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Impact of 20-30-keV He* ions on polycrystalline niobium and copper surfaces causes some projectiles
to be backscattered in a neutral excited state. These projectiles subsequently decay, radiatively emitting
Doppler-broadened spectral lines; the broadening is characteristic of the distribution in speeds and
direction of the scattered excited projectiles. Analysis of the line shape shows that slow reflected
particles have a high probability of losing the excited electron by a radiationless transition while they
are close to the surface. The spectral line shape has been predicted using the backscattering theory of
McCracken and Freeman with the inclusion of a radiationless deexcitation term. By suitable choice of
the radiationless deexcitation coefficients the theory and experiment may be brought into acceptable
agreement. The coefficients so derived are in surprising agreement with calculated values of Cobas and

Lamb for an Auger deexcitation mechanism.

I. INTRODUCTION

Kerkdijk and Thomas® have shown that when an
He" ion is incident on a metal surface, some of the
projectiles are scattered as neutral excited atoms.
These atoms subsequently decay by photon emis-
sion. The resulting spectral line is Doppler broad-
ened and the line shape is directly related to the
distributions of speeds and distributions in angle
of the scattered projectiles. Kerkdijk and Thomas'
developed a theoretical model for predicting these
line shapes based on a number of simplifying as-
sumptions. It was basically assumed that excited
atoms were formed only from projectiles that
were scattered by a single encounter with an atom
in the surface of the target; this may be termed
a “surface-scattering model.” On this basis the
speed of a backscattered particle is dependent only
on the angle through which it is scattered and the
masses of the projectile and target atoms; hence
the Doppler shift associated with a particular back-
scattered trajectory may be calculated. The angu-
lar distribution of the scattered atoms was as-
sumed to be proportional to the Rutherford cross
section appropriate to the two isolated nuclei; hence
relative probabilities of particular trajectories
are known and the contribution to light intensity
at the relevant Doppler shift may be evaluated.

The line shapes calculated on this basis were in
general qualitative agreement with the experi-
mental data but there were substantial quantitative
discrepancies.

The objective of the present work was to test
further the model of Kerkdijk and Thomas'® with
the hope of resolving the discrepancies between
predicted and measured line shapes. We have
performed additional measurements of line shapes
for visible He I emissions induced by He* impact
on polycrystalline surfaces of niobium and copper.
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As we shall show later, substantial discrepancies
are found between the measured line shapes and
the predicted shape using the surface-scattering
model.

A serious fault in the surface-scattering theory
is the neglect of projectile penetration into the
target. McCracken and Freeman? have shown,
both theoretically and experimentally, that most
projectiles penetrate some distance before under-
going the large-angle scattering event that returns
them to the surface. As the projectile proceeds to
and returns from the scattering site it suffers
energy loss by collisions with electrons (electronic
stopping) but no appreciable deviation. As a re-
sult, the backscattered flux exhibits a distribution
of energies with a peak flux at low energies. The
work of Kerkdijk and Thomas' shows quite definite-
ly that the backscattered excited-atom flux in-
cludes only small amounts of slow particles so that
one may conclude that slow excited atoms are
deexcited while still close to the surface. Two
such deexcitation mechanisms have been discussed
by Hagstrum.® The first is “resonance ionization”
where the excited electron tunnels through the
potential barrier at the metal surface to enter a
vacant state above the conduction band of the metal;
the second mechanism is “Auger deexcitation”
where a conduction-band electron from the metal
falls to the ground state of the helium atom and
the excited electron is ejected to a continuum
state. For either mechanism, the probability of
radiationless decay when the atom is a distance s
from the surface is given by?

P(s)=Ae™ %, 1)

where A and a are constants related to the wave
functions of the electrons and the form of the po-
tential barrier, respectively. Furthermore, the
probability that a particle having a velocity com-
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ponent V, perpendicular to the surface will escape
without radiationless decay is*

R(V,)=exp(-A/aV,). @)

Clearly, the effect of radiationless decay is to
remove the slow excited atoms. We shall show
that the Doppler-broadened line shape can be pre-
dicted by combining the scattered-particle velocity
distribution of McCracken and Freeman? with the
radiationless decay factor described above; by
suitable fitting of theory to experiment the ratio of
parameters A/a in Eq. (2) may be derived. We
shall henceforth refer to the ratio A/a as the
“survival coefficient.”

