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A new type of dechanneling theory is presented by constructing a Fokker-Planck equation. The
damping term, which is not renormalized to the diffusion coefficient, and a new term in addition to
the usual diffusion equation appear in the Fokker-Planck equation. Making use of the general
expression of the diffusion coefficient given by Ohtsuki, some simple analytic expressions for diffusion
coefficients due to the many-phonon excitations, the one-electron excitation, and the plasmon excitation

are presented.

I. INTRODUCTION

A rapidly growing interest has developed in the
depth dependence of the channeling phenomenon,
i.e., in the rate of dechanneling. A detailed
knowledge of dechanneling, which consists of par-
ticle transition from the channeling motion inside
the crystal to a random motion, gives information
on the electronic distribution and on the ion-atom
interaction potential. The axial dechanneling has
been widely investigated for light ions in W, 12
Si, % and Ge*'® single crystals. The planar-dechan-
neling data!’®” has been interpreted on the analogy
of the axial-dechanneling theory.” Most dechan-
neling theories*™!° are based on the diffusion-type
equation first introduced by Lindhard,®
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where g(p,,2)dp, is the differential probability at
the penetration depth z. D(p,) is the diffusion co-
efficient which is calculated® from the “local”
mean-square angular spread in the quasielastic
approximation; i.e., for axial cases,

552 d L(Kr,)) . )
(—6;—)" = —ESE p_l (_712 +K (71) (1 2)
for the one-phonon excitation ana
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for electronic excitations. In the above, E and
Z,e are the energy and the charge of the incident
particle, respectively, p? is the mean-square
amplitude of the thermal vibrations perpendicular
to the string, and d is the interatomic distance
along the row. =(r,) and K(r,) are the averaged
electron-cloud density and the force acting on the
ion at 7, due to the string potential, respectively.
L, is defined as

L,=1n(2mv?/I), (1.4)

where m, v, and I are the electron mass, the ion

8

velocity, and the mean ionization energy of the
atom, respectively.

However, we note that the above theory has been
introduced by some physical intuitions, and the
intuitions bring forward too simplified an equation
to interprete experimental data qualitatively. In
this paper, we start from the Fokker-Planck equa-
tion taking into account the collision terms due
to inelastic scattering and derive a modified dif-
fusion equation. Damping effects due to inelastic
scattering and the interaction between the two
directional transversal scatterings are included in
the modified equation. The exact expressions for
the diffusion coefficient introduced in the modified
diffusion equation are calculated for many-phonon
excitations, the plasmon excitation, and the one-
electron excitation both for axial and planar cases
making use of the general expression of the “local”
diffusion coefficients derived by Ohtsuki. !

II. MODIFIED DECHANNELING EQUATION

We consider a beam of positively charged par-
ticles incident in a low-index crystallographic
direction. By multiple scattering with electrons
and nuclei in the crystal, the transverse momentum
of the channeled particle increases, and this leads
to dechanneling.

Since, in our system, scattering processes are
regarded as small-angle scatterings, the change
of the distribution f of the channeled beam in phase
space is described in terms of the generalized
Fokker-Planck equation.

Let ¢(r,,D; Ap) be the transition probability of a
collision in which the particle momentum p is
changed to D+ Ap at the fixed point T, = (x,y) in the
plane perpendicular to the channeling axis z. By
use of the transition probability ¢, we obtain the
generalized Fokker-Planck equation as follows:
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where (- --) means the averaged value over the
transition probability ¢, that is,

(80)- [ 28 43, 5: aB)(aD).
In the above, U(r,) is the continuum potential and
3(ApyAp,/At) = oy, is the (i-j)th element of the dif-
fusion coefficient.
The relation between the energy transfor AE;
(the total energy transfer AE=Y, AE;) and the mo-
mentum transfer Ap, is written

AE,=(1/2M,)(2p,Ap, + APY), (2.3)

where M, is the ion mass. From Eq. (2.3), it is
easy to note that energy decrease (damping effect)
may not be described in terms of Ap? (diffusion
process), but in terms of Ap,. If the damping force
due to energy losses is directed against the par-
ticle’s motion in our system, we can easily obtain

<A§/At> = s(rl.v El)ﬁ/pn (2- 4)

where S(r,, E,) is the stopping-power function
and E = E, the energy of ion.

