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ABSTRACT 

The EURATOM Working Group on Reactor Dosimetry (EWGRD) has 
issued in the past several documents in order to establish stan
dardized procedures and recommendations on neutron spectrum infor
mation, fluence measurements, damage cross-section data. etc. 

The main goal of this status ~eport is to review the suitable 
materiel irradiation characterization parameters, in such a way 
that experimental results, obtained in a research reactor 
environment, can be applied in the design of fusion power plants. 
Recent developments in fusion reactor technology programs and 
mainly the large European component qualification tests undertaken 
for NET (Next European Torus) have led the EWGRD to consider new 
requirements. 

Particularly the application <->f ceramics (tritium breeding 
blankets, insulators) addresses new requirements: damage to sub-
lattices, relevance of "dpa" as irradiation parameter, etc. 

This report presents the status of available metrology me
thods, recommended cross-sections and damage assessment, relevant 
to fusion technology material irradiations. 
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1. INTRODUCTION 

Technology development programmes require tests for materials 
preselection. These tests have to be performed in relatively short 
irradiation times. Current design of fusion reactors, based on D-T 
reactions, implies high neutron fluence levels on structural mate
rials. The source neutron energy is 14 MeV in the plasma region, 
slowing down to lower energies beyond the first wall of the ves
sel, that is to say the blanket region. 

The lack of high-intensity 14 MeV neutron sources brings up 
the necessity to carry out irradiations in existing Ma'' rials Tes
ting Reactors or Fast Breeder Reactors, which are more appropriate 
to reach high fluence values. The neutron spectrum in reactor ex
perimental facilities is significantly different from the fusion 
environment; therefore applicability of the irradiation results 
may be difficult without proper metrology information. 

The EURATOM Working Group on Reactor Dosimetry (EWGRD) has 
issued in the past years several documents [1] and [2] in ordsr to 
establish standardized procedures and recommendations on neutron 
spectruc information, fluence measurements, damage cross-sections 
etc. 

In the framework of the European Fusion Technology Programme, 
material irradiations are performed in different reactors: BR2 in 
Belgium. SILOE, OSIRIS and PHENIX in France. DIDO and KNK in Ger
many and the HFR in the Netherlands. The purpose of this status 
report is to review some recommendations, after describing briefly 
the damage processes and available metrology methods in test reac
tors relevant to fusion technology materials irradiations. 

2. RADIATION EFFECTS AND DAMAGE CROSS SECTIONS 

A review of radiation damage effects co metals and ceramics 
can be found in the proceedings of international conferences on 
fusion reactor materials (ICFRM) [3]. Main studies refer to plasma 
facing components such as first wall, limiters, divertors, etc. 
The first wall is bombarded with high energy neutrons (1'. MeV) and 
charged particles leaking from the plasma (e.g. helium from D-T 
reactions) creating atomic displacements. Transmutations and gas 
production occur from a series of different neutron reactions at 
high energy, and may lead to further damage. 

If a material is tested in a research reactor, these radiation 
effects cannot easily be achieved, and simulation techniques must 
be implemented [4]. 

The number of displacements per target atom (dpa) is generally 
recommended as a suitable parameter for characterization of the 
damage in fission reactors. This parameter makes the comparison of 
data for samples irradiated in different neutron spectra possible 
[5]- In most cases damage in the test material is better correla
ted with this irradiation parameter, than with a neutron fluence 
value. 
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In this guide we shall briefly describe the radiation damage 
metrology data applicable to these materials. 

2.1. Metals and metallic alloys 

2.1.1. Radiation damageghenomena 

The physics of radiations damage is very complex. Although a 
lot of the basic physics phenomena and their interaction with ma
terial characteristics are known, we are far from understanding 
Radiation Damage Physics in its totality [6]. 

The projectile-particle (neutron or charged particle) 
interacts with the target nucleus, displaces atoms and produces 
primary knock-on atoms with a certain energy distribution [4], 
[7], [8]. Whether this primary recoil spectrum has an influence on 
the final damage structure is still an open question. Recent views 
attribute it less and less importance, especially at higher irra
diation temperature. The primary knock-on atoms create basically 
two primary damage states : vacancies and interstitials, and some 
higher order defects as divacancies, clusters and cascades. 