There are already two previous determinations
of the survival coefficient based on the measure-
- ment of optical emissions induced by ion impact
on solids. Van der Weg and Bierman* studied the
line shape of the Cul 3247-A emission emanating
from copper atoms sputtered from a copper target
by 80-keV Ar* impact. They derived a survival
coefficient of 2xX10® cm/sec. White and Tolk® have
considered the same process and show that the
dependence of line intensity on projectile energy
can be analyzed to give a measure of the survival
coefficient; they also determine a coefficient of
2X10% em/sec. These two previous experiments
are concerned with relatively slow-moving heavy
atoms sputtered out of the target. The present
experiments are for high-velocity light projectiles
scattered from a target; one might anticipate that
the survival coefficient for the present case would
be greatly different from the previous work of
White and Tolk® and that of Van der Weg and Bier-
man.*

II. EXPERIMENTAL ARRANGEMENT

The experimental arrangement is shown sche-
matically in Fig. 1. The He" ions obtained from
an rf discharge source are mass analyzed, colli-
mated, and directed onto the target surface at
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FIG. 1. Schematic diagram of the apparatus.

some incidence angle ¢ with respect to the target-
surface normal. A grating monochromator views
the surface through a sapphire window; the mono-
chromator axis is perpendicular to the projectile
beam direction and lies in the same plane as the
projectile beam and the target-surface normal.
The monochromator is fitted with a photomultiplier
detector operated in the counting mode; the spec-
tral line shape is recorded by scanning the mono-
chromator.

The targets were polycrystalline metals of very
high purity (99.999%). Before use, the samples
were mechanically polished, electropolished,
cleaned with solvents, and rinsed with distilled
water. The samples were mounted in the vacuum
system on a standard Varian manipulator. It was
possible to rotate the sample to change the angle
of beam incidence ¢, and also translate the sample
to ensure that the axis of rotation intersected the
optical and projectile beam axes. The vacuum
environment of the target was maintained by ion
pumping at a base pressure of 107° Torr or better.
The target chamber was isolated from the rela-
tively poor vacuum of the accelerator region by two
stages of differential pumping.

Projectile beam currents were monitored on a
Faraday cup that could be inserted to the beam
line periodically. The current measured on the
target itself was used to monitor beam stability
during optical measurements; this target current
was not considered to be a reliable measure of
the projectile flux because it was impossible to
guarantee complete suppression of all secondary
ejected particles. Currents were typically 1-10
LA in a beam of about 1-mm? cross-sectional
area.

The projectile beam flux was sufficient to sputter
off a few monolayers of target material every
minute. It is felt that a preliminary bombardment
of the surface with the ion beam itself is sufficient
to guarantee target cleanliness. It was found that
the optical signals showed some variation with
time for a few minutes after the beam was directed
at a new target; beyond that point the signals re-
mained stable for many hours. Data taken during
the first few minutes of bombardment were dis-
carded.

III. GENERAL SPECTRAL CHARACTERISTICS

The observed spectra have essentially the same
general characteristics as reported by Kerkdijk
and Thomas.! For He" on copper and niobium
there were strong emissions of the following He I
lines: 5876 A (3°D~23P), 4472 A (4°D-2°P),
and 3889 A (33P~235). There were also weak
emissions of HeI lines at 6678 A (3'D ~2'P) and
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7065 A (3°S~2°P). We also observe a broad
band emission centered at 3500 A which is similar
to that reported by Kerkdijk and Thomas!; the
origin of this band remains unclear and we will
not consider it further.

Detailed study of the Hel lines indicates that
they are of the order of 20-30 A in breadth with
a sharp peak on the blue side. In Fig. 2 we show a
number of measurements on the 5876-A (33D~ 23P)
line. Tt is observed that, as incidence angle in-
creases, the line width broadens and total intensity
increases. There is an obvious sharp peak on the
low-wavelength (blue-shifted) side of the line.

IV. ANALYSIS OF THE LINE SHAPE

The objective of this work was to further test
and refine the predictions of line shape initiated
by Kerkdijk and Thomas' (see the Introduction).

In Fig. 3 we show the shape of the 5876-A line
induced by 30-keV He® on niobium at an incidence
angle ¢ of 45°% this is compared with the predicted
line shape using the surface-scattering model.
Clearly there is a substantial discrepancy between
prediction and experiment; the discrepancy is
qualitatively similar to that exhibited in some of
the original work by Kerkdijk and Thomas.!

