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Slow-particle-induced kinetic electron emission from a clean megal surface:
A comparison for neutral and ionized projectiles
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Electron emission from a clean gold surface bombarded by slow (v &1 a.u. ) neutral or singly

charged atoms has been investigated both experimentally and theoretically. The determination of
electron-emission statistics for 1 —16-keV H+, H, H, He+, He, Ne, Ne, Ar+, and Ar, respec-

tively, delivered accurate total electron-emission yields, which are consistently higher for positively

charged ions than for the corresponding isoenergetic neutral atoms. It was assured that potential
emission could not be responsible for the observed differences. H bombardment at low impact en-

ergy causes equal yields as for H, but for higher kinetic energy even the yields for H+ are sur-

passed. The results are explained with a semiempirical theory for heavy-particle-induced electron
emission, assuming different screening of projectile cores by the accompanying electron(s) during

the continuous change of projectile charge upon penetration of the solid. For H+,H bombardment

a quantitative description of the experimentally observed effects could be achieved by calculation of
the stopping power for slow projectiles in different charge states, together with the electron-capture
and -loss cross sections for these projectiles colliding with the target atoms.

I. INTRODUCTION

Bombardment of metal surfaces with slow heavy parti-
cles (neutral or ionized atoms) causes electron emission,
which is of considerable relevance, e.g., for plasma-solid
interaction, gaseous electronics, or single-particle detec-
tion. Although such processes have already been studied
for about a century, '

up till now the underlying mecha-
nisms have still not been sufficiently well understood.

Particle-induced electron emission is commonly related
to two different mechanisms. Potential emission (PE)
occurs for positive ion bombardment already at the
lowest impact velocity, if the potential energy of the ion
exceeds twice the work function of the metal surface.
Kinetic emission (KE) is also observed for neutral atoms
as soon as a threshold projectile velocity of typically 10
ms ' is surpassed.

At impact velocities well below 1 a.u. the two emission
processes are usually assumed to act independently of
each other, because the PE is already terminated before
the projectiles reach the surface to initiate KE processes.

The aim of this paper is to show that in cases where a
projectile has not been fully neutralized before hitting the
surface, the KE yields will depend on the initial projectile
charge state. In Sec. II we discuss recent theories on KE
and present calculations of the relevant electronic stop-
ping power in the low-energy regime. Measured
differences in total electron emission yields for differently
charged projectiles are discussed within a semiempirical
theory for heavy-particle-induced electron emission.
For the particular case of H+, H colliding with clean
gold, this discussion is based on calculations of electron-
capture and -loss cross sections, to obtain the actual
charge state of projectiles penetrating the uppermost lay-
ers of the target.

In Sec. III we derive total electron emission yields from
electron emission statistics measured for bombardment
of a clean gold surface with either ionized or neutral
atoms. This technique permits a more precise compar-
ison of the electron emission yields than current measure-
ments and/or calorimetric methods. Experimental re-
sults for 1 —16 keV H+, H, H, He+, He, Ne+, Ne,
Ar+, and Ar, respectively, are presented in Sec. IV and
compared with the theoretical predictions from Sec. II.

II. THEORETICAL BACKGROUND ON SLOW
PARTICLE-INDUCED ELECTRON EMISSION

FROM METAL SURFACES

A. Potential electron emission

In the context of this paper, potential emission is
defined as electron emission occurring before the projec-
tiles hit the surface. For PE induced by singly charged
ion bombardment, Auger neutralization and/or reso-
nance neutralization followed by Auger deexcitation are
the primarily responsible processes. The probabilities
for these processes can be calculated from the overlap be-
tween the wave functions of involved projectile states and
the target surface density of states.

For PE to become possible the potential energy 8' of
the approaching ion has to exceed twice the work func-
tion N of the target metal. For the total PE yield y~ the
following semiempirical dependence on the potential en-

ergy of the ion has been given (atomic units are used
throughout this work except where otherwise stated)

yp = ' (0.8W —2N)
0.2

CF
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with cF the Fermi energy of the target.
This formula does not involve the projectile velocity

and therefore delivers an upper limit, characteristic for
low-impact velocities, since with increasing impact veloc-
ity the PE yield decreases in accordance with the decreas-
ing time for passing the region in front of the surface, in
which ion neutralization or deexcitation can take place.
Therefore, the higher the projectile velocity, the more
probably it will hit the surface in still ionized state.

velocities than predicted by Eq. (3). Consequently, v, z
defines an upper limit for the KE velocity threshold.

