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Section 5. Tritium interactions with solid breeder surface 

Advanced understanding of the tritium recovery process from the 
ceramic breeder blanket 
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Abstract 

The key to successful operation of a tritium breeder blanket is to understand the tritium transport and release 
characteristics and the role that hydrogen plays in this process. Indications are that grain size (surface-to-volume ratio) 
largely determine whether tritium release is limited by diffusion or desorption. That is, the larger the grain size the higher the 
probability that bulk diffusion will determine the release rate. For smaller grain size, the actions taking place on the grain 
surface become extremely important especially as regards the role that hydrogen plays in the overall process. Experimental 
studies have indicated that the presence of 0.1% H 2 in the helium purge gas enhances the release of tritium from the lithium 
ceramic. The tritium released has been found in the form of both HT and HTO. The ah initio calculations on the dissociative 
hydrogen chemisorption on lithium oxide surfaces provide one component of the quantitative basis for an understanding of 
the role of hydrogen in affecting the release of tritium from lithium ceramic breeders. These calculations suggest heterolytic 
adsorption of hydrogen onto the ceramic surface. © 1997 Elsevier Science B.V. 

I. Introduction 

For development of fusion energy as a power source, it 
is imperative that sufficient supplies of tritium fuel be 
available to sustain the D / T  fusion reaction. To secure an 
adequate tritium supply, current fusion reactor designs 
contain a breeder blanket for production of tritium. The 
blanket in the fusion reactor serves two primary functions: 
breeding tritium and converting the released energy into 
sensible heat. Lithium ceramics have been investigated and 
found to be attractive materials for use as tritium breeder 
materials. In numerous in-pile experiments on tritium re- 
lease [1-5], it has been shown that hydrogen enhances 
tritium release from lithium ceramics. Tritium release is 
particularly facile when an argon or helium purge gas 
containing hydrogen, typically at levels of about 0.1%, is 
used. However, the addition of  hydrogen to the purge gas 
imposes a penalty when it comes to recovery of the tritium 
produced in the blanket. In particular, a large amount of 
hydrogen in the purge gas will necessitate a larger multi- 
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pie-stage tritium purification unit which could translate 
into higher costs. Optimizing tritium release while mini- 
mizing the amount of hydrogen necessary in the purge gas 
requires a deeper understanding of the tritium release 
process, especially the interactions of hydrogen with the 
surface of the lithium ceramic. 

Tritium transport and release from a lithium ceramic 
breeder material is a complex process involving diffusion 
in the grain, trapping, grain boundary diffusion, surface 
reactions, desorption and molecular diffusion in the gas 
phase. In this paper we review recent studies that address 
the importance of surface reactions and desorption in 
determining tritium release characteristics and the rate 
limiting mechanisms. Also recent models used to describe 
the interaction of hydrogen with the ceramic breeder sur- 
face and its role in the tritium release process is discussed. 

2. Tritium transport and release 

The early irradiation's of lithium ceramics focused 
primarily on tritium diffusion as the dominant mechanism 
for tritium release [1-5]. Many studies focused on the 
tritium transport behavior in lithium aluminate [6-11], one 
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of several candidate ceramic breeder materials. Many as- 
sumed that diffusion was the rate limiting mechanism for 
tritium transport and release from LiA10 2 and the rate 
constant for tritium diffusion in LiA10 2 was calculated 
from release experiments. Tritium diffusivity values rang- 
ing over six orders of magnitude were reported. In addi- 
tion, the question as to whether diffusion or desorption was 
the rate-limiting mechanism was strongly debated [12-16]. 
In the sections that follow the various steps in the tritium 
release process are described. In Section 2.1 attention is 
focused on bulk transport processes that enables tritium to 
reach the grain surface. In Section 2.2 the processes taking 
place on the ceramic surface during tritium release are 
examined with attention being given to the role that hydro- 
gen and the surface play in the tritium release process. 
Section 2.3 describes the use of a sophisticated computer 
code to examine the interaction of hydrogen with the 
lithium ceramic surface for further insight into the details 
of the tritium release mechanism. 

2.1. Tritium transport in the bulk 

The liberation of tritium from a neutron irradiated 
lithium ceramic is composed of at least two consecutive 
processes, the diffusive motion of the tritium atom within 
the solid and its subsequent release from the surface of the 
ceramic. It is important to distinguish the rate controlling 
step contributing to tritium release. The rate controlling 
step has been observed to change from surface phenomena 
to diffusion as the grain size of the specimen increases and 
as temperature increases. In order to address tritium release 
issues, one needs a firmer understanding of the mechanism 
through which hydrogen enhances tritium release. 

