J Math Chem (2015) 53:958-973
DOI 10.1007/s10910-014-0463-5

ORIGINAL PAPER

Numerical modelling transient current in the
time-of-flight experiment with time-fractional
advection-diffusion equations

L. F. Morgado - M. L. Morgado

Received: 4 September 2014 / Accepted: 15 December 2014 / Published online: 3 January 2015
© Springer International Publishing Switzerland 2015

Abstract In this work we report the development of an implicit finite difference
numerical method for the one space dimension time-fractional advection-diffusion
equation, on a bounded domain, to model the transient electrical current of the time
of flight experiment of disordered (e.g. organic) semiconductors. Some numerical
experiments and simulation of experimental data are carried out showing that the
presented model describes accurately the transient electrical current.
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1 Introduction

Many processes in physics and engineering lead to models with ordinary or partial
fractional differential equations, and therefore the approximation of fractional deriva-
tives is nowadays a very hot topic. As itis well known, different definitions of fractional
derivatives exist in the literature and many have been the contributions for the devel-
opment of fractional calculus in the last decades. For the main analytical results and
numerical methods derived so far for fractional differential equations, and also for
their potential applications, we refer the interested reader to the recent books [1-3]
and the references therein. Here we do not intend to discuss or compare the different
kinds of fractional derivatives, although we recognize that the Riemann—Liouville and
the Caputo derivatives are the most popular, especially the last one if application prob-
lems are considered [2]. The Riemann-Liouville derivative of a function y is defined
by [3]:

RLDa — D[oc]J(a]—ay(t)’

where J# being the Riemann—Liouville integral operator,
p L p1
JPy() = —/ (t—s)"""y(s)ds, t>0,
I"(B) Jo

and D'®! is the classical integer order derivative, where [«] is the smallest integer
greater than or equal to «, and |« | denotes the biggest integer smaller than «.
The Caputo derivative is given by [2]:

DY(t) =Rt D*(y — T[yD(t), t>0

where T'[y] is the Taylor polynomial of degree |« | for y, centered at 0. Alternatively,
we can also write [2]:

1 t
o _ oo o]
D%y(1) = ) —cx)/o (t—5)""y'"(s) ds. (D

An application of Fractional Calculus appears also in modelling of the time-of-
flight (TOF) experiments. In a TOF experiment, the transient current through a thin
layer of material sandwiched between two parallel electrodes is measured. This cur-
rent is the result of the motion, under the influence of an externally applied electric
field E directed normally to the electrodes, of excess charge carriers generated by a
laser or voltage pulse. Results from this kind of experiment for disordered materi-
als, namely organic semiconductors, and contrary to their crystalline inorganic coun-
terparts, usually exhibit an anomalous dispersive behaviour [4]. Notice that organic
semiconductors have been, in the last decades, the centre of great interest, due to their
properties (transparency, flexibility, low cost), for the fabrication of optoelectronic
devices. In particular, organic solar cells have reached power conversion efficiency
values encouraging further research and improvement in order to use them in large
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scale energy production. To that end, accurate determination of the parameters that
characterize these materials, such as the charge carrier mobility u, is essential and one
of the methods to measure it is the TOF technique. The transient current / (t) curve
presents two regions with power-law behaviour, separated by the “transit time” #;,:

“e gy <,

I1(t) ~
@ it s,

, O<a<1. 2)

From experimental I (¢) curves, usually the #;, is obtained, graphically, from the inter-
section of the two power-law curves, which is then used to determine the carrier
mobility. Such behaviour is attributed to the trapping of carriers, in localized states
distributed in the mobility gap, for times 7, determined by a relaxation function with
an asymptotic time dependence of the form ~7~%, with non integer «. Other possi-
ble physical explanations involve other mechanisms such as phonon assisted hopping
conduction and percolation through conducting states [5].