These primary defects diffuse, recombine, anneal out or 
disappear in the sinks. Vacancy and interstitial loops are formed. 
The concentration of these defects, responsible for the observed 
structural changes, depends on the irradiation temperature, dislo
cation density, impurities and sinks for defects. The final result 
is a number of voids, dislocation loops, microstructural and mic-
rochemical changes, especially under influence of solid transmuta
tion products. These radiation induced structural changes give 
rise to swelling and embrittlement of a material, which may fi
nally lead to failure [9]. 

The damage structures depend on the energy and type of the 
high energy particle. For future fission and fusion reactors, ra
diation damage effects have to be studied by irradiation in ade
quate sources. As not always the adequate source (i.e. 14 MeV 
neutrons in the case of fusion) is available with enough intensity 
and irradiation space, simulation experiments with charged partic
les are performed. The lack of these adequate sources obliges us 
to search for correlations which will enable us to predict with a 
certain precision radiation damage effects. Correlations of expe
rimental results in different neutron spectra have to be develo
ped. Further, intercorrelations between charged particle damage 
and neutron damage have to be investigated ([10], [11], [12], 
[13]. These intercorrelations can be either fully empirical (wit
hout any theoretical input), semi-empirical or theoretical (based 
on theoretical formulas with some adapted parameters). 

2.1.2._Radi§tion damage effects in fusion reactors 

Review of radiation damage effects to metals in fusion systems 
can be found in ref [l4], [15]. [16]. Present efforts are concent
rated on the first wall. The first wall of a fusion reactor is 
bombarded with high energy neutrons (1^ MeV) and with charged par
ticles leaking from the plasma. The neutrons crea'e damage in the 
bulk material, whereas the charged particles interact only ir a 
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small layer of the order of 10 to 100 um. In this thin layer they 
deposit their energy as heat and create localized damage at the 
end of their range. The local heating gives rise to high localized 
temperatures and stresses. 

The first wall material undergoes a change in composition due 
to the irradiation source, besides the classical radiation damage 
effects, plasma disruptions could cause melting of a thin layer of 
the first wall, decreasing its stability. To avoid this, the first 
wall will be shielded with e.g. graphite or beryllium tiles. 

As far as metals are concerned, the first wall of a fusion 
reactor is of primary importance, however we may not forget radia
tion damage to other parts of a fusion reactor as magnets, diver-
tors (copper, tungsten), and also blanket materials. 

Transmutation products, solids and the gaseous helium and 
hydrogen are a special problem in fusion reactors. The high energy 
neutrons react with the material atoms according to a series of 
different reactions (n.a) . (n,p) . (n.n'a), (n.np) (n.x), (n.n:.) ) 
leading to reaction products different from the original material, 
and different from an irradiation in a fission reactor. 

2.I.3. uamage crosssections 

The material property change has to be related to the neutron 
fluence or a derived unit which characterizes the damage. 
The neutron fluence can be given as total neutron fluence, fluence 
above 0.1 MeV or fluence above 1 MeV. The damage however is gene
rally not directly proportional to the neutron fluence. Currently 
with the fluence, the neutron spectrum and the number of Frenkel 
pairs or displacements per atom (dpa) are determined as a cha
racterization for the damage. 

Displacement cross-sections up to 1*J MeV are available for 
most metals. They are usually based on the Lindhard's energy par
tition model [17]. The relationship between energy available for 
atomic displacements E, and the number of displaced atoms was 
further developed by Norgett, Robinson and Torrens (NRT) [18], 
leading to the following equation: 

Nd = k E / 2 Ed . (1) 

where E. is the displacement threshold energy (40 eV is proposed), 
and k the displacement efficiency (usually 0.8 for metals). Recent 
wc-k suggests that the physical processes in a fusion system could 
be different from those in fission reactors [19]. [20]. Therefore 
the displacement efficiency could differ from 0.8. 
Nevertheless, eq. 1 is still used. 

