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The release of helium from neutron-irradiated Ag-9.6 at.-% Li-alloy is measured in the range
between 510 and 784 “C. Analytical expressions are developed taking into account a recoil modi-
fied concentration profile in a surface layer. The isothermal kinetics can be described to some
extent with two parameters, the effective diffusion coefficient p*D and the absorption coefficient u
of helium in traps. From foil-experiments the untrapped fraction p of gas after irradiation is
found to be 0.2 < p < 1 for a helium concentration of 1.1-10 5 at.-%. The activation energy of
diffusion is found to be 1.7 eV, which indicates a vacancy mechanism. The absorption coefficient
t is of the order of some 10~* [sec™ '] and nearly independent of temperature. It is discussed
whether the diffusion to the traps or the capture process itself with a negative activation entropy
is rate determining. The method seems to be applicable to incomplete degassing of other gas-metal-

systems described in the literature.

Introduction

Helium from (n, a)-reactions in nuclear or pro-
posed fusion reactor materials is of greal importance
because on the one hand helium tends to form
bubbles, which cause high temperature embrittle-
ment 2, or supports strong]y the nucleation of
voids on the other hand * *. Therefore, the kinetics
of helium-bubble formation at higher temperatures
is the subject of many investigations, especially
using electron microscopy ? 7. This method is, how-
ever, only valid for helium concentrations greater
than about 10 *at.”. which is much higher than
that in the nucleation stage of bubbles. Therefore
the diffusion behaviour of helium was often studied
using the more sensitive degassing experiments
during linear temperature rise annealing ® %, How-
ever, there are only few isothermal helium release
measurements. In Al incomplele degassing of helium
was observed !, while in Mg no permanent trapping
of helium was found 12,

Garside ' incomplete  de-
gassing of helium from silver after homogeneous
He-ion-implantation. The data of these isothermal

Recently observed

experiments were treated only in terms of diffusion.
As a consequence decreasing diffusion coefficients
with increasing annealing time resulted. However,
permanent trapping may be described more realisti-
cally by a diffusion equation with an additional ab-
sorption term ™15, In this way one may oblaine nu-
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merical values for the diffusion and the absorption co-
efficients simultaneously from experiments. Results
of further analytical calculations are compared in
this paper with the isothermal release of helium
from a silver-lithium alloy after neutron irradia-
tion. During annealing of the samples only a
small surface layer was degassed while the gas in
the interior became permanently trapped. There-
fore, onedimensional calculations could be applied.
The initial depletion of gas in the surface resulting
from escape by recoil during irradiation was taken
into account.

Experimental

The silver alloy with 9.6 at.% Li (7.42% Li-6)
was prepared by Dr. E. Diirrwéchter, Doduco KG,
from 99.99% Ag and 99.8% Li. Samples of (127

-2)mm? were annealed 20 minutes at 480 °C in
high vacuum. The mean grain size then was 15 rim.
Samples were irradialed in the SSW-channel of the
thermal reactor BERI to a thermal fluence of
3.6 10" /cm®. The temperature of irradiation was
about 30 “C. As a result of the reaction Li-6(n, )
H-3 the samples contained 1.1 <10 %at.% Helium
and Tritium respectively. The gas was distributed
uniformly except near the surface where loss due to
recoil occurs. However, this inhomogeneous gas dis-
tribution was eliminated in foils (thickness
= 35 um) which were closely pressed one on
another and irradiated all together in a packet.
Another advantage of using thin foils is the higher
fraction of gas leaving the sample, which allows
conclusions concerning the fraction p of untrapped
zas in the beginning.
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The irradiated samples were isothermally an-
nealed in a static high vacuum system connected
with a MS-10 mass spectrometer. During a dif-
fusion run an Ultek-Ti-getterpump kept the pressure
always below 1073 Torr. Thus continuous monitor-
ing of helium from the very beginning of the ex-
periment was possible. The effective sensitivity of
the apparatus was about 10 ' e¢m?® NTP limited by
a linear increase of the He background due to in-
coming of atmospheric He. Since this increase was
constant with an accuracy of =10% during the
whole experiment it could be taken into account
sufficiently. After every diffusion run the sample
was melted in order to determine the total amount
of helium. In the case of the foils weight loss by
evaporation was determined before melting the
sample. Since this loss was lower than 10727 it
was not taken into account.

