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Consequences of helium production from the radioactive decay of tritium on the properties
of palladium tritide
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Tritium is an element of considerable interest in the nuclear industry. Since it is radioactive, it needs to be
stored in a safe but easily recoverable manner. It is an isotope of H, and hence some of the techniques used for
hydrogen storage can be employed, the safest being its storage in the form of a tritide. However, in contrast to
the case of hydrogen, tritium decays ifftde and thus modifies the properties of the tritide. The recoil energy
of ®He in this decay process is very smail1.03 eV, and not enough for atomic displacements to occur. We
show in this paper, on the basis of our electronic structure calculations, that in the case of PtHe the
produced from the radioactive decay of tritium, although not soluble in the tritide, can be easily retained, in a
metastable state, in surprisingly large quantities at the octahedral interstitial sites where it is born. This can
explain the expansion of the lattice parameter, the lowering of the plateau pressure, and the fragility of the
tritide observed experimentally. We also find that the lowering of the plateau pressure is not entirely due to the
lattice expansion as usually assumed and that electronic interactions also play a role.
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Tritium is an element of considerable interest and has imthus created in this process, and the implanted He can be
portant technological applications, especially in the nucleaeasily trapped at the vacancies which can then act as nucle-
industry. However, the radioactive nature of tritium imposesating centers for bubble formation. In a tritide, on the other
many conditions on its handling and storage which are irhand,®He is naturally produced in the matrix in the decay
addition to those required for the storage of its sister isotop@rocess and no defects are created. One would thus expect
H. It has been recognized for a long time that the best way téHe to stay trapped at the appropriate interstitial sites in the
store H is in the form of a hydride, which has the advantagematrix and hence no bubble formation to occur. It is
of safety, easy recovery, and also much larger quantities of lnown"'°~*4 that, in contrast to He-ion implantation in
can be stored per unit volume than in its liquid form. It is metals, surprisingly large quantities #fie can be introduced
therefore quite natural to propose the storage of T in the forninside the tritide through this decay process, calledtthe
of a tritide, and the metals such as Pd, Ti, Zr, Er, and U andium trick, which are not possible by any other means. It is
the intermetallic alloys such as Lal\iZrCo, etc., are com- also known=3"15that all the®He produced is retained in
monly used for this purpose. The case of tritium storagethe tritide and there is almost no or very littfele release
however, differs from the one of hydrogen storage in thatfrom the tritide until a certain critical concentration e in
unlike hydrogen, T decays inttHe with a half-life of 12.3  the lattice is attained, after whictHe starts to be released.
years® through the decay proce3s—3He+ 3~ +v~, where  This release is not gradual and is often termed rapid or ac-
B~ is an electron which is emitted with 18.582 keV of en- celerated release to distinguish it from the very slow release
ergy, andv™ is an antineutrino. The recoil enefggf He in  that occurs in some tritides from fractured surfaces and grain
this decay process is quite smat1.03 eV, and is insuffi- boundarie$® at low *He concentrations. The concentration
cient to cause any damage to the lattice. of ®He in the tritide is usually defined in terms of a parameter

