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A theory is developed for the ionization of atomic particles channeled by the interplanar potential
of a crystal. With allowance for the thermal vibrations of the nuclei, we have studied the suppres-
sion of the probability of loss of electrons by an ion in elastic interaction with the lattice atoms
both in channeling and in a disoriented crystal. An anomalous dependence of the ionization
probability on the angle between the ion momentum and the axes (or planes) of the crystal is
predicted. It is shown that, in contrast to the ionization of fast atomic particles in an amorphous
material, in a crystal this process can occur as the result of inelastic interaction with the electron

subsystem of the crystal.
PACS numbers:61.80.Mk

INTRODUCTION

The establishment of the equilibrium charge of ions in a
crystal in channeling differs substantially from that in an
amorphous medium. This occurs for two reasons. The first is
that in channeling there is a redistribution of the ion flux in
impact parameter.’ The second reason lies in the change of
the very probability of loss of electrons by an ion for a given
impact parameter as the result of the correlation of individu-
al collisions of an ion with the atoms of the crystal (Refs. 2
and 3)."

In an earlier article® Bazylev and Zhevago developed a
theory of loss of electrons by an ion passing through a crystal
along one of its crystallographic axes (axial channeling). In
the framework of time-dependent perturbation theory in the
dipole approximation, the loss probability was expressed in
terms of the cross section for the photoelectric effect and the
density of the flux of “photons” equivalent to a string of
atoms of the crystal. The intensity and spectrum of the equi-
valent photons, according to Ref. 3, depend on the distance
between the atoms in the string, the amplitude of their longi-
tudinal thermal vibrations, the charge of the crystal atoms,
and the ion velocity.

Questions which remain to be investigated are the loss
of electrons by an ion from excited states, when the dipole
approximation is violated, and also the influence of trans-
verse thermal vibrations of the crystal atoms on the equiva-
lent photon spectrum, which becomes important at suffi-
ciently high ion velocities when the transfer of longitudinal
momentum is small in comparison with that of the trans-
verse momentum. In addition, no theory has been developed
for the loss of electrons by ions in planar channeling. At the
same time, in motion of an ion in planar channeling, impor-
tant correlations exist not only between individual collisions
with atoms of a single string, but also with the different
strings of which the plane consists.

A final unstudied question is that of the role of other
mechanisms in the loss of electrons by ions; for example, the
role of inelastic interaction between the electrons of the crys-
tal and the electrons of the ion. As we shall show below, these
mechanisms can become important in the loss of electrons by
an ion in a crystal.
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The purpose of the present work is to construct for the
loss of electrons by ions in channeling a theory that contains
answers to the questions posed. A stationary formulation of
the problem is used.

§ 1. INTERACTION OF A MULTIPLY CHARGED ION WITH A
CRYSTAL

Let an ion with charge eZ enter a crystal at an angle 6,
to the crystallographic plaues. Let this angle §, be less than
or of the order of the Lindhard critical angle 6, (see for
example Ref. 6), so that the motion of the ion is controlled by
the continuous potential averaged over the plane

Ueen(@)=na Y, [ &ip Val[ (@—kd) 401", (1.1)

k

where V, is the potential of a crystal atom and n; is the
density of atoms in the channeling plane considered;
p = {x, y} is the two-dimensional radius vector in the plane
andk=0,+1,+2...

The complete Hamiltonian of the ion + crystal system
has the form

H=H|‘.+Hc+}?ic- (1.2)

Here H, is the Hamiltonian of the ion entering into the crys-
tal and consists of the Hamiltonian of the free motion of the
ion as a whole and the Hamiltonian of the m bound electrons
of the ion; H., is the crystal Hamiltonian; H,, is the Hamil-
tonian of the interaction of the ion with the crystal:

2 Z{Zg < Z‘
Hu=e Z{ IR-Ra| & IR—x'|

(1.3)
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In Eq. (1.3) we have used the following notation: R, r}, R,,
r,* are the radius vectors respectively of the nucleus of the
ion, the electrons of the ion, the nuclei of the crystal atoms,
and the electrons of a crystal atom, eZ, and eZ, are the
charges of the nuclei of the crystal and the ion, m is the
number of bound electrons of the ion, and eZ = e(Z, — m) is

the charge of the ion.
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Assume that conditions exist under which the charge
state of the ion is sufficiently well defined:

a) The binding energy of the electrons in the ion is signi-
ficantly greater than the energy of interaction of these elec-
trons with the atoms of the nearest planes of the crystal
(which is satisfied for Z?/n*>1);

b) The ion velocity v is significantly greater than the
velocity v, of the electron in those orbits of the ion for which
the average distance of the electrons from the ion is greater
than the minimum distance x,,;, between the ion and the
channeling plane.? This condition is satisfied if v>v,Z /n,
aon*/Z 2 u, where v, and g, are the atomic units of velocity
and length, n is the quantum number of a bound electron in
the ion, and u is the amplitude of thermal vibrations of the
atoms of the crystallographic plane.

If we are interested in the process of loss by the ion of
one of its bound electrons, then under the conditions given
above the Hamiltonian of interaction of the ion with the
crystal (1.3) can be represented in the form

H(c—_' Ucant+?¢¢9

Pec=6> Z { 2(1/]:.’—1'." N—Z,/Ir;'—R.l } )

where U,,,, is the interaction energy of the ion as a whole
with the continuous potential of the crystal planes and f’ec is
the interaction energy of the considered electron of the ion
with the nuclei and electrons of the crystal. Under the condi-
tions of channeling and a stable charge state of the ion, the
difference between the true Hamiltonian (1.3) and the ap-
proximate one given by (1.4), the physical meaning of which
is that the ion as whole feels the individual impacts with the
nuclei and with the ions of the crystallographic plane, leads
to a redistribution of the flux of channeled ions in the energy
of their transverse motion. For sufficiently small crystal
thicknesses this process can be neglected, but for greater
thicknesses it is easily taken into account in the final results
(see below).

