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The calculations leading to the differential equations of statistical kinematics inside a
solid and near the boundary between a solid and vacuum are given. The influence of the
transmission coefficient of the boundary on the concentration of the diffusing material in
solids is taken into account by introducing the length of extrapolation expressed by the
polynomial of arbitrary order depending on the needed accuracy. The obtained length of
extrapolation is influenced not only by the diffusion parameters and the boundary’s char-
acteristic feature but aso by the initial distribution of concentration and by the time of
diffusion. The presence of an external force is neglected. The numerical calculation for
the planar diffusion of hydrogen in a palladium monocrystal is given as an example. The
present method may be particularly useful for diffusion in thin layers and membranes, or
when the detailed information on the distribution of diffusing material near the boundary
between a solid and vacuum is needed.

1. Introduction

The measurements of the diffusion coefficients and the different models of the
diffusion mechanism in solids are the subjects of many investigations. The diffusion
coefficient is defined by the Fick law. Unfortunately the Fick equation leads to the so
called “paradox of diffusion” and it is not valid far from the stationary state. Now we
shall present a derivation of the new diffusion equation for solids which is free from
the above mentioned paradox. It is believed that the statistical distribution functions of
the length of jumps of the diffusing particle and of the times between the consecutive
jumps describe the diffusion process in a proper way. Thus, that process depends on
the statistical distribution moments. The differential equation, which will be called the
equation of statistical kinematics in solids (SKS equation), is based on the balance of
events, namely, jumps or collisions. At the stationary state our results tend to the Fick
law. In the genera case a better fit to the experimenta data is available.

The properties of the surface layer of the examined medium differ from those
inside the medium due to the lattice deformations and chemical adsorbers on the
surface. In the classical approach there exists the boundary condition in the form
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of the length of extrapolation. The classica length of extrapolation depends on the
transmission coefficient (¢) of the boundary and on the mean length of jump (\). That
length of extrapolation does not depend on the diffusion coefficient and can be only
applied for the steady state. We shall present another boundary condition using the
classica concept of the length of extrapolation. Our event depends not only on dl the
parameters of diffusion but also on the initial condition and on the time of diffusion.
The obtained boundary condition is applicable far from the steady state.

By comparison of the solution of our equation with the experimental data one can
verify the diffusion models and, consequently, predict the values of the concentration
of the diffusing substance more precisaly than in the case of the classical approach.

2.  Equation of dtatistical kinematics for solids

In the former paper [13] we have presented a solution of the SKS equation.
The SKS equation itself was obtained in [12]. Here we give a more comprehensive
derivation which gives more insight into the basic idea of that formulation of the
diffusion process.

We take into consideration the motion of the projection of the diffusing particle
on the x axis. The trgjectory of that projection may have different shapes as shown in
figure 1. The circles in figure 1 mark there the characteristic points of the trgjectory,
namely the points of jumps in a solid or the points of collisions (loca maxima of
curvature) in a gas and plasma. The characteristic points form the ensemble of events
which will be used in our subsequent considerations.

We denote the length of distance = between two consecutive characteristic points
by A and the corresponding interval of time ¢ by At. For liquids At is the sum of the
time 7' during which the migrating particle is at rest in the position of equilibrium
between two consecutive jumps and of the time 7 of flight to the next position of
equilibrium

At =T+ (2)
For solids we may assume
At =T. 2

The At and X are the random variables. Next we assume that the sense of the = axis
agrees with that of the more probable direction of motion. We introduce an additional
random quantity o characterized by the following statistical distribution

fi(o) = K_8(0 + 1) + [1— (K_ + K)]8(c) + K16(c — 1), 3)

where §(o) is Dirac’s delta function, K, is the probability that the diffusing parti-
cle moves in the positive direction aong the x axis while jumping and K _ is the
probability that it jumps in the negative one. We have

<O_2r> — K+ +K_, <O_2r—l> — K+ K, (4)
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Figure 1. The different shapes of the trajectory of the projection of the diffusing particle on the x axis:
(@) inanideal gas, (b) inarea gas or plasma, (c) in aliquid. The circles mark the characteristic points.

where r = 1,2,..., and (o) denotes the expectation value of . The random variable
o expresses the fact that the projection of the diffusing particle on the x axis can move
in either the positive or negative direction or it can rest while the diffusing particle is
moving in the plane normal to the z axis. The last possibility is not realized when
Ky + K_ = 1. Then we denote

Ax = o). )

Now we can draw the set of the surface elements S)* in the kinematic plane ¢,z
(figure 2), where

