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Treating collisions as Markov processes, a theory is developed for the calculation of electron
multiplication in solids. The electron mean free paths for acoustic-phonon scattering, optical-phonon
emission, and pair production processes are assumed to be independent of the energy of the electron. The
number of ionization events per mean free path is a universal function of dimensionless energy ratios.
Several types of phonon scatterings are studied. In the case of isotropic scattering, comparison of the
present work with the results obtained by numerically solving the Boltzmann equation indicates that good
agreement is found only in fast-multiplication cases. The discrepancy noted in slow-multiplication cases is
believed to be due to either the less stringent requirements or the mild singularity of the transition
probabilities in the numerical approach to solving the Boltzmann equation.

I. INTRODUCTION

Under the stress of a very strong electric field,
semiconductors and dielectrics tend to exhibit ava-
lanche breakdown. A quantitative measurement of
the charge multiplication in p-» junctions of Si and
Ge was carried out and its implication on the ion-
ization rate per unit length, as a function of the
applied electric field, was analyzed two decades
ago.! The fundamental processes for charge mul-
tiplication in solids were assumed to be analogous
to that (Townsend’s 8 mechanism?) of gas dis-
charge. The ionization rate is an important para-
meter which brings out the details of the micro-
scopic solid-state properties from the macro-
scopic characterestics of breakdown measure-
ments. Methods have been developed to calculate
this parameter, most of them involving the solu-
tion of the Boltzmann equation in a high electric
field. Thus, neglecting the then-unknown band
structure of silicon, Wolff®> expanded the electron
distribution function in terms of Legendre polyno-
mials, kept the first two terms, and solved the
Boltzmann equation in a steady state. Baraff* em-
ployed the concept of collision density and derived
an integral equation by Laplace-transforming the
Boltzmann equation which he then solved numer-
ically. To solve the Boltzmann equation at high
fields is generally difficult, as pointed out by Wan-
nier.® On the other hand, Shockley® considered
the collision processes as probabilistic processes
with exponential probability distribution and,
treating only the electrons which survive any col-
lision, directly obtained the ionization rates in
the low-field and high-field limits. Although the
validity of some assumptions made by Shockley
was questioned at that time, the concept of expo-
nential probability is particularly attractive in its
simplicity. It appears that for the calculation of
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ionization rates, one may avoid solving the Boltz-
mann equation by treating all processes as Markov
processes and following the motion of the electron
in a completely stochastic way.

In this paper, we will address the calculation of
ionization rates in semiconductors or dielectrics
where band-structure details can be neglected. A
strong electric field § is applied to a thick slab of
material. The electron whose track we will fol-
low starts with zero energy in the conduction band.
We assume that there are three energy ranges in
each of which only one single-electron process is
possible. Thus from zero to #w (the energy of the
only optical phonon), only acoustic-phonon scat-
tering is possible; between 7w and E, (the ioniza-
tion threshold to produce an electron-hole pair),
the electron can only emit the optical phonon, as-
suming no optical phonons to be present so that
the absorption of optical phonons is negligible;
above E;,  electron excitation from the valence
band is the only interaction the electron has with
its environment. We also assume that the mean
free paths of these three fundamental processes
are independent of the electron energy. Further-
more, these three mean free paths are assumed
for simplicity to have the same value . These
assumptions are in line with previous works, 3%
Most of them can be relaxed if one so wishes: the
involved modifications of the equations, to be
derived below, either are trivial or can be car-
ried out with minor effort.

The main quantity we are interested in is the
mean ionization distance for an electron starting
with zero kinetic energy at z=0 (z is the depth co-
ordinate). An electron, emitting » optical phonons
will reach E; at location z = (E,; +nfiw)/e§. Since z
and n» are two random variables, the mean dis-
tance Z per mean free path is related to the mean
number of optical-phonon emissions, 7, by
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Z/\=E,/e8\+n(hw/e&). 1

Setting X=E;/e&X and R=7w/E,, the mean num-
ber of electron-hole pairs produced by a single
electron in traveling a mean free path A is given
by

Noae= X +7RX +1)71, (2)

The 1 on the right-hand side takes care of the
extra mean distance ); the electron has to travel,
after reaching E;, in order to produce a pair. The
exact value of this extra mean distance is not im-

.portant,®* however. Here we assume 2,;=\.

