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ABSTRACT

Electronic excitation of an atom by an ion in the energy regime below �20 keV/u can be strongly coupled with elastic scattering.
This feature may cause noticeable deviations in the energy loss of light ions such as protons and deuterons from velocity-proportionality
and is found to be an essential ingredient in the understanding of the stopping behavior near the threshold. We have incorporated this
effect into the PASS stopping code and, in this way, expanded the range of validity of the code down to around 1 keV/u. Comparison of cal-
culated with measured stopping cross sections for protons in Ag, Au, Cu, and Ni shows good agreement with recent data that deviate dra-
matically from the commonly assumed velocity proportionality. Most of these data were determined by the analysis of reflected-ion spectra.
Computation of reflected-ion spectra with energy-loss functions from PASS leads to good agreement with measured spectra. A direct conse-
quence of the coupling with elastic collisions is isotope dependence of the electronic-stopping cross section. Conventional stopping theory
denies the existence of a significant isotope effect. Present calculations suggest an effect in the 1–10% range for hydrogen in Si at energies
around and below 10 keV/u. This is found to be compatible with experimental data.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0046401

I. INTRODUCTION

Ion beam techniques play a central role in technologies on the
micro and nanoscale. The physical basis was developed in the 1960s,1

and a central role was played by a short—less than three printed
pages—paper entitled “Energy dissipation by ions in the keV region”
by Lindhard and Scharff.2

The basic principles outlined in that paper are still widely
accepted today. In brief, ions penetrating through a material interact
separately with the electrons and the nuclei of the medium, where the
former process causes slowing down, whereas the latter is also respon-
sible for deflection and recoil generation in addition to energy loss.

Originally, the package was implemented with a comprehen-
sive differential cross section for elastic scattering and a frequently
quoted formula for friction-like electronic stopping.3 While this
type of input has undergone substantial development over the
years, the basic scheme still underlies several simulation codes such
as the well-known SRIM code.4

In the present study, we demonstrate that the assumption of
separate electronic and nuclear processes becomes problematic at low

beam energies and has noticeable consequences in the energy range
below 20 keV/nucleon. The effect we discuss is well known in ion-
induced x-ray emission, where it is called Coulomb deflection.5,6

Conventional theory of electronic stopping, developed by Bohr
and Bethe and numerous others, characterizes the trajectory in a col-
lision by a straight line passing by a target atom at an impact param-
eter p and at a constant energy E. This implies that the closest
distance of approach Rmin between the colliding nuclei does not
enter the theory so that the electronic energy transfer will be overesti-
mated. Coulomb deflection accounts for the orbit and velocity varia-
tion of the projectile during a collision. At low energies, we do not
deal with free-Coulomb scattering. Instead, referring to Rmin as the
central quantity, we talk about the RM-correction.

In the following, we discuss two direct consequences of this
correction:

• Pronounced deviations from velocity-proportional electronic
stopping at low velocities found in numerous experiments
mainly with protons but, so far, hard to quantify in theory.
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• Isotopic differences in electronic stopping, unexpected in most
existing theory. In fact, the absence of an isotope effect, either
tacitly assumed or tested experimentally, is often utilized in prac-
tice to extend the accessible velocity range of an accelerator.

The analog of Coulomb deflection at low beam energies was
already foreseen by Firsov7 in his famous formula describing the
energy transfer in ion-atom collisions, which depends explicitly
on Rmin. However, when applied to stopping, Rmin is usually
replaced by the impact parameter, with the result that the pre-
dicted stopping cross section becomes strictly proportional to the
velocity.8

The isotope effect is a direct consequence of the dependence
of electronic stopping on elastic-collision dynamics. The lighter the
projectile, the more it will be scattered away from the target
nucleus in a collision, and the less energy will be transferred as
electronic stopping. Thus, one expects the heavier isotope to have a
higher energy loss. We call this a positive isotope effect.

