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A survey is given of the available cross-section data for ionization of inner-shell electrons by incident
electrons in the range of interest for electron-probe microanalysis and for Auger-electron spectroscopy of
solid surfaces. Owing to the paucity of data, the bulk of the discussion is limited to K-shell and L-shell
ionization of light atoms. Calculated, semiempirical, and experimental cross-section data have been
intercompared graphically and through fits to the linearized Bethe equation for inner-shell ionization (the
Fano plot). Almost all of the data could be satisfactorily fitted over the range 4 5 U, < 30, where

U, = Ey/E,;, E, is the incident electron energy, and E,; the binding energy of electrons in the n! shell.
From these fits, values could be obtained of the “effective” Bethe parameters b, and c,,. Values of the
parameter b,, have also been derived from photoabsorption data and were found to be generally consistent
with the ionization data if account was taken of the distribution of differential oscillator strength with
respect to excitation energy and the consequent expected variation of b,, with incident electron energy. The
derived “effective” Bethe parameters should not therefore be used outside the range of each fit.
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I. INTRODUCTION

Thereis alargeliterature dealingwith electron-impact
ionization cross sections; see, for example, the reviews
by Kieffer and Dunn (1966), Mohr (1968), Rudge (1968),
Kieffer (1969), Massey and Burhop (1969), Ehrhardt et
al. (1972), van der Wiel (1973), Cooper (1973), Bell and
Kingston (1974), and Madison and Merzbacher (1975).
Much of this literature is concerned with the cross sec-
tions for the removal of a valence electron from a free
atom or molecule to produce an ion. Cross sections of
this type are used extensively in plasma physics, mass
spectroscopy, atmospheric physics, and astrophysics.

This review is concerned with cross sections for the
removal of inner-shell or core electrons by electron im-
pact. Cross sections of this type are used in two com-
mon methods of elemental analysis, electron-probe mi-
croanalysis (EPMA) and Auger-electron spectroscopy
(AES); in addition, these cross sections will be needed
for elemental analysis by measurement of the inner-
shell energy-loss spectra of electrons transmitted
through samples in the electron microscope (Isaacson
and Johnson, 1975). In EPMA, a solid sample is bom-
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barded by an electron beam of energy usually between 5
and 30 keV. This bombardment produces inner-shell va-
cancies that can decay either by characteristic x-ray
emission or by Auger-electron emission (Bambynek et
al., 1972). Measurements of the x-ray intensity in
EPMA are used to derive elemental concentrations, as
described, for example, by Birks (1971), Reuter (1971),
Andersen (1972), Hutchins (1974), Lifshin (1974), Yako-
witz (1974), and Reed (1975). In AES, the solid sample
is usually bombarded by electrons of energy between 2
and 10 keV and the characteristic Auger electrons are
used for elemental identification. At the present time,
procedures analogous to those in EPMA to convert a
measured Auger -electron intensity to an elemental con-
centration have not been as extensively developed (Seah,
1973; Palmberg, 1973; Riviere, 1973; Chang, 1974;
Staib and Kirschner, 1974; Chang, 1975; Morabito,
1975; Vrakking and Meyer, 1975).  This situation is due
in part to the novelty of AES compared to EPMA and in
part to the lack of knowledge of the relevant physical pa-
rameters needed for quantitative AES,?!

We are interested here in cross sections for the pro-
duction of inner-shell vacancies. The term ionization
cross section (denoted o;) will be used to refer exclusive-
ly to the cross section for the production of a vacancy in
a particular (the ith) inner shell. Values of ¢; can thus
be used to predict the yield of x rays in EPMA or of
Auger electrons in AES. These o; values would not be di-
rectly useful in predicting the yield of ions from gas-~
phase samples as account would have to be taken of the
cross sections for excitation of an inner-shell electron
to unoccupied discrete states (although such cross sec-
tions would be expected to be small compared to oy;
Dehmer and Saxon, 1973; Codling, 1973; Azaroff and
Pease, 1974) and of the production of multiply charged
ions in actual ion-yield measurements (Carlson ef al.,
1966). Also, the cross sections to be discussed here re-
fer exclusively to the production of single vacancies in a

11t should be made clear that EPMA and AES are analytical
techniques with different capabilities. One important difference
is that in EPMA a surface region of depth about 1 pm is sam-~
pled (Goldstein, 1974) whereas in AES the corresponding depth
is often between 3 and 30 & (Powell, 1974).
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particular atom; no consideration is given to the simul-
taneous production of multiple vacancies in a single ion-
izing collision (Carlson, et al., 1970).

The main objective of this review is to determine a
sound basis on which inner-shell ionization cross sec-
tions can be predicted for incident electron energies in
the range of interest to EPMA and to AES. We are in-
terested in the shape as well as the magnitude of the o;
versus incident electron energy E, curve in order to as-
certain whether data for one element can be scaled to ap-
ply to another. Owing to the shortage of data, it will be
assumed that o; does not depend on phase or chemical
composition although it is known that do;/dE, the differ-
ential cross section with respect to excitation energy E,
can differ for an element in the solid and gaseous phas-
es and for an element in different compounds (for exci-
tation energies near threshold); this point will be dis-
cussed later in Sec. IX. Also, the analysis of data will
be limited to K-shell and L-shell ionization as very little
data now exist for other shells.

It will be convenient to compare data with the use of the
Bethe (1930) expression for inner-shell ionization. This
choice has been made as the Bethe result has been fre-
quently used in EPMA and as similar expressions due to
Bethe have been extensively and successfully used to de-
scribe valence-shell excitation and ionization for atoms
(Inokuti, 1971; Inokuti et al., 1975). Much of the avail-

" able inner-shell cross-section data is for incident elec-
tron energies less than 10 keV so that nonrelativistic
formulas for data analysis should be satisfactory. The
same formulas have been used here with some data ob-~
tained for electrons of higher energy as the nonrela-
tivistic Bethe formula has been used extensively in
EPMA and it was desired to determine optimum choices
for the various parameters in a simple analytic formula.

The Bethe theory is described briefly in the following
section. In Sec. Il other quantum-mechanical theories
are reviewed and values of “effective Bethe parameters”
are derived. A similar procedure is followed in Sec. IV,
where the available experimental data is reviewed and
analyzed. We will briefly describe classical theories and
semiempirical formulas for inner-shell ionization in
Secs. V and VI, respectively. The various expressions
for ionization cross sections and the results of the ex-
perimental measurements will be intercompared in Sec.
VII. Information concerning one of the Bethe parameters
can be derived from photoabsorption measurements, and
the results of this analysis will be presented in Sec.. VIIL.
Finally, in Sec. IX, we will attempt to assess the physi-
cal significance of the derived Bethe parameters and the
extent to which they can be used to predict ionization
cross sections in other materials.

il. THE BETHE THEORY OF INNER-SHELL
IONIZATION

Bethe (1930) has expressed the cross section, per
atom, for ionization of the ni shell in the form

a4 2
o 27e Z,,,b,,,ln[zmv :’ , (1)

" T mviE,, B,

where E,=pm1? is the energy of the incident electron
beam, E,, is the binding energy of electrons in the %!
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shell, and Z,; is the number of electrons in that shell,
The parameter b,, was estimated by Bethe (using hydro-
genic wave functions) to be between 0.2 and 0.6 for inner
shells and, for a given shell, to be a function of Z. The
energy B,; was estimated by Bethe to be of the order of
E;,. Equation (1) was derived with the use of the first
Born approximation and is expected to be valid when E;
is much greater than E,; and when the energy transfer in
the ionizing collision is much less than E, (Inokuti, 1971;
Cooper, 1973). The question then arises as to how much
greater E, should be than E_;; this problem will be dis-~
cussed in Sec. IX.