Calculation of the total electron yield from this sem-
iempirical theory is based on the assumption that the
mean energy J for creating an electron-hole pair, with the
final electron energy being above the vacuum level, is in-
dependent of the projectile velocity. Then the number
N(x) of ionized electrons in the depth interval [x,x +dx]
can be expressed by

B. Kinetic electron emission
S, (x,E)

X(x)= dxJ (4a)

Recent theories describe heavy particle-induced elec-
tron emission within a multistep model covering the fol-
lowing scenario.

(i) Primary ionization of target atoms via direct
(screened) Coulomb interaction with the projectile.

(ii) Secondary ionization of target atoms by recoiling
target atoms, energetic electrons, and possibly photons.

(iii) Transport of the liberated electrons toward the sur-
face.

(iv) Penetration of electrons through the surface barrier
into vacuum.

Schou gives the following dependence of the total elec-
tron emission yield yz on the projectile kinetic energy E:

ye=AD(E) .

(3)

where UF is the Fermi velocity of the target electrons.
Equation (3) is only valid for bombardment with light
projectiles, whereas for heavier projectiles carrying a
number of electrons the electron promotion mechanism
contributes to electron production already at much lower

Here A is a target-dependent constant describing trans-
port of the electrons inside the solid and their ejection
through the surface barrier. A can be determined either
by solving an electron transport equation or from com-
parison with experiment. D(E) describes the production
mechanisms for electrons. For heavy target atoms bom-
barded by light projectiles the contribution from recoil
atoms is negligible. In particular, for low-projectile ve-
locity the primary ionization is dominant, and D (E) will
therefore be proportional to the ionization cross section
0.I of the target atoms. At higher impact velocity, the
electrons are also produced from cascades induced by en-
ergetic primary electrons, and D(E) becomes thus pro-
portional to the electronic stopping power S, of the pro-
jectile. If the projectile and target masses are compara-
ble, energetic recoil atoms contribute as well to the elec-
tron production, and a term proportional to the nuclear
stopping cross section has to be added.

A simplified semiempirical model of KE has been
developed by Baragiola et al. They assumed the elec-
tron production to result from binary collisions involving
screened Coulomb interaction between the projectile and
the quasifree target electrons. An impact velocity thresh-
old U,I, for KE can be obtained from the maximum ener-

gy transfer surpassing the target work function N

1 24
V], =—

UF 1+
2

—1th 2 F
Pl UF

with S,= —dE/dx being the electronic stopping power.
Transport of electrons toward the surface is taken care of
by an exponential attenuation function of the electron
flux over a mean length L, which is smaller than the
mean free path of electrons A, , when taking into account
the contributions from the half solid angle directed to-
ward the surface.

With P being the probability for an electron to over-
come the surface potential barrier, one obtains for the to-
tal electron emission yield yz at a given ion impact ener-

gy E

yx(E)= f S,(x, E)e "~ dx .
0

(4b)

C. Change of projectile charge state during penetration of solids

We assume that projectiles change their state when
penetrating the solid in a similar way as in colhsions with
a gas target, for which the processes can be described by
a system of differential equations:

1 dFO
ooiFo &

n dx

dF]
=~oiFo —~ioFi .

(5a)

(5b)

Here n is the atomic number density of the target, Fo
and F& are the fractions of neutral and singly charged
atoms in the beam, o.o, and a &0 the loss and capture cross
sections, and x is the depth below the target surface, re-
spectively. Appearance of negative as well as multiply
charged ion fractions is neglected. In particular, the
neglect of H formation is reasonable for a high electron

For projectile velocities well above the threshold [cf.
Eq. (3)] one can assume that a projectile looses only a
small fraction of its energy along the mean electron es-
cape depth I., and thus S,(x,E)=S,(O, E), for which the
integral in Eq. (4b) can easily be solved, with yx becom-
ing proportional to the electronic stopper power as ob-
tained for bombardment of heavy targets with light pro-
jectiles.

However, for KE induced by ionized projectiles this
approximation is not valid because the projectile charge
state changes during penetration of the solid and thus a
variation of stopping power has to be taken into account.
An adequate treatment for such cases will be presented in
the following sections.
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F,+ (x)= 1 Fo" (—1 —e '), (6a)

F, (x)=(1—Fo )(1—e '), (6b)

where Fo is the equilibrium charge state fraction result-
ing for x~oo,

0&oF 00

0 0 &o+Oo&
(6c)

density material like gold, because of the efticient screen-
ing by the valence electrons. However, H formation
should probably not be neglected in materials with a
lower electron density, e.g., alkali metals or aluminum.

