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INoGynoBana cucTeMa piBHSHB KiIHETHYHOI TeOpil KaHAIOBAHHS 3 00JIIKOM pekaHaIroBaHHs. OTPHMaHO HOBI BUPaXXESHHS IS
(GyHKII AeKaHaTIOBaHHS BPAaXOBYIOUl MOJIIMBICTH JEKaHANIOBaHHS, 00'€MHOrO 3aXOIUICHHS 1 PEeKaHATIOBAHHS Ha YKOPCTKUX
nedexrax. ITokaszaHo iCHyBaHHS HOBHMX XapaKTepHHMX IOBXKHH Yy KIiHETHII KaHAJIIOBAaHHS — I JOBKHHU DPEKAHAIIOBAHHS M
00'eMHOTO 3aXOIUICHHs. TakoX MMoKa3aHo, 0 00K PO3MOALTY YaCTOK IO MONEPEYHUM HepEeMIHHIM IPUBOJUTH 1O MO pikarii
NepPeTHHY ACKaHATIOBaHHA Ha Ae(eKTax.

ITocTpoena cuctema ypaBHEHHH KMHETHYECKON TEOpUM KaHATUPOBAaHHS C y4eTOM pekaHaqupoBaHus. [lomydeHbl HOBblE
BBIpaKeHHUS I (YHKIUH JEKAHAIMPOBAHUS YYUTHIBAIOIIHNEC BO3MOXKHOCTh JICKAHAIMPOBAHUS, OOBEMHOTO 3axBaTra H
peKaHANTMPOBAHUS Ha KeCTKUX Jedekrax. [Toka3aHo CyIIecTBOBAaHHE HOBBIX XapaKTEPHBIX JJIMH B KHHETHKE KaHATHUPOBAHHS —
9TO JUTMHBI PEKaHATUPOBAHUS W OOBEMHOTO 3axBara. TakkKe MOKAa3aHO, YTO YYET PACIPENCIICHHS YacTHI] MO IMOMEPECYHBIM
MePEMEHHBIM MPUBOIUT K MOAM(DUKAIIMH CCUCHHUS TeKaHATMPOBAHKS Ha nedekTax.

The basic system of equations of the kinetic theory of channeling with rechanneling is built. A new expression is obtained for
channeled fraction taking into account the volume trapping, and rechanneling and dechanneling on rough defects. The existence
of new characteristic lengths - the volume trapping length and the rechanneling length - is shown. It is shown, that flux peaking

effect modifies the dechanneling cross-sections of the defects.

It is well known that volume trapping of chaotically
moving  particles in the channeling regime
(rechanneling) plays a considerable role in directional
effects. However, as yet there is no kinetic theory in
which these processes would be included for
consideration. In this paper the basis of such a theory is
built and principal properties of channeling processes
with rechanneling are discussed. The work is the
development of the theory of dechanneling presented
earlier [1].

In order to include the trapping effects in
consideration one must study two fractions of particles
moving in crystal - random and channeled. Moreover
the random fraction may also be subdivided into two
fractions, namely, the particles that begin their motion
in crystal in chaotic regime, and dechanneled particles.
This subdivision follows from simple physical
considerations: the state of initially random fraction
strongly depends on the initial conditions of particles
penetration into the crystal, but there is no such
dependence for the dechanneled fraction. Then we must
also separate the process of volume trapping of initially
non-channeled particles in channeling and the process
of rechanneling. The same reason may be required to
divide channeled particles into two fractions too: the
initially channeled particles and particles trapped into
the channeled motion. Therefore, for complete kinetic
description of the directional phenomena we must
introduce four distribution functions: the distribution
function of initially random fraction of particles

F?(x,z), the initially channeled particle distribution

function F” (x,z), the rechanneled particle distribution

function F(x,z) and the dechanneled particle

distribution function F’(x,z). In our notation z is the

penetration depth along one of close-packed axes or
planes in crystal and the vector X represents the set of
variables (coordinates and velocities), which describes
the motion of particles transverse to this axis or plane.
These distribution functions will satisfy four related
kinetic equations.