Theoretical studies have demonstrated that high energy recoils uce 
pro clusters of vacancies and interstitials rather than single 
point defects. 

Depending on the diffusion properties of the materials these 
clusters result in more or less extended interstitial and vacancy 
loops. Clustered point defects will have a different radiation damage 
effect then the single point defects. It is therefore to be expected 
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that the dpa unit aay fail as damage characterization parameter. 
Usually the daaage cross-section takes into account the primary da
aage only and not the annealing effect. Damage cross sections based 
on other damage «odeIs have been proposed but none has given satis
faction due to lack of enough theoretical and experimental backg
round. 

In the particular case of alloys, such as austenitic steels, 
where atoms have atomic and mass numbers which differ not much, 
averaging the displacement cross-section with the atomic abundance 
is acceptable. But more generally it is not correct to do so. and 
a more detailed description is needed. 

The EURATOM Working Group on Reactor Dosimetry (EWGRD) has 
proposed already a recommended set of cross-sections in 1975 [1]. 
as well as metrology procedures for irradiation dosimetry in 1978 
[23-

2.2. Ceramics and Polyatomic materials 

?.2^1^_Radiation_damage_phenomena 

Ceramic materials can be found in various areas of tokanak fusion 
designs : insulators for RF heating systems, windows, or magnetic 
coils, first-wall liners, etc. A review of ceramics applications 
can be found in references [22] and [23]. Thermal, electrical, and 
mechanical properties will be altei^d under irradiation. 

Radiation daaage to ceramics in a fusion environment is a very 
complex problem. Most displacements are created by fast neutrons, 
but a variety of crystal structures and the magnitude of local 
charge may be the cause that not all displacements have an equal 
weight in the balance of stable defects. The effect of gamma-ray 
exposure may be not negligible. Of course, fundamental and ex
perimental studies are needed to improve the knowledge on basic 
defects responsible for the primary damage. 

2i2i2i_Damage_cross_sections 

General codes for the derivation of damage cross-sections for 
polyatomic materials with atomic constituents which differ much in 
mass number, such as ceramics, have been issued recently (COMPOSI 
[24], SPECOMP [25]). They are based on the same binary collision 
model using Lindhard's energy partition. They are able to compute 
separately the number of displaced atoms for each atom type (sub-
lattice), from Primary Knock on Atoms (PKA) spectra already com
puted for single elements. 

The model requires a displacement threshold energy for each 
type of atom. Of course, the total number of displacements depends 
very much on these threshold values. A general discussion on this 
matter can be found in ref. [26]. 

Solid breeder materials development work for fusion blanket 
applications has raised the question on the contribution of extra 
displacements created by energetic recoils of charged particles. 
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This indirect damage process involves thermal neutron induced 
reactions l i k e : 

6Li • n + T • a • 1.8 MeV 

and may induce, depending on the neutron spectrum at the t e s t po
s i t i o n , a r e l a t i v e l y large amount o f displacements. Methods for 
computation of these displacements in lithium ceramics are given 
in [24] and [ 2 7 ] . 

3 . IRRADIATION PARAMETERS DERIVATION 

"3.1. Neutron f i e l d characterization 

Neutron f i e l d parameters are needed to interpret the t e s t 
• a t e r i a l propert ies and to f a c i l i t a t e the comparison of the i rra
diat ion condit ions of the experiment with other already performed 
or planned irradiat ions which may be done in other neutron f i e l d s . 

The neutron spectrum in which the experiment i s or has been 
irradiated i s . as mentioned before, important for the material 
changes. For that reason the characterization of the neutron 
spectrum (which covers about 12 energy decades) i s the main goal 
of the metrology procedure. I t i s not intended to give here a 
complete descr ipt ion as in [ 2 ] of the metrology procedure, only 
the present trends are noted. 

Parameters for the neutron spectrum (see f igure 1) 
characterization can be s p l i t in two groups, i.e. 