One reason for the wide range in reported values for 
tritium diffusion is that measurements were performed 
under conditions where desorption from the ceramic sur- 
face was actually the rate-controlling release mechanism. 
Generally, the method for determining the diffusion and 
desorption rate constants has been to observe tritium re- 
lease from the ceramic and analyze the time dependence of 
the release process. The data are analyzed using a diffu- 
sion, desorption, or a mixed diffusion-desorption model. 
Complementary measurements that would indicate whether 
release is in the diffusion- or desorption-controlled regime 
are usually not made. Recently, Bertone [17], Quanci [18] 
and Verrall [19] have employed mathematical tests based 
on the initial slopes of plots of the natural log of the 
fraction released versus time to determine whether release 
falls into the diffusion or desorption regime. 

Bertone [17] may have been the first to address the 
boundary conditions that define whether bulk diffusion or 
surface desorption is the rate limiting step in tritium 
release. This study indicated that tritium release is con- 
trolled by: (1) diffusion of tritium through the crystal when 
the dimensionless group a k / D  > 10, (2) desorption of 
tritiated water from the crystal surface when a k / D  < 1 
and (3) a combination of these processes when 1 < a k / D  
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Fig. 1. Summary of tritium release model [17]. The figure outlines 
tritium release as a function of grain size and temperature. 

< 10, where a is a characteristic crystal size, k is the 
governing desorption rate constant and D is the governing 
diffusion coefficient. As both the diffusion coefficient and 
the desorption rate constant are temperature dependent, 
this approach indicates that the form of the rate controlling 
mechanism depends primarily on crystal size and release 
temperature (see Fig. 1). Bertone [17] suggested that this 
approach has wide applicability for mixes of sizes and 
shapes of the ceramic particles and for various conditions. 

Following the work of Bertone [17], Quanci [18] con- 
ducted a detailed experimental program on single crystal 
Li20 to test the postulates. From the solution to Fick's law 
one can show that the fraction of tritium released as a 
function of time is 

f =  1 - 6 / ~ r 2 E 1 / n  2 exp( - n2~r2Dt/a2), (1) 

where f is the fraction released, D is the diffusion coeffi- 
cient, t is the temperature and a is the grain diameter. To 
distinguish diffusion controlled release one must probe the 
behavior of f at small times using the following test: 

l im(t  ~ 0)d l n ( f ) / d  In( t )  = 1 /2 .  (2) 

If tritium release is governed by the release of tritium from 
the crystal surface, the internal migration of tritium occurs 
at a much faster rate than desorption from the surface. As a 
result the governing release equation can be derived by 
simply equating the decrease in the crystal's internal tri- 
tium concentration with the flux of tritiated species ema- 
nating from the crystal surface and 

4/3"rra 3 d C ( t ) / d t  = - 4 7 r a 2 k C ( t ) ,  (3) 

where C is the concentration and k is a first order rate 
constant. By integrating Eq. (3) over time, one can show 
that the fraction of tritium released ( f )  is 

f =  1 - exp( - 3k t /a ) .  (4) 
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Again, probing the early stages of release and for small 
values of time: 

l im(t  ~ 0 ) d i n ( f  ) / d i n ( t )  = 1. (5) 

Using single crystal lithium oxide of 10, 100 and 1000 txm 
in diameter, Quanci [18] collected experimental data that 
confirmed the appropriateness of the Bertone approach. 

Frequently, the initial release behavior does not follow 
the prescribed mathematics due to time delays in the 
recorded tritium release or because of the vagaries in the 
mathematics and the experimental apparatus. Verrall [19] 
established a more rigorous methodology for the Bertone 
approach when he identified the need to initiate analysis at 
a particular time in the tritium release process. In practice, 
the release rate of tritium will never follow the diffusion- 
controlled relation at small times, even when the release of 
tritium is controlled by diffusion, because the formula 
diverges (goes to infinity) at t = 0, showing that the 
formula can not be meaningful at t = 0. Ionization cham- 
bers and proportional counters have a relatively large 
internal volume that contains the tritium that is being 
measured. As the tritium enters the chamber, the tritium 
concentration in the chamber increases from zero to a 
finite maximum and then decreases. Under these condi- 
tions, the measured release rate did not follow the relation- 
ship d i n ( f  ) ~ d i n ( t ) =  1/2 ,  especially at small times. Sur- 
prisingly, no matter what the shape of the release curve 
and no matter what point along the curve is selected as 
t = 0 ,  the relationship d l n ( f ) / d l n ( t )  was found to be 
equal to 1. Although this limit is 1 for all tritium release 
curves, diffusion and desorption control can still be distin- 
guished by examining d i n ( f  )~din(t) ,  not in the limit as t 
goes to zero, but for longer times, i.e., many times the 
detector time constant. Thus, the shape of the logarithmic 
derivative over long times can be used to distinguish 
between diffusion and desorption controlled release. 

Another factor that was thought to contribute to the 
spread in the reported diffusion coefficients was the pres- 
ence of impurities in the lithium ceramic. Impurities can 
alter the diffusivity by creating vacancies, interstitials, or 
other defects. In lithium aluminate, it has been postulated 
that tritium diffusion occurs via a lithium-vacancy tritium 
complex [20]. If this is the case, then impurities that affect 
the number of lithium vacancies should also affect the 
tritium diffusivity. The sensitivity of the tritium diffusivity 
to these impurities depends on the number of lithium 
vacancies caused by the impurity relative to those defects 
present in the pure material. 