For disordered semiconductors, considering all spatial variation restricted to one
dimension, it is assumed that the evolution of carrier density, u(x, t), is governed by
a time-fractional advection-diffusion equation of the form [5,6]

Fue,0) | unn ) o 0,T], xe®©,L), @3
- =0, s s X s s
ar “ ax “ ax?

where 0 < « < 1. Here, the fractional derivative of order « (dispersion parameter),
0%u(x,t)
arv
the Caputo sense. Both the fractional drift velocity W, o< nE and the fractional diffu-
sion coefficient Dy, are constant. In [6] an analytical expression for the solution of (3)
is obtained in space-Laplace variables, for a Dirac-delta initial carrier distribution, that
can lead to the solution in space-time variables through the numerical inverse Laplace
transform. As it can be seen in that paper the solution of the fractional differential
equation exhibits a sharp behaviour near the origin, therefore, for numerical purposes,
and in order to obtain reasonable accurate results it might be convenient to use a small
step-size for times closer to zero. On the other hand, as it is well known, for the com-
putation of the solution at a certain time level, it is necessary to use the values of the
solution at all the earlier times, the main reason for the known high computational
effort needed in the approximation of fractional differential equations. Obviously, the
smaller the step-size is, the greater the computational cost will be. Therefore, in these
cases, the use of a graded mesh may result on the decreasing of the computational cost
without sacrificing the accuracy of the numerical results. Here we will be interested
in the numerical solution of the general time-fractional advection-dispersion equation
(TFADE):

, which accounts for the carrier trapping in localized states, is considered in

0%u(x,t) .
are

%u(x, 1)
k(x,t)———+ f(x,1), 1 €(0,T], x€(,0L),
0x

“4)

ou(x,t)
—v(x, t)T +
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with initial condition
u(x,0) =gx), xe(,L), ©)

and boundary conditions

u©,1) = ¢o(r), u(L,1) =¢r@), 1€ (0,T], (6)

where the fractional derivative is in the Caputo sense, and 0 < o < 1. The unknown
function u is commonly referred as the particle number density, v is the fractional
drift velocity and k is the fractional diffusion coefficient. We assume that g, f, ¢o and
¢ are continuous functions in their respective domains and we assume further that
k(x,t) > 0and v(x,t) > 0, forall x € [0, L], t € (0, T], so that the “fluid” moves
from the left to the right.

TFADEs with an additional velocity field and under the influence of an external force
field arise in many physical models where anomalous dispersion occurs [7—10]. Finite
difference schemes are the most common for the numerical solution of TFADESs, and
usually they are first-order accurate with respect to time and obtained via discretization
of the problem in uniform meshes (see for example [10] and the references therein).
That was in fact what we have done in [11] but no theoretical analysis had been
provided. Here we intend to derive formulas for the numerical approximation of the
Caputo derivative when a graded mesh is considered, and establish the orders of
the respective approximations and based on this we develop an implicit numerical
method for the solution of time-fractional advection-diffusion equation. This will be
presented in the next section. In Sect. 2 we show that the described numerical scheme
is unconditionally stable and convergent. In Sect. 3 we test the numerical method
through some examples that will be considered in Sect. 4 for the approximation of
transient currents in TOF experiments.

2 Numerical scheme

In this section we develop an implicit numerical method for the approximate solution
of (4)—(6). In order to do that we need to approximate the time-fractional and space
derivatives. Concerning the last one we consider a uniform mesh in the interval [0, L],
defined by the grid-points x; = ih,i = 0,1,..., K, where h = %, and we use the
following finite difference approximations:

u(xi, 1) u(xi, 1) —uxi—i,1)

) 7

0x h 0

Pulin)  ulic 0 =20 fubint) ®
dx2 h?

For the numerical approximation of the Caputo derivative of order @ on the interval
[0, T'], we will use a non-uniform mesh. In order to do that, we consider a partition of
this subinterval into n subintervals defined by the mesh-points:
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SN\ T
i
ti = (—) T,
n
where the grading exponent » > 1 is a given constant. The length of each one of the
intervals defined with this partition is:

. e
T =tig1 — 4 :(l“rln#],’ i=0,1,...,n—1.
Note that if » = 1 we obtain a uniform mesh, that is, a mesh where all the subintervals
in the partition have the same length (r; = 7 = % i =0,1,...,n—1), while if
r > 1, the grid-points are more densely placed in the left-hand side of the interval
[0, T].
If 0 < @ < 1, according to (1), we can write:

o . 1 ! —a ./
D }’(f)—m/o (t —5)"“y(s) ds. 9)

A common way to approximate (9) is to consider a uniform mesh in the interval
[0, T'] by considering a partition into n subintervals with equal length 7 and att = #,

k=1,2,...,n,consider the following approximation:
D%y () = F(l — / (te —$)"*Y'(s) ds
1 Lj+1
- - o — s) "%y d
r(l—oo;/,j (1 — )Y/ (5) ds
~ z/t’“ ay(tj-i-l) y(;) ds.
F(l —a) 1 T

obtaining in this way, the first order approximation, if y € C2([0, T']) (see for example

