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The kinetic emission of secondary electrons from ion-bombarded solid surfaces is split into

two contributions, a direct one caused by ionizing collisions between the bombarding ion and

target atoms, and an indirect one originating from ionizing collisions undergone by recoil atoms

with other target atoms. The direct contribution, which has been treated by several authors in

previous studies, shows a behavior that is determined primarily by the electronic stopping power

of the bombarding ion, while the indirect contribution is nonproportionally related to the nu-

clear stopping power. This latter contribution is known to be quite important' for heavy-ion

bombardment at keV energies, and is shown to be of crucial importance for the understanding of
the energy dependence of the electron yield in such cases. The model is shown to give con-

sistent results for copper bombarded with electrons, protons, and noble-gas ions within the ac-

curacy of the treatment.

I. INTRODUCTION

It is well known that the interaction of ionizing ra-

diation with solid surfaces can lead to emission of
electrons. In the case of charged-particle bombard-
ment, this phenomenon is most often called
secondary-electron emission. The present study deals
with the particular case of energetic-ion bombard-
ment.

Conventionally, one distinguishes between poten-
tial and kinetic secondary-electron emission for this

type of bombardment. Potential emission is associat-
ed with the neutralization of an impinging ion before
it reaches the surface, and is therefore rather in-

dependent of the ion energy as long as the ion veloci-
ty is lower than the relevant atomic electron veloci-
ties. ' Kinetic emission is associated with the ionizing
collisions taking place in the target; the dependence
on ion energy is determined by the frequency of ion-
izing collisions. In particular, there is a more or less
well-defined threshold toward low energies and a gra-
dual drop-off at high velocities.

While the distinction between surface and bulk
processes in electron emission appears to be a reason-
able approach in the qualitative analysis, it is not ob-
vious whether a.separation into potential and kinetic

emission can always be made. Indeed, ionizing colli-
sions undergone by heavy ions at moderate velocities
may be determined by electron promotion processes'
not unlike those proposed for ion neutralization at

the surface. ' The following treatment concentrates
on bulk phenomena and, ~here comparison is made
with experimental results, those cases are considered
where potential emission is a minor effect.

It is evident that the yield of emitted electrons is
closely connected with the deposition of electron ex-
citation energy near the target surface. This in turn,
according to Sternglass, ' is determined primarily by
the electronic stopping power of the bombarding ion,
with some possible modification due to the transport
of energy by energetic electrons.

The Sternglass theory refers to a range of projectile
velocities with negligible nuclear stopping and ignores
nuclear scattering. However, it is well known that at
moderate and low projectile velocities, energy deposi-
tion profiles may be distorted drastically by the effect
of nuclear scattering. 4 Even more important, in the
region where nuclear stopping dominates, electronic
excitation may be substantially due to recoil atoms, in
particular for ions of high atomic number. '6 There-
fore, it is necessary to consider the effect of recoil-
induced secondary-electron emission, whenever bom-
bardment is done under conditions where a substan-
tial fraction of the energy loss of the bombarding par-
ticle is due to nuclear stopping. The theory of Parilis
and Kishinevskii, 7 a common reference standard for
low-velocity ion-electron emission, does not take ac-
count of recoil-induced processes in its original form,
and consequently predicts a strict proportionality of
the electron yield with the electronic stopping power
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(at velocities well above threshold). As pointed out
by Dorozhkin et al. for bombardment with mercury.
ions, this neglect causes drastic differences between
the predicted and the measured variation of the elec-
tron yield with the atomic number of the target. A
theoretical treatment on the basis of a simple stop-
ping model was subsequently given by Vinokurov
et al. '

In the following, an attempt is made to formulate
an expression for the electron yield in general terms
familiar from stopping theory which takes account of
both direct and indirect processes as well as scattering
of the bombarding particle and energy transport by
recoil atoms. While the theory is too crude in its
present stage to properly account for energy transport
by energetic secondary electrons, it does reveal the
influence of recoil processes on the dependence of
the electron yield on the mass and energy of the
bombardin-g ion.