Equation (5) is solved by taking into account the con-
tinuity condition Fo(x)+F&(x)=1 and the initial condi-
tions F, (0)= 1 for singly charged ion impact and
Fu(0)=1 for neutral atom impact, respectively. Conse-
quently, F, is given by Eq. (6a) for initially singly charged
ions and Eq. (6b) for initially neutral atoms, from which
the corresponding values for Fo(x) can be derived:

D. Electronic effects in particle-induced electron emission

%ith the above described concept of charge-changing
collisions inside a solid we now modify the semiempirical
formula (4a} for particle-induced kinetic electron emis-
sion. Instead of the electronic stopping power S,(O, E) we
introduce a depth-dependent function S,(x,E), which
takes into account the changing charge state fractions Fo
and F, as derived above:

S,(x,E)=F0(x)SO(E)+F,(x)S, (E). (7a)

So(E)—:kSi(E) . (7b)

S,(E) is the electronic stopping power for singly charged
ions. In Eq. (7a) we have neglected a contribution to the
stopping power from the charge exchange processes be-
cause it is very small at low velocities. For neutral pro-
jectiles we assume their interaction with the target elec-
trons to be screened by the accompanying electron ac-
cording to a factor k (1. Therefore, the stopping power
So(E) for the (screened) neutral projectile is expressed as

and xo the corresponding e-folded length

1 1
x0 +10++01

(6d)

Inserting Eqs. (7} into Eq. (4b) one obtains the ratio of
yields for bombardment by neutral and singly charged
projectiles, respectively,

Unfortunately, measured charge-changing cross sec-
tions O.o, and 0 &o for gold are not available to check the
accuracy of Eqs. (6). Therefore, for the particular case
of H+/H bombardment of gold we have calculated such
cross sections by applying a simple model, the details of
which are presented in Sec. IIE. The obtained results
also permit calculation of the equilibrium charge state
fractions F;" and the e-folded length xo.

Figure 1 shows calculated charge fractions F &+ and F
&

for bombardment with 16-keV H+ and H projectiles, re-
spectively (cf. Sec. III E). From the difference of these
fractions within a typical electron escape length L =2 nm
we explain our observed differences for particle-induced
electron emission, as will be further discussed in Sec. IV.

(1 Fu )(1——k)+k(1+y)
y+ (1 Fo" )(1——k )+k +y

with y defined as

xo

(8a)

(8b)

yo k(1+y)
y+ k+y (gc)

In the here investigated impact energy regime E ~ 16 keV
the capture cross section is much larger than the loss
cross section (cf. Sec. IIE), i.e., cr,u)&cru, and therefore
Fo = l. In this case y /y+ can be approximated by

1.0

0.8

0.6

0.4

0.2

6ke V) —Au

I

,
'L

Another remarkable prediction of Eq. (8a) is that in the
limit xo )&L, i.e., y &) 1 the yield ratio y /y+ should ap-
proach the screening factor k, as will be the case for low-
electron-density materials.

We observe that Eqs. (8) predict the independence of
the ratio y /y+ not only of the target parameters P and
J, but also of the stopping power S,. By knowing k and
the ratio y one can therefore easily calculate y /y+. In
Sec. IVB we compare such calculations with our mea-
surements for H+, H bombardment.

K. Calculation of electron capture and loss cross
sections for protons in gold

0.0

x (nm)

FIG. 1. Ionized projectile fraction F&+ for 16-keV proton
(upper curve) and H atom (F„ lower curve) bombardment of
gold, depending on the depth of penetration.

In the low-impact energy regime (E & 25 keV/amu or
u &uo with uo—= 1 a.u. being the Bohr velocity), two
mechanisms are responsible for electron capture and loss
of the projectiles moving through the solid. These are
the interaction with the lattice ion core periodic potential
and the interaction with the conduction-band electrons.
The tightly bound electrons in the inner shells of the Au
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cores are "frozen" in the sense that they do not contrib-
ute to the capture cross section.