We emphasize that scattering between ions in the keV energy
range is well described by classical scattering theory,9 whereas
processes associated with electronic energy loss involve quantum
mechanics. The literature shows a large number of theoretical
schemes employing various levels of quantum mechanical input.10

The RM-correction described below is equally well suited for incor-
poration into classical as quantal stopping theory, as long as the
trajectories of the nuclei are described in classical terms, i.e., in
what is often called the semiclassical scattering theory.

Calculations reported in the following have been performed
with the PASS code,11,12 which has its origin in Bohr’s classical
stopping theory.13 Due to a number of important amendments, the
code has proven successful in the computation of stopping proper-
ties for a wide variety of ions, materials, and energies.14

II. PROCEDURE

A. RM-correction

The literature offers a multitude of theoretical schemes to take
approximately into account Coulomb deflection in estimating exci-
tation cross sections, which end up in some deflection factor.15

Inspired by Firsov’s ansatz, we work instead with a model
sketched in Fig. 1, which defines the RM-correction. Here, the true
trajectory of an ion 1 in a binary collision is replaced by a straight
line passing the target atom 2 at a distance rmin(p, E), which is
given by Ref. 16

1� V(rmin)
Er

� p2

r2min
¼ 0, (1)

where V(r) denotes the interatomic potential and Er ¼ μv2=2 is the
relative energy before the collision with μ being the reduced mass.

This defines what we in the following call the RM1-correction,
which consists of replacing the energy loss function T(p, E) by
T(rmin, E) or the stopping cross section S0(E) ¼

Ð
2πp dp T(p, E) by

SRM1(E) ¼
ð
2πp dp T (rmin(p, E), E)): (2)

Also, the change in energy during a collision has received
interest in the literature.6 We take this into account by replacing
the beam energy E in T(p, E) by T(p, E1), where

E1 ¼ E � V(rmin): (3)

In the following, the combined action of RM1 and the energy cor-
rection will be denoted by RM2, while uncorrected quantities will
be labeled by RM0.

When addressing conducting materials, we need to distinguish
between the core and conduction electrons, since the stopping
cross section at low energies receives a major contribution from
free electrons, which are not affected by the RM-correction. Special
attention is indicated for transition metals.

B. Input

Most calculations reported here were performed with the
PASS code, which is based on binary stopping theory11 and delivers
impact-parameter-dependent energy losses T(p, E) as described in
Ref. 17. We use standard input18 including projectile excitation.
The substitutions of p by rmin and of E by E1 have been introduced
as new options into the code.

However, for qualitative orientation, we started with estimates
using the well-known Firsov formula for the electronic energy loss,7

T(p) ¼ 0:35
�hv
a0

(Z1 þ Z2)
5=3

1þ 0:16(Z1 þ Z2)
1=3rmin=a0

h i5 , (4)

where a0 ¼ 0:0529 nm is the Bohr radius. We note that the range of
validity of this formula is limited. The atomic numbers of the projec-
tile and the target atom are not supposed to differ by more than a
factor of 4.

Although Eq. (4) contains rmin in the denominator, it is
common, as mentioned above, to replace it by the impact parame-
ter p in calculations of stopping cross sections. That simplification

FIG. 1. Deflection of a projectile 1 on a (stationary) target atom 2. Thin black
line: Incident direction. p is the impact parameter. Thick red line: Trajectory, Rmin
is the closest distance of approach. Θ is the scattering angle. Dashed line:
Model trajectory determining the energy loss.
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has the consequence that the resulting stopping cross section
becomes strictly proportional to the beam speed v over the entire
applied energy range. Among very few exceptions, we mention a
study by Karpuzov19 of the modified Firsov theory for heavy ions,
where several options for the elastic interaction were employed, as
well as Kishinevskii’s20 modification of the Firsov formula.