Let us find the probability of loss of an electron by a
channeled ion. We shall consider first the condition in which
the electronic state of the crystal does not change. As the
zeroth approximation to the Hamiltonian (1.2) with inclu-
sion of (1.4) we take

H0=H|'+Hc+Uconl' (1‘5)

Then the wave functions of the zeroth approximation are
written in the form

PYo=exp (iKiP) Qe (Z) P: (r:") PenPee, (1.6)
where p, = 7ik; is the two-dimensional momentum of the
ion in the channeling plane, ¢, (x) is the wave function of the
transverse motion of the ion and satisfies the one-dimension-
al Schrodinger equation with the continuous potential U, :

1 a&
[—- -27[-22; + Ucunt (x) ]m‘_L (x) =BJ'(paJ. (z) ’

(1.4)

(1.7)

@.(z,")is the wave function of the bound electrons of the ion,
and @, is the wave function of the nuclei (or electrons) of
the crystal. The zeroth approximation energy E,, is made up
of the energy of the longitudinal motion of theion E |, = p, */
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2M, the energy of the transverse motion €, , the binding ener-
gy £, of the electrons in the ion, and the phonon and electron
energy of the crystal . = ¢, + €.,

E'=E,+e,+e.+te.. (1.8)

Considering the second term of Eq. (1.4) as a perturba-
tion leading to transition of one of the bound electrons of the
ion into the continuum, we shall write the probability W of
this process per unit path of the ion in the crystal in the form

__231 dzp“’ dap‘ ‘ ) i
 hwd '@ak)*d (2nm)* ZpeL'WoW«IWP

i,f0,te
X 6 (AE,+Ae, +Ae,+Aco).

(1.9)
Here pj is the final momentum of the ion in the channeling
plane, ( p| ’/2M = E |); p, is the momentum of the electron
which has escaped from the ion, and £, = p2/2m; the sum-
mation over i, , f,, and f, denotes summation respectively
over all initial and final states of the continuous motion of
the channeled ion (the sum over the bound states + the
integral over the transverse momentum in the continuum)
and over all final states of the nuclei of the crystal; the sym-
bol 4 in the argument of the Dirac § function signifies the
difference in the energies in the initial and final states; Pe/ is
the probability of populating a state with transverse energy
£ in the channel on entry of the ion into the crystal, which
according to the sudden perturbation theory has the form of
an expansion of the initial plane wave in the final wave func-
tions of the transverse motion in the planar channel of the
crystal™:

- ) .2
P = ’d"’ [expk02) 9., (z)dz (1.10)
)

We then make use of the relation

(@uel Vel Q¥ e | 45 (q) U exp(—igr.?), (1.11)

where U, is the three-dimensional Fourier component of the
potential of a crystal atom and

S(q)= ) exp(iqR.)

is the structure factor of the crystallographic plane. We go
over from the coordinate r; of the electron executing an in-
elastic transition to the coordinate r, reckoned from the nu-
cleus of the ion (r; = R + r,). In Eq. (1.9) we integrate over
d’p) =M d0 dE |, where 0 is the angle between the initial
and final momenta of the ion in the channeling plane. In the
matrix element of the expression (1.9) with allowance for
(1.11) we integrate over the ion coordinates p in the channel-
ing plane. As a result we obtain the following expression for
the probability (1.9):

da’p,
Oj (Zn;z))’

X ZP 1<@e, @en’ | Far, 1@c, @en’> 12,

Jeren

(1.12)
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| A= (Ae,+Ae.+Ae.) /A2t + 6.

(1.13)
(1.14)

In the formulation considered for this problem, the charac-
teristic changes of the energy of the transverse motion of the
ion and of the energy of the phonon state of the crystal 4¢,
and 4e, are significantly less than the change in the energy
of an electron of the multiply charged ion 4¢, . Therefore the
momentum |4k | transferred to the ion in the channeling
plane according to Eq. (1.14) will not depend either on the
energy of the final state of the transverse motion of the ion or
on the energy of the final state of the phonon spectrum even
for very small scattering angles 8 of the ion in the plane.
Consequently we can assume that the entire expression
(1.13) for F,, will not depend on what state the crystal has
gone over to or on how the transverse state of the channeled
ion changes. As a result, in view of the completeness of the
systems of functions of the crystal and the transverse states
of the ion, we can use the relation

PIP MKCHE L AT,

fa te

=(Ps, Pen’l | Fa, )19 | Pen. (1.15)
Weinterchange next the order of the averaging of the quanti-
ty [Fa, |? over the given initial state of transverse motion of
the ion and of the summation over all possible such initial
states with a definite probability of population Pe!. After
this procedure, using the fact that the quantity |F, Ak, |? is
independent of the initial state of the transverse motion of
the ion, it is easy to see that the expression
L\ ,
p(x)=2.l Pcﬁ_'q’l’_,_(z)lz (1.16)
4‘*

is the average probability of distribution of the flux of ions in

impact parameter in the channeling plane. As a result the
expression (1.12) for the probability will take the form

W=j p(2)w(z)dz, (1.17)

where the probability w(x) of loss of an electron by the ion at
a given distance x of the ion from the channeling plane® is
determined by the formula

SnMe? &p.
wie)= = a8 f L (1.18)

2nh)? CIFsey[?on, .
Averaging over the initial state of the nuclei of the crystal
actually amounts to averaging over the displacements of the
nuclei from their equilibrium positions as a consequence of
thermal vibrations (Ref. 4).* Assuming that the longitudinal
and transverse thermal vibrations are independent, calcula-
tions too cumbersome to present here can yield, as was done
in Ref. 10,
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<|FAk" lz>ona=n. Z {(ID,,,IZ),G-—I <Dk>xa I*
k
X OXP[_Akuzuzl}

2 2
¢ nA) n, exp[—Ak, u?]

