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Synopsis

The profile of a Cu I spectral line, excited by bombardment of a Cu crystal with
80 keV Ar ions is measured. The Doppler profile shows that the light-emitting parti-
cles have energies in the keV region. The wavelength shift of 0-0.5 A depends on
crystal and monochromator orientation.

Measurements of the line shape as a function of the angle of the target with respect
to the primary beam and also as a function of azimuthal rotation of the target, indi-
cate that the emitting particles originate predominantly from collisions of Ar ions
with surface Cu atoms. The fact that the emission is found in front of the target
points in the same direction.

Evidence is presented for the occurrence of a radiationless deexcitation process,
which is supposed to be tunnelling of an electron from the excited atom into the
metal. The probability for escape from the surface in an excited state depends there-
fore on the particle velocity. A calculation of the line profile based on this assumption
is made. Comparison with the experiments yields a value 104 s-1 for the transition
rate for the tunnelling process, when the distance of excited atom to the metal surface
is a few A.

1. Introduction. When an ion with an energy in the keV range collides
with an atom located in the surface of a metal target, excitation of the
collision partners can take place.

This excitation can result in the emission of electronsl); also ions are
believed to originate from highly excited scattering products?). In the
third place, photon emission from ionically bombarded metal targets has
been observed by many authors, as well in the visible and UV-range3-8)
as in the soft X-ray region?10),

In this paper we confine ourselves to the study of spectral lines in the
near UV region. In earlier work lines of the atomic and ionic spectra of
projectile and target particles have been found45).

An estimation of the velocity of light-emitting particles was found by a
qualitative study of the shape of Cu I spectral lines observed during bom-

206



EMISSION BY Cu ATOMS EXCITED BY Ar IONS 207

bardment of a Cu surface by 60 keV Ar+ ions$). The Doppler profile and
also the thickness of the luminous region in front of the target showed
that the light was emitted by Cu atoms having keV energies. These high-
energy particles can be created in collisions of beam ions with surface
atoms11,12)

Experiments on light emission from Cu and Ta targets bombarded with
H+ and Hf showed that the observed Ha, Hy and H,, lines also originated
from surface collisions$). Particles leaving the surface with low velocity,
which are abundant in these experiments do not contribute to the light
emission.

An explanation for this phenomenon is the presence of radiationless de-
excitation processes, which reduce the number of slow excited particles.
Near a metal surface radiationless deexcitation is a process, competing
with deexcitation by photon emission. Atomic levels can extremely fast be
depopulated by tunnelling of the excited electron into a vacant metallic
state13-18), It has been shown that for atom-metal distances of a few A,
the tunnelling process is much more probable than emission of a photon13,14),

In this paper the shift and shape of spectral lines of the Cu I spectrum
excited by 80 keV Art ions is studied experimentally. It is shown that the
observed line profiles can be explained in terms of radiationless deexci-
tation of scattered particles during their way near the metal. In a part of
the experiments, the conditions are such that the excited particles are
created by binary collisions between projectile ions and surface target atoms.

The differential scattering cross section is known well for these collisions.
Furthermore, the excitation probability as a function of impact parameter
must be used in order to calculate the number of emitting particles with a
certain velocity. No data exist in literature for this function, therefore we
have used some simple trial functions.

The line profile can be obtained from these data in combination with the
probability for radiationless deexcitation. Comparison of profiles calculated
in this way with the measured ones yields the value of the integrated proba-
bility for electron transitions during the outward journey of the scattering
products.

Also, the experiments show in an unambiguous way, that the radiation
takes place in front of the target, with no detectable contribution from
inside the material.

2. Apparatus. The ion accelerator and scattering chamber are already
described elsewhere in detail1l,12),

The experimental setup is schematically shown in fig. 1. A Cu crystal
is placed in the centre of a scattering chamber in a targetholder which
permits rotation around three perpendicular axes. The pressure in the
scattering chamber is maintained at 1 X 1076 torr during experiments by



208 W. F. VAN DER WEG AND D. J. BIERMAN

41 Hollow Cathode lamp
]
/ Cu Target
Art L _,,,,ﬁ,ﬂ‘,A
80 keV T =, Y
' N ~N
e
- P

é‘j Monochromater

Fig. 1. Schematic diagram of the experimental setup.

means of a mercury diffusion pump. Cleaning of the target takes place by
sputtering; the surface condition with the actual experimental conditions is
extensively dealt with in a previous paper?).