C. Example: H–Ag

Figure 2 shows T0(p) and TRM(p) for hydrogen in silver
according to the Firsov formula Eq. (4) (top) and PASS (bottom) at
several beam energies. For the Firsov case, we only applied the
RM1-correction, while both corrections are illustrated in the PASS
case. The difference between uncorrected and RM-corrected energy

losses is seen to decrease with increasing beam energy E as well as
with increasing impact parameter p. For the Firsov case, this
amounts to an order of magnitude at E ¼ 0:1 keV and p ¼ 0. For
the PASS case, the corresponding difference is more than two
orders of magnitude for RM2 and well above one order of magni-
tude for RM1. A pronounced difference is still seen at 1 keV. At
10 keV, it is still a factor of two at p ¼ 0, but it decreases rapidly in
magnitude with increasing p and is barely visible at impact parame-
ters above the Bohr radius a0.

We note that PASS values are significantly smaller in absolute
magnitude than the Firsov ones. This is not unexpected, since
the H–Ag system lies outside the range of validity of the Firsov
formula. Therefore, we find a similar difference in the correspond-
ing stopping cross sections, which are shown in Fig. 3. Both graphs

FIG. 2. Energy loss T vs impact parameter p for H in Ag according to the
Firsov formula Eq. (4) (top) and PASS (bottom). Elastic scattering via Thomas–
Fermi–Molière potential with the Lindhard screening radius. (Top) Broken lines:
uncorrected and solid lines: RM1-corrected. Note that H–Ag lies outside the
stated range of validity of the Firsov formula. (Bottom) Stippled lines: uncor-
rected, dashed lines: RM1-corrected, and solid lines: RM2-corrected. Energy
loss to conduction electrons is ignored.

FIG. 3. Calculated stopping cross sections from the Firsov formula (top) and
PASS (bottom). Notation as in Fig. 2. Also included is the nuclear stopping
cross section Sn. In the lower graph, uncorrected and two corrected curves rep-
resent the contributions from the four inner shells, while the contribution from
conduction electrons is shown separately as the red broken line.
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show substantial RM-corrections at low beam energies, but where
Firsov’s suggests a factor-of-two effect at the lowest energy, PASS
predicts more than an order of magnitude difference for RM2 and
up to a factor of 5 for RM1.

Note that the PASS stopping cross section in this figure has
been divided into contributions from the core and the 5s subshell.
Since the latter is unaffected by the RM-correction, the relative dif-
ference between RM2 and RM0 will be smaller in the sum of the
two contributions, as will be seen below.

III. APPLICATIONS

A. Threshold behavior

Figure 4 shows the contributions from individual target shells
to the stopping cross section. Dramatic differences are seen in the
behavior near the threshold between RM2-corrected and uncor-
rected curves. Up to 0.7 keV, the dominating contribution stems
from 5s electrons. The 4d shell takes over from that point and
remains dominating over the entire energy range. The 4p and 4s
shells have their threshold energies at 1 and 2 keV, respectively,
whereas the M shell, with a threshold above 10 keV, starts contrib-
uting noticeably only above 100 keV. In the following, we restrict
attention to E � 100 keV.

While the quantitative details in this graph hinge on the reli-
ability of the PASS code, we conclude that the consideration of the
RM-correction is an essential part in understanding and/or predict-
ing the behavior near the threshold of the electronic stopping cross
section.

This does not preclude the relevance of other contributing
effects. As an example, Fig. 4 can be compared with a corresponding
graph in Ref. 21 for 1s–3d shells in silver, which rests on a different
model and does not incorporate RM-correction. We have included
the 3d contribution from that paper in the figure. This curve, based

on the Born approximation, which has its domain of validity for9

E . 100 keV, predicts a significantly sharper threshold.
We note that there are crossovers between RM-corrected

stopping cross sections for 3s, 3p, and 3d, which are not seen in
the uncorrected stopping cross sections. This is a consequence of
the RM-correction, which has the greatest effect on the electrons
closest to the nucleus.