Experimentally, it may be possible to address these 
difficulties simply by examining the tritium distribution 
within the ceramic. In the bulk, contributions from resorp- 
tion are expected to be small and should be limited to the 
near-surface region. Therefore, the concentration gradient 
in the interior should be less sensitive to the desorption 
rate constant, making it possible to obtain good values for 
the diffusion coefficient, even in the mixed diffusion-de- 

sorption regime. Isothermal anneal tests were performed 
[21] on single-crystal samples (approximately 1.5 mm 
diameter) to determine the diffusivity of tritium in lithium 
aluminate. Large single crystals were used to minimize 
contributions from desorption. Diffusion kinetics become 
more dominant as the crystal radius increases due to the 
decreasing surface area-to-volume ratio. However, the re- 
lease may still be in the mixed diffusion-desorption regime, 
which would make obtaining the rate constants from the 
time dependence of the tritium release difficult. Therefore, 
the experimental approach was to section the sample after 
each anneal and determine the diffusivity from the tritium 
concentration profile within the sample. Further, to under- 
stand the effects of impurities on the tritium transport, the 
tritium profiles in pure and Mg-doped (0.3%) LiAIO 2 have 
been studied. 

Tritium release from single-crystal lithium aluminate 
[22] was modeled by assuming diffusion in the bulk with 
desorption occurring at the surface. The differential equa- 
tions governing the tritium transport are 

OC/Ot = D(~2C/Or 2 + 2 / r O C / ~ r )  for 0 < r < a (6) 

and 

OC/Or + K C / D  = 0 for r = a. (7)  

The solution to Eqs. (6) and (7) for the case of a constant 
initial concentration C i is given by Carslaw and Jaeger 
[23]: 

C = 2hCi/rGexp(-Do~nt)[a2ozn + (ah  - 1) 2]/o~ n 

× [ a2~n + ah(ah - 1)] sin(aotn)sin (rotn),  (8) 

where C is the concentration at position r, k is the 
desorption rate constant, D is the diffusivity, h = k / D ,  C i 
is the initial concentration, a is the crystal radius, r is the 
radial position, t is the time, and a n represents the roots 
of a~ cot(a~) = 1 - ah. 

One can determine the diffusivity and desorption rate 
constant given the tritium concentration at the surface, the 
tritium concentration at the center, and the initial tritium 
concentration; a better method might be to fit the total 
observed tritium profile to Eq. (8). This approach would 
minimize errors due to measuring the very small crystals 
left at the end of the dissolution step. Diffusivities were 
obtained from the initial concentration (determined from 
the sum of the tritium collected in ethylene glycol traps 
during the anneal and the tritium remaining in the sample 
determined by sectioning) and a minimization routine that 
fit the concentration data to Eq. (8) (see Fig. 2). 

Tritium diffusivity was observed to follow a simple 
Arrhenius- type temperature dependence, with the diffusiv- 
ity determined for the doped and undoped materials being 
the same within experimental error. This suggests that 
impurities which create lithium vacancies have little or no 
effect on tritium diffusion in lithium aluminate over the 
temperature range investigated. 
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Fig. 2. Observed and calculated tritium profile for pure LiA102 
annealed at 1056 K for 4500 s (D = 3.24× 10 -12 m2/s, K = 9.0 
X l0 -8 m/s). 

Tritium desorption rate constants determined by the 
sectioning method exhibited some scatter. The scatter may 
be due to experimental difficulties in determining the 
concentration at the surface, or to a more complex surface 
desorption processes in which different mechanisms func- 
tion at different temperatures. The latter explanation would 
be in agreement with previous temperature-programmed 
desorption (TPD) [16] experiments which indicate several 
desorption mechanisms. Using the values determined for 
D and k from the large single crystals, desorption will be 
rate controlling when the ratio a k / D  is less than or equal 
to 1. For grain radii less than 100 p~m, the tritium transport 
will be in the desorption-controlled regime. Thus, for 
in-pile tests where a < I00 p~m these results suggest that 
tritium release should be desorption controlled. 

2.2. Tritium desorption from the ceramic surface 

While desorption has been determined to be the rate- 
limiting step in tritium release [24-26], the details of the 
release process are still receiving attention. Early on, tri- 
tium desorption was treated as occurring from one site 
with one desorption activation energy. However, in recent 
experimental studies [27-29], the rate of evolution of 
H20(g)  was observed to go through several maxima which 
was interpreted as indicating that evolution proceeded 
from several types of desorption sites, each with its corre- 
sponding activation energy. Isotherms and isobars derived 
from the adsorption data revealed two processes with 
different activation energies for adsorption. Also, the heats 
of  adsorption were found to depend upon the degree of 
surface coverage. 