(3.,

where the angle brackets with the subscript x, denote aver-
aging over the Gaussian distribution

+

2 5(Ak—g),  (1.19)

+ oo
(Dy,, =(2nu?)~" j dz,D exp (—z,%/2u?),

and the function D, is equal to
D= [ dg.U 0] ig. (2= (k=5 ) d-2)] (.

(1.20)
In Egs. (1.19) and (1.20) we have used the following notation:
n, is the density of atoms in the plane, g are the various
vectors of the reciprocal lattice in the crystallographic plane,
and 4 is the area of the unit cell, which is equal to the product
of the two translation vectors. In accordance with the result
(1.19) the probability w(x) can be represented in the form of
the sum of two terms (see also Ref. 3):

w (2) =Weor () +Wine (). (1.21)

Here w,,, (x) is the coherent part of the probability of elec-
tron loss by the ion in the crystal, and is associated with the
periodic arrangement of the atoms in the crystal plane
[w..p (x) arises on substitution of the second term in Eq.
(1.19) into expression (1.18) and subsequent integration over
the angle 6 of scattering of the ion in the channeling plane
and over the energy of the electron lost by the ion]:

xe~ Aot (Aar) s (1.22)
df, is the interval of solid angle in the direction of emission
of the electron from the ion, |g, | is the projection of the
momentum vector of the reciprocal lattice onto the initial
direction of the momentum of the ion, |¢.| is the binding

2
(2]
in Eq. (1.20) is taken at the value |¢, | = |g| = |4 k| and ata
wave function of the final state ¢/ corresponding to an ener-
gy &/ of the electron far from the ion; &/=A4}
= |g, |fiv — |€L]; the summation over £ signifies a sum over
the coordinates of the two nearest planes, which form the
planar channel, if the ion is moving between the two planes;
if the ion crosses all the planes, the summation is carried out
overall k=0, + 1, and + 2; in the sum over all possible
reciprocal-lattice vectors g it is sufficient here and below to
retain the single minimal vector g, , for which one has the
inequality g™ |#v> €. |; 7( p) is the unit function of Heavi-
side:

energy of the electron in the ion, the quantity
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Mn,e®
wel)= = jde jdspc
x Y (DI ~1DY,, IPexpl-Akjutl}  (1.23)
13

is the incoherent part of the probability of electron loss by
the ion and is associated with the thermal vibrations of the
crystal atoms; the quantity D, is taken at a value g, equal to

g=|Ak;| =[(Ae./fv)*+k,*0%] ™. (1.24)

§ 2. COHERENT IONIZATION OF AN ATOMIC PARTICLE IN A
PLANAR CHANNEL OF A CRYSTAL

a) Let us discuss in more detail the general expression
for the probability of coherent ionization (1.22) of an ion in
planar channeling. We shall investigate first the case of loss
of an electron by an ion from an unexcited state, when the
following inequality is satisfied ((r,) =n’ay/Z):

glro<,  <rp/|a+d/2] <.

Then, expanding the function exp(ig-r, ) in Eq. (1.20), substi-
tuting the first nonvanishing term into Eq. (1.22), and inte-
grating over the angles of emission of the electron, we obtain

g, (mg) |2 T, (x)l e (2.1)

ra=| quUq(g2+qf) " expl—q, ut/2—ig, (z— (k—*/)d) .
(2.2)

As can be seen from Eq. (2.2), in the dipole approximation
(2.1) the coherent probability of loss of an electron by an ion
is expressed in terms of the cross section o, (w, ) for the pho-
toelectric effect in the electron shells of the ion. Here the role
of the photon frequency is played by the quantity
o, = |g, |v, and the role of the photon flux density Jo,x)ata

given distance x of the ion from the plane is played by the

quantity
“expl—g'] | Y 78 @ |

k=0,1

8nn.c
NS

Weon () =hv

Jm()—

(2.3)

where g,,;, is the minimum length of the reciprocal lattice
vector whose projection on the initial direction of the ion
momentum in the plane satisfies the inequality
8min >|€. |/#v. Here Eq. (2.1) can be represented in the form
(see also Ref. 2)

wen (2) = Y 5 (@), (@) /0. (2.4

The quantity T; depends on the amplitude u of the trans-
verse thermal vibrations of the atoms in the crystal plane and
can be represented in a rather simple form in a number of
limiting cases. For example, if the inequality (x~! is the

screening radius of the crystal atom)
gnin=>[(x£d/2) [0, %], guwu>1, |zxd/2]<u (2.5)
is satisfied [which is practically always the case for not too

high ion velocities v and a sufficiently large binding energy of
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the electron in the ion €, (g,.;, >|€; |/#) ], the expression for
Tk takes the form

(2.6)

e 12_ e =LA

2u?