Equation (2) indicates that N, is a universal
function of X and R since #, as will be shown la-
ter, depends only on X and R.

The concept described here could be applied to
the calculation of the average energy of hot elec-
trons emerging from a slab of given thickness z,,.
The proper equation reads

E=e8z,- nhw (3)

and 7 could be obtained exactly in the same way,
as described in Sec. II. The only change is to re-
place y — Ay in the arguments by y. Though Monte
Carlo results’ do exist, the suggested approach
here gives an exact answer.

II. THEORY

Let A be the mean free path of a collision (a Mar-
kov process). The no-collision probability for an
electron in traveling a distance z is e and the
probability of one collision in dz is dz/x. The
mean collision distance is given by

©ze* Mgz ‘
<Z>=fo — =M 4

the mean free path of this process.

At some reference level, an electron is released
with both kinetic and potential energies zero. Un-
der the influence of a constant electric field &,
this electron behaves like a particle of some in-
ertial mass in a gravitational field. Now, if this
electron experiences an acoustic (elastic) collision,
it simply adjusts the direction of its velocity with
magnitude unchanged. If an optical-phonon emis-
sion occurs, the electron not only changes the
velocity direction but also loses some quantum
kinetic energy (the quantum energy 7w of the op-
tical phonon). Since in a conservative field, there
is a one-to-one correspondence between kinetic
energy and potential energy, once the reference
level of zero potential is chosen, the fact that the
electron loses zw kinetic energy will be equiva-
lent to pushing this electron a distance 7w/eé clo-
ser to the reference level, as shown in Fig. 1.
The probability of having a collision is controlled
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FIG. 1. Electron at A emits on optical phonon and its
location is consequently put at B, Az = hw/e€el.

by the exponential function of the length of the tra-
jectory this electron travels after the latest col-
lision.

For a Markov process, the history of the elec-
tron before a collision is completely wiped out
when a collision occurs. In other words, the angu-
lar distribution of the cross section of a collision
is independent of the direction of this incident elec-
tron. A few examples are in order:

(a) Forward scattering. The electron can only
travel in the direction of the electric force. There
is no elastic collision in this case because the di-
rection is fixed.

(b) Two-direction scattering. The electron can
move either along or against the electric field.
Movement in either direction can cause collision
with the consequence of, say, half chance of the
electron going along and half chance of going
against the electric field.

(c) Isotropic scattering. The cross section is
isotropic and thus of Markov type.

In general, we can assume the angular distribu-
tion of the probability to be P(6) no matter what
direction the electron is moving in immediately be-
fore a collision. 6 is the angle the velocity vector
makes with the horizontal line as shown in Fig. 2.
The electron is at a location y, (y =z/1) below the
reference level. Let T(y,,,)dy, be the probability
distribution that the electron, suffering a collision
at y,, will not have any collision before reaching
the height y, below the reference level and having
a collision indy, at y,. The collision here could
be acoustic or optical. This probability is compu-
table from classical mechanics, as can be done

v], Y, ¥, I
1 4N ¥,

FIG. 2. Electron as a projectile.
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following the results of the Appendix. It is easy to
prove that [$T(y,,,)dy,=1 if one realizes that,
for a given projectile angle, the probability of hav-
ing a collision regardless of how far the electron
travels is unity, i.e., [Te™/*ds/x=1. Once P(6) is
assigned and T(y,,y,) is computed, the ionization
rate can be obtained as follows.

Let

y ©
N(y1)=1-f °T(yz,y1)dy2=f Ty, )dY,

0 Yo

be the probability than an electron suffering a col-
lision at ¥, will not have any collision before reach-
ing ¥, (X), the ionization threshold for produc-

ing an electron-hole pair. Let Ay be the width of
the acoustic-scattering region, i.e.,

Ay=e8Az/e8r=Fw/e8N=RX.

We can then compute, by the technique of regroup-
ing, the probability of having » optical-phonon
emissions, regardless of the number of scatter-

ings due to acoustic phonons.