[12]):

o k=1

DY)~ s Dby (k) = yitk1-)). (10)
j=0

where
:(j_|_1)1—"‘_j1_"‘, j=0,1,...,n. (11)

Here, when considering a non-uniform mesh we proceed analogously:
(k) = 1 /tk (@ )Y (s)
DY - — )"/ (s) ds
vtk ra ) k y

=1 .,
1 /tf“ _a Y(jr1) — ()
Ny (tp — )"0 D T D 4
ri-o %),

Tj
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Since

i+t —a 1 11—« 11—«
(=) ds = —— (e = 1!~ = (e = 1))
tj -«
_ e~ )t (1 L= tj+1)l_a _ (_1 T di )l_a
-« tiy1 —1; tiy1 —1;

!—O[ ro__ r -« ro__ . r l—a
_ U ( et 8 ) —(M) , (12)
l—a | \G+1Dr—j" G+D—j"

we obtain the following approximation:

k—1
Dy () ~ F(2—a)zorf ajx (y(tj+1) — y(t))) = D%y, (13)
j_
h
where . _( k' — " )l—a_(kr_(j+l)r)l—a 04
HE\GFY = G+o—j)

j=0,1,...,k—1, k=1,...,n.Note that if in (13) we take r = 1 we obtain (10).
Concerning the order of the approximation we have

tjt1 o
m_a)Z/t (e — )~
tjt1
~ ) Z/t (tx —8) %t ds
Ct . [li+] w
< m Z/t (ty —5) % ds

= )/ (tx —s) % ds

Cr,

D*y(w) = D sy = 2 =YD

Tj

F(l—a)tk -

where T = max;—o1,...n—1Tj-
Using (13), we obtain:

-1

0%u(x;, t) 1 .
~ E T % (uxi, 1) —ulxi, 1), (15)
— io4ai, j j
Y re-o &

i=1,...,K—1, [ =1,...,n, where the coefficients a; ; are defined in (14).
Denoting by Ul.l ~ u(x,t), vll. = v(x;, 1), kf = k(x;, 1), fl.l = f(x;, ;) and
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substituting (7), (8) and (15) in (4), we obtain the following implicit numerical
scheme:

-1 1 I I I l
1 - 1 ViU Ui —2U0 40,
T 25w (U7 =U) = = k=
j=0
(16)
i=1,...,K—1,1=1,...,n, where, according to the initial and boundary condi-

tions (5) and (6), we have

U =g(x;), i=1,....,K -1,

Uy = ¢o), Ug =¢r@), 1=1,....n.
2.1 Stability of the numerical scheme

In this section, we prove the stability and the convergence of the numerical scheme
described in the previous section, which can be written as

nUl=nU v fl =1, K-1,1=1,...,n, (7)
where
7, ¢ Ul - U! U, —20'+U!
TlUl'l — -1 Uil + vlg i i—1 _kll i+1 21 i—1 .
r'2—a) h h

7,9 1 = j j
pul-l— U=l g Y N ey, (U.f+1 _ U.J) _

2Y; rQ—oa) ! I'2-—ow) = rj aji i i

We start with some auxiliary results that will be needed later.

Lemma 1 The coefficients aj;, j = 0,...,1 =2, | =1,...,n, defined by (14)

satisfy:
aj; >0, (18)
-2
—a —a _ —u —a
Z (erajHJ -7 aj,l) =-15 ao;+7_7, (19)
j=0
T;flaj+],1 > ‘L'jiaajy[. (20)

Proof (18)and (19) are straightforward so we just prove (20). Taking (12) into account,
we have

gl Ljt1
I —ay =/ (e — 5)~ ds, @1)
- t

J
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!—a

T tjit2
aa aji11 = / (e — )% ds. (22)
t

I -« j+1

Therefore, there must exist 1 € (tj,¢j4+1) and & € (tj41, tj42) such that

Tl
11_ Gl = (tx — &1)"%7; ds, (23)
-«

Tj+1 Y

1 a“j—&-l,l =tk — &) “tjq1 ds, (24)

and then
i =t e =1 —a) (e —6)7% — (i — &)%) >0
since0 <o < land & < &. O
In order to prove the stability of the numerical scheme, let us assume that the initial
data has error 8?, that is, let us assume that g(x;) = g(x;) + 8?, i=1,2,...,K—1,

and let Uil and Uil be the solutions of (17) corresponding to the initial data g and g,
respectively. Defining Ell- =U ll - Uil, we have

Tlgll.:ngll.il, i:1,2,...,K—1, l=1,2,...,n.