With values of the constants inserted, Eq. (1) becomes

. X -14
-68.51x1077 Z",bn,ln[cgj’

EO 2
onl EOEnt nl :]cm ’ (2)
where ¢,, =4E,,/B,, and where the energies E, and E,
have been expressed in electron volts. It is convenient
to rewrite Eq. (2) in terms of the dimensionless variable
U, =E,/E,, to permit easy comparisons of cross sections
for different elements:

0, E2,=6.51x10"%Z ;6. In[c,,U,,]/U,, cm?- eVZ, (3)

In the remainder of this paper we will attempt to find
optimum choices for the Bethe parameters b,, and ¢, in
Egs. (2) and (3). More specific calculations for particu-
lar atoms will be compared with Eq. (3) and.used, where
appropriate, to determine b,, and ¢,,. We will also in-
tercompare experimental ionization cross-section data
on the basis of Eq. (3) and similarly derive effective val-
ues of the Bethe parameters. These parameters can be
obtained conveniently from a linear least-squares fit to
the following equation (a Fano plot):

2 .
S taT g = b U 4 A, )
where A, = b,, Inc,,; that is, from a plot of the left-hand
side of Eq. (4) versus InU,, (Fano, 1954; Schram et al.,
1965; Schram and Vriens, 1965; Inokuti, 1971). A plot
of this type also reveals the minimum energy for which
Egs. (1)=(3) are valid.

1. OTHER QUANTUM-MECHANICAL
CALCULATIONS OF INNER-SHELL IONIZATIO
CROSS SECTIONS '

Madison and Merzbacher (1975) have reviewed theories
of K-shell ionization by electrons with emphasis on cal-
culations and data at high electron energies for medium-
Z and high-Z atoms, where relativistic effects are im-
portant. As pointed out earlier, we will emphasize
cross-section formulas for low electron energies, where
nonrelativistic formulas are usefyl.

Burhop (1940) has computed cross sections for the re-
moval (i.e., true ionization) of K-shell electrons from
atomic Ni, Ag, and Hg, and of L,-, L,-, and L,-shell
electrons from atomic Ag and Hg. Burhop’s formula has
also been evaluated recently by Hink et al. (1969) for the
case of removal of K -shell electrons from Be, Al, and
Ni; only a slight variation of the values of 6,E% with Z
was found. The cross-section data of Burhop have been

analyzed by Mott and Massey (1949), who concluded that,
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if the contributions to o,, due to transitions to unoccupied
discrete levels could be neglected, a reasonable approx-
imation (Dehmer and Saxon, 1973; Codling, 1973; Aza-
roff and Pease, 1974), then b,~0.35, 4, ~0.25, and ¢,

= ¢, = 2.42 (corresponding to B,, =1.65E,, for both K- and
L-shell ionization). Figure 1(a) shows a plot of 6 E 2
versus U, [Eq. (3)] with the Mott and Massey values for
br and cg; a similar plot of Burhop’s values of o E2 for
Ni is shown in Fig. 1(b).

The Bethe parameters derived by Mott and Massey
(1949) have been widely used in model calculations and
correction procedures for the electron-probe microana-
lyzer. A least-squares fit to the Burhop data [using Eq.
(4)], however, yielded substantially different values of
b,, and c,;, as shown in Tables I and II, from those de-
rived by Mott and Massey.

Equations (1)-(3) are not valid at low energies and do
not therefore show a realistic dependence of 0,; on E,
near threshold (U,, =1). Worthington and Tomlin (1956)
arbitrarily modified the logarithmic term in the Bethe
equation to give a plausible representation of the ioniza-
tion cross section near threshold. Their modification of
Eq. (3) is

B51x107
Uanitzg_ : IT(J), Zatlat

4Unt
xIn [1.65 T2.35exp(1=T,;)

1 cm?- eV?. (5)

For large U, Eq. (5) becomes identical to Eq. (3) (with
¢, =2.42). Figures 1(a) and 2(a) show plots of Eq. (5)
near threshold for K- and L-shell ionization where again
the Mott and Massey values of b,, have been used.
Arthurs and Moiseiwitsch (1958) have computed an ex-

(b}

FIG. 1. Plots of 0xE% versus Ug. (a) The dot—dash line denot-
ed B is the Bethe (1930) equation [Eq. (3)] with & ,=0.35 and ¢y
=2.42; the solid line denoted WT is the Worthington—Tomlin
(1956) equation [Eq. (5)] with b 4 =0.35; the long-dashed line de-
noted RS is the Rudge and Schwartz (1966) result [Egs. (6) and
(7a2)]; and the short-dashed curve denoted K is Kolbenstvedt’s
(1967) result [Eq. (8)]. (b) The dotted curve denoted B is Bur-
hop’s (1940) result for Ni; the solid lines denoted AM are the
results of Arthurs and Moiseiwitsch (1958) for Al and Ni; the
short-dashed lines denoted K are Kolbenstvedt’s (1967) results
for Al and Ni; the dot—dashed line denoted P is Periman’s
' (1960) result for Ni; and the long-dashed curve denoted M is
McGuire’s (1971a, 1974) results for Be, C, and O.
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pression for true K-shell ionization from atoms using
Moller’s relativistic modification of the Born approxima-
tion; this expression should be valid for Z <30. Their
equation has been evaluated for Al and Ni and plotted in
Fig. 1(b). The computed values have also been fitted to
Eq. (4) and the derived Bethe parameters are shown in
Table I. Perlman (1960) extended the work of Arthurs
and Moiseiwitsch to heavier atoms. His computed cross-
section curve for Ni is shown in Fig., 1(b) and the de-
rived Bethe parameters are given in Table I. Perlman’s
result for Ni does not differ appreciably from that of
Arthurs and Moiseiwitsch.

Rudge and Schwartz (1966) have computed K~shell and
L,-shell ionization cross sections for atomic hydrogen,
He*, and a fictitious hydrogenic ion with Z=128. Their
results can be expressed in the form

0,,E2,=1.626 10712 ,Q ,(U,,) cm?+ eV?, (6)

The term @,,(U,,) is a reduced cross section that has
been calculated in the second-Born and Born-exchange
approximations and found to be weakly dependent on Z.
As pointed out by Hink and Ziegler (1969), the change
in @,;(U,,) on going from Z =2 to Z =128 is smaller than
the change on going from Z =1 to Z =2. We therefore
quote the results for Z =128,

_Inw, 0.218 0.047
QxUg) = U, [2.799— 7, +“U,2( J (7a)
and
In; 1.147 0.212
= —L ———
@, (U )= [2.1ss+ T } (Tb)

which have been obtained from calculations of @,,(U,;) for
U,; between 1.25 and 4, We have arbitrarily assumed
that Eq. (7) is useful for larger values of U,,. Computed
values of 04E; and o Ef have been used to derive the
Bethe parameters shown in Tables I and II; o EZ is also
plotted in Fig. 1(a) and is seen to be considerably larger
than the values obtained using Eq. (3) with the Mott and
Massey parameters.

Kolbenstvedt (1967) has derived a relatively simple ap-
proximate formula for K-shell ionization applicable to
relativistic electrons and heavy atoms. His result can
be simplified for nonrelativistic energies to become

422 3:590X107In(2.38U)
K~ K U
K

-13
+1.293><10 [1_(1+anK):| em? - eV? @)
Ug Uy .
and is plotted in Fig. 1(a). The relativistic expression
has also been evaluated for Al and Ni and the result is
shown in Fig. 1(b).

McGuire (1971a, 1971b, 1974) has computed gener-
alized oscillator strengths (Bethe, 1930; Inokuti, 1971)
for the various subshells of low-Z atoms from which he
has derived the corresponding ionization cross sections.
His results of o EZ versus U, for Be, C, and O lie on
a smooth curve, indicated in Fig. 1(b), but the values
for Ne lie about 10% higher; the data for F is interme-
diate. It is clear from the results of Arthurs and Moi-
seiwitsch, Kolbenstvedt, and McGuire that there is a
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TABLE I. Values of Bethe parameters by and cx and their probable errors obtained from the
linear least-squares fits (described in Sec. II) to calculated K-shell ionization cross sections

for the range of Uy indicated.