Syt = (tm+1 — tm)(@nt+1 — xn),  tm = mAt+c1, x, = bz + ¢, (6

m,n are integers and c1, ¢y are arbitrary constants. These surface elements are the
random variables. For the given At and Ax each characteristic point (connected with
the values of At and \) which lies in the rectangle S™** has its predecessor in one of
the rectangles 5" 4, Sy and S}, ;. Therefore we can balance the events. We shall call
the area of the four elements 57", S ,, S™ and ST, ; the conservation of events
or the balance area. Now we have two systems of co-ordinates. the discontinuous
co-ordinates m,n and the continuous co-ordinates ¢,xz. Moreover, the n axis can
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Figure 2. The area of the balance of events for o = 1.

be parald, antiparallel or perpendicular to the x axis due to the random variable o.
We see, that only four points (m + 1,n), (m,n — 1), (m,n) and (m,n + 1) are
necessary to form the balance area in the co-ordinates m,n. In the co-ordinates ¢, =
each point (m,n) is represented by the element S;* which is a random quantity. For
the continuous statistical distribution of A¢ and A\ the whole balance area is filled
by the characteristic points (figure 2), which form a continuous ensemble. For the
discrete dtatistical distribution of At and A the balance area is covered by a discrete
ensemble of events (figure 3). When At is a constant, the balance area reduces itself
to two segments parallel to the x axis (figure 4). When A\ has a constant value, the
balance area reduces itsdf to three segments parallel to the ¢ axis (figure 5). Only
for constant values of At and A, when the variability of these quantities is neglected,
each point (m, n) is explicitly represented by one point (¢, x), because the other points
of the element S)* are free from the events; S is empty except one point. For this
case the balance area consists of four points. (¢, zn—1), (tms®n), (tms Tne1) and
(tmr1,x,) (figure 6) in the co-ordinates ¢, z. We see that each of the cases considered
above is connected with different geometric structure of the balance area. We think
that this structure brings the information on the fundamental features of the diffusion
phenomenon and should be reflected in the form of the differential equation describing
the process here considered.

Let C(¢t, z, At, ) dt dz d(At) d\ be the average number of events inside the in-
tervals (¢,t + dt) and (z,z + dz). These events lie at the distances included in the
intervals (At, At + d(At)) along the ¢ axis and (A, A + d)) along the z axis from their
predecessors. The average value of the function C(¢, z,At, \) in the element S]* for
the given redlization of o, At and ) is as follows:

1 tm41 fTn+1 C d d
t,x,At, A t.
AtAx /tm /zn (. )dv
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Figure 3. The possible positions of the characteristic points in the balance area for the discrete statistical
distributions of At and X and for o = 1. Here j =3 and [ = 4.
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Figure 4. The possible positions of the characteristic points in the balance area for constant At and for
o = 1. The statistical distribution of X is discrete. Here j =1 and | = 4.

We assume, that the above expression remains finite when o = 0. The value of the
concentration of events that we can ascribe to the point (m,n) is

- 1
WA

tm4+1 fTntl
x / / C(t, 2, A, \) dz dt | f1(0) dor d(A) d. )
tm Tn

Now we can write the egquation of the conservation of events:

C;Ln—i_l - KJFC?T_]_ + [1 - (K, + KJr)] C?T + K- 7T+l' (8)
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Figure 5. The possible positions of the characteristic points in the balance area for constant A and for
o = 1. The statistical distribution of At is discrete. Here j = 3 and [ = 1.
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Figure 6. The possible positions of the characteristic points in the balance area for constant At and A
andforoc =1 Herej=1and ! =1.

Only these particles which collide or jump in one of the elements S |, S7* or ST, 4
can have the next collision (or jump) in the element S™*. This s the essential sense
of equation (8). The form of equation (8) is like a form of master equation in the

co-ordinates m,n. When K_ = K, = K equation (8) can be written as follows:
cmtl_om A2 (CTy — C) — (C — O y)
-n___n _ K- n+ n n n-1/

At At Ax? ©

Let At — 0 and Az — O while K(Az?/At) = D remains constant. The above

condition means that: (1) the variabilities of the quantities At and A\ are neglected,
(2) the balance area reduces itself to its edge point. We see that in this case the Fick
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equation can be obtained from equation (9) in a direct way. Therefore, we think that
the differential SKS equation will turn into the Fick equation for constant At and A
when the concentration of the diffusing substance and its derivatives will be taken in
the edge point of the balance area and without the external force ((o) = 0).

