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Angular dependence of the ion-induced secondary-electron yield from solids
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The secondary-electron yield from polycrystalline copper induced by protons, noble-gas ions,
and copper ions has been studied as a function of angle of ion incidence in the range 0' to 85'.
The experimental results are explained in terms of a recently developed theory for secondary-
electron emission. The kinetic emission of electrons is regarded as consisting of two parts which
exhibit different dependences on the angle of ion incidence. Good agreement is found between
theory and experiment.

I. INTRODUCTION

%hen particles penetrate solid matter, they lose en-
ergy and slow down. A vast number of secondary
processes may take place, such as emission of pho-
tons and electrons, sputtering of target atoms and
displacement of target atoms, nuclear reactions, and
chemical reactions.

In the present work the emission of electrons has
been studied. Usually a distinction is made between
potential and kinetic emission. The former is due to
neutralization of the impinging ion before it reaches
the surface. The latter is caused by ionizing col-
lisions in the target material. In the following, only
cases where potential emission plays a minor role are
considered. ' The present paper gives further proof of
the fact that the number of emitted electrons is pro-
portional to the amount of energy deposited in elec-
tronic excitation near the target surface, as was sug-
gested in earlier papers. ' '

gies below 80 keV, and (2) GB copper (70-300
p,m), used at energies over 80 keV. A detailed dis-
cussion about the target materials is given in Ref. 1.

The same target treatment, the same experimental
procedure, and similar experimental conditions as re-
ported in Ref. 1 were maintained throughout all the
present series of measurements.

III. RESULTS

A. Variation with ion mass and energy

In order to compare the angular dependence of the
electron yield for different kinds of bombarding ions
and at different ion energies, the experimental curves
are fitted by a relation of the form

y,„p,(P) =y,„p,(0)(cosy) ' .

II. EXPERIMENTAL H ~ Cu (poly)

The arigular dependence of the secondary-electron
yield has been measured using polycrystalline copper
bombarded by protons, noble gas ions, and copper
ions in the angular range 0' to '70' at ion energies
between 30 and 400 keV. At energies below 50 keV
the measurements have been extended to 85 .

The 50-kV isotope separator and the 400-kV ion
accelerator at our laboratory have been used to bom-
bard the copper target placed in an ultrahigh-vacuum
system connected to the accelerators. The experi-
mental system is described in detail elsewhere. ' '
Target dimensions were 10 & 10 mm' with a thickness
of 1 mm, except for the measurements in the angular
range 0' to 85' ~here a 10 & 45 mm' target was used.
Measurements were performed with two different
qualities of polycrystalline copper: (1) FIN copper
(with a grain size of 20—100 y,m), used at ion ener-
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FIG. 1. Reduced secondary-electron yield as a function of
the angle of incidence for protons on copper.
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where Q is the angle of ion incidence and z is a fitting
parameter. For the different kinds of ions used
&exp(( Q) (cosP) *, written yexpt ( P)F( $), is plotted
versus Q with ion energy as a parameter (Figs. 1—6).
For protons and helium ions (Figs. 1 and 2, respec-
tively), z =1.0 is a good approximation. For neon

Ne &Cu(poly)

FIG. 4. Reduced secondary-electron yield as a function of
the angle of incidence for argon ions on copper.

ions (Fig. 3) z = I;0 is an acceptable approximation at
energies &85 keV, while at 40 keV z =1.1 gives the
best fit. For argon and krypton ions z increases from
—1.05 to 1.20 as the ion energy decreases (Figs. 4

and 5). If xenon ions are used, z goes from 1.5 at 40
keV to 1.2 at 400 keV (Fig. 6). Deviations from Eq.
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FIG. 3. Reduced secondary-electron yield as a function of
the angle of incidence for neon ions on copper.