- Direct descr ipt ion of the neutron spectrum in units of neutron 

fluence_{m | 

For prac t i ca l purposes the neutron fluence i s supplied for spec i f i c 
energy i n t e r v a l s of the neutron spectrum. Calculation resul ts are 
presented in a multi-group structure. An experimental metrology 
procedure suppl ies in most cases data for coarse intervals only. 
They often comprise the thermal fluence, the intermediate and the 
fast f luence or fluence above 0.1 or 1 MeV. 

£SE§_?2E-£?§££i2D§_2f_in£§£§§£; 
The most important parameter for the characterization for our pur
pose i s the number of displacements for the t e s t material of 
i n t e r e s t . But a l s o parameters l ike the gas production for tritium, 
helium and hydrogen and the number of mutations, may be required. 

In th i s characterizat ion of a neutron spectrum, use i s made of spe
c i a l metrology l i b r a r i e s with energy dependent reaction 
c r o s s - s e c t i o n s . The information for the cross-sect ion i s given in a 
fine group structure which can be applied d irec t ly in calculat ions 
[ 2 8 ] , [ 2 9 ] . 
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3-2. The neutron spectrum 

As shown in figure 1 the neutron spectrum is needed for the 
calculation of the number of displacement and other relevant irra
diation characterization data because these quantities can not be 
determined directly. 

The neutron spectrum can result from reactor physics 
calculations for the experiment of interest or from the combina
tion of metrology and calculation data epplied in a neutron spect
rum adjustment procedure. The neutron spectrum is calculated in 
most cases in a group structure with a limited number of relati
vely coarse groups (<100) For the derivation of the group cons
tants in the spectrum calculations with a reactor physics code, a 
weighting spectrum has to be used [30]. 

When experimental information is available an adjustment of 
these data with the calculated spectrum results can be performed. 
Depending on the amount of information the actual adjustment met
hod can be determined. 

The generalized least-square procedure gives in general a 
maximum of information and an evaluator independent "best' output. 
At this moment it is seldom possible to obtain all data needed for 
this type of adjustment [30]. [31] and for that reason often ad
justment procedures (e.g. [32]) are applied which operate with 
less information. Due to that the results are evaluator dependent 
and in most cases no uncertainty information is obtained from the 
procedure. 

The output spectrum of the adjustment run is used to calculate 
with appropriate metrology cross-sections the required damage cha
racterization parameters. 

3»3- Experimental techniques 

It is difficult to obtain experimental information for the actual 
irradiation of an experiment due to high temperatures, relatively 
long irradiation times, the availability of suitable metrology moni
tors etc. For that reason a variety of procedures and methods are 
being applied. 

The irradiation of a limited set of activation monitors is often 
used. Recently the reaction ''Nb has become part of this set [33]-
The monitor materials applied in these sets can be obtained from the 
CBNH as certified reference materials [3^]- A recommended set of re
levant nuclear data and cross-sections can be found in [35]-
In other characterization programs a special irradiation is performed 
at a lower power level of the reactor, a lower temperature and a 
shorter irradiation tine. 

Under these circumstances special damage monitors [36], [37] and 
[38] and also a wider range of activation (fission) monitors can 
be applied. This type of irradiation is very often done in a simu
lation of an irradiation experiment. 
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An other method to obtain information on the damage parameters is 
the comparison of the actual irradiation of the experiment with met
rology results in a good kwown reference spectrum or spectra [39]-
The production of helium and hydrogen can be measured directly with 
special irradiated samples [21] or calculated. 

3-**. Gamma fluences 

No techniques are available to determine the gamma fluences ex
perimentally during the irradiation of an experiment. For that 
reason the main source of information is the result of coupled 
neutron gamma calculations with reactor physics codes. With the 
same technique as discussed above experimental results derived for 
low power irradiations can be applied to validate or improve the 
calculation results. Techniques for the determination of the ab
sorbed dose comprise the caloriaetry based methods [40], a spec
trometry technique [41] and thermoluminiscent methods. 

1». STATUS OF AVAILABLE DATA 

*t.l. Displacement Cross-Sections in Metals 

Data are derived from several codes using Lindhard's model 
(see 2.1). The DAMSIG84 library [42] comprises evaluations of 
aluminium, carbon, chromium, copper, iron, molybdenum, nickel, 
niobium, silicon, steel, vanadium and zirconium. In the near 
future an update of the DAMSIG library is foreseen, then also 
beryllium will be included. 

