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Abstract

Directional effects on the motion of swift ions in anisotiopic media are studied. The

stopping power is a function of the direction of the velocity relative to the principle axes of

the medium, and there is a nonzero lateral force on the ion tending to bend its trajectory.

These effects arise from the anisotropy of the dielectric response, and are distinct from

channeling. Simple expressions are derived for the stopping power and lateral force in the

nonrelativistic high-velocity limit, and calculations are performed for crystalline graphite.
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I. INTRODUCTION

The forces acting on a swift ion in a solid are determined by the dielectric function

e(uj,q), in the absence of channeling. In a crystal, or in an amorphous layered or oriented

medium, e(a-\q) depends on the direction of q, leading to the following directional effects on

a swift ion: The stopping power depends on the direction of the velocity v, and a lateral

force (perpendicular to v) exists. The forces are illustrated in Figure 1. Note that the

stopping power is itself a force. The net force is the vector sum of the stopping power and

the lateral force. When the lateral force is nonzero, the net force n not parallel to the

velocity vector.

Channeling is of course distinct from the above effects, but is likely to interfere with

their observation in crystals, and vice versa.

The differential probability of transfer of momentum ?lq and loss of energy tiw by a

swift projectile may in principle be calculated from the differential inverse mean free path

1 2
f(w,q), which has the following well—known form, ' in the Born approximation:

where

e(w,q) = q • e(w,q) • q, (2)

where q is a unit vector, e(w,q) is the dielectric tensor, and where — eZp and v are the

charge and mass of the projectile ion.

Eq. (1) is often used (along with dispersion relations) to investigate the dielectric tensor of

crystals from measurements of energy loss and scattering of electrons, using thin enough

targets that multiple scattering may be either avoided or corrected for. In the case of



thicker targets, where projectiles suffer a large number of inelastic collisions, statistical

measures of the forces are useful. This work concerns the expectation value, or time

average, of the forces on a swift ion.

The stopping power 5 and the lateral force Fx are obtainable in principle as averages

over v{uj,q) (see below). However, simpler expressions for 5 and Fx would be useful. More

importantly, i/(u/,q), is generally known for small value? of q, only (at best), so direct

calculation of 5 and Fx from e(w,q) or u(ui,q) is not possible in practice. The present work

addresses two questions: Can S(a) and Fx(a) be described by simple expressions in the

nonrelativistic high—velocity limit, and how large are the directional effects for protons in

graphite.

II. STOPPING POWER

Consider a uniaxial solid. There is one unique axis, called the c axis, and in the

principle—axis system the dielectric tensor €(w,q) has the following nonzero elements:

e (u,q) (twice) and ei|(w,q). These elements describe the response to applied fields in

directions respectively perpendicular to, and parallel to, the c axis.

The stopping power S is given by the expression

5 = \d*ql dwfco/i/fw.q). (3)

where the first integral extends over all q. We have shown that in the nonrelativistic

high—velocity limit, the above expression goes asymptotically to the following:

!«%£ ta^t (4)
mv



where I(a) is given by the following:

In I(a) = du ui Im - 1
£ l/2 (£ + Ae sin

where

lnw,

(5)

and where e and e,, stand for e (w,0) and ci|(w,0), respectively. Eq.(5) is the leading term

in a high—velocity asymptotic expansion of Eq. (3). The next term is of order IT4 lnu

Note that Eq. (5) for S(a) has the same form as in the Bethe theory for

homogeneous isotropic media, except that here the mean excitation potential /(a) is a

function of the direction of motion relative to the c axis. In the special case where e and

en are identically equal, Eqs. (4) and (5) reduce to the Bethe expression. Note also that

I(a) is calculable from knowledge of the optical constants, e (u>,0) and €i,(u,0), alone.

HI. STOPPING POWER CALCULATIONS

Calculations reported here are all based on Cazaux's model for the optical

constants of graphite. This model consists of a simple form obeying f-sum rules for four

electrons per atom (i.e., ignoring the K—shell electrons), which is fit to experimental values

of the optical constants in the energy range of valence—shell excitations. The model was

modified slightly in the present work, as will be described elsewhere.