The presence ofHe in the matrix considerably modifies R, which is the ratio of the total number of helium atoms to
the properties of the tritide. First, there is the volumethe total number of metal atoms in the lattice—nam@ly,
expansion:~® second, the plateau pressure isotherms are=*He/metal—and acceleratétie release occurs only when
modified and there is a lowering of the plateau preséamd R exceeds a critical valuR:. The value ofRc depends
finally the tritide becomes more fragile as it aden under-  upon the tritide, but generally li€5*®between 0.25 and 0.4,
standing of these property changes depends clearly on trend apparently does not depend upon the concentration of T,
knowledge of the location ofHe in the matrix, and this has but only on the®He concentration. For PdT, a value as large
been a matter of considerable debate in the literdftife. as 0.5 has been reported after several years of dgitig.
Since helium is inert and insoluble in metals and known to We thus have a unique situation féiHe in the tritides.
cluster in the form of bubble,one naturally expects a simi- The experimental evidence in favor &fle accumulation in
lar behavior in a tritide. However, there are important differ-the form of bubbles comes essentially from transmission
ences betweefHe in a tritide and He in metals. In metals, electron microscopyTEM) observationS on thin films of
He is not present naturally, but is introduced throughtritides and from the interpretation of the nuclear magnetic
He" -ion implantation. The defects, including vacancies, areresonancgNMR) line shape§. Bubbles of ~10-20 A in
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T atoms occupy the octahedral sites in the cube. Clearly, the
decay of T into®He occurs at random sites in the structure,
but we assume, for the sake of simplicity, an ordered ar-
rangement in which théHe atom is placed at the center of
the cube while the centers of the faces remain occupied by
the T atoms. This results in a nearest neighbor He-He sepa-
ration of a, wherea is the lattice parameter of the cubic
lattice. The wave functions of an He atom are very compact
due to its filled-shell configuration so that any significant
direct He-He interaction can be excluded. We therefore ex-
pect our calculations, although performed for an ordered ar-
rangement of He atoms, to be representative of an actual
disordered arrangement. Due to the presence of the He atom
diameter have been observed by TEM. However, it should béat the center of the cube, all Pd atoms are no longer identical
noted that the thin films used in TEM experiments can beand instead fall into two groups. The nearest neighbors of the
strained during charging by tritium or the thinning of the He atom are the six Pd atoms at the centers of the faces of
bulk tritide sample, which could favor bubble formation in the cube at a distance af2, and these are the most affected
the region investigated by TEM experiments. NMR line by the presence of He. These are denoted gssPde there
shape data has also been interprEtad evidence of bubble are three of these atoms per cubic cell. The Pd atoms situated
formation. Kas¥ has presented evidence fie trapping at ~ at the corners of the cube and denoted ag, Bihce there is
interstitial sites by desorption experiments. He finds a singl@nly one atom of this type per cubic cell, are much farther
trap with an activation energy 6£0.74 eV in an aged tritide away at a distance of 0.8@Gnd are much less affected by the
while two traps with activation energies 6f0.65 and 2.70 presence of He. In addition, a Pdtom retains its nearest-
eV are found in Hé-ion-implanted tritide. The difference of neighbor local environment since it stll has six T atoms at a
the two activation energies,~2 eV, is roughly the distance ofa/2, while a Pg atom, in contrast, has only four
3He-vacancy binding energy. This would indicate that vacanT atoms and two He atoms at this distance.
cies are not created in a naturally aging tritide, unlike the Our total energy calculations yield a value of the lattice
case of ion implantation. parametera for PdT of 4.2141 A both in this simple cubic
Experimentally, only very limited informatidil can be geometry and with the NaCl type of lattice. This is roughly
obtained concerning the location fle since it is trapped in 3% larger than the experimental value of 4.09 A. This is the
the bulk of the tritide. Nevertheless, it is extremely importantusual discrepancy that one finds in the local density approxi-
to know where preciseljHe resides in the lattice, especially mation (LDA). A calculation was also performed for PdHe
when large quantities are concerned. For lafige concen- which corresponds to the hypothetical case in which all of
trations in the lattice it seems reasonable to assume that sortfee tritium in the tritide decays intdHe. The total energy
of it will agglomerate in the form of platelets or bubbles, but decreases continuously as the lattice expands, but no mini-
for very large concentrations it is not clear that all thée ~ mum in the total energy versus lattice parameter curve was
can be in the form of bubbles since in this case bubbles ofound. This calculation confirms the fact that no PdHe com-
very large diameters will be requirédDue to the inert na- pound actually exists. On the other hand, in contrast to the
ture of °He, it is also not at all obvious thaHe can be case of PdHe, a clear minimum in the total energy versus
retained at the interstitial sites, especially in large quantitiedattice parameter curve was obtained for RefHe, o5 at a
This has motivated the present work in which we have invalue of a=4.2989 A. The existence of a minimum for
vestigated the question oHe retention at the octahedral PdTg7dH€ 55 and none for PdHe shows that only a certain
interstitial sites in PdT by performingb initio electronic  quantity of 3He can be retained at the octahedral interstitial
structure calculatio’&2* using the linear muffin-tin orbital sites in the lattice, and once a critical concentratior’teé
method in the atomic sphere approximatiMTO-ASA). has been attained, any furth#tte generated in the lattice can
The so-called combined correction terms were also includedo longer be retained due to the inherent lattice instability.
to account for the overlapping of the muffin-tin spheres. WeThe lattice parameter due file is larger by~2% than the
have chosen the case of PdT since Pd is consifiéodoe a  value obtained for pure PdT and amounts to a volume expan-
very good matrix for T storage. sion of ~4.6 A2 This value of volume expansion is in good
We describe here the results for the case where 25% of @greement with the generally accepted value in the
has decayed intdHe. This represents a very large quantity literature? Put in another way, for every atomic percent of
of ®He in the tritide and transforms it into a ternary com- *He produced in the lattice this amounts to a lattice expan-
pound PdJ ;He, »5. Although PdT crystallizes in an NaCl- sion of ~0.08% or a volume expansion 6f0.24%, assum-
type face-centered-cubi¢fcc) type structure, we do not ing a linear relationship between tfele production and the
choose the fcc primitive cell in this work, but a simple cubic lattice expansion. This stability oHe at the octahedral in-
unit cell which has a volume 4 times the one of the primitiveterstitial sites should not be construed®ste forming a com-
cell and contains four molecules of PdT. This is shown inpound or solid solution with Pd for this concentration. In
Fig. 1. The Pd atoms in this simple cubic cell are located ateality, it is trapped at these sites in a metastable state due to
the corners of the cube and the centers of the faces, and tlerelatively large energy barrier for migratiéf® Our calcu-