Now we assume that

C(t, z,At, \) = C(t, ) f (A, \) (10)
and

J(Bt, A) = f2(A1) f3(N). (11)

It means that: (1) the statistical distribution of At and A\ does not depend on ¢ and
x, (2) the function of the dtatistical distribution of the random variables At and A can
be written in the multiplicative form. The first of these requirements may be fulfilled
when there is no transport process except self-diffusion in the examined medium. Con-
sequently, the differential equation has constant coefficients. Our second requirement
means that the random variables At and \ are statistically independent. The additiona
limitation of the proposed modd of diffusion is connected with the assumption that the
random variables At and \ are statistically independent of the sense of motion along
the x axis (see formula (7)).

We can only say that due to these assumptions the Fick equation can be obtained
from the SKS equation when al terms of equation (8) are expressed by the function
C(t, z) and its derivatives taken in the edge point of the balance area. Asthat equation
agrees with the maority of the experimental data, we may think that our second
requirement is fulfilled.

The quantity C(t, x) dz gives the average number of events (jumps or collisions)
inside the interval (x, xz + dx) at the moment ¢. We assume, that C(¢, x) dx is propor-
tiona to the amount of the diffusing substance in that interval. Hence, we can interpret
C(t, z) as the concentration of the diffusing material. Then we can write

om = (wm), (12)
where
(W) = /A /A t / W™ f1(0) fa(Bt) f5(N) o d(At) A (13)
and
W — Atlm /t A / " ot ) dt (14)
or

1 At DAz
W = NAT /O A Ctm + u,z, + v) dudv.
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The form of the trgectory of the diffusing particle in a solid (At = T') should be
properly reflected in the operator relating C'(¢,, + u, x,, + v) and C(t,,, x,,). The step
of u is represented by the action of the operator

i ut ot
— al Ot®
when applied to the function C(¢,,,, x,,). Similarly, we represent the step of v by
i b ab
bl Ozt

Thus,

Cltym +u,zp +v) = Z a'b' s Tn)gaghs (15)
a,b=0

where we use the notation

oot
Fraagh! G2) = Ft 2 (16)

Introducing equation (15) into equation (14) we obtain

ANt
Z (a + Db + 1)! v oy © G Tndgags (17)

Starting from here we will use throughout this paper the following approximation:

A%A_xc(tmf mn)tw . (18)
The presence of the mixed derivative C'(¢,,, x,, )z reflectsthe fact that in our scheme the
diffusing particle is alowed to pass from the point (¢,,, x,) to the point (¢,,+1, €n+1)
only through the points (t,,+1,n) OF (1, Trna1)-

For solids we assume that the statistical distributions of At and A\ are discrete,

At A
Wit = Cltya) + % Cltm e + =5 Cltm n)o +

i.e.,

At = 5Tp (19)
and

A =1\, (20)

where \g is the constant length of the elementary jump, Tp is the constant period of
oscillations of the diffusing particle in its equilibrium position and j,! are integers
being the random variables. When f,(j) = 6(j — 1) we put (At) instead of Tp; when
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f3(l) = 6(1 — 1) we replace Ao by (\). Now for solids W™ takes the following form
in the first approximation:

1 1
W;zn = C(tm’ -Tn) + E(j - 1)TOC(tm1 Cﬂn)t + EU(Z - 1)>\Oc(tm1 xn)x
1
+ Z_U(.] - 1)(l - 1)T0)\00(tm1mn)ta:- (21)

In the earlier paper [12] dealing with diffusion in solids we have recently detected
some minor numerical errors in numbers representing the factors in W), therefore the
coefficients of the differential equations (but not the equations themselves) have to be
dightly corrected. These errors have no influence on the general conclusions in [13].

Now we need to express al the terms of equation (8) by the derivatives of the
function C'(t, x) taken at the edge point of the balance area. We should introduce the
information about the geometric proportions of the balance area to the caculation.
So we go to the edge point step by step, each step is connected with the separate
expansion of C(t,x) in the Taylor series

© ALl
C(tmy CCn) = Z a—x;C(tm, l’n,]_)za, (22)
a=0 ’

>\ Agtb
Cltmy 1) = Y — o Cltm, Tn-1)gato, (29)
ab=0 "

>\ AtAx?
CllmsrTn) =Y ——o Cltm, 1)y (24)

a,b=0

Introducing the above expressions together with (4), (5), (12), (13) and (17) into
equation (8) we obtain the genera differential equation. That equation contains the
derivatives of the function C'(¢, ) taken in the edge point of the balance area. Its form
depends on the assumed forms of the statistical distribution functions fi(o), f2(At)
and f3(\). Limiting the play of the series indices to two values 0 and 1, we obtain the
following differential equation as the first approximation of the general equation:

Cy+ A/Ctz + BiCx + BéCm — Bnga + BQCtzz — Bngs — D’lsz
+ D5C,2 + D5Cha,2 = O, (25)
where
To

A= (%) - <j>)%’
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B = 3<a>(<az> — (@) ((1%) = (%) x
3714 ()T’
e e CURE I
By= glo) (0% - (o) L () - ),
=112 1022 — (o) (22) - )] 2
173 (1) To’
D= 3le2{ 20 - ) = U= 1020 - ()20 - ) |

J
/ 2 (%) =) ()2 2
We see that the obtained above SKS equation contains the second order derivative
with respect to time and the third order derivative with respect to distance. It agrees
with the geometric proportions of the balance area which lasts 2At¢ and has the length
3Ax (see figure 3).