In developing theoretical models of tritium release from 
ceramic breeder materials, the activation energy of desorp- 

tion is an important variable. The activation energy for 
desorption is equal to the sum of the heat of adsorption 
and the activation energy of adsorption. Usually, the acti- 
vation energy of adsorption is small so that the activation 
energy of desorption is approximated by the heat of ad- 
sorption. It follows that the activation energy of desorption 
is a function of surface coverage as is the heat of adsorp- 
tion. The observed range of values for the heat of adsorp- 
tion indicates a range of activation energies for desorption. 
The physical basis for such a range is the existence of 
multiple types of sites for adsorption and, hence, multiple 
types of sites from which desorption occurs. For example, 
a theoretical analysis of the types of O H -  sites possible on 
the surface of alumina, characterized in terms of the 
number of 0 2- nearest neighbors, showed five different 
types of sites to be present. 

The complexity of the H20(g)  adsorption/desorption 
process for lithium aluminate has recently been examined 
[30]. Reactivity differences in adsorption sites could be 
that one kind of adsorption site involves lithium ions and 
adjacent oxides and another kind of site involves alu- 
minum ions and adjacent oxides. Further evidence from a 
number of studies on candidate ceramic breeder materials 
indicate multiple types of sites, with their associated acti- 
vation energies for desorption, are involved in the desorp- 
tion of H20(g), HTO(g), or T2(g) from the ceramic breeder 
surface [31]. The degree of surface coverage by adsorption 
of H20(g) or H2(g) and diffusion of tritium to the grain 
surface will determine which type of site is dominant in 
the release process and what the desorption activation 
energy will be at that time. Related studies have shown 
that multiple desorption processes are involved in the 
evolution of H 2 0  (T20) from the lithium ceramics [31]. 
These processes differ in several respects: (1) they can 
involve chemisorption or physisorption, (2) there can be 
different degrees of surface coverage by O H -  groups and 
(3) differing types of surface sites from which desorption 
occurs. The distinction in sites may involve defects, impu- 
rities and differences in ions on different crystallographic 
planes exposed to the gas phase. 

A study of hydrogen adsorption/desorption from 
lithium oxide using a combination of temperature pro- 
grammed desorption (TPD) and diffuse reflectance in- 
frared Fourier transform spectroscopy (DRIFTS) measure- 
ments was carried out to gain information about the species 
present on the surface of the lithium ceramic and their 
relationship to tritium desorption. From the shape and 
position of the desorption peak in the TPD spectra one can 
obtain information about the energetics of the desorption 
process [32]. However, as  TPD provides no information on 
the identity or form of the species desorbing from the 
surface, DRIFTS fills this gap and provides the informa- 
tion on the identity of surface species. 

The hydroxyl region of the DRIFTS spectra for lithium 
oxide powder was examined after exposure to a purge gas 
of Ar + 0.1%D 2 at 365°C. Several different absorption 



C.E. Johnson et al. / Journal of Nuclear Materials 248 (1997) 91-100 95 

peaks were observed for OH and OD. Under different 
conditions, other peaks appear more prevalent. Deconvolu- 
tion of these curves indicates four different OH absorption 
peaks at: 3657, 3604, 3480 and 3400 cm-L. Upon expo- 
sure to D 2, corresponding OD peaks were observed at 
2695, 2659 and 2560 cm -1. (The OD peak corresponding 
to the OH peak at 3400 cm-~ was not observed, probably 
due to the very low intensity of this band under the 
conditions investigated.) These results suggest that there 
are four different OH species on the surface. We propose 
that these are OH species with coordination numbers of 2, 
4, 6 and 8, respectively. The strength of the OH bond and, 
therefore, the OH vibration frequency, will depend on the 
electron density on the oxygen. As the electron density on 
the oxygen is reduced by coordination to Li atoms in the 
lattice, the O - H  bond strength should decrease, decreasing 
the frequency of the absorption. This is similar to the 
effect seen for infrared absorption of terminal versus bridg- 
ing carbonyl groups [33]. 

Under certain conditions, infrared absorption peaks were 
observed in the region where a L i - H  stretch is expected 
( ~  1280 c m - l ) .  At temperatures above 380°C and with a 
purge gas of Ar + 0.1% hydrogen, absorption peaks occur 
over the range 1245 to 1212 cm -1. When the purge gas is 
changed to pure argon, these peaks disappear suggesting 
that these absorptions may be due to the presence of a 
L i - H  species on the surface. The fact that the infrared 
peaks at 1245 to 1212 cm -~ are shifted to slightly lower 
frequencies than that observed for bulk lithium hydride 
(1280 c m -  t), may be due to a bridging hydride. Confirma- 
tion that these peaks are due to hydride formation by 
isotopic substitution with deuterium has not been possible 
since deuterium shifts the peaks to a position beyond the 
absorption edge. The presence of a LiH species on the 
surface suggests that hydrogen is heterolytically adsorbed 
on the surface to form H + ( O H - )  and H-(LiH).  Quantum 
mechanical calculations indicate that this type of het- 
erolytic adsorption could be expected on some lithium 
oxide surfaces [34]. 