Range of
Author Element Uy 0% Cy
Burhop (1940) Ni 4-15 0.50 +£0.01 1.41 +0.08
Ag 37 0.70 +0.01 0.92 +0.03
Hg 3-10 0.70 +0.02 1.16 +£0.07
Arthurs and Moiseiwitsch (1958) Ni 5~20 0.88 +0.03 0.70 +0.07
Al 5=20 0.42 *+0.02 1.91 +0.28
Perlman (1960) Ni 3-18 0.93 +£0.04 0.68 =0.07
Rudge and Schwartz (1966) T7—50 0.700+0.001 0.965+0.001
Kolbenstvedt (1967) 5—40 0.46 +£0.01 2.62 £0.23
McGuire (1971a, 1974) Be 5.8—62 0.66 +0.01 1.10 +0.06 -
C 5.8—25 0.71 +0.01 0.95 +0.03
O 6.1-23 0.73 +£0.01 0.91 £0.01
Ne 7—15 0.76 +0.01 1.04 +0.03
Be, C,0O 5.8—62 0.68 =0.01 1.06 +0.03
Gryzinski (1965) 10-30 0.54 +0.01 1.86 +0.16
Drawin (1961, 1963) 5—30 0.756+0.003 0.73 +0.01
Lotz (1970) 10-30 0.62 +0.001 0.99 +0.01

rise in 0 E} as Z is increased from 10 to 28. This fac-
tor has to be kept in mind when intercomparing the theo-
retical results and when comparing theory with experi-
ment. Specifically, the nonrelativistic formulas should
be compared with experimental cross-section data only
when E, <1keV and when E,< 10 keV.

McGuire (1971a, 1974) has also calculated L,, L,,, and
M ,-shell ionization cross sections for Z <18 (Ar). His
values of 'Uzngigg for Na, Al, S, and Ar are plotted as a
function of Uy, =E,/E;,, in Fig. 2(b) and it is seen that
there is a substantial variation from element to element.
MecGuire has found empirically that values of o, Ef . for
Na through Ar plotted as a function of Uy,, lie close to a
common curve for Uy, =2 10 and €=1.62,

We have fitted McGuire’s cross-section data to Eq.

(4) and the resulting values of the Bethe parameters are
shown in Tables I and II. Values of b,,, and ¢, are

plotted as a function of Ep,, on logarithmic scales in
Fig. 3. Straight-line least-squares fits to the relations

logbL23 = logEL23 +8
and
logey,, =vlogEL, +0

have been made to yield the parameters o=0.30+0.01,
=-0.74+0.02, y=0.22£0.03, and 6=-0.58+0.07.
Manson (1972, 1974) has computed L,- and L,;-shell
ionization cross sections for Al using a model similar to
that of McGuire for incident electron energies of 2, 3,
and 4 keV. His results have been fitted to Eq. (4) and the
Bethe parameters are shown in Table II. The value of
Ory.EL,, for Eq=2 keV is shown in Fig. 2(b) and corres-
ponds closely to McGuire’s result for Al. )
Wallace, Berg, and Green (1973) have evaluated gen-

TABLE II. Values of Bethe parameters b, and ¢, and their probable errors obtained from the
linear least-squares fits to calculated L-shell ionization cross sections for the range of U,

indicated.
Range of
Author Element Subshell U, b cr
Burhop (1940) Ag Ly 3-15 0.31 =0.02 1.72+0.26
L, 3-15 0.29 £0.02 2.04+ 0.46
L 3-15 0.28 =0.02 1.86+0.30
Hg Ly 3—15 0.35 +0.02 2.36+0.54
Ly 3-15 0.36 £0.02 1.91+0.32
Lg 3~15 0.32 £0.02 1.85+0.33
Rudge and Schwartz (1966) Ly 7=50 0.513+0.001 1.29+0.01
McGuire (1974) Na Log 9-88 0.52 £0.02 0.59+0.08
Al Loy 5~94 0.67 +0.01 0.61+ 0,03
Si Log 6—80 0.71 +£0.01 0.71+0.03
S Ly 6—48 0.87 +0.01 0.82+0.03
Cl Ly 7—50 0.88 =0.01 0.95+0.03
Ar Lys 5-30 0.98 +0.01 0.82+0.02
Manson (1974) Al Ly 17-34 0.32 %0.01 8.8 +1.0
Lo 27—-55 0.60 +0.01 1.70+0.01
Wallace ef al. (1973) Ar Ly 9--31 3.5 *=0.1 0.22+0.03
Lgg 8-41 2.40 +0.01 0.33+0.03
Lotz (1970) Ly 1030 0.54 +0.01 0.48+0.04

Rev. Mod. Phys., Vol. 48, No. 1, January 1976



C. J. Powell:

12
xlo—l4
10
—
[aV)
>
[b]
o
E
[®]
~—
"0
[a Vo]
-
Ll
m
iy
b o il I L L
[¢) 10 20 0] 10 20 30

UL23= EO/EL23

FIG. 2. Plots of (JI%E%23 versus Ug,.. @) The solid line denot-
ed WT is the Worthington—Tomlin (1956) equation [Eq. (5)] with
b; =0.25; the long-dashed line denoted G is the Gryzinski (1965)
expression [Eq. (9)]; the dot—dashed line denoted D is the Dra-
win (1961, 1963) result [Eq. (10)]; and the short-dashed line
denoted L is the Lotz (1970) expression [Eq. (11)] withap,,
=2.6x 107" em? - eV?, by, =0.92, and cz,,=0.19. (b) The solid
lines are McGuire’s (1974) results for Na, Al, S, and Ar; the
short-dashed line denoted W(Ar) is the result of Wallace et al .
(1973) for Ar; and the point denoted M(Al) is Madnson’s (1972,
1974) result for Al.

eralized oscillator strengths for Ar from which they de-
rive cross sections for ionization of the L, and L,; sub-
-shells. Values of UngEfz obtained from their calcula-
tions are shown in Fig. 2(b), and it can be seen that their
values are considerably greater than those of McGuire
for Ar.

IV. MEASUREMENTS OF INNER-SHELL
IONIZATION CROSS SECTIONS

Three techniques have been used to make the limited
number of inner-shell ionization cross-section measure-
ments that now exist. The earliest measurements were
made by measuring the absolute yield of characteristic
x rays emitted from a solid target bombarded by elec-
trons (Webster et al., 1933). One important parameter
that is needed in these measurements is the fluorescent
yield. For inner-shell vacancies caused by the removal
of core electrons of low binding energy (<1 keV), the
fluorescent yield is low (0.01) and often poorly known
(Bambynek et al., 1972) so that the derived ionization
cross sections in the range of interest to AES can have
large uncertainties. This difficulty can be overcome by
measuring instead the total yield of characteristic Auger
electrons corresponding to all decay channels of a par-
ticular inner-shell vacancy (Glupe and Mehlhorn, 1967).
A third method of determining inner-shell ionization
cross sections is from measurements of the energy-loss
spectra of electrons transmitted through thin target films
(Swanson and Powell, 1968). The total intensity of fea-
tures associated with excitation of electrons from a par-
ticular inner shell needs to be measured, but this quan-
tity may not be measurable if there is significant overlap
of intensities for excitation from other shells.
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FIG. 3. Plots of by,, and ¢g,, (solid circles) derived from the
fits to Eq. (4) using McGuire’s (1974) calculated cross sections
for Na, Al, Si, 8, Cl, and Ar (Table II) as a function of Ez,,
The open symbols are values of by, and ¢z, derived from the
fits to experimental cross sections (Table IV) for P, S, and C1

. (open squares, data of Vrakking and Meyer, 1974), for Ar

(open circles, data of Ogurtsov, 1973) and for Ar (open tri-
angles, data of Christofzik, 1970). The solid triangles are val-
ues of IJL23 estimated from photoabsorption data (Sec. VIII).

Measurements of the absolute yield of Ka x rays from
thin targets of Ni (U, =8.3 keV) have been used to derive
K-shell ionization cross sections as a function of elec-
tron energy (Smick and Kirkpatrick, 1945; Pockman ef
al., 1947). These measurements are shown in Fig. 4(a)
and a Fano plot of this data in the form indicated by Eq.
(4) is given in Fig. 5. The derived Bethe parameters
b, and ¢y are listed in Table II.

Other measurements of the same type (Webster et al.,
1933; Clark, 1935; Hansen et al., 1964; Motz and Pla-
cious, 1964; Hansen and Flammersfeld, 1966; Rester
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FIG. 4. Experimental values of 0xE} as a function of Ug.