Let f2(j) = 6(j — 1) and (o) = O (see figure 4). Now equation (25) takes the
form

C; — DiC,2 + D5C,,2 = 0. (26)
The above equation was obtained by Cantello [1] and then by Mrygon and Wojtczak [8]

from master equation.
Assuming the concentration in the form of Fourier series

Clt,x) = Y Alp) exp[—a(p)t] explipz), (27)
p=0
one obtains from Cantello equation the relaxation coefficient a(p) as follows:
271/
I %1
a(p) = 1- 20 (28)

According to the Cantello equation if pZD’2 > 1 then the amplitudes of concentration
harmonics increase infinitely with time while the external forces are absent ((o) =
0). Such effect contradicts the energy conservation principle and it is not observed.
Therefore the Cantello equation leads to a very substantial paradox.

When f2(5) = 6(j — 1), f3(l) = 6(l — 1) and (o) = O we obtain the Fick eguation
(see figure 6)

Cy — D1C,2 =0 (29)
with its known paradox
a(p) = pzD'l (30)
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and lim,_. a(p) = oco. The above result agrees with equation (9). We see that the
orthodox equations with their failures can be obtained from equation (8) in the edge
point of the area of the conservation of events. Moreover, it is possible only under
condition that the balance area has the length of one step At adong time axis, i.e.,
f2(j) = 6(j — 1). When At varies randomly, the balance area has the length of two
steps At dong time axis and the derivative of the second order with respect to time
must appear in the differential equation. Also in the coefficients of the differential
equation must appear the first and the second moments of the statistical distribution
function f»(j) (see (5) and (52) in equation (25)). We cannot agree with the orthodox
approach based on the form of master equation which contains only the first derivative
with respect to time [7,9]. Such form can be justified only when one neglects the
random variability of At, i.e., for long time of diffusion, when the expansion into a
Fourier series contains no more than a few harmonics.

Let us look once more on equation (25) for (o) > 0. Let f2(j) = 6(j — 1) and
f3(l) = 6(I — 1). One may suppose that in this case equation (25) should turn into the
classica Einstein—Fokker—Planck (EFP) equation. Actualy we obtain, instead of the
EFP equation, another equation,

C; + BiC, — D1C,2 + B5Cy, =0 (3D
with the phase velocity of the waves of concentration

By — p*ByD;
) = = hr (32)
while the EFP equation does not contain the mixed derivative and it gives the phase
velocity 3 independent of p. We can interpret this discrepancy in the following way.
The EFP equation describes the drift with constant velocity of the crystal |attice together
with the diffusing particles. In our model only the diffusing particles fedl the action of
an externa force and the crystal lattice remains at rest with respect to the observer. The
waves of concentration may interact with the lattice depending on the wave number p.
In this paper we shall deal with the case (o) = 0.

More interesting results can be achieved at the centre point of the balance area
We pass from the edge point (¢,,,,z,_1) to the centre point (¢,,,x,) by one step of
—Azx:

Clomorn ) =3 otz @
a=0 '

We obtain the following differential equation in the first approximation:

Cy+ ACp + B1Cy + B2Cyy + B3Cos + BaCle,, — BsChys — BeClays
— D]_sz — DZCt:cZ — D3Ct212 + D4CIA + D5Ct14 =0, (34)
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The above SKS equation plays here a similar role as the EFP equation plays for the
orthodox approach. It is evident that the passage from the edge point (¢,,, x,_1) tO
the centre point (¢,,,x,) generates the derivative of the fourth order with respect to
distance. Thus we see, that the order of the differential equation depends on the point
of tangency of the solution of that equation to the solution of equation (8).

