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ABSTRAGT

Here we examiné the inf1u¢ﬁce of surface oxygen on both the absorbtion of
deuterium (D) from gas into’solution iﬁ tantalum‘(Ta) apd the release f:om
‘solution back to the gas. The D uptake rate was proportional to gas |
pressure with a éticking coefficient of 6.0085t.00025 for ciean‘Ta“
surfaces.  Exposure to 10 Langmuirs (L) of 02; giving about one monolayer
of chemisorbed oxygen, decreased the D uptake rate by about two orders of
magnitude. D release was studied using the D(3He,P)a nuclear reaction to
measure the concentration of D in the Ta versus time during release at
constant temperature. ‘D release was surface-limited and obeyed second
order kinetics for both clean and 6xygen covered Ta surfaces which shows
that molecular recombination must be occuring from sites which have much
smaller binding energiés for D than the low-coverage chemisorption sites.
Exposure to 106 L of 02 resulted in an additional energy‘barrier to D
recombination of 0.25%.04 eV/D which greatly reduces the D release rate.

This activation barrier should also reduce D dissociation and uptake rates

as observed. - M
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I. INTRODUCTiON
Kinetics of hydrogen transfer between gas‘phase and solution in metals

is often controlled by recombination and dissociation of hydrogen molecules
~at metal éurfaces4 Theée processes are strongly affécted by sﬁrface
" impurities, as shown by previéus studies 1‘4;"H§wever, Few systematic .
" investigations of the influence of impﬁri;ies on H uptake and release in
metals have been made. In a pfevious study 2 the kinetics of surface-
limited releése of D from solqtidn in tantalum with a élean‘surface were
‘gtudied. Here we examine the‘influence of chemisorbed oxygen oﬁ the
‘kinetics ofvuptake andvreiease of deuterium in Ta using experimental

methods similar to those used in the previous study,

II. EXPERIMENTAL METHOD AND RESULTS
Dev’.erium uptake was studied'by recording the change in gas pressure
as D was absorbed by a Ta foil sample after injecting a known quantity of
' D9 gas into a vacuum chamber c&htaining the Ta sample. The release of D
from solution was studied by measuring the concentration of D in solution
in the'Ta‘sample during release at constant temperature. ' Nuclear reaction
analysis using the d(3He,p)a reaction was used to measure the concentration
of D in thg Ta. Experiments weré conducted in an ultra-high vacuum chamber
with a residual gas pressure Below 10-10 Toxr.

The samples were polycrystaline Ta foil 99.999% pure and 0.7 cm x 0f7
cm x 51 pm thick 6. Surface impurities were removed from the Ta by
sputtering with 2 keV Ar. The surfécelcompositibn was determined by Auger
electron spectroscopy (AES). The only impurities detectable after cleaning

were carbon and oxygen at levels of ~0.08 ML and ~0.04 ML respectively.



Here a monolayer (ML) is detined as the Ta atomic density to the two-thirds
power‘or 1 a5x101% em-2. The peak~té;poak ampljtudbﬂ iﬁ the dN(E)/dE
spectra were used to calculate the areal,density.ot impurities as describeq
by Seah / assumfng a thin ovefléyer of impufitiés on a Ta éubétréte;‘ Thé
Aﬁger peaks used were those at 271 eV‘for cérbon, SO} eV for oxygen and 349
eV for Ta.

After c1eaning. tﬁe Ta was loaded with D by isolating the vacuum
chamber and injecting‘a known quantity of Dy gas. A palladium diffusion
cell was used to filter impurities‘from‘the gas. The pas pfessure was
‘monitorgd‘versus time during the uptake using a capacitance manometer,
Typically about 0.1 Torr-liter of gas was injected giving an initial gas.
pressure of about 2x10'3 Torr’and a concentration of about 0.05 D/Ta when
absbrbed. ‘The Dy pressure only decreased when the Ta sample had been
sputter cleancd which shows that the D was absorbéd h& the Ta and not by
other sinks, such as adsorption on the chamber wall,

The rate of D uptake is shown in Fig. 1 for several gas pressures.,
These measurements were made on a clean Ta foil at a temperature of 30° C.
A fit to‘ﬁhe data in Fig. 1 shows that the uptake rate is proportional to
gas pressure and that the ratio of the uptake rate to thé flux impinging on
the surface (also referred to as the sticking cuefficicent) is
O.QOBSi0.00ZS. Because of the rapid diffusion of D in Ta 8 the D uptake in
these experiments is not limited by bulk diffusion.

