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The density model that was successfully used to obtain electronic stopping cross sections for slow-moving
heavy ions traversing solid media was applied to estimate the well-known Z, oscillations in these cross
sections. Good agreement with experimental results was generally found. Some of the possible sources of
discrepancy are discussed. Relations between the results of Compton-profile measurements which depend on
the bulk properties of the solid and the electronic stopping in thin foil targets assist in resolving ambiguities
in the Z, dependence of the experimental results. It is concluded that the electronic stopping cross sections
are not a universal function of E, Z,, and Z,. They depend strongly on the method of the preparation of the

target foil and on its history.

1. INTRODUCTION

The Z, oscillations in the electronic stopping
cross sections superimposed on a smooth, mono-
tonically-increasing function are a well-known
phenomenon.'™ They arise from the nonmono-
tonous variations of the outer electron density for
atoms of neighboring elements. These oscillations
are most pronounced for low-energy heavy ions
in the energy region below 1 MeV/amu, where
most of the lost energy is transferred to the outer
electrons of the target.

In the atomic units system (m=e =7z=1), which
will be used throughout this work, the electronic
stopping cross section can be written according
to the Lindhard-Winther (LW) model® as
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where p(7) is the spatial charge distribution of the
target electrons and L(p,v) is the stopping func-
tion. The Z, ,;(v) is the projectile’s effective
charge and is almost independent of the Z, of the
solid target.® In the high-energy region this ex-
pression converges to the Bethe-Bloch limit and
becomes proportional to Z,, independent of the
exact shape of p(»). On the other hand, at low
projectile energies the main contribution to the
integral comes from the outer electrons only.
Knowledge of their density is therefore essential
for the calculations of S,. As thep(r) function of
the outer electrons is a nonmonotonous function of
Z,, oscillations in the stopping cross section will
arise.

In our previous publication” a simple density
model was introduced for the calculations of p(7)
in solids. It was based on the experimental vol-
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ume-plasmon measurements and provided a good
estimate of the real electronic charge distribution.
This model and the method for the calculations of
S, will be briefly described in Sec. II. The results
of the computations of S, for H" and He" ions as a
function of Z, and the basis of this model are pre-
sented in Sec. III and are compared with other cal-
culations and experimental results.

In Sec. IV we discuss miscellaneous target ef-
fects. One important factor that has a bearing on
the value of S, is the solid target texture. As in
the main only the density of the outer electrons is
sensitive to the target-structure effects, this fac-
tor will influence mainly the low-energy projectile
cross sections. A second effect commonly known
in thin foils is the variation in the density of the
target. This can be accounted for quantitatively
within the framework of our model. Finally the
relation between the solid-state information de-
rived from Compton-profile experiments and low-
energy electronic stopping cross sections is dis-
cussed.

II. DENSITY MODEL AND COMPUTATION METHOD

The electron density in solids can in principle
be derived quite accurately from the free-atom
(FA) wave functions, using the linear combination
of atomic orbitals (LCAO) formalism. This form-
alism enables us to find the change in the wave
function of an electron bound to a certain atom in
the lattice, due to overlaps with wave functions of
neighboring atomic electrons. In solids, and es-
pecially in metals, even overlaps of high-order
neighbors are non-negligible for the outer weakly
bound electrons. As a result the outer electrons
are delocalized and an almost constant electron
density is obtained in most of the atomic volume,
while the core of inner-shell electrons is only
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slightly affected by this interaction.

According to Eq. (1), S, is computed from p(#)
through a functional relation using L(p(7),v),’
which is a moderate function of p(»). The results
are not very sensitive to the local details of p(7).
Therefore one can use an approximate electronic
density, which resembles the main features of the
LCAO density, but is much simpler to evaluate
and yields correct results for S, with relatively
small effort.

This density model, which was developed in Ref.
7, assumes a constant electronic density C, in the
outer region of the atom and a constant density
correction C; to the FA density in the inner re-
gion, such that the continuity of p(7) on the bound-
ary is satisfied. The constants, C,, C,, and the
radius R, whichdefines the boundary between the
outer and inner regions, are fixed by the following
equations:

CO(VI - VR) =Neff ) (2)
R
f 4n1,2pA(y)d7+CiVR:ZZ—Neff ’ (3)
0
Co=C;+p,(R), (4)

where V, is the atomic volume taken as 11.2 [atom-
ic weight (g)]/[bulk density (g/cm?)]; N, is the
effective number of electrons participating in the
volume-plasmon excitation ® as derived from ex-
perimentally-measured w,; p,(7) is the free-atom
electron density®; and V (=% 7R®) is the volume

of the inner atomic region. The input data are
N, V,, and p ,(»), while C,, C,, and R are de-
rived from Eqs. (2)-(4).

As only a region with approximately constant
electron density can sustain a well-defined plasma
oscillation, N, represents those electrons which
are spread in the outer region of the atom, a re-
gion with constant electron density. Equation (2)
is based upon this assumption. Equation (3) results

rom Eq. (2) and from charge conservation in the
atomic volume. Equation (4) expresses the contin-
uity of p(») at »=R.