Setting H E! HOO = maX|<j<k—1 |af , We next prove, using mathematical induction,

that

=], <[
o o

is satisfied foralll = 1,2, ..., n.

Forl =1, let p € N be such that HE1 Hoo = maxX|<j<k—I |81~1| = ‘811,‘. Then,
.[—Ol —
e =
Ir'2-—a o I'Q—-a)l?
1 1 1 1
; - 2Jep |~ 2e)
_ " ¢! +U1)81" )SP‘+k ep ‘p
re—ow)!? p h P h?
_ 1|
7" 4! )81" )81’—1‘
“IrQ-a)l? p h
1 1 1
2l
p h2
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Since vll7 and k}, are nonnegative, then

_ _ 1 1 1 1 1
_ %" HE1H <Y ¢ el 1yl Ep T Ep—1 1 p1 T 2epte,
r'2-—aow o | IT'R—a) ? P h P h?
T, ¢ 7, ¢
= it = = [ ] < i
P p re—aw)? I'2—a) 00
and then if follows that ||E1 ||0o < H EO ||oo
Let us now assume that H EJ ||C>O < H EOHOO,J' =1,...,]—1, and assume also that

p € Nis such that || E! ||C>O = ‘&‘i} ‘ Hence following the same steps as above,

T, 4 T, 4
1ol = gl =il
'2-—o) o I'QC—-a)l? P P
—a

-2
71 -1 1 —a ( Jj+l j)
= |——€¢ I T. i I — &
rQ—a)? FQ—wOE%J arr\ep P

1 -2

_ — — j+1
= m TO aao‘lsg + Z (Tj_glaj+l,l - Tj aaj’[) 8;)
j=0
Using (20), the induction hypothesis and (19), it follows that:
g yp
7 1 1 0], j+1
—F(z — %) HE Hoo < —F(Z—a) fo_aa()J )Ep‘—l— (Tj_flaj""lvl_fj_aajsl) ’8;, ’
j=0
|| EO || o0 — 1_2 — —
Fr@—a | 7" O(Tf““”"’ -7 aj)
j=
0
%) o
re—ao) !
We can conclude that || E! Hoo < ” EOHOO, [ =1,2,...,n, and then the following

result is proved.

Theorem 1 The numerical scheme (17) is unconditionally stable.

2.2 Convergence of the numerical scheme

In order to prove the convergence order of the numerical scheme, let us first note that
taking into account (7), (8) and (15), the solution of (4)—(6) satisfies:
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-1

1 _ quxi, ) —u(xi—1, 1)
Ty 2T (e ty) =G 1) = T
ulxiy1,t) —2u(x;, ) +ulxi—q,t,
+kf(l+1 1) (xi, 1) (lll)+ﬁl+R£’

2
i=1,....K—=11=1,..nwhere |R|  =maxi<i<x_1 |R'| < Ci(t +h),
Define the error at every point of the meshby
e =u,th—-U, i=1,...,K—-1,1=1,...,n,
ande! = (¢} ¢} ... el )T.Obviouslye” = (0 0 ... 0)7, and
Tiel=Tel | +R, i=... . K—1,1=1,...,n
We first prove the following result:

Lemma 2 There exists a positive constant Cy not depending on t and h such that:

< 1 ) , I=12,...,n.
—o — —a —o
T2—a) (7171 - 20 (fj+1“j+1,l -7 “j,l))

M

(25)

Proof We use mathematical induction to prove (25). Similarly to the proof of stability,
for!/ =1, let p € N be such that ||e1 HOO = maxj<j<k—1 |e[.1| = ‘e},‘. Then,

— —a

gl g

I'2—o) o TI'Q—-a)l?