The electron released at zero kinetic energy at
the potential reference level reaches E, either
without any collision or with at least one collision
(acoustic or optical). In other words,

1=N(o>+j”°1xT<yl,o>dyl. (5)
0

After breaking up the integration limits into the
acoustic and optical regions, the 1 on the right-
hand side can be replaced by

.
N+ f °Ty,,y)dy,
0

when y, is in the acoustic scattering region, or by
Yo
N(yl—Ay)+f T(yzyyl"'Ay)dyz
o

when y, is in the optical emission region:

Ay Ay Yo Yo .
=N O+ [T NGITO, 0y [ ay, [ d3.T029)76,,0+ [ "as, NG, - 4)70,,0
0 0 [ Ay

Yo Yo
+f dylf a9, T(y,,y, - 8y)T(y,,0).
Ay o

If (n,,n, denotes the numbers of acoustic and op-
tical scatterings, then the first term in Eq. (6) is
(0,0), the second (1,0), and the fourth (0,1). For
the third and the last, we need to break up the in-
tegration f 30 and then substitute the appropriate
equation for 1 as before. This procedure could be
repeated indefinitely. Collecting the terms with
(n,,0) for n,=0,1,2,3,...., = gives

Ay
N(0)+ f dy N, T®,,0)

0

Ay Ay

dyl dyzN(yz)T(yzgyl)T(yl;O)"' oo
+ f j
Ay - -~
=N(0) + f dy,Ny,)T,,0=N(0), (7)

where ﬁ(yl) satisfies the following inhomogeneous
integral equation of the second kind:

Fo)=NG)+ [ Py HO) T30 ®

We can interprete N(y) as the renormalized (by
interaction with acoustic phonons) version of the

I

bare quantity N(y).

For one optical-phonon emission, all the terms
of the type (n,,1), 7,=0,1,2,.... need to be collec-
ted and regrouped. After two regroupings and one
relabeling, the probability of one optical emission
is given by

[ aviw, - 2976,,0, ©

where T(y,,9,) also satisfies an integral equation,

ay
10090 =T0090+ [ ®3705,9)T053).  (10)
0

Again, due to the presence of the acoustic-scat-
tering region, the bare transition probability den-
sity T(y,,9,) is renormalized to 7(,,¥,).

A similar procedure leads to the following proba-
bility for two optical-phonon emissions,

90 ¥0 - ~ ~
f dylf dy, N, - 89)T(,, 9, - &) T(y,,0). (11)
Ay &y

The rule for writing the probability of any num-
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ber of optical-phonon emissions can be obtained
by examining Eq. (11). 7(y,,0) indicates that the
electron is released at y =0, making all possible
interactions with the acoustic phonons, and reach-
es y, in the optical emission region. Emitting an
optical phonon at y, and thereby changing its lo-
cation to y, — Ay, the electron encounters all pos-
sible, including zero, numbers of acoustic-phonon
scatterings before the next optical-phonon emis-
sion at y, in the optical emission region, as des-
cribed by T‘(3)2,31l — Ay). The optical-phonon emis-
sion at y, pushes the location of the electron to
y,— Ay. Between this new position and the pair-

- Yo ~ ~ ¥ ~
ﬁ=0N(0)+1j dy, Ny, - &y)F(y,,00+2 [ dy, Ny,
Ay

Ay

production threshold no optical emission occurs
while any number of acoustic scatterings may take
place. This is represented by N(y, — Ay). Reading
equations like Eq. (11) is completely equivalent to
describing the physical processes they represent.

It is gauranteed, from the way the above proba-
bilities are derived, that the sum of all probabili-
ties equals unity.

The average number of optical-phonon emissions
is given by the sum of the products of the number
of optical phonons emitted and the corresponding
probability, :

¥ -~ ~
"Ay)f odyz T(yuyz"Ay)T(yz, 0)
Ay

Yo' -~ ¥ Yo - -
+3f dle(yl"Ay)f odyz T(yuyz— AV)j dyaT(vgjy:;‘Ay)T(y;;,o)'*"'- (12)
Ay Ay Ay

Laying down the probabilities with weights (the
number of phonons emitted) as in Fig, 3, and sum-
ming vertically for each column, one obtains a
function G satisfying

G()=T(,,0)+ y(’clyzf‘(yl,yz—A:v)G(yz) (13)

Ay

for each column. When all the columns are
summed, the final expression for the average
number of optical-phonon emissions is given by

i Cay Ry - MyHB), (19)
A

y

where

H6) =60+ [ P dy, Ty, .- AHG).  (15)
. Ay

° <— ONE OPTICAL EMISSION
e o <« Two OpTicAL EMISSIONS
e o o ETC.