B. Stopping cross sections

In passing on we need to mention a significant difference
between stopping cross sections reported in Ref. 22 and the corre-
sponding results in the present study. These originate primarily in
a recent change in the standard routine of PASS, where the classical
electron gas has been replaced by the Lindhard function23 for the
description of the conduction shell for proton stopping.24

1. Free and bound electrons

In order to compute stopping cross sections, we need to give
attention to the division between core and “free” electrons, since
this choice determines the magnitude of the RM-correction. The
general problem here is that there is a wide variety of materials
between free-electron metals and high-bandgap insulators and that
there is no generally accepted criterion known to us that would
provide a clear distinction between a description of particle stopping
via bound or free electrons. Binding energies provide a qualitative
guide and so do electrical conductivity and chemical valence. The
two alternative descriptions, bound vs free electrons, on the other
hand, lead to distinctly different predictions.

In standard PASS,24 the outermost subshell in conductors is
treated as a free electron gas, whereas all other electrons are taken as
bound. This picture is found to become questionable when applied
to transition metals, not only in the context of the RM-correction,
where there are not many experimental data to compare with, but
also in the stopping behavior at higher energies.

While this aspect deserves a broader study involving a variety of
target materials, we presently try to demonstrate pertinent trends.

2. Silver and gold

Figures 5–9 show comparisons between calculated
(RM-corrected and uncorrected) stopping cross sections and exper-
imental data from the literature. References to data in the 1 keV
regime have been quoted explicitly. For identification of other data,
we refer to Ref. 25.

Figures 5 and 6 show stopping cross sections for H–Ag and
H–Au, where we operate with one valence electron and a d shell
underneath filled with bound electrons.

We include both RM1- and RM2-corrected stopping cross sec-
tions because we estimate the difference to lie within the cumulative
error margin made up by the PASS code and Eqs. (1) and (3) on the
one hand, and the scatter of the experimental data on the other.

Figure 5 shows a clear separation into two groups of experi-
mental data, which we have discussed previously.22 Being unaware
of the RM-correction, we had no way of reproducing the low-lying
data from Ref. 26. The present comparison, together with the corre-
sponding graphs for Au and the upper graph for Cu in Fig. 9,

FIG. 4. Contributions to the stopping cross section from individual target shells
for H–Ag. Thin lines: Uncorrected PASS, RM0. Thick lines: RM2-corrected.
Projectile excitation has been included in the 5s shell (blue dashed line). Also
included is the 3d contribution reported in Ref. 21 as a red dotted line labeled
Abril07-3d.
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provides confidence both in the validity of the RM-correction and
the data reported in Refs. 26– 29.

The existence of a significant number of experimental data as
well as theoretical estimates following the uncorrected stopping
cross section RM0 is an aspect deserving further consideration on
the basis of our previous work.22

3. Nickel

Figure 7 shows corresponding data for H–Ni, both in the
standard PASS configuration with two free 4s electrons, and an
alternative configuration with a filled 3d shell treated as an electron

gas. For comparison, we also include the prediction for gaseous
nickel in Fig. 8 with a 3d shell filled with bound electrons.

In Fig. 7, we see a large RM-correction in the upper graph, as is
to be expected for valence 2, but experimental points tend to agree
with uncorrected stopping cross sections. In the lower case, with
valence 10, the RM correction has become smaller. This fits well
with the observation that the large difference between transmission30

and reflection31 data, seen in the case of Ag and Au, has almost dis-
appeared for Ni. We note that the RM-correction plays only a minor
role in transmission experiments, since the major portion of widely
scattered projectiles are not seen in the detecting device.22

Absolute values of the stopping cross section are still a bit
high but not exceptional for proton data at these low energies.

The purpose of Fig. 8, which shows calculated gas data with
data measured on solids, is to illustrate trends: Going from valence
0 via 2 to 10, we find an increasing RM correction. Conversely,
going the other way, we find a decreasing RM0 function at low
velocity but an increase at high energy, i.e., a significant change in
slope.

4. Copper

Figure 9 shows the case of H–Cu, comparing a Au- or Ag-like
configuration with a nickel-like configuration with the filled d shell
combined with one 4s electron to an electron gas with 11 electrons
per atom.

