu
concentration was attributed to the migration of vacancies
large lenticular voids filled with hydrogen gas, induced
the preirradiation annealing treatment. In the present stu
instead of preannealing in hydrogen, very cloudy MgO
crystals were grown by presoaking the starting MgO pow
in water. The opacity of the crystals is due to a very hi
concentration of cavities with an average size of 0.6mm
filled with high-pressure hydrogen gas.19 Two intense infra-
red bands appear at 3700 cm21 and 3296 cm21. The
3700 cm21 band is due to OH2 ions in Mg(OH)2 precipi-
tates. The 3296 cm21 band can be regarded simply as a H1

substituting for a Mg21 ion, with a linear configuration of
OH2@11#O22, where@11# refers to a Mg21 vacancy.21,22

This defect is therefore negatively charged with respect to
surrounding, and is commonly referred to as aVOH

2 center.
To study the influence of this large hydrogen concentrat
on the production ofF1 centers, the optical spectra of the
cloudy crystals were compared with clear crystals after n
tron irradiation with 1.031017 and 2.031017 neutrons/cm2.
These crystals were all grown at the Oak Ridge Natio
Laboratory.

Figure 2 shows the optical absorption spectra of a no
nally pure MgO and a cloudy MgO:H sample, both irradiat
to a dose of 1.031017 neutrons/cm2. Apart from an increase
in the absorption of the base line of the MgO:H samp
which is more pronounced at higher energies due to li
scattering from the cavities, the most noticeable differen
between these two spectra occurs in the absorption at 5.0

FIG. 1. Log-log plot of the absorption coefficient at the peak
the 5.0 eV band vs neutron dose for undoped MgO, MgO:H, a
MgO:Li crystals. The ordinate on the right-hand side of the figu
shows the correspondingF1-center concentrations.
8-2
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ROLE OF HYDROGEN AND LITHIUM IMPURITIES IN . . . PHYSICAL REVIEW B65 224108
which is smaller for the MgO:H sample. The anion-vacan
concentrations in two MgO:H samples are plotted in Fig.
Relative to MgO, they were about 35% lower. These res
confirm that the presence of microcavities containing hyd
gen diminishes the net production of anion vacancies.

In the far-infrared region between 4000 and 1000 cm21

~not shown in Fig. 2!, the only change after neutron irradia
tion was an increase of the 3700 cm21 band at the expens
of the 3296 cm21 band. The relocation of protons was in
duced by the concomitantg rays during neutron irradiation
which give rise to Compton electrons. These ionizing el
trons displace protons from theVOH

2 centers to form
Mg(OH)2 precipitates, by a process termed radiatio
induced diffusion~RID! with a phenomenally large cros
section of about 108 b ~where 1 b510224 cm2).12

C. Lithium-doped MgO crystals

In a previous work by Chen and Abraham,15 the net pro-
duction of stableF1 centers has been shown to be su
pressed about 50% by doping with;231019 cm23 lithium
impurities. An explanation has not been provided. In orde
identify the parameters responsible for this effect, fo
MgO:Li crystals were neutron irradiated with the followin
doses: 1.031017, 2.031017, 1.031018, and 1.031019

neutrons/cm2.
The optical absorption spectrum of a MgO:Li sample af

neutron irradiation with a dose of 1.031017 neutrons/cm2 is
also shown in Fig. 2. The most striking difference betwe
this spectrum and that of the undoped crystal is the m
lower absorption at 5.0 eV in the MgO:Li sample, whic
indicates an anion-vacancy concentration about 70% sma
in good agreement with previous findings.15 The absorption
coefficients at 5.0 eV for the four neutron-irradiated MgO:
samples are plotted as a function of dose in Fig. 1. T
suppression ofF1-center production diminishes as the ne
tron dose increases. Above 1018 neutrons/cm2 it is nonexist-
ent.