Sticking coefficients much less than one for absorption‘of H into
solution in Ta haQe been observed‘previouély a;9,10' Small sticking

coefficients are expected‘when the D must pass through a strongly bound
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chemisorbed surface state to go into solution since the chemisorptioh'sites
can become saturated and cause a bottleneck to D uptake 11,12,

'Chemisorﬁeduoxygen strongly decreased the D uptake rate as shown in

‘Fig. 2. Exposure to 10 L of 02, resulting in about one monolayer of

oxygen, decreased the D‘uptake rate by two orders of magnitude. 1In these

experiments the Ta waS‘exposed‘to various doses of 09 prior to the D uptake

measurement. The resulting oxygen coverage was determined by AES as

described above. The oxygen dosing and D uptake were done at a temperature

of‘30°c. The D uptéke raﬁe was measured at a‘DQ pressure‘bf 2 millitorr,
Fig. 3 sﬁows the oxygen coverage Versus dose measured during'these
expefiments. The oxygen coverage did not change significantly during the D
uptake. | |

After loading, the concentration of D in the Ta was measured using
.ﬁucleaf‘reaction‘analysis (NRA). An analysis beam of 700 keV 3Hé was
directed onto the sample and the energétic protons from the D(3He,p)a
nuclear reaction were counted with a silicon surface barrier de;ector.‘ The
stopping power 13 of the 3He and the reaction cross section 14 are such
that D within about 0.5um of tﬁe surface (~l%'of the samplé thickness)
contributes‘to the measured yield. The detector wac calibrated‘using a
thin target standard sample with a known areal density of D. This
calibration allowed the D concentration in the Ta samples to be determined

from the proton yield. The initial D concentrations determined by NRA

agreed within about 6% with the concentrations determined from the D2

pressure change during loading. This excellent agreement confirms that

both the NRA calibfation and the loading procedure are behaving as

expected, oL e

"
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The kiﬁetics of D release were‘studied by measuring the concentration
of D in sblutidn versus time with the sample held at constant temperature;
The D concentration was meésufed by NRA as described above. Fig. 4 shows
typical results from such méasurements for Ta with 0.1 ML and 0.5 ML of
oxygen. - THe linear time dependence of the reciprocal concentration shows

that the release kinetics are second order. The release rate obeys

dn/dt = Nod dc/dt = -Ky (Noc)2 ()

and C1/e(t) = 1/c(0) + KyNo/d € (2)

where ¢ is the concentration of D in units of D/Ta, No 4‘0;55x1023/cm3 is
the atomic dgnsity of Ta and‘d =0.0051 cm is the sample thickness. The
recombination coefficient Ky, relating the release rate ﬁo the
concentration of D in solﬁtion, is the main pafameter used to characterize
the D release rate throughout this paper. Values for Ky are obtained from
the élope of 1/c versus t as shown in Fig. 4.

Increasing the oxygen cdverége decreases the D release rate and the
value of K. Fig. 5 showsyvalues'of‘Kr vgrsu; oxjgen coverage measufed at
a temperature of 275°C. A monolayer of oxygén decreaées the release rate
by abeout 2 orders of magnitude. This is similar to the reduction in the D
uptake rate shown in Fig. 2.

The temperature dependence of D release from oxygen covered Ta was
- also examined. In these eiperiments the Ta was loaded with D and then
exposed at 30°C to 106 Langmuirs of 09. The sample was then heated to

various temperatures between 250°C and 425°C and held constant during the

release measurement. AES analysis showed that this procedure results in

A

ik
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about one monolayer of oxygen oh,the Ta during the D release. Values of

- Ky, obtaiﬁed from plots similar to ﬁhose in Fig. 4, are plotted‘versus 1/T
in Fig. 6. ;For comparison Fig. 6 also shows K, measured on a clean Ta
surface 7., The lines in Fig}‘6 are least squares fits of

Kr = Kro exp(Qg/kT) \ o ®

to the data. Values and standard deviations for the parameters obtained

from the fits are Kpo = 36t(factor of 3) x 10-18 (cm%/s) and
Qg = -1.1940.06 (eV/D) for oxygen dosed Ta and Kro = 2+1 x 10-18 (cmb/s)

and Qg = -0.74%.02 (eV/D) for clean Ta.