Comparing the case of copper, Fig. 9 with nickel, it is
evident that the argument leading to our preference of valence 10
for Ni leads to our preference of valence 1 for Cu, emphasizing
the pronounced difference between transmission32 and reflec-
tion28 measurements.

5. Theory

In the above comparisons, we have quoted theoretical esti-
mates from Refs. 4, 21, and 32– 37, which quote stopping cross sec-
tions close to RM0. Also included is a prediction of H in Au which
lies below RM1 and RM2. The theory underlying Ref. 38 considers
only the contribution of the conduction shell to the stopping cross
section. Analogous to the case of silver, Fig. 4, the ten 5d electrons
in Au deliver a substantial contribution to the stopping cross
section according to PASS even at the lowest energies in the graph.

C. Reflection measurements

Several stopping cross sections shown in Figs. 5–7 were deter-
mined in the reflection geometry,39 where the energy spectrum is
measured of ions reflected from a massive target with a plane
surface, in practice, a moderately thick film of the stopping material
on some substrate, in casu silicon. Stopping cross sections are deter-
mined by running a Monte Carlo program with a trial function for
the stopping cross section entering as an input parameter, which can
be adjusted to match the measured spectrum.26

We have studied this technique in Ref. 40 using the simulation
code OKSANA41,42 in two different ways, an S(E) mode, where
electronic energy loss enters via the stopping cross section, and a
T(p) mode invoking the impact-parameter dependence.

FIG. 6. Same as Fig. 5 for H in Au. Marked data from Refs. 27, 28, 30, and 51.
Theoretical curves from Refs. 34, 36, and 38.

FIG. 5. RM-corrected and uncorrected PASS stopping cross sections for H in Ag.
Experimental data extracted from Ref. 25. Marked data from Refs. 26, 32, and 50.
Theoretical curves from Refs. 21 and 32 (not included) coincide with RM0.
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Our previous study40 revealed differences between spectra
computed in the two modes. In the present study, which focuses
on the RM-correction, we operate only in the S(E) mode, which is
the mode employed in the analysis of all experimental data shown
in Figs. 5–7 and based on reflected-ion spectra. Indeed, working in
the S(E) mode enables extraction of a stopping cross section as a
function of E without a preconceived theory, in contrast to the
T(p) mode, which needs a two-variable trial function.

Figures 10–13 show calculated spectra for 9, 5, 1.5, and 0.5 keV
deuterons, together with experimental spectra underlying Ref. 26.

The plotted spectra reflect the experimental geometry,26 per-
pendicular incidence, and exit angle 129�, but whereas all com-
puted data refer to a well-defined number N0 of incident ions,
experimental spectra are relative, so matching them with calcula-
tions involves an unknown scaling factor. We have chosen to aim
at the energy region around the peak, the position of which varies
noticeably between the theoretical spectra.

RM-corrected spectra are found to match very well the peak
position for the measured spectra for the highest energies. The

match is not complete in the case of 1.5 keV, but a simple way to
estimate the connection between a change in the stopping cross
section with the corresponding change in the reflection spectrum is
to multiply the input cross section by a factor A different from 1.
We have found that for E ¼ 1:5 keV, multiplying the RM-corrected
PASS result (A ¼ 1) by A ¼ 0:8 yields an almost perfect fit to the
measured spectrum. This has been indicated by an extra set of data
in Fig. 12. Without the RM-correction this factor would have to be
A ¼ 0:45.

For E0 ¼ 0:5 keV, we have a slight mismatch of the peak posi-
tion, which cannot be removed by simple scaling. This indicates a
limitation of the underlying PASS code which, admittedly, has not
been developed with a beam energy of 250 eV/u in mind.

IV. ISOTOPE EFFECT

As indicated in the Introduction, the RM-correction must
generate a positive isotope effect, implying that the heaviest isotope
experiences the highest electronic stopping cross section. Since
nuclear stopping has an isotope effect in the same direction, and
since the two processes are connected to the same type of collision,
they are possibly not easy to separate.