When (o) = 0, equation (34) takes the form

Cy + ACtz — chxz — chtxz — Dgctzxz + D4Cx4 + D50m4 =0

and the corresponding relaxation coefficient is

1+ p?Dy + p*Ds — (b)Y
ap) = >
2(A 4 p2D3)




A. Sobaszek, L. Adamowicz / Transmission coefficient of the boundary 425

where
A=1+ 2p*(D; — 2AD1) + p*(D3 + 2Ds — 4AD4 — AD1 D3)
+ 2p%(D2Ds — 2D3Da) + p® D2. (37)

It can be seen that

. Dy
lim = —
p—oo a(p) 2D3

so equation (35) is free from the paradox of diffusion.
When f>(j) = 6(j — 1) (see figure 4), equation (35) gives

Cy — D1C,2 — D3C2 + DaCla = O, (39)

The above equation corresponds to the Cantello equation and is free from its paradox:

(38)

a(p) = p?D1+p*Dy
1+ p2D2
We see that o(p) > O for al p. We have lim,_.. a(p) = oo but here it does not
contradict to the assumed conditions, because now At is constant and A may be arbitrary
long.
For the case shown in figure 6, equation (35) turns into

(40)

Cy — D1C2 — D2C,2 = 0. (41)
The relaxation coefficient obtained from the above equation is as follows:
2
_ pDs
o) = 1 op (42)
and
: D1
lim = —. 43
Jim a@) = 57 (43)

Equation (41) corresponds to the Fick equation and is free from the diffusion paradox
(for constant At and constant A the relaxation coefficient o should be limited for al p).
The coefficients D; and D5 in equation (41) contain (02), A3 and (At). Interpreting the
experimental data according to equation (41) one can determine two from three those
guantities. Our approach alows one to obtain more information from the experiment
than the orthodox approach does.

3.  Boundary conditions

The simplest boundary condition used for transparent barrier (i.e., barrier char-
acterized by the transmission coefficient equal to one) when the concentration of the
diffusing atoms outside the sample equals zero is the condition of Dirichlet,

C(t,0)=C(t, L) =0, (44)
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where L is the length of the specimen.

In the case of diffusion in gases or when neutrons diffuse in solids (i.e., when the
mean free path of the diffusing particles is not considered as an infinitesimal quantity)
another boundary condition for transparent barriers is used. It has the form

Ct,—d) = C(t, L +d) = 0, (45)

where d is the length of extrapolation.

Smoluchowski [10] calculated the value of the length of extrapolation d. =
0.707(\), where (\) is the length of the mean free path of the diffusing particles. He
dealt with the distribution of temperature near the boundary between gas and solid
but his result can be applied to diffusion. In the contemporary monograph [4] the
length of linear extrapolation is applied to the diffusion of neutrons and it is quoted as
d. = 0.7()\). When one wants to take into account the fact that the barrier may have
different degrees of transparency one should use the following form of the length of
linear extrapolation [3]

de = 0.71(2 = (9)) (N)/(a), (46)

where ¢ is the random variable equal to 1 (when the diffusing particle penetrates
through the barrier) or 0 (when the diffusing particle rebounds from the barrier). Thus
(q) is the expectation value of ¢ and has a meaning of the coefficient of transmis-
son. For (¢) = 0 the boundary condition (46) leads to the condition of Neumann
(VC(t,0) = VC(t, L) = 0). The classicd length of extrapolation can be applied only
to steady state. It does not depend on the initia distribution of concentration and on
the time of diffusion. The features of the medium are characterized only by (\) and
(q); the coefficient of diffusion does not enter equation (46).

The boundary condition in the form of the length of extrapolation is still used —
see equation (2.6.1) in [5], where d.. is written as follows:

_1+Rg<>
¢ 1-R3"

Here R = 1— (q) isthe effective reflection coefficient. For R = 0 we obtain the result
of Smoluchowski with accuracy to the numerical factor.
A similar boundary condition was given by Crank [2] and now by the authors
of [6], where in the point 2 = 0 it has the form
de KC=0. (48)
dx
Here K may be considered as the reciproca of the length of extrapolation. Two cases
are considered in [6]: (1) K = O for the Neumann boundary condition ({q) = 0), and
(2) K = oo for the Dirichlet condition. The last case means that the authors of [6]
assume d. = 0 for (g) = 1. This assumption cannot be thought as an exact one from
the times of Smoluchowski.
The above mentioned results were obtained within the orthodox approach.

(47)
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The balance of events near the boundary between solid and vacuum was consid-
ered in [11]. Unfortunately, the results obtained in [11] are not correct because of the
error in [12] mentioned earlier.