In the frame of reference of the moving proton, togeth-
er with its possibly bound electron it feels a time-
dependent periodic potential due to the passing of the lat-
tice ion cores with a characteristic frequency co=v/a,
where a is the lattice constant. In first order time-
dependent perturbation theory each Fourier component
V(G) of the potential (G is a reciprocal lattice vector)
contributes to a transition between electronic states in the
target and a bound state in the moving proton, if the en-

ergy change cu=G v matches the excitation energy be-

nv

rc
and o.

nv
(9a)

where n is the atomic density of the target and I c L are
given by'

tween electronic levels. We have used an Ashcroft pseu-
dopotential to characterize the interaction of the elec-
tronic levels with the lattice ion cores. The capture (o &0)

and loss (ou, ) cross sections can be obtained from the
probability per unit time for capturing (I c) or loosing
(I I ) an electron through the relations

I'c,I=2,~vcL& g I
I'(G) I'l &sle'G'Ik) I'5(Eku+, —G v) .

G 1k+vI &, &kF
(9b)

v& L =2, 1 takes into account the spin degeneracy in the
capture process and E&o=(k /2) Eb, wit—h Eb the bind-

ing energy of the electron to the proton in H . ~s)
denotes the electron state bound to the proton that we
have considered as a variational 1s hydrogenlike wave
function, determined by a minimization procedure. " ~k)
denotes an electron state in the conduction band that has
been approximated by a plane wave orthogonalized to the
~s ) state. The summation over ~k) states takes into ac-
count the Pauli exclusion principle and the shift in veloci-
ty space of the Fermi sphere in the frame of reference of
the moving proton through the relations ~k+v~ ( and
& kF for the capture and loss processes, respectively.

Due to the interaction with the electrons in the con-
duction band, direct capture to (and loss from) the bound

state of the moving proton from (to) electron states in the
conduction band may also occur assisted by the creation
of an elementary excitation (mainly electron-hole pairs) in

the target. We have calculated the capture and loss cross
sections for such processes from the imaginary part of the
self-energy (X) associated with the proton-bound electron
composite [I' = —2 In( 2 ) ]." The complicated electron-
ic structure of gold has been treated by using a simple
model that takes into account the excitation of the con-
duction band electrons with a dielectric function s(q, cu),

with the latter being approximated by experimentally ob-
tained' optical data e(co) with a cutoff in wave vector
space q, =1. The probabilities per unit time of capturing
or loosing the electron by the proton in this case are
given by'

I CL =2v~L
k+vl &~ &kF

J deJ, , Im IM„,I'5(cu , +b,E), —
(2m)' q' s(q, ~) (9c)

where M&u = (s~e'~"~k) and bE =q v+Eb+(k /2).
Im(x) denotes the imaginary part of x, with the other
symbols already having been defined.

The such obtained cross sections for capture o.
&0 and

loss o.
u, for protons in Au are shown in Figs. 2(a) and 2(b)

versus the impact energy E of the moving proton. In the
range 1 keV~E ~16 keV (0.2~u/uu ~0.8) the typical
equilibrium lengths xo to achieve the equilibrium charge

0 0
states are in the range of 7 A ~xo ~ 5 A. The capture
cross sections are considerably larger than the loss cross
sections in this energy range and therefore the neutral
equilibrium fraction Fo is bigger than that of the bare
protons F&". The two equilibrium fractions become
roughly equal at E =25 keV.

F. Calculation of low-velocity stopping power
for protons and hydrogen atoms

If the ion velocity is small compared with the Fermi
velocity vF of the electrons in the target, the stopping

power can be expressed' as

dE =nuuFot(EF )' (10a)

o„(EF)= g.(!+1)sin (5, —5(+, ) .
4m.

UF 1=0
(10b)

As a first approach we have determined the scattering
potential by linearly screening, with a Thomas-Fermi

where n =u~/(3m ) is the homogeneous electron density
of the idealized metal and cr,„(EF) is the momentum-
transfer cross section at the Fermi level. This can be
written in terms of the phase shifts 51(EF) for scattering
of electrons at the Fermi level by a statically screened
spherically symmetric potential (for heavy ions at low
velocities the screening can be regarded as static) as



42 SLOW-PARTICLE-INDUCED KINETIC ELECTRON EMISSION. . . 19

drogen atom one obtains

Zl
V(r)= — e

0.6

0
0.4

0.2

16'
(4a —

A, )

A,fe

4a —A. r
4a

(1 ld)

og
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10

E (keV)