As discussed in the Introduction one of the most
serious inadequacies of the surface-scattering
model is its neglect of projectile penetration into
the target. The work of McCracken and Freeman?®
predicts the energy distribution of backscattered
projectiles. Figure 4 shows a two-dimensional
diagram of the problem which includes the beam
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FIG. 2. Line shape of the 5876-A (3°D — 23P) He1
emission induced by 30-keV He* impact on niobium at
an incidence angle ¢ of (a) 60°, (b) 45°, and (c) 0°. Only
a smoothed curve is shown; for a representation involv-
ing actual data points see Fig. 3.
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FIG. 3. Measured and predicted line shape of the 5876-
A 3%D— 2°P) He1 emission induced by 30-keV He* im-
pact on niobium at an incidence angle ¢ of 45°. Intensity
is shown as a function of relative wavelength shift, de-
fined as the shift (AA) from the 5876-A line divided by the
wavelength of that line, 5876 A (M. (a) Individual ex-
perimental data points; (b) prediction by surface scat-
tering model; (c) prediction by present model with sur-
vival coefficient (A/) of zero; (d) prediction by present
model with survival coefficient chosen for best fit to
data points (4/a =1.2x 108 cm/sec).

axis and optical axis. The approach of McCracken
and Freeman is to consider the projectile as in-
cident at point A with some angle ¢, with respect
to the surface normal, and penetrating to the point
P where it undergoes a close encounter with an
atom of the target lattice and scattering through an
angle 6 to return eventually to the surface at B.
Along the paths AP and PB it is assumed that the
projectile undergoes only collisions with free elec-
trons causing loss of energy but no appreciable
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FIG. 4. Geometry of the scattering problem shown in
two dimensions only.
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deviation; the rate of energy loss is taken to be
proportional to the square root of energy. At the
point P we assume that the collision cross section
is appropriate to the interaction of the two nuclei,
i.e., a Rutherford cross section is used. Based
on this picture one may formulate an expression
for the probability that a projectile will emerge

at B with an energy between E; and E; +dE; and
moving into some element of solid angle dw. We
will denote this probability as

P(E,)=N(E,)dE, dw. 3)

McCracken and Freeman state the expression for
P(E,) for the two-dimensional problem shown in
Fig. 4 [Eq. (6) of Ref. 2]. For the present prob-
lem, however, we have modified this somewhat
to represent the three-dimensional problem which
includes scattering at the point P out of the plane
of Fig. 4; thus the azimuthal angle has been in-
cluded. The predictions of McCracken and Free-
man have been tested experimentally® and do seem
to represent the total scattered flux of projectiles.

There is, unfortunately, no information on the
proportion of the scattered projectiles which might
be neutralized into a specific excited state. We
shall therefore assume that this proportion, F, is
independent of the emergent particle’s energy and
direction.

The final factor we must account for is the prob-
ability that an excited particle will escape from
the influence of the surface without undergoing
radiationless decay. This is given by Eq. (2).

These excited particles will eventually decay
radiatively and a certain fraction, dependent on
apparatus geometry, will be detected. Let us de-
note by the factor F’, the fraction of excited atoms
that will give a photon that is detected by the ob-
server. For a given transition, this fraction F’ is
independent of the speed and direction of the pro-
jectiles.

Thus, combining these various terms we have
the probability P(E,) of detecting a photon from
an emergent particle of energy E,, scattered into
a solid angle dw, which is

P(E,)=F'Fexp(-A/aV,)N(E,)dE dw. )

The wavelength of the photon can be simply cal-
culated by the Doppler-shift formula: The non-
relativistic form is adequate at the energies used
here. ’

With this information one can use Eq. (4) to cal-
culate the spectral line shape in relative terms;
since we do not attempt to estimate the factors F

or F’ we do not get an absolute figure for intensity.

The calculation has been performed by numerical
integration. The range of scattered-particle ener-
gies, E,, is divided into segments AE; the range

of scattered-particle angles is divided into ele-
ments of solid angle Aw. The probability of scat-
tered particles.being in AE;Aw is evaluated from
Eq. (4); this provides the contribution to intensity
at the Doppler-shifted wavelength A. This pro-
cedure is repeated for all energies and angles to
build up the final intensity distribution.

In practice, we have no accurate prior knowledge
as to magnitude of the survival coefficient A/a in
Eq. (2). So the calculation is performed for a
range of values and the value chosen which pro-
vides the best fit to the data. In practice we find
the coefficient to be determined principally by the
position of the maximum intensity in the line.

The ranges used in the integration are as fol-
lows. The maximum value of E;, the emergent-
particle energy, is given by an elastic encounter
between the projectile and a target atom in the
surface. We somewhat arbitrarily assume that
the minimum value of E; is 20 eV; the rationale is
that any projectile that has been reduced to this
energy will probably be captured by the lattice.

