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Abstract Using ensemble Monte Carlo simulation technique, we have calculated the transport propertics of ZnS Mn such as the dnft uverage
\clocity. the average electron encrgy and the energy distribution function at very high electric fields. The included scattering mechanisms are polar
opiial phonon, acoustic phonon, and ntervalley phonon . (urthermore, a non-parabolic multi-valley model 1s used Many clectrons have energies
bove 2 1 eV, which represents the threshold energy for Mn impact excitation This fraction of clectrons with encrgies above 2 1 1s expected (o be S1%
nd 72% at electric fields of 1.5 and 2 0 MV/cm respectively. No evidence for significant electron population with energy above 50 ¢V s observed.
wercdore hittle electron population has cnough energy to induce band-band impact tonization  The intra-colhisonal ficld effect has a lutle influence on

the elecron tiansport at high fields, though a few electrons exccute a Bloch oscillation and collisional broadening

heywords
PACS No. 72 20 Ht
l.  Introduction

lie wide-band ZnS:Mn has become the most important applied
msulator i electroluminescence devices technology [1-3]. 1tis
mcreasingly used as an active component. The band gap of
ZnS Mn 1s moderately large (3.7 eV at room tempcrature), but
the clectron cffective mass is small (m* = 0.27 my). The coupling
ol electrons with optical phonon is not so strong (Frohlich's o
=06). therefore, great interest in the charge carrier transport in
the material has arisen.

There are two main approaches to treat the transport
Properties at very high electric fields. The first one, which
depends on the mean free path for hot carriers, does not contain
any indication to the material band structure except the carrier
tlfecive mass 4-8]. Thesc theories are analytical studies that

depend on the calculation of the band-band impact ionization
scaliering rate.

nm}“:lel ;‘cc(-md appr9ach rel'ies on Mont'c Carlo simulati_on
) ma); that isa tec;hmque of simulation of simultancous motion
dlons i’) carriers in k-space [8-11]. "I"he Monte-Carlo method
mumém ne to know exactly the carrier momentum at chosen

s of time ; thus, the electron distribution, the average
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Ensemble Monte-Carlo, high field transpost, hot electron distribution, velocity overshoot, clectron-phonon teraction

electron velocity, and the average clectron encrgy can be all
evaluated. The Monte Carlo technique is a more accurate and
exact method, but it requires running a computer program
whenever a new condition arises.

To date, there have been many attempts to handic the
transport properties of ZnS at very high electric ficlds. Brennan
[12] took care of the full band detail to the first two-conduction
bands as well as the full order handling of the clectron phonon
interaction in ZnS and ZnSe. K. Brennan's results indicated that
the distribution function of carriers at 1.0 MV/cm contains an
insignificant fraction of carriers al average encrgy exceeding 2.0
eV: in fact, this was in disagreement with the high efficiency
obtained in commercially manufactured thin film
clectroluminescence devices at the foregoing ficld.

Transport characteristics of n-ZnS have been calculated by
solving the Boltzman transport equation [ 13]. Mobility of ZnS,
which has been given, change from 230 cm?/V at impurity
concentration of n=10" cm= to 3000 cm? / V at impurity
concentration of n<10" em™.

Bhattacharyya et al [ 14] used a model that covered the first
conduction band in non-parabolic three valleys model only. The
earlicr model did not contain the full band structure or the
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electron density of states. Despitc the above approximation,
the steady state electron at high clectric fields was enough
energetic, but there is no indication for notable clectron with
energy above 5.0eV.

Fogarty et al [15] have refined a model included a non-
parabolic three valleys of the first conduction band and a single
valley in second conduction band. Additionally, the density of
states was 1ncluded in the mentioned model through pseudo
potential calculation. Important impact on the energy distribution
was found after the second conduction band included especially
at electric fields above 1 MV/cm. The drift velocity and average
clectron energy do not ditfer much from the carlicr
investigations.

In this work, we used an ensemble Monte Carlo technique
to evaluate the transport propertics of ZnS:Mn at high electric
ficlds. In our calculation, three non-parabolic valleys model
(T-X-L) were used. We will show by comparing with other
simulations available results [ 12, 14, 15] and with the generalized
lucky drift model [ 16] that there is no significant loss 1n physical
mcaning even in energy range of more than 1 eV compared with
the other models which rely on the full band structure.