. (b) +
H mAu
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20
The results which we have obtained for the stopping
power of slow protons and hydrogen atoms are plotted as
a function of the density parameter r, (r, =1.92/UF) in
Fig. 3(a). At low electron densities (high r, values) there
is roughly a factor of 5 between the stopping power for
H+ and for H . In the typical metallic density range
( l. 5 ~ r, & 2) the stopping power for H is about 50—70%
of that for H+. Note, however, that at higher electron
densities (smaller r, ) the bound state will not appear at
all. The ratio of the stopping power for H to that for
H+ has been plotted as a function of r, in Fig. 3(b). The
agreement of the results that we obtain in this simple

0
I

10
E (keV)

I

20

0.4

0.3

(a)

FIG. 2. (a) Electron loss cross sections 00& for H atoms mov-

ing in Au vs projectile energy E. (b) Electron capture cross sec-
tions cr &o for protons moving in Au vs projectile energy E.

CO

0.2
W '0

dielectric function, the bare potential created by a point
charge in the case of H+ or a point charge with a spheri-
cally symmetric charge density around it in the case of
H . In this way we obtain the potential in real space V(r)
needed in the radial Schrodinger equation of the scatter-
ing problem by a simple Fourier transform

0.1

0.0
I I

1 2
I

3

r, (a.u. )

I I

4 5 6

V(r)= I 3e'q'V(q),dq i r

(2n. )

where

(1 la) (b)

V(q)=
z

and e(q)=1+4Irp(q)

q e(q)
(1 lb)

0.6

p(q)=Z, for a bare charge and Z, —n&(q) for a bare
charge Z& with a spherically symmetric charge density
n&(r) around it, ni, (q) being the Fourier transform of
n„(r). The parameter A, in the Thomas-Fermi dielectric
function is given by A, = (4vF /~) ' . For the proton we
take Z

&

= 1 and for the hydrogen atom Z, = 1 and
2 —2

0.4

0.2

0.0
1 2 3

r (a.u. )

4 5 6

ni, (q)= 1+
2(x

(1 lc)

with a the parameter of a 1s-type wave function.
The final form of the potentials V(r) is of the well-

known Yukawa type for the proton, whereas for the hy-

FIG. 3. (a) Ratio of stopping power and impact velocity for
H+, H in solids as a function of the density parameter of the
electron gas r, . An appropriate choice for Au is r, = 1.5. (b)
Ratio of stopping power for H and H+ in solids as a function
of the density parameter of the electron gas r, .
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model for the stopping power for protons with more so-
phisticated treatments of the scattering potential, as
self-consistent calculations like density functional, is ac-
ceptable (within 20%) for our present purpose of calcu-
lating these ratios.

III. EXPERIMENT

Our experimental setup for measuring electron emis-
sion statistics ("ES," i.e., the probabilities W„ for emis-
sion of 1,2, . . . , n electrons caused by a single impact
event) as well as total electron emission yields y is shown
schematically in Fig. 4. It is situated in an UHV
chamber (base pressure below 5 X 10 ' mbar) and
features a sputter-cleaned gold target ribbon mounted
within a highly transparent cage. The target cleanness
was checked by UPS studies in a separated surface-
analyzing station, applying the same target cleaning pro-
cedures as during the actual investigations. For measur-
ing ES the emitted electrons are extracted from the cage
through an aperture and accelerated toward a solid state
detector biased at +30 kV with respect to the target set-
up. All electrons emitted due to impact of a particular
projectile arrive at the detector within its resolution time
of 10 s. Consequently, they produce detector pulse
heights proportional to their respective numbers. These
pulses are amplified, transferred to ground potential, and
pulse-height analyzed by a multichannel analyzer, from
which the so-called ES spectra are obtained.

Whereas ionized projectiles have been directly
delivered from a Duoplasmatron ion source, the corre-
sponding fast neutrals as well as H ions have been pro-
duced by charge transfer from suitable gas targets into
the singly charged ions within a differentially pumped
prechamber (meanwhile, the pressure in the main
chamber always remained below 10 mbar). Production

of excited metastable projectile states has been kept negli-
gibly small for the rare gas atom beams by applying reso-
nant capture processes, and for H beams being produced
by capture from Ar into protons. Still present minute
H(2s) fractions in the H beam are completely quenched
by electric fields in front of the collision chamber. H
beams have been produced by double capture from H2
into protons.