The combination of the TPD curve and the DRIFTS 
results suggests that the TPD peak observed at about 
390°C (663 K) is due mainly to removal of the OH species 
from the surface. The observation of this species at the 
surface and the observed change in the concentration of 
this species with time indicate that the rate-controlling 
mechanism for the disappearance of this peak is not bulk 
diffusion. If bulk diffusion were the rate controlling pro- 
cess, one would expect the surface concentration to be near 
zero and no appreciable change in the surface concentra- 
tion of this species would be observed during the TPD 
peak. 

2.3. Quantum mechanical description for  tritium release 

A better grasp of the role of hydrogen in the tritium 
release process may be gained through an understanding of 

the mechanism by which hydrogen enhances tritium re- 
lease. A mathematical approach employing computer simu- 
lation technology has been used to model the processes 
involved in the adsorption of hydrogen onto the lithium 
oxide surface. The methodology is guided by the under- 
standing obtained from ab initio calculations of hydrogen 
chemisorption on Li20 surfaces. The constraints placed on 
the mechanistic processes by stoichiometry requirements 
were examined and leads to consideration of both surface 
steps and point defects. 

The technique that has been employed is the self-con- 
sistent-field Hartree-Fock method with linear-combination 
of atomic orbitals (LCAO) modified to a crystalline envi- 
ronment. The ab initio method, contains no ad hoc ad- 
justable parameters and uses crystal orbitals (COs) instead 
of molecular orbitals (MOs) [34-36]. These COs are de- 
fined (similar to the molecular orbital approach) as a 
linear-combination of atomic orbitals but with the periodic 
environment of the crystal built-in. This approach takes the 
extended nature of the crystalline lattice into account. The 
CRYSTAL code [37] that we use for such calculations has 
adopted this CO approach. However, for some low sym- 
metry configurations, such as kinks and ledges on surface 
step structures, the CRYSTAL approach may not be practi- 
cal. In such situations a finite cluster approach, based on 
the GAUSSIAN90 code [38], was found to be more suited 
to simulate the low symmetry configurations. Both codes 
have been utilized in a complementary manner. The main 
emphasis of the study was to investigate the possibility for 
dissociative hydrogen chemisorption on the unrelaxed ter- 
race sites of Li20  surfaces with the CRYSTAL code being 
the principle tool used [34]. 

A slab model was also used when the semi-infinite 
lithium oxide crystal was simulated by a finite number of 
atomic layers parallel to the crystal surface. Hydrogen 
adsorption onto the (110) and (111) terraces of lithium 
oxide, and the step structures on the (110) terrace has been 
investigated. Surface reactivity has been analyzed using an 
analysis of the change in the local density of states (DOS) 
as a function of the change in the local environment. 

One of the keys to a successful ab initio calculation, is 
obtaining a good basis set to represent the electronic 
structure of the species. In the case of lithium oxide, its 
bonding characteristic is strongly ionic. In free space, the 
0 2- is an unstable ion; however, in crystalline Li20,  the 
anion is stabilized by the surrounding Li + ion environ- 
ment. In this situation, the two extra electrons on the 
oxygen ion would induce a relaxation of the valence 
electrons. This particular consideration for 0 2- is neces- 
sary for any oxide in which the bonding is reasonably 
ionic. This effect is taken into account in an optimized 
basis set designed for the oxygen ion in an Li20 environ- 
ment. Recent calculations on bulk crystalline Li20 done 
by Dovesi et al., [39] have indicated that the optimized 
basis set, [14s/6p] and [7s / lp ]  for oxygen and lithium, 
respectively, yields lattice constants, elastic constants, and 
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Table 1 
Comparison of the energy and geometrical parameters from 
Hartree-Fock calculations with that from experiment 

Dovesi [39] Experiment 

Total energy (eV) -2447.920 - 
HF cohesive energy (eV) 7.864 11.755 a 

Lattice parameter (A) 4.57 4.57 [42] 
Bulk modulus (dyn cm -2 ) 0.93 X 1012 0.85 X 1012 [42] 

a Obtained with an atomic reference from thermochemical data 
[44].  

central zone phonon frequencies in good agreement with 
experimental values. Table 1 lists the results of the calcula- 
tions and the corresponding experimental data. We have 
adopted this crystalline basis set [39] for our calculations 
involving lithium oxide. For hydrogen, the basis set [7s / lp ]  
obtained by Dovesi [40] was used, wherein the calculated 
equilibrium Hartree-Fock bond length of H 2 of 0.738 A is 
in good agreement with its experimental value of 0.742 
[41]. 

3. Results and discussion 

The geometrical and electronic structures of the bulk 
Li20, the stability of the Li20 surfaces and dissociative 
hydrogen chemisorption on the Li20  surfaces are dis- 
cussed in Sections 3.1, 3.2, 3.3 and 3.4. The CRYSTAL 
code was used unless stated otherwise. 

