Transmutation Products May Influence Radiotracer

Diffusion Rates in an Ionic Solid

Abstract. An inherent aspect of radiotracer diffusion is that «, B*, or B~ emission
produces a daughter element of different ionization state. This process must either
cause a change in the vacancy concentrations or create space charge, depending on
the effectiveness of the internal sources or sinks. Four coupled equations established
to model the kinetics, when solved by numerical methods, predict that the apparent
tracer diffusion rate may easily be in error by a factor of 2 or 3 and, under certain
conditions, by as much as an order of magnitude.

Many high-temperature processes in
solids are determined by the diffusion
rates of the constituent ions. Examples
are oxidation behavior, reaction rates,
creep, sintering, and ionic electrical con-
ductivity. Measurement of diffusion
rates also provides insight into the con-
centration of imperfections and the
energies for defect formation and motion
in a crystalline solid. The most direct and
widely used procedure for measuring dif-
fusion rates is to follow the migration of
a radioactive tracer isotope. Typically,
an initial thin film of tracer is placed up-
on the planar surface of a host crystal.
The sample is then annealed at elevated
temperature for a period ¢ during which
the tracer diffuses into the crystal. The
subsequent concentration distribution,
which one determines by counting the
radioactivity of sequential sections
ground from the sample, is Gaussian: A
plot of the logarithm of activity as a func-
tion of the square of solute penetration is
linear and has a slope equal to (—4D )1,
where D, is the tracer diffusion co-
efficient. Typical initial specific activi-
ties, (SpA)y, are much less than 1 c/g; ex-
pressed in other terms, the initial con-
centration of tracer, Cy,, is of the order
of 10 to 10° atomic parts per million
(ppm). It has universally been assumed
that such concentrations are sufficiently
small that the electrochemical equilibri-
um state of the crystal remains unper-
turbed. We examine that assumption in
the work reported here and conclude
that significant error may result under
normal experimental conditions.

There are five modes of radioactive
decay: @ emission, 8% emission, 8~ emis-
sion, electron capture, and y-ray emis-
sion. Charge is lost in the first three
mechanisms. The radioisotope trans-
mutes into a daughter product whose
atomic number differs from that of the
parent element by -2, —1, or +1, re-
spectively, for a, 8%, and 8~ decay. The
inherent nature of studies carried out
with such radioisotopes is that a sample
will be continuously doped with an
aliovalent impurity. Two effects are then
possible. Internal sources and sinks for
defects may create vacancies in concen-
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trations sufficient to maintain electroneu-
trality. Alternatively, if this does not
happen at a rate which keeps pace with
the production of daughter, a space
charge and electric field will develop. Ei-
ther process will influence the diffusion
rate of an ionic species and could con-
ceivably produce an erroneous apparent
value for the tracer diffusion coefficient.
Intuition suggests that the low tracer
concentration should cause the trans-
mutation effect to be insignificant except
in special circumstances—perhaps, for
example, in the rapid decay of an isotope
of very short half-life. This turns out not
to be the case. In practical diffusion ex-
periments the activity and not the con-
centration of the isotope is maintained
within narrow bounds determined by ex-
pense and radiation hazard on the one
hand and acceptably high counting rates
in sections of the annealed sample on the
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other. In actual experiments, then, the
rate at which the daughter element is
produced is essentially independent of
the half-life of the particular tracer
used.