We note here that the inequalities (2.5) are compatible with
(2.1) only for high values of the ion charge multiplicity Z.

For the greater part of the channeled ions, not all dis-
tances of the ion to the plane are achieved: (|x + d /2|, > u).
However, the momentum transferred to the ion in the ioni-
zation process is large ( gu > 1) for not too high ion velocities;
if the probability is not to be small, small impact distances of
the ion to the plane are required. Therefore for well chan-
neled, not too fast ions the probability of loss of an electron
by the ion is smaller than for quasichanneled superbarrier
ions, which all cross the crystallographic planes. The weight
of the superbarrier states is high if the entry angle is compar-
able with the Lindhard angle (or if the crystal thickness is
sufficiently great so that ions from sub-barrier states go over
to superbarrier states as the result of diffusion in their trans-
verse energy).

As follows from Egs. (2.2), (2.3), and (2.6), the coherent
part of the probability of electron loss by an ion disappears if
the longitudinal thermal vibrations « or the transverse vibra-
tions increase (or the momentum 9| = &min transferred to
the ion increases). If the momentum transfer g, is not too
great:

Emin<|x£d/2|[u?, gmin<n, (2.7)

which is the case for high ion velocities and sufficiently low
binding energies of the electron in the ion, the transverse
thermal vibrations #, and the longitudinal ones u; can be
neglected. In this case T} can be written in the following
form:

T,"(:::)=£V,[z—(k—2i) d], (2.8)

where
Ve(@)=2m)~* [ Vo([o*+2']") exp (igo) dp

is the two-dimensional Fourier component of the potential
of the atom. Further, if the inequalities

Emin<|z£d/2|/u® and gmin=>%, (2.9)
are satisfied, then
Ti=gVelz—(k—'/)d). (2.10)

Various models of the lattice atom potential can be used for
specific calculations. In particular, a sufficiently accurate
potential is that of Moliére,

Z
Vo(r)= -f;i E ai exp (—x.r),
4

where x; = f3,/a, a = 0.885Z ;'/?, a, is the Thomas-Fermi
radius of the atom, a, = #*/me?, and a; = {0.1, 0.55, 0.35}
and ; = {6.0, 1.2, 0.3} are the Moliére constants. In this
case the quantities U, and ¥, in Egs. (2.6), (2.8), and (2.10)
are determined by the formulas [see the definition (1.11)]

V. A.Bazylevand A. V. Demura 374




s
Ug = 2—n;e22 2 o/ (gz—l—xiz) ,
i=1,2,3

1 (2.11)
Ve= 5 eZ, Z o exp(—[ g2+t 2]) / (g2 +x2) ™,

One can also use a model similar to that of Barrett,!’ in
whicha; = {0.4,0.6} and B; = {2.984, 0.474]}, or to that of
Firsov,'? which is valid in particular even for very light crys-
tals.

Let us now investigate the dependence of the coherent
part of the probability of electron loss by an ion (2.2) on the
direction of the ion momentum in the channeling plane with
respect to the principal crystallographic axes of which the
plane consists. For definiteness let the nuclei in the channel-
ing plane be at the sites of a plane rectangular lattice with
period d. Further, let the ion momentum vector in the plane
make not too large an angle y with the vectors which connect
the neighboring nuclei of the crystallographic plane, and let
the ion velocity v be such that the minimum energy of the
equivalent photon #w™™ = 27fw sin y /d significantly ex-
ceeds the electron binding energy in the ion |e|. If, at a
constant angle of entry of the ion with respect to the channel-
ing plane, the angle y between the direction of the momen-
tum and the vector connecting the neighboring nuclei of one
of the principal crystallographic axes of the lattice decreases
(x <1), the probability of electron loss by the ion begins to rise
rapidly. For example, for a hydrogenlike ion the rate of rise
is proportional to y ~°/2. However, at some critical value y,
of the angle,

X =le,1d/2nh (2.12)

the ionization probability undergoes a downward jump and
then again begins to rise to a value y ? = y!!'/2, and so forth.
The absolute value of the probability in the next nth maxi-
mum is either almost the same as or smaller than in the pre-
ceding maximum, in accordance with Eq. (2.2).

We shall consider next the case of loss of an electron by
an jon from an excited state for relatively low ion velocities
when the inequalities

<ro /| zkd/2] 21, (2.13)

are satisfied. Then the dipole approximation is inapplicable,
and the ionization probability is no longer expressed in terms
of the cross section for the photoelectric effect. In this case,
since the effective values of ¢, in Eq. (1.20) are small in com-
parison with g for well channeled particles, the matrix ele-
ment in Eq. (1.20) can be taken outside the integral sign at the
point q = g. As a result the probability of electron loss by the
ion can be expressed in terms of the cross section for ioniza-
tion of an ion with unit charge moving with velocity v in the
Born approximation 0° (g, %, ),” expressed in the variables of
the momentum transfer q and the momentum of the electron
emitted from the ion %, at definite values of these parameters
=g J-‘Eg = 5Ee! %g = (2m)1/2 (lgk |hl) - |£z |)”2ﬁ)

Srngh o’ (g, %) 12
co = ng ’
Weor (Z) Avme: Z‘ " 4 Izh: ,
g
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gmin<rz>>>1’

(2.14)

Pl = \ dg U, exp[— qlzuz/‘/_)

—_ lq 3 (1' — (k —_— 1./2) d)]qz(gz to ‘ _‘)1/,_

(2.15)