In our system, o,, is not the usual diffusion co-
efficient. For the z component of scattering pro-
cesses, energy losses (AE,<0) are dominant.
Therefore, in the following, we neglect o,, because
of (Ap,/At) > (ap%/ At).

We consider the axial case. In principle, from
Eq. (2.1), it would be possible to determine
physical quantities for dechanneling. This, how-
ever, meets considerable mathematical difficul-
ties. Therefore, at first step, we restrict our-
selves to the quasiequilibrium state,® where since
channeled particles are mixed, it can be assumed
that f is independent of ¥ and y in the transversal
region. 1% At the same time, in our case, we as-
sume that time ¢ is not explicitly contained in the
distribution f. Taking into account that the con-
tinuum potential U(x,y) is an even function both for
x and y, and

E,
z= fx ‘° SE,)dE,,

:
g

(2.2)

12=15

Eq. (2.1) reduces to the differential equation in
@4, Py, E,) space,

S(E,) E g
| A

f= SE) E (2.5a)
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X(E,;, o (Gyu)+2 .Z<;, Ty (a,,u)) ,
(2.5b)
where the caret over a symbol means the averaged
value over the transversal region in an unit cell,
that is, 8(E,) and Gy, are the channeling stopping
power and the channeling diffusion coefficient, re-
spectively. E; is the incident ion energy.
Alternatively, we can write Eq. (2.5b) in the
form of the cylindrical coordinate (p,, 6,E,). In
the case discussed here, it is a good approxima-
tion that the distribution function # is isotropic in
(p., 6) space. In this approximation, we can ne-
glect cross terms of diffusion coefficients because
of axial symmetry. From Eq. (2.5b), we obtain
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where i1, and [, are written using the usual dif-
fusion coefficients D,, and D, "

ﬁu = %(Aﬁf/A") = I’-us(E,)y

Do~ 4 (8BY/ 82) - TS (E,). .

Strictly speaking, I’ao (or f),,) is not zero in our
case, especially for the plasnlon excitation. In
random system, fi,, = il (Or D, = Dyy). We note
that the first term on the right-hand side of Eq.
(2.6) is very small compared with the third term
in our channeling condition where ¥ <y, (W =p,/p,,
¥.; the critical angle).

Thus, finally we have
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(2.8)
or for the steady-state process,
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where u,, is the equilibrium distribution.

It is worth noting that for the steady-state pro-
cess, }:L,, does not appear in the differential equa-
tion. In Eq. (2.9), the second term in the right-
hand side gives the usual diffusion equation widely

used in dechanneling theories. For our case, we
have from the standard potential, ®

d o y-_ o 2 AexoQE/EYY)+1

dp, Y M, EJ; Aexp(RE/Ey7)-1"
e (2.10
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where a is the Thomas-Fermi screening length,
73 is the area of the unit mesh in the (x,y) plane,
and c=V3, E,=p3/2M,. From Eq. (2.10), we
note that the first term of Eq. (2.9) is not ne-
glected generally.

Now, the Fokker-Planck equation for axial case
may be solved in principle only if we get the local
stopping power and the local diffusion coefficient.
Many authors'?~'® have already discussed the local
stopping power, However, we have no calculation
of the local diffusion coefficient except for simple
derivations according to the Lindhard theory.®

Recently, according to the steady-increase
model, Bjorkqvist et al.!® calculated dechanneled
fractions taking into account the damping effect.®
In our theory, the damping effect are introduced
in (Ap/At) [Eq. (2.4)], which does not appear in
the usual diffusion equation.

Dechanneling rate a per unit energy loss is de-
fined as

oF
oE, ’

(2.11)

Ny |-

a=

where
bre
F= [" f2ap,dp,, p,c=pde.

From Eqgs. (2.5a) and (2.11), the damping part
a4, Of dechanneling rate ¢ is obtained:

1 1 d3(E,)
ad‘z_i:-_‘S(T,)TE,—' (2.12)

The longitudinal- and the transverse-energy losses
are included in Eq. (2.12). Equation (2.12) shows

that the contribution of the damping effects becomes
remarkable at low-energy regions (see Sec. V).