[ ] [ ] [ ] [ ]

e o [ ] [ ] Y
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FIG. 3. Summing a column gives G. Summing all G’s
gives H.

Equation (14) indicates 7 is a function of y,,,
which is equivalent to the energy ratio X=E,/eé,
and Ay, another energy ratio, #w/e&)x (ERX).
Given R and X, N,,, is uniquely determined by
Eq. ().

III. RESULTS AND DISCUSSION

As mentioned in Sec. II, there are three interes-
ting cases of scatterings: forward scattering,
two-direction scattering, and isotropic scattering.
The first case provides a check of the formula-
tion described above against an algebraic approach
to be published elsewhere.® The second case gives
a hint of how the backward scattering (against the
electric force) would change the mean ionization
distance, while the complication of calculating
the trajectory length is kept to 2 minumum. The
third case is that of the real physical situation
which has been discussed by others in the litera-
ture.

Case (i): forward scattering.

0 fory,<y, ory,<y,<Ay

T(yz,y1)={ (16)

exp — [v,— max(y,, Ay)] otherwise.

Backward scattering (y,<y,) is forbidden in this
case. The N(y) corresponding to this transition
probability is given by exp[max(y,Ay)-y,]. Using
the formulation of Sec. II, one obtains e®** -1, and
e®®Xy (1- RX)e®X_2 for the average number of
optical-phonon emissions in the respective cases
of R=4 and . These results agree with that of
the simple algebraic approach.® For smaller R’s
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of the type 1/(m+ 1) with integer m, numerical
evaluations in a self-consistent way of the integral
equations in Sec. Il yield the same % as that of the
algebraic solution.? For the analytic confirmation
of the equivalence of these two different approach-
es, a conjecture, h,=[K(m+1)- m]e™? for R=1/
(m+1), needs to be proven: the 2(y) is defined as
H(y)=h(y)/e*™Y and h,, is h(y) for mAy <y <y, The
definition of K(m) can be found in Ref. 8. That
this conjecture is true for m =1 and 2 has been
checked.

Case (ii): two-direction scattering with equal
probabilities.

T@z;y1)=é—exp(— lyz—y1|)+§_exl)[— (y1+y2)]‘ (1

N(y)=e™ ocosh(y) in this case. Shown in Fig. 4 are
the transitionprobabilities for variousy,. Note that
an electron, after having a collision at a given lo-
cation, may move against the external electric
force (backward scattering) and have another col-
lision somewhere upstream in the electric field,
further delaying the time at which it will reach the
ionization threshold. Consequently, the mean ion-
ization distance for this case is somewhat longer
than for case (i) above. In Fig. 5, the ionization
events per mean free path (N,,,,) of these two
cases for R=0.05 are compared in a semilog
scale. The one-half chance to scatter backward
does change N,,;, substantially for low electric
fields (large E;/eéN).

1

TRANSITION PROBABILITY DENSITY
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—
o
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FIG. 4. T(v,,y,) for two-direction scattering with
equal probabilities. Here X= E;/eex=10,
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FIG. 5. Ionization events per mean free path for vari-
ous types of scattering #w/E;=0.05.

Case (iii): general scattering.
T/2
T(y,,9,)dy, =%  P(0)d(eS1 02102
6=0

+e‘52(yz,y1,9)/h)‘ ’ (18)

The functions Sl(yz,yl, 6) and S,(v,,,,6), as can be
found in the Appendix, are the arc lengths of the
electron from y, to the points on the trajectory at
which the height is y,. 6 is the projectile angle
and P(6) the corresponding probability [P(8)= const
for isotropic scattering]. Trivially,

2
N(yl)=%$P(e>(e'swo'vu9>+e'szwo.%.9>). (19)
=0

There are three important observations con-
cerning Eq. (18). The first is that the angular in-
tegration appears as a multiplicative factor where-
as in Baraff’s formulation® it shows up in the ex-
ponent. The second is about the behavior of
T(y,,y,) at some seemingly singular points. For
example, at cos29=y2/y1, both terms on the right-
hand side of Eq. (18) are divergent. They sum up
to a finite value because S, =S, when cos®0=y,/y,.
Another example is when cos §=0 so that the de-
nominator in the logarithmic function of S,(v,,¥,, 6)
in Eq. (A2) becomes zero. The cos?6 factor in
front of this logarithmic function eliminates this
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singular behavior. The good behavior of T(y,,¥,)
is sort of physically clear from the definition of
T(y,,y,) itself: given a scattering aty,, the proba-
bility of the next scattering within a strip dy, at y,
should be finite because the segment of the trajec-
tory arc inside this strip shrinks to zero at least
as fast as dy, does. Baraff’s approximate expres-
sion for T does contain a singularity at y,=v,.
The third observation involves the normalization
of T(¥,,y,). Equation (18) automatically shtisfies
the requirement of normalization because it is
formulated in a purely probabilistic way.