Indeed, we have not found a statement in the literature indi-
cating definite experimental evidence for an isotope effect in elec-
tronic stopping. On the other hand, if we accept the reality of the
RM-correction, such an effect must exist, whatever its size in com-
parison with competing effects.

Actually, isotope differences have been searched for in the theo-
retical literature. Although the Bethe stopping formula in its common
form43 does not involve the mass of the ion, a rigorous evaluation
taking due account of the conservation laws of energy and momen-
tum produces a correction in the integration limits of the stopping
integral. In response to a claim in Ref. 44, Bichsel and Inokuti45

arrived at a mass correction of less than 0.05% for 1MeV/u deuterons
in gold as compared to protons at the same speed.

FIG. 7. Same as Fig. 6 for H in Ni. Marked data from Refs. 30, 31, and 52.
Black dash-dotted curve from Ref. 35. Top: Valence 10. Bottom: Valence 2.

FIG. 8. Same as Fig. 7 for Ni gas.
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Moreover, Cabrera-Trujillo,46 searching for an isotope effect at
low energies, predicted a positive isotope difference equivalent with
an isotope ratio

X ¼ S(T)� S(H)
S(T)þ S(H)

(5)

of up to �1% between protons and tritons in He, Al, and Ar at
energies below 20 keV/u, likewise on the basis of the Bethe theory.
In this description, the projectile moves uniformly during a colli-
sion, but the momentum transfer to a target electron depends on
the projectile mass, whereas nuclear scattering, which depends on
both projectile and target mass, is ignored.

A. Silicon

Figure 14 shows PASS results for H and D in Si. For clarity,
only RM0 and RM2 curves have been included. There is found a

positive isotope splitting, which decreases with increasing energy
but is visible over the entire energy range up to 100 keV/u. Also
included are nuclear stopping cross sections, which likewise show
an isotope difference, which is even greater at the low-energy end
but decreases faster with increasing energy.

We have included stopping cross sections reported by Konac
et al.47 based on reflection measurements from Si containing a
marker layer. These data which, in the original paper, are reported
via a fit formula, appear to show a positive isotope effect. However,
the authors express the suspicion that “minor differences . . . at the
lowest energies may result from inaccurate corrections for multiple

FIG. 10. Reflected-ion spectra for 9 keV D–Ag computed by OKSANA.41

Electronic stopping according to PASS; elastic scattering according to Thomas–
Fermi–Molière with Lindhard screening radius; 211 Å silver layer on Si. Entrance
and exit angle 0� and 129�, respectively; N0 ¼ 8� 106 runs. Sampling interval
129+ 2�. Experimental data from Ref. 26.

FIG. 11. Same as Fig. 10 for 5 keV deuterons. N0 ¼ 5� 106 runs.

FIG. 9. Same as Fig. 7 for H in Cu. Marked data from Refs. 28, 32, and 53.
Theoretical curve from Ref. 37. Top: Valence 1. Bottom: Valence 11.
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scattering and nuclear stopping.” On the other hand, as is seen
from the inset, there is good agreement between the measured dif-
ference and the RM2 curve over the entire energy range. We note
that the oscillatory behavior of the “experimental” curve must be
an artifact introduced by the chosen fit function.

The absolute agreement between measured and calculated
stopping cross sections is not perfect, although better than typical
theoretical estimates of stopping cross sections in this energy range,
including estimates by PASS.

B. Reflection geometry

Figure 15 shows a comparison between computed reflection
spectra for 1 keV/u protons (blue symbols) and deuterons (red
symbols) from Si with input similar to what has been used in

Figs. 10–13. Also included are isotope ratios defined in analogy to
Eq. (5). The amplitude of D-spectra is consistently below that
of the corresponding H-spectra, as expected for a positive
isotope effect.