I1II. DIFFUSION COEFFICIENTS FOR PHONON
EXCITATIONS

In this and the following sections, we calculate
the local diffusion coefficients introduced in Sec.
II, from the general expression derived by

Ohtsuki, !
2 - - -
(8L)-ar [ Dais@ahoeiig,
g

3.1)
where S(3,q+h,) is the inelastic scattering factor
with Umklapp process corresponding to the two-
dimensional reciprocal-lattice vector ﬁl. For con-
venience sake, momentum transfer Ap from the
initial momentum 7K,=p, is written as #Z{J on the
right-hand side of Eq. (3.1). For phonon excita-
tions, S(q,q+h,) is given as'®

S@,q+ hl)— VP
1

x(e"'“‘*’ — e-u(u)-ll(vhl))
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where vz and e™¥ @ are the usual scattering factor
and the Debye-Waller factor, respectively. V..,
means the volume of the unit cell. The diffusion
coefficient D introduced in above section is related
by

Dyy=3{Ap3/ Az). (3.3)

First, we try to derive the Lindhard expression
(1.2) for the diffusion coefficient due to phonon
excitation from our exact expression (3.1). When
we consider the one-phonon excitation, the Debye-
Waller factor e"#® ig expanded up to the second
power for M(q) =% p?¢%, and we obtain

Api> pj. 1 J’ 3 o2 -
< Az W cell —hl qlva U3¢h1
x{@+ @+ hy)* - B}

xe"’lhé( AE )
lK +q| K+7iv dq

(3.4)
If we assume that the phonon scattering is de-

scribed only on the plane perpendicular to the
channeling axis, we have

apt o J
< "8l Voo, ch La@+d- h;)Vqquphl

x et ’HS(IK 2 ql-Ky+ o h’ )dq,

(3.5)
where q, is the scattering vector on the plane and
Vg, means the two-dimensional component (g.=0)
of the scattering factor:

V;xsvalqlso. (3.6)

If we consider the continuum potential to be?®

V(E,)=2 vy et uh, (3.7)

Q

it is easy to show that the expression (3. 5) coin-
cides with the Lindhard expression (1.2).

However, we have to point out that some approx-
imations assumed above in deriving the Lindhard
expression are not so good. Back scatterings by
many phonon excitations are also important.

Now we show that another approximation gives
a reasonable expression for the diffusion coef-
ficient due to many phonon excitations. We do not
expand the Debye-Waller factor, which means that
we consider many-phonon excitations, and we
neglect the second term in Eq. (3.2). This as-
sumption is valid only if the incident energy of
ions is much larger and Iq!| > Ihll Thus we ob-
tain for axial cases
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Az 4my Vean o "

- AE \ -
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2
= <% mdomp(rl)’ (3 ' 8)

where (Ap%/ AzZ) 40w 1S the diffusion coefficient in
random case given by Bohr,?*!

Ap§> 812%72%'N
—_— __2_2__ L,
< Az random

and P(r,) is the distribution function of the atom in
thermal motion at the (x,y) plane

2
P(r,)= = e-ll(hl) e, _ 7 _2_ exp( L )
e pi p?

3.9)

(3.10)
In the above,

aE, M.
L —ln(l 292———82_ M1*2M2> ,

and M, and Z, are the mass and the atomic number
of the atom.

The expression (3. 8) means that the momentum
deviation is caused by Rutherford scatterings at
atoms located in the thermal distribution.

Diffusion coefficients for the planar case are
also derived from Eq. (3.1) with same assumptions
taking into account h, = (0,h,),

(Ap%/ AzZ) = (APZ/ AZ) ranaomP(),

where P(y) is the distribution function of the atom
at y from the channeling plane,

P(y)= Z—W)ﬁreXP( 2;),

where p, means the root-mean-square amplitude of
the lattice vibration orthogonal to the channeling
plane, and d, is the distance between channeling
planes.

(3.11)

(3.12)

E.

FIG. 1. Comparison of vy, and 'y,, as a function of E;
for 1. 5-MeV 'H* in the Ge (100) axis,

¥ 05

FIG. 2. Temperature dependence of v, and 'y,f’ for 1.5~
MeV 'H* in the Ge (100) axis.

