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Backscattering cross sections for the electron-impact K-shell ionization of C, N, O, Na,
and Mg adsorbed on a tungsten (100) surface are reported. The ionization event studied is the
scattering of K-shell electrons to unfilled states within a few eV of the Fermi level of the W
substrate. These data are obtained through a new technique which analyzes the currents in
ionization-loss features by comparing them with the currents in the elastic peaks. This tech~
nique involves numerical simulation of the ionization features using distribution functions.
Measured cross sections in the backscattered region are compared with the Burhop theory
over an energy range extending from one to four times the ionization energy. The measured
and calculated cross sections decrease with increased atomic number and with primary energy.
Although some improvement in shape agreement is noted with increased atomic number, the
experimentally derived backscattering cross sections exceed the calculated values for the
entire energy range investigated. It is shown that the disagreement noted, even forthehigher-
energy range studied, cannot be attributed to double-scattering processes. The simple theory
based on the first Born approximation, although reasonable in total-cross-section determina-
tion, is not accurate enough to account for behavior in the backscattered region.

I. INTRODUCTION

One important aspect to the study of inner-shell
ionization by electron impact is the obtaining of
cross-section information, usually expressed as a
function of primary-electron energy. A consider-
able amount of experimental effort has been de-
voted to the measurement of total cross sections®~’
for the K-shell ionization of atoms. Such measure-
ments are important to the evaluation of existing
electron-atomic collision theory and to the contin-
ued development of ionization, Auger, and x-ray
spectroscopies.

The principal method for obtaining total cross
sections for K-shell ionization of atoms by elec-
tron impact is the measurement!=%-1 of the effi-
ciency of excitation of characteristic x radiation.
In this procedure, intensities of x-ray lines result-
ing from the filling of K-shell vacancies are de-
termined. Total cross sections obtained by this
approach include those for the K-shell ionization
of Ag by Clark!; of Ni by Smick and Kirkpatrick?
of Cu, Ag, and Ni by Green®; of Sn and Au by Motz
and Placious?*; of Zr, Sn, and W by Hansen ef al.%
and of Al by Hink and Ziegler. ®

Complementing the x-ray technique for low-Z
targets (where the fluorescent yields are small) is
the determination of total cross sections via the
Auger spectrum. Here the determination of Auger
electron intensities can lead to total-cross-section
determinations. This approach was used by Glupe
and Mehlhorn” to measure total cross sections for
the K-shell ionization of C, N, O, and Ne.

Until recently, differential cross sections for the
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K-shell ionization of atoms by electron impact have
been obtained only for very light elements in gas-
eous form. Angular selection of the inelastically
scattered electron intensity is typically made by
means of a slit system. This technique was used
by Mohr and Nicoll'! to obtain the differential cross
section for the ionization of He. Their results il-
lustrate the rapid decrease in ionization cross sec-
tion with scattering angle at high energies.

A theory based on the first Born approximation
was derived by Burhop'? and extended by Arthurs
and Moiseiwitsch®® to describe the K-shell ioniza-
tion of isolated atoms by electron impact. Burhop,
comparing calculations derived from his theory
with experimental total cross sections for the K-
shell jonization of Ni and Ag, found good agree-
ment even for rather low energies. More recently,
other total-cross-section tests of the theory have
been performed. *” However, Massey and Burhop®
demonstrated the inadequacy of the first-Born-ap-
proximation treatment of backscattering in the ion-
ization of He. The theory is shown to decrease
much too rapidly with increasing scattering angle.
A test of the theoretical approximations for back-
scattering has not been made for heavier elements,
however, due to the lack of angularly dependent
data.

In a recent paper!® we presented a new method
for backscattering cross-section determination of
K -shell ionization of atoms adsorbed on a metal
surface. In this approach, inelastically scattered
primary electrons are detected in the weak 128° to
148° backscattering region. Cross-section data
for C, N, and O were compared with the Burhop
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theory.