FIG. 5. Reduced secondary-electron yield as a function of
the angle of incidence for krypton ions on copper.
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(1) larger than may be explained by the experimental
error are found in the range 50' & @ & 70' at low ion
energies, 30—40 keV. For protons and helium ions
the z value increases with angle, while for the heavier
ions it decreases,

S. Secondary-electron yield maxima

Figure 7 shows the measured yield versus the angle
of ion incidence for 40-keV ions of neon, argon,
copper, krypton, and xenon. The angle has here
been extended to 85'. Maxima were obtained around
80' for xenon ions, 82' for krypton and copper ions,
and 83' for argon ions. The neon curve indicates a
maximum at about 85'. %hen 40-keV helium ions
and protons were used, no such maxima could be
reached even at 85'.
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The results of the measurements can be summa-
rized as follows.

A. Liiht-ion bombardment

FIG. 6. Reduced secondary-electron yield as a function of
the angle of incidence for xenon ions on copper.

(1) No variation of the fitting exponent z with ion
energy has been found. (2) An inverse cosine is a
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good approximation. (3) No maximum has been ob-
served below 85'.

B. Medium- and heavy-ion bombardment

(1) A variation of the angular dependence with ion
mass and ion energy has been found. (2) An inverse
cosine dependence underestimates the electron yield.
(3) A maximum has been observed, within the angu-
lar range 80'& $ & 85', slightly dependent on the
kind of incident ion.

V. THEORY

Most of the available theories for ion-induced elec-
tron emission from solids deal with how the electron
yield depends on ion energy, and only small efforts
have been made to deduce the variation with angle of
ion incidence.

A theoretical treatment is made here of the angular
dependence in terms of a recently developed theory
for electron emission. ' The following relation for
the secondary electron yield, y, is used as a starting
point,

y = AD(x =O,E, cos$) (2)

where A is a constant determined by properties of the
target material, D(x =O, E, cos@) the mean energy
per unit depth deposited in electronic excitation at
the surface by a bombarding ion, x the depth inside
the target, E the initial ion energy, and $ the angle of
ion incidence.

As A is assumed to be independent of P, the angu-
lar dependence, normalized to the yield at perpendic-
ular incidence, can be expressed in the form

y(4) D (O,E, cos$) (3)
y(0) D (O, E, 1)

In order to determine D the contributions due to
electronic and nuclear stopping of the incoming ion

D(,) (x,E, cosQ) = q(,) (E)A (x, cos$)

where g(,)(E) is the total amount of energy deposited
in electronic excitation by recoiling target atoms and
A some function to be constructed from the mo-
ments over D(,). q(„)(E) is found using a method
proposed in a previous paper. ' For the higher-order
moments over D~„~necessary for the construction of
A, the damage moments tabulated by Winterbon are
used. This seems to be justified since the low-order
damage distribution moments show only a small de-
viation from the corresponding properties of D~,~."

Since energy transport by excited target electrons is
ignored, D~~~ has a discontinuity at the target surface.
If scattering of the ions is neglected D~~~ has the
form

NS, (E)
D(»(x, E, cosp) =8(x) '

at x -0,
cos$

where

0, x&0
()( )='I

0

(6)

and NS, (E) is the electronic stopping power of the
bombarding ions. Using Eqs. (5) and (6) and insert-
ing (4) into (3) one obtains

are separated, according to

D(x E, cosQ) =D(»(x E, cos$)+D(,)(x E, cos$)
(4)

~here D~~~ is the mean energy per unit depth depo-
sited primarily in electronic excitation by the bom-
barding ion, and D~,~ is the mean energy per unit
depth deposited in electronic excitation by recoiling
target atoms.