The total amount of daughter impurity
formed within a sample of radioisotope
after an elapsed time typical of that of a
diffusion annealing is readily estimated.
For an initial specific activity of 0.3 mc/
mg, for example, the concentration of
daughter is 10 ppm after 10 days for half-
lives in the range 1072 < 7 < 10* years.
Vacancy concentrations in a typical al-
kali halide are, in comparison, of the or-
der of 5 ppm at the transition from ex-
trinsic, impurity-controlled mass trans-
port to the intrinsic, high-temperature
regime controlled by equilibrium defect
concentrations. For an oxide with an en-
ergy for Schottky defect formation, E, of
6 ev, the equilibrium vacancy concentra-
tion, exp(—E/2kT) (where k is the Boltz-
mann constant and T is temperature), is
of the order of 0.2 ppm at 2000°C. The
daughter element will be diluted by dif-
fusion during the course of an actual ex-
periment, but the preceding estimate
demonstrates that the concentrations are
not necessarily negligible as compared to
native defect concentrations. The influ-
ence of the vacancies or space charge
created by transmutation should there-
fore be considered for the full range of
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Fig. 1. A predicted distribution of (a) tracer concentration, (b) daughter concentration, (¢) cat-
ion vacancy concentration, and (d) electric field in a thin-film diffusion specimen.
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Fig. 2. Error in the apparent diffusion
coefficient as a function of time and defect
generation parameter, g, for two different ini-
tial specific activities, (SpA),. (The latter are
also expressed as tracer concentration, Cy, in
the initial thin film.)

useful half-lives for radioisotopes with
commonly employed activities.

We have modeled the kinetics of ra-
diotracer diffusion in the presence of
continuous transmutation (/). We con-
sidered the case of an ionic solid in
which only cation and anion vacancies
may neutralize the space charge created
by the aliovalent daughter ion. Electrons
and holes, although they have high mo-
bility, are assumed to be present in con-
centrations that are too low to contribute
effectively to the process. Four flux
equations of the form

Ji = —=D;3C;/dax — D;/kT CZ;edd/ox (1)

may be written as a function of position,
x, and time, 7, for tracer, daughter, cat-
jon vacancies, and anion vacancies. In
Eq. 1, J is the flux (in particles per unit
area per unit time for each species), C is
the concentration, Z is the valence, ¢ is
the electronic charge, and ¢ is the elec-
tric potential. A fifth relation is given by
the Maxwell field equation

Vip = —p/e )

where € is the permittivity of the host
crystal. Space charge density, p, may be
defined in terms of effective charge

P = (Zq — Z,)eCq — ZceCy,
+ (Zl - Zt)eCI

- Zvaecva
(3)

The subscripts t, d, ve, va, and I pertain
to tracer, daughter, cation vacancy, an-
ion vacancy, and native aliovalent impu-
rity, respectively. From each flux equa-
tion a corresponding equation of conti-
nuity may be established:

aC; /ot = = V-J; + R, “4)

where R; is the rate of production or de-
struction of the ith species. The latter
term is —AC; for tracer and +AC; for
daughter, where X\, the disintegration
constant, is 0.693/r.

To this point the formalism has been
rigorous. An expression for R is difficult
to specify for vacancy production since
the term requires a description of the ge-
ometry and kinetics of defect production
at internal sources and sinks (for ex-
ample, dislocations and subgrain bound-
aries). Moreover, in addition to such
‘“‘static’’ sources, there exist ‘‘dynamic”’
transient sources. Both the radiation
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emitted by decay and the recoil of the
daughter interact with the host crystal to
produce electronic and ionic defects ).
Such damage, although it quickly an-
neals out, provides a source of charged
species to locally neutralize the daugh-
ter.
If thermal equilibrium holds,

CyveCva = B(T) ®)

where § is a constant (3). Electroneutral-
ity further requires, prior to any trans-
mutation,

Cvc = Cva + CI (63)

Let us consider two extreme cases.
First, suppose that internal sources do
not operate after transmutation to
change defect concentrations. The va-
cancy concentrations then remain fixed
at the values given by Eqgs. 5 and 6a and,
from Eq. 3, every daughter atom con-
tributes to a space charge density
p = (Zq — Z)eCq. Conversely, if inter-
nal sources are fully effective in main-
taining electroneutrality, vacancy con-
centrations will adjust to new values
such that

Cye =Cua + GG+ Cy (6b)

and p = 0. Intermediate, partially neu-
tralized states between these extremes
are conceivable. To be able to describe
the full spectrum of states, we introduce
an ad hoc defect generation parameter,
g, such that

Cvc = C,va + CI + ng (60)

and g may vary between 0 and 1. For
these extremes the relation reduces to
Eq. 6a or 6b. The defect generation pa-
rameter is introduced to account for a
variety of transient phenomena and mi-
crostructural influences that are impos-
sible to model in a rigorous or general

way. The parameter is a function at least
of temperature, dislocation density, spe-
cific activity, and radiation character-
istics, but it will be assumed to be inde-
pendent of time. If this assumption is
correct, then differentiation of Eq. 6c
with respect to time and combination
with the time derivative of Eq. 5 (which
is zero) provides

Cyc /0t =

gCw/(2Cy. — Cy — gCy aCy/ot  (7)

which is the rate term for vacancies
needed in Eq. 4.