If the barrier between solid and vacuum lies at the point z,1 then the element
Sy 1 is absent in the balance area because it lies outside the examined medium. Thus
the probability that a particle which jumps (with the given values of j and [) inside
element S™ will not have the next jump inside element S is (¢) K, + K_, so the
balance of events leads to the following equation:

Crtt=K, Cl o+ [1- (o) K4 + K_)| O (49)

Under the same conditions as formerly one can obtain the differential equation from
equation (49) in the point (¢,,,, ,,—1) as follows:

Cy+ A"Cp + ByCyp + By Cyy + By Cie,
+ DI’sz + D;’sz + D;’Ctzxz + E*C =0, (50)

where

At =((7%) -
By = (o){{o®)[2{1) + {a)(3(1) — 1)]

— (22 - 1)~ (g >( O -}
By = (0){2(j) (3(1) = 1) + (1/2)((j) — 1) [(0®)[2(D) + () (3(1) — 1)]

— (@) [2(2() - 1) = {0 (3) - Y]]} 1~

By = (0)(4) ~ ) (3() ~ 1) -2

[(o
b

2
- @) (= @)} - )22
2
Dy = (o) ~ ) (2 - 1) 22
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Equation (50) is the differential equation of statistical kinematics near the bound-
ary between solid and vacuum (SKSB equation) taken at the edge point of the balance
area (the point (¢,,,, x,—1)). Now the presence of the barrier in the point x,,,1 breaks
the symmetry of the balance area and the consideration of the differential terms at the
point x,, is not applicable.

4. Length of extrapolation

Farther on we shall use equation (34) because it is free from the paradox of
diffusion. Equation (50) plays the role of the boundary condition for equation (34).
Since the distance between the point z,, and the boundary equals /Ao we shall consider
equations (34) and (50) in the point x;, = L — () \o. We assume that K, = K_ and
(o) = 0, i.e, both directions of jumping aong the = axis have the same probability
(an externa force is absent).

Equation (50) gives

1
C(t,xp) = T (Ct + A"Cp + DI’sz + D;’Ctzz + D;’Ctzzz). (51)

We know the solution of the SKS equation under the boundary condition (44) (in [13])
and we can find the values of C;, Cp, C,2, Cp2 and Cp,2 in the point z; — thus
the value of C(t, ) is atainable from equation (51). Of course this value does not
represent the actual concentration inside the sample. It is only a fictitious quantity
introduced for approximate determination of the length of extrapolation. Next we
expand the concentration into the Taylor series:

(5; ) C(t, 1), (52)

C(t,xp + 6x) =)
=0

We end the summation of the series with i = i depending on the needed
accuracy and we seek such value of 6z for which C(t, xp + 6x) = 0. In the smplest
case of linear extrapolation we have C(t, xp) + 6xC(t, xp), = 0 and

_ O, )
T e, 3
Here C(t, =) is calculated from equation (51) and C(t, xp), is calculated from the
solution of equation (35) under the boundary condition (44).
Now the length of linear extrapolation is found:

dO = 6z — () Xo. (54)

Then we obtain the new value LY = L + 2d© and repeat the calculation till d*D —
d™ ~ 0. At last we assume that dt? is the wanted value of d. We see that
our length of extrapolation depends not only on the coefficients of diffusion and on
the transmission coefficient of the boundary but aso on the initia distribution of
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concentration C'(0, =) and on the time of diffusion ¢. The length of extrapolation should
depend on time in order to reproduce the initial distribution of concentration for ¢ = 0.
The last dependence vanishes for long times when the expansion of concentration into
the Fourier series approximates to the first term.

5. Example of hydrogen diffusion in palladium

Let us look on diffusion of hydrogen in a paladium monocrystal. We assume
that an externa force is absent and (o) = 0. We shall use the results of our former
work [13]. Let us introduce the initial distribution of concentration:

C(0,z) = CoH(x) [1 — H(x — L)], (55)
where
1 forz>0,
i) = {0 for§<0,

is the Heaviside function, L is the length of sample and Cj is the initial concentration
of hydrogen in paladium.

We assume Tp = 1, (52) = 2(5)2, (j) = 1600 (what corresponds to a diffusion
temperature of about 345 K [14]), lattice constant ¢ =1, L =10 and Cp = 1.

We want to obtain the length of linear extrapolation d for two directions of
hydrogen diffusion in paladium lattice and for different values of the transmission
coefficient (¢). The dependence of d on the diffusion time ¢ will be shown also.

(8 Let the x axis be parallel to the [100] direction. For this case we have (I") = 1
for arbitrary r, \g = 1/2 and (0®) = 2/3. The corresponding solution of the SKS
equation (35) with boundary condition (44) is now given by the function

40 o~ 1 C(2k+1
Ci(t,x) = To E 1 exp[—azt] S|n< 7 7rx>, (56)
k=0

where

ay = 1+ p?Da — /Di(p)
2(A + p?D3)

is a function of & by
Da(p) = 1+ 2p*(Dz — 2AD1) + p*(D5 — 4D1D3),

T
— 2 (2k + ).
P L( +1)

This solution differs from that given in [13] because for the revised values of the
coefficients in the SKS equation we have A;(p) > 0 for al values of p.