Mathematical Treatment of the Kinetics

For a simple description of the gas release we
use the diffusion equation with absorption term

ac/at=DJC—yc (1)

¢ = c(x,t) = concentration of the not trapped gas
atoms [em™?],
D - diffusion coefficient [em?/sec],

absorption coefficient [sec™].

We take D and g as constant. In this equation
neither an eventual partial emission of the absorhed
gas nor any nonlinear effect (such as concentration
dependence) is taken into account explicitly because
there is no certain knowledge of the absorption
process. For the present we consider the sample as
infinite with a plane surface. We may calculate the
resulting gas release and apply this result on a
finite sample for a time during which the diffusion
depth 2 YDt is small compared to the sample di-
mensions R.

2VDt<R.
If 2VD/u<€R (1a)

is fulfilled, this time covers the whole time of gas
release.

a) Nonuniform Initial Concentration with
Absorption

We consider an initial concentration resulting
from escape by recoil during irradiation ¢
c(z,0) =cola+ (1 —a)z/ry] for 0L 27y,

=g for ry<x, (2)
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x = distance from the surface [cm],
ro = recoil range [cm],
a = fractional number (e.g. 1/2).

In the mentioned way one gets for the fraction
of the released gas

1 31 %
y —an 5| py ).

Here S and V' are the surface of the sample and the
volume respectively. The factor p < 1 allows that
at t=0 the fraction (1—p) of the gas may be
captured and does not participate in the diffusion.
The function f(t), dimension [cm], becomes (see
appendix) :,

F(r) = |1— (3)

: D i l—a 1
ffn:] et = 5%
¢
'fe‘:'erHB/l,-’.'.")d:'} (4)
0
with
C=ut B= ;" "”B , erfa= %fe'”’du.

0
(5)

By interchanging the order of integration in the
second term one may bring /() into the form

.
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(6)
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the integration can be performed
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For t=0=rc
yielding

/D | 1-a
=/ e

=5 Il —e*”)}. (7

For B > 3 the exponential term may be neglected
and correspondingly one gels

1 [1-—e‘:erf(B/V:)]}

(8)

f(1) = {aerf (VE) +
< VD/u
for B = 3.
When applying these equations we replace V' D/u
by ry/2 B; ef. (5). Assuming at first p=1 we have
the two parameters B and 1 to adjust the calculated

curves to the experimental ones, which is equivalent
to the determination of D and . From (3) and (7)

—a
2B
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one gets F(~) as a function of B. Drawing this
function one may also determine the value of B to
a given experimental F(~). Knowing B one gets
the value of 1 via D. The value of D essentially
determines the behaviour of F(t) for small times.
As customary, one may draw F?(1) versus t. An
evaluation of Eq. 4 vields

ary 40 l-a YaD _g»
Fur==5 D'” a o (9)

2 u 1—a)\® 5
—(3 (2ar0)nD)t+...].

However, practically it is not possible to determine
D from the first term in this equation for two
reasons, Firstly, in our case the higher powers of ¢
become important to soon. Regarding plots of F2(t)
from computer calculations of (6) it turns out to
be impossible to draw the tangent accurately at
t=0. Instead, the plots show after a small time, a
relatively long linear ascent, which is larger by a
factor of about 1,5 than the theoretical value at
t=0. In some cases this ascent can be described
with the approximation (9), in other cases even
higher terms become important. Thus strictly
speaking one must describe also the initial ascent
by a combination of D and gy compatible with the
value of B given by F(~). However, a variation
of 1 is of minor importance.