The monochromator is separated from the scattering chamber by a quartz
window. Photons emitted under an angle  with the direction of the primary
beam are observed (8 can be continuously changed over 100%).

At one of the ports of the scattering chamber a hollow cathode lamp is
mounted for absolute wavelength calibration. It consists of a hollow cy-
lindrical Al anode and a Cu cathode, which is water cooled. The lamp oper-
ates by introducing Ar gas to a pressure of about 0.2 Torr with 500 V be-
tween the electrodes. Sharp spectral lines (Doppler width << 0.05 A) of the
atomic spectrum of Cu are emitted.

When the monochromator is set at 8 = 90°, wavelength calibration can
be performed by simply removing the target (which is possible without
breaking the vacuum). We used a grating monochromator of the Czerny-
Turner type (fig. 2) with a bandwidth of 0.4 A.

Wavelength scanning is usually performed by rotation of the grating.
However, it was found that this method was not suitable to reproduce a
certain wavelength setting within 1 A. A common alternative for high pre-
cision wavelength scanning is parallel displacement of the exit slit, which
is technically hard to achieve. Therefore we used the following fine-scanning
method. In the path of the light beam between the second mirror and the
exit slit a small plane parallel quartz plate was mounted, which could be
rotated around an axis parallel to the exit slit (see fig. 2). The spectral line
shifts over the slit on rotation of the plate due to the displacement in the
quartz.

This displacement d varies in first order approximation linearly with the
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Fig. 2. Diagram of the monochromator with photomultiplier.

The entrance slit S; is placed at one of the ports of the scattering chamber. M; and M2
are spherical mirrors, G is the grating. The light enters the photomultiplier P through
the quartz plate Q and the exit slit Ss.

The displacement of the light beam, by rotation of the quartz plate over ¢ is shown
separately.

angle of rotation ¢
d = {[sin ¢ — cos ¢ sin ¢ (n2 — sin2 &)%),

which for small & reduces to

In this expression, # is the index of refraction of the quartz and ¢ is the
plate thickness. The deviation from linear behaviour is smaller than 2%,
for 0° << &£ <€ 20°, We made use of this fact by connecting a potentiometer
to the axis of the plate, which drove the X axis of an XY recorder, the ¥
signal of which was the photomultiplier output.

Thus a line profile can be fast and accurately recorded by setting the
monochromator at the desired wavelength and subsequent fine scanning by
the quartz plate.

3. Experimental vesults. In order todetermine the influence of the presence
of the metal on the excitation state of scattered particles two types of experi-
ments were performed:

a) With a fixed orientation of the monochromator (f = 60°) the line
profile of the Cu I 3247 A resonance line was studied as a function of target
orientation (or angle of beam incidence).
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Fig. 3. Line shapes of the 3247 A Cu I resonance line for different target orientations «.
The intensities are normalized.

b) For fixed monochromator position (f = 90°) the line profile of the
same line was studied for one angle of beam incidence as a function of
azimuthal rotation y of the target. This azimuthal rotation is performed
around the primary beam direction. Rotation of the target in this plane
keeps the angle of the primary ion beam with the surface constant but the
orientation of the surface with respect to the monochromator changes.

Typical results of measurements a) are shown in fig. 3. Measured line
profiles are given and the reference line A = 3247 A, as determined with the
hollow cathode lamp is also included. The shift and asymmetrical shape of
the lines from the solid target is obvious. This can more clearly be seen in
fig. 4, where the deviation from the reference wavelength of the maximum
of the profile is given. Besides, the full width at half maximum of the lines
is also indicated.

Both the wavelength shift of the top of the line and the half-width
inerease for small o.

The observed wavelength shifts correspond with an appreciable energy of
the emitting particles. For instance 0.4 A wavelength shift corresponds with
450 eV Cu particles. The fact that by far the greatest part of the lines
correspond with energies higher than 100 eV confirms the conclusion of a
preliminary paper$), in which it was stated that the emitting particles are
scattering products arising from violent collisions of beam ions with surface
Cu atoms. Sputtered particles, resulting from collision cascades in the ma-
terial are abundant in these experiments, but they clearly do not contribute
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Fig. 4. Wavelength shift of the top (A4) and full width at half maximum (FWHM) of
the line profiles vs target orientation « (8 = 60°, E¢ = 80 keV).

to optical radiation. This may become clear by comparing the following
numbers.