The set of equations of the form Eq. 4
for tracer, daughter, and cation vacancies
plus the field equation (Eq. 2) provide
a set of coupled, nonlinear, inhomogene-
ous partial differential equations which
give a phenomenological description of
the problem. No analytic solution is pos-
sible, but we have solved the equations
numerically with finite difference meth-
ods @) for a wide range of experimental
parameters. Figure 1 provides an ex-
ample of the results of one computation
and presents plots, as a function of pene-
tration, of tracer concentration, daughter
concentration, cation vacancy concen-
tration, and electrical potential. This cal-
culation was carried out specifically for
an initial thin film 1 wm thick containing
a B~ emitter with an activity of 5 x 107*
mc/mg with 7 = 3.75 years, Dy = D4 =
1072 cm¥sec, Dy, = D,, = 1076 cm?¥
sec, an initial cation vacancy concen-
tration of 107¢, g = 0.8, and an anneal-
ing time of 45 hours at 500°C. The
material parameters necessary for the
calculation were taken as those of
KClL.

A surprising result of the calculations
is that the tracer gradients remained re-
markably close to the anticipated Gauss-
ian distribution. The shape of a tracer
gradient will therefore provide no in-
dication of a transmutation effect. The
excess cation vacancies are distributed
over a larger range than the daughter
product because of their higher mobility
in response to the internal electric field.
The excess cation vacancy concentra-
tion greatly exceeds that of the daughter
because, from Eq. 6c, it is the excess
cation vacancy concentration less the
excess anion vacancy concentration
which should be comparable to the
daughter concentration. The tracer dif-
fusion coefficient is everywhere en-
hanced as a result of increased cation va-
cancy concentrations, but the electric
field acts to retard diffusion in the near-
surface region and enhance it at large
penetrations. The apparent diffusion
coefficient deduced from the tracer gra-
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dient in Fig. 1 is larger than the true val-
ue by 9.5 percent.

Calculations similar to those shown in
Fig. 1 have been made for a range of ex-
perimental parameters. Figure 2, for ex-
ample, summarizes discrepancies as a
function of g for diffusion annealings of
different duration and for two different
initial specific activities. The parameters
for the calculations are the same as given
above except that the initial cation va-
cancy concentration was 107% and the
initial specific activities were 5 X 1073 or
5 x 107 mc/mg. These activities are
much smaller than usually employed and
represent conditions under which trans-
mutation might be expected to have a
minimal effect. Errors of the order of 10
to 30 percent may occur even for these
low specific activities. Because of a
slight departure from a true Gaussian
distribution, the error was also found to
depend on the sensitivity of an experi-
ment, that is, the lower limit to which
tracer concentration may be measured.
Higher defect diffusivities, as might be
anticipated, acted to reduce the influ-
ence of the effect. (The gradient of Fig.
1, for example, provides an error which
is roughly one-third of that plotted for
bracketing activities at g = 0.8 in Fig. 2.
The value employed for D, was the same
in both calculations and, since D, =
D/C,., the higher mobility of the va-
cancies in the calculation for Fig. [ re-
sulted in a diminished effect.) The tracer
half-life had very little influence for a giv-
en activity. The effect of daughter-va-
cancy association had little influence for
typical association energies and was ac-
cordingly neglected in most computa-
tions. The importance of variables and
parameters in the numerical calculations
may be summarized as decreasing in
approximately the following order: g
>t > (SpA), > D > sensitivity > D,
> T,