The electron density used in our approximation
has the following form:

o(»)=p,(r)+C;, r<R, 5)
p(r)=C,, ¥=R.

This electron-density function, when inserted into
Eq. (1), yields the total electronic stopping cross
section, comprised of two contributions, S,=S,,
+S where

out»

sin=%zl fo : p(r)L(p(r),vMMZdr., ®
6
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out are, respectively, are the inner and
outer contributions of the electrons to the stopping
cross section.

The calculations were done numerically. More
details can be found in our previous paper.! The
derived results for the electronic stopping cross
sections of protons used Z, ,.,(v)=1, which is true
for protons in solids at any velocity,® excluding
only very low-electron-density metals. The com-
putation of S, for heavier projectiles requires a
more accurate knowledge of Z, _,,(v) than the pres-
ent theories can provide. Fortunately Z, ., (v) in
solid targets is almost independent of Z,.° There-
fore, if we define

S.2,,Z,,v) \''?
2; v)= ( e 1 22 >
1es () S,(1,Z,,v)

where S,(Z,, Z,,v) is the experimental electronic
stopping cross section of the ion Z, in a target
whose atomic number is Z,, measured at a given
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FIG. 1. Z, oscillations of S, for protons at 100 keV.
The closed circles are our computed values. The .
dashed line is drawn between them only to guide the eye.
All the other points are experimental, with their refer-
ences as indicated: A—Ref. 10, O—Ref. 11, +—Ref. 12,
B —Ref. 13, A—Ref. 14, A—Ref. 15, ¥—Ref. 16, X —
Ref. 17, ®—Ref. 18, O—Ref. 19,,7—Ref. 20, *—Ref.
21, x—Ref. 22, V—Ref. 23, #—Ref. 24 M Ref. 25,
&—Ref. 26.
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velocity v; the resulting Z, ,.,(v) will remain the
same for any other target material at the same
velocity v.

III. Z, OSCILLATIONS FOR H* AND He* IONS

As can be seen from Figs. 1-4, the agreement
between the experimental Z, oscillations and our
computational results is quite good in the ampli-
tude as well as in the shape of the oscillations.
We attribute this agreement to the fact that in our
model the density of the outer electrons in the sol-
ids is derived from related experimental results.
This is a simple procedure and still gives a good
fit to the actual situation. The competing models
use either the FA wave functions,®” which give a’
rather poor approximation for the outer electron
density in solids, or, when taking into account
solid-state effects, complicated Korringa-Kohn-
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FIG. 2. Z, oscillations of S, for o particles at 400
keV. The value of Z} 4 at this energy is, according to
a large mass of experimental data, 2.64. The closed
circles are our computed values. The dashed line is
drawn between them only to guide the eye. The solid
line is connecting the theoretically computed S, values
from Ref. 27. All the other points are experimental with
their references as indicated: O—Ref. 7, A—Ref. 27,
V—_Ref. 28, B—Ref. 29, + —Ref. 30, S—Ref. 31, *—
Ref. 32, ®—Ref. 33, V—Ref. 34, A—Ref. 35,, 7—Ref.
36.

Rostoker band calculations?® for deriving the elec-
tron density. The model of Latta and Scanlon® uses
a modified electron density derived from the FA
density with the aid of an arbitrarily defined free
parameter.

Whereas for protons Z, .,(v)=1 can be safely
used, for He ions Z, .;(v) is energy dependent and
reaches the value 2 only at relatively high ener-
gies. This fact was overlooked in some of the
earlier computations.?””*°. We overcome this
problem by using the experimental values of
Z, ,+(v) for the ions, according to the procedure
described in Sec. II. This is a better approach
than that using the mean charge of the He ions
emerging from solid targets, suggested in Ref. 4.
The outgoing average charge may be determined
by processes taking place after the emergence of
the ion from the target, and therefore need not be
the Z, ..(v) of the projectile still traversing the
solid foil.

When a comparison between the computed and
the experimental values for the electronic stopping

~ cross section is made, one has to be aware of the
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FIG. 3. Z, oscillations of S, for protons at 200 keV.
The closed circles are our computed values. The dashed
line is drawn between them only to guide the eye. All
the other points are experimental, with their references
as indicated: O—Ref. 7, S—Ref. 37; for the other sym-
bols see Fig. 1.
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FIG. 4. Z, oscillations of S, for a particles at 800
keV. The value of Z %, at this energy is, according to
the existing experimental data, 3.25. The closed circles
are our computed values; the dashed line is drawn be-
tween them only to guide the eye. The solid line is con-
necting the theoretically computed S, values from Ref.
27. All the other points are experimental, with their
references as indicated: S—Ref. 31, H—Ref. 38, #—
Ref. 39; for the other symbols see Fig. 2.

fact that besides the well-known sources for the

Z, oscillations, additional effects such as differ-
ences in target textures and densities should be
considered. These effects, discussed in Secs. IV
and V, may create additional maxima and minima
in the experimental S, curve, thus changing the os-
cillatory pattern in different sets of experiments.
This can be seen for example by comparing the
cross sections given in Figs. 1 and 2 in the Z,=
22-29 region.

IV. TARGET-TEXTURE EFFECT

All the existing models for S, calculations, in-
cluding ours, take the relevant physical proper-
ties of the target, such as mean interatomic dis-
tance and atomic ordering from bulk data. How-
ever most of the S, experiments, especially at low
energies, are performed in thin foils. It is well
known that the physical properties of thin foils
may differ appreciably from those of bulk mater-
ial.?® Differences may occur also between thin
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foils of the same material, depending on the prep-
aration conditions and the history of the foil.*"*2

Such changes of physical properties are directly
connected with changes of outer electron density,
which in turn are the main contributors to the en-
ergy-loss-process of low-velocity ions. Differ-
ences between experimental S, values in the same
material are therefore expected. Examples can be
seen in Fig. 1 for C, Si, Ti, and Ni and in Fig. 2
for C, Si, Ti, Ge, Mo, and Ag. Even larger dif-
ferences may be found at still lower energies.

One possible change in the target properties,
namely, the target density change, can be easily
taken into account within the framework of our
model, contrary to previous works, which dis-
cussed this effect only qualitatively.?®32 One has
only to vary V,, which is inversely proportional
to target density, and R, C,, and C; will be read-
justed to satisfy Egs. (2)-(4). The result of one
such computation is shown in Fig. 5.

Another kind of target-structure effectis the
long-range order. In materials possessing non-
isotropic allotri)pic forms it may cause big
changes in S,, depending on the experimental set-
up. An example of anisotropic behavior of S,,
found by chance, is shown in Fig. 6. Here S, for
He' ions was measured with two kinds of evapor-
ated carbon foils, manufactured by the Yissum
Research Development Company. We measured
the energy loss in targets set perpendicular to the
beam direction and tilted at 60°. In one type of
target called “strong” by the manufacturer the
energy loss in the tilted target was doubled com-~
pared with the normal one, as expected from the
1/cos® behavior of target thickness. Non-normal
behavior was perceived in the second type of tar-
get, referred to as “superstrong.” Although we
were unable to get details of target preparation
from the manufacturer, an electron microscopic
analysis showed a high degree of single-crystal
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FIG. 5. Computed S, results for Cr. The lower curve
is calculated with the bulk density, while the upper one
is computed assuming a 10% decrease in the foil density
compared with bulk density.
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FIG. 6. Experimental S, results for He* ions in two
types of evaporated carbon foils. The circles refer to
amorphous foil of the kind defined as “strong” in the
text. The squares refer to foil mentioned as “super-
strong” in the text. The curve labeled A is with the
beam perpendicular to the foil, while the B curve is

with target tilted at 605 thus doubling its width.

structure in the superstrong sample, contrary to
an almost perfectly amorphous structure in the
strong foils. It is therefore recommended to ver-
ify the amorphous structure of the foils used as
targets in S, experiments simply by rotating them
and checking whether the 1/cosé behavior in the
thickness is followed.

The Z, oscillations arising from electronic
properties of the outer electrons can be seen also
in Compton-profile measurements of the elements.
An easy parameter to compare is J(0)
=21rf: (p(13))P dP, where (p(_15)) is the spherical
average of the Fourier transform of py(r), the
electron density. As the value of J(0) is connec-~
ted with the outer electron density, it displays
Z, oscillations similar in shape, although not in
amplitude, to those of S,.*3

Fortunately Compton-profile measurements per-
formed in bulk do not suffer from the target-struc-
ture effects experienced in thin foils. They may
therefore provide useful information as to which
of the peaks and dips in the Z, oscillation curve
are genuine and which are spurious, owing to tar-
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get-structure effects. The shape of the oscillation
in J(0) for the 3d elements can be seen in Ref, 43.
It agrees well with the shape of the oscillation in
the stopping cross section as computed by us. We
therefore believe that the small peak obtained for
S, in iron foils Z,=26 as reported in Ref. 1 may
be spurious, arising from target-structure ef-
fects. :

Selenium constitutes a case in which the experi-
mental values lie far below our calculated values.
It is interesting to note that the Compton profile
measurements yield a J(0) value for selenium **
much higher than that for its neighbor germanium,
It is well known that selenium may occur in various
allotropic forms, which may strongly affect the
electronic stopping cross-section value.

V. CONCLUSIONS

The Z, oscillations in S, are quite well recon-
structed, using our simple density model. In thin
foil targets, texture effects may cause fluctuations
in S,, depending on target-preparation technique
and history. One cannot avoid the unfavorable
conclusion that no model can fully account for the
experimental values of S, for heavy ions in the
low-velocity region in thin foils. It is simply not
a universal function. In this work we accounted
for two additional factors in thin foils that affect
S, measurements, namely, density changes and
long-range ordering. While a density change can
be quantitatively treated within the framework of
our model, a simple experimental test is recom-
mended to avoid confusing results which may
arise from accidental long-range ordering in the
target.

This work has also pointed to the close linkage
between Compton-scattering data and electronic-
stopping cross section measurements. This con-
nection may be used to deduce the real shape of
Z, oscillations in S,, free from other target-tex-
ture effects.
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