The number of low energy Cu particles coming from the target per
incoming ion (the sputtering ratio) is of the order 2-517), while the contri-
bution of particles scattered off after one surface collision is about 0.001 12,18),

The concept of singly scattered particles being the origin of the light is
consistent with the behaviour of the line width vs target orientation «
(fig. 4). For small « more Cu particles scattered under a small angle and
thus having high energies are able to leave the target. These particles
contribute to the low wavelength part of the line, making the centre of
gravity shift to low 1. Also the increase in width with decreasing « is ex-
plained naturally in the same way.

A second conclusion can also already be drawn. The cross section for
scattering of target particles under 10° is 2-3 orders of magnitude smaller
than for scattering under 80°12,18), Yet, the effect of small numbers of high
energy particles appearing when decreasing « influences the line shape con-
siderably. This fact indicates that the excitation state of faster particles
(E > 1keV) is much less influenced by the presence of a surface than the
slower ones (E << 100 eV), of which we have seen that they do not radiate.
It suggests that the probability of escape in an excited state from a surface
increases rapidly with velocity. However, the experiment described is not
suitable for extraction of numerical results for the tunnelling probability,
because collisions of beam ions with the second and third layer of the crystal
are also possible for most values of o.



212 W. F. VAN DER WEG AND D. J. BIERMAN

In order to avoid this difficulty experiment b) was performed. The con-
ditions are chosen in such a way now, that only collisions of beam ions
with surface Cu atoms are possible, e.g. the ions are directed in a channel
direction of a single crystalline target. This direction is found by rotating
a (110) surface of a Cu single crystal around a [111] axis in the surface.
For o = 30° an open [011] dircction coincides with the beam direction. A
precise determination of this channel is performed by measuring the total
light intensity of a spectral line as a function of «. The resulting curve4.5),
which is strikingly similar to curves of yield of sputtering?) or secondary
electrons?20), exhibits minima corresponding with low index crystal di-
rections. For the case of § = 90° and « = 30° the line shape of the 3247 A
resonance line was measured as a function of y. The azimuthal angle y is
defined as zero, when the target is perpendicular to the planc of incoming
beam and direction of observation. Results are given in fig. 5. The line shape
and the relative intensities of the lines are presented for 0 < y << 90°.

Again, the line is appreciably shifted for y = 0° {corresponding to the
target position as used in fig. 3). However, y = 90° leads to a completely
symmetrical line and the wavelength of the top coincides with the 3247 A
position as given by the calibration line. This result is obvious when con-
sidering the fact that for y = 90° as many scattered particles are moving
away from the detector as are moving towards it. The change in line shape
with y is due to the changing of the projection of the velocity distribution
of the light emitting particles on the direction of observation. A remarkable
feature is that the total intensity of the lines hardly changes on variation
of y.
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Fig. 5. Profiles of the 3247 & Cu I line for different azimuthal angles y.
The intensities arc not normalized.
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This observation proves two important points. In the first place it follows
that the surface roughness of the target is insignificant. Secondly, the
emission must originate from a region in fromt of the target. Particles
which are excited inside the target are either fastly deexcited still in the
crystal, or their radiation is absorbed in the material. Simple geometrical
arguments show that the infegrated light intensity from a region outside the
target cannot be dependent on p, for fixed a.

4. Calculations. The line profile as arising from the velocity distribution
of the light emitting scattered particles can be obtained in the following
way.

Let Pexc(p) be the probability for excitation to the level under consider-
ation of particles which are scattered under an angle ¢; the differential
scattering cross sections is o(p) and the chance for an excited particle to
escape from the surface without radiationless deexcitation R(p, «). In this
case the number of particles contributing to radiation with wavelength
A -+ AJ is given by:

N+ 80 = [ [Pesston ot Rl [ 3( 2 = )] % 0

X 2m sin ¢ de dy dA.