We shall now address the causes for the suppressio
radiation damage in MgO:Li crystals at doses below 118

FIG. 2. Optical absorption spectra of undoped MgO, MgO
and MgO:Li after neutron irradiation to a dose of 1.031017

neutrons/cm2.
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neutrons/cm2 and the absence of suppression at higher do
There are two reasons. The first, already addressed abov
due to defect sinks at microcavities filled with hydrogen g
with an average size of 0.4mm. These microcavities were
observed by transmission electron microscopy in MgO
crystals.19 However, microcavities alone can account f
only a small portion of the inhibition of anion-vacancy fo
mation. Their concentration in MgO:Li crystals is muc
smaller than in MgO:H. Therefore we conclude that the
fluence of cavities on anion-vacancy suppression is sma

A major reason for the loss of oxygen vacancies is t
these vacancies had captured protons and were camoufl
as hydride ions@H2#1 centers23,24 ~an oxygen vacancy oc
cupied by a proton and therefore positively charged rela
to the lattice!. Indeed, three infrared bands23 at 1024, 1032,
and 1053 cm21, associated with@H2#1 centers, were ob-
served. MgO:Li crystals have a strong affinity fo
hydrogen.24–26 In the as-grown state, MgO:Li crystals ex
hibit a very broad IR band at 3430 cm21 associated with
OH2 complexes perturbed by Li1 ions.24–26The sharp lines
at 3296 cm21 and 3700 cm21, which represent the mos
common stretching frequencies observed in lithium-fr
hydrogen-containing crystals, were absent.

Figure 3 shows the IR spectra for an as-grown MgO
crystal and for three MgO:Li samples that were neutro
irradiated to different doses. In the OH2 region, the irradia-
tion produced a dramatic decrease in a broadband absor
at 3430 cm21 with neutron dose. Sharp bands at 337
3346, 3320, and 3296 cm21 emerged. These bands a
present, to a greater or lesser extent, in virtually all as-gro
MgO crystals, except MgO:Li.21 The 3296 cm21 band is
due to theVOH

2 centers as noted, and the others are due

,

FIG. 3. Infrared optical absorption spectra of~a! an as-grown
MgO:Li crystal and three MgO:Li crystals neutron irradiated
doses of~b! 1.031017, ~c! 1.031018, and ~d! 1.031019 neutrons/
cm2, respectively.
8-3
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OH2 ions perturbed by nearby impurities. In contrast w
other MgO crystals, the 3700 cm21 band was absent, befor
and after neutron irradiation. Furthermore, while t
3700 cm21 band is common to MgO crystals in general,
has not been observed in Li-doped crystals. Under irra
tion, protons associated with substitutional Li1 ions, charac-
terized by the broad OH2 band at 3430 cm21, were dis-
placed, resulting in OH2 ions unperturbed by Li1 ions, as
illustrated by the sharp OH2 bands. In spite of the smaller24

(105 b) but yet enormously large cross section, subst
tional Li1 ions would also be displaced. A question aris
where do these displaced Li1 ions relocate?

As a result of the irradiation with a low dose of 1
31017 neutrons/cm2, an absorption band at 1024 cm21 is
observed @Fig. 3~b!#, which corresponds27 to 3.5
31017 cm23 @H2#1 centers. ~The conversion factor is
given in Table I.! Protons are readily relocated at oxyg
vacancies, thereby creating@H2#1 centers.23,27 The oxygen
vacancies in MgO and MgO:Li, irradiated to a dose of 1
31017 neutrons/cm2, are ;4.331017 and 1.331017 cm23,
respectively. The discrepancy between these concentra
approximates the@H2#1-center concentration determined
the MgO:Li crystals. These results clearly show that
MgO:Li crystals, irradiated with 1.031017 neutrons/cm2, a
substantial fraction of the oxygen vacancies are camoufla
as @H2#1 centers. In the crystals irradiated to doses ab
1.031018 neutrons/cm2, the concentration of@H2#1 centers
becomes very small and theF1 concentration approximate
that of undoped crystals~Fig. 1!.