2. Scattering processes

The most important scattering mechanisms that determinc the
clectron transition in ZnS:Mn at lattice temperaturc of 300 K
are :
() polar phonon scattering.

(1)  acoustic phonon scattering.

(in)  cquivalent intervalley phonon scattering

(iv)

We have summarized the most important phonon scattering
rates in Appendix 1. The impurity scattering and the prezoelectric
phonons scattering were neglected since they arc very weak
compared to the above scattering mechanisms. However the
piezocelectric phonons scattering becomes important only at low
lattice temperature 1n pure piezoelectric semiconductors [ 17, 18].
At this stage, we have ignored the impact ionization processes
despite its importance at high clectric fields in our present
calculation [ 12, 15, 19]. This approximation is mainly duc to a

vast amount of computer resources necded to run the simulation
program.

non-equivalent intervalley phonon scattering

The screening of polar mode interaction was also neglected
due to lower carricr concentration in our investigation. In
addition, the admixture of p-type wave functlion of conduction
band was neglected at electron cnergy exceeding 1.0 ¢V,

3. Monte Carlo model

The Monte Carlo method makes the solution of Boltzmann
transport equation possible by the use of a statistical numerical
approach. This approach follows the transport history of one or
more carriers which are subject to the action of cxternal forces.

These forces which affect the particles consist of an applieg
field and scattering mechanisms. The method of Mgy, Carl
(MC) technique generates sequences of random Number, “.m:
specified distribution probabilities. These probabiliticy g, Usey
to describe quantities such as scattering events which determyp,
the time between successive collisions of carriers [9-11 7, |

The Monte Carlo simulation requires a detailed defintj, of
the physical system as a starting point. The electron transpary
in a semiconductor requires material parameters, knowlcdgc ol
cnergy band structure, laltice temperature and a definiyon o
the applied electric field. The process of simulating the electrop
motion involves a number of computational steps to caleyiy,
the duration of cach free flight, select the scattering mechanyyy,
at the end of the flight and determinc the final wave vegygr
the scattered clectron.

The state of an electron is specified by its wave veer
which is related to the clectron energy E and the clectron velog,
in non-parabolic conduction bands by K

2,2 ‘
E(l+aE)=h k \
m*
1 0E
V= oo
h dk

where a is the band non-parabolicity factor and
clectron effective mass in the material.

The probability of duration of a free flight ume 1s
I
g(t) = Mk]exp -[A[ka")]dr’

,l[k(r)] is defined as the total scattering rate lor clecuen o

wave vector k(1), in which A(k)= ZF,(k). T (k) s the

scattering rate due to the ith process and s 1s the numbei o
scattering processes. In eq. (3), l[k(t)] represents the elecion

I
probability of scattering at time ¢, where as exp | - J Ak

. - . 0 ,
is the probability that the electron survives without sufferings
scatlering in interval £,

The free flight is related to the total scattering rate ducwil
the operative mechanisms and the inclusion of a fictitious ol
scattering term which is necessary to keep the total scattenng
rate constant. (I = A(k) + Meu where ;‘.m; is self-scatteriné |
rate). Self-scattering is a virtual process, which leaves the stal° |
of an electron, unchanged and is only included to keep the ;
calculation of the free flight time simple to determine [, 10.20

The free flight duration time is given by

1
t=—In(1-r),
rn( n)
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where T 18 the total scattering rate and r, is a random number
Jistributed between (0, 1) and is provided by the computer
ibrary. The motion of the electron in an electric field Fis given

by

eF 1
k(r)=ko+ )

where ¢ 15 the electron charge, 1 is the free flight time, and kyis
Jefincd as the wave vector at time 1= 0.

The choice of the scattering mechanism is to be determined
at the end of the free flight by generating a second random
aumber r, in the range 12r, 20. The scattering processs is
wlectedif

in(k)s'hsir'(k)

1= 1=1

©)

The choice of the scattered wave vector requires the
lollowing

(1 calculation of the magnitude of the scattered wave
I

vector according to k= (2m*E’)2 / h where E'1s

the clectron energy after the scattering with the
phonon

() the use of the quantum mechanical expression of the
probability formula for the scattering angle . We can
select the angle by gencrating third uniform random
number r, distributed between (0,1), according (o

]pl(()) de
0

" )]
jp,(e) de

(m)  obtaining the azimuthal angle directly by fourth
random number r, distributed between (0, 1)

p=2nr, ®)

The wave vector is then modified according to the physical
nature of the chosen phonon process, in this way, the final state
ol electron 1s determined. The momentum and energy of clectron
" updated and is allowed to continue its Might until it 1s agan
tcrminated by scattering according to €q.(4).