The formulas (2.2) and (2.14), as must be the case, come to-
gether in the region gr, ~ 1. Here if x, (r,)> 1, which is the
case forion velocities v»v, Z /gayn® and corresponds in order
of magnitude to the condition that the equivalent photon
energy exceed substantially the electron binding energy in
the ion, we have for the cross section o°(gr~1, Hy)~ong g
Therefore qualitatively all results of this section relating to
the anomalous behavior of the probability as a function of
the entry angle of the ion with respect to the principal crys-
tallographic axes remain valid, since x, ~ y'/%. We note that
this effect can be observed also under conditions of strong
nondipole nature (g(7, ) > 1), provided that x, »g, which is
the case for still greater ion velocities vy v, gagn/Zy. How-
ever, for low ion velocities, v<v, gayn/Zy, we have for the
cross section o°(g,%)~x,, and consequently according to
Eq. (2.14) the probability of electron loss by the ion will not
depend on %, and therefore also not on the angle y.

The expression (2.15) for pgf, which essentially deter-
mines the flux density of unit-charges (which transfer to the
ion a momentum g and to the emitted electron a momentum
%), a density equivalent to the crystal lattice in the plane,
can be simplified in a number of limiting cases of small or
large transverse vibrations of the crystal atoms and momen-
tum transfers, as has been done above [see Egs. (2.6)—(2.11)].
This expression can also be obtained analytically for a num-
ber of specific models of the atom potential [see Eq. (2.11)).

Under the condition {2.5) we have

V2n

N (k=) )
P @) =— Ugexp[ SR ] (2.16)
If the inequalities (2.7) and (2.9) are satisfied, then
Pl (x)=Ve[z—(k—]:)d]. (2.17)

b) We shall obtain next the expression for the probabil-
ity of coherent ionization if the particle entry angle into the
crystal significantly exceeds the critical angle of planar
channeling. In this case the eigenfunctions of the transverse
motion are essentially plane waves and according to Egs.
{1.10) and (1.16) p(x) is equal to 1/d. To obtain a general
expression for the probability we shall represent

(3 o)

gral over dg, and dq/; we shall then integrate over dx, using
the equality

2
[see Eq. (1.20)] in the form of a double inte-

feXp[i(qqu')x]dx=2n6 (g.—~q."),

and then the formula

exp(ikq, d) I 8(g.—~g.).
3 ‘ d 4%

As a result we obtain from Eqs. (1.17)-(1.20]
2 m i nye’ ZJ- Q.1 (') 121 U, 2hge=n (M),

W= dAR'Y -
(2.18)
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where n, = n,/d is the density of crystal atoms and g is the
vector of the three-dimensional reciprocal lattice. In the di-
pole approximation (g(r,)<1) the probability takes the
form
|U,l*g*eny

= i i =30 —2 ° TV

W=Y o (0difv, j=32 =
g

e~e",

(2.19)

The result given by Eqgs. (2.18) and (2.19) shows that the role
of the equivalent photon frequency is played by the quantity
wg = |8 |v = 27vd ~'n sin 6, where 6 is the angle at which
the ion crosses the crystallographic planes. Therefore there
is an anomalous behavior of the probability (2.19) as a func-
tion of this angle 6.

Inthe caseg(z, )> 1, as was done in obtaining Eq. (2.15),
from Eq. (2.18), we have

321" hny o(g, %) R
Ugl2e—5,
dAvme® Z Ky gl

W=

(2.20)

§ 3. INCOHERENT IONIZATION OF AN ATOMIC PARTICLE IN
PLANAR CHANNELING

a) In the preceding section we found in particular that,
for sufficiently high ion velocities in the crystal and at direc-
tions of the ion momentum in the channeling plane far from
the directions of the principal axes of the crystallographic
planes, the coherent probability of electron loss by the ion
can be highly suppressed. This occurs as a result of the fact
that too large an energy is transferred to the electron, and
there are no smaller energies in the spectrum of the coherent
perturbation by the crystal. As a result the role of incoherent
ionization becomes dominant. Let us investigate in more de-
tail the general expression (1.23) for high ion velocities:

v>Zv,. (3.1)

Under the condition (3.1) we can assume that the effective
longitudinally transferred momentum q;; will not depend on
the electron energy (¢, = k@), and in addition we can utilize
a series expansion of exp(iq-r). Further, if the effective dis-
tances of the ion to the plane are greater than the amplitude
of the thermal vibrations of the atoms (|x + d /2|>u), and
O.¢ <(ku)™', we can expand the probability of electron loss
by the ion in powers of u, using the equality
oy |-
ox I } 2y

<IDWI*>—[<D,> 1% exp (—g,u?) =u2{ g 1D *+
(3.2)

As a result, after some transformations, we can obtain from

Eq. (1.23)

j (@) [*0,(0)dw
v )

Wine (:C) =

- (3.3)

@thr

Here the density of the equivalent photon flux is

omutn, d 2
o L Jdadatir @i | E @ [}

R=0,1

j(z)=

(3.4)
where for T’,;"(x) the formulas (2.8), (2.10), and (2.11) which
determine T";" (x) in terms of the atom potential for the con-
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ditions (2.7) and (2.9) are valid; #iw,,, is the threshold ioniza-
tion energy.