In practice we find that the survival coefficient

is such that very slow projectiles do not survive
radiationless decay; in fact the minimum value of
E, could be raised to 1 or 2 keV with absolutely

no change to the derived value of the survival
coefficient. The minimum value of scattering angle
0 is taken to be that angle for which the particle is
scattered parallel to the surface; this minimum 6
obviously depends on azimuth.

As a further complication, it is quite possible
for an excited atom to emit a photon towards the
target which then reflects to the observer. This
is also taken into account in the calculation in a
similar manner to that described by Kerkdijk and
Thomas.! There is difficulty in that the reflectance
of the surface is unknown. One is tempted to use
a value of reflectance for a polished surface as
given in standard tables. Visual observation,
however, shows that the metal surface becomes
pitted by the ion bombardment and the reflectance
is thereby reduced. To accommodate this we re-
gard the reflectance as unknown and alter this also
to give a best fit to the experimental data. In
practice the reflected component contributes sig-
nificantly only to the red-shifted component of the
line; the derived value of the survival coefficient
is related to the position of the intensity maximum
in the blue shift and is completely insensitive to the
reflectance that is adopted. Figure 5 shows a cal-
culated line shape with an indication of the re-
flected component; the calculated line is the same
as the best-fit line shown in Fig. 3.

We also take into account the influence of mono-
chromator resolution; generally this was kept at
8 A but on occasion it was reduced to 4 A for spe-
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FIG. 5. Predicted shape of the 5876-A line induced by
30-keV He? ions on niobium at an incidence angle of 45°,
calculated with A/a =1.2x10% cm/sec and a surface re- .
flectance of 0.28, and showing the component of emission
received directly by the observer, component of emis-
sion received via reflection from the surface, and total
emission intensity (this is in fact line d of Fig: 3).

cific tests. This resolution is comparable to the
width of the spectral line. To accommodate this,
our predicted line shapes have been convoluted
with the triangular bandpass characteristic of the
monochromator so that this is taken into account
in fitting the calculated curve to the experimental
data.

The result of this calculation is that a line shape
is predicted which is the same form as that ob-
served experimentally. Moreover, with suitable
choice of the survival coefficient A/a and surface
reflectance R one can get a very good agreement
with the measured line shape. A particular ex-
ample is shown in Fig. 3. We find that for large
angles of incidence the fit to the line shape is quite
sensitive to the choice of-survival coefficient. For
large angles (¢ >45°) we believe that the survival
coefficient can be determined to an accuracy of
#50%; varying the survival coefficient by this
amount from the “best-fit” interaction can shift
the wavelength at which maximum intensity occurs
by 4 A or more and so distorts the curve that it
bears little resemblance to the measured line
shape. For small incidence angles (¢ <45°) the
fitting of calculated and measured line shapes be-
comes progressively less sensitive to the choice
of survival coefficient.

We show in Fig. 3 an extreme case of how the
survival coefficient changes line shape by calculat-
ing the case of A/a=0. This represents the situa-
tion where radiationless decay does not occur and
all excited atoms escape and subsequently radiate.

Clearly the predicted shape for this situation bears
little resemblance to observation.

V. RESULTS

The consequence of this analysis is that we may
determine, from the line shape, a measure of the
survival coefficient A/a defined in Eq. (2). We
consider that the accuracy with which A/a may be
established is poor for incidence angles below 45°
due to the low signal strengths and the insensi-
tivity of line shape to the value of A/a adopted;
thus the results quoted here are derived for in-
cidence angles of ¢>45°. It has been shown that
the derived values are consistent with the experi-
mental data for lower angles of incidence.

The survival coefficient for the 33D state of
helium as determined from the 5876-A emission
induced by He* on niobium is found to be 1.0x108
cm/sec; this is the mean of several determinations
at different energies (20-30 keV) and angles
(45°-70°). The individual observed values range
from 0.8 to 1.2x10® cm/sec with no apparent sys-
tematic variation with impact energy or incidence
angle; we therefore assign a reliability of 0.2
x10® ¢cm/sec to this determination. For the 43D
state of He, measurements on the 4472-A line
induced by He* on niobium give a survival coeffi-
cient of 0.7x10® cm/sec; again the same limits of
accuracy apply.