II. BASIC RELATIONSHIP

The starting point is the following relation:

where y is the secondary-electron yield (average
number of emitted electrons per bombarding ion), A

is a constant depending on the properties of the ma-

terial, in particular the surface, and D is the mean
energy per unit depth, ,deposited in electronic excita-
tion at the surface by a bombarding ion. Excitation
energy is considered "deposited" if the level of excita-
tion is sufficiently low so that further relocation can
be ignored. Thus, energy transport by energetic
secondary electrons as well as recoiling atoms is in-

cluded in the definition of D. In general, D depends
on the atomic numbers and masses of ion and target
atoms, as well as the energy and angle of incidence of
the bombarding ion. (For crystalline targets, D
would also depend on the orientation of the surface
relative to the ion beam. )

A relationship analogous to Eq. (I) was previously
derived explicitly for the sputtering yield, ' in which

case nuclear quantities replace the corresponding elec-

tronic ones. A transport theoretical calculation along
similar lines has been performed by one of the
present authors to justify Eq. (1) for the secondary-
electron yield. " Details of this calculation will be
published separately. The main assumptions underly-

ing the calculation are presumably more restrictive
than those necessary for Eq. (I) to be valid, since
simple binary-collision dynamics was assumed in the
transport calculation for collisions between moving
particles (ions, recoil atoms, or electrons) and elec-
trons. This assumption, which is reasonably well jus-
tified in the analogous case of cascades of elastic nu-
clea'r collisions, breaks down for heavy-ion bombard-
ment except at particle velocities well above the

fission-fragment region. Therefore, it may be more
appropriate in the present context to find a physical
argument for the feasibility of Eq. (I). The essence
of this argument is the same as that in Refs. 2 and 7,
although the conclusion is formulated in more gen-
eral terms.

In order for Eq. (1) to be approximately valid, it is

of crucial importance tnat the vast majority of emit-
ted electrons have very low energies, of the order of
the work function of the material, i.e., a few eV.
Quite different' relationships would have to be expect-
ed if the high-energy tail of the spectrum were con-
sidered.

It is well known from the theory of multiple ioniza-
tion phenomena, as well as the theory of radiation
damage, that the amount of some cumulative radia-
tion effect is roughly proportional to the available en-
ergy' at primary energies far above threshold, i.e. ,
when cascade multiplication is important. In this
region the respective cross section is unimportant,
while near threshold the ionization or damage pro-
duction rate hinges on the respective cross section.
Thus, if a primary ion excites electrons to a suffi-
ciently high level so that secondary excitation by pri-

mary electrons contributes substantially to the total
flux of low-energy electrons in the bombarded target,
then this flux hinges on the available energy, i.e. , the
energy deposited in a surface layer with a thickness
of the order of the range of low-energy electrons.

Conversely, if the primary radiation creates only
low-energy excitation, so that secondary excitations
by primary electrons become unimportant for elec-
tron emission, then the excitation cross section rather
than the deposited energy determines the electron
yield, and Eq. (I) is inapplicable.

In case of substantial electron excitation by recoil
atoms, the above requirement needs to be
strengthened in the sense that also electrons excited
by recoil atoms should have sufficiently high energy
to cause an appreciable amount of secondary excita-
tion for Eq. (I) to be valid.

Quantitative estimates in radiation damage ". and
ionization" theory indicate that the gap between the
two limiting regimes, near threshold and far above
threshold, respectively, is rather small.

The question of whether or not the above assump-
tions are fulfilled is tested most directly by inspection
of the energy spectra of emitted electrons. Indeed, in
order that Eq. (1) be valid, a spectrum should exhibit
the usual tail, known from electron-electron emis-
sion, ' extending up to at least a few times the work
function of the material. The functional shape of this
tail is determined mainly by the electron stopping
power at low energies. "

Mechanisms of excitation to energy 1evels far
above the binary collision limit are weil established in
the case of ion-atom collisions. " Indeed, whenever
an ion-atom or atom-atom system produces x rays,
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D =D(x,E, cos$),

where x is the depth inside the target, E is the initial
ion energy, and P is the angle of incidence; the quan-
tity entering into Eq. (I) is D(x =O, E, cos@). If D is

integrated over the depth variable, we obtain the total
amount of energy per ion that ends up in electronic
excitation within the target

q "(E,cositi) = J~ dx D(x, E, cos@) . (3)

Apart from the loss of energy through the target sur-
face, this is identical with the quantity rt(E) intro-
duced by Lindhard et al. '

If, as a first approximation, the complications
brought about by the presence of the target surface
are ignored and the target is considered as imbedded
into an infinite medium with a reference plane at
x =0, then the function D(x, E, cosset) is determined
by (i) the trajectory of the impinging ion and its cross
section for ionizing collisions; (ii) the number and
energy distribution of recoil atoms, their trajectories,
and their cross section for ionizing collisions; (iii) the
trajectories of excited electrons.