The order of magnitude of the incoherent probability of
electron loss by the ion (3.3) can be estimated from the for-
mula

Winemr (0 ) (Zo2€H /1) (c]v) (win [b7), (3.5)

where b = min[|x +d /2|, '] and x is the screening pa-
rameter of the crystal atom. From the estimate (3.5) it fol-
lows that the probability (3.4) is suppressed relative to the
coherent probability at the maximum why*(x), which is real-
ized when the equivalent photon energy hw, is close to the
threshold ionization energy |e.| [see Eq. (2.2)]. In the case
v> Zuv,, as arule, we have fiw, > |, |. Therefore the coherent
probability (2.2) in this case is decreased by a factor
(hwg /|€L])* in comparison with this value at the maxi-
mium. As a result under the conditions

(hod/ | &)= (u/b)™* » v>Zv,, (3.6)

the probability of electron loss by an ion is determined by the
incoherent part (3.4).

For the part of the beam of ions scattered at a small
angle (6=0) in the channeling plane, the longitudinally
transferred momentum will no longer depend on the equiva-
lent photon energy. Therefore the probability of electron
loss by an ion can be written in the form

dw;n.(z) u*n.ck, ¢ do
a8 Im—zn | oor@)L(z ),

@ihr

o z (3.7)
L(x,m)=2{ ‘%ww,y(z)l%lg‘zr:ﬁ(x) | }

u=0

It follows from this that the ionization probability is also
suppressed [the estimate (3.5) is valid, but b = min{v/o,
%~ '}). For the part of the ion beam whose distances to the
channeling plane are less than or of the order of the ampli-
tude of the thermal vibrations |x + d /2| S u or for ions scat-
tered at a large angle 6, the expansion (3.2) is inapplicable;
however, for the condition (3.1) one can as before use the
expansion of exp(ig-r, ) in series and express w;,. (x) in terms
of the cross section for the photoelectric effect [see Eq. (3.3)].
The role of the equivalent-photon flux density here is played
by the quantity

Mn,c
j@=2m—= Y [ (T, @) P,

15

—IKTq () Ve, |* exp(—gyu®) },

(3.8)
9 =|e.*Ih*v k267

If the size of the electron orbit in the ion is greater than the
amplitude of the thermal vibrations, the probability (3.3)
with j(x) from (3.8) is less than the coherent probability of
electron loss by the ion at the maximium wZ4¥(x) for ions
scattered at a very small angle in the channeling plane
(0= |€|/%ik v), and of the order of wa(x) fore the part of the
beam scattered at a relatively large angle [6 ~ (ku)~'].
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For relatively small ion velocities v < Zv, the coherent
ionization (2.2) can be small already for another reason. In-
deed, when the condition #iw, X |€% | is satisfied for small ve-
locities the transfer of a rather large reciprocal-lattice vector
g can become necessary. Here according to (2.2) the prob-
ability is small (~exp( — g*u?)) as the result of the influence
of the thermal vibrations of the atoms. Therefore the role of
incoherent ionization increases and can become dominant.
We shall consider the coherent part of the probability (3.4)
for small ion velocities in the crystal. First let

vz<<v<<ZU01 (3'9)

which can occur for excited states of a multiply charged ion.
The right-hand side of the inequality (3.9) determines the
strong non-dipole nature of the process [gr,>1 in Eq.
(1.20)]. The matrix element {(@/|exp(ig-r)|@.) is appreciably
different from zero (as the result of rapid oscillations of the
integrand) only for the condition @/~e™*” where
p = #ig(p). These equalities can occur if the energy of the
electron which has left the ion is significantly greater than its
binding energy in the initial state, which is assured by the left
part of the inequality (3.9). In addition, for the part of the
beam scattered at a small angle (6 < |¢; |/#wk) in the chan-
neling plane we can assume g( p) = ¢, ( p) = 4¢, /#iv, and take
the matrix element in Eq. (1.20) outside the integral over
dq, ; then, using the resonance matrix element for #iq(p) = p,
it is possible to integrate in (1.23) over the electron momen-
tum in the final state d >p.. If here one has the inequality

umy/h<A, (3.10)

then, expanding the probability in a series in this parameter,
it is possible to obtain the following expression for the inco-
herent probability of electron loss by an ion in the crystal:

2w’n.kuim’e’ kdy?
Winc (J:) = hl.u Z { I Vzmv/h:.( z— '2-') |

k=1

‘kd\ 1?
Vzm/n(-r—?)l }Aeeﬂ',

+ 3.11
4mv‘ dx ( )

where ¥, (x) is the two-dimensional Fourier component of
the atom potential, for which the equations (2.11) are valid,
and #ig = 2muv is the solution of the equation #iq(p) = p; 40,4
is the interval of effective angles of detection of the scattered
ions in the plane, which satisfies the condition

A8 5 <|er| [Avk,.

As follows from Eq. (3.11), the ionization probability is
small, in this case not only as the result of smallness of the
Fourier component of the potential ¥V, (x) at large distances x
from the plane, but also as the result of the influence of the
periodic arrangement of the atoms in the channeling plane
(see above, and also Ref. 10). The inequalities (3.9) and (3.10)
can be satisfied simultaneously for sufficiently highly excit-
ed states and high charge multiplicity of the ion. For the
condition

umv/h>1, (3.12)

the influence of the periodic arrangement of the atoms in the
plane can be neglected. As a result the second term in (1.23)
does not have to be taken into account and instead of Eq.
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(3.11) for the ionization probability one can obtain the
expression

woe(z) = 22 Z( | Vo 2= 22| Y, B

(3.13)

Equations (3.11) and (3.13) can be used to explain the
results of experiments if the ion beam has a very low diver-
gence and the angular resolution of the apparatus is suffi-
ciently high.