In the evaluation of D~~~ and D~,~ the following ap-
proximations are made: (1) Energy transport by ex-
cited electrons is ignored. (2) The target is con-
sidered to be imbedded in an inifinite medium with a
reference plane at x =0, i.e., the effect of a real sur-
face is ignored. For D~,~ the following relation is ap-
plied'.

y(P), Di~) (O,E, 1) A (0, cosp)
y(0) D(»(O, E, I) +D(,)(O,E, 1) A (0, 1)

D(,) (O,E, 1)
D(»(O, E, 1) +D(,) (O, E, 1)

(7)

The contribution from the first term in (7) increases
as the ratio D(»/D(, ) increases. Thus, in the case of
dominating electronic stopping, D~~~ && D~,~, an in-
verse cosine dependence is obtained. For comparable
nuclear and electronic stopping and, even more im-
portant, for dominating nuclear stopping also the
contribution from the second term has to be taken

into account. Then, there is no explicit angular
dependence as in the case of dominating electronic
stopping. It varies with ion energy and depends on
(1) the actual ratio of D(»/D(, ), and (2) the actual
dependence of A (0, cos@) on Q. In the calculations
a Gaussian approximation is made for
A (cosqh)/A (0, 1), i.e., moments up to the second or-
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der are taken into account. This gives

A (0, cosp) 2 2 (y~)= cos'@+ (1 —cos2&)
hx')

(x)' . cos $(hx')
exp 2

1+
2 (Ax') (1 —cos'y) (y')

where (x) is the average depth, (hx')' ' the width,
and (y')'/' the transverse width of the distribution.

- VI. COMPARISON BETWEEN THEORY
AND EXPERIMENT

The slowing-down process for 30—400-keV protons
and helium ions in copper is dominated by electronic
stopping. Thus, the recoil-induced distribution, D~,~,

can be neglected compared to the primary distribu-
tion, D&~&. According to Eq. (7), this gives an in-
verse cosine dependence of the electron yield, which
is in excellent agreement with experimental results

(Figs. 1 and 2). For neon, argon, krypton, and xe-
non iona both terms in Eq. (7) have to be con-
sidered. In the calculations the nuclear stopping
po~er according to Lindhard eI; al. 9 is applied. The
electronic stopping power used is of the form

iyS, (E) = ItE'/' (9)

with K values determined from Brice's stopping-
power formula, ' "which in the energy range stud-
ied, for the ion-target combinations considered, can
be rather well approximated by (9). From Eqs. (6),
(7), (8), and (9) the following equation for the angu-
lar dependence of y is obtained:

I

)~Et/2+ exp(((x)/2 (hx') ) (1+[cos'g/(1 —cos'@) ] (bx')/(y') ] '}
y(0) [cos2@+(1 —cos f) (y )/(QX2) ]I/2

q&,1(E)exp( —(x)2/2(dx2)) 1 (x)3 (x)
(21r(hx )) 6 (dx ) (dlx )

qI„I(E)exp( —(x)'/2 (Ax') ) 1' (x)' (x)
(2~ (gx2) ) 1/2 6 (gx2) 3/2 (gx2) 1/2 (10)

where A (0, 1) is approximated by an Edgeworth ex-
pansion including moments up to the third order and
I' is the skewness of D~.,~.

In order to facilitate the comparison with experi-
mental data the theoretical curves, calculated form
Eq. (10), are fitted by a relation

7(~)
7 (0)

= ('cos$) ', for 0'~ P ~ 60' .

I
'

I
'

I
'

I
'

I
'

I

'
I

The fit is not applied to $ & 60' as the theory is inap-
plicable at glancing incidence since the target is treat-
ed as an infinite medium.

Figures 8 and 9 show the experimental and
theoretical values of z versus ion energy for xenon
and krypton ions and argon and neon ions, respec-
tively. The agreement is good, except for 40-keV xe-
non ions, where the theory gives a somewhat lower
value than obtained experimentally. A direct com-
parison between measurements and theory is given in
Fig. 10 for 230-keV krypton ions.
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applied to the electron emission process.
(1) At angles of incidence of close to 90' the ion

beam may be deflected from the target surface by a
mechanism similar to planar channeling in crystals.
This surface effect is due to a potential barrier consti-
tuted by a collective action of target atoms at the sur-
face. Since the ions are deflected at the surface, only
a small part of their kinetic energy is transferred to
target electrons, giving a decrease in the number of
emitted electrons. Witcomb' has applied Lindhard's
analysis of directional effects in the penetration of
charged particles through crystal lattices' to deter-
mine the angle corresponding to the maximum
sputtering yield, Q. He arrives at the expression