(b) Let the = axis be parale to the [110] direction. Now we have (I) = 1.2,
(I?) = 1.6, (I3 = 24, (I*) = 4, \o = V2/4 and (¢?) = 5/6. The corresponding
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solution of the SKS equation with boundary condition (44) is given by the function
[13]

/

k
4 Lo . (2k+1
C’z(t,m):ﬁ{ exp[—azt]sm< bt 7rm>
k

T | &= 2%k+1 L

k5
1 . (2k+1
+ Y T exp[—ast] sm< 7 wx) cos(wt)
k=k+1

+ 3 Zki_lexp[agt]sin<2k2_17m>}, (57)

k=kj+1

where k] = 3, k, = 32 and

0o LT p?D + p*Ds — /Bo(p)
’ 2(A + p?Ds) ’
o 1+ p®D, + p*Ds
*T 2AA+p?Ds)
eV D2(p)
2(A+ p?Ds)’
Do(p) =1+ 2p*(Dp — 2AD1) + p*[ D5 + 2Ds — {AD4 + D1D3)]
+ 2p%(D2Ds — 2D3Dy) + pPDE.

The vaues of k] and &/ differ from those given in [13] because now we use the revised
values of the coefficients in the SK'S equation.

The values of the length of linear extrapolation d calculated in the way presented
in the preceding chapter for the cases (a) and (b) and for different diffusion times ¢
and transmission coefficients (¢) are given in tables 1 and 2.

One can seethat for (¢q) = 1 the length of linear extrapolation d < 0. It means that
in this case the surface of a crystal is free from the diffusing material. For (¢q) — O the
length of linear extrapolation d tends to infinity — it agrees with the classical boundary
condition for reflecting boundary (Neumann condition) C(¢,0), = C(t, L), = O.

Table 1
The values of the length of extrapolation d after n steps of iteration for the
diffusion time ¢ = 10’. The number of decimal digits reflects numerical
accuracy of the results.

[100] [110]
(@) =1 (q) =102 (@)=1 (q) =10"%

d —0.488359 0.24217 —0.412266 0.2773
n 3 9 3 9
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Table 2
The values of the length of extrapolation d after n steps of iteration for the
diffusion time t = 10°. The series (56) and (57) were summed up to k = 50.
Further increase of k& does not change the results within the range of assumed
numerical accuracy.

[100] [110]
(=1 (q) =102 (@) =1 (g =10"%

d —0.484216 0.758471 —0.410438 0.51931
n 3 4 3 5

The application of the length of extrapolation may be illustrated as follows. For
the given value of the transmission coefficient (¢) we find the length of extrapolation
d© and the extrapolated length of sample LY = L + 2d©@. This value should be
introduced to the wave number p instead of L, i.e., LM influences the values of the
exponential and trigonometric functions forming our solutions Ci(t,x) or Ca(t, ).
The term Co remains the same as formerly. One has to control the values of k7 and
k5, which may be changed. As one may see the function A, changes its sign for &
and k, — the values of £} and k% are the highest integers which are not higher than
k1 and ko, respectively. For the vaue L we find new value d¥ and so on, until
d™+tD) — 4 ~ 0. One can see in tables 1 and 2 that the lower is (¢) and the longer
is t the higher ordered approximation should be used (n grows).

We have three cases: (1) d > 0, (2) d < 0, and (3) d = 0. The last case do not
require any comment. For the second case the layers of thickness |d| adjacent to the
boundaries are free from the diffusing atoms. The illustrations of the cases (1) and
(2) are given in figures 7-10. The anisotropy of diffusion shown in these figures was
commented in [13]. Now we have D' ~ 3.47 x 1075 and D™ ~ 4.34 x 10-°.
The relative difference between concentrations given by diffusion in [100] and [110]
directions becomes smaller for shorter times when the concentrations are higher. The
influence of the boundary’s transmission coefficient (g) on the planar diffusion of
hydrogen in a palladium monocrystal was considered by us as an example of application
of our approach and the detailed discussion of the diffusion mechanism is not our
am.