In Enscmble Monte Carlo method [ 10, 11, 20] an ensemble of
N clectron states are chosen randomly, with Maxwellian
dwinbutions at start of simulation, the N electrons are simulated
I parallel. The required time of simulation divided into equal
Nlervals DT for the number of steps. Thus, all the N electron
sates are completely known at the end of every step. It is
'ccommended to make N as large as possible in order to reduce

the staustical fluctuation z-Tlﬁ) We might keep in our
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consideration the available storage memory and the computer
time allowed.

When the clectric field is applied in the x direction, the

average drift velocity and the average elcctron energy are given
respecuvely by

S =_ 13

”d=Tv'§v'(”‘ “FEE‘“)' ©)
where

win= M £ = 2T

! m*(1+2aE,)’ T 2a
and

hl " o)
y(k) = ;;-;(k;,+k;,+k.2,) (10)

The sum in eq. (9) 1s over all N electrons, v(n and E,(l)
represent the electron drift velocity and the clectron energy
respectively at the end of each step, while k . k| and k_ are the
wave vector components in a, y and z directions for each clectron
respectively.

The distribution function (D.F) is dctcrmined by sctting up
at the start o simulation a histogram of & space, the number of
electrons visiting cach finite cell for cach valley are accumulated
throughout the calculation. The clectron distribution function
is directly proportional to the number of electrons in each finitc
cell.

4. Results and discussion

Figure 1 shows the calculated scattering rate for phonons in [
valley of ZnS : Mn at 300K. The reference Figure shows how
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Figure 1. Scattering rates versus electron encrgy in | valley of ZaS:Mn
at 300K.
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small acoustic phonon scattering was. In fact, the principle
scattering source is mainly due to optical type phonons either
through polar interaction or through intervalley deformation
potential interaction. We may notc that the high encrgy of
electrons in upper valley interact with phonon mainly through
the deformation potcntial since the polar interaction falls off
with increasing clectron energy.

The calculated drift velocity versus clectric field for ZnS:Mn
at 300 K is shown in Figure 2. We also displayed in the earlier
Figurc our analytical velocity modcl, in addition to the results of
Brennan [12] and Bhattacharyya [14] for comparison. In our
analytical velocity model, we adopted a particular form for the
average drift velocity versus the clectric ficld | 8]

V= vs[l—(l—_%.zsxlo'-‘ F)cxp(-msx 10 “F)], (1

where F is applied clectric field. V is the electron saturation
velocity which could be estimated from Monte Carlo results to
be 0.7 x 107 cm/sec at very high electric fields. Indeed, eq.(11)
represents rough estimation for what may be expected for
electron velocity in ZnS - Mn.
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Figure 2. Steady-state drift velocity versus electric ficld for ZnS:Mn at
300K.

It is obvious that the threshold ficld for intervallcy transfer
in Brennan's results were much smaller than what be deduced
from both our M.C results and Bhattacharyya's results. In fact,
it is understood that the threshold field depends on the strength
of polar optical phonon scattering and the effective mass in
valleys. However, on all the previous calculation, the same
strength of polar optical phonon scattering rate and the same
electron effective mass (0.28 my) have been used.

Our Monte Carlo calculation of steady state average velocity
curve was in a good agreement with all other previous results at

very high electric fields but it deviated at low fic|qs The
analytical model results agreed quite well with those obtaineg
by Bhattacharyya et al at low field. Nevertheless, it deviateq
threshold electric field. On the other hand, the analytica) Moge)
results agreed quite well with our Monte Carlo result g both
threshold electric field and high electric fields region howeve
it differed at low electric field region. The mobility a CIL‘CII'IL:
field of IMV/cm was found 80 cm?/V. Meanwhile, the polar Oplicy]
phonon, the deformation phonon, and the intervalley Phongy
were included.