Upon integration, cf. Eq. (3), the spatial coordinate
drops out, and g(E) becomes dependent essentially
on the relative significance of the cross sections for
ionizing collisions and elastic nuclear collisions. 5

Accurate estimates of q(E) are available. ' With
regard to D(x,E, cos$), computations have been per-
formed by Brice" and Winterbon. ' In both sets of
computations, energy transport by electrons is ig-
nored. Energy transport by recoil atoms is included
explicitly in %interbon's work ~here it is important;
the effect is treated with much less rigor in Brice's
work, but it is also less important there since Brice
considers higher ion velocities.

Neither author tried to explicitly separate the con-
tributions due to electronic and nuclear stopping of
the ion, according to

Auger electrons will (e produced at a rate depending
on the fluorescence yield. In the present context,
such Auger electrons contribute to the yield mainly

by exciting secondary electrons inside the target.
This does not preclude a substantial fraction of low-

energy e1ectrons to arise from Auger processes. ~

In the present investigation, the constant A will be
treated as a material parameter, the value of which is
to be determined experimentally. In a subsequent pa-

per, " it will be shown that the absolute number of
emitted electrons agrees well with the prediction
based on transport theory, so long as those parts of
the energy spectrum of the electrons are concerned
for which reasogably certain values for the electron
stopping power are available,

The deposited-energy density can be written in the
form

D =D( )+D(,), (4)

where D(~) is the excitation profile resulting from
ionizing collisions undergone by the bombarding ion
(including secondary collisions undergone by the ex-
cited electrons), and Dt, &

is the excitation profile
resulting from ionizing collisions undergone by recoil
atoms set in motion by either the bombarding ion or
recoil atoms (also including secondary collisions
undergone by the excited electrons).

Since D( ) is determined essentially by the elec-
tronic stopping power of the ion, while D(,) hinges on
the nuclear stopping power and the stopping parame-
ters of recoiling atoms, the two quantities must exhi-
bit very different dependencies on ion energy. It is

this feature that is the subject of exploration in the
present investigation. From this point of view, it is
not important whether the calculations are done accu-
rately enough to explicitly include energy transport by
excited electrons, since this factor is common to both

D(~) and D(,). This effect is ignored but mention is
made that in the transport calculation applicable to
high-ion velocities, " it is shown explicitly to be a
minor effect with regard to the determination of the
profile.

For similar reasons, the effect of a real surface on
the energy deposition profile is ignored, as it is noted
that a major part of this effect is common to both
contributions to Eq. (4).

The splitting of the deposited-energy function ac-
cording to Eq. (4) is also called for by a more techni-
cal consideration, i.e., construction of the depth pro-
file D (x). Indeed the two profiles D&~~(x) and

Dt, i(x) can be expected to behave quite differently
in their variation with depth; while D(p) is most con-
veniently determined by "direct" methods, " reliable
values for D(,) are more likely to result from mo-
ment methods, '6 Thus, construction of. the sum of
the two profiles by either method may lead to addi-
tional uncertainties' " that can readily be avoided by
constructing the two contributions separately.

III. DETAILS

Within the range of validity of linear transport
theory, i.e., for not too high density of energy deposi-
tion, the usual transport equation4 is obeyed by
D (x, E, cos$),

—cosP =Ai J da D —D' —D, —gD, , (5)
Qx i

where N is the number of atoms per unit volume, der

is the differential cross section, D, is the deposited
energy density for a moving target atom, D, is

the corresponding quantity for a moving electron,
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and

O' = D x,E T„——g T„,cos@'
t

D, = D, (x, T„,cos$"),

$D,
"= XD, (x, T„,cosQ"),

(6a)

(6b)

(6c)

I

malization, Eq. (8), the term gD," in Eq. (7) may

be disregarded.
Consider next the function D(p) introduced in Eq.