The secondary-electron energy distribution re-
sulting from electron impact of a solid surface
contains fine structure of two general types.
Fixed-energy fine structure, such as Auger peaks,
and fixed-loss-energy structure, such as ioniza-
tion steps, ~!® appear in the energy distribution.
It has been shown’ that Auger peaks can provide a
determination of the electron-induced total ioniza-
tion cross sections of the core levels of atoms. In
this paper we show that the ionization fine struc-
ture provides cross sections which can be studied
over small ranges in energy and angle. We extend
our improved measurement capability to Mg and
Na and compare with the Burhop theory.

The ionization process is depicted by the energy-
level diagram in Fig. 1. An electron with primary
energy E, incident on a solid surface scatters a
core electron with binding energy E, to an unfilled
energy state with energy € above the Fermi lev-
el. 151 The scattered primary electron has lost
energy E,=E,+ € by the encounter (exchange is
neglected in this simple description). Since the
minimum loss energy for this ionization process
is E,, a step appears in the secondary-electron
energy distribution with its edge E, eV below the
elastic peak. By observing the number of back-
scattered electrons within 3 eV of the edge of the
ionization step, a class of ionization cross sec-
tions may be determined. These cross sections
closely resemble those for excitation since they
are for fixed loss energy. They are integrated
over a 128° to 148° backscattering angle and a
small range of ejected-electron energy.

II. TECHNIQUES AND APPARATUS

The apparatus for measurement of backscatter-
ing ionization cross sections of surface atoms is
shown in Fig. 2. It is composed of an electron gun,
a two-stage electron energy analyzer, and elec-
tronics for differentiation of the energy distribu-
tion by synchronous detection. Constant-loss-en-
ergy structure in the energy distribution is ob-
served by sweeping the electron-gun energy while
maintaining a constant bandpass energy with the
electron energy analyzer. 18 The loss-energy fine
structure is accentuated with respect to the slowly
varying background by double differentiation with
respect to secondary-electron energy. This dif-
ferentiation is accomplished by applying a sinus-
oidal voltage to the outer cylinder of the cylindri-
cal mirror analyzer and detecting the second-har-
monic current signal with the tuned tank and phase-
lock amplifier. 19

The electron gun is composed of a Pierce gun®
with a 0. 15-cm-wide W filament followed by an
electrostatic lens. The gun is capable of emitting
1 mA at 1000-eV energy in a 0. 25-cm-diam spot
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FIG. 1. Energy-level diagram of a metal surface
depicting the electron-impact ionization of an inner shell
of an atom. The energies E,,, Ey, and E, are electron
binding or ionization energies of inner shells of surface
atoms. Ey, is the loss energy.

size. Currents of 25 to 500 A are employed in
the cross-section measurements. Constant elec-
tron current from the gun is maintained by a feed-
back circuit. The energy width of the electron
beam is less than 1 eV.

The retarding analyzer is composed of 40-lines/
cm W wire-mesh spherical segments of 2. 15- and
2.40-cm radii. The cylindrical mirror analyz-
er®~% has an inner cylinder radius of 2. 54 cm and
10° half-angle apertures. Helmbholtz coils are
employed to reduce the static magnetic field to
about 30 mG in the region of the analyzer. The de-
sign resolution of the cylindrical analyzer is 2%,
but electron beam size and residual magnetic fields
increase this to 3%. It may be noted that the ana-
lyzer bandpass energy is the sum of the retarding
energy plus the cylindrical analyzer bandpass en-
ergy. The combined retarding-field cylindrical
mirror analyzer has better than 2-eV resolution
for 0 to 1500 eV, but a resolution of 3 eV was
commonly employed with the bandpass energy of
the cylindrical analyzer at 90 eV. This absolute
resolution is constant to within about 50% over the
energy range employed.