The original wavelength of the line is 4, v is the component of the particle
velocity in the direction of observation #, thus the 3-function denotes the
condition for Doppler shift over A4, when c is the velocity of light. Scatter-
ing angles are measured by ¢, the azimuthal angle by y. The limits of inte-
gration over ¢ are determined by the condition that the particles are
scattered out of the target, thus ¢ > «a. The integration limits for y are
fixed by the intersection of the cone around the primary beam direction
having semiapex angle ¢, with the crystal surface.

We will briefly describe the used functions:

1) The estimation of the excitation probability during a collision resulting
in a scattering angle ¢ is a serious problem. For the case of collisions in a
gas, this probability is known for some combinations of beam and target
material. However, the perturbation caused by the presence of the metal
surface on the excitation process has never been determined. Therefore we
made some simple assumptions about the behaviour of Pexe with scattering
angle. We started with Pexc independent of ¢. Secondly a behaviour taking
into account the violence of the collision was used, e.g. Pexe(p) = ¢1 cos ¢,
¢1 being a constant only depending on the considered level of excitation.
So for ¢ near = 90° which corresponds with the weakest interactions the
probability is supposed to be small. Also a stronger dependence on scatter-
ing angle, viz. Pexe(p) = ¢1 cos2 ¢ was tried.
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Summarizing,
Pexe(p) = c1cos” g, n=20,1,2. (2)

2) The cross section o) is well known for these collisions. It can be
derived from a potential appropriate for the considered interaction, which
in our case is a screened Coulomb or a Firsov potential. An approximation
to the latter potential is an inverse power potential with exponent —2. The
cross section as derived in the impulse approximation is easily calculated
to be2l):

o(p) = ca cos™2 . (3)

With reference to the gross simplification as used in 1} it was found irrele-
vant to use the exact expression for o(g).

3) The probability for escape in an excited state R(p, «) can be derived
from the probability for electron tunnelling from the excited atom to the
metal.

This probability P has been estimated by many authors mainly for appli-
cation in experiments on potential electron ejection. It depends on the
distance s of the atom to the metal

P(s) = A e—as, (4)

We now determine the chance R(s), that a particle leaving the surface has
not experienced a radiationless deexcitation at a distance s;

dR(s) = —R(s) P(s) ds/v,. (5)

dsfv, is the time which the particle spends at a distance s in the interval
ds, when v, is the velocity component perpendicular to the surface. The
solution for s = oo follows from (5) taking into account that R(s) = 1 for
s =0.

R(OO) — e_(xl /"I'Ui}. (6)

This is the function R(g, ), used in (1). (R depends on ¢ and « through v .)
The profile of the 2 = 3247 A line, emitted by Cu atoms scattered from
a Cu surface (@ = 30°) by 80 keV Ar* ions has been calculated by formula
(1), substituting (2), (3) and (6) (omitting the constants c; and c¢g). Values
of n =0, 1 and 2 in (2) were used and several values of the integrated tran-
sition probability 4/a in (6). Results could in no way describe the experi-
mental line shape when taking # = 0 and 2, but #» = 1 fits rather well.
~ Results obtained with # = 1 for the case of « = 30°, # = 90° and y = 0°
are presented in fig. 6. Because the bandwidth of the analyzing instrument
cannot be neglected in comparison with the half-width of the measured
lines, we have convoluted the results obtained by expression (1) with the
instrument function, which is a Gaussian.
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Fig. 6. Experimental (solid) and calculated (dashed) line shapes for o = 30°, § = 90°
and y = 0°.

The value of A/a = 2 X 104 (m/s) yielded a line shape, which fitted best.
The sensitivity of the calculation for 4/a is expressed by the fact that the
calculated position of the top of the line shifts 0.2 A on increasing 4/a by
a factor two.

The value of the parameter a in (4) follows directly from the radial part
of the atomic wave function, which essentially determines the magnitude
of the overlap of atomic and metallic electron wave functions, leading to
the tunnelling probability P(s). It has been shown that ¢ = 2 X 1010 m-1
is a resonable value for many combinations of excited atoms and metals 13, 22),
This number, combined with the value of the integrated transition proba-
bility as determined by the line shape yields the absolute value of 4 =
=4 x 1014571,

The result for the radiationless deexcitation probability of the 4p?P,
level of Cu near a Cu surface is:

P(s) = 4 x 104e-2  (sinA). (7)

The probability for electron capture by scattered ions near a Cu surface
has been derived in a previous paper2). Comparison shows that the proba-
bility for electron capture by ions is of the same order of magnitude as the
probability of tunnelling of an electron from an excited atom into the metal.