3.1. Crystalline and electronic structure of Li 20 

A number of experiments [41-43] have investigated the 
bulk properties of crystalline Li20, which has an anti-fluo- 
rite structure with the space group Fm3m. The experimen- 
tal lattice constant a 0 at T = 0 K is 4.573 A [42], obtained 
by extrapolating the a o versus T curve measured in the 
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Fig. 3. The Hartree-Fock total density of states of crystalline 
Li20. 

range of 293-1300 K. For the lattice constant of 4.573 A, 
the nearest Li-L!,  O - O  and L i - O  distances are 2.286, 
3.224 and 1.980 A, respectively. 

The calculated density of states (DOS) for the valence 
bands of bulk Li20 are shown in Fig. 3. Fig. 3 identifies 
the order of the occupied bands of lithium and oxygen 
according to their energies. It also describes the number of 
states within an interval of energies between E and E + 
dE. The deepest band, not shown in Fig. 3, occurs at 
-555.910 eV and is the ls core orbital from oxygen (O 
Is). This band is followed by the two bands of the ls 
orbital from lithium (Li Is), in the interval of -63.451 to 
-63 .105  eV. The 2s orbital of oxygen (O 2s) appears 
between -31.231 to -30 .810  eV and the highest bands 
located between -13 .554  to -10 .025  eV are the p or- 
bitals of oxygen (O 2p). 

Our ab initio calculation of crystalline Li20  indicates 
that it is a strongly ionic material for the following rea- 
sons. First, there is little overlap of the ionic charge 
distribution between the nearest neighboring L i - O  bonds, 
as indicated by the small and negative ( - 0 . 0 1 )  bond 
population. This shows the limited presence of covalence. 
Secondly, as a consequence, the crystalline Li20  energy 
bands are well separated and the lithium band does not 
contribute to the uppermost valence band of oxygen (Fig. 
3, O 2p). Finally, from a Mulliken analysis of the charge 
distribution, the net charge of oxygen is - 1.94 eV, very 
close to the value of - 2  eV expected from ideal ionic 
bonding. 

3.2. Stability of unrelaxed Li20 crystal surfaces 

A study of the Li20  surface was carried out with the 
slab model. In this model, the semi-infinite Li20 crystal 
was simulated by a finite number of atomic layers parallel 
to the exposed surface, reproducing the crystal geometry. 
Lithium oxide crystal has three surfaces, namely, (100), 
(110) and (111). The (100) surface consists of alternating 
lithium layers and ox~cgen layers. The distance between the 
two layers is 1.143 A. Each layer of the (110) surface is 
neutral and has both lithium and oxygen on the same 
plane. The layer separation is 1.617 A. The (111) surfaces, 
for the smallest neutral unit, have two lithium layers and 
one oxygen layer and the oxygen layer is located between 
two lithium layers. The distance between the lithium and 
the oxygen layers is 0.660 A and the distance between the 
two adjacent lithium layers is 1.320 A. The stacking of the 
layers for these different surfaces are shown in Fig. 4. 

The charged layers were classified into three classes 
depending upon the stacking sequences of the charged 
layers in the bulk of the crystal[45]. The stacks of the (100) 
planes are charged and have a dipole moment (/x) perpen- 
dicular to the planes (Fig. 4a). Addition of an extra neutral 
unit of two planes to the (100) surface creates a dipole-di- 
pole interaction which will affect the energy of ions within 
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Fig. 4. Stacking sequence of (100), (110), and (111) planes. The 
non-zero dipole moment (/z) occurs on the (100) and (111) 
planes, with the anion termination. M denotes Li + and O is 0 -2 . 

the crystal. The potential, therefore, never settles to its 
normal bulk value and the surface energy does not con- 
verge. Thus, the (100) surface is energetically unstable 
and, therefore, will not be considered further. Unlike the 
(100) planes, the (110) layers are built up from a stack of 
neutral layers (Fig. 4b). Both lithium and oxygen ions are 
present on each layer in a ratio such that the total charge is 
zero. The (110) surface is energetically stable since no 
dipole moment is created by the layer. Addition of (110) 
layers on the surface will have no electrostatic effect on an 
ion in the bulk. The (111) planes exhibit two different 
stackings. For one of these, the surface which terminates 
with the cation layer (Fig. 4c(i)) has no net dipole moment 
and is stable. The other, which starts with the anion layer 
(Fig. 4c(ii)), has a non-zero moment that causes the sur- 
face to be unstable. To our knowledge no experimental 
study has been done on the ordering and faceting proper- 
ties of Li20  surfaces. 