(2) Solid circles denote data of Pockman et al . (1947) for Ni;
solid squares denote data of Fischer and Hoffman (1967) for Al,
Mn, and Cu; the open squares denote the results of Hink and
Ziegler (1969) for Al; and the open circles denote the results
of Hink and Paschke (1971a, 1971b) for C. (b) Results of Glupe
and Mehlhorn (1967, 1971), of Glupe (1972), and of Bekk (1974)
for C (triangles), Ne {crosses), N (squares), and O (circles).
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ok EZ U /1.302 x 10713

o 1 - I
2 3
In UK

FIG. 5. Plot of experimental values of oy E}U/1.302x 10~13
[left-hand side of Eq. (4)] versus InUg. The solid squares are
the data of Pockman et al. (1947) for Ni; the open circles are
the data of Hink and Ziegler (1969) for Al; the solid circles are
the data of Glupe and Mehlhorn (1967, 1971), of Glupe (1972),
and of Bekk (1974) for C, N, O, and Ne; and the open triangles
are the data of Hink and Paschke (1971a, 1971b) for C. Succes-
sive plots have been displaced vertically for clarity. The solid
lines represent the least-squares fits of each set of data to Eq.
(4) with the derived Bethe parameters shown in Table III for the
range of Uy indicated; the dashed portions of each line repre-
sent extrapolations.

and Dance, 1966; Davis et al., 1972; Dangerfield and
Spicer, 1975) have been made for larger values of U,
(higher Z) but will not be discussed here as appreciable
relativistic corrections appear to be necessary in the
theory (Madison and Merzbacher, 1975) and become nec-
essary in the formulas. Fischer and Hoffmann (1967)
determined K -shell ionization cross sections from mea-
sured x-ray yields for electrons of a fixed energy (50
keV) bombarding Al, Mn, Cu, Se, Ag, and Sn. Their
results (for which there is an uncertainty of about 50%)
for Al, Mn, and Cu are shown in Fig. 4(a). Green and
Cosslett (1968) measured L,- and L,-shell ionization

cross sections of Au for low values of UL23 (<3.3); these
cross sections were appreciably higher (by about 30% to
100%, depending on the values selected for the fluores-
cence yield) than expected from Burhop’s (1940) calcu-
lations. '
Inner-shell ionization cross sections have also been
derived from measurements of the yield of characteris-
tic x rays emitted from thick targets under electron bom-
bardment. Hink (1964, 1965) has reported values of o,
and o, for Cu and W, respectively, for low values of
U,, (<4). These measurements indicated appreciably
higher values of b,, than those recommended by Mott and
Massey (1949) although it would not be expected that Egs.
(1) to (3) would be valid for such low values of U,,. Simi-
lar measurements for larger values of U,; have been re-

- ported for Al and C by Hink and co-workers (Hink and

Ziegler, 1969; Hink and Paschke, 1971a, 1971b) and
these are shown in Figs. 4(a) and 5. The Fano plot for
Al in Fig. 5 is linear but, as noted by Tawara et al.
(1973), the Fano plot for C is not. It would therefore ap-
pear that there is an energy-dependent systematic error
in the cross-section data for carbon.

Fong and Tomlin (1970) have concluded from their own
and other measurements of x-ray yields that Burhop’s
(1940) calculations underestimate o, by a factor of about
2. A similar conclusion was reached by Brown and Gil-
frich (1971), who compared measured K« and La inten-
sities with those expected from an electron-transport
calculation. These authors also found that Burhop’s cal-
culated K~shell ionization cross sections should be in-
creased by 20% to make the calculated x-ray yields agree
reasonably with experiment.

We now turn to ionization cross sections determined
from yields of characteristic Auger electrons. Glupe and
Mehlhorn (1967, 1971) and Glupe (1972) have measured
og for C, N, O, and Ne and their results are shown in
Fig. 4(b) and the corresponding Fano plots in Fig. 5.
Gaseous samples were used (C in CH,) so no correc-
tions for electron scattering in the sample of the type
required for solids were necessary. Further measure-
ments of o, for Ne have been made by Bekk (1974) and of
014, for Ar by Christofzik (1970); these measurements
are shown in Figs. 4(b), 5, 6, and 7.

The same technique has been used by several other
authors. Meyer and Vrakking (1973) and Vrakking and
Meyer (1974) have measured 01, for Si, P, 8, Cl, Ti,
Br, and Sn in molecules containing these elements and
C or Cl. All Auger-electron yields were measured rela-

TABLE III. Values of Bethe parameters by and ¢y and their probable errors obtained from the
linear least-squares fits to measured K-shell ionization cross sections for the range of Uy

indicated.
Range of
Author Element Ug by Cy

Pockman et al. (1947) Ni 5.5—22 1.05 +£0.03 0.51+0.05
Hink and Ziegler (1969) Al 4.4-19.2 0.90 =0.01 0.79+ 0,02
Glupe and Mehlhorn (1967, 1971) C 4.2-16.4 0.887+0.004 0.62+0.01
and Glupe (1972) N 4.4-25.5 0.970+0.004 0.63+0.01
O 4.3-23.9 0.908+0.003 0.63+ 0.01
Ne 4-12 0.932+0.003 0.67+0.01
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tive to those for C and the absolute cross sections were
obtained by reference to Glupe and Mehlhorn’s (1967,
1971) measurements of o, for C. Values of 0,, were ob-
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squares are the data of Ogurtsov (1973) for Ar, and the open
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sent extrapolations. Successive plots have been displaced ver-
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tained over a significant range of U, only for P, S, and
Cl and these results are shown in Figs. 6 and 7. Vrak-
king and Meyer assumed that the cross-section curves
as a function of U, for the other elements had the same
shape as that of S, P, and Cl and thus estimated the peak
ionization cross section (at U,,, =4) where it could not
be measured. Values of the maximum cross section
were found to fit the empirical relation o (U, =4)
=4.98x% 10'15E132{3°56cm2 (with E;,_ in eV). Ogurtsov (1973)
has determined o,,, for Ar from measured yields of
Auger electrons and his results are shown in Figs. 6 and
T.

Gerlach and DuCharme (1972) and DuCharme and Ger-
lach (1973) derived ionization cross sections from Auger-

.electron yields of atoms adsorbed on surfaces for low

values of U,, (<6) but as their values are uncertain by a
factor between 2 and 4 (due to uncertainties in surface
coverage) the results are not shown here. Powell et al.
(1975) have reported results of a preliminary experiment
in which ionization cross sections could be obtained from
the yield of Auger electrons emitted from solid samples.
This method, based on the use of a simple model for the
transport of the Auger electrons in the sample and on
knowledge of the inelastic attenuation length at the Au-
ger-electron energy, was used to derive values of o,
for Al in the range 27<Up, <41; these values are con-
sidered approximate on account of assumptions made in
the analysis. Finally, Gallon (1972) has developed an
iterative method for determining inner-shell ionization
cross sections from measured Auger-electron yields in
a typical AES experiment. So far, only relative data
(that is, the shape of the cross-section curve versus in-
cident electron energy) have been determined (Gallon,
1972; Smith and Gallon, 1974).

We now summarize measurements of inner-shell ioni-
zation cross sections derived from transmission elec-
tron energy-loss experiments. A single primary-elec-
tron energy has been used in some of the measurements
made to date so that in these cases it is possible to de-
termine ,, only if a value is assumed for ¢,;. Swanson
and Powell (1968) determined &, =0.55 for Al with ¢, =4
using 20 keV incident electrons (I/, = 241); this value of
b,, which has an estimated uncertainty of +40%, was de-
rived from intensity measurements over a small range
of excitation energies so it should be regarded as a low-
er limit (see also Sec. IX below). A value of b,=0.14
(with ¢; =4) was derived from a K-shell ionization cross
section for carbon obtained by Colliex and Jouffrey
(1972) with 75 keV electrons (U, =264); the range of in-
tegration of energy loss was not specified so this de-
termination should also be considered as a lower limit.
Isaacson (1972) has measured K -shell ionization cross
sections with 25 keV electrons for C, N, and O in nu-
cleic-acid bases from which values of b, =0.70, 0.74, and
0.78, respectively, have been determined (with an uncer-
tainty of about +25%). These values (for which ¢, =4)
should be regarded as lower limits to the true values of
b, on account of the limited range of scattering angles
accepted in the experiment. Egerton (1975) has per-
formed a similar energy-loss experiment with 80 keV
electrons incident on amorphous carbon (U, =282) from
which a value of b, =0.9 with an uncertainty of about
+10% has been obtained.
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V. CLASSICAL THEORIES OF INNER-SHELL
IONIZATION

A number of reviews dealing with early and recent
classical theories of ionization have appeared recently
(Peterkop and Veldre, 1966; Burgess and Percival,
1968; Vriens, 1969). The theory that has appeared to be
the most successful is that of Gryzinski (1965). His re-
sult for the ionization cross section can be expressed in
the form

0,,E2,=6.51x10""Z o(U,,) cm® - eV?, (9a)
where
_1(U=1\> 2 1 ’ 1/2
g(Unl)—‘[‘]"<U+1> |:1+§< —ﬁ> 11’1[2.7+(U—1) I:l.
(9b)

Equation (9) is plotted in Figs. 8 and 2(a) for K- and L,,-
shell ionization, respectively. The computed values have
been fitted to the Bethe cross section [Eq. (4)] and the
derived parameters are shown in Table I.