The second reason is the modification of the
initial degassing by the finite time of temperature
rise at the beginning. A comparison with the theore-
tial plot (for sudden temperature rise) is meaning-
ful only some time after the temperature rise.
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b) Nonuniform Initial Concentration
without Absorption

In the above formulas of course one may pass
also to the limit « = 0; the resut is

j(c)zan,/g‘ | 1;“

(10)
. 7 1 i
{(1+ 2 )erf()] ) 1ty

wherein 4 = (2/r,) VD t.

An equivalent formula was published earlier by
Olander and Pigford'". For sufficient small times
(1 < 0.5) this may be replaced by

T
jw=2]/°

Equation (10) and (11) are not applied in the
present paper.

Ty

at (1(11{-‘%:;-:,%’*'0’] (11)

¢) The Initially Diffusing Fraction p

For a uniform initial concentration one gets
from (3) and (4) with ry=0

S /D :

F) =p 7, l etV (12)

In this case it is impossible to determine D and p
separately. One may eliminate p by putting

D,~p*D (13)

and consider D, as the measurable quantity.

In principle a nonuniform initial concentration
yields more information in this respect. But as ex-
pected it turns out that within a certain range a

BF
A
f 12+
10t '
L[ /¢ |
i Fig. 1. Helium degassing (full
r / points) in agreement with Eq. (3)
6 / and (4) for values of p=1.0, D=
r / 9.15-10~13 em? sec™!, u = 3.34-
L 10—% sec—! or p=0.5, D=3.37-
L 10— em? sec™!, u=3.6-10"1
ol sec ! respectively. The plot for p=
0.2, D=1.93-10—" cm? sec—! and
I/ 14=4.43-10"1 sec—! deviates from
1 ' L 1 1 .
0 5000 2000 5000 8000 the measurement. Sampleﬁwnh re-
tlsec] — coil profile, T=554 °C.



H. Gaus et al. * Isothermal Diffusion and Trapping of Helium in a Silver-Lithium-Alloy

variation of p in (3) can be compensated by a
variation of D like the one given by (13) and a
slight variation of p. An example is shown in
Figure 1. The curves are adjusted by changing B,
u, and p keeping fixed the F(~) and the initial
ascent. Agreement can he reached with values p=1
up to p=0.5. For an even smaller value a deviation
results, in this case the curvature is enlarged. This
effect of a diminution of p depends on the parame-
ters, especially on the value of B. The change of the
curve may go also into the opposite direction to
that of Figure 1. It can be seen from Fig. 1, that
also in case of a nonuniform initial concentration
a safe determination of p is not possible.

Therefore we put p=1 throughout and consider
the determined diffusion coefficients as p* D values
(13), which is exact for uniform initial concentra-
tion and a sufficient approximation for nonuniform
initial concentration. This way there are only the
two parameters D and u to adjust the calculated
curves.

Results

For simplicity of representation and ease of inter-
pretation the experimental data were plotted as
F2(t) versus time. This plot was compared with cal-
culations according to (3) and (4) orto (12) in case
of foils with uniform gas concentration. The theore-
tical curve was regarded as optimal if the constant
ascent in the beginning and the part near F(~)
were optimized. The corresponding values of D
and u were obtained by trial and error. In case of
samples with recoil profile this was done in the way
described above after Equation (8). A problem
sometimes arose from the fact that Fi( ~) was not
reached although the measurements were carried out
over several hours. In this case the curves were
adjusted to the latest measured F (¢) -values.

a) Samples with Recoil Profile

Out of eight measurements two agree well with
(3), (4). As an example Fig. 1 shows the kinetics
at 554 °C. In the other experiments the median
part of the experimental curve runs up to 15%
below the theoretical curve, as can be seen from
Figure 2. Table 1 shows the values of D and ¢ and
an approximated D’, which results using only the
first term in (9). As can be seen the absorption
coefficient 1 seems to be nearly independent of

i

temperature.