Let us discuss now the type of these equations. It
depends directly on the origin of the forces acting on
particles moving in the crystal. It is good known, that
particles experience in crystal the forces caused by
potential of the channel (channeled fraction), the
damping caused by interaction with electrons, the
random small-angle scattering on thermally vibrating
crystal atoms and electrons and rare random large-angle
scattering on crystal atoms and defects. Therefore, there
are two main mechanisms of change of the particle
transverse motion state: the diffusion and rare dramatic
its change due to close impacts with crystal atoms and
different crystal defects. After it these equations will be
the equations of the Chapman-Kolmogoroff type, and
the connection between them is realized by collision
integrals in their right-hand sides. In the general case,
these equations may be written as
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variables X for the channeled fraction, L, is the diffu-
sion type operator over the variables X for the disor-

dered fraction,and 7. ,, 1. ., I\ ., I

r-c

is the Fokker-Plank operator over the

are the col-

lision integrals describing transitions of particles be-
tween initially random (7) and channeled (c) states due
to various mechanisms. They may be represented in the
following forms

Il .= deF‘”(zx)Dw(zx - x) (5)
= Idx'F‘rP’S(Z,X)DW[(Z,X - X') ; (6)
4
I = Ld;’FC""‘(z,;)Dwi(z,; - o
] Jd;’FC"’S(z,;')le.(z,;'q ¥ ®
4

The right-hand side of equation (4) also contains the
which  describes the

dechanneling due to slow diffusion-type increase in the
transverse energy Ep of channeled particles and

collision integral I,

cor

subsequent their large-angle scattering on the atoms of
atomic chains or planes when this energy becomes equal
to its critical value Er. and the reflection randomly

moved particles from the boundary of channel due to
blocking effect:

1076 (52 W, (6 F (0 s ©)
17772 ¢ (x,2) O, (x, E (2,055 (10)
where

Loy (F., (z2)) = "~J CREL,0). 3D

In formulas (5)-(11), V and ¥ are the phase vol-
umes, which correspond to channeled and non-
channeled states respectively, S are the boundary
surface between ¥ and 7 (the surface S is defined by
the equality E;(x)=E;.), Ci(zx) is the
concentration of the rough defects of kind 7 in the
channels,$ (x,2) is the x distribution of the particles
which have dechanneled within the penetration depth z ,
w,(z,x - x')is the probability of the transitions of
particles between states due to the i mechanism.

The _initial conditions for distribution functions

FP(z, x) and F?* (z x) by definition are:

F(Ox)—F(Ox) 0; (12)
F2(0.)= A h(x) (13)
FI(0,x)= A°(x). (14)_

The distribution functions F*(z, x) and F"’(z, x)
will also satisfy some boundary conditions on the
surface S which separates the phase volumes ¥ and 7 .

We shall not discuss these conditions here because our
conclusions will not depend on their particular form.

51

Because initial value_of rechanneled particle

distribution function F;(x,z) and the dechanneled

particle distribution function F(x,z) always equals

zero, it is possible to introduce joined channeled
particles distribution function:

Fo(x,2)=F"(x,2) + F'(x,2) (15)
and joined random moving particles distribution func-
tion: _ _

F.(x,2)=F"(x,2)+F'(x,z) . (16)

The system (1)-(4) is the basic system of equations
of the kinetic theory of channeling with rechanneling
and volume trapping. We shall not give full analysis of
this system here, but we shall use it in order to ascertain
the principal properties of channeling with
rechanneling. For this purpose let us construct the
formal solution of sum of equations (1)-(2) for joined
channeled particles distribution function, by expansion
of it in the eigenfunctions of the operator L, with any
given boundary conditions. Using then the results of [1]
one can get the following general expression for the
channeled fraction

Pc(z) Idch(Z )C) -
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In formulas (17) - (19) the functions F.(z) and
® ,(x,2) are defined by the equality

Fi(z,x)= P(2)0,(x,2)=

= BI(2)0 [ (x,2)t B (2)9 ,(x,2),

i

(20)

Rch=/\'1 is the dechanneling length in crystals without

rough defects ("diffusion dechanneling length"), A and
F(x) are respectively the first eigenvalue and the first
eigenfunction of Fokker-Plank operator L. at given
boundary conditions,

%

LE Ejd;FQ(;)E and g = Py(0) (see [1]).