The surface energy (SE) of (110) and (111) surfaces 
can be calculated from the following equation [46]: SE = 
(nE b -  E") /2  where the denominator 2 is included be- 
cause the surface energy is calculated with respect to one 
surface only; n denotes the number of layers, in this case 
n =  1, 2, 3 . . . .  for (110) and n = 3 ,  6, 9 . . . .  for ( l l l ) ;  
E b is the total energy (per Li20) of the bulk and E ° 

represents the total energy (per nLi20) of the n-layer slab. 
The surface energy of the stable (110) and (111) surfaces 
converges as the number of layers increase. The surface 
energy of (111) converges to 0.679 J m-2  while the (110) 
converges to 1.443 J m -2. A significant change in the 
surface energy, about 0.239 J m -z ,  occurs from the one- 
to two-layer ( l l 0 )  slab as a result of the uncoordinated 
ions on the single layer. The surface energies with the 
extended basis set for (111) and (110) calculated by Dovesi 
et al. [39] are about 15 and 11%, respectively, lower than 
those calculated by Lichanot et al. [47]. In our work, the 
surface energy is 0.764 J m -2 lower for (111) than (110). 
This reflects the fact that the (111) surface is the natural 
cleavage plane in the anti-fluorite structure. Although the 
(111) surface is energetically more favorable, in reality, 
one expects that a faceted Li20  crystal would have both 
(110) and ( l l l )  surfaces present on a typical ceramic 
surface. 

An electronic charge density contour calculation of the 
three-layer (110) slab shows that a lack of covalence 
occurs with a clear charge separation between the nearest 
L i - O  neighbors. A similar ionic characteristic was ob- 
served for the (1 l 1) surface. 

3.3. Dissociative hydrogen chemisorption on lithium oxide 
terraces 

In the heterolytic environment around the L i - O  sites 
and for 100% hydrogen coverage, exothermic, dissociative 
chemisorption of hydrogen occurs on a one-layer (110) 
slab. The chemisorption reaction produces O H -  with a 
covalent type of bonding and Li+H - Li + with an ionic 
type of bonding, where the H -  forms a bridge bond 
between two lithium sites. However, the calculations for 
the (110) terraces for an n-layer slab (where n = 2 and 3), 
indicate an endothermic reaction. Therefore, the calculated 
results suggest that the one-layer terrace is very reactive as 
compared to a two- or three-layer terrace. For the one-layer 
case, the local coordination of oxygen and lithium sites is 
fourfold and twofold respectively, whereas that for multi- 
layer case is sixfold and threefold, respectively. It would 
appear that the higher reactivity of the one-layer case is 
directly related to the lower coordination of the lithium 
and oxygen sites. Furthermore, the density of states sug- 
gests that the reactivity is mainly determined by the char- 
acteristics of the O site on the surface. In the one-layer 
terrace, the top of the valence band is due to the O 2p 
band; the O 2pz band which is perpendicular to the surface 
lies at the uppermost energy levels thereby interacting 
strongly with the H 2 as it approaches the surface while the 
O 2px and O 2py bands lie parallel to the surface and do 
not contribute to the interaction. However, the addition of 
layers in a multi-layer terrace stabilizes the O 2pz band to 
a lower energy level thereby reducing the reactivity of the 
surface. It should be noted here, that lithium plays a 
complementary but necessary role to the oxygen in con- 
tributing to the reactivity of the surface. 
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On the (I11) surface, the hydrogen chemisorption is 
endothermic. Due to screening by the two lithium layers, 
the oxygen sites can not interact directly with the hydro- 
gen. No chemisorption occurs at the homolytic sites, such 
as, O - O  or L i -L i  on the (111) surface. 

3.4. Dissociative hydrogen adsorption on lithium oxide 
step structures 

In the case of the one-layer (110) terrace, there is 
indication of dissociative hydrogen adsorption due to the 
low-coordination of oxygen. Although the one-layer (110) 
terrace does not realistically represent a solid surface, the 
simulation results do suggest that the local coordination 
plays an important role in determining the surface reactiv- 
ity. Since low-coordination sites on the surface can be 
found in the presence of defects, hydrogen adsorption on 
the lithium oxide surface containing step structures was 
examined. 

Two kinds of steps on the (110) surface were exam- 
ined, type I, a step with infinite ledges along the y-axis 
and it has a finite step-width along the x-axis, and type II, 
a step with infinite ledges along the x-axis and a finite 
width along y-axis. The characteristics of the type I step 
structure are as follows. The oxygen and lithium sites have 
the same local coordination as they have in the three-layer 
terrace namely, sixfold and threefold, respectively. Density 
of states (DOS) calculations show that the energy levels of 
the O 2pz band does not constitute the uppermost level. 
Consequently, the O 2pz band does not interact with 
hydrogen exothermally for the type I structure. The type II 
step structure has two different locations for oxygen and 
lithium sites. For sites along the ledges, lithium and oxy- 
gen have lower coordination than those sites located in the 
terrace region. The oxygen site located along the ledge is 
therefore very reactive due to its fourfold coordination 
which lifts the O 2pz band to the uppermost energy level 
in the valence band. The chemisorption state of a reaction 
between hydrogen and the type II step structure is very 
similar to the case of one-layer terrace. 
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Fig. 5. Density of states for a one layer (110) slab. The fine lines 
represent the DOS before chemisorption. The thick lines represent 
the DOS where dissociative hydrogen is chemisorbed. 