Y e
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tlsec] —=

0 300 900 1500

Fig. 2. Helium degassing (full points) deviating from Eq.

(3) and (4). The closed line is a plot for p=1, D=

3.21-107 " em?sec™!, u=1.72-10"3sec—!. Sample with
recoil profile, T=742 °C.

Tab. 1. Coefficients of diffusion and absorption of helium

in an Ag-9.6 At.-% Li-alloy obtained from samples with

recoil profile by applying Eq. (3), (4) with p=1. The
value of S/V is 14.5cm—1.

Tem- Diffusion coefficient Absorption
perature [em?-sec 1] coefficient
[sec™1]

[°C] D D 1

510 2.85-10—1 3.16-10—1 1.283-10—4
554 9.15-10—13 8.75-10—13 3.34-10—¢
625 1.03-10—1 1.27-10—1 3.08-10—4
695 1.0 -10—1 1.55+10—1 2.63-104
698 3.82-10—1 6.48-10— 1 3.45-10—1
738 7.52-10—1 1.33~1010 2.29-10—4
742 3.21-10—1° 4.96-1010 1.72-10-3
784 1.51:10—10 3.0 -10— 10 4.48-104

b) Foils without Recoil Profile

Out of eight measurements three, like the one in
Fig. 3, agree well with Equation (12). In the other
five experiments there is a deviation in the median
part of the plot to lower F?-values similar to the
kinetics of the thick samples. The resulting values
of D and i from the foil experiments together with
the values of F(~) are collected in Table 2. From
the highest value of F(~) one may estimate
02<p=1.

As in case of the thick samples the absorption
coefficient y seems to be nearly independent of
temperature, This statement means that F(~) V/S
increases with temperature like D'* since according
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2.

Tab. Coefficients of diffusion and absorption of helium
in an Ag-9.6 AL.% Li-alloy, obtained from foils with initially
uniform concentration by applying Eq. (12) with p=1.

SV Tem- F(~) Diffusion Absorption
[em~1!] pera- coefficient coefficient
ture D "

[P€] [em?-see 1] [sec1]

55.5 543 3.51-10—3 4.57-10—12 1.09-10-3
229 543 2.02-102 1.38-10—1 1.77-10-2
77.3 600 9.62-10—3 2.1 10— 1.3110—*
224 600  3.25-10—2 4.17-10—1 2.34-10—%
225 600 3.27-102 1.75:10=3 7.81-10—4
122 700 4.7 <102 3.39-10—10 2.44-10-3
226 700 7.3 -10—2 2.71-10—1% 2.81-10—3
279 700 2.0 -10? 3.79-10-10 3.34-10-3
to Eq. (12)

" S /[)

Fl~) Py 1 I

and u is adjusted in all cases to fit the latest F-values
as described above. Further, from this it can be
excluded that only the grains adjacent to the surface
contribute to degassing while the gas of the internal
grains is absorbed completely by the grain bound-
aries, for in this case F(~) V/S would be essential-
ly independent of temperature,

¢) Arrhenius Diagram

Figure 4 shows an Arrhenius-plot of the p?D-
values of both kinds of samples. In case of foils
one gets p*D = 0.127 exp{ — 1.67 eV/k T} [em?
sec '] and in case of thick samples p® D =0.0341

F (1) x 10" —=
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Fig. 3. Helium degassing (full points) in agreement with

Equation (12). The closed line is a plot for p*D=2.11"

10" em?sec™!, u=1.31-10""sec—'. Sample with initially
uniform concentration, T =600 " C.

ference in the frequency factors, while the activation
energies can be regarded as equal. Also shown are
the results in pure silver obtained by Garside '* as
initial values of his time dependent D for He con-
centrations of 109 at.% and 10~ * al.”; respectively.
These initial values correspond to the application
of Eq. (12) with p=1. In our case the concentra-
tion was 1.1 10 Jat.%. Taking into account the
difference in concentration and material our results
can be regarded as in agreement with those of
Garside.

