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In the work of E. S. Mashkova and V. A. Molchanov (1), the influence of the
temperature of a bombarded copper single crystal on the angular dependence
of ion-electron emission was investigated. It turned out that an increase in
temperature leads to a smoothing of the curve of the dependence of emission
on the angle of incidence of the ions.

The magnitude of electron emission upon variation of the angle of incidence
of ions on a single crystal, as shown in (?), is satisfactorily described by a
formula obtained under the assumption that the number of emitted electrons
is proportional to the energy lost by the ion in its first collisions with atoms
of the surface layers. This approximation is based on the assumption that the
overwhelming number of fast electrons arising in the interaction of an ion with
a crystal is due to the transfer of ion energy not to free but to bound electrons
(see also (3)).

Fig. 1. Change in the positions of atoms due to thermal displacements. For
convenience of representation, a particular case has been chosen in which all
vectors lie in one plane. The arrow a denotes the direction of incidence of the
particles.

In work (?), in deriving the formula for the coefficient of ion-electron emission
v, the thermal motion of atoms was not taken into account. Since the collision
time of an argon ion with an energy of 30 keV with a lattice atom is much less
than the period of thermal vibrations, the change in the atom’ s position during
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the collision may be neglected. Thermal vibrations will lead only to distortion
of the crystal lattice and thus affect its transparency, i.e., the probability of the
first collision of the ion with atoms of the single crystal (in a polycrystal, where
averaging over orientations takes place, this effect should not occur). The dis-
tortions are substantial, and they should be taken into account when calculating
the average energy transferred to an atom only in those cases where part of the
atom is shielded by the atom lying above. The average energy E;,S;, transferred
in such collisions, is expressed by the formula

T 6N 276N\ 20 /8\° & (2k 4+ 1)!(8/R)2k+7
5(?) _5(5) U (E) +;24k+5k!(k+2)!(2k+5)(2k+7)

(1)

ESZ = EmaxRQF (%) = ‘Emax‘R2

where the same notation is used as in work (%).

As is seen from (1), the average energy E,S, is determined by the quantity §—
the projection of the vector connecting the centers of the atoms onto the plane
perpendicular to the direction of incidence of the particles (see Fig. 1). When
thermal displacements are taken into account, 5= 50 +(py — py), where 50 is the
projection of the vector connecting the nodes of the ideal lattice, and p; and g,
are the projections of the thermal displace-

of the shielding and shielded atoms, respectively. To calculate F(5/R) (R is
the radius of the collision sphere), it is necessary to find the mean values of
the second and higher odd powers of 5. Taking into account that the mean
values of the odd powers of the thermal displacements (and, consequently, of
their projections) are equal to zero, we find

62 =63 + (y — )2, 5 = 63 + 30,5y — ),

65 = 85 + 1063 (31 — §2)2 + 580(py — p2)*, et
In the Einstein approximation (i.e., without taking correlations into account),

S S5 4
(P1—Pa2)* = gzlz

Taking correlations into account at 7' > © (see (5)),
(Pr = Fa)? = gai(1—1/2mn),
where 27 is the mean square of the amplitude of thermal vibrations, © is the

Debye temperature for copper (345° K), n = /6v/2/m, and n is the distance
between atoms in units of d, the shortest distance between lattice nodes.
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The quantity (g; — py)* can be determined approximately as

o0
i) =4 / o exp{—a? /ol — 552} da

with constants A and « satisfying the conditions
oo - -
A [ aepl-a/alp — 7P de =T 7P
—00

A [ exp{-a/alF, — Pz =1,

Since the sum in (1) is appreciable only for large 4, and under all conditions its
contribution is less than 10%, the quantity (3; — g,)* was taken into account
only in the term preceding it in the sum, while we neglected the mean values of
higher powers of the displacements.

Within the framework of the scheme described above, v was calculated for a
copper single crystal by the formula given in (2). In accordance with the experi-
mental conditions (1), it was assumed that bombardment by argon ions with an
energy of 30 keV was carried out along the (100) face at different angles of ro-
tation of the single crystal about the [110] direction and at target temperatures
T = 0.90 and T = 3.40. In the calculations the following parameter values
were used: ) 5 = 33, =5/305 6~ 0.176 keV~"*, the shadow radius, i.e., in the
present approximation the radius of the collision sphere, R = 0.2d.

The calculated curves are shown in Fig. 2 together with the experimental values
of E. S. Mashkova and V. A. Molchanov (!). The agreement is satisfactory,
especially if one takes into account that the constancy of the shadow radius
assumed in the calculation** should lead to an increase in the difference between
the calculated curves, chiefly in the minima corresponding to large distances
between the shielding and shielded ato-

*In (?), instead of the numerical value of 3 ,, the quantity 3, , - 7/2 was given
by mistake. It should be f; , = 0.148 keV ™" =~ 0.15 keV .

** As shown by Yu. M. Martynenko (%), the shadow radius increases somewhat
with increasing distance between the shielding and shielded atoms.

(for example, a minimum at 19.5°). This apparently permits the conclusion that,
in the case considered, the effect of a change in temperature on the angular de-
pendences of ion-electron emission is due mainly to a change in the transparency
of the crystal by thermal vibrations, and not to the effect of temperature on the
escape of electrons from the crystal. Above, as in work (?), it was assumed that
the electrons arising
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Fig. 2

Figure 2: Fig. 2

Fig. 2. Dependence of v on p—the angle between the normal to the surface and
the direction of incidence of the particles. Calculated curves: 1—for T' = 0.90
(parameters are indicated in the text), 2—for T' = 3.40 (without using additional
parameters). Points are experimental data (!) for temperatures ~ 40° (a) and
~ 900° (b)

during the second and subsequent collisions of the argon ion with atoms of the
lattice do not make a noticeable contribution to the emission. The agreement
between the calculations and the experimental data apparently confirms this
assumption. Further refinement of the experiments would help to clarify the
role of collisions in deep layers and to reveal the main mechanisms ensuring the
transfer of energy from deep layers to the surface. In this connection it would
also be possible to judge the role of plasmons in ion-electron emission (in this
connection see also (7).

The authors express their gratitude to E. S. Mashkova and V. A. Molchanov for
the opportunity to become acquainted with their results before publication.
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