It is noted that for planar case, D,, becomes
zero in the theory used by Campisano et al.,” but
in our theory, we have D, (y, E,)#0.

Numerical calculations of diffusion coefficients
due to the many phonon excitations for axial case
performed by use of the local diffusion coeffi-
cients, Eq. (3.8),

DJ.L(EL’ E:) = Drudom)’n ’

where

ex _cza2 [e (2E1> 1:]"}
R

In Fig. 1 we plot y, as the function of E,, compared
with the Lindhard’s factor y£ of the one-phonon
excitation, for 1.5-MeV 'H' in Ge It is evident
that factors v, and v» are coincident at small E,
region, but not at larger region of E,.

We also show in Fig. 2 the temperature depen-
dence of 7, and ¥~ at the same condition, as a func-
tion of p?/c%a®

(3.13)

IV. ELECTRONIC EXCITATIONS

It is important to consider the plasmon excita-
tion when we calculate diffusion coefficients, be-
sides the one-electron excitations. Although the
angular spread corresponding to K2 (K, being the
cutoff wave number of the plasmon) is very small
compared with that of Rutherford scattering, the
transition probability for plasmon excitations is
very large. Then, we have to consider the plas-
mon excitation in the calculation of the diffusion
coefficient.

A. Plasmon Excitations

When we take the electron-gas model, plasmon
excitations are homogeneous. Then, we need not
distinguish the axial and planar cases.

In random-phase approximation of plasmon ex-
citation, S(§,q+h)=5@, §)6,,0 in Eq. (3.1) is de-
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rived as®®

S(a,a) %%& Im(—?——qj)) (4.1)

where e(q:,q,) is the complex dielectric constant
for the electron gas. Inserting Eq. (4.1) with

‘m(e(i,lq.))gh“(e(c;,;.))= o 5( '%)2) '

Fw, being the plasmon energy, we obtain

(-2 - ()l ) )

4.2)

When we consider the high-energy case
v >> (w,/K, ), (4.3)
we may derive
ApE\  Z,efhw
<-—Az >——ZUE—£’ . (4.4)

Since w,~n}/% and K,=0.47r}2K.~n}/* (n, is the
valence electron density), (Ap?/ Az) is proportmnal
to n?/8. Thus, it is roughly valid that (Ap3/Az) is
proportional to n,. At the end of this section, we
compare Eq. (4.4) with that of one-electron ex-
citation.

B. One-Electron Excitation

Core and valence electrons are also excited by
ion motion independently (not collectwe as the
plasmon). In this case, S(,3+h,) in Eq. (3.1) is
written®

L v;v;,,-u{Z) fu(ﬁx)" 2 f“(a+ E;.)fu(a)
Vcoll i i

ﬁLv.) , (4.5)

where f,;(q) is defined by the wave function ¢,(R)
of the atomic electrons

fy@ = [ @) e To (R)aR 4.6)

Then diffusion coefficients in our case obtained
as, for the axial case,

ap}

x6<‘§,+a‘ -K.+

o) v | D
X(E‘ fu(ﬁx)—‘z;l fu(ﬁ+ﬁx)fu(a)>

B er - I
fhy°r, - >
xe 16(|§,+q' K'+_h'v,)dq’

and for the planar case @.7)

< > 4“"’: cell SZ 3 Vi

(3 5ul) =T 1@ b 11 @)
] 1.4

xeto(|R,+d] - Koo )43 (4.8)

For the high-energy case, the second term in
Eq. (4.7) and Eq. (4.8), f,,("+h,, )f,;@), is also
neglected, as in the case of phonon excitation. In
this case, Eqs. (4.7) and (4. 8) are written, for the
axial case,

<Apl> W—Vc,—u ,[ E qt”i Uavn,fu(h:.

xe‘ix’;lé(lﬁ,+c’1| -K, + —-—h_lv )da,
2z
4.9)
and for the planar case

(&) v

J 2 Z; vaa vaonyfu(h )
coll

x efhyey 6(|§,+al —K,+—I-)da.

hv,
. (4.10)
If the h, dependence of the scattering factor
v, is neglected in Eqs. (4.9) and (4.10), we ob-
tain, for example, for the axial case