(4). According to its definition, it has to obey the
following transport equation:

—cosP = N J der„(D(~)—D(r) )
~D(p)

T„and T„being the energy transferred to the nu-
cleus and an individual electron, respectively, in the
collision with an atom. The notation is similar to that
of Lindhard et al. 5 Analogous (simpler) equations
are satisfied by D, and D, .5 " Q' and $" are angles,
made by the direction of motion of the respective
particle and the x axis.

If the usual separation' is made between electronic
and nuclear collisions, Eq. (5) reduces to the form

—cosP =N J~ do„(D—O.' —D,")
gX

1

+N Jl da., D(r) —D(r) —XD,

(12a)

which differs from Eq. (7) only by the absence of the
recoil term D, . On the other hand, the density D(,)

in Eq. (4) obeys the complementary equation

~D(f) t tt-cos@ = N do„(D(,) .—D(,)
—D, )

Bx

t )

+N
~

d(r, D —D' —XD,
)

(7) +N J do, (D(„)—D. (,)) . (12b)

t

O=N „ld(r„(rt—q' —q, ) +NS, —1 (8)

where

which is an essential simplification in that the
separate cross sections do-„and der, for nuclear and
electronic collisions enter the picture.

The conventional method of moments is utilized in
the solution of Eq. (7). The explicit equations are of
the well-known type4 and will not be repeated here.
It is important, however, to note an explicit differ-
ence between the treatment of zero- and higher-order
moments.

Integrating over the spatial coordinate we obtain
from Eq. (7)

t

O=N J)do„(q(r)—q(r))+Ns, —1
d Yf(p) (13a)

d(rn ('r)(r) 'tt(r) 't)(t)) + Nse (13b)

If the following rough approximation' is applied,

~'=~(E T„)=~(E) —T. —" dE
(14)

to both q( ) and q(„),it is found that

Adding Eqs. (12a) to (12b) one readily obtains Eq.
(7), observing Eq. (4).

The corresponding relationships for the zero-order
moments read

q=J dxD,

dx Dr (9b)
and

S,(E')
s, (E') +s„(E') (15a)

dx gO,"; (9c)

the last relationship means that practically all elec-
tronic excitation energy ends up in electronic motion.

Furthermore, in Eq. (8)

S, = J do., g T„. (10)

Finally, the following approximation has been made:
1 1

&'=& E-XT„=~(E)-gT.; „'.
( i

Equation (8) is identical with the one applied by
Lindhard et al. '

With regard to higher moments, an additional sim-
plification arises from the neglect of energy transport
by electrons. Then, with the exception of the nor-

f yE'

, (E) = J dE' ". . . (15b)

with y =4M(Mq(M) +M2), M) and M2 being
masses of ion and target atom, respectively, and

S„= do-„T„is the nuclear stopping cross section.
U

Since N(S, +S„)is the total stopping power, Eq.
(15a) can be rewritten in the form

t R

qu, )(E) = ' dx'NS, (E(x')), (15c)

where R is the total path length. Thus, except for
corrections due to straggling and scattering, the term
D(» in Eq. (4) is proportional to the electronic stop-
ping power of the ion. It is obvious that this form
dominates in the case of dominating electronic stop-
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ping, S, )& S„.
Let us consider the case of dominating nuclear

stopping, and approximate the cross section by the
usual power form ' 10—

I I I I I I I I( I I I I I I I

d(r„—CE ~T„r~dT„, 0 ~~ T„~~yE, (16a)

where C is a well-defined constant, and 0 ( m & 1.
Assume some relation

0.5—

q, (T„)= k„(T„). (16b)

for the moment, with unspecified parameters co and
k . Then, Eq. (15b) reads

rl(, )(E) = y" 'k„E"
«)(«( —m)

I I I 1 I I I 1 I 1

1.9
Mass Ratio ivI2/M&

FIG. 1. Factor (() as a function of the mass ratio M2/Mt.

n((yE) .
«((«( —m) y

(.17) cidence".

