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The coefficient for emission of the Balmer B line from backscattered H atoms has been measured for
2-200-keV hydrogen ion impact on polycrystalline targets of Mo, Cu, and stainless steel. The dependence
on primary energy is successfully modeled using a modification of a formulation used previously at low (2-30-

keV) impact energies.

When an energetic hydrogen-ion beam is incident
on a metal surface, a small fraction of the pro-
jectiles will backscatter as excited hydrogen
atoms. These atoms may lose their excited elec-
tron by radiationless mechanisms during interac-
tion with the surface, or they may recede beyond
the interaction region and subsequently emit pho-
tons by normal radiative decay. The integrated
photon intensity in a spectral line is related to the
backscattered flux of excited atoms whereas the
line profile yields information on the distribution
in speed and angle of the particles. The observed
spectral lines are Doppler broadened because
most particles escape from the surface with an
energy greater than 1 keV (Ref. 1).

A model which can predict the backscattered
flux of all particles (independent of charge or ex-
cited state) was developed by McCracken and Free-
man® and utilized by Baird et al.** to predict
backscattering of excited particles for impact en-
ergies to 30 keV. It was assumed that the pro-
jectile penetrating a target undergoes a single
large-angle scattering event and returns to the
surface, while in the target the particle loses its
energy by electronic stopping. Because of variations
in energy loss, penetration depth, and scattering
angle, the backscattered flux will exhibit a velocity
distribution. By summing the contribution to the
backscattered flux over all possible velocities of
the emergent particle, this model predicts
the integrated intensity of emission in a particular
transition. The following equation has been used®
to predict'y;, the number of backscattered atoms
in the excited state j per incident ion:

Y Eo )= [ 0., By 6)F0,)
v

X exp(-A/av,)dv, . 1

Here E, is the incident particle energy and ¢ the
angle of incidence. The factor f(v,, E,, ¢) dv,
represents the flux of backscattered particles
emerging with a velocity component perpendicular
to the surface between v, and v, +dv,; this can be
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obtained from the predictions of McCracken and
Freeman.? The factor F; is the probability that

- the backscattered particle is in an excited state j;

this may be written as a product between P, the
fraction of recoils which are neutral, and P;, the
fraction of neutrals which are excited (i.e.,
F;=P,P,;). The exponential factor in Eq. (1) is
explained in our earlier work and accounts for
the loss of excited atoms by radiationless decay
mechanisms; it has been suggested®* that the
decay mechanism is by an Auger transition, and
the constants A and g are related to the height
and width of the potential barrier between the re-
coiling atom and the solid. In performing the in-
tegration of Eq. (1), we use® an upper limit of
velocity (v,) that corresponds to projectile scat-
tering from a surface atom without penetration,
and we adopt a lower velocity limit corresponding
to an emergent energy of 20 eV; below this lower
limit we presume that projectiles are trapped in
the lattice and do not recoil.

Strictly speaking, Eq. (1) predicts the formation
of an excited state j while the observations are of
emission in the transition j—~%. We have however
shown® that cascade population of n=4 states of
hydrogen is negligible so that the measured emis-
sion coefficient v;, (Balmer B photons per incident
ion) is proportional to the predicted excitation
coefficient v; (reflected atoms in the n=4 state per
incident ion). In our previous work™®"% we have
made relative measurements of y;, as a func-
tion of impact energy E, in the range 5-30 keV
and fitted 7,- from Eq. 1 to the data, permitting us
to derive a value for the ratio A/a; the assumption
was made that F; was a constant. For targets of
Cu, Mo, and type 304 stainless steel, the value of
A /a was determined! to be 1.7 X108 cm/sec with
an accuracy of +25%.

The objective of the present work was to extend
the previous studies (limited to a maximum impact
energy of 30 keV) up to impact energies of 200
keV. It was to be anticipated that at high energies
the factor F; would be energy dependent and the
assumption of a constant F; made in earlier work
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FIG. 1. Projectile-ener-

— gy dependence of Balmer g

line emission coefficient

— 7Y;r for hydrogen backscat-

tered from a Mo target.

— Data points, experimental

" measurements; lines, pre-
dicted values from the mod-
el normalized to experi-
ment at 30 keV. Dashed
line, for F; constant and
A/a=1.7x10% cm/sec;
dotted line, for an energy
dependent F; and A/a =1.7
x108 cm/sec; solid line,
for an energy dependent F;
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would be invalid. Thus, this present extended
study will permit a determination of how the
formation of backscattered excited atoms varies
with impact energy, and might provide a test of
recent theoretical predictions.