The transmission of the analyzer, for electrons
backscattered into the aperture between 128° and
148°, was determined experimentally. With the
sample and first retarding grid fixed at +500 V, a
retarding-field plot was obtained by varying the gun
potential from about +10 to —10 V. The secondary-
electron current incident on the 20° -wide analyzer
aperture was equal to the sum of the electron-gun
current, target current, and first-grid aperture
current after correction for absorption by the first
retarding grid wires. The elastic current, ob-
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FIG. 2. Simplified schematic of apparatus employed
to measure backscattering cross sections. Loss energy
or ionization spectra are obtained with power supply B
programed for voltage sweep and with second-harmonic
detection of the energy-analyzed current. The outer
retarding grid and inner analyzer cylinder are at ground
potential.

tained from the retarding plot, was divided into
the peak-analyzed elastic current (collected at the
end of the analyzer) to obtain the transmission fac-
tor 7. The transmission determined from this
procedure is 0,083 £0.02 for 500-V retarding po-
tential and no bias on the collector. The above
procedure was repeated at other retarding voltages
to determine the change of transmission with re-
tarding energy. The transmission was observed to
decrease to about 0.05 at 1500-V retarding poten-
tial.

Synchronous detection was performed at 8 kHz,
which is twice the fundamental frequency applied to
the analyzer cylinder. A 1.5-V rms potential was
applied to the outer analyzer cylinder in order to
oscillate the bandpass energy 2.0 eV rms. A
tuned L-C tank of (4x 10")-2 impedance at 8 kHz
allowed detection of total analyzed current down to
10°® A before thermal noise dominated over shot
noise. With 1078-A total analyzed current, signals
as low as 10 A could be detected, allowing for
integration of shot noise over periods of about 1
sec by the phase-lock amplifier.

The measurements were performed in a bakeable
ultrahigh vacuum system. Operating pressures
were 1071°-10"° Torr. The W(100) substrate was
cleaned by heating in O, and then in vacuum. %
Oxygen, nitrogen, and carbon (in the form of ethyl-
ene) were admitted to pressures of about 10°® Torr
for approximately 1 min to assure near saturation
on the W(100) surface at about 100°C. Sodium was
evaporated from a Pyrex ampoule25 and Mg from
a W wire. Purity of the deposits was verified by
Auger® and ionization®® spectroscopy; impurities
were usually kept below 1% monolayer, though they
generally affected the measurements only slightly.

Cross-section measurements at an arbitrary en-
ergy were periodically repeated during a run te
check for reduced coverage of the adsorbed species
by possible electron-beam-induced desorption,
beam heating, or displacement by background
gases. Only nitrogen was found to decay apprecia-
bly with time. Therefore, the nitrogen measure-
ments were performed as rapidly as possible and
corrections were made for the time-dependent re-
duction of N on the surface.

III. IONIZATION SPECTRA AND CROSS-SECTION
MEASUREMENTS

An elastic peak and ionization spectra for C
(ethylene), N, O, Na, and Mg adsorbed on W(100)
are shown in Fig. 3. The negative double deriva-
tive of the energy distribution with respect to sec-
ondary-electron energy 92N(E, E,,)/ 0E® at fixed
secondary -electron energy E,, is plotted as a func-
tion of loss energy E;. The zero of the loss-en-
ergy scale is defined at the first minimum of the
elastic feature and the energy of any ionization
feature is measured at its first minimum. !* The
agreement of observed and electron spectroscopy
for chemical-analysis®® electron binding energies
is within 2 eV, which is approximately the maxi-
mum expected chemical energy shift for C, N, O,
Na, or Mg chemically combined with a transition
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FIG. 3. Double-differentiated elastic peak and K-shell
jonization spectra for various elements adsorbed in-
dependently on W(100), Loss energy Ey is arbitrarily
measured with respect to the low-loss-energy minimum
of the elastic peak. The primary energy and gain used
to obtain each curve are different; the relative magni-
tudes of the ionization peaks are contained in Fig. 5.

A 3.0-eV analyzer resolution and 2, 0-eV rms bandpass
oscillation amplitude were employed for all spectra
except Mg; for Mg 6-eV analyzer resolution and

4, 0-eV rms bandpass oscillatior. amplitude were used.
Note the compressed energy scale for Mg.