6. Conclusions

In this paper the new approach to the diffusion problem is presented in detail. We
find a particular area (called the balance area) where the principle of the conservation
of events (jumps or collisions) is fulfilled in the kinematic plane ¢,xz. That balance
area is a random quantity. The equation of the balance of events alows one to obtain
the differential equation which governs the diffusion process. The geometric structure
of the balance area influences the form of the differential equation. That structure
depends on the datistical distributions of the lengths of jumps A and of the time
intervals between them At. Particularly, the concentration derivative of the second
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Figure 7. The dependence of the hydrogen concentration C; on the distance x in the palladium monocrys-
tal. The z axis lies on the [100] direction. The time of diffusion ¢t = 107 and the transmission coefficient
of the boundary (g) = 1. The additional information is given in the text of the paper.
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Figure 8. The dependence of the hydrogen concentration C1 on the distance x in the palladium monocrys-
tal. The transmission coefficient of the boundary (¢) = 10~2. For additional information see figure 7.

order with respect to time must appear in the differential equation when one wants to
take into account the random variability of At. The classical equations of Fick and of
Cantello with their failures are obtained for constant At at the edge point of the balance
area. The differential equation free from the “paradox of diffusion” (SKS equation) is
available at the centre point of the balance area. The calculations are performed for
the discrete statistical distributions of At and \ which characterize a solid.

The balance of events near the boundary between a medium and vacuum leads to
another differential equation (SKSB equation) which, together with the SK'S equation,
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Figure 9. The dependence of the hydrogen concentration C> on the distance z in the palladium monocrys-
tal. The z axis lies on the [110] direction. The time of diffusion ¢ = 107 and the transmission coefficient
of the boundary (¢) = 1. The additiona information is given in the text of the paper.
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Figure 10. The dependence of the hydrogen concentration C- on the distance x in the palladium monocrys-
tal. The transmission coefficient of the boundary (¢) = 1072, For more information see figure 9.

allows one to introduce the boundary condition using the concept of the length of
extrapolation. Our length of extrapolation d depends not only on () and on the
transmission coefficient of the boundary (g) but also on all the parameters of diffusion
and on the time ¢ and it can be applied far from the stationary state contrary to the
classica length of extrapolation d..

The obtained results may be particularly useful when the length of extrapolation
cannot be treated as an infinitessimal quantity, i.e., for diffusion in thin layers and
membranes or when the transmission coefficient of the boundary is very small. Our
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approach may serve as a reference to verify different mechanisms of atoms' migration
by further inspection into the statistical distributions of At and A. The SKS equation
together with the boundary condition in the form of the SKSB equation give a new
description of the diffusion phenomenon in solids which goes beyond the classical
approach.

Acknowledgements

We are indebted to Professors J. Kocifski, H. Zorski and J. Zmija for critical

reading of the manuscript.

References

(1]
(2]
(3]

(4]
(5]

6]
(7]

(8]
[9]
(10]

(11]
(12]
[13]
(14]

C. Cantello, Atti de Seminario Math. a Fisico della Univ. di Modena 3 (1948).

J. Crank, The Mathematics of Diffusion (Clarendon Press, Oxford, 1975) p. 9.

S. Glasstone and M.C. Edlund, The Elements of Nuclear Reactor Theory (D. van Nostrand Company,
1955) equation (5.108.2).

N.G. Gusev, R.L. Kimd, V.P. Mashkovich, B.G. Pologih and A.P. Suvorov, Physicheskiye Osnovy
Zashchity ot |Zluchenii (Atomizdat, Moskva, 1969) p. 248.

R.C. Haskell, L.O. Svaasand, Tsong-Tseh Tsay, Ti-Chen Feng, M.S. Adams and B.J. Tromberg,
J. Opt. Soc. Amer. A1l (1994) 2727.

S.A. Hassan, D.H. Zanette and H.S. Wio, J. Phys. A: Math. Gen. 27 (1994) 5129.

N.G. van Kampen, Sochastic Processes in Physics and Chemistry (North-Holland, Amsterdam,
1987) chapter 5, equation (1.4).

B. Mrygoh and L. Wojtczak, Acta Phys. Polon. A 46 (1974) 695.

M. Sahimi, B.D. Hughes, L.E. Strivenand and H.T. Davis, J. Chem. Phys. 78 (1983) 6849.

M. Smoluchowski, Sitzungsberichte der Kaiserl. Akademie der Wissenschaften in Wien, Mathem.-
Naturw. Klasse, Bd. C VII, Abt. la (1898) p. 304.

A. Sobaszek, Acta Phys. Polon. A 69 (1986) 45.

A. Sobaszek, Acta Phys. Polon. A 64 (1983) 295.

A. Sobaszek and L. Adamowicz, Physica B 192 (1993) 291.

J. Volkl and G. Alefeld, in: Diffusion in Solids, Recent Developments, eds. A.S. Nowick and
J.J. Burton (Academic Press, New York, 1975) p. 231.