An equivalent way of carrying out the calcula-
tions indicated in Sec. II is to actually compute the
probability of m optical-phonon emissions for
m=0,1,2,.... Once N and T are known, these
probabilities are just simple integrals. The im-
portant advantage of this is to check and see if the
sum of all probabilities equals unity, a very strin-
gent constraint on the accuracy of both the most
fundamental function T'(y,,y,) itself and all the nu-
merical procedures involved. In other words,
once T(yz,yl) is set, a probability distribution is
obtained which has to be summed up to unity to be
correct. This requirement has been obeyed to
guarantee the correctness of the computed results.

In actual calculations, a steady state will be
reached, as correctly observed by Baraff,* in
which the ratio of adjacent probabilities of emit-
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FIG. 6. Probability distributions of two different scat-
tering functions for same R and X. The sum of each
probability distribution equals unity.

ting m and m + 1 optical phonons approaches a con-
stant. This constant, called y, is strictly con-
trolled by T'(y,,y,) itself and may be computed by
using either the eigenvalue method or iterative
procedures. Using this constant, the probability
at the onset of the steady state, and the sum of the
probabilities before reaching the steady state, one
can compute the total probability which should be
unity if everything is right.

In Fig. 6 we show the probability distributions of
case (ii) and case (iii) for R=0.05 and X=6. The
steady state is determined when the fractional
change of the probability ratio v is less than 107°
(in some cases 1077),

The result of the present work for the isotropic-
scattering case is presented in Fig. 5 for R=0.05.
Also shown in the figure is a curve of Baratf for
identical assumptions. The difference is about a
factor of 2 at X=10 where, on the average, an
ionization event occurs every thousand mean free
paths (slow charge multiplication). The discrep-
ancy gradually disappears as X is decreased.
Comparison of Baraff’s work and the present ap-
proach for R=0.01 shows excellent agreement for
X from 2 to 14: the mean ionization distance in
this case is generally less than 100 mean free
paths (fast charge multiplication). It is noted that
in the slow-multiplication cases the steady states
always possess probability ratios very close to
1, i.e., y=1. Since the equation for the mean ioni-

1, 3
3
= ]
z 4
PN
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= -
s \ 0.0 \ .
a ~ -
510'2 E \ E
; N 0.0p 0“93 4 n
S L 0.06 .
: N
510_3 E 3
=2 - -
= - -
=3 - .
Pt o 5
= .08 \ ,
-4
10
2 4 6 8 10 12 14

o
Li/eEA

FIG. 7. Number of pairs produced per mean free path
as a function of E;/ec) for various values of R=7%Zw/E;.
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L +X)1. a(-b) stands for a x 107,

=0, Npah-:

0.01-0.08. For R

TABLE I. Ny, for R

14

13

12

11

10

4.96(=1) 3.23(=1) 2.34(-=1) 1.76(=1) 1.37(~1) 1.08(=1) 8.52(-=2) 6.66(=2) b5.14(=2) 3.90(~2) 2.90(=2) 2.10(-2) 1.47(=2) 1.00(~2)

0.01

02 4,92(-1) 3.14(-1) 2.18(=1) 1.54(~1) 1.12(-=1) 7.95(-2) 5.49(-2) 3.63(=2) 2.29(=2) 1.37(~2) 7.73(=3) 4.11(=3) 2.07(=3) 9.90(=4)
0.03
0.04
0.05

0.
0.06

3.05(=1) 2.04(~1) 1.35(~1) 9.02(-=2) 5.75(-2) 3.45(-2) 1.93(-2) 1.00(-2) 4.86(-3) 2.20(=3) 9.40(—4) 3.82(~4) 1.49(-4)

4.88(~1)