6 BACKSCATTERING CROSS SECTIONS FOR... 1895

metal. 22" The shapes of the spectra were shown
to be independent of primary energy, within experi-
mental error. A model will now be developed to
determine how these ionization spectra may yield
backscattering ionization cross sections.

Simulated electron-energy-analyzer detection and
electronic double differentiation of a peak and of a
step are shown in Fig. 4. For this simulation,
the instrument response is closely approximated
by the function G(E):

G(E)=T¢(E/W),
where ¢ (€) is given by
d(e)=[1/(2mV?] /2,

T is the analyzer transmission, and 2W is the in-
strument response width. The energy spread of
the primary electron beam and analyzer resolution
are both contained in W. Let the true elastic peak
and ionization step be given by the distribution
functions

NyEL)=1,0(E, —E,)
and

(3.1)

(peak) (3.2a)
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FIG. 4. Numerical simulation of the second-harmonic
synchronous detection of an elastic peak and an ion-
ization step. The current distributions N, and N; are
convoluted with the normally distributed instrument
response giving the measured currents I, and I;,,.
Second-harmonic synchronous detection produces the
double derivatives I,f,,z,) and I,2. The shapes of Ip(,ﬁ’ and 1,2
are to be compared with the corresponding experimental
ones in Fig, 3.

(step) ,
(3. 2b)

where 8(E) is the Dirac 5 function; E, and E, are
primary-electron and ionization step energy, re-
spectively; and I, is the current in the (elastic)
peak. We want the current I; contained within en-
ergy 2W of the ionization step edge as depicted in
Fig. 4.

The measured analyzer current is the convolu-
tion of the true peak or step-current distribution
with the instrument response:

Lm(EL) = N(EL)* G(EL)

N(E;)=(1,/2W) [[* 6(E' - E,) dE’

= [ N(E") G(E, - E') dE’

=L, To[(E,-E,)/W] (3. 3a)
and .
I.(Ep)= (I, /ZW)fE‘ G(E, -E') dE’
=3, T)[(E,~E))/W] (3. 3b)

where
8(e)=[1/@n)" [ e**/2ax,

the normal distribution function. The functions
(3.3a) and (3. 3b) are shown in Fig. 4.

Second-harmonic synchronous detection obtains
the second Fourier coefficient of the measured
current as a function of loss energy. The bandpass
energy of the analyzer is modulated by — A sinwt.
Since E, = E, - E, where E, is not varied, this is
equivalent to oscillating the loss energy by
+Asinwt. Thus, the second-harmonic current
signal is®

1@ (E,,A)=(1/n) f;’ L(E, +Asinwt)

(3.4)

where I,, is either I,, or I;,, the measured peak
or step current. For small oscillations A with
respect to the widths of features being observed,
this second-harmonic signal is proportional to the
second derivative of the current with respect to
loss energy®®:

x cos2wt d(wt) ,

iy

I,(na) (EL ,A)OC 2 Im(EL) , (3.53.)
or, since E; =E, - E,
-9

1% (EL’A)OCBEE I(EL) . (3. 5b)

For the large oscillation amplitudes A employed
here, the derivative peaks are slightly broadened
in energy.

Second-harmonic detection of the measured peak
and step [(3. 3a) and (3. 3b)] obtains

2r
I, T E, —E,+ Asinwt
LT L T~ Zpt 4 SIMWE
I2(E,, A)=2 f ¢( LA )
0
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x cos2wtd(wt) (8.6a)
and
7 (* Eg ~Ey - Asinot
I,-‘i“;’(EL,A)J"—f é¢>( =t “’)
u 0 w
X cos2wt d(wt) , (3.6b)
using (3.4). Numerical simulation of this “double

differentiation” is shown in Fig. 4 which was com-
puted for A/ W=2. Although the second-harmonic
detection gives a distorted derivative, broadened
about 10%, for simplicity we will henceforth call it
a second derivative. Note the close similarity of
the simulated differentiated peak and step in Fig.