Whereas total electron yields y for bombardment by
positively charged ions can be directly measured from
currents in the incoming ions and emitted electrons, this
is not possible for neutral projectiles. We have therefore
determined electron emission yields y from electron
emission statistics, for which the following relations
hold.

g W„—= 1, y= g nW„.
n=0 n=l

(12)

2.0- +
(a) H Au

1.5

0

1.0

~+I

0.5

0.0
I

0I
I

10

E (kev/amu)

I

20

Considering directly measured yields for different sing-
ly charged ions together with corresponding relative ES
data we found an empirical relation (13), which enabled
us to determine y for cases where a direct derivation of
the total electron yield from current measurements is ei-
ther impossible, (i.e., for neutral projectiles) or irnpracti-

shield (0 V)
4

deflection
plates

3

electron
detector
{+30kv)

PB
0

I

0 I

I

10

E (kev/amu)

I

20

' d

shielding electrode (+30 kV)

cage
(-20 V)

extraction
electrode
(+3.5 kv)

Faraday cup
target (0 V)

FIG. 4. Experimental setup for measuring total electron
yields and electron emission statistics. Typical calculated tra-
jectories of ejected and subsequently extracted electrons have
been added.

FIG. 5. (a) Electron emission yields y for impact of H+ (0)
on clean polycrystalline gold vs E (impact energy per atomic
mass unit). For comparison, data from Baragiola et al. (Ref. 5)
(+) and Zalm and Beckers (Ref. 15) ( X ) for H+ bombardment
are included. The solid line shows the electronic stopping
power S, proportional to U. The vertical dashed line indicates
the theoretical threshold velocity for KE. (b) Same as (a) for
impact of He+. For comparison, also data from Veje (Ref. 17)
( 0) for He+ bombardment are included. In addition, the calcu-
lated PE yield according to Eq. (1) is indicated as horizontal
dashed line.
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TABLE I. Total electron emission yields y for bombardment of clean polycrystalline gold with H
H, and H

E (keV/amu)

1

2
3

5

6
8

12
16

y (H+)

0.15+0.02
0.33+0.06
0.53+0.06
0.68+0.05
0.80+0.05
0.9320.05
1.08+0.05
1.35+0.05
1.53+0.05

y (H)

0.30+0.02
0.41+0.02
0.53+0.03
0.65+0.03
0.74+0.04
0.90+0.05
1.12+0.06
0.39+0.07

y(H )

0.35+0.02
0.52+0.03
0.61+0.03
0.70+0.04
0.92+0.05
1.27+0.06
1.62+0.08

1.0

0.9

0.8

H Au

cal because of too small primary particle fluxes (in partic-
ular for H ions):

2
W2 W2

y =1.42 + 1.66 (13)
1 1

Calculating the deviation of y according to Eq. (13)

from corresponding directly measured values, a mean er-
ror of less than +3%%uo is obtained for y & 0.5, whereas for

y &0.5 the error starts to increase, which can be attribut-
ed to errors in the current measurements. The errors of
relative W„(n &1) are always less than +3%, from
which we estimate errors of the total yields derived ac-
cording to Eq. (13) to be always less than +6%.

IV. RESULTS

A. Comparison of measured yields with theoretical predictions
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Bombardment of clean polycrystalline gold with singly
charged ions at impact energies E ~ 1 keV causes electron
emission which is clearly dominated by kinetic processes.

Figure 5(a) shows total electron yields y for impact of
H+ on clean polycrystalline gold versus impact energy E.
Corresponding data from other authors ' are also
shown and agree well with the present measurements
within the combined experimental errors. The solid line
gives an electronic stopping power S, ~ U normalized at
E = 8 keV, showing good agreement with the measured y
values for E ~ 6 keV. Below E =6 keV the yield becomes
smaller than predicted from S, ~U. A similar deviation
to smaller values than those predicted by a velocity-
proportional stopping power has been found in stopping-
power measurements. '

On the other hand, the projectile velocity correspond-
ing to a 6-keV impact energy is about 0.5 a.u. The corre-
sponding stopping power in Au (r, =1.5) is about 0.12
a.u. [cf. Fig. 3(a)]. This means that the proton looses
about 3 eV per unit length. If this energy is lost to elec-
tronic excitations, in particular single-particle excitations

TABLE II. Total electron emission yields for bombardment
of clean polycrystalline gold with He+ and He .