VI. SEMIEMPIRICAL FORMULAS FOR INNER-SHELL
IONIZATION

Drawin (1961, 1963) has summarized various early
semiempirical formulas used to describe cross sections
for ionization. He.also has proposed the following form-
ula:
0B =4.32x1074Z ,f (U, - 1)

x1In(1.25f,U,,)/U%, cm? - eV?, (10)

where f, and f, are parameters estimated to have values
“in the ranges 0.7-1.3 and 0.8-3.0, respectively, but
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FIG. 8. Plots of 0xE% versus Ug. The solid line denoted WT'
is the Worthington—Tomlin (1956) equation [Eq. (5)] with b,
=0.35; the long-dashed line denoted G is the Gryzinski (1965)
expression [Eq. (9)]; the dot—dashed line denoted D is the Dra-
win (1961, 1963) result [Eq. (10)]; and the short-dashed line

denoted L is the Lotz (1970) expression [Eq. (11)] withay =4
x 10714 em?- eV?, b =0.75, and cx=0.5.
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which are often assumed to be unity. For U,, >1, Eq.
(10) reduces to Eq. (3) with b,,=0.66 and ¢,, =1.25. For
5<U,; <30, values of 0,,E%, have been fitted to Eq. (4)
and the derived Bethe parameters are shown in Table I.
Equation (10) is plotted in Figs. 2(a) and 8.

Lotz (1967, 1968, 1969, 1970) has proposed the formu-
la

0mEs =a,2,, annl{l = by, expl-c, (Uy; - 1)]}/Unl (11)

and has assigned best values to the three parameters
Gyyy by, and ¢,; [which should not be confused with the
Bethe parameters in Eq. (3)|. Equation (11) is plotted

in Figs. 2(a) and 8 for ionization of the K and L,, shells
and values of the derived Bethe values are shown in
Tables I and II; computed cross sections for ionization
of the L, shell are essentially identical (within 6%) to
those of the K shell for U 25. The parameter values
were selected by Lotz so that Eq. (11) could describe
cross sections for the removal of outer-shell electrons
from atoms to produce ions. Pessa and Newell (1971)
have subsequently assumed that a slightly simplified ver-
sion of Eq. (11) can be used to predict cross sections for
the production of vacancies in inner shells (in the range
of interest for EPMA and AES).

Equation (11) reduces to Eq. (3) for large U,, if ¢, in
Eq. (3) is close to unity. Green and Cosslett (1961) as-
sumed for simplicity that ¢, =1 in Eq. (3) and put b,
=0.61 to agree with experimental data for Ni and Ag at
Ux=3. They have then used their modified Eq. (3) and a
similar approximation for L-shell ionization [using Bur-
hop’s (1940) calculated cross sections for normalization ]
in an analysis to predict the efficiency of production of
characteristic x rays in the electron-probe microana-
lyzer (Green and Cosslett, 1968).

VIl. COMPARISON OF CROSS-SECTION THEORY
AND MEASUREMENTS

We will now compare the results of the various calcu-
lations and measurements. Both the Bethe equation [Eq.
(3)] and the Worthington-Tomlin equation [Eq. (5)] with
byr =0.35 as recommended by Mott and Massey (1949) lie
systematically below the results of Kolbenstvedt [Eq. (8)]
and of Rudge and Schwartz [Egs. (6) and (7a)]| shown in
Fig. 1(a). The plots of 0 EZ in Fig. 1(b) from the work
of Arthurs and Moiseiwitsch (1958) and of Kolbenstvedt
(1967) show the rise with increasing Z referred to in
Sec. III. The results of three relativistic calculations
for nickel in Fig. 1(b) [those of Arthurs and Moiseiwitsch
(1958), Perlman (1960), and Kolbenstvedt (1967)] are in
moderate agreement with each other and with the experi-
mental measurements of Kirkpatrick et al. shown in
Fig. 4(a); these three calculations predict higher cross
sections than the nonrelativistic calculation of Burhop
(1940) also shown in Fig. 1(b). McGuire’s (1971a, 1974)
results for Be, C, and O shown in Fig. 1(b) agree close-
ly with the results of Rudge and Schwartz (1966) in Fig.
1(a) except close to threshold (with U/, < 6).

The widely used expressions of Gryzinski (1965), Dra-
win (1961), and Lotz (1970) for K-shell ionization are
shown in Fig. 8 and agree closely with each other. These
expressions also agree well (generally within about 10%)
with the results of McGuire (1971a, 1974) shown in Fig.
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1(b); similar agreement is found with the results of
Rudge and Schwartz (1966) and of Kolbenstvedt (1967) in
Fig. 1(a), except for the region near threshold with U,

< 6. Despite this apparent good agreement, there is a
fairly large variation in the derived values of the Bethe
parameters b, and ¢, shown in Table I. For example,
values of b, are 0.42 for Al from the work of Arthurs
and Moiseiwitsch (1958), 0.46 from the result of Kolben-
stvedt (1967), and 0.76 from Drawin’s (1961) expression.
Similar (inverse) variations are found for values of the
parameter c¢g; this is to be expected as by and ¢, are
fairly highly correlated [Eq. (4)]. Nevertheless, it has
often been assumed that By =E, in Eq. (1) so that ¢, =4;
a value ¢, =4 can in fact be inferred from the experi-
ments of Egerton (1975) and of Severly et al. (1974). The
values of ¢, ranging from 0.73 to 2.62 in Table I are thus
appreciably lower than expected. This apparent discre-
pancy is discussed further in Sec. IX.

It seems desirable to point out here that the value of
¢,; depends on details of the shape of the generalized os-
cillator strength, for all excitation energies, plotted as
a function of momentum transfer (Miller and Platzman,
1957; Inokuti, 1971). Also, the wide variation of the de-
rived values of b, and ¢, in Table I is due in large part
to relatively small variations in the rate of change of
oxEZ as a function of Uy.

We show in Fig. 4 experimental measurements of o E 2
as a function of U, for a number of low-Z atoms. The
measurements of Glupe and Mehlhorn (1967, 1971) for
C, N, O, and Ne in Fig. 4(b) show a high degree of in-
ternal consistency compared to the several other mea-
surements shown in Fig. 4(a). All measurements of
oxEZ, however, appear to lie'on a common curve (within
the estimated accuracy of each experiment) except for
the Al measurement of Fischer and Hoffman (1967) and,
to a lesser extent, for the measurements for carbon of
Hink and Paschke (1971a, 1971b). The experimental data
of Glupe and Mehlhorn agree quite well with the theoreti-
cal results of McGuire (1971a, 1974) and with the results
of Rudge and Schwartz (1966), as shown in Fig. 9.