4 with the measured ones in Fig. 3. From (3. 6a)
and (3. 6b) it is clear that
Ii/Ip:B(Yi/Yp) ) (3-7)

where Bis a constant determined from the numeri-
cal simulations and Y is the amplitude shown in
Fig. 4.

At this point we must question one assumption
made in this simulation. The true ionization steps
are slightly broadened rather than being step func-
tions. This natural broadening, which is less than
the instrument response width, widens the mea-
sured peaks slightly. The effects of this broaden-
ing were computer simulated to obtain the constant
Bin (3.7) required to interpret the measurements.
For the elastic peak, A/W=1,3v2 was employed.
For the ionization steps, A/W ranged from 1.3v2
to V2 for the various elements studied, depending
on the width of the observed ionization feature.

The corresponding B values determined from eval-
uation of (3. 6) for various A/ W values are from
1.2to 1.7,

If I, and Y, are measured for an arbitrary elastic
peak, the ionization step current I; may be easily
computed from (3. 7) after measuring the ioniza-
tion step-differentiated intensity ¥;. Knowing also
the primary-electron current I, and the density of
adatoms » adsorbed on the W(100) surface, the
backscattering ionization cross section is computed
from

Ao= (l/n) (I,' /Io) )

where I; is the ionization step current computed
from the experimental data (corrected for analyzer
transmission) and the step model described above.
The saturated coverages of C, O, and Na were
assumed to be one monolayer®'® (=10 atoms/
cm? on W(100) at about 100 °C. Nitrogen coverage
was assumed to be 3 monolayer. ® Magnesium was
estimated to form one monolayer when the intensity
of its KLL Auger peak was } the intensity for many
layers of Mg.*® The coverages for N, O, and Na
are believed to be within +10% and -30% of the
stated values; the uncertainty of the C and Mg cov-
erages is probably +50%. The total uncertainties

(3.8)

in the measured cross sections average about a
factor of 2. This total uncertainty arises from er-
rors in determining analyzer transmission and
overlayer coverage and from errors in the use of
the ionization step model.

Simulation of the effects of transmission and
resolution changes on the measured cross sections
show that the shapes of the cross section versus
energy curves to be seen in Sec. IV are accurate to
within 50% from the low-energy to high-energy
limits. If anything, the high-energy cross sections
are too low since the analyzer transmission drops
and the resolution decreases with increasing en-

ergy.

IV. COMPARISON OF MEASURED CROSS SECTIONS
WITH THEORY

Measured backscattering K-shell ionization cross
sections are shown as dots and solid lines in Fig.

5. The improved calibration prozedures have
changed the absolute values for C, N, and O slight-
ly from those reported in a previous paper. ® The
peak-to-peak amplitudes of the ionization features
of Fig. 3 were measured as a function of reduced
primary energy X=E,/E;, where E, is the ioniza-
tion energy (E,, E,, --- in Fig. 1). The proce-
dures described in Sec. III were used to compute
the absolute cross sections, with an energy spread
of 3 eV and backscattering acceptance angles of
128° -148° being employed in the experiments.
This energy spread (energy response width) 2W
=3 eV was chosen for two reasons. First of all,
higher resolution produced an insufficient signal-
to-noise ratio for O and Na. Second, the natural
broadening of the ionization steps (~1 eV) must be
less than the instrument response width in order
for the step model of Sec. III to be valid. (A cor-
rection factor for the larger instrument energy band -
pass and oscillation amplitude employed for Mg
was applied for its cross-section determination.)
The carbon measurements were performed both
with adsorbed ethylene and with decomposed ethyl-
ene (heated to ~ 1000 °C). No difference in the
shape of the cross section versus energy curve was
detected for the two states of carbon.

All cross sections decrease monotonically with
reduced energy over the energy range studied. The
curves become steeper with atomic number. In
addition, the absolute cross sections for a given
reduced energy decrease rapidly with atomic number.