The S/V-values of the foils at a given temperature
differ by factor up to 4. Inserting one and the same
S/V-value of a single grain of the polycrystalline

expl — 1.73eV/k T} [em®sec ], There is a dif- samples vyields unreasonably much more different
~—Tloc)
800 700 600 500 400
10‘10 & thick samples
T E o foils
.
iﬂ' -11
)
o
o
0 Fig. 4. Temperature dependence of
Ll the diffusion coefficient p*D  of
helium in Ag 9.6 At.-% Li. The
broken lines are obtained for pure
r silver by Garside ' for He-concen-
101 . . trations of 10=% At.-% (upper
13 14 15 curve) and 10~* A% (lower

curve) respectively,
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D-values for the same temperature than the values
in Table 2. Thus, it is concluded that grain boundary
diffusion is not remarkably faster than volume dif-
fusion. The obtained D-values may correspond to
an overlapping of both processes.

Figure 5 shows an Arrhenius-plot of the quotients
(1/D). In contrast to Fig. 4 the difference between
the foils and the thick samples disappears. The
temperature dependence of (/D) can be described

by exp {1.35eV/kT}.

=Tl
B(')O 7('30 690 500
109.
E
w
ol?
=
o
A
107
° a FID thick samples
e piD foils
a
108 . . .
09 10 11 12 13

— L

Fig. 5. Temperature dependence of the quotient (u/D)
with p=1.

Discussion

The measured activation energies of diffusion of
He in the alloy indicate a process of diffusion sup-
ported by vacancies. For this process Wilson and
Bauer !® calculated in the system Ag-He a value of
1.53 eV, while an interstitial mechanism results in
0.86 eV. Very recently Wilson and Bisson!® did
more detailed calculations for He in copper and
tungsten. The results favour an exchange mechanism
of a vacany-captured helium with a host atom. The
authors find the rate-limiting step to be the jump
of the helium out of the vacancy the activation
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energy for which is 2.15 eV in copper. — Concerning
the absorption coefficient ¢ an approach sometimes
used and discussed especially by Waite 20 2! would
be for the present case: Whenever a diffusing helium
atom approaches an absorption center to a distance
r within ry < r < ry + Ar, there is a definite proba-
bility 4[sec™'] of absorption. As usual one assumes

(14)

1_ 1. e-QIT
A=1ge @

with a frequency factor 4, and an activation enthal-
py Q. The coefficient 4, contains the factor
exp {AS/k}, where AS is the activation entropy. In
the usual rate theory AS =S5, — S, where S, and S,
denote the entropies of the saddlepoint and the
equilibrium configuration respectively. Now, ac-
cording to Waite?! for times when the diffusion
depth is larger than r, , that is for

VDir > 1,

the absorption coefficient 1 from Eq. (1) should be

(15)

= —’1-."[1"1DLCB

g (16)

where

s= AryAry/D (17)

and Cp is the number of trapping centers per cm?.
If s> 1, in Eq. (16) s and hence i drops out
and the absorption is diffusion controlled

u=4ar, DCg. (18)
If on the contrary s < 1, there results
p=Adar24r, Cp. (19)

The diffusion is rapid enough to maintain a random
distribution in spite of the absorption. Equations
(18) and (19) are immediatly clear containing a
characteristic length denoted 4z r; and reaction
volume denoted 4 o1 r® Ar, .

From the fact that u/D is equal for both cases,
foils and thick samples (Fig.5), one would con-
clude that (18) and s 2 1 is realized. Then one has
to assume a temperature dependence of Cp ac-
cording to Figure 5:

#/Ddar =Cp=~Cplexp{1.35eV/kT}, (20)

in the investigated temperature range. This could
be attributed to an annealing process yielding a
more complicated temperature dependence which
may be approximated by (20) in the mentioned
range. Such annealing could also continue during
the isothermal measurement resulting in a decreasing
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1 with time. This could well cause the deviation
shown in Figure 2. In order to see the effect of a
time decreasing « in case of foils we performed cal-
culations with u—a+b/)t because this form is
integrable, but with this form no quantitative state-
ment concerning the deviation in the curves is pos-
sible.