Fano:plots of the experimental measurements for C,
N, O, Ne, Al, and Ni are shown in Fig. 5. As pointed
out in Sec. IV, the plot for C based on the data of Hink
and Paschke (1971a, 1971b) is not linear over the range
of U, found for the other elements, so these data will not
be considered further here. Most of the remaining data
appear to lie on straight lines for U, 2 4 (U, >"7 for Ni).
For lower values of U, the data values lie above the ex-
trapolated straight lines (shown dashed); this trend will
be discussed later. The deviation of the Ne points for
Uy >20 from the extrapolated line is due to the neglect
here of relativistic corrections to the Bethe formula
(Inokuti, 1971; Bekk, 1974). The derived Bethe param-
eters are shown in Table III and it is seen that the overall
average value of by is about 0.9 while the average value
of ¢ is about 0.6. This average value of by is rather
higher than would be expected from the bulk of the theo-
retical values shown in Table I; the reason for this ap-
parent discrepancy will be discussed in Sec. IX. Some
high values of b, have, however, been obtained from the
electron energy-loss experiments referred to in Sec. IV.

We turn now to a comparison of theoretical and experi-
mental cross-section values for ionization of electrons
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FIG. 9. Comparison of experimental and calculated values of
oxE% as a function of Uy. The experimental points are the data
of Glupe and Mehlhorn (1967, 1971), of Glupe (1972), and of
Bekk (1974) for C (triangles), Ne (crosses), N (squares), and
O (circles), as plotted in Fig. 4(b). The long-dashed line is the
result of the calculation by Rudge and Schwartz (1966), while
the short-dashed line is the result of the calculation by Mc-
Guire (1971a, 1974) for Be, C, and O. '

from the L,, shell. Figure 2(a) shows a plot of the Wor-

thington-Tomlin equation [Eq. (5)] with b, =0.25 [as rec-
ommended by Mott and Massey (1949)] lying substantially
below plots of the Gryzinski (1965) and Drawin (1961) ex-
pressions [Egs. (9) and (10), respectively]; a similar re-
sult was found for K-shell ionization (Fig. 8). The result
of Lotz (1970), however, is now found to be substantially

“lower than that found by Gryzinski and Drawin, and the

peak in the cross-section curve is much less pronounced.
The results of McGuire (1971a, 1974) and Manson (1972,
1974) in Fig. 2(b) are qualitatively similar to the data
shown in Fig. 2(a), but the results of McGuire for S and
Ar and of Wallace et al. (1973) for Ar indicate much
higher cross sections than would be expected on the basis
of Fig. 2(a).

The experimental data for L,;-shell ionization are
much more limited than for K-shell ionization. Values
of cr,dzaEf23 are plotted as a function of U, in Fig. 6. The
data of Ogurtsov (1973) for Ar seem to be consistent with
the measurements of Vrakking and Meyer (1974) but not
with the calculated cross sections of McGuire (1974) and
Wallace et al. (1973) in Fig. 2(b). Christofzik’s (1970)
data for Ar, however, are in much closer agreement
with the calculations shown for Ar in Fig. 2(b). The re-
sults of Vrakking and Meyer (1974) do not agree at all
closely, in magnitude and shape, with the calculated
curves in Fig. 2(a); better agreement is found with the
curves labeled Na and Al (calculated by McGuire) in Fig.
2(b).

Fano plots of the data in Fig. 6 are shown in Fig. 7. As
for the case of K-shell ionization (Fig. 5), straight line
plots are obtained for U,,, 2 4. The derived Bethe pa-
rameters are shown in Table IV and are plotted as a
function of E;,, in Fig. 3. The values of these param-
eters are generally lower than would be expected from
McGuire’s (1974) calculations. Experimentally, it would
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TABLE IV. Values of Bethe parameters & Lgs and €., and their probable errors obtained from
the linear least-squares fits to measured Lgy3-shell ionization cross sections for the range of

UL23 indicated.

Range of
Author Element Ug,, b Ly CLys
Vrakking and Meyer (1974) P 5.5—-18.5 0.38 +£0.02 0.85+£0.10
S 4.6—15 0.53 £0.01 0.55+ 0.04
Cl 4.3-12.5 0.65 +0.01 0.56+0.02
Ogurtsov (1973) Ar 4,1-16.3 0.46 +0.01 0.63+0.04
Christofzik (1970) Ar 4-20 0.906+0.003 0.57+0.01

appear that b, = 0.5 (Table IV) although it should be kept
in mind that the measurements of Vrakking and Meyer
were made relative to those of Glupe and Mehlhorn (1967,
1971). The derived values of CL,,» like those of ¢y, are
found to be appreciably less than 4. The values of b,, de-
termined from the limited number of electron energy-
loss experiments (Sec. IV) appear to be comparable (tak-
ing into account the generally rather large errors of
measurement) with many of the &,, values shown in Ta-
bles I-IV. If, however, values of ¢,, smaller than 4 were
assumed, the b,, values from the energy-loss experi-
ments would tend to be higher than those given in the
above four tables.

Vill. DERIVATION OF b,, FROM
PHOTOABSORPTION DATA

In view of the paucity of experimental values of 0,, and
of the differences noted in the previous section that exist
between different results for o,;,, we will now determine
values of b,; from experimental photoabsorption data to
compare with the values shown in Tables I-IV.

Bethe (1930) has shown that the cross sections for in-
elastic electron scattering by atoms and ionization by
electrons of atoms are related to the cross sections for
optical absorption if the incident electron energy is suf-
ficiently large (Fano and Cooper, 1968; Inokuti, 1971).
A number of authors (Miller and Platzman, 1957; Durup
and Platzman, 1961; Schram et al., 1965; Swanson and
Powell, 1968; van der Wiel ef al., 1969; Tawara et al.,
1973) have made use of this relationship aithough Tawara
et al. (1973) have pointed out some apparent discrepan-
cies. The parameter b,, in Eq. (1) can be expressed in
the form

=B f "1df
bnl an EnlEdE dE ’ (12)
where
df _-2EIm(1/¢)
dE.~ nE; ) 13)

The quantity df/dE is the differential oscillator strength,
at zero momentum transfer, with respect to excitation
energy E (Fano, 1956; Glick and Ferrell, 1960), ¢ is the
complex dielectric constant (here taken to be a function
only of E or of photon energy %w), and E, is defined by

E,=N(4TNe®/m)'/? = 28.82(p/A)/%eV . (14)
In Eq. (14), N is the number density of atoms (or mole-

cules), p is the density (in cgs units), and A is the atom-
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ic (or molecular) weight.
The integration in Eq. (12) is performed over that re-
gion of differential oscillator strength associated with

_excitation of electrons from the nl shell, ranging from

the threshold energy E,; to some much higher energy,
represented here by infinity, where the differential os-
cillator strength for the n!/ shell becomes vanishingly
small. In practice, the upper limit is sometimes taken
as the binding energy of the next most tightly bound shell
(or subshell) but it may well happen, particularly for
subshells of large values of [, that the differential oscil-
lator strength does not become sufficiently small at this
assumed upper limit. The parameter b,;, can therefore
only be estimated in such cases (Hagemann et al., 1974).

For excitation energies greater than about 50 eV,
€,= ~Im(1/€) (15)

to better than about 5% (Swanson and Powell, 1968; Hage-
mann et al., 1974), and to an even better approximation
(Hagemann et al., 1974)

r

nl

eszz-f Im%dE, (16)
E,

ni

where ¢, is the imaginary part of €. Equation (12) now
becomes

2E ©
by~ ———nl f €, dE
" nZ,,ES 5, SR

so that b, can be estimated from available optical data.
The optical constant €, can be obtained from x-ray mass
absorption coefficients u, or photoabsorption cross sec-
tions o, by use of the relations (Fano and Cooper, 1968)

(am)

€,=pchiy,,/E=1.9714x10"%pu, /E , (18a)

m=N40,/A, (18b)
and

€,=1.189x10%%p0,/EA . (18¢)

In these equations, N, is the Avogadro constant, E is ex-
pressed in eV, and the other quantities in cgs units.
Theoretical and experimental x-ray absorption data
(Hubbell, 1971; Veigele, 1973; Henke and Ebisu, 1974;
Hagemann et al.,, 1974) have been used to estimate b,
and &y . for selected elements using Egs. (17) and (18).
Data in the range of interest from different sources may
often differ by up to about 10% so it was considered ade-
quate here to integrate ¢, graphically. The upper limit
in Eq. (17) was typically set at about 400 or 500 eV
greater than E,, for elements where it was found that ¢,
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was less than about 1% of the peak value near the thresh-
old. For O, Ne, and Ar it was found necessary to inte-
grate €, over a larger range of excitation energy. As an
example, Fig. 10 shows a-plot of €, for Al, based on the
data of Hagemann et al. (1974), from the threshold for
L-shell excitation at 73 eV to 500 eV.