The only substantive change in experimental
details from our previous work® has been the use
of a different ion accelerator to increase the pro-
jectile energy from the previous upper limit of 30
keV to the present limit of 200 keV. Briefly, the
accelerated ions strike the target at an incident
angle of 60° (angle between the ion beam and tar-
get normal). An optical monochromator views
the target at 90° with respect to the ion beam.
Wide entrance and exit slits were employed on the
monochromator to maximize signal-to-noise
ratio; this resulted in a rather poor resolution
(48 A). We scanned through the Doppler-broad-
ened Balmer 8 line and integrated the area under
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FIG. 2. Projectile-energy dependence of Balmer g
line emission from backscattered H* atoms for a Cu
target. The solid line indicates theoretical values with
A/a1.9%108 cm/sec and F; is dependent on emergent
particle energy. -

the peak. All values of y;, reproduced here are
relative values; absolute measurements of y;,
have been presented in earlier work.”® The in-
tegrated line intensity as a function of incident
projectile energy is shown in Figs. 1-3 for tar-
gets of Mo, Cu, and type 304 stainless steel, re-
spectively. Data at energies less than 30 keV
were reported earlier,' but are also reproduced
here. We used not only H,;*, but also H,* and H,*
projectiles, because it was previously® shown that
at low ambient oxygen pressures (~107!! torr) in
the target, all y;, for H," and H;* with energy £
are the same as y;, for H,* with energy 3 E and
3E, respectively.

The intention was to model the data using Eq.
(1) to predict v; and to compare it with experiment
assuming that this also represented the relative
behavior of the measured emission coefficient v;,.
The velocity distribution of backscattered par-
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FIG. 3. Projectile-energy dependence of Balmer
line emission from backscattered H* atoms for a stain-
less steel target (SS304). The dashed line indicates the
trend of the data.
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ticles, f(,,E,, ¢)dv, was to be obtained from the
formulation of McCracken and Freeman.? This
formulation is strictly valid only for those in-
cident velocities less than the velocity of an elec-
tron in the first Bohr orbit where the LSS theory
of electronic stopping is valid’; this limits ap-
plicability to protons of less than 25-keV incident
energy. However, McCracken and Freeman?
showed that the formulation agreed very well with
direct experimental measurements of backscat-
tering with 120-keV incident protons. Therefore
we have continued to use that prediction here,

In the analysis of earlier experiments at lower
impact energies (<30 keV) we have assumed that
the probability of a recoil being an excited neutral,
F;, was independent of recoil velocity. This is
not likely to be correct at the higher energies of
the present experiment, and we have examined
various energy-dependent forms. The factor F;
can be written as the product P,P;, where P,
is the probability of the recoil being a neutral and
P; is the probability of the neutral recoil being
excited. There are two recent theoretical predic-
tions of P,. One is by Cross® and considers the
projectile to be undergoing successive processes
of charge-transfer neutralization and stripping
in the solid. The other is by Kitagawa and
Ohtsuki®; it considers the projectile to remain
stripped in the solid and allows neutral formation
by an electron-ion recombination mechanism as
the projectile escapes from the surface. Unfor-
tunately, the success of Cross’s theory is con-
fined to carbon targets and to particles with exit
energies =100 keV. The predictions of Kitagawa
and Ohtsuki® are for Au and differ from the experi-
mental data by up to 70 % within the energy range
30-200 keV, although at energies below 30 keV the
predictions agree with experiment. Since neither
prediction adequately covers the range of our ex-
periment, we decided instead to use the experi-
mental measurements of P, for H* on Mo and Cu
by Behrisch et al.'® and to extend their range by
using the low-energy approximation of Kitagawa
and Ohtsuki® at energies <20 keV and the high-
energy approximation of Cross® at energies =150
keV. It would appear that the value of P, is not a
sensitive function of material. The experimental
data of Behrisch ef al.'® for Mo and Cu are within
20% of experimental data for C, Au,Cr, Ni, and
Al by Chateau-Thierry and Gladieux'!; the theo-
retical values by Cross® for C are similar to the
theoretical values of Kitagawa and Ohtsuki® for
Au. Consequently we feel that our use of experi-
mental data with extrapolations from theory is
quite reliable. For completeness we reproduce in
Fig. 4 the actual values of P, that we employed.
Both the theory of Cross® and that of Kitagawa and
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FIG. 4. The values of neutralization probability P,
assumed in the model. These are determined from the
experimental data of Behrisch et al.!® extrapolated to
low energies by the theory of Kitagawa and Ohtsuki® and
to high energies by the theory of Cross.? .