4.2. Gas Production Cross-Sections 

Cross-section data for a number of reactions producing hy
drogen, helium, deuterium and tritium are compiled in the DAMSIG84 
library [42]. Data are given for aluminium, beryllium, boron, 
carbon, chromium, cobalt, copper, iron, lithium, manganese, 
nickel, silicon, titanium and vanadium. 

4.3- Displacement Cross-Sections in Ceramics and Alloys-

The DAMSIG84 library does noc comprise displacement cross-sec
tions in ceramics yet. Damage cross-sections for a few ceramic 
materials, in particular lithium compounds, have been computed with 
the code COMPOSI at CEA. The cross-section data are given in the 
appendix. Table 1 gives the damage cross-sections averaged over a 
fission neutron spectrum and a specification of r ^ Juaag'? due to a 
and T per capture in • Li. The energy dependent cross-section curves 
for Al-O- and Li^ZrCL are depicted in f:gure 2. 
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5- RECOMMENDATIONS 

5.1. Neutron Spectru» Information 

The neutron spectrua in which the irradiation was carried out 
should be specified in a sufficiently detailed group structure and 
the Method by which the spectrua was obtained should be described. 
The weighting spectrua should be Bade available. 

5-2. Metals 

For fusion applications undertaken in research reactors, it is 
proposed to apply the EURATOM dpa cross-section recoaaendations [1], 
which are consistent with ASTM and IAEA cross-section sets (Lindhard 
• NRT). For the calculation of the nuaber of displacements and the 
gas production use should be aade of special energy-dependent data. 
A selected set is available in the DAMSIG8U library [42]. 

5.3- Ceramics and Alloys 

In the absence of physically aore acceptable daaage aodels, 
it is recoaaended to quote the nuaber of displacements for each 
type of atoa (sub-lattice), as well as for the "average dpa". The 
"average dpa" is calculated as the total nuaber of displacements 
in the constituent atoas divided by the nuaber of atoas present in 
the lattice of the alloy. 

In the case of breeder ceraaics, it is recoaaended to quote 
separately the dpa contribution of fast neutrons (direct daaage 
process) and the dpa contribution of charged particles (T • a). 

- Even though it is not fully satisfactory, nevertheless it is 
proposed to keep for the aoment a constant displaceaent threshold 
energy of £,**»0 eV for all types of atoas in ceraaic aaterial, in 
order co avoid inconsistencies when values froa different evalua-
tors are used in one calculation. This working method presents 
the advantage to focus more on the daaage sensitivity to different 
neutron spectra rather then on the absolute dpa determination. 

- It is also proposed to quote -in parallel- graphite and iron 
dpa values in order to provide spectrum information applicable to 
other metal damage studies. 

- The total absorbed gamma dose in ceramics should be given. 
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Fig. 1: Irradiation parameters deviation. 
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Table 1. Damage cross-section for ceramics 
averaged over a fission neutron spectrum 

(also some values for other materials are included) 

E. threshold energy 40 eV for each atom. 
The cross-sections are given in dpa.barn/n. 

Alloy 

LiA102 

Li2SiO-

Li^SiO^ 

Li2ZrO„ 

Li_0 

A120-

Graphite 
(Thompson-Wright) 

Iron 
(dpa EURATOM) 

atom 

Li 
Al 
0 

avg. 

Li 
Si 
0 

avg. 

Li 
Si 
0 

avg. 

Li 
Zr 
0 

avg. 

Li 
0 

avg. 

Al 
0 

avg. 