The probability of electron loss by an ion, integrated
over all ion scattering angles in the channeling plane, can be
obtained also by using the resonance matrix element (e""),,
for iqg = p. Here it is only necessary to assume that the longi-
tudinally, transferred momentum is determined by elastic
deflection of the ion in the plane (g, = k6 ). Then the energy
of the electron emitted from the ion is determined by the ion
scattering angle in the plane (to each scattering angle 8 there
corresponds an electron energy in the continuum pﬁ 02/2m).
If the distances from the ion to the crystal plane are signifi-
cantly greater than the amplitude of the thermal vibrations
of the atoms of the plane |x + d /2|>u, will take the form

G5 [ oo (= 2

hz 2
(3.14)

For a number of models of the atom potential the inte-
gral over the scattering angles in the plane dg can be per-
formed analytically [see Eq. (2.11)]; however, regardless of
the dependence on a specific model of the atom potential it is
evident that for a sufficiently light crystal (xu<1) there also
exists an effect of suppression of the probability of electron
loss by the ion as a consequence of the periodic arrangement
of the atoms in the crystal plane.

However, if (1 —e ~7“)~1, the effect of the periodic
arrangement of the atoms in the plane can be neglected, i.e.,
it is not necessary to take into account the second term in Eq.
(1.23), and for the probability of electron loss by the ion we

g Ja([ V(== -

b) Above we have obtained and studied expressions for
the probabilities w(x) of coherent and incoherent ionization
of atomic particles in a crystal in planar channeling, as a
function of the distance x of the ion to the crystallographic
planes. The physical meaning of the quantity w(x)p(x) is that
it describes the loss of electrons by that part of the total ion
beam whose average density (averaged over the thickness T’
and consequently dependent on T') at a distance from the
center of the channel is p(x). Recognizing that there is a cor-
respondence of the average of the quantity p(x) over the
thickness with the angle of emission of the ions from the
crystal,® the differential probability w(x)p(x) can be verified
experimentally. The quantity p(x) depends on the divergence
of the ion beam, the entry angle of the ions into the crystal
with respect to the plane, and the depth of penetration of the
ions into the crystal. For entry angles greater than the Lind-

Wine (x) =

winc (x) —_

" (3.15)
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hard angle 8, , at very small depths and, on the other hand,
at very large depths we have p(x) = 1/d; for a well channeled
beam of particles with an entry angle 6«6, this quantity is
greater at the center of the channel and less near the planes.
If we analyze the charge state not of the entire ion beam but
only of a part of it, for example, with a small angle of emis-
sion from the crystal with respect to the plane, we can study
also the dependence of the density of channeled ions near the
center of the channel on the crystal thickness 7.

If the entry angle of the ion into the crystal with respect
to the plane is significantly greater than the Lindhard angle,
it is possible to obtain from Eq. (1.23) a simpler expression
for the probability. For this purpose, as in the derivation of
Eq. (2.18), we represent | D, |? in the form of a double integral
over dg, dg; and integrate over dx. The dependence of the
resulting integrand on ¢, and 6 will be a dependence on the
combination ¢'> = g} + k$62 Therefore one integration
can be carried out by wusing the transformation
k,fdq,d0 =2mwfq dq'. Asaresult we obtain from Eq. (1.23)
(ny =n,/d)

45’{ ane
kyoht

W= [ fq U121 (o) |2 (1—e=+7) d,

(3.16)
¢*=q' >+ (Ae./hv)*.

Assume that the condition (3.1) is satisfied and let {7, ) €u; in
this case we obtain from (3.16) a result which differs from the
corresponding expression for an amorphous target only in
the argument of the logarithm:

T do
W———Z h—-nv—ln(< >) ".Up(ﬁ))—(‘o—.

n v

(3.17)
Dthr
However, if x~'> (r, )»u, the ionization probability
turns out to be suppressed in comparison with (3.17) by the
parameter u?/(r, )%

é‘nyu? <y
W=8nZ,* -
8nZ, (vh)zln( - ) (3.18)
A similar result is obtained for (7, )>x !> u:
E
e Ny
W=8nZ, T h)2 In((xu) ). (3.19)

§ 4. ROLE OF OTHER MECHANISMS IN THE LOSS OF AN
ELECTRON BY A CHANNELED ION

In the process of establishment of the equilibrium
charge of atomic particles (ions) in amorphous solids, the
probability of ionization is detrmined by interactions, with
the nuclei and electrons of the material, in which the elec-
tronic state of the solid is not changed. The simultaneous
electronic excitation of the ions and the atoms of the material
is significantly less probable than the electronic excitation of
only the ion passing through the material.

A different situation exists in passage of atomic parti-
cles through crystals in the channeling regime. As was
shown above, under certain conditions the probability of
electron loss by an ion, as the result of an interaction of the
ion with the crystal in which the electronic state of the crys-
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Mn, . . .
w(e)=—x };[( (1R s | ol }>6x,d p.d,

tal does not change, turns out to be rather strongly sup-
pressed. The suppression effect is particularly important at
high ion velocities when the coherent process of stripping of
the ion is small as the result of the fact that the minimal
energy of the photon which is equivalent to the crystal lattice
is significantly greater than the binding energy of the elec-
tron in the ion, and the incoherent process is small as a result
of the fact that the deviations from periodicity are small and
for not too large momentum transfers the ion losing the elec-
tron does not feel these deviations. As the result the loss of
electrons by an ion in channeling has important contribu-
tions from other mechanisms of electron loss by ions.