Values of b, determined for four light elements are
shown in Table V. To the estimated accuraéy of the x-
ray absorption data and the integration, it appears that
there is no significant variation with Z and that b, =0.55
+0.05. This derived value is appreciably lower than the
values derived from experimental ionization cross-sec-
tion data listed in Table III and is also lower than most
of the values derived from theoretical cross sections
shown in Table I.

Values of b,, for four elements are shown in Table
VI. The range of the values is only a little greater than
the range of by, values in Table V but there could be a
small systematic variation with Z. These values of b,
are plotted in Fig. 3 and it is seen that the variation with
Ep, is comparable to that expected from the calculations
of McGuire (1974), but less than what could be inferred
from the experiments of Vrakking and Meyer (1974) and
of Christofzik (1970).

IX. DISCUSSION

We have up to this point implicitly assumed that the
Bethe ionization formula [Eqgs. (1)-(3)] is valid above
some as yet unspecified incident electron energy E,. The
parameters b,, and ¢,, are considered to be constants for
a particular material and electron subshell. We have
found empirically that both theoretical and experimental
cross-section data can be fitted by the Bethe equation
(to an accuracy, sufficient for many purposes, of better
than about 1%) for values of U, greater than about 4 (as
exemplified by the Fano plots shown in Figs. 5 and 7).

Examination of soft x-ray absorption data (Hubbell,
1971; Veigele, 1973; Henke and Ebisu, 1974; Hagemann
et al., 1974), however, indicates that the differential os-
cillator strength is not concentrated in a narrow range of
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FIG. 10. Plot of the optical constant €, for Al as a function of
photon (or excitation) energy E (based on the data of Hagemann
etal., 1974).
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TABLE V. Values of ng found from x~ray absorption data with
use of Eq. (17) and the specified upper limit of integration. The
binding energies have been obtained from the compilation of
Bearden and Burr (1967).

Element Eg Upper limit
€eVv) eV) by
Be 111 600 0.58
C 284 700 0.50
8] 532 2000 0.55
Ne 867 3000 0.55

excitation energy near a threshold energy E,;. The dif-
ferential oscillator strength is in fact distributed over
an appreciable range of excitation energies extending
often up to about 4F,, as shown in Fig. 10 for the case
of L-shell excitation in Al. It might therefore be ex-
pected that Egs. (1)—(3) would not necessarily be valid
until E, was much greater than 4E,,. We must then ask
whether the linearity of the Fano plots is fortuitous and
whether b,, and ¢,, should be regarded as functions of
U,; for low values of U,,.

We have chosen here to fit ionization cross-section
data to Eq. (4) at relatively low values of U,, (s30) as
this is the region of interest in AES and EPMA. Fitting
of cross-section data for higher values of U,, could en-
able us to obtain a “saturated” value of b,; that could be
compared validly with a value obtained from photoab-
sorption data; that is, if U,, was large enough (say 30 to
100), we could be reasonably certain that practically all
the available differential oscillator strength was contri-
buting to the observed cross section [cf., Eq. (12)]. The
value of ¢,;, however, would be less precise than we
would obtain from fits for lower values of U,,. The de-
rived values of ¢,, found here, however, are correlated
with the values of b,, so a possible energy variation of
b,, with U,, at low values of U,; can lead to possibly er-
roneous values of ¢,; (that would not be valid at larger
values of U,,).

To test the validity of the ideas outlined above, we have
arbitrarily put c¢,; =2.42 (the value expected from the re-
lation B,,=1.65E,, (Sec. III) recommended by Mott and
Massey (1949) and computed an “effective” value of b,

“as a function of U,, from the experimental cross-section

data. We show in Fig. 11 examples of the trends we have
found for all the elements considered here. Figure 11(a)
shows a plot of the effective b, as a function of U, de-
rived from Glupe and Mehlhorn’s (1967, 1971) data for
C, N, and O; values of the effective b, for Ne closely
overlap the results for N and, for clarity, have not been
shown. Figure 11(b) shows a plot of the effective bL23 as

TABLE VI. Values of bL23 found from x-ray absorption data
with use of Eq. (17) and the specified upper limit of integration.

Eng Upper limit
Element V) eV) bry,
Al 73 500 0.49
Si 99 600 0.49
S 165 600 0.52
Ar 245 1250 0.61
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a function of UL where we have used Christofzik’s (1970)
data for Ar and Vrakkmg and Meyer’s (1974) data for P,

S, and Cl. These plots show b,, increasing from a low
value near threshold and then tending to saturate at a
large value of U,, = 20. This is precisely the trend ex-
pected from the previous discussion.

The value we have selected for ¢,; may not, of course,
be “correct” so not much significance should be placed
on the numerical values of the effective b,, plotted in
Fig. 11. If ¢,; was put equal to 4, the derived values of
b,; would show an increase with increasing U,; similar
to that shown in Fig. 11 but would saturate at a lower
maximum value; for example, the maximum value of b,
for oxygen would be about 0.54 rather than 0.61. Also,
the parameter c,; might be a function of U,, at low values
of U,,. Nevertheless, we believe that the general trend
of b,, is reasonable considering the known variation of
differential oscillator strength. The values of b, in Fig.
11(a) saturate at a value of about 0.6 (for large U,),
which is close to the value of 0.55+0.05 expected from
photoabsorption data (Table V). These values appear to
be smaller than the values of b, (=0.7 to 0.9 for C, N,
and O) derived from electron-scattering experiments
(Sec. IV) but, considering the errors of these measure-
ments, the differences may not be significant. Likewise,
the curvefor ArinFig. 11(b)appearsto saturate ata val-
ue close to the result b,  =0.61 derived from the optical
data (Table VI); the extrapolated values of by, 23 for P,

S, and Cl, however, appear to be somewhat lower than
the values expected optically.

There is thus a discrepancy between the cross-section
measurements of Vrakking and Meyer (1974) and the x-

0.7 ,
K-shell

1 T
(a) L 3~ shell (b)
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FIG. 11. Plot of the effective value of b,; as a function of U,
found by assuming c,; =2.42. (a) Plot of the effective by as a
function of Uy using the data of Glupe and Mehlhorn (1971) and
of Glupe (1972) for C, N, and O. (b) Plot of the effective b1y,
as a function of U . using data of Vrakking and Meyer (1974)
for P, S, and CI and of Christofzik (1970) for Ar. The solid
lines have been drawn to show trends indicated by the data
values.

Rev. Mod. Phys., Vol. 48, No. 1, January 1976

lonization of inner-shell electrons.

ray absorption data. Although McGuire’s (1974) calcula-
tions and Vrakking and Meyer’s data indicate that O,
varies appreciably with Z (cf., Figs. 2, 3, and 6, and
Tables II and IV), this apparent trend is not substantiated
by the x-ray absorption data or by the other measure-
ments of o, referred to in Sec. IV. A more conclusive
comparison and analysis would be facilitated by deter-
minations of effective generalized oscillator strengths
(in essence, measurements of the effective 4,, and ¢,,;)
as a function of U,; from electron-scattering experi-
ments.

It now appears that the values of b,; and ¢,; derived
from experimental cross-section data [from fits to Eq.
(4)] and shown in Tables III and IV should only be regard-
ed as empirical parameters describing observed cross
sections over a certain range of U,;. These derived val-
ues of b,; are systematically higher than those expected
optically, for the reasons just discussed.. Apparent dis-
crepancies of this type could be more pronounced for
subshells with large values of [; for such subshells, the
differential oscillator strength may be distributed over
a range of excitation energies considerably greater than
the threshold E,; (Fano and Cooper, 1968; Henke and
Ebisu, 1974). Care should therefore be exercised in in~
terpreting the slope of a Fano plot in a region of low U,
as a measure of the parameter b,, (Tawara et al,, 1973),
The slope of such a plot would be expected to decrease
for larger values of U,, (= 20).