Direct damage 

(averaged U-235 
fiss. spectrum) 

333 
713 
679 

601 

320 
660 
619 

526 

300 
573 
549 

44l 

235 
384 
448 

366 

248 
396 

297 

896 
813 

846 

720 

835 

total 

total 

total 

total 

total 

Indirect damage 
(a • T) 

Number of 
displacements/ 
capture in Li-6 

12 
26 
47 

85 

17 
19 
47 

83 

23 
12 
42 

77 

15 
18 
43 

76 

35 
31 

66 
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Appendix: Average damage 
E threshold e 
The c r o s s - s e c t 
with COMPOSI [ 

Energy (El) LiA102 

Appendix: Average damage c r e s s - s e c t i o n for ceramic m a t e r i a l s . 
E threshold energy kO eV for each atom. 
The c r o s s - s e c t i o n s are given in dpa.barn* and a re ca lcu la ted 
with COMPOSI [24] 

1.301E-01* 
1.670E-01» 

2.754E-0'* 
3-536E-04 
Jj^OE-O1! 
5.829E-04 
7-485E-0'» 
9-611E-04 
1.23*4E-03 
1-585E-03 
2.035E-03 
2.613E-03 
3-355E-03 
4.307E-03 
5.531E-03 
7-102E-03 
9.119E-03 
1.171E-02 
1.503E-02 
1.930E-02 
2.479E-02 
3.183E-02 
4.087E-02 
5.247E-02 
6.738E-02 
8.652E-02 
1.111E-01 
1.228E-01 
1.357E-01 
1.500E-01 
1.657E-01 
1.832E-01 
2.024E-01 
2.237E-01 
2.472E-01 
2.732E-01 
3-020E-01 
3-337E-01 
3.688E-OI 
4.076E-01 
4.505E-01 
4.979E-01 
5.50.?E-0l 
6.081E-01 
6.720^-01 
7-427E-01 
8.208E-01 

O.OOOE*00 
1.156E-03 
8-998E-04 
1.692E-02 
6.081E-02 
1.870E-01 
2.543E-01 
6.737E-01 
7.255E-01 
1.628E*00 
1.602E+00 
3.222E+00 
3.029E*00 
5.684E+00 
5.222E+00 
1.161E*01 
1.901E+01 
1.682E+01 
2.900E+01 
2.486E+01 
4.160E+O1 
3.698E+01 
1.305E+02 
6.107E+01 
9.524E+01 
9.069E+01 
2.085E+02 
1.404E*02 
2.496E+02 
3-268E+02 
3.335E+02 
2.273E+02 
1.916E+02 
4.757E+02 
4.088E+02 
M41E+02 
3.681E*02 
7.059E>02 
6.112E*02 
6.0/OE+02 
8.878E+02 
6.099E*02 
5.l84E*02 
4.825E+02 
4.917E*02 
4.l8lE*02 
6.172E+02 
7.095E*02 

Li^SiO 

O.OOOE*00 
1.539E-03 
1.199E-03 
3.079E-02 
8.957E-02 
2.174E-01 
3.196E-01 
7.280E-01 
8.440E-01 
1.719E+00 
1.798E+00 
3-367E+00 
3-339E+00 
5.914E+00 
5.687E+00 
1.176E+01 
1.857E*01 
1.807E*01 
2.962E>01 
2.665E+01 
4.362E+01 
3.837E+01 
6.333E+01 
5.447E+01 
9.296E+01 
7.613E+01 
1.332E+02 
1.068E+02 
2.221E+02 
1.9I»3E*02 
1.847E+02 
2.035E+02 
2.446F+02 
4.879E+02 
4.491E+02 
5.902E+02 
3-573E+02 
5.996E-02 
5.747E+02 
5.676E+02 
8.017E+02 
5.629E+02 
t*.539E*02 
4.525E+02 
4.070E+02 
3.728E+02 
5.495E+02 
6.132E+02 

0.0D0E+U0 
l.'*29E-03 
1.199E-03 
3.487E-02 
1.150E-01 
2.177E-01 
3.374E-01 
7.043E-01 
9.263E-01 
1.631E+00 
1.897E*0G 
3.151E+00 
3.432E+00 
5.489E*00 
5.714E+00 
1.172E+01 
1.733E*0l 
1.785E+01 
2.710E+01 
2.608E+01 
3-973E+01 
3.705E+01 
5-722E+01 
5.159E+01 
8.246E+01 
7.035E+01 
1.213E+02 
9.815E+01 
1.959E+02 
1.728E+02 
1.677E+02 
1.761E+02 
2.011E+02 
4.004E+02 
4.070E+02 
6.188E+02 
3.440E+02 
5.231E+02 
4.845E+02 
4J75E*02 
6.901E*02 
4.839E+02 
3-719E*02 
3-655E*02 
3-537E+02 
3.217E+02 
4.616E+02 
5-055E+02 