Figure 2 shows /(a) calculated for graphite, as a function of angle a. One sees that

I(a) has its minimum value at a = 0, which is a reflection of the fact that the valence



electrons in graphite respond more easily in directions perpendicular to the c axis than

parallel to it.

In Figure 3, the proton stopping powers 5(0°) and 5(90°) computed from Eq. (4) are

compared with the proton stopping power of graphite given be Anderson and Ziegler. We

infer from this comparison that Eq. (4) for graphite is unreliable at energies less than 100

keV, and is of marginal accuracy between 1nn and 200 keV, but should be useful for proton

energies from 200 keV up to at least 104 keV.

Figure 4 shows the angular dependence of proton stopping power in graphite for

proton energies ranging from 102 to 104 keV. Each curve is normalized to unity at a = 0.

The stopping power is at a maximum at a = 0, and falls a few per cent as a increases to

90°.

IV. LATERAL FORCE

The lateral force, Fx, is given by

Fx = -?i,Jd3$[ dw & Kw,q). (6)
J J o

where qx is the component of q in the x direction. The x axis (perpendicular to v and

coplanar with v and the c axis) is in the direction of the lateral force vector depicted in

Figure 1. The asymptotic high—velocity form of Eq. (6) is found to be as follows:

4 9

Z{p sina cosa G(a), (7)
mv

where



9 ' X

G(a) = " 9 dwu lm

(8)

The next term in Eq. (8) is of order v~*.

V. LATERAL FORCE CALCULATIONS

Figure 5 shows the lateral force on 200—keV protons in graphite, as a function of

angle a, as computed from Eq. (7). The curve has approximately the shape of sina cos a,

since G(a) is not a strong fui ction of a. Figure 6 shows Fx again, this time for different

angles a, as a function of energy. Recall from Eq. (7) that the velocity dependence is just

The units, keV///m, used for Fx in Figures 5 and 6 are unusual units for force, but

they are conventional for stopping power (whose magnitude is a force). The same units are

used here for both Fx and S, to facilitate comparison.

Perhaps the most immediately useful way to look at the magnitude of F-x(a) is to

compare it with S(a). It may be seen from Figure 1 that the angle 7(a) between the net

force and the negative of the velocity vector is given by just the ratio,

(9)

The ratio Fx(a)/S{a) is shown in Figure 7 for a = 45°, for the 102 - 104 keV range of

proton energy. One sees that its value is a few per cent. Thus, the net force on swift

protons under these conditions deviates from being antiparallel with the velocity by an

angle of a few hundredths of a radian. The effect en the proton is that (on the average) it

travels a curved path, with its trajectory bent toward the c axis.



VI. SUMMARY

The stopping power S(a) and lateral force Fx(a) are found to be given by simple

expressions in the nonrelativistic high—velocity limit. S(a) has the same form as in an

isotropic medium, except that here it is a function of a.

Calculated results are presented for protons of 102 to 104 keV in crystalline graphite.

The stopping power varies by a few per cent with a. At a = 45°, the lateral force is a few

percent as large as the stopping power.

The directional effects studied here may have practical consequences in the

irradiation of biological systems, which can be quite anisotropic.
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Figure Captions

FIG. 1. Forces on a swift ion in a uniaxial medium, for the case Fx > 0.

FIG 2. Mean excitation energy I(a) of graphite, as a function of angle a, calculated

from Eq. (5).

FIG. 3. Proton stopping power of graphite at two different angles, from Eq. (4)

(solid curves), compared with the experimental stopping power for carbon, from ref. 6

(dashed curve).

FIG. 4. Proton stopping power in graphite, from Eq. (4), versus angle, for different

proton energies. Each curve is normalized to unity at 0°.

FIG. 5. Lateral force on 200—keV protons in graphite, as a function of angle, from

Eq. (7).

FIG. 6. Lateral force on protons in graphite, as a function of proton energy, for

different directions of the velocity, calculated from Eq. (7).

FIG. 7. Ratio of Fx(a) to S(a) for protons in graphite, as a function of proton

energy, at a = 45°, calculated from Eqs. (4) and (7).
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