Ohtsuki® suggest that the probability of a neutral
being in an excited state, P;, is inversely propor-
tional to the cube of the principal quantum number,
so we assume that relationship here. Thus the
energy dependence of F,;(=P,P;) is given in relative
terms simply by the variation of P,.

In Fig. 1 we show a variety of computed excita-
tion coefficients y; [from Eq. (1)] normalized to
the experimental emission coefficients y;,; both
computed and experimental data are relative
values. One computed curve employs a constant
F, and a value for A/a of 1.7 X10° cm/sec; these
are the conditions used in our earlier analyses'
for data at energies below 30 keV. As expected
there is a discrepancy between computation and
experiment at high energies. A second computation
employs the same survival parameter A/a, but an
energy dependent F; obtained in the manner de-
scribed above. In this case the predictions of the
model agree well with experiment. For complete-
ness a computation is also shown with the F; de- .
rived as described above and the survival param-
eter A /a adjusted to give the best fit to experi-
ment. In this case, the value of ‘A/a derived by
fitting to the data comes out as 1.9 X 108 cm/sec;
within the accuracy we assign! to A /a (+25%) this
is not significantly different from the previously
derived! value (1.7 X 10° cm/sec). We have also
utilized Kitagawa and Ohtsuki’s prediction of P,
and find the predicted y; to be less than 10% dif-
ferent from the predictions using P, from Fig. 4;
this prediction is not shown to.avoid confusion
with the other lines on Fig. 1.

In Fig. 2 we show a single prediction for the Cu
target utilizing the neutral formation probability
P, from Fig. 4 and a survival coefficient A /a of
1.9 X 10® cm/sec; again the prediction agrees with
measurement within experimental accuracy. We
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show no predicted y; for the case of stainless
steel in Fig. 3 since there is not experimental
data for P, on which to base the model; the line
on that figure is drawn freely to indicate only the
general trend of the experimental data.

Some measurements of Doppler-broadened line
shape were performed and compared with the pre-
dicted shape from the model in the manner of our
earlier work.! These results are not presented in
detail since they were taken with a poor spectral
resolution (to enhance signal strength) and there-
fore are dominated by the instrumental linewidth.
As an example, the width of the line at half maxi-
mum intensity for 180-keV H* on Mo was mea-
sured to be 75 A using the instrumental resolution
of 48 A, The predicted width using the model with
P, from Fig. 4 and A /a=1.9 X 10® cm/sec with al-
lowance for instrumental linewidth is 77.1 A this
is in satisfactory agreement within the experimen-
tal accuracy. By contrast the predicted width as-
suming probability of excited-state formation is
not dependent on energy (i.e., F;=const) is 87.7
A. Similar figures are found for the Cu target.
Thus the line shape is consistent with the adopted
model.

The present work has extended the previous
measurements!3~% to higher impact energies and
demonstrated that the model adopted for predicting
the emission coefficient remains valid provided
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account is taken of the energy dependence of the
probability of recoils being excited F,. It is clear
from Fig. 1 that the emission coefficient is not a
sensitive function of F;; assumption of a constant
F; at all energies overestimates the emission co-
efficient by only a factor of 2 at 200 keV. The
emission coefficient for a high-impact-energy
proton is dominated by the low-energy recoils
which constitutes the greatest part of the recoil
energy spectrum.

The predlctlons of the model are not significantly
altered as ' one changes the adopted value of P,
from the experimental data of Fig. 4 to the pre-
dictions of Kitagawa and Ohtsuki® and finally to
those of Cross.® Although the two theoretical pre-
dictions®?® are based on entirely different con-
cepts, their predictions are sufficiently close that
they agree equally well with our experiment. Thus
the present experiment does not provide a test as
to which prediction is most accurate.

Our earlier success in modeling®~% emission
coefficients at low energies with a constant F;
is explained by the insensitivity of the model re-
sults to the form of F; adopted.
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