Li„0 

O.OOOE*00 
2.088E-03 
1.626E-03 
4.356E-02 
1.669E-01 
2.210E-01 
4.928E-01 
6.724E-01 
1.119E*00 
1.'I97E*00 
2.157E+00 
2.818E+00 
3-733E*0O 
4.805E+00 
6.057E*00 
1.204E+01 
1.534E+01 
1.805E+01 
2.299E*01 
2.582E*01 
3-335E*0l 
3-562E*01 
'•.709E+01 
'*.7'<7E*01 
6.481E+01 
6.1l5E*ül 
1.015E+02 
8.396E+01 
J.515E+02 
1.364E+02 
1.394E+02 
1.302E+02 
1.282E+02 
2.534E+02 
3.403E+02 
6.726E*02 
3.228E*02 
3-928E*02 
3-312E+02 
3.238E+02 
M82E+02 
3.479E*02 
2.329E+02 
2.180E*02 
2.622E*02 
2.3WE*02 
3.119E*02 
3.228E*02 

A 12°3 

0.000E+00 
0.000E+00 
O.0O0E*O0 
8-7Ö8E-04 
6.843E-04 
I.698E-OI 
1.322E-01 
6.992E-01 
5-i*i*5E-01 
l.775E*00 
1.38lE*00 
3.606E+00 
2.800E+00 
6.472E*00 
5.0^0E*00 
1.210E+01 
2.220E*01 
1.708E+01 
3.̂ 23E*01 
2.567E*01 
1.883E+01 
3-983E+01 
1.954E+02 
7.340E+O1 
1.200E+02 
1.15I»E*02 
2.939E+02 
1.861E+02 
3.28lE*02 
1.787E*02 
4.891E>02 
3.065E*02 
2.449E*02 
6.576E*02 
4.747E*02 
3.647E>02 
4.085E+02 
9.577E+02 
8.055E*02 
8.329E+02 
1.196E+03 
8.167E+02 
7.485E+02 
6.955E+02 
6.749E*02 
5.645E+02 
8.615E-02 
1.022E+03 

Li ZrO 

0.000E*00 
1.636E-03 
1.247E-03 
2.401E-02 
8.322E-02 
1.669E-01 
2.7'9E-01 
5.63^-01 
6.896E-01 
1.342E+G0 
1.452E+00 
2.641E+00 
2.691E+00 
4.655E+00 
4.575E+00 
9.369E+00 
1.537E+01 
l.W8E*01 
2.322E+01 
2.133E+01 
3.407E+01 
3.040E+01 
4.877E+01 
4.199E+01 
6.815E+01 
6.Û 1E+01 
1.066E*02 
9.468E+01 
1.800E+02 
1.599E+02 
1.491E+02 
1.452E+02 
1.331E+02 
2.687E+02 
2.855E+02 
4.391E+02 
2.627E+02 
4.485E*02 
3.990E+02 
4.021E+02 
6.138E+02 
4.324E+02 
2.934E+02 
2.789E+02 
3.185E+02 
2.885E+02 
3-955E+02 
4.125E+02 
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Appendix 1 ( c o n t i n u e d ) 

Energy (El ) 

9 .072E-01 
1.003E+00 
1.1P8E+00 
1.225E+00 
1.353E+00 
1.496E+00 
1.653E*00 
1.827E*00 
2.019E*00 
2.231E+00 
2.**66E*00 
2 .725E^03 
3.012E+00 
3.329E+00 
3.679E+00 
4 .066E-00 
i i .^93E*ao 
4 . 9 6 6 E * 0 0 