For similar measurements on a copper target
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FIG. 6. Total intensity of the 5876-A He1 (33D — 2°P)
line shown as a function of angle of incidence for incident
‘projectiles of energy (a) 30 keV and (b) 20 keV. Circles,
experimental data points; lines, predicted variations
with A/a =1.0x10% cm/sec and R=0.21. The experimen~
tal and theoretical values at 30 keV have been multiplied
by 2 for clarity. Theory and experiment are normalized
together at 30-keV energy and 30° incidence angle.
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the survival coefficient for the 33D state is found
to be 1.0x108 ¢m/sec and for the 4°D state 0.7
X10% ¢m/sec; again both with an accuracy of +0.2
X10® cm/sec.

With these coefficients it is now possible to cal-
culate how the total intensity of a line should vary
with impact energy and with angle of incidence.
One simply uses the derived coefficient in the cal-
culation scheme outlined in Sec. IV above and in-
tegrates the predicted intensity distribution over
all wavelengths within the line; this is repeated for
various angles of impact and energies of impact.
One may also provide an experimental quantity by
integrating the measured line over all wavelengths.
In Fig. 6 we show the predicted angular distribu-
tion at two energies compared with experimental
data. Since both the experiment and theory are
designed to give only relative values we have nor-
malized them together at one point. The observed
agreement between prediction and experiment is
very satisfactory.

VI. DISCUSSION

The primary conclusion from this study is that
excited atoms recoiling from a target have a high
probability of radiationless decay. For example,
using our measured value of A/a (1.0x10® cm/sec)
in Eq. (2) to calculate the probability, R(V,), that
a 30-keV (V =1.2X10% cm/sec) helium atom re-
coiling normal to surface will not undergo radia-
tionless decay we get R(V,)=exp(1.0/1.2)=0.43.
Thus only 43% of these rather fast recoils escape
without radiationless decay. For slower recoils,
which are in the majority, the survival probability
is correspondingly less.

We are now in a position to understand why the
“surface-scattering” model of Kerkdijk and Thom-
as! gave an apparently adequate prediction of line
shape. That early work assumed, arbitrarily,
that only fast atoms, scattered elastically from
the surface, emerge in an excited state. We have
shown here that particles scattered at all depths
in the solid may in fact emerge in the excited state
but only those of highest velocity have any substan-
tial probability of surviving radiationless decay;
these faster atoms arise from scattering close to
the surface. Thus the principal contribution to line
shape does in fact arise from the scattered flux
component considered by Kerkdijk and Thomas.!

There have been only two previous attempts to
measure the probability of radiationless deexcita-

tion by optical means; these were both*** con-
cerned with copper atoms sputtered from solid
copper by argon impact. In that case the value
determined for A/a is 2X10° cm/sec. The inter-
action of a copper atom with a surface is likely

to be greatly different from that for a helium atom
and so the difference from the coefficient deter-
mined here is not surprising.

There have been some limited attempts to calcu-
late the probabilities for radiationless transitions
at surfaces; those relevant to the present work
are summarized in convenient form by Hagstrum.?
In particular, Cobas and Lamb® have made a pre-
diction of the radiationless decay for metastable
helium close to a tungsten surface; calculations
were performed for both the process of resonance
ionization and the process of Auger deexcitation
discussed in the Introduction. These predictions
are relatively unsophisticated and utilize hydro-
genic wave functions; they are not expected to be
accurate to more than an order of magnitude. The
calculations of Cobas and Lamb,® as interpreted
by Hagstrum?® provide separate values for the coef-
ficients A and a of Eq. (1). In the case of Auger
deexcitation the predicted ratio A/a is 1.3x10°
cm/sec; this is remarkably close to our present
measured value of 1.0 X10® cm/sec. By contrast,
for the resonance ionization process the predicted
ratio by Cobas and Lamb is 4.8x10'° cm/sec and
that by Shekhter” is 1.8x10 ¢m/sec; these are in
gross disagreement with the present measured
value. Our present experiments cannot determine
which of these two processes are occurring; we can
only say the measured ratio of coefficients is con-
sistent with the prediction of Cobas and Lamb® for
Auger deexcitation.

An inadequacy of our present line-shape analysis
that is also to be found in earlier work,'***S is that
we have no information on the process whereby the
excited atom is created. Yavlinskii et al.,® suggest
that the ion is neutralized as it finally emerges
from the target; the neutralization is supposed to
take place by a process of three-body recombina-
tion in the surface layer of electrons. We would
note that, on theoretical grounds, recombination in
a plasma should be primarily to d states®; more-
over, the afterglows of high-density helium plas-
mas show!? atomic lines that are principally from
3%D, 4°D, and 3°P states. Thus the spectra ob-
served in the present work are qualitatively simi-
lar to those observed in the decaying-plasma situa-
tion where a three-body recombination process is
expected to be a primary source of excited atoms.
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