90 0 21 175
d(z 2/3 + z2/3 )1/2

I I

90 70 50 30 10 0 10

I I I I I I

30 50 70 90
Angle ot Incidence

FIG. 10. Secondary-electron yield vs the angle of ion in-

cidence for 230-keV krypton ions.

z,z2(z»3 +z»3)3/2 ' '
N2i3E (12)

VII. DISCUSSION

A. Light-ion bombardment

The discrepancy between theory and measurements
which occurs at $ )50' for 30-keV protons and 40-
keV helium ions is probably due to an increased
probability of backscattering at large angles of in-

cidence. The assumption concerning neglecting ion
scattering when calculating D~~i breaks down. The
effect becomes important mainly at low energies, as
the nuclear collision cross section increases with de-
creasing energy. The backscattered ions may
penetrate the surface region important for the secon-
dary electron emission process in both the forward
and backward directions. This gives a larger amount
of energy deposited at the target surface than es-
timated by Eq. (6), and thus an enhancement in the
yield occurs.

B. Medium- and heavy-ion bombardment

One possible explanation for the deviation from
theory for 40-keV xenon ions may be that the elec-
tronic stopping is overestimated, i.e., the D~~~ value
is too large. This conclusion was also made from
measurements of the energy dependence of the elec-
tron yield. ' Furthermore, similar results have been
reported by other authors. ' The present theory can-
not explain the maximum in the yield at
80'( P ( 85' for 40-keV ions of argon, copper,
krypton, and xenon, as the effect of a real target sur-
face is ignored. In the analogous case for the
sputtering process two mechanisms have been pro-
posed to explain the maximum. These may also be

TABLE I. The calculated values of @, with d equal to the
closest packing target atom spacing, compared with the mea-
sured values of @ corresponding to maximum electron yield
for 40-keV ions.

Target: Cu
Calculated value Measured Q value at

Ion of $, with d =0.255 nm maximum electron yield
(deg) (deg)

Ne
Ar
CU

Kr
Xe

81.7
80.6
79.6
79.1
78.1

-85
83
82
82
80

where N is the number of target atoms per unit
volume and d the pertinent atom separation in the
target lattice, both in units of nm. E is the ion ener-
gy in eV and Zi and Z2 are the atomic numbers of
the ions and target atoms, respectively.

In Table I the measured values of $ corresponding
to the maximum electron yield are compared with the
calculated values of $. A fair agreement is obtained,
but the calculated values are about 3' lower than the
measured ones. However, objections can be made to
this explanation since it requires an ordered surface
structure. This requirement may not be fulfilled, as
at glancing incidence a large surface area, consisting
of many grains oriented in different directions, is hit
by the ion beam. This is emphasized by the difficulty
in deciding the appropriate lattice spacing, d, to be
used in Eq. (12).
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(2) A second and perhaps more probable explana-
tion may be that at $ close to 90' the collision cas-
cades are located so close to the target surface that
they are not fully developed. " Unfortunately, there
exist no quantitative theoretical estimates for this ef-
fect.

VIII. CONCLUSIONS

The idea of splitting the kinetic emission of elec-
trons into two contributions, which exhibit different
dependences on the angle of ion incidence, is shown
to give good agreement between theory and experi-
ments. In particular, for comparable nuclear and
electronic stopping and, even more important, for
dominating nuclear stopping the recoil-induced exci-
tation of target electrons is found to be of crucial im-

portance for the angular dependence of the electron

yield. Further work is required for the explanation of
the secondary electron yield maximum at glancing in-
cidence.
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