Although the data base in the range of interest here is
limited, it is possible to provide “preferred values” of
the parameters b,; and ¢, for a limited range of U,,.
The data of Fig. 4 and the results shown in Table III indi-
cate that there is no appreciable variation in the magni-
tude of o EZ, for a given Uy, as a function of Z. The
empirical parameters listed in Table III (b, ~0.9, ¢,
~0.65-0.75) could then be useful for predicting cross
sections for other light elements for 45 U, < 25. The
situation for L,;-shell ionization is less certain, for the
reasons just discussed. It appears from the bulk of the
data referred to in Sec. IV and from x-ray absorption
data discussed above that br,,=0.5 to 0.6 (for which CrLyq
has usually been assumed to be between 1 and 4). It
would be reasonable to expect that future measurements
of L-shell ionization cross sections for 4= U, <25 could
be described by higher values of b, and lower values of
¢z in the same way that the empirical parameters b, and
cx suggested above for low U, differ from those expected
from photoabsorption data and the earlier theory (Sec.
III). Thus, values of bL23 and ¢;,. similar to those de-
rived from Christofzik’s (1970) data for Ar (Table IV)
might become appropriate for low values of Up,,- Itis
clear, however, that better choices of the Bethe param-
eters can now be made than those recommended many
years ago by Mott and Massey (1949).

The discussion up till now has been devoted to the re-
gion U,, 2 4 where the Bethe equation is useful. We
would now like to examine briefly the region near thresh-
old (1 <U,, s4). This region of the cross-section curve
needs to be known for quantitative EPMA and AES ex-
periments as inner-shell ionization can be caused not
only by incident electrons of energy E, but in addition by
scattered electrons with energy between E,, and E,. Not
many data exist for this region but it does seem that the
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Rudge and Schwartz formula [Egs. (6) and (7)] describes
the near-threshold K-shell cross-section data of Glupe
and Mehlhorn (1971) quite well. Care should be used in
applying this or other similar formulas as structure in
the ionization cross-section curve near threshold has
been reported by Gerlach and DuCharme (1974). Also,
Smith et al. (1974) have found delayed onsets of the cross
section for Ng,-shell ionization in Au, Pb, and Bi analo-
gous to the delayed onsets found in photoabsorption (Fano
and Cooper, 1968). The effects on the cross-section
curve were very dramatic, with little ionization being
observed until Uy reached 1.5-2. We should also note
here that the yield of characteristic x rays or Auger
electrons from solid samples as a function of E; does not
simply relate to the ionization cross-section curve on
account of scattering (in EPMA) and attenuation of the
incident beam and of the effects of backscattered elec-
trons (Neave et al., 1972; Vrakking and Meyer, 1973;
Yakowitz, 1974). )

Finally, we have assumed throughout this paper that
ionization cross-section data for inner-shell electrons
for an element in a gas can be applied to the same ele-
ment in solid form (and vice versa). The general shape
of photoabsorption curves as a function of excitation en-
ergy in the soft x-ray region does not change appreciably
on going from the solid to the gas phase although there
can be significant changes in the structure found over
small energy ranges (Kunz, 1973). That is, the gross
features of photoabsorption appear to be determined by
the atomic species and the subshell(s) being excited
(Fano and Cooper, 1968). The inner-shell ionization
cross section is determined by an energy integration of
the optical absorption coefficient [Eqs. (12)-(18)] so that
little difference in solid-phase and gas-phase cross sec-
tions would be expected.

X. SUMMARY

We have presented a survey of available theoretical
and experimental cross-section data for the ionzation of
inner -shell electrons of relatively low binding energies
(generally less than 1500 eV) by incident electrons of low
energy (less than 100 keV but mostly less than 10 keV).
Unfortunately, the data base is rather limited so the
discussion has been limited to K-shell and L-shell ioni-
zation. Nevertheless, it is hoped that the information
contained here will be useful for the quantitative analy-
sis of light atoms by electron-probe microanalysis and
by Auger-electron spectroscopy. Specific formulas or
parameters given here can be used directly or the pres-
ent and anticipated future data can be used to fix param-
eters in other analytic models (Green and Stolarski,
1972) for use in transport calculations in correction pro-
cedures for quantitative analysis by EPMA and AES.

Calculated, semiempirical, and experimental cross-
section data have been intercompared graphically and
through fits to the linearized Bethe equation for inner-
shell ionization (the Fano plot). Values of the effective
Bethe parameters b,; and ¢,; so derived are listed in
Tables I-IV. The data can be satisfactorily fitted over '
the range 4< U,; < 30, but it is pointed out that the ef-
fective parameters should not be used outside the range
of the fit as b,; should more properly be regarded as a
function of U,, (for U,, < 20). Values of the parameter
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b,; have also been derived from photoabsorption data
(Tables V and VI) and were found to be consistent with
the ionization data if account was taken of distribution of
differential oscillator strength and the consequent ex-
pected energy variation of b,,. Suggested values for the
parameters b,, and ¢,, for K-shell and L,,-shell ioniza-
tion in the range 4< U,, < 25 are given in Sec. IX.

Experimental values of o E? appeared to lie on a com-
mon curve when plotted as a function of U,. These val-
ues agree quite well with the theoretical results of Rudge
and Schwartz (1966) for 5 <U, <26 and the results of Mc-
Guire (1971a, 1974). It therefore appears that cross
sections for other light atoms can be obtained by appro-
priate scaling. .

A greater spread-exists in the plots of calculated and
measured values of cLsti23 as a function of U, than for
the case of K-shell ionization. A significant variation in
the magnitude of 0., E7 = as a function for Z (for a given
value of ULzs) is apparent in the experimental data of
Vrakking and Meyer (1974) and in the calculations of
McGuire (1974). This variation leads to a large varia-

~ tion in the magnitude of the Bethe parameter &,, as a

function of Z that is not substantiated by either the re-
sults of many photoabsorption experiments or by the
limited number of L-shell ionization cross sections de-
rived from characteristic x-ray and Auger-electron yield
experiments. More cross-section measurements are re-
quired to resolve this discrepancy and to better define the
variation of 0, EY = with Z.

The relatively simple and widely used expressions of
Gryzinski (1965), Drawin (1961, 1963), and Lotz (1970)
agree closely with each other (within 10%) in the case of
K -shell ionization for U, <30 (Fig. 8). These results,
however, appear to lie roughly 10%-15% lower than the
experimental data shown in Fig. 4. For the case of L,,;-
shell ionization, the Lotz expression is substantially dif-
ferent from the Gryzinski and Drawin results (which
agree well with each other). The latter results agree
closely with the cross-section measurements of Chris-
tofzik (1970) for Ar.

‘There are few measurements (e.g., Vrakking and
Meyer, 1974) of cross sections for ionization from the
M, N, and O shells of medium-~ and high-Z atoms. It
is hoped that this deficiency can be corrected in the near
future.

Note added in proof: The calculations of Arthurs and
Moiseiwitsch (1958) have been extended to higher ener-
gies and to heavier atoms by Davidovié and Moiseiwitsch
(1975). The new values of (r;( for low- and medium-Z
atoms, of interest here, are greater than the previous
results shown in Fig. 1(b) by =30% for Ni, and by =60%
for Al.

Cosslett and Leapman (1975) have obtained inner-shell
ionization cross sections from measurements of the en-
ergy-loss spectra of 60 keV electrons transmitted
through thin films of C, Al, Cr, Fe, Cu, and Ag. These
measurements yielded the following values of b,;, (with
estimated uncertainties of +15-30%) if ¢,, was assumed
to be 4 (Sec.IV): b,=0.48 for C and Al; b, =0.44,
0.37, and 0.34 for Cr, Fe, and Cu, respectively; and
by, =0.10 for Ag. The derived values of b, are in mod-
erate agreement with those obtained from photoabsorp-
tion experiments (Table V) but the derived values of
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b,,23 are lower than those shown in Table VI. The mea-
sured L,,-shell ionization cross sections do not sub-
stantiate the Z variation of the cross sections that was
reported by Vrakking and Meyer (1974) and discussed
in Sec. IX.

Quarles (1975) has analyzed values of o, measured
over a wide range of U, and Z with the use of the Bethe
equation [Eq. (1)]. This analysis shows that b, =0.64
(cx was assumed to be 1) with no detectable variation
of b, with Z, a result consistent with the bulk of the
data discussed in Secs. IV, VIII, and IX.
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