The calculated low field mobility of ZnS agreed with (y,
experimental data that varied in the range of (80-300 cm?/V )21
Moreover, there is evidence that threshold field for intervalle,
transfer in our results was the same as obtaineg hy
Bhattacharyya et al., but it was ncarly twice the value obineg
by Brennan. Bhatlacharyya et al attributed the discrepang
because of the large low-field mobility in Brennan's resulis iy
was unrealistic if it 1s compared with the cxperimental low i),
reported data, I

In Figure 3, the standard-average cnergy ficld \\(as compaed
with Bringuier's results [ 16), which arc obtained in ch framework
of generalized lucky drift model and a Monte Carlo sunulaton
included a full band structure. For more details the reader 1
referred to reference | 16]. The mentioned Figure showed the
average energy E_ using the generalized lucky dnit modc!

|
demarcation cnergy Ey, for which P(Ey) == il

generalized lucky drift model, and the average energy using our
Monte Carlo method for a comparison as function of the elccli
field. At low fields, our calculated simulation results agreed
qualitatively with E. Bringuier's results. Thercfore, this is
cvidence of validity of our approximation, in the limit of low
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Figure 3. Average electron energy versus electric field.
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felds. On contrary, our simulation results differed significantly,
from what was reported by Bringuier at high fields (above 1.0
MV/cm). However the results obtained for the average energics
:n 1.0, 1.5and 2.0 MV/cm are compared remarkably well with the

available Monte Carlo results [14,15].
Figurc 4 showed the sum of electron population in three

jifferent valleys for applied electric fields (1.0, 1.5, and 2.0 MV/
cm) versus an electron energy. The mentioned results clearly
udicated that the peak of distribution shifts towards high energy
as the clectric field increases duc to the high field hcating. The
clectron distribution was found to be localized in the
ncighborhood of threshold energy, which for the impact

wmzation of manganese center is approximately 2.1 eV.

0r 10MvIcm
1 5 MVicm
’\ / 2 0 Mvicm
L3S —
3
LA
w
0
10
5
\
\
" hl -
4

Energy(e.V)

Figure 4. Sicady-state clectron disinibution as a function of cnergy

We estimated the percentage number of electron excecding
2.1 and 3.2 eV; however, the latter corresponds to the approximate
threshold energy for the blue emission. Table | summarized the
percentage number of electrons above 2.1eV al various electric

ficlds reported by Brennan's M.C simulation, Bringuier's lucky-

drift model, Bhattacharyya's M.C simulation and our M.C
simulation. Moreover, Table 2 represented the percentage
number between 2-1 and 3-2 ¢V for the Bhattacharyya's M.C
simulation and our M.C simulation. In hoth Tables, our M.C
simulation results were quite comparable with the other results

at 1.0 and 1.5 MV/cm; however, there is large difference at 2.0

MV/cm,
Table 1. Percentage number of electrons above 2 | ¢V
Electric ficld  brennan Bringuier Bhattacharyya our
(MV/cm)
I 1% 19% 26% 22.5
15 - - 50% 52%
66% 65% 72%

2

-

Table 2. Percentage number of electrons between 2 1 and 32 ¢v
our

Electric ficld (MV/cm) Bhattacharyya
1 26% 22%
1S 50% S1%
20 54% 69%

The percentage number of electrons between 2.1 and 3.2 eV
(for which the impact excitation cross section is significant) was
estimated to be 22%, 51% and 69%.

In the Bhattacharyya's M.C simulation result, they are 26%,
50% and 54% at electric fields 1.0, 1.5 and 2.0 MV/cm
respectively.

In Figurc (5a-b), the number of electron encrgy distribution

function, n(E), was shown for clectron in I~ valley, L valley,
T valley
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Energy(e V)
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Figure S(a-b). Steady-state electron energy distribution as a function of electron energy in each of the three valleys
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and X valley at electric fields 1.0 and 2.0 MV/cm respectively. In
this study, the electric field was chosen to agree with a typical
field for ACTEFEL electroluminescent devices. It could be seen
from the previous Figures that the electron distribution in both
L and X valleys are comparable with the [~ valley at field 2.0
MV/cm while 1t was smaller at 1.0 MV/em.

The distribution function did not have many different
fcatures from that obtained by Bhattacharyya et al. where the
tail of the distribution ends at clectron cnergy less than 4.0 eV al
clectric field of 2.0 MV/cm.