2.96(~1) 1.90(~1) 1.18(~1) 7.27(=2) 4.16(-2) 2.20(-=2) 1.06(-=2) 4.76(-3) 1.99(~3) 7.87(=4) 2.98(—=4) 1.09(-4) 3.86(=5)

4.85(~1)

2.88(-1) 1.77(=1) 1.03(~1) 5.89(-=2) 3.06(-2) 1.45(-2) 6.30(=3) 2.55(=3) 9.74(~4) 3.57(=4) 1.27(-4) 4.42(-5) 1.52(=5)

4.81(~1)

2.80(~1) 1.66(=1) 9.35(=2) 4.82(-=2) 2.31(=2) 1.00(-2) 4.03(-3) 1.53(-8) 5.56(~4) 1.96(~4) 6.78(~5) 2.32(=5) 7.86(=86)

4.78(~1)

2.72(=1) 1.55(=1) 8.28(-2) 4.00(-=2) 1.79(-=2) 7.31(=3) 2.79(-3) 1.02(-3) 3.59(~4) 1.24(-4) 4.26(=5) 1,45(-5) 4.92(-6)

4.74(~1)

0.07

4.72(~1) 2.64(-1) 1.45(-1) 7.37(-=2) 38.36(~2) 1.43(-=2) 5.57(=3) 2.05(=3) 7.31(—4) 2.54(-4) 8.73(=5) 2.98(=5) 1.02(=5) 3.47(=6)

0.08
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zation distance involves terms proportional to
1/(1-9) and 1/(1 —)?, the result is very sensi-
tive to 1 -y when y is near 1. The y by the pres-
ent calculation for R=0.05 and X =10, for example,
is 0.99951 and the sum of all probabilities is a
satisfactory 1.0012.

The results of the calculations of N, are shown
in Fig. 7. Table I gives the computed values. The
agreement between these results and Baraff’s work
is generally better for large N, (fast multiplica-
tion) than for small N, (slow multiplication).

As described above, this may be due to the differ-
ent requirements in getting ¥’s or the mild singu-
larity in Baraff’s expression of the approximate
transition probability density T(E,, E,). The over-
all agreement is considered good in viewing the
very different approaches used.

Shockley’s N_,,, for the high-field limit concep-
tually corresponds to our #Z=0. In his simple
model, the high-field limit corresponds to the
case of very hot electrons whose energies are
always greater than E;. In our model, those hot
electrons cannot produce any optical phonon, thus
77=0. The argument for obtaining low-field limit
in his model is not applicable to the special situa-
tion of ;/x=0. Even if we choose A;/A=1, the
formula for N,,;, is this simple model reads
N,a1c= € */RX, which does not correspond to any
of our curves.

IV. CONCLUSION

A theory is developed for the calculation of the
mean ionization distance in solids. The founda-
tion of this formalism is the same as that of the
Boltzmann equation, namely, concepts of proba-
bility. This shortcut approach clearly relates the
physics to the equations and has versatility in ap-
plications. A simple application to the isotropic-
scattering case produces results that generally
agree with that obtained by numerically solving -
the Boltzmann equation.

LydLlrfe Ltz tz2ze2ieg

E=E,

FIG. 8. Geometry of the projectile.
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APPENDIX

This appendix gives the formula for the length
of the electron trajectory under the action of a
constant external electric force. The ceiling
where the kinetic energy of the electron is zero is
defined as z=0. The coordinate z is measured

downward (along the direction of the force) and

therefore e§z=%mv? The electron at z, is pro-
jected at angles + 6 (9 positive) with respect to the
horizon, as shown in Fig. 8. By classical mech-
anics, the trajectory lengths from the point z, to
the intersections with a horizontal line at height
z, are given by

. "1 +sing 2,\*? (2 1/2
- 2 —(Z2) (22 _cos? Al
S,(25,2;, 6)=2,|sing+cos?gIn <(22/Z1)1/2+(22/21 _coszg)l/z) (21) (21 cos 6) l , (A1)
1+ sind 2,\"?/z /2
9) = i 2 =2 Z2 2 A2
S,(25,2,,6) zl[sm9+cos eln((22/21)1/2_(22/21_cos29)1,2)+(21> (21 cos 9) ] (A2)

If these lengths and the z coordinate are scaled
by X and y is defined as z/x, the dimensionless

)

trajectory lengths S,(v,,v,,6) and S,(y,,¥,, 6) are
obtained. They are used in Eq. (18). '
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