Thus, the amount of energy ending up in electronic
excitation via recoiling atoms is, apart from a numeri-
cal factor, proportional to the corresponding quantity
due to one single recoiling atom at maximum recoil
energy. In order to determine the energy deposited
at the target surface, a construction of the spatial dis-
tribution D(,)(x,E, cos(t() belonging to rl(, )(E) is
needed. In the case of dominating nuclear stopping,
the term containing d(r, in Eq. (12b) can be ignored.
Then, this equation differs from those treated previ-
ously only by the normalization, i.e., the zeroth mo-
ment, cf. Eq. (17). In particular, the following scal-
ing relation holds4:

D(,) (x,E, cos@) = r)(,) (E) NC

& b, , cosh
E2m/NC

I —m 2

D(,)(O, E, I) = y 'd(0, 1)~(~ —m) y

N~ (.) n((y )
tl E

(

,NS„(E)
yE

In order to facilitate calculations the factor (8, is de-
picted in Fig. 1 as a function of the mass ratio
M2/Mt for «(=1.2."Table I gives the function

rl(e) = q, (E)aMq/Zt Z2e'(Mt + M2)

as a function of the reduced energy
e = EaM2/Zt Z2e'(Mt + M2), ' on the basis of
Winterbon's tables. ' Three representative values of
the reduced electronic stopping power kL ~' ' have
been chosen.

where 5 is some function that can be constructed
from the higher moments over D~,~, the latter follow-
ing by a standard procedure from moment equations
that are identical with those discussed in Ref. 4.

The quantity entering into Eq. (4) is then of the
general form kL =0.1 kL =0.15 kL ——0.2

TABLE I. Reduced function q(e) as a function of the re-
duced energy ~.

D(,)(O,E, cos(t) = ri(,)(E), 5(0, cos(t) .
NC (19)

This determines the dependence on ion energy of the
second contribution to the secondary-electron yield.

For qualitative orientation, we can construct D~,~

from the first few terms in the Edgeworth expan-
sion. ' More refined methods utilizing a large
number of moments have been discussed in the
literature. ' '

By combination of Eqs. (17) and (19) the following
relation can be obtained for perpendicular ion in-

0.005
0.01
0.02
0.05
0.1
0.2
0.5
1.0
2.0
5.0

10.0

6.12 x 10~
1.36 x 10
3.04x]0 3
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0.319
0.779
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1.95 x10 3

4.33 x10
0.0124
0.0275
0.0619
0.183
0.429
1.01
3.16
7.33

].]3 x 10 3

2.49 x10 3

5.49x10 3

0.0156
0.0344
0.0767
0.224
0.511
1.18
3.55
7.97
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The function D(~~ has a discontinuity at the target
surface. Indeed, if scattering of the ion and energy
transport by excited electrons are ignored, D(p~ has
the form of a step function in the region around
x=0,

Aexp.

$

45-

40-

Energy
deposition

p~ o «o««
~o /

I
0

Kr'~ cu

A exp
r «o

0« «0

&exp.

NS, (E)
D()(x,E, cosp) =8(x) ', for x —0

cos$

where

(20)

30 --016

-0
-0
-0

-0
-0

-o----o
$ exp.

O'"'= 0,
'

~ (0.1, x~0

If ion scattering is included, mainly an additional
(continuous) contribution to D(» arises from back-
scattered ions. Whether or not this effect has to be
taken into account may be judged from an inspection
of the corresponding reflection coefficients. ' "Ener-

gy transport by excited electrons broadens the profile
and causes the surface value to be smaller. Ion
scattering, of course, is important only for ions
lighter than the target atoms, but the degree of
broadening of the discontinuity depends substantially
on the angular and energy spectrum of primary excit-
ed electrons, and therefore a more complex depen-
dence on atomic number and energy of the ion is ex-
pected. The total effect of these two corrections on
Eq. (20) is hard to assess on the basis of the present
calculations. Therefore, as a first approximation
these effects have been ignored. The influence of
recoiling electrons has been included to some extent
in Ref. 11.

IV. COMPARISON WITH EXPERIMENT

The basic relation for the secondary-electron yield

y, Eq. (1), can now be written

y = A[D(»(x =O,E, cos$) +D(,)(x =O, E, cos$) j .