The time variations of the average electron energy and the
clectron occupancy in cach valley are given in Figure 6 and 7
respectively. The total weighted average was also included in
both earlier Figures. In both Figures, the applied clectric field
was chosen as 1.5 Mv/cm. The dynamic propertics have been
obtained by assuming that all these clectron were initially in the
I valley. After a short period (cqual in this case to energy
relaxation time), only about 50% of electrons transfer to the L
and X valleys, this mcan a significant fraction of electrons have
energy in excess these of Mn-luminance excitation. Also Figure
6 shows electron cnergy runaway in which a fraction of the
electrons gains energy from the field at a faster rate than encrgy
dissipate to the latticc. This cnergy runaway occurs as a
conscquence, of ignoring the band-band impact ionization which
becomes very important at the field of 1.5 MV/cm [22].

I valley Total
25
20F —_— e —
S st
g
B L valley
] X valley
w 10 | J
’ - o -
osH &
'
U
1
¢
0.0
1 —
00 02 04
Time(Ps)

Figure 6. Time dependence of the average electron cnergy at electric
field 1.5 Mv/cm in cach of the three valleys.

Although, we have reached the end of our study, we are still
far from understanding the electron transport in ZnS:Mn at very
high fields. Our results have shown that at the high fields, the
electron energy varics in the range (1-2 eV), which corresponds
to the variation of electron scattering rate (1 x 10'* - 4 x 10'4

s7!). The theory of electron transport in the above menlione
electron energy faces the following difficulties :

@ Quantum effects such as intra-collision ficld effeqt
and collisions broadening need to be tackled.

(i) Electrons oscillate between band edges before
scattering. Elcctrons executing Bloch oscillation May
scatter and drift quite differently from free elecirqp,

()  Electrons scattered all over the Brilloun Zone g4
inclusion of realistic band structure are expecied (,

cxpand our understanding of high field transpor

(iv) A Hot phonon effect is cssential at high clectrg,

cnergy.

o8

1 valley

/ X valley

06 |

Fractional number

L valley

\

04

Time(Ps)

Figure 7. Time dependence of the clectron fractional occupancy o
electric field 1 5 Mv/cm in each of the three valleys.

First, let us examine the so called intra-collision field etfect
Collision may occur so frequently that it begins before the lul
collision ends. Suppose that the collision must take time T,
This time is roughly k , where E is electron energy so that for
2eV electron, 7, =33x107'®s, whereas the scattering ra
A=4x10' s, provided _
A1, =0013<1.

Therefore, it is safe to ignore the intra-collisional field ctfec!
in Zns:Mn while the first order perturbation theory is still valid.
During the collision period 3.3 x 1075, electron will trav
distance ~0.5 A in a field of 2.0 M/cm.

The collisional broadening energy associated with phonc?
is wntten as AE=— [23] where AE is the change in encr!

and = isthe scattcnng rate in ZnS : Mn. At the field IMVE™
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4 E 1scqual 106.5meV, while, itis 30 meV at2MV/em. This 4 E
sull small in comparison with the electron energy 2.0eV, but it
 larger than phonon energy. Therefore, collisional broadening
anergy associated with the phonon collision is safe to ncglect
\nhigh field transport until 1 MV/cm but it becomes questionable
1 2MV/cm. This may be the reason why our M.C result differs
rom the generalized lucky drift model at this field in Figure 4.

Consider the possibility of Bloch oscillation, the angular

irequency (@,) is given by ﬂ, where a is the lattice
constant. If the scattering time is r then Bloch oscillation will
occur if @, T > 1 [18). For the maximum field 2 MV/cm and taking
=54 A, we calculate @, = 1.6x 10" s'. The scattering rate
weording to Figure 1 is approximately cqual to 4 x 10" s7',
.nsequently, @,7=04. We have to conclude that Bloch
wcillation are not likely to be important at high field in Zns :

Mn Although a few number of electrons may cxecute Bloch
oscillations.

5. Conclusion

An ensemble M.C simulation for the high fields in ZnS:Mn has
heen developed including all the relevant scattering mechanisms.
At licld of the order of IMv/cm, a significant number of the
¢leciron population has the energies of the threshold for Mn
I unnnescence excitation (2.1 eV). This fraction of electrons with
encrgies above 2.1 1s expected (o be S1% and 72% at clectric
helds of 15 and 2.0 MV/cm respectively. At the same time, no
cvidence for significant electron population with energy above
v eV s observed ; therefore, little electron population has
cnough energy to induce band-band impact ionization. Our
tansport properties in ZnS:Mn at very high fields showed a
wod agreement with the lucky drift model and the other
published data. Although a few numbers of electrons may
eaceute Bloch oscillations, the vast majority will not. The intra-
colhsional field effect 1s safe to ignore at high field; however,

colhsional bradening cffect becomes important to be included
420MV/em,
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Appendix 1

This appendix hists the important kinds of different phonons
scattering rates used in the Monte Carlo method, assuming non
parabolic bands at the lattice temperature T. For more details of
these scatlering rates, the reader 1s referred to the References
19-11,17].