Electronloss by ions as the result of inelastic interaction with
the electron subsystem of the crystal

The formalism developed in §1 permits one actually to
follow by simple manipulations the derivation of the general
expression for the probability.

Since the electronic excitation of a crystal atom is pro-
pagated over the crystal significantly more slowly than the
ion is moving, the process of electron loss by the ion is inco-
herent over the periodic distribution of the electron density
in the crystal. As a result one can obtain the following
expression for the probability of electron loss by an ion per
unit pathlength in the crystal in planar channeling as a result
of inelastic interaction of the electron of the ion with the
electrons of the crystal:

(4.1)

e? . kd )
R= o .Zl J. dg,q*exp {-—qu_ (:c - —2—) +igqr.* } (e7'9%)

¢*=q *+ (Ae./hv)*+E,207, (4.2)
where Ae¢, is the change in energy of the electron of the ion;
R, is the diagonal matrix element between the initial wave
functions of the electrons of the crystal atom; the sum over s
stands for the sum over the electrons of the crystal atom.
Assume that condition (3.1) is satisfied. Also let the
average radius of the electron orbit in the ion (r, ) be signifi-
cantly less than the Thomas-Fermi radius of the crystal atom
arg, where most of the electrons are concentrated. This con-
dition is satisfied for ions with sufficiently high charge multi-
plicity Z (and for ground states) and for relatively light crys-
tals Z, < 30. We shall also assume that the distance of the
ions to the plane averaged over the thickness (x 4+ d /2) of the
crystalis greater than a1 . Thenin Egs. (4.1) and (4.2) we can
make the following substitutions:
exp (iqr.) —>qr,, (4.3)
explig, (z—kd/2)] 2
g2+ (Ae/hv)+k200]" |

We sshall calculate the integral over dg, in (4.3) by means of a
contour C which encloses the branch point in the upper half-
plane”:

q.'=i[k,*0*+ (Ae./Av)?] "

Rl | Rl 82,2, | [ da.
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The result can already by integrated over the scattering an-
gle of the ion in the channeling plane and for the probability

of electron loss by the ion we obtain
e ¢ do K, [2]z—d/2la/v]
=—nZp—— | —
w(z) a? o o ) ov(0) lx—d/2|

Dthr

(4.4)
Here K,(z) is the Macdonald function.

This result shows, on the one hand, that all electrons of
the crystal atom can be considered as free, since in the pro-
cess of inelastic interaction a sufficiently large momentum is
transferred to them, and on the other hand, that their action
on the electron of the ion is equivalent to a flux of photons
whose spectrum and intensity depend on the distance of the
ion to the maximum of the electron density of the crystal.

However, if the radius of the electron orbit in the ion is
significantly greater than the Thomas-Fermi radius of the
crystal atom, which is the case for heavy crystals and for
excited states of a multiply charged ion, one can make the
substitution exp(iqr;)—1 + iqr;, and take the matrix ele-
ment ("), outside the integral over dg, . Then it is possible
to integrate the square of this matrix element over d °p, , us-
ing the fact that it is nonzero only for the condition p = #gq,
and then integrate over dg, and d6 as was done in derivation
of Eq. (4.4). As a result we obtain for the desired probability
w(x) the expression
neXd:2> K,[4lz—d/2|mv/h]

h*vt |z—d/2|

w(z)=4 (4.5)
Here (d2) is the mean square of the dipole moment of the
crystal atom.

If the angle 6 of entry of the ion into the crystal with
respect to the plane is significantly greater than the Lind-
hard angle 6, , then from Egs. (4.1), (4.2), proceeding as in
the derivation of Egs. (3.16)—(3.18), for the case {r, ) €a¢ We
will have for the probability

2¢* nyc

do v
—Z 20 oa(o)] ) 4.6
w nh v -[ ® os(0) n((r,)co 4.6)
However, if {r, )>»arg, then
W =8y (3> — 1n(”h") 47
=OnNv\ax (hv)z lSziI . ( . )

This result coincides with the result for the total probability
of inealstic excitation of the target atoms by an electron in
the Born approximation. See for example Ref. 13, formula
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(148.26) [formula (145.26) in the 1963 Russian edition, and
formula (120.22) in the 1959 edition of the Sykes-Bell trans-
lation]. Indeed, if (7, )>arg, the electron of the ion can be
considered free in an inelastic interaction with a crystal
atom, and for the condition @56, the distribution in impact
parameters can be considered uniform, from which Eq. (4.7)
immediately follows.

""These correlations affect not only the ionization of the passing particles,
but also other inelastic processes occurring with these particles such as
bremsstrahlung.**

¥For deeper orbits, i.e., for strongly bound states of the multiply charged
ion, the condition v > v, may turn out to be unnecessary, since charge
exchange is suppressed as a result of the impossibility of intersection of
the orbits of electrons with nearby binding energies, and ionization is
suppressed for the reasons discussed below.

¥In planar channeling of positively charged ions the coordinate x is conve-
niently measured from the center of the interplanar distance.

“In the case in which the combined potential of the nuclei of the lattice
acts as a perturbation, averaging over the thermal vibrations was carried
out also ion Refs. 3 and 9.

S'For a hydrogenlike ion 0 (q,%) can be expressed in terms of elementary
functions (see for example Ref. 13).

“Tons channeled near the center of the channel are emitted from the crys-
tal directly along the direction of a beam entering the crystal parallel to
the planes; the further from the center of the distance between planes, the
greater is the emission angle with respect to the plane.

7For x + d /2 <0 the contour C is closed into the lower half-plane.
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