We note that there is a significant isotope ratio for RM0 due to
nuclear stopping. As to be expected, amplitudes increase as stopping
cross sections decrease after the incorporation of RM1 and RM2.
Measuring an isotope effect should be possible with reasonable accu-
racy if absolute amplitudes were available. In the absence of absolute

FIG. 12. Same as Fig. 10 for 1.5 keV deuterons. N0 ¼ 5� 106 runs.

FIG. 13. Same as Fig. 10 for 0.5 keV deuterons. N0 ¼ 5� 106 runs.

FIG. 14. Stopping cross section for D in Si (blue) and H in Si (red).
Measurements from Konac et al.47 Sn denotes the nuclear stopping cross
section. Inset: Isotope ratio X defined in Eq. (5) for RM1 and RM2 and the
experimental data.

FIG. 15. Energy spectra of reflected protons and deuterons from Si for
E ¼ 1 keV/u, simulated by OKSANA. Other parameters as in Fig. 10.
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measurements, one might rely on the difference between the isotope
ratios. This appears delicate but not impossible.

V. SUMMARY AND DISCUSSION

• We have demonstrated that the introduction of the RM-correction,
i.e., the analog of Coulomb deflection in ion-induced x-ray emis-
sion, is essential in the theory of proton stopping at beam energies
below �20 keV/u.

• Consequences of the RM-correction are
• a steeper than

ffiffiffi
E

p
dependence of the stopping cross section

on beam energy below � 100 keV/u,
• a reduction in magnitude which is most pronounced for insu-
lators and decreases in magnitude with an increasing number
of conduction or weakly bound outer-shell electrons, and

• a noticeable isotope splitting at the low-energy end.
• When applied to the PASS code, the RM-correction leads to
stopping cross sections in good agreement with recent experi-
mental results for protons/deuterons in Ag, Au, Cu, and Ni. As
an example, Fig. 16 shows that competing theoretical approaches,
none of which contains an RM-correction, are seen to predict
stopping cross sections significantly higher or significantly lower
than those data.48

• Figure 1 shows that the model trajectory is closer to the nucleus
than the real one. For this reason, and since E1 is the maximum
energy on the track, both RM1 and RM2 must form upper limits
of the respective corrections. This may be one reason for a seem-
ingly better match of the RM1-corrected curves with some of the
experimental data.

On the other hand, RM2 provides a better match of the reflec-
tion spectra in Figs. 10–13, especially the peak positions.

Moreover, the RM-correction hinges on the impact-parameter
dependence of the energy loss, the theory of which involves con-
siderably greater uncertainties in PASS than that of the stopping

cross section.
For these reasons, we quote both RM1 and RM2 in most

graphs. This may enable comparisons with forthcoming alterna-
tive treatments.

• Reflected-energy spectra used for extracting stopping cross sec-
tions for H ions in Ag have been computed with uncorrected
and RM-corrected PASS input. Good agreement with measured
spectra is found for 9 and 5 keV deuterons. For 1.5 keV D, a
slight difference, �20% has been found. For 0.5 keV D, we find a
slight mismatch in the peak position. We find that the good
agreement between the simulations and the measured spectra
down to almost 1 keV/u supports both the reliability of PASS as
applied to slow light ions and that of the still not very common
reflection technique.

• We consider the agreement between measured and calculated
stopping cross sections as a solid foundation for the existence of
the predicted isotope effect. Experimental support is, up until
now, weak. Even though our present study is not the first
attempt to predict an isotope effect in electronic stopping, it is
obvious that such an effect has not so far been a subject of
intense interest in the experimental community.

• The need for the RM-correction is not restricted to the PASS
code. In fact, such a correction ought to and can be incorporated
into any stopping theory that takes notice of the presence of
nuclei as massive particles. If there is a way to enter the mass of
the target atom as an input parameter, RM-correction can be
incorporated. This is straightforward with schemes that operate
with an impact parameter such as Refs. 38 and 49. For alternative
schemes mentioned above, Refs. 21, 32, 34– 37, which operate in
the momentum space, such a simple approach is not obvious.
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