Let us discuss formula (17). First of all, it contains a
well-known exponential term describing dechanneling
process at the absence of rechanneling and volume
trapping. There is a sole but essential distinction of this
term from given earlier [1] expression for channeled
fraction: in this terms the diffusion dechanneling length
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R, = 17" is replaced with a more general dechanneling

length R, defined by formula (18). As it follows from
this formula the presence of rough defects in crystals
causes the existence, besides R, of the set of new
dechanneling lengths R’, (z) each of them describes the
dechanneling on the defects of one kind:

mer%ﬁdj alth

7o v A

The probability of dechanneling on rough defect can

be written as:

w(zx-» x) C.(z, )D

- [
dew (z X x)D (21)
i

do (xdq x) (22)

As one can see, these dechanneling lengths are the
functions of penetration depth z if the rough defect
concentrations C; depend on z.

For almost all rough defects the dependence of
concentrations C; on x has a form:

Ci(z,x)= Ci(2)d (x - x)), (23)
where x; are transverse positions of the defects i in the

channels. Taking into account this fact one can write the
exponential term in formula (12) in the form

i : i
£ z IdtCi(t)U iH’(24)

D Rch [}
where
_F? (X) dg; (xa X)
; d
i . (25)
R

The right-hand part of formula (24) coincides by its
form with the suggested in ref. [2-4] empirical
expression for channeled fraction describing the
dechanneling on defects. In those papers and in the
other works (see, e.g., review [5] and references in it)
the calculations of quantities O; named as "the

dechanneling cross-sections of the defect i for
different concrete kinds of defects were given. As can
be seen, the formula (25) is the rigorous general
expression for dechanneling cross- sections 0;. Note the

essential dependence of 0; on the distribution function

F (x) ("flux-peaking effect" for dechanneling on rough

defects).
From the physical point of view it is reasonable to

join all lengths R!,(z) and to regard them as a unit
Both the defect
dechanneling length RY, and the total dechanneling

"defect dechanneling length" R, .

length R;, are combined from R/, and R, , just as we

expected, according to the rule for calculation of total
dechanneling length in the case, when several
statistically independent factors a causing the
dechanneling are doing simultaneously (see ref. [1])

(Rs) = 2 (R)

Let us return now to expression (17) for channeled

(26)

fraction. Besides the exponential term there is in it a
principally new second term, which is caused by the
trapping of chaotically moving particles in the
channeling regime. At this the quantity R,'(z) defined
by (19) have the meaning of the intensities per unit path
length of the processes of the capture of initially non-
channeled particles in channeling regime. Therefore
R,(2) is the rechanneling length.

Thus
rechanneling lies in

the main property of channeling with
the existence, besides the
dechanneling length R, , of new characteristic length
defined above. Taking into account that chaotically
moving particles can stop within comparatively short
path lengths of order of projective range R,, we may say
that in the general case the dechanneling of charged
particles would be described by three characteristic
lengths: R’ , R,and R,

Since joined distribution function F,(z,Xx) is the
sum of two functions with different initial conditions,
we can split of the characteristic length R, on dependent
and not dependent parts from initial conditions:

[RIH(Z)] F(x)F(x)

[

v
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This splitting may be necessary because distribution
by X may be essentially different for channeling and
non-channeling regimes.

In the general case, when R” (Z) and Rf,'(z) differ

significantly, the expression (17) for dechanneling
fraction has to be switched by the formula

D+
RchH

z-¢ DDP”(c) P()d
Ry DRIQ) BT
In conclusion, let us discuss some properties of R,.

In the general case they depend on 2z, and this
dependence is defined by the dependence on z of the
function ¢ .(x,z). But since these functions are the
solutions of the diffusion type equations, the

dependence of R, on z will be rather weak ( 72 or

P2)= [de P gewnr

+ de epo (28)

23/ 2 ). And, at last, in the case of channeling of ions
with not too high energies, when the projective range R,
is much smaller than dechanneling length R_.;, and the

crystal thickness, the length R, are defined effectively

by the distributions @ (X,Z U R,) and, therefore, in this
case they are constants.
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