0.6

0.0
I

01
I

0.2
I

0.3
I

04

E (keV/amu)

FIG. 6. Ratio of electron emission yields for impact of, re-
spectively, neutral atoms and singly charged ions y /y+ (0) of
H, He, Ne, and Ar on clean polycrystalline gold vs E (impact
energy per atomic mass unit). The dashed curve shows the
theoretical prediction for y(H )/y(H+) from Eqs. {8).

E (keV/amu)

0.333
0.667
1.000
1.333
2.000
2.667
4.000

y(He )

0.18+0.02
0.32+0.02
0.45+0.03
0.61+0.04
0.84+0.04
1.02+0.05
1.44+0.07

y (He')

0.18+0.02
0.30+0.02
0.43+0.03
0.54+0.03
0.78+0.04
0.93+0.05
1.26+0.06
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TABLE III. Total electron emission yields for bombardment
of clean polycrystalline gold with Ne+ and Ne .

2.0
0H, H;e Au

E (keV/amu)

0.05
0.10
0.15
0.20
0.30
0.40
0.60
0.80

y (Ne+)

0.15+0.02
0.14+0.02
0.26+0.02
0.40+0.03
0.59+0.03
0.91+0.05
1.29+0.06
1.57+0.08

y (Ne)

0.11+0.01
0.20+0.02
0.33+0.02
0.52+0.03
0.81+0.04
1.09+0.05
1.47+0.08

1.5

0

1.0
Ck
Q

0.5-

0.0
10

E (kev/amu)

15
I

20

~ H- (tins work)

0 Ho (this work)

H--Ho

st e- (Thomas 1985)

B. Discussion of electronic en'ects

The principal purpose of this paper is to explain ob-
served differences in KE yields for bombardment by sing-
ly charged ions and corresponding neutral atoms with
equal impact velocities ("electronic effects" ).

One can assume that the projectile charge state
changes during penetration of the target as discussed in
Secs. IIC and IIID. Different projectile charge states
cause different electronic stopping because of screening
due to accompanying electrons (cf. Sec. II F). Assuming
a constant screening factor k for neutral hydrogen atoms
as compared to protons and a dominant equilibrium

TABLE IV. Total electron emission yields for bombardment
of clean polycrystalline gold with Ar+ and Ar .

E (keV/arnu)

0.025
0.050
0.075
0.10
0.15
0.20
0.30
0.40

y (Ar+)

0.07+0.01
0.07+0.01
0.09+0.Ol

0.11+0.02
0.17+0.01
0.28+0.02
0.42+0.03
0.65+0.04

y (Ar)

0.06+0.01
0.08+0.01
0.10+0.01
0.15+0.01
0.23+0.02
0.45+0.03
0.56+0.03

(electron-hole-pairs) because of no plasmon excitation,
the average primary electron energy of 3 eV is certainly
not very efficient to overcome the surface work function
of 4=5 eV for Au.

A similar behavior is found for bombardment of gold
with He+ [cf. Fig. 5(b)]. Although in contrast to H+ the
PE yield for He+ is not negligible, it is sti11 small if com-
pared with the KE yield. The PE yield calculated from
Eq. (1) is indicated in Fig. 5(b) by a horizontal line, and
the vertical dashed line at E=0.3 keV marks the thresh-
old impact velocity for KE. Because of the quite consid-
erable projectile velocity, the PE yield at this energy (see
Sec. II A) is already smaller than predicted from Eq. (1).
Figure 5(b) shows excellent agreement of the obtained y
data with results from other authors. ' Data of Veje'
have been included as well, because they cover the same
projectile velocity range as in Fig. 5(a). Similarly as for
H+ one finds for He+ bombardment that y ~ S, for F. )6
keV/amu, as visualized by the solid line in Fig. 5(b).

FIG. 7. E1ectron emission yields y for impact of H (~ ), H
(0), and electrons ( X) on clean polycrystalline gold vs E (im-
pact energy per atomic mass unit). The obtained difference be-
tween yields for, respectively, H and H bombardment is indi-
cated by a dashed line.

charge state of almost zero, we obtain a weakly energy-
dependent ratio of the yields for these projectile species.

Table I presents the yields for H+ and H versus irn-

pact energy. The ratio of these yields supports our pre-
dictions. y /y+ is about 0.83+0.02. Using the theoreti-
cally obtained cross sections pro, and o,o (cf. Sec. IIE
and Fig. 2), a typical escape length of liberated electrons
L =2 nm, ' a screening factor k =0.7, and a target densi-

ty for gold of n =6X10 m, one can calculate the ra-
tio y /y+ from Eq. (8). The result varies only slightly
with impact energy E within 0.94-0.86, in reasonable
agreement with our measured values (cf. Fig. 6).