(i) Acoustic phonon scattering rates
This interaction of the acoustic phonon is due to the deformation

potential and is given by

2
k=& Kl 2,
ps. h

2,12
Sy (EY(+2a E) F,(E),
2 (AD)

where Y(E)=E(1+aE),and

(1+aE) +1/3aE)?

F,(E)= 2
(1+2a E)

Z,. p and S, represent the acoustic deformation potential, the

specific mass density of crystal and the sound velocity. a is
the nonparabolicity factor.

(ii) Polar optical phonon scattering rates

The scattering rate due to the polar optical phonon is evaluated
as

Em*ho,, (1 1 \1+42aE
I k)= — 22

a2me it \e. €,) v(E)
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Fo(E,E"YX(N,, +1/2£1/2),

po

(A2)

where N, is the optical phonon occupation number, which is
given by Bose Einstein statistics. The + sign refers to phonon
emission or absorption respectively. @ ), €, €. and €.
represent the energy of polar optical phonon, the relative static
dielectric constant, the high frequency dielectric constant and
the permittivity of free space respectively.

In the above equation, we use the following notation
Y(E")=E'(1+aE’),

YHE +YREY |

Fo(E.E"Y=C'| Aln :
’ 7% (E)- 7% (E")|

(A3)

A =[2(l+a E) (l+aE’)+a(y(E)+y(E’))]2.

B=-2ay"*(E) y"*(E"[4(1+aE) 1+ E')+
a(y(E)+y(E’))].
C=4(1+aE)(l1+aE’) (+2aE)(1+2a E’).

(iii) Equivalent intervalley phonons scattering rates
We shall consider cquivalent Intervalley phonon scattering in
the X, L bands only, the Intervallcy scattering rate for all possible
transition between equivalent valleys is given by

m*¥2 p?
V2mh’ pow,
(N, +1/2%1/2),

r.k)=(z,-1) y"(E")(1+20E")

(A4)

where @, is the cquivalentintervalley phonon frequency, D, is
the deformation potential for the equivalent intervalley
scattering, Z, is the number of equivalent valleys and N, is the
cquivalent intervalley phonon occupation number, which is
given by Bosc Einstcein statistic.

(iv) Non-equivalent intervalley phonons scattering rates

In high electric fields, the electron energy in ZnS may become
sufficiently high, so electron scatter into the L, X valley. The
intervalley scattering rate between non-cquivalent valleys is
given by

m,; *\? Dj . .. ,
y

x(N, +1/2£1/2), (AS)

where @; is the intervalley phonon frequency, Du is the

deformation potential for non-equivalent intervalley sCatteryp

Z is the number of valleys of type j and Nu is the intcrvalli
phonon occupation number, which is also given by Bose Emnsiey,
statistic. The electron energy is measured from the minimup o
valley which are situated at energies 4, and 4, for valley,

and j, respectively, while A®, is the energy of (he phongy
involved

E'=E;-A;+A;+hw,, phonon absorplion

E'=E -A;+A +hw,, phonon emission

Apendix 2

Free flight times generation

The procedure used to generate random free flight time 1wy,
probability distribution (g(#)) given by eq. (3) from a randon
number r, with uniform probability distribution P(“r,) in the range
(1,0)1s as follows |9, 10, 20]. Since o

P(r)dr, = g(n) dt , \ (B
then

y !
jp(r,') dr/ = Ig(l')dr'
0 0

which upon integration, gives
1
n=Jatdr. (B
0

This can be wrilten as
n =1-exp —Il[k(!')]dl' B3

Obviously the expression (B3) is not casy to solve, and s
1s where self-scattering comes 1n. The idea 1s o mtroducc

non-negative (ransition ratc A, for the null process. When
the self-scattering 1s included among the scattering mechanism
the total scattering ratc [~ is a constant for all k vecon

(I = Ak) + Ay )-

Then we can evaluate the integral in eq. (B3) and obtain i
expression for 7 as a function r|

n =1-exp(=I't)

or

=—ZIn(l-n). (B
r"( n)