’Tlel - )T282+R},‘ - ‘R},‘ < ”RIHOO < Ci(t+h),

and then (25) is satisfied for / = 1. Assume now that

. Ci(r +h
He/H < 1T +h) =201,
o0 —

1 Jj=2 —a —a
T2—a) (Tj—l = 2o (Tm+1“m+l»l — Tm amJ))

and that p € N is such that ||el HOO = ‘ei,). Hence, defining

1—
1
a _ - - —o . _
=T (T 2 (e =) ).
j=0
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we have:
7, ¢ 7, ¢
1—1 lH _ -1 ‘1‘ ‘ z‘_) -1 z‘
— | e = — <|T = |The R
re—-a H o T@—a | =11 = 128 5
Tfot 1 -2
_ -1 -1 —— (j+1 j) I
= € — T £ —¢ R
re—a? r(z_a)zo p e e

1—

)

1
re-o <
-
— — i i
S T2 - (f/flaHLl -1 aa,,,) H"j Hoo + HR Hoo

Il
M

- —a J [
(Tj+1“/+1,l -T aj,l) ep + R,

38

~
Il
o

~
38

1 _ _ Ci(t +h)
< Ta—w 2 (G = o ) =g + Qe+
j J

—~
Il
N o

1 _ _ Ci(t+h)
< m ' (ijlaj—',-l,l - Tj aaj’l) T + Cl(l' + l’l)

~
=)

_Cit+h) 1
AY  TQ2-a)

and then the result is proved. O
The result about the convergence order is given in the next theorem:

Theorem 2 There exists a positive constant C not depending on T and h, such that

”elH <C(t+h), I=1,....n
oo

Proof First note that
1-2

T+ Z (Tfflajﬂ,l — rj*"‘aj,z) =1, %0, =1," ((lr)l_a — ("= l)l_a) .
j=0

Since

(lr)*ol n*(x l

im 1 — = lim I = ,
oo (IN)' = —(I" = 1)) ™% noopl=e —(n—D'7* l-«a

there must exist a positive constant Co, not depending on t and %, such that (25)

becomes
! - C1Co(t + h) _ CiCo(t + h)
e - = -y

1 o 1
ro—a 7T To-all

<C(t +h).
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3 Numerical results

In order to illustrate the obtained theoretical results about stability and convergence
of the numerical scheme presented in the previous section, we have carried out out
some numerical experiments with the following examples:

_308;5;; D _ —0.5—3“;’; 1) +o.025—32L;i’;’ D e 1] xe.0.5),
u(x,0) = 20exp (—2 % 103 (x — 0.2)2) . x€(0,0.5),
w(0,1) = u(0.5,6) =0, 1e(0,1], (26)
—80‘4;5;(‘)%’ D _ —0.3—8”;);’ D tsx 107—82g§2’ D te 11 x € (0,05),
u(x,0) = 169 exp (—2 X 103 (x — 0.2)2) ., x€(0,0.5),
u(,t) =u(0.5,r) =0, te,1], 27

that will be useful for the TOF model.

InTables 1, 2, 3 and 4 we present some numerical results obtained with the described
numerical method. The experimental orders of convergence for the space and time
variables are computed according to Aitken formula and are denoted by EOC, and
E OC;, respectively.

Table 1 Approximate solution of example (26) at the point (x, 1) = (0.25, 1), obtained with the numerical
scheme (17) with K = 10,000

n r=1 r=3 r=>5

T u(0.25,1) EOC; t u(0.25,1) EOC; 1 u(0.25,1) EOC;
10 0.1 0.538152 — =0.271 0.553108 — =0.4095 0593723 —
20 0.05 0.512566 — =0.1426 0.516463 — =0.2262 0.532749 —

40 0.025 0.501377 1.19 =0.0731 0.501991 145 =0.1189 0.508632 1.56
80 0.0125 0.496266 1.13  =0.0370 0.496057 133  =0.06096 0.498836 1.40
160 0.00625 0.493871 1.09 =0.0186 0.493558 1.27 =0.03086 0.494741 1.31

Table 2 Approximate solution

of example (26) at the point K u(0.25,1) EOCy

(x,1) = (9.25, 1), obtained \yith 3 0.497344 _

the numerical scheme (17) with

r=5andn = 1,000 16 0.453606 -
32 0.475712 0.98
64 0.484099 1.39
128 0.488142 1.05
256 0.490117 1.03
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Table 3 Approximate solution of example (27) at the point (x, r) = (0.25, 1), obtained with the numerical
scheme (17) with r = 5 and K = 10,000

n r=1 r=3 r=>5

T u(0.25,1) EOC; t u(0.25,1) EOC; = u(0.25,1) EOC;
10 0.1 13.6513 — =0.271 13.4244 — =0.4095 13.4851 —
20 0.05 13.484 — =0.1426 13.3601 — =(.2262 13.3788 -
40  0.025 13.4055 1.09 =0.0731 13.3403 1.84 =0.1189  13.3465 2.01
80 0.0125 13.3676 1.05 =0.0370 13.334 1.70 = 0.06096 13.3361 1.75