III. DISCUSSION

Recombination-limited release can be described by a model based on two
main assumptions. First, the release rate is equal to the rate of
«molecular recombination at the‘surface given by

dn/dt = -kpfy2. | | | (4)
where 6y is the occupied fraction of sites from which recombinatioﬁ occurs,

The rate constant is-

ky = kyo exp[-Z(Qb-Qr)/kT] (5)

[

where Qh-Qr is the energy barrier per a;om‘for’molecﬁlar recombination, Qp
is the energy of a D atom in a recombination site. The possibility of an

additional barrier Qp to recomination as illustrated in Fig. 7 is included

1n‘this analysis. Here we use the convention that energy levels below the

1/2 Hy level are negative.

The second assumption is that'thgﬂregombination sites and the solution
sites are in quasi-equilibrium, ie.‘   ; "
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wheré Gg = Qg-TSg and Gy = Qr-TSy are the free energies of D in sélution
sites and recombination sites respectively. Qg, Sg, Qr and Sy are the’
energies and e;tfopies per atom relative to the gas for solution and
‘recombiﬁation sites. fg=c/z is the fraction of solution sites 6ccupied by
D' and ZfGIis the number of*solution’sites per Ta atom.“Equatiéﬁs (4)-(6)
can be solved analyticaily to give the D concentration versus time 12,15;
Here we consider two limiting cases. When Fhé recombination‘siteé are
highly saturated, ie. #y = 1, then from eq. (4) dnydt = -kr‘and‘the D
release rate is nearly independent of the concentration of D in solution.
When the recombination sites cre far from saturation, ie. 6y << 1, then the

release rate is proportional to the square of the D concentration (second

order kinetics) since

0r = 05 expl(Gs-Gr) /KTl (7)
and | dn/dt = -ky 652 exp[2(Cg-Gy)/KT)], (8)
or dn/dt = - (c/2)2 kpo epr-Z(Qb—Qf)/kT] exp[2(Qg-TSg-Qp+TSy) /kT] . (9)

-

Frpm‘eqs; 1,3 and 9 we obtain
Kyo = kypo/(No 2)2 exp[2(Sy-5g)/K)] ‘ (10)

and Qk = 2(Qs-Qb). - ‘ (11)

The energy Barrier Qp can be determined from the values of Qg obtained
from the fit to the data (fig. 6) using eq. 11 and the value
Qs=-0;35i.01 eV/D reported by Veleckis and Edwards 16 for the energy of
solutiﬁn. We find that wa0.0ZiQOZ eV/D for clean Ta and Qy=0.25%.04 eV/D
after exposure to 106 Langmuirs'of oxygen. This situation is illustrated
in Fig. 7. The small'valué 6f Qp for clean Ta surfaces is consistent with
the observation that the sticking coefficient for adsorption of H at low

coverages onto clean Ta surfaces is large 4 since a barrier to desorption
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should also act as a barrier to adsorption. The increase in Qp due to -
surface oxygen leads one to also expect a reduction in the D uptake rate as

observed (Fig. 2). The continuous decrease in uptake and release rates

with increesing oxygen coverage shown in Figs. 2 and 5 may result from the
‘ gradual coverage of the surface by islands of chemisorbed oxygen where the

- rates for release or uptake of D are smaller on the covered fraction of the

surface due to the larger acti?atiop barrier as indicated in fig. 7.

The ptefactor Kyo can be estimated by assuming that S;~Sg and that
kyo = - Dy ¥ with the areal density of recombination sites nr‘n N02/3 and the
attempt frequency v = 1013 s-1. This gives Kyo = O. 13x10 18 c¢m4/s which is
close to the experimentaliy detefmined value for clean Ta~considering the
uncertainties involved in the estimate, Values of kr‘measuted fof Pd and

Fe are also in excellent agreement with the model, using the same value of

v as was used for Ta 9. These three metals span a broad range in hydrogen

solubilities from strongly enﬂotherﬁic (Fe) to stroﬁgly exothermic (Ta) and
a broad range (;18 orders of meénitude) in the recombination coefficient.
The good agreement between the model and experiment for these three metals
suggestsithat the‘model may be generally applicable for predicting D
release rates for many metals |
It is 1mportant to n¢te that the binding energy Qy of D to the -