I-
0.02

50 100 150 200

I

1
I I I i ) I )

250 300 350 400

Energy [keV]

FIG. 2. Extracted quantity A,„pfrom Eq, (22), the exper-
imental secondary-electron yield, and the surface values of
the primary and recoil-induced distributions as a function of
ion energy for krypton on copper.

In Table II the average values of A p obtained for
krypton and xenon ions are listed together with the
average values of A,„,for electrons, protons, and
ions of helium, neon, argon, and copper. For the
case of electronic bombardment the calculations by
Spencer' were applied to determine the surface value
pf D I i Fpr protpns the stppping power has been
used in accordance with Eq. (20), while for helium
and neon ions D(O, E, 1) was found from the tables
of Brice." For copper and argon ions the values for
D(O, E, 1) are taken from a subsequent paper25 where
also the electronic stopping has been taken into ac-
count in Eq. (12b).

Corrections for potential emission have been ap-
plied according to Kishinevskii. 28 The extracted
values of A,„,are found to lie within 45% of the
value A, p 52 A/keV for widely different bombard-
ment conditions. This small variation is found en-
couraging.

In the evaluation of D~p) and D(,~ for perpendicular
ion incidence the electronic and nuclear stopping
powers according to Lindhard et al. ' have been
used. The recoil-induced distribution D~, ~ was con-
structed by the Edgeworth expansion including mo-
ments up to the third order.

In Figs. 2 and 3 the prediction of Eq. (21) is com-
pared with yields measured by Holmen et al."for
krypton and xenon ions on polycrystalline copper.
The secondary-electron yield varies significantly with

ion energy, but the extracted material constant

Energy
deposition

30— ) Ho
25-

20—
0.16

—014

—0.1 2

—010

—0.0

—0.0

-0.04 Io
I0—0,02

Xe ~Cu
0 0 0r

A exp,

~o
o~

7exp.

A,„p= Yexp

D( )(0x, lE) + D(,) (O, E, 1)

varies only about 15% for krypton ions in the energy
range 40—400 keV. For xenon ions the variation is
even less in the region 100—400 keV.

50 100 150 200 250 300 350 400
Energy [keV]

FIG. 3. Extracted quantity A,„pfrom Eq. (22), the
perirnental secondary-electron yield, and the surface values
of the primary and recoil-induced distributions as a function
of ion energy for xenon on copper.
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TABLE II. Average value of &zxp for different bombard-

ing particles. (Target: Cu).

Beam particle
and reference Aexp (A/keV)

e
I-I+

He+
Ne+
Ar+
Cu+
Kr+
Xe+

29
25
25
25
25
25
25
25

40.2
75,8
53.3
49.8
42.8
51.1
39.5
30.0

V. DISCUSSION

Standard references on the theory of ion-induced
electron emission are the papers by Sternglass' and
Parilis and Kishinevskii for high- and low-velocity
bombardment, respectively. The present theoretical
model contains these limiting cases, since in both pa-

pers, the number of electrons excited is assumed pro-
portional to the available energy, and hence, the elec-
tron yield related to the electronic stopping power.
The description by the present authors is more
comprehensive in the sense that it allows for substan-
tial multiple or back scattering of the impinging ion
and, even more important, indirect (recoil-induced)
excitation processes are included, and demonstrated
to be important for heavy-ion bombardment. Such
processes can be neglected in the high-velocity limit

to which the Sternglass theory refers, but can hardly

be ignored whenever the energy loss is predominantly
nuclear.

The present theory is less explicit than the two
mentioned with respect to the electronic stopping
power of the impinging ion. Indeed, rather than us-

ing a particular theoretical model, the present authors
would prefer the best available experimental stopping
power data to be applied in accurate calculations. On
the other hand, the present description leaves the
factor A unspecified except for the assumption that it

may be a material constant independent of the type
of bombarding particle. As mentioned previously, an
explicit evaluation of this factor has been made by

one of the authors" for the limiting case of high-
velocity bombardment where binary scattering events
dominate. Inserting feasible values for the low-

v,elocity electron stopping power and a conventional
model for the surface barrier, one obtains a value of
A that is consistent with experimental values. How-

ever, this value is not completely independent of the
excitation spectrum for primary electrons, and the
latter is well known to vary substantially over the
range of ion types and energies aimed at in this work,
Therefore, the variation of A,„pas apparent from
Table I need not only express the inaccuracy of the
evaluation of the deposited energy function as well as
experimental error, but may also indicate a real
dependence of A on the spectrum of primary elec-
trons.