5 . 4 8 8 E * 0 0 

6.O65E+00 
6.703E*00 
7.408E*00 
8.187E*00 
9.048E*00 
1.000E+01 
1.105E+01 
1.221E*01 
1.350E+01 
1.492E+01 
1.649E+01 

LiAlO 

8.858E*02 
5.298E*02 
*4.105E*02 
l . l '*6E+03 
6.669E+02 
5-917E+02 
4.979E+02 
4.87'»E+02 
6.748E+02 
3 . 8 » » 6 E * 0 2 

5 . 0 3 ^ * 0 2 
4.5'46E+02 
9-302E+02 
1.007E+03 
7-516E-02 
5-577E*02 
4.597E+02 
7-379E+02 
6 .M4E+02 
IK860E+02 
5-506E+02 
6.524E+02 
7-020E+02 
5-680E*02 
5.930E+02 
6.011E+02 
7-453E+02 
6-700E*02 
6.749E+02 

1 b a r n = 1 0 m 

L ^ S i O ^ 

8.769E>02 
*».8ni*E+02 
3.016E+02 
9-884E+02 
5.971E+02 
5-391E+02 
«I.099E+02 
4.517E+02 
5.719E*02 
3.172E+02 
*».4lOE+02 
3-800E+02 
7.057E*02 
8.696E+02 
6.425E+02 
« * . 8 O 8 E + 0 2 

3-95lE*02 
6.721E+02 
5.7^3E+02 
4.217E+02 
4.916E+02 
5.823E+02 
6.146E*02 
<».762E+02 
M 6 6 E + 0 2 
5-323E+02 
5-526E*02 
5.538E+02 
5.892E+02 

Li^SiO^ 

7.22^E+02 
^ .137E '02 
2.625E*02 
8.363E+02 
*4.885E*02 
^.^37E*02 
3.501E+02 
3-728E+02 
4.599E+02 
2.527E*02 
3.70^E*02 
3.225E*02 
5-953E*02 
7.142E+02 
5.2^8E*02 
4.1l4E*02 
3.341E-02 
5.Z2ÓE+02 
4.526E*02 
3.394E+02 
4.217E+02 
^.911E*02 
4.947E*02 
3.854E+02 
4.110E*02 
4.366E*02 
4.65&E+02 
4.610E+02 
^ .90ÜE+Ü2 

L i 2 0 

!*.599E+02 
2.991E+02 
1.952E-02 
5-769E+02 
3.051E»O2 
3-083E+02 
2.'»79E*02 
2.389E*02 
2.715E*02 
1.4£»5E*02 
2.50kE+02 
2.2*»6E*02 
4.075E+Q2 
*4.520E*02 
3.293E+02 
2.927E+02 
2.305E*02 
2.735E*02 
2.**96E*02 
2.01*»E*02 
3.033E*02 
3-367E+02 
2.939E+02 
2.332E+02 
2.665E+02 
2.752E+02 
3.177E+02 
3.036E+02 
3-218E+02 

Al^O 

1.226E>03 
7 .132E*02 
5.841E+02 
1.603E+03 
9-597E+02 
8- l87E>02 
6-990E+02 
6.878E+02 
1.004E+03 
5.816E+02 
7 .067E*02 
6.401E+02 
1.355E*03 
1 .458E-03 
1.095E*03 
7-703E+02 
6.451E+02 
1.120E+03 
9.692E+02 
7.194E+02 
7.510E+02 
9.072E+02 
1.036E+03 
8.431E+02 
8.590E+02 
8.660E+02 
l . 0 9 ^ E * 0 3 
9 .672E-02 
9.598E+02 

Li2ZrO 

5-9'*8E*02 
3-589E*02 
2.2^E*02 
7.**49E*02 
3.807E*02 
3.371E*02 
2 . 9 8 8 E * 0 2 

2.831E*02 
3 - 3 7 ^ * 0 2 
1.691E+02 
3-353E+02 
2.711E*02 
5-33f«E*02 
6.001E+02 
i | .328E*02 
3.82'*E*02 
3.12i*E+02 
3-876E+02 
3.538E+02 
3.663E+02 
4.202E+02 
'4-987E+02 
^.176E*02 
3.295E*02 
^.473E*02 
*4.348E*02 
<4.400E*02 
3.35^E+02 
14.10UE+02 