D. Radiation-damage recovery in neutron-irradiated
MgO:Li crystals

An MgO:Li sample irradiated to a dose of 1.031019

neutrons/cm2 was isochronally annealed at increasing te
peratures above 500 K in flowing nitrogen gas. After ea
anneal, vacancy defects were characterized using
Visible-IR measurements~Fig. 4! and hydrogen-related de
fects using far-infrared spectroscopy~Fig. 5!. The spectra in
Fig. 4 show that at 700 K a slight decrease in anion-vaca

FIG. 4. Optical absorption spectra of an MgO:Li crystal neutr
irradiated to a dose of 1.031019 neutrons/cm2 and after isochrona
annealing for 15 min at several selected temperatures.
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concentration~5.0 eV band! was attended by a small increas
in the concentrations of divacancies~3.49 and 1.27 eV
bands! and other higher-order point defects involving oxyg
vacancies~2.94, 2.75 and 2.16 eV bands!. Since vacancies
are not mobile at this temperature,27 the change in vacancy
concentrations is attributed to valence change. In the
infrared region, the protons were mostly in OH2 sites, but
the @H2#1 bands at 1024, 1032, and 1053 cm21 began to
emerge@Fig. 5~b!#. Protons from OH2 sites began to be mo
bile, resulting in the occupation of anion vacancies.

Annealing at 800 K, the anion-vacancy and higher-ord
vacancy concentrations diminished dramatically~Fig. 4!. The
OH2 bands virtually disappeared and the@H2#1 centers
were formed @Fig. 5~c!#. However, the estimated 1.
31017 cm23 protons lost from OH2 ions were insufficient
to form ;231018 cm23 @H2#1 centers.~The conversion
factor reported in Ref. 18 is given in Table I.! We conjecture
that most of the protons came from the hydrogen gas in
microcavities. With further annealing at 900 K, the 5.0 e
band continued to diminish, while the@H2#1 centers re-
mained unchanged@Fig. 5~d!#.

Annealing at 1000 K depleted all anion vacancies, but
sharp band at 1024 cm21 decayed only slightly@Fig. 5~e!#.
A previous study indicated that in a thermochemically
duced MgO crystal, in which anion vacancies are crea
nonstoichiometrically at 2400 K in Mg vapor, anion vaca
cies are less stable than those occupied by protons.24 Like-
wise in a neutron-irradiated crystal, we demonstrated h
that the presence of a proton stabilizes an anion vaca
against thermal annihilation.

At 1100 K, @H2#1 centers ultimately are annihilated@Fig.
5~f!#. Annealing at 1000 and 1100 K resulted in a broad
eV band~Fig. 4!. This band has previously been observed
MgO:Li crystals annealed at temperatures above 1400
regardless of the ambient atmosphere. This band is cha

FIG. 5. Infrared optical absorption spectra of the same MgO
crystal used in Fig. 4.
8-4
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teristic of MgO:Li only and has not been observed in Mg
crystals not doped with lithium impurities. The defect r
sponsible for this band appear to be diamagnetic and th
fore its structure has not been identified; it is likely related
the association of substitutional lithium ions and oxyg
vacancies.28 Annealing at 1200 K essentially returned th
crystal to its preirradiation state@Figs. 4 and 5~g!#.