~ecombination sites has cancelled out of the expression for Ky as can be
seen by examining eq. 9. P! /sically this is because sites which bind D
more strongly have a smaller release rate coefficient ky (eq 5) but are
more highly populated (eq. 7) so that the net release rate for a given D
concentration is the same, This holds as long as the sites remain

;4‘,A‘ .

unsaturated. This cancelation of Qr from the rate coefficient for release
by .
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of 'D from solution in metals has important consequences. It means that at

"low concentrations weakly bound states contribute as effectively as

strongly bound states to the release. At higher conceﬁtfations tﬁe
strbhgly‘bound states saturate first and thevrelease will then be dominated
by the wéakiy bound states.

In the experiments reportéd‘here the chemisorption sites were highly
saturated as shown by eq.6 using a value 6f Qe=-0.95 eV/D fbr the énergy of
chemisorption 17 and assuﬁing equal entropy terms for sdiution aﬁd |
chemisorption.‘ The chemisorptlion sites are saturated for D concentrations
above)2x10‘5 D/Ta at 275°C, whereas the actual D concentrations during thé‘
release measurement at 275°C ranged from 0.06 to 0.001 D/Ta. The fact that
second order release kinetics are observed shows that recombination must be
occuring from sites which are not saturated and which therefore must have

much smaller binding energies for D than the low-coverage chemisorption

gsites.

IV. CONCLUSIONS

The measurements of D uptake into Ta showed that the’upfake rate is
proportional to gas pressure and that the sticking coefficient is
0.0085%.00025 on Ta with a clean surface. Chemisorbed oxygen from exposure
to 07 gas strongly decreaéed the D uptéke rate. A monolayer of oxygen
decreased the D uptake rate by two orders of magnitude.

D release obeyéd second order kinetics for both cléan and oxygen
covered Ta surfaces. The second order kinetiés show that recombination
must be occuring from sites which are not‘saturated and which therefore

must have much smaller binding energies for D than the low-coverage



-10-

chemisorption sites. Chemisorbed oxygen strongly decreased the D release

rate..

A mgdél for surface;limited release based on surface‘fecombinqtion
from gites iﬁ quasi;eQui"brium‘with the solution sites giveg good
agreement with the observed D telease. The energy barrier to
‘repombination, denoted by Qb‘in‘Fig. 7, was small for cleén Ta but
incfeaééd to 0.25‘eV/D after exposure to 106 Langmuirs' of 0j. Thié‘is
consiétent with the large low-coverage éticking‘coefficient’fof adsorption
of‘H on clean Ta surfaces, and the large decrease in the sticking‘

coefficient due to chemisorbed oxygen.,
In summéry, the effect of chemisorbed oxygen on uptake and release of

D in Ta appears to be due to a barrier to recombination and dissoclation of

0.25 eV/D induced by the oxygen.
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FIGURE CAPTIONS

1. Measured D uptake rate into clean Ta at 30° G versus Do pressure
\(dots).  The‘slbpe of the linear least-squares fit (line) is 1.00+.03

which shows' the uptake rate is‘propoftional‘to pressure.

2. D uptake versus oxygen coverage at 30°C and a D3 pressdre of 2
millitorr.
3. Coverage of oxygen and ratio of intensities of oxygen and Ta Auger

peaks versus exposure to 0.

4. Reciprocal of D concentration versus time during isothermal release at

275°C for low and medium oxygen coverages. The linear time dependence

implies second order release kinetics.

-

5. Recombination coefficient Ky versus oxygen coverage measured at 275°C.

R BRI

6. | Measured values of Ky for clean (sQuares)land oxygeh‘dbsed (dots) Ta.

The lines dre least-squares fits of eq. '3 to the data. SEREY
Lo ‘ ‘;Lrjit.

7. Energy of D in solution, recombination and chemisorption sitéérin Ta

relative to D2 gas; Chemisdrbed oxygen induces a barriet‘Qb-O;ZSeV/D

P

i

to recombination. The hofizontgl scale is intended only fonﬁﬂ

111ustrative;pﬁrposes.4
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