For He /He+ bombardment we found similar electron-
ic effects (cf. Table II). Here the ratio y /y+ is
0.93+0.02 and practically independent of projectile ener-

gy (cf. Fig. 6).
Whereas in the so-far described cases PE was negligi-

bly small because of the relatively high projectile velocity,
this is no more the case for Ne and Ar bombardment in
the here investigated energy range. The yield for bom-
bardment with Ne+ and Ar+ becomes nonzero toward
low projectile energy, in good agreement with the PE pre-
diction of Eq. (1), cf. Tables III and IV. However, the ra-
tio y /y+ remains practically constant for Ne for E &4
keV, and for Ar in the whole energy range.

Similar investigations have been carried out by Medved
et al. ' for bombardment of a clean Mo surface by Ar
and Ar+, and by Mahadevan et al. for bombardment of
Mo by H and H+, respectively. The latter authors as-
sumed that the H ion acts like a H atom. Both groups
claimed lower electron emission yields for neutral atoms
than for the corresponding positive ions and assigned
their findings to the inhuence of PE. However, they also
obtained a larger slope for y+ versus E than for y,
which cannot be explained from the inhuence of PE,
since the latter decreases toward higher E.

On the other hand, it has quite often been observed
that bombardment of gas-covered surfaces with neutral
atoms causes higher electron yields than for the corre-
sponding singly charged ions. ' KE yields for gas-
covered metal surfaces are in most cases considerably
higher than for the corresponding clean surface. This be-
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havior is generally not well understood and can probably
be clarified by further measurements involving the here
applied techniques.

C. Results for H bombardment

The second electron on the H ion is bound very
weakly (Et, =0.75 eV) in comparison to the first one.
Therefore we expect that this electron is detached as soon
as the ion hits the surface. Figure 7 and Table I show
that corresponding yields up to a projectile energy of
E =8 keV agree very well with those for H bombard-
ment. However, above this impact energy an extra con-
tribution becomes apparent, which increases above the
Ho yield up to a mean value of 0.2 electrons/projectile at
E =16 keV. This result is in agreement with observed
secondary electron emission yields y =0.2 for bombard-
ment of Au with 10-eV electrons, with the latter involv-

ing the same impact velocity as 18-keV H ions. For
bombardment of Mo, which features a fairly similar work
function as Au, an electron threshold energy of 3.4 eV for
secondary electron emission was obtained, correspond-
ing to an impact velocity of 6.5 keV for H ions, in satis-
factory agreement with the behavior shown in Fig. 7.

On the other hand, it is well known that slow electrons
impinging on metal surfaces are reflected quite
efficiently. Obviously this effect is of no importance in
the case of H bombardment, because otherwise the
yield difference as compared to H bombardment should
be much larger. Therefore we conclude that the second
electron of the H ion is bound to the H core until the
first close collision with a target atom takes place, after
which the electron reflection is no more as likely as in
front of the surface. Nevertheless, the now "free" elec-
trons start their own emission processes independent of
the emission due to the H projectiles.

V. CONCLUSIONS

In this paper we have presented a detailed study on
electron emission from a clean gold surface induced by

neutral atoms in comparison with singly charged ions of
equal impact velocities. The measurement of electron
emission statistics permitted a very sensitive and precise
determination of total electron emission yields for both
neutral and ionized projectile particles.

In comparison to impact of singly charged ions, the
electron yields measured for neutral atom impact remain
smaller over the entire range of projectile velocity by a
practically constant factor. This behavior could be ex-
plained with a semiempirical model for heavy particle-
induced electron emission, assuming screening of the pro-
jectile nuclei by their accompanying electron(s) during li-
beration of electrons inside the solid.

In particular, for bombardment with hydrogen projec-
tiles the experimental results could be successfully ex-
plained by calculation of the charge-dependent projectile
stopping power and the electron capture and loss cross
sections for protons in gold. In the light of the predic-
tions from the theoretical model it is of interest to mea-
sure yield ratios for bombardment with neutral hydrogen
atoms and protons, repectively, in other target materials
with lower electron density (higher r, parameter). For
such materials the stopping power ratios should be con-
siderably smaller than for a gold target and the yield ra-
tios should thus behave accordingly.
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