Our model predicts that the apparent
tracer diffusion coefficient may differ
from the true value by an amount which
is a strong function of annealing time,
initial activity, and the effectiveness of
internal defect sources for the experi-
mental conditions customarily used. The
influence of transmutation must clearly
be given attention in careful diffusion
measurements with ionic solids. Several
potential consequences are immediately
apparent. The effect is a strong function
of time and will therefore influence low-
temperature and high-temperature mea-
surements to a different extent, because
of the different durations of the anneal-
ings which are employed. This effect will
introduce a systematic error in the ex-
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perimentally measured activation energy
for diffusion. If the apparent diffusion
coefficient is larger than the true tracer
diffusion coefficient, a comparison of dif-
fusion data with conductivity measure-
ments may incorrectly imply the exis-
tence of neutral complexes. Finally, the
transmutation effect could conceivably
suppress entirely the onset of a regime of
intrinsic diffusion in materials which
have high energies for defect formation
and in which the equilibrium concentra-
tion of vacancies is very small.

G. C. T. WEI, B. J. WUENSCH
Department of Materials Science and
Engineering, Massachusetts Institute of
Technology, Cambridge 02139
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Comparison of Radioactive and Stable T1" Diffusion in

Potassium Chloride: Demonstration of a Transmutation Effect

Abstract. Radioactive **TI* was found to diffuse in potassium chloride up to three
times more rapidly than stable TlI*. The difference is attributed to the ***Pb*" daugh-
ter element produced by 3~ emission. A theoretical model accounts satisfactorily for
the discrepancy and indicates that internal sources of cation vacancies are effective
in maintaining electroneutrality at all but low temperatures.

The technique usually used to measure
diffusion rates in solids consists of fol-
lowing the migration of a radioactive
tracer isotope. However, radioactive
decay produces an aliovalent daughter
element when charge is lost from the sys-
tem by «, 8*, or 8~ emission. This pro-
cess may produce space charge and an
internal electric field or, alternatively, va-
cancies may be internally created in the
solid to maintain electroneutrality. Ei-
ther process may cause an apparent trac-
er diffusion rate in an ionic solid which
differs appreciably from the true value.
In a companion report (/) we describe a
theory which predicted that errors of a
factor of 2 to 3 or even up to an order of
magnitude may result under conditions
commonly used in sample preparation.
This result was quite unexpected for a
procedure which has been widely em-
ployed with apparent success, and ex-
perimental evidence is necessary to sub-
stantiate the existence of a transmutation
effect.

There are at least two ionic systems
for which one investigator has made
measurements with a radioisotope and
another with a stable tracer. The dif-
fusion rates reported for radioactive
2041+ in KCI (2) are seven times more
rapid than those later measured for
stable Tl (3) with the aid of electron mi-
croprobe analysis. The disparity was
present in both the extrinsic and intrinsic

regimes of transport. The disparity in the
extrinsic regime might be interpreted in
terms of differences in sample purity, but
we know of no obvious explanation for
different behaviors in the supposed in-
trinsic region. The effect may be due to
doping by the 2°*Pb?* daughter produced
by the decay of the radiotracer. Similar-
ly, measurements of 2Mg?* self-dif-
fusion in MgO ) provided diffusion
coefficients larger by a factor of 8 than
data obtained (5) with the stable isotope
26Mg. The isotope »Mg?* decays with a
half-life of 21.3 hours to 2°Al3* which, in
turn, transmutes to 28Si** (stable) with a
half-life of 2.3 minutes. An aliovalent
daughter may therefore be responsible
for the discrepancy but, as with KCl, one
is comparing measurements made on dif-
ferent host crystals with different proce-
dures by separate investigators. Con-
vincing evidence for a transmutation ef-
fect can be provided only on the basis of
measurements made with a single well-
characterized host material in experi-
ments which differ only in the nature of
the tracer used. We selected KCl as an
ionic host crystal and decided to exam-
ine impurity rather than self-diffusion so
that tracer gradients could be conve-
niently measured by chemical as well as
radiometric methods. Thallium is unusu-
al in displaying appreciable solid solubili-
ty in KCl; moreover, the literature (2, 3)
suggests the existence of a transmutation
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