FIG. 1. Simple cubic unit cell of PgEHe, o5 which shows the
different sites.
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FIG. 2. Total densities of states as a function of energy for PdT ° 18 1'5 1'2 l9 ; ; LO 3
(upper paneland PdT, ;He, »5 (lower panel calculated at the equi- e T - T
librium lattice parameter of PdT. All energies are with respect to the Energy (eV)
Fermi energyEr taken as the origin. The dotted line in both panels .
shows the number of electrons. FIG. 3. Total densities of states as a function of energy for

PdT, ;sHe, o5 (upper panelcalculated at its equilibrium lattice pa-

lati h indeed that th in thi fi fi Trameter. The lower panels show the partial densities of states de-
ations snow indee at the energy In this configuration 0composed at various atomic sites as indicated. All energies are with

3 ; : .
He is ~0.8 eV higher than the sum of the energies 0frespect to the Fermi enerdye taken as the origin. Notice an up-

PdTo.75 and3 He 25 separately. This confirms the fact that, as yarq shit in the states at the Psite relative to the Pgsite and the
in metals, *He is indeed not soluble in the tritide, but is appearance of new states in the vicinity of the Fermi level.

present at these octahedral interstitial sites due to the fact that
it was produced there in a natural manner. Of course, oubelow ~—5 eV result from bonding Pd—T s interactions,
calculations concern only pure PdT without any defects. Thevhile those above-—5 eV and in the vicinity of the Fermi
calculations were also performed for a case with¥ie ina  level, Er, are mainly of Pdl character. The replacement of
vacancy at a Pdsite. We found thafHe was trapped in the T by He results essentially in three modifications in the
vacancy with a binding energy of1 eV. This value was electronic structure. First, a new structure of very narrow
obtained by comparing the total energy of the system with avidth ~1 eV appears at-15 eV belowEg . This is primarily
vacancy at the Rdsite to the system with the He at the,Pd of 3He s character with an extremely small admixture’sfe
site and a vacancy at the original He site. These results, iwith the nearest-neighbor Pdtates. Second, new states ap-
conjunction with the dissociation energy from the vacancy ofpear in the vicinity ofEg that were absent in PdT. The ap-
~2 eV obtained by Kas¥ imply a migration energy of He pearance of these states is highly unexpected if one assumes
of ~1 eV and are consistent with the observed lowthat ®He is acting simply as an inert atom expanding the
diffusivity.2 lattice, but playing no role in the electronic structure. These
The lowering of the plateau pressure, meaning an inare in fact the Pglstates that have been pushed upwards by
creased stability of the tritide, in the presence®die, has the interaction ofHe with Pd atoms, as seen in Fig. 3 by a
usually been attributed to be due to the volume expalsioncomparison of the states atand Pd sites. This indicates
due to®He. As we show below, this assumption is not really a strong repulsive character dfle in the matrix. Third, there
correct. For this purpose, we show in Fig. 2 the total densiis a depletion of states from the BléT s bonding band due
ties of electronic state€DOS) for PAT and Pd{,He, »s, to the absence of 25% T atoms in the tritide. But it is impor-
both calculated at the equilibrium lattice parameter of PdTtant to note from Fig. 2 that this depletion occurs preferen-
In this way, no effect due to volume expansion #ye is tially from the higher-lying electronic states. The net result
included and a comparison of the two curves thus allows usf such a preferential depletion is to enhance the cohesion of
to separate the effect of the electronic interactions alone. Ithe remaining T atoms in the matrix relative to PdT. This