The behavior of theF1 and @H2#1 bands during the
thermal anneals is summarized in Fig. 6. Clearly,@H2#1

centers are not formed in significant concentrations until
temperature is sufficiently high for protons in microcaviti
and OH2 configurations to become mobile and diffuse in
the oxygen vacancies. This proton activity begins to occu
about 700 K. Proton occupation renders the vacancy m
stable against thermal annihilation, in agreement with pre
ous findings.24

The results of Fig. 3 suggest that most of the Li1 substi-
tutional ions were displaced from their sites during irrad
tion and relocated somewhere else. However, this proce
reversible: thermal anneals at sufficiently high temperatu
not only destroyF1 and @H2#1 centers, but also dispers
Li1 ions, and the broad OH2 absorption band is restore
@Fig. 5~g!#. Both protons and lithium ions become mobile
temperatures of about 700 and 1100 K, respectively~Fig. 5!.
The latter temperature coincides with that found earlier
the dispersion of Li1 ions from Li2O precipitates during oxi-
dation of as-grown MgO:Li crystals.29 We postulate that the
irradiation-displaced ions likely form Li2O precipitates. Our
speculation is based on the following observations:~1! the
concentration of thermally generated@Li #0 centers in
MgO:Li crystals was observed to decrease upon neu
irradiation25; ~2! after thermal anneals of neutron-irradiat
MgO:Li, the IR spectra in Fig. 5 show that the broadband
3430 cm21 ~associated with OH2 complexes perturbed b
Li1 ions! is restored at the same temperature@Li #0 centers
are formed at the expense of Li1 ions from Li2O precipi-
tates, during oxidation of as-grown MgO:Li crystals29; and
~3! a parallelism in the behavior of Li1 and H1 ions under
ionizing radiation in MgO:Li and in lithium-free MgO crys

FIG. 6. Normalized concentration ofF1 and@H2#1 centers vs
isochronal annealing temperature of the MgO:Li crystal used
Figs. 4 and 5.
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tals containing hydrogen: both light ions form Li2O and
Mg(OH)2 precipitates, respectively.

IV. DISCUSSION

We shall first address the effect of irradiation on proto
in MgO:H crystals. Hydrogen is normally present in thr
forms: ~a! high-pressure hydrogen gas in microcavities,18,19

~b! protons substituting for magnesium ions, formingVOH
2

centers,21,22 and ~c! Mg(OH)2 ~brucite! precipitates.21,22 In-
frared absorption spectroscopy identifies the protons,
OH2 ions, in both the substitutional and precipitate form
The distribution of protons between the two forms depen
on the past thermal history of the sample, notably the coo
rate. Slow cooling favors the precipitates, while quench
favors the substitutional form.11 During irradiation, protons
are displaced by an ionization process, with a phenomen
large cross section of 108 b . Therefore in a reactor, it is th
Compton electrons, due to the attending gamma rays,
cause the displacement of protons. The displaced pro
find themselves forming Mg(OH)2 precipitates, leaving be
hind magnesium vacancies in the form ofV2 centers.12 The
latter has been identified by electron paramagnetic reson
~EPR!.

In contrast, our understanding of the MgO:Li system
nowhere as thorough, simply because of the lack of a sp
troscopic tool to monitor lithium ions. Nevertheless, the
sults of the present study permit us to draw some conclus
about the fate of the lithium ions during irradiation. Lithium
impurities are present30,31 in three forms:~a! an isolated Li1

ion substituting for a Mg21 ion and therefore negatively
charged with respect to its surroundings. EPR has identi
the substitutional Li1 ion when it has trapped a hole at lo
temperatures. This hole is unstable at room temperature~b!
A Li 1 ion nearby an OH2 ion. This complex gives rise to the
broad absorption band at 3430 cm21 without sharp features
The fact that this band is characteristic of lithium dopi
indicates that it is due to OH2 ions perturbed by lithium
ions. Lithium has a strong affinity for hydrogen. While it
possible to grow MgO crystals with a minimal amount
protons, it has not been possible to dope them with lithi
without a large amount of hydrogen. In this sense, the p
ence of protons complicates the problem, but at the sa
time permits the use of infrared spectroscopy to monitor
Li1 ions indirectly. ~c! Li2O precipitates, identifiable by
transmission electron microscopy.31