160 0.00625 13.3491 1.03 =0.0186 13.3319 1.64 =0.03086 13.3326 1.65

Table 4 Approximate solution

of example (27) at the point K u(0.25, 1) EOC,

(x, 1) = (0.25, 1), obtained with 15.1411 -

the numerical scheme (17) with '

r=5andn = 1,000 16 13.0871 —
32 13.2839 3.38
64 13.3092 295
128 13.3207 1.14
256 13.326 1.10

4 Model for the time of flight experiment

The total measured current / (¢), produced by the extraction of carriers from the space
between the electrodes, placed at x = 0 and x = L, is given [6] by the space average
of the current density j(x, t)

1 L
1) = Z/o J(, dx, (28)

and since
d [*
j(x/,t)Z——/ qu(x, )dx, (29)
dt Jo

where ¢ is the carrier electrical charge, we get

L
10 _ _i/ (L — xyulx, Hdx. (30)
dt Jo

In order to test the above numerical method we simulated TOF experiments con-
sidering absorbing boundary conditions, i.e. ug = u; = 0, and considered that
the initial carrier number density is gaussian distributed around x = 0.2L, namely
g(x) o exp(—2 x 103(x — 0.2L)3). In Fig. 1 the log—log plots of 1(¢) are presented
for W,, = 40/L(s~*) and several values of «, obtained with the numerical method
described above, with r = 5, K = 50 and n = 200, which shows the effect of the
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Fig. 1 Log-log plots of the
transient currents for

W =40/L(s™%),

D= 1/L2(s*"‘) and several
values of «: 1.00 (dotted), 0.75
(dashed), 0.50 (dotdashed) and
0.25 (solid )

1(t)/a.u.

Fig. 2 Experimental data
(symbol), digitized from Figure
5 of [4], and approximation
(solid line) obtained with the
numerical method from (27),
withr =5

I0/1(ty)

ity

dispersion parameter « on the current transient curves behaviour. Notice in particular
the position of #;, as the dispersion parameter varies.

Additionally, two sets of published TOF experimental data, digitized from Figures
5 and 6 of [4], were approximated using the above method, corresponding to the
examples (27) and (26), with the space coordinate expressed as fraction of the material
thickness L, thatis0 < x < 1.

The first data set, for AspSes, which is a disordered inorganic material and the
corresponding approximation are presented in Fig. 2. The approximate curve (solid
line) was obtained considering the example (27), where W, = 0.3/L(s™%), D, =
5% 1077/L%(s~%) with r = 5.

In Fig. 3 we present the second set of data, for the organic complex trinitrofluoreno-
ne-polyvinylcarbazole (TNF-PVK), and the corresponding approximation (solid line),
from example (26), where W,, = 0.43/L(s~%) and Dy = 0.013/L?(s™%) with r =
5. Both data sets are well described with the approximate solutions obtained with
the presented method using dispersion parameter values in agreement with the ones
presented in [4].

5 Conclusions

An implicit numerical method for the approximate solution of the time-fractional
advection-dispersion equation is presented and used for the numerical simulation of
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Fig. 3 Experimental data oo T T T T T T T T
(symbol), digitized from Figure
6 of [4], and approximation
(solid line) obtained with the
numerical method from (26),
withr =5

I0/1(y)

0.01  0.02 005 0.1 02 05 L 2.
ity

the TOF experiment. The numerical scheme is unconditionally stable and is first order
accurate in time and space, when a uniform mesh is used in space and a uniform or
a graded mesh is used in time. When tested with some numerical examples, as it can
be seen in Tables 1, 2, 3 and 4, the first order convergence in space is observed, but
in time it seems to be a little bit higher especially if r increases until a certain value.
In our numerical computations the experimental convergence orders became the same
for grading exponents greater or equal to 5. This surely deserves further investigation
and this careful analysis will be carried out in a forthcoming paper where we intend
to analyse the influence of the grading exponent r in the achievement of the optimal
convergence order. Here this issue was not addressed, since our main concern was to
use a very small time step-size near the origin, and therefore we decided to choose
a reasonable high grading exponent (r = 5), in the numerical modelling of the TOF
experiment. As it can be seen in Figs. 2 and 3, the obtained numerical results are in
good agreement with two sets of experimental data.
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