<Ap‘> H%—‘e— Lgn(r,) (4.11)
and for the planar case
2 2 4
<_.1Af’ = 4725€ | a(y), (4.12)
Az vy

10+
many-phonon
2
-
3T 02k
~ one-electron
‘ b
&
= i
plasmon
0°r
— L L n 1
0.5 1.0
Lo(A)

FIG. 3. Relative contributions of many-phonon, plas-
mon, and one-electron excitations to diffusion coefficients
(1/M4)D, , as a function of the distance 7, from the string
for 1.5-MeV 'H* in the Ge (100) axis at 293 °K.
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TABLE I. Dechanneling rate for 1.5-MeV H*, *D*,
and ‘He* ions in the Ge (100) axis at room temperature
in units of 10~ ev-!, O expt @aNnd ) mean the experimental
value of the dechanneling rate and Morita’s quasiempiri-
cal result, respectively (Ref. 5). a4, means the damp-
ing part of dechanneling rate.

Cloxpt oy Oytag
Tyt 5.4+0.2 5.90 5.60
2p+ 2.9+0.1 3.22 2.82
1.97 (He*) 1.23 (He*)
‘He* 0.840.04 0.99 (He?*) 0.30 (He®)

since

1 2 f“(ﬁl)e""l';l =n(r,)

Vcoll hy 1 ’

and so on. In the quasielastic approximation, Eq.
(4.11) coincides with the Lindhard expression [Eq.
(1.3)].

Here we compare the plasmon diffusion coeffi-
cient [Eq. (4.4)] with the one-electron diffusion
coefficient [Eq. (4.11)]:

(Api/AZ>one-a1 g4EFiZILe (4 13)
<Ap1/Az>plas h_wb ’ .

where Ep is the Fermi energy and Ep~ 7w, in
usual metals.

Using the electron density in the atom by the
Moliére formula,?* numerical calculations of Egs.
(3.8), (4.4), and (4.11) are performed for 1. 5-
MeV 'H* in the Ge (100) axis and shown in Fig. 3.
As is shown in Eq. (4.13), the plasmon diffusion
coefficient is of the same order with the one-elec-
tron diffusion coefficient at larger 7»,. It is worth
noting that the plasmon diffusion coefficient is not
proportional to the stopping power due to the plas-
mon excitation.

V. CONCLUDING REMARKS

A new type dechanneling theory was developed
by constructing the Fokker-Planck equation. A
damping term and a new term in addition to the

loo

usual diffusion equation appear in the Fokker-
Planck equation, which are not neglected in gen-
eral. The Fokker-Planck equation includes the
local stopping power and the local diffusion coeffi-
cients.

Making use of the general expression of the
local diffusion coefficient given by Ohtsuki, we cal-
culated the many-phonon excitation, the one-
electron excitation, and the plasmon excitation.
Simple expressions of the diffusion coefficients of
Lindhard were confirmed critically with the under-
standing that Lindhard’s expressions are rough.
However, we have to point out that our simple
analytical expressions for many-phonon excitations
[Eq. (3.8)] and the one-electron excitation [Eq.
(4.11) or Eq. (4.12)] are also rough estimations,
though the expression due to the plasmon excita-
tion [Eq. (4.4)] is exact. It is serious that we
neglected the R dependence of the scattering fac-
tor vg,;,. Exact calculations of diffusion coeffi-
cients due to phonon excitations [Eqs. (3.1) and
(3.2)] and due to one-electron excitations [Egs.
(4.7) and (4. 8)] are now in progress.

Equation (2.12) shows that the contribution of
the damping effect is of the same order with the
experimental values of dechanneling rate’; i.e.,
the order of the experimental value of dechannel-
ing rate is about 10™-10"7 eV~! for 1. 5-MeV 'H*,
®p*, and *He* in the Ge (100) channel. For ex-
ample, making comparison with the experiment
mentioned above, damping effects contribute about
7% and 15% for the respective cases of 'H* and
2D*, and more remarkable for the case of He ion
(see Table I). In Table I, o, means Morita’s
quasiempirical result,® in which the damping ef-
fect is not taken into account. Therefore, at this
stage, we come to the conclusion that the damping
effect may not be neglected for dechanneling, es-
pecially where the ion-mass effect is concerned.
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