Fig. 3 are shown the total DOS and the partial D@®®OS  increases the relative stability of the tritide, thus lowering the
decomposed at various atomic sites for PgjAe, o5 calcu-  plateau pressure. As stated above, the lattice expansion due
lated at its equilibrium lattice parameter. In PdT, the stateso He has not been included in Fig. 2 and thus this contri-
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bution to the lowering of the plateau pressure arises purelin the ductility of the tritide due to helium production has
from the modifications in the electronic structure caused bypeen observed experimentaflyVe should also mention that
He and is not at all related to the lattice expansion. This is irthe tritides containingHe have large dislocation densities,
contrast to the usual assumption in the literatuteat the  and this also plays a role in the fragility of the tritides.
lowering of the plateau pressure of tritium occurs purely due |n conclusion, our calculations have shown that thie
to the volume expansion caused fije. Our calculations produced in PdT from the radioactive decay of T ifikte is
yield a value of~0.13 eV per tritium atom for this increase jnsojuple in the tritide, but it can be trapped at the octahedral
in the stability of the tritide due to this purely chemical ef- jergiitial sites, in a metastable state, at a surprisingly large
fect. The lowering of the energy of PgljgHey o5 due to the  He/p( ratioR of at least 0.25. For a value & between 0.25
lattice expansion of-2% is much lower and amounts only 10 anq 1.0 the underlying lattice configuration eventually be-
~0.05 eV per tritium atom. We thus obtain a total value of comes unstable as more and more helium accumulates. We
~0.18 eV per tritium atom for the relative stability of the fing that, in contrast to the usual assumption in the literature,
tr_mde, of which only~28% is contributed by volume expan- only ~28% of the lowering in the plateau pressure can be
ston. _ , attributed to the volume expansion due’tte and a majority
A comparison of Figs. 2 and 3 shows that the DOS at they it is caused by the electronic interactions, essentially the

Pd, site, which are the next nearest neighborstéé atoms,  preferential removal of the higher-lying RE-T s states. We
remain practically unchanged from thoge in PdT, reflecting,ave also shown that the presence’de has an extremely
the compact nature of thite wave functions. On the other getrimental effect on the cohesion of the closest Pd atoms,
Qand, the states at the Psites, which are the closest to the \yhich renders the tritide fragile. We have not investigated
He atoms, are substantially affected and have been pushege question of bubble formation, but it is quite reasonable to
towards higher energies. Such a shift signals a loss of cohggnsider that soméHe will be also be trapped in the form of
sion of the Pd atoms at these sites. From a detailed analy§ig pples, and this contribution should be included in a more
of the DOS, the value of decohesion at these sites can hg,mplete analysis, but we believe that our results may have
estimated, and we obtain a value-©0.94 eV per Pd atom. jjportant implications in the development of new proce-

This is to be compared to the cohesive energy-&.7 eV qyres for storing and removing tritium.
per Pd atom in Pd metal. This large decrease in the value of

the cohesion of Pd atoms closest to tfée atom clearly We would like to thank IDRIS(Institut du Developpe-
weakens considerably the metal-metal bonds and renders theent et des Ressources en Informatique Scientifidoe
matrix fragile, in the decohesion model of fragilization, at providing us the computer time for the work presented in this
these large concentrations #ie in the matrix. This decrease paper.
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