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The main processes involved in energy loss of charged particles are briefly considered
and compared to inner shell ionization. Some applications of particle induced X-ray emission
are mentioned. The higher order corrections to the PWBA and SCA theories for the ionization
cross section are briefly sketched and compared to each other.

Selected K-shell cross section data (from the compilation by GARDNER and GRAY, and
from some recent publications) for projectiles from protons to oxygen ions on various targets
are compared to each other and to theories. It is found that almost all the data lie between 609
above and 609, below the corrected PWBA theory by BRANDT et al, but that there are also
systematic discrepancies between theory and experiments where the reduced velocity variable &
has about the values 0.2, 0.3, and 0.6. Possible reasons for these discrepancies are given. The
SCA theory, as corrected by LAEGSGAARD et al, has a rather limited range of validity, but
within this range, it agrees better with the data than the PWBA theory.

1. Introduction

It may be useful first to consider what happens to a beam of light ions
(e. g. 1 MeV protons) as it hits a solid. Let us assume that there will be about
1 ionizing collision per atomic target layer and that each ionizing collision
produces, as in a gas, an energy loss of about 30 eV. Then we expect a range
of about 3 x 10* atomic layers or 6um (assuming an average layer spacing
of 0.2 nm, as for Cu). Indeed, the range of 1 MeV protons in Cu is 7 pm [1].
It follows that 1 MeV protons are useful to investigate thin films or near-
surface layers.

Actually, the stopping is not constant as we have assumed but reaches
a maximum at about 100 keV [1]. At this energy, the proton velocity is just
twice the Bohr velocity, v,. Hence it seems plausible that the stopping power
has its maximum where the proton velocity is close to the orbital velocity
of outer target electrons.

Compared to those ionizing collisions which affect mainly the outer-
most electrons, K-shell ionization is a very rare process. Indeed, since the
K-shell ionization cross section for 1 MeV protons on Cu is 17b, the probabi-
lity to produce 1 K-shell hole throughout the range, given by the cross section
times the number of target atoms per unit surface, is less than 10-3. Never-
theless this process is easily detected via the subsequent X-radiation.
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In analogy to the stopping power, we may expect the maximum K-shell
ionization where the projectile velocity v, matches the orbital velocity of
target K-shell electrons, v,x, To express this expectation also in terms of
energy, we introduce the variable 7, [2]:

n:”%:m.Elz_@_ﬁﬂ (1)
T M, ZiR 4 I’

where Z,; = Z, — 0.3 corrects for inner shielding, @, (0.6 < @, 5 1) for
outer shielding. R = 13.6 eV is the Rydberg energy, T, = 4mE /M, is the
maximum possible energy transfer to a free electron (mass m) at rest, E| is
the incident projectile energy, M, the projectile mass, I, the experimental
K-ionization energy.The indices 1 and 2 refer to projectile and target, respect-
ively.

In these terms, the maximum cross section is expected where g ~~ 1
or where T, ~ 4I. On the other hand, a collision with an electron which is
free except that its binding energy must be overcome, could never lead to
ionization if T, < Iy. Or conversely, it is only the binding that makes
ionizing collisions in the low energy region possible [2]. Hence we expect the
low energy cross section to increase strongly with increasing 7, and to de-
crease strongly with increasing Z,. This behaviour of the cross section is clearly
seen, e. g. in the figures given by BasBas et al [3].

2. Applications

The measurement of particle induced X-ray emission (PIXE) is well
suited to determine the concentration of many elements simultaneously in
small samples, with ppm sensitivity. Many applications have been described
in the first conference on this subject [4], and more recently in [5].