ACKNOWLEDGMENTS

This work received financial assistance from the
Swedish Board for Technical Development and the
Swedish Natural Science Research Council, The au-

thors would also like to thank the Nordic Committee
for Accelerator-Based Research for a travel grant
supporting this work.

'H. D. Hagstrum, Phys. Rev. 96, 325 (1954).
2E. J. Sternglass, Phys. Rev. 108, 1 (1957).
U. Fano and W. Lichten, Phys. Rev. .Lett. 14, 627 (1965).

4K. B. Winterbon, P. Sigmund, and J. B. Sanders, K. Dan.
Vidensk. Selsk. Mat. Fys. Medd. 37, No. 14 (1970).

5J. Lindhard, V. Nielsen, M. Scharff, and P, V. Thomsen, K.
Dan. Vidensk. Selsk. Mat. Fys. Medd. 33, No. 10 (1963).

6K, Taulbjerg and P. Sigmund, Phys. Rev. A 5, 1285 (1972);
A 6, 1257 (1972).

E. S. Parilis and L. M. Kishinevskii, Fiz. Tverd. Tela
(Leningrad) 3, 1219 (1960) [Sov. Phys. Solid State 3, 885
(1960)].

SA. A. Dorozhkin, A. N. Miskin, and N. N. Petrov, Izv
Akad. Nauk SSSR, Ser. Fiz. 38, 249 (1974) [Bull. Acad.
Sci. USSR, Phys. Ser. 38, 2, 60 (1974)].

Ya.A. Vinokurov, L. M. Kishinevskii, and E. S. Parilis, Izv
Akad. Nauk. SSSR, Ser. Fiz. 40, 1745 (1976) [Bull.
Acad. Sci. USSR, Phys. Ser. 40, No. 8, 166 (1976)]~

P. Sigmund, Phys. Rev. 184, 383 (1969); 187, 768 (1970).
'~J. Schou, thesis (University of Copenhagen, 1979)

(unpublished); and unpublished.
P. Sigmund, Radiat. Eff. 1, 15 (1969).

'~M. Inokuti, Radiat. Res. 64, 6 (1975).
'4A. J. Dekker, Solid State Phys. 6, 251 (1958).
'5W. E. Meyerhof and K. Taulbjerg, Ann. Rev. Nucl. Sci.

27, 279 (1977).
'6K. B. Winterbon, Ion Implantation Range and Energy Depo-

sition Distributions (Plenum, New York, 1975), Vol. 2.
~~D. K. Brice, lon Implanation Range and Energy Deposition

Distributions (Plenum, New York, 1975), Vol. 1.
K. B. Winterbon, Phys. Lett. A 32, 265 (1970).

' U. Littmark, thesis (University of Copenhagen, 1974) (un-

published).
R. Weissmann and P. Sigmund, Radiat. Eff. 19, 7 (1973).

'J. Vukanic and P. Sigmund, Appl. Phys. 11, 265 (1976).
2U. Littmark and A. Gras-Marti, Appl. Phys. 16, 247(1978).



G. HOLMEN, B. SVENSSON, J. SCHOU, AND P. SIGMUND 20

J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).
J. Lindhard, V. Nielsen, and M. Scharff, K. Dan. Vidensk.
Selsk. Mat. Fys. Medd. 36, No. 10 (1968).

G. Holmen, B. Svensson, and A. Buren, VII International
Conference on Atomic Collisions in Solids (1977)
(unpublished); G. Holmen and B. Svensson
(unpublished).

6L. V. Spencer, Nat. Bur. Stand. Mon. 1 (1959).
H. H. Andersen and J. F. Ziegler, Hydrogen Stopping
Powers and Ranges in All Elements (Pergamon, New York,
1977).

L. M. Kishinevskii, Radiat. Eff. 19, 23 (1973).
T. Koshikawa and R. Shirnizu, J. Phys. D 6, 1369 (1973).