Values of P(s) determined for the case of electron transitions between
alkali ions and metals are an order of magnitude larger than values derived
from (7). The reason for this divergence may lie in the fact that the radius
of the Cu 4s shell is of the order of 1 A, the alkali atoms being twice as
large23). Thus the overlap integral will be considerably larger for alkali
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Fig. 7. Wavelength shift of the top (A4) and full width at half maximum (FWHM) of
the line profiles vs azimuthal angle y (« = 30°, f = 90°, Iiy = 80 keV). Circles indi-
cate experimental values, the solid lines are calculated.

atoms near a metal, as compared with Cu atoms, for a fixed distance metal-

A final check for the validity of our model consists in the calculation of
the line profile as a function of azimuthal rotation of the target. We adopt
the value of A/a, determined for y = 0° and calculate the integral (1) for
several values of y, ranging from 0° to 90°. Results are shown in fig. 7.
We can make two remarks about the calculated profiles. Firstly, the inte-
grated intensity proves to be independent of ¢ as should be the case. In
the second place the overall shape and the magnitude of the wavelength
shift of the top agrees fairly well with the experimental results. This means
that the velocity distribution of excited atoms is reasonably well described
by the used formalism.

A slight variation in the value of 4/a can match the experimental and
theoretical profile exactly, but this is felt to be meaningless in view of the
approximations used in eqs. (2)-(4).

5. Discussion. The Doppler profile of Cu I lines excited by fast ion bom-
bardment indicates that the light emitting particles have an energy which
is characteristic for scattering products of binary collisions between beam
ions and surface target atoms. This type of interaction also produces ions
of beam and target material in many charge states. The ionization proba-
bility can be related to corresponding probabilities for the case of collisions
in a gas. This is understandable in view of the large amount of energy
transfer involved in such processes, justifying the neglecting of cffects of
other lattice atoms on the collision process.

However, it may well be that the process of excitation of neutral atoms
of a metal, involving energies of a few eV proceeds in quite a different way
than in the gas phase. In the first place, the presence of the conduction
band in the metal will influence the excitation process itself. Secondly, near
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a metal neutralization processes of ions occur. Neutralized excited ions can
thus contribute to the number of excited neutral atoms. It might be in-
structive to measure the line shape of atomic spectral lines excited in a
collision of projectiles with a Cu vapour to determine the number of excited
particles. It must, however, be kept in mind that the deexcitation processes
near a metal make comparison of results obtained respectively with a vapour
and a solid target very hard.

It has been observed that the intensity of the 3247 A Cu I line resulting
from bombardment of a CusO target is an order of magnitude higher than
the intensity obtained from a pure Cu target, while the linewidth with a
CugO target is greatly reduced. These observations indicate that for the
case of an oxyde surface, low velocity Cu particles too, are able to radiate.

The reason for this phenomenon is supposed to be the presence of a large
forbidden energy gap in the semiconductor formed by the oxyde (2 eV for
Cup0), prohibiting tunnelling transitions of electrons to this region. The
possibility for radiationless deexcitation of atoms near a semiconductor
surface is thus greatly reduced, resulting in an increase of light intensity.

Finally one can estimate the chance of escape from a Cu surface for a
low energy excited sputtered Cu particle. As a representative energy we
take 10eV?24). We use the value Afa = 2 X 104m/s for the integrated
transition probability as determined before.

The probability of survival for an excited state is given by (6):

R(00) = e~ fans) — e=(X10/G:3x109 — ¢-3.6 — 2.8 x 102,

Hence, approximately 39, of the sputtered neutral particles, if they are
ejected in an excited state, will emit a photon. This figure does not indicate
anything, however, about the line intensity due to sputtered Cu atoms, as
we have no data about the cross section for excitation of Cu atoms at
kinetic collision energies of about 10 eV. Such cross sections should be de-
termined in Cu-Cu and Cu-Ar atomic beam experiments.
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