If (19) is realized one may consider Cjp as tem-
perature independent and ) = —0.35eV in Equa-
tion (14). In this case the differences in D and p,
comparing foils and thick samples, could be attri-
buted to differences in the degassed layers of the
samples yielding the same factor for D and p cor-
responding to Figure 5. If grain boundary diffusion
is rate determining and the absorption takes place
on the grain boundaries a common factor seems
possibble.

From s <€ 1 it follows by (17) and (19) instead
(20)

uDAdar, <Cp. (21)

Now, with the largest value 4-105cm 2 for /D
and r, =~ 2 A (corresponding to a length of only
one lattice parameter) one obtains for the left side
of (21) about 10" em™3, For a larger ry e. g. for
the radius of a secondary defect, a smaller value
results. Garside'® concluded from special experi-
ments that the trapping of He in silver is due to an
interaction of the heliums themselves yielding a
homogeneous nucleation of bubbles. In our case the
concentration of helium was 6.4:10'* em ™3, Taking
this value for Cp and putting ry; = Ar; == 10 %cm
one obtains from (19) for the foils
i=2:10%exp{ —0.35eV/kT} [sec™].

Assuming secondary defects as traps one would

estimate a concentration some times smaller but r,?
about hundred times larger than for the single

We use the well known solution

! ~c

1 .
gz, t) = 9 ]/:rbt fg(:,()) (exp {-—

0
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heliums yielding an even smaller value for Z,. Such
frequency factors 4y, some orders of magnitude
smaller than %k T/h, indicate a negative activation
entropy, S, < S, . They are discussed in gas absorp-
tion theory %2 and were ohserved too for the
emission of tritium from traps in an Ag-Li-alloy %4,
The values indicate that the activated complex is a
somewhat complicated configuration.

Garside’s assumption is consistent with our re-
sults assuming s <1, i.e. (19), but we cannot ex-
clude another absorption process, e.g. the absorp-
tion by secondary defects. In view on this uncer-
tainty we do not discuss the time behaviour of
via Cp, if Cp is given by the heliums themselves.
Without Garside’s results we cannot decide whether
(18) or (19) is valid 2%,

Garside investigated concentrations of He in the
range from 10 %At.% to 10 2 At.%. He obtained
a diminution of his initial D with increasing con-
centration. This effect may be due however, to a
decrease of p, as the measured quantity is p*D. It
is rather likely that at higher concentrations a larger
fraction of helium is captured already during ir-
radiation, compare for example reference “.

Appendix

In order to calculate the gas release for the non-
uniform initial concentration (2) we first transform
Eq. (1) by putting

c(x,t) =g(x,t)e !
lo obtain
Sg/3t=D 4g.
We have
9(2,0) =c(x,0)
and the boundary condition
g(0,1) =c(0,1) =0.

| (@+2)?
} —explf 4-;)£ })d

(x—&)®

Trp

Interting for ¢(&,0) Eq. (2) with ¢,=1, differentiting with respect to  and then putting 2 = 0, we obtain

}d.':' (1-a) l

Ty

fre

|

3 .
(.1_ ru)DtexP[ 4[)1](]"}'
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In the first term the integration may be performed, in the second term it may be simplified by partial inte-
gration. Multiplying by exp — ut we get
Ty
d e ™ | l—a [ |
B petim = — xpl—&2/4D¢}ds .
(ch(a: Vz-0 ]./:rDtla+ Ty mxp =&Y ) J

0

Multiplying this expression by D) and integrating over ¢ we obtain directly Equation (4).
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