A first Born approximation theory for ionization
of K shells of isolated atoms was formulated by
Burhop. % This theory uses a plane-wave de-
scription of the incident electron and a spherical
wave for the scattered electron. The initial and
final states of the K-shell electron are represented,
respectively, by a hydrogenic wave function and a
Coulomb wave function. Since the principal contri-
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bution to the matrix elements determining the cross
section comes from the neighborhood of the K shell,
the use of hydrogenic wave functions seems highly
satisfactory. The theory has, in fact, given rea-
sonable agreement® "2 with measured total cross
sections available for a few elements. The cross-
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section data we present in this paper may be com-
pared with the Burhop theory for the purpose of ob-
taining qualitative understanding of the results.

The following expression is found from the
Burhop theory for the differential cross sections
for K-shell ionization:

21 b k[ K2+ 5 (B4 kD)) [pt + 20K 2+ k%) + (K 2 - kD)?)

I(K, k) dK dk =

where u=Z/a, with g, as the Bohr radius. The
initial and final momenta of the incident electron,
kand &', are related to the momentum of the
ejected electron « and the ionization energy E; by
the energy equation

(i’iz/Zm)(kz~k'2)=Ei+}"Z2K2/2m . (4.2)

In order to compare with backscattering experi-
mental data we used the momentum-transfer defi-
nition to obtain the angular dependence:

K=|K-K'| = (k% +%'® - 2k cosp)!/ 2, (4.3)

where 6 is the angle between KandK'. To compare
with experimental results, (4. 1) must be integrated
over k and 6. According to the step model of Sec.
II], the analyzer resolution restricts the upper lim-
it of the integration on the momentum of the ejected
electron to conform with an energy spread of 3 eV
above the Fermi level (7.5 eV) of the W substrate.
The 128° to 148° backscattering accepted by the
analyzer defines the limits of integration on 6.

Computed cross sections Ao for K-shell ioniza-
tion of C, N, O, Na, and Mg are shown in Fig. 5
(dashed lines) where they are compared with the
corresponding measurements as a function of re-
duced primary energy. The calculations show the
general trend toward reduced cross section with
primary energy and atomic number, evidenced by
the data, but are considerably lower than the mea-
surements over the entire energy range investi-
gated. Although shape agreement between theory
and experiment improves with atomic number,
disagreement in absolute magnitudes becomes more
pronounced with increased primary energy.

This comparison with theory in the backscattered
region is in sharp disagreement with total cross-
section® "2 comparisons between first-Born-ap-
proximation theory and experiments. These back-
scattering measurements show that the theory has
too strong an energy dependence in the higher-en-
ergy regime.

a§ 2K (1 ~ e2H7K)

2uK
X eXp [- g’-c& arctan(lﬁ:—ﬁq)]dl{ dg, (4.1)

V. DISCUSSION

Double scattering involving elastic reflection by
the W(100) substrate plus forward ionization scat-
tering by the overlayer, or vice versa, must be
considered as a possible explanation for the differ-
ences between the experimental cross sections and
the single-event theory. Equations for this double
scattering are derived in the Appendix and com-
puted double scattering is shown in Fig. 6 for com-
parison with measured C and Mg cross sections.

If the ionization scattering is strongly peaked in
the forward direction and the elastic reflectivity of
the substrate is a rather smooth function of angle,
then the double scattering is accurately described

by

A (E,) ~ pAcy(E,) [RA(E,) + Ry(E, -E;)], (5.1)
where

A0y (E,) = fF o(E,, B, k') dQ", (5. 2)

R, is the ratio of the elastic current accepted by
the analyzer aperture divided by the primary cur-
rent, and p is the absorption factor for the overlay-
er. The F on the integral in (5.2) indicates that the
integration over ', the solid angle for the scat-
tered momentum vector 7@', is carried out in the
forward direction. For our calculations, the inte-
gration was for 0° to 20° between incident and
scattered momentum vectors % and 2.

Results of calculations of ionization scattering
from the Burhop theory for carbon are shown in
Fig. 7 for various scattering angles. The theory
demonstrates that forward scattering (0° to 20°)
dominates for X>2. (The experimental cross sec-
tions indicate that A¢ may not be so strongly
peaked in the forward direction.) In addition, low-
energy -electron-diffraction