Given, from previous studies,12,24 that the cross section
of displacements are 108 and 105 b for protons and Li1

ions, respectively, the displacements of these two light
purities readily takes place by ionizing Compton electrons
independent of the displacement of the anions by elastic
lisions with neutrons. While there is an abundance
hydrogen in the crystal, no Mg(OH)2 precipitates have bee
observed in lithium-doped crystals, regardless of heat tr
ment. This observation suggests that the presence of lith
prevents the formation of brucite precipitates. During reac
irradiation protons are the first to be displaced, followed
Li1 ions. Therefore we postulate that the displaced prot
have nowhere to go and eventually end up where t

n

8-5
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started. Next, the isolated Li1 ions are displaced, leavin
behind cation vacancies. These vacancies are quickly o
pied by the rampant protons, giving rise to theVOH

2 centers,
as noted by the 3296 cm21 band, shown in Figs. 3~b!–3~d!.
The displaced Li1 ions cannot return to their original site
because they are already occupied by the more mobile
tons. Li1 ions from the adjacent OH2 complex are likewise
displaced, resulting in a decrease of the 3430 cm21 band.
We also postulate that the displaced Li1 ions contribute to
Li2O precipitates, either by enlarging old ones or formi
new ones. At some later point, ample anion vacancies
formed by the neutron bombardment. These vacancies
readily capture protons, giving rise to the@H2#1 band at
1024 cm21 @Fig. 3~b!#, and just as readily lose them b
ionizing radiation to other configurations, such as theVOH

2

centers@Figs. 3~c! and 3~d!#.
Annealing experiments permit us to explore the reve

process of radiation-induced defect formation and provide
with information on the thermal activities of the light ion
We know from previous works12,29 that protons and Li1 ions
are mobile at 700 K and 1100 K, respectively. In the pres
study on a MgO:Li crystal irradiated to 1019 neutrons/cm2,
we observed that~a! protons fromVOH

2 centers and the mi
crocavities began to be thermally active at 700 K and occ
anion vacancies giving rise to the@H2#1 centers at
1024 cm21, as shown in Fig. 5~b!; and ~b! Li1 ions which
had been displaced from the lithium-perturbed OH2 ions re-
turned at 1100 K to give rise to the broad 3430 cm21 band
again@Fig. 5~f!#. Therefore the formation and destruction
radiation-induced defects involving H1 and Li1 are consis-
tent with the temperatures at which these light impurities
known to be thermally active.

V. SUMMARY AND CONCLUSIONS

The radiation damage induced by neutron irradiation
the dose range 1015–1019 neutrons/cm2 was studied in nomi-
nally pure, hydrogen-doped, and lithium-doped MgO cr
il-

22410
u-

o-

re
an

e
s

t

y

e

n

-

tals. The conclusions derived are the following.
~1! The present work confirms that the concentrations

anion vacancies and higher-order point defects increa
with neutron dose.

~2! This work also confirms that high concentrations
hydrogen, in the form of high-pressure hydrogen gas ins
microcavities, suppress the formation of anion vacancies
higher-order defects. These microcavities serve as a sink
migrating vacancies. A net reduction of 35% anion-vacan
concentrations has been observed.

~3! In lithium-doped crystals~which have a strong affinity
for hydrogen! irradiated with neutron doses below 1018

neutrons/cm2, the diminished concentration of anion vaca
cies and higher-order defects is camouflaged by the oc
pancy of these vacancies by protons, giving rise to hydride
@H2#1 ions. The ratio of the concentration of@H2#1 ions to
anion vacancies was observed to be more than 2:1.

~4! Lithium ions are displaced from the isolated site
leaving behind cation vacancies which quickly capture p
tons to formVOH

2 ions. Likewise, lithium ions are displace
from the OH2 complex, resulting in a decrease of th
3430 cm21 band. It is postulated that the displaced lithiu
ions form Li2O precipitates.

~5! Thermal annealing experiments demonstrate that p
tons are mobile at 700 K and lithium ions at 1100 K, cons
tent with what is known of the mobilities of these light-io
impurities.
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