Fig. 5 shows the local DOS for dissociative hydrogen 
chemisorption where one of the hydrogen forms O H -  with 
an oxygen at the oxygen ledge and the other hydrogen 
makes a bridge bond with the two nearest lithium's form- 
ing L i - -H-L i  +. In the presence of the H +, the O 2p is split 
into O (2px, 2py) and O 2pz which is stabilized to a lower 
energy level. The O 2pz is not only stabilized but also 
interacts covalently with H + forming OH- .  In the figure, 
we also see the ls band representing the H -  which 
interacts ionically with the two adjacent lithium's. Note, 
for a step structure that has a lower local coordination, 
such as step II, the step-step interaction affects the surface 
reactivity. Based on the energetic and DOS analysis, it 
shows that if we separate the steps further apart from each 
other, the surface reactivity increases (indicated by the 
shift of the O 2p band to a higher energy level) and, 
finally, it is constant at the point where there is no 
step-step interaction. 

4 .  C o n c l u s i o n s  

The key to successful operation of a tritium breeder 
blanket is to understand the tritium transport and release 
characteristics and the role that hydrogen plays in this 
process. Indications are that grain size (surface-to-volume 
ratio) largely determine whether tritium release is limited 
by diffusion or desorption. That is, the larger the grain size 
the higher the probability that bulk diffusion will deter- 
mine the release rate. For smaller grain size the actions 
taking place on the grain surface become extremely impor- 
tant especially as regards the role that hydrogen plays in 
the overall process. Experimental studies have indicated 
that the presence of 0.1% H 2 in the helium purge gas 
enhances the release of tritium from the lithium ceramic. 
The tritium released has been found in the form of both 
HT and HTO. The ab initio calculations on the dissociative 
hydrogen chemisorption on lithium oxide surfaces provide 
one component of the quantitative basis for an understand- 
ing of the role of hydrogen in affecting the release of 
tritium from lithium ceramic breeders. These calculations 
suggest heterolytic adsorption of hydrogen onto the ce- 
ramic surface. 

Bombardment of lithium ions by fast neutrons creates 
tritium in the form of T +. In this situation, there are 
several ways in which tritium could escape from the 
surface. Under normal conditions, a chemical species will 
be released from a solid surface in a molecular form, such 
as T 2, T20, etc. At steady state and in the presence of 
irradiation with no hydrogen in the helium purge gas, the 
concentration of T + inside the solid is of the order of a 
few tens of ppm [2]. If the released form of tritium is in the 
form of T 2 or T20, the rate of release is proportional to the 
square of the tritium concentration in the lithium-based 
solid breeder material. The probability of forming T 2 or 
T20 is very small and release is slow. The slow tritium 
release in the absence of hydrogen in the purge gas, is 
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limited b3~ the difficulty of forming molecular species that 
require two tritium atoms which has been observed in both 
in-reactor tests as well as laboratory experiments. 

However, the presence of hydrogen in the purge gas 
stream (e.g., as an additive ~ 0 .1%-1% H2), provides a 
very different environment. The hydrogen is chemisorbed 
onto the lithium ceramic surfaces forming O H -  and 
L i + H - L i  +, with which there are two possible reactions 
with the T+: 

L i + H - L i + +  T + =  2Li ÷ (solid) + HT (9)  

or 

O H - +  T + =  HTO + 0 2 -  (vacancy) .  (10)  

In both tritium release processes, the rate scales as the 
product of the surface coverage of the chemisorbed hydro- 
gen species and the tritium concentration. However, the 
rate is not well characterized so there remains some doubt 
as to the details of the surface interactions in the tritium 
release process. The hydrogen coverage is usually much 
larger than the tritium concentration. Therefore, the tritium 
release rate is proportional to the first power in the tritium 
concentration and not to its square as is the case in the 
absence of hydrogen. This is the basic reason that the 
addition of hydrogen to the purge gas lead to an enhance- 
ment of the tritium release rate. 

Relying on only the ' intrinsic '  impurity hydrogen con- 
centration which is present to the level of a few ppm in 
nominally 'pure ' helium is unlikely to be effective, since 
in that case the chemisorbed hydrogen surface coverage 
would then be correspondingly very low. The rates of HT 
and HTO formation would be no better or even lower than 
that of T2 and T20. One needs to add hydrogen to a level 
substantially above the 'normal '  impurity level in order for 
it to be effective in enhancing tritium release. Present 
understanding would also suggest that the tritium release 
rate cannot be enhanced arbitrarily by simply increasing 
the hydrogen partial pressure in the helium purge stream. 
In other words there is a saturation effect. This can be 
understood from the fact that our simulations have indi- 
cated that a majority of the surface sites (i.e., the terrace 
sites) are not available for hydrogen chemisorption. Only a 
minority amount of sites (such as step ledges and point 
defects) are favorable. Once those sites are all occupied 
further increases of the hydrogen partial pressure would 
not be useful (e.g., > 0.5%). 
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