PIXE measurements may also be used to determine the depth profile
of a foreign element in bulk material, due to the strong variation of the cross
section with energy. If one assumes, e. g., that the foreign atoms occupy
a layer of thickness b at a mean depth a, with a concentration ¢, then these
three parameters may be determined by measuring the X-ray yield of the
sample at three different energies, if the yield for a thick layer of the pure
foreign material is also known [6]. This method, although not as generally
applicable as Rutherford backscattering, should be useful for elements of
similar Z, for low-Z foreign material in high-Z bulk, and for foreign material
of low concentration. Another recent application of this method has been
published by VEGH et al [7].
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3. Theoretical description

Clearly, the quantitative application of PIXE requires either calibration
measurements on known samples, or a knowledge of the cross sections. Empiri-
cal relations could be used here [8], but it is also of interest to see how well
the cross sections are described by theoretical approaches. In the following,
we restrict the discussion to K-shell ionization by light ions (Z; < 0.3 Z,).

Two basic approaches have recently been used with considerable success:
the semi-classical approximation (SCA) [9] and the Plane-Wave-Born-Appro-
ximation (PWBA) [2]. It has been shown that both approaches must lead to
identical results if the same electron wave functions are used [10]. The SCA
approach can be easily visualized: the projectile passes the target atom at
a distance b from the nucleus, flying in a straight line at constant speed, and
it ionizes the K-shell through its rapidly varying electric field. Integrating
over all impact parameters b yields the total cross section, g.

Both approaches correspond to first order perturbation; the cross
section obtained is therefore proportional to Z,2 and depends on the projectile
energy only through v, [11].

It is useful to know which impact parameter b contributes most to the
total oy, for a given v,. Here again, the simplest classical argument leads
to a correct result: the collision time (of the oder b/v;) should be comparable
to the period of revolution, 1/wy,. Hence the largest contribution comes from
b = vJoyg = ryy, where r,; is the so-called ““adiabatic distance’ [9]:

Toa = /oy = hv /I . (2)

In terms of r,;, we may define a reduced velocity £ which bears a simple
relation to 7,:

§ = Taltak = (2/05) V1 » ()

where a,; = a,/Z,y is the screened hydrogenic K-shell radius. When properly
normalized, o is a universal function of £ [3]. Although the basic features
of the cross section are well described by both theories, a detailed comparison
with experiments shows the necessity of additional corrections:

a. Increased binding. At low v, where £<€ 1, the projectile passes well
within the target K-shell radius, thus increasing the binding energy I, and
decreasing ox. The simplest way to correct for this effect [12] is to replace
Z, 2 by (Zy + Z,)? thus decreasing 1y in Eq. [1].

b. Polarisation [3]. At higher values v, the projectile may be thought
of as passing outside the K-shell, deforming the wave function in such a way
as to decrease I (since the electron is, on the average, farther away from
the nucleus). This increases 0.
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c. Relativity. Most calculations use (non-relativistic) hydrogenic wave
functions. This cannot be correct for high-Z, targets (and even for medium
Z, if the innermost part of the atom is probed by slow projectiles). Strongly
bound electrons move fast; this increases T, (due to the relativistic mass
increase) and hence 7. BRANDT and Lapickr [13] have recently shown
how this can be easily incorporated into the PWBA calculation.

d. Coulomb deflection. For low v,, the projectile can no more be as-
sumed to move at constant speed in a straight line. The Coulomb force both
deflects the projectile and slows it down, thus decreasing 7.

All these effects have been incorporated into the PWBA theory [3,
13]. The binding, relativity and Coulomb corrections are also contained in
the formulation of the SCA theory given by LAEGSGAARD et al [12]. Because
of the simple binding correction (see above), the latter is only good for small
projectile velocities (§ < 0.23).

Since the Coulomb correction is much different from unity wherever
the relativity correction is [14] and since these two corrections tend to cancel
each other, it is not easy to separate them by experiment.

There is, however, another theoretical approach which sheds light on
the binding/polarization correction. ForDp et al [15] have calculated K-shell
ionization by protons using second order perturbation theory for cases where
both relativity and Coulomb corrections are not important. Comparing their
second order to their first order result should give the same binding/polari-

binding polarization correction for p-sTi

R 2 3 4L 5 & 7 -8 & 0 N [Me]
energy

Fig. 1. The binding/polarization correction for protons on Ti according to three different theor-
etical approaches: BBL [3], FFR [15], and LAL [12]
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gation correction as is ohtained by comparing the corrected to the uncorrected
PWBA cross section. Fig. 1 shows that there is indeed fairly good agreement
between the two approaches. The SCA curve (labelled LAL) behaves quite
differently, it is remarkable that it does not agree with the PWBA curve
(labelled BBL) in the limit of vanishing energy (where it should be best).

4. Comparison of experimental and theoretical ionization cross-sections

Since the compilation of K-shell ionization cross sections was recently
published by GARDNER and GrAY [16], we have been trying to use the large
amount of information from Table T of that compilation to compare the
experimental data both with each other and with the theories, using a com-
puter program. First results have been presented before [17].

More recently, we have augmented the data base by new published
data, and we have changed the program to normalize the data through divi-
sion by the PWBA theory with all corrections. Ideally, then, all the normalized
cross section data should be close to unity; in practice, we find almost all the
data in the range (0.4, 1.6) and the great majority within (0.8, 1.2) i. e. the
overall agreement with the corrected PWBA theory (for many different
Z, — Z, combinations) is good, although some experiments may have ex-
cessive errors. By way of example, we present here a few representative
graphs; the full comparison will be published elsewhere [20].

Fig. 2 shows relative cross sections for protons on Ne. The different
symbols refer to different measurements identified by codes. Of this code,
the first letter gives the type of measurement (X for X-ray, A or I for Auger);
the second letter gives the type of target (G for gas, N for thin solids, K for
a thick solid); the remaining symbols define the publication (see Table 1).
Before plotting, the experimental X-ray or Auger data have been converted
to ionization cross sections using the table of fluorescence coefficients by
Kravuse [18]. Fig. 2 shows rather large discrepancies between different ex-
periments at low energy.

Fig. 3 (p on Cu) shows good agreement between many different authors,
and a few experimental discrepancies. Fig. 4 (p on Au) shows that the high
energy points now agree rather well with the corrected PWBA theory, due
to the inclusion of the relativity correction [13], but that the theory is too
high for low energies. The corrected SCA theory is also plotted as a line (x—x—x
in the region £ < 0.25, and +—+—+ in the region £ > 0.25); it follows the
data very well.

In Fig. 5, cross section data are plotted for protons (E; < 15 MeV) on
five different targets (;;Ag — 5,Sb), versus the reduced velocity variable &. Al-
though the various corrections are not only functions of &, an approximately
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universal behaviour is seen at low energy: the points bend down sharply
at £ ~2 0.2. The high points (p — ,,In) are due to KL76. Fig. 6 (p on Ag)

shows

LA79,

that the low energy bend is found by three different groups: BR78,
and BE79. This is somewhat in contradiction to BRANDT and Larickr

[13] who state that only AwmoLT’s data [14] are not in agreement with
their theory. The reason for these different findings may be the somewhat
different data base.

Table X
References for experimental data

AK74
AN78
BE73
BE78

BE79
BD78

BR78
GR76A

HO75A
HO75B
KA77
KB76

KH75
KL76

LA76
LA79

LE75
L173

LO79B
MD77A

MI176
MK76
PE79
RN76
RS76
8076
ST75
TR77
WL76
WO74

WO176
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Fig. 2. Experimental K-shell ionization cross section for protons on Ne versus projectile energy,
divided by the fully corrected PWBA theory [3, 13]. The different symbols correspond to
different references (see Table 1), the first two letters define the type of measurement and the
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120 1 H"on Au
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Fig. 4. Like Fig. 2, for protons on Au. The (normalized) SCA-theory [12] is plotted here as a line
(x-x-x for 1 > 0.25, 4 —+ —+ for § > 0.25). It fits the data at low energies much better
than the PWBA theory. Data are due to KA77 (squares) and AN78 (diamonds)
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Fig. 5. Experimental K-shell ionization cross sections, normalized as in Fig. 2, plotted versus

the reduced velocity & (Eq. 3), for protons on Ag, Cd, In, Sn, and Sb. The different symbols
correspond to different target atomic numbers, as shown. Note the low energy bend at § ~ 0.2
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Fig. 7. Like Fig. 5, for protons on heavy targets
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Fig. 7 (protons on heavy targets: ;Re — ,,U, E, <13 MeV) shows the
same general behaviour. The low energy bend is again found by three groups:
KA77, AN78, and LA79.

Fig. 8 (alpbas on targets from ,,1i to 3Zn, E, < 10 MeV) shows very many
points within (0.8, 1.2), a few high points (KL76) and a few low points (S0O76).
Here, the bend at £ ~ 0.2 is only based on measurements by one group (BE79).

140 4
o 22
¢ 23
X 24
120 A A 25
+ 26
o 27
<d 28
100 - X 29
a 30
+
0.80 -
060 -
o0
0100 fﬁ T T T 0 T Bl
0.00 0.20 0.40 0.69 080 100
+ X!

Fig. 8. Like Fig. 5, for alphas on targets from Ti to Zn

There may also be an indication of a maximum at £ ~ 0.3, Fig. 9 (alphas
on heavy targets, E, < 60 MeV) shows the same general behaviour; the low
energy points are here only due to AN78.

The remaining figures refer to slightly heavier projectiles. Figs. 10 and
11 (N projectiles on targets from ,,Ca to 5 Sh, E < 36 MeV) show a new
feature: a pronounced minimum at £ ~ 0.6. Whereas Fig. 10 contains almost
only data by MD77A, Fig. 11 has data by four different groups: MD7T7A,
BR78, GR76A, TR77.

Fig. 12 (**0 on ,;Fe to ;;Br, E << 91 MeV) shows the same minimum less
clearly due to the somewhat discrepant data. Fig 13 (10 on 5,Rb to Sm,
E <56 MeV) may again show the maximum at £ ~ 0.3, though not very
clearly. Fig. 14 (%0 on Ho to ,,U, E << 56 MeV) shows the bend at & ~ 0.2
and the maximum at £ ~ 0.3.
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Fig. 10. Like Fig. 5, for 1N projectiles on targets from Ca to Ni.

Note the minimum at § ~ 0.6
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Fig. 11. Like Fig. 5, for 1¥N projectiles on targets from Cu to Sb
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Fig. 12, Like Fig, 5, for 10 projectiles on targets from Fe to Br. A possible minimum at £ ~ 0.6
is barely perceptible due to somewhat discrepant data
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In retrospect, it can be noted that not only the bend at & ~ 0.2 but
also the features at £ ~ 0.3 and £ ~ 0.6 can be seen (or guessed) from the
Figures for protons and alphas, but that they are less pronounced there than
for the heavier projectiles.

5. Discussion

Although these remaining discrepancies between the corrected PWBA
theory due to BRANDT et al [3, 13] and experiments are not very large, it
would be interesting to find reasons. Clearly, this will not be possible from
our comparisons alone, but will require theoretical insight also.

Concerning the bend at £ ~ 0.2, we may assume, following the work
of KocBacH [19] and AnHoLT [14], that BRANDT’s [3, 13] Coulomb correction
factor is not as different from unity as it should be.

Since electron capture by the projectile is not included in the theories
used, the question arises whether the maximum at § ~ 0.3 could be due to
this effect. Taking 60 projectiles as an example, one would indeed expect
the maximum of K-capture to occur around E, = 26 MeV (where v, equals
the velocity of projectile K-electrons). But the corresponding values of &
would then lie between £ = 0.17 (for U) and £ = 0.53 (for Rb), whereas the
maximum is empirically found at a fixed value &.

Finally, one may ask whether the features at £ = 0.3 and 0.6 are due
to not quite satisfactory theoretical corrections. Iere the binding correction
would be the most likely candidate since it becomes more important with
increasing Z,. For 1N projectiles, e. g. it amounts to about 0.16 for £ = 0.6,
whereas the other corrections are close to unity. Hence, the deviations may
well be due to the binding correction.

The corrected SCA theory is not within its range of validity (£ < 0.25)
on most graphs. Where it is valid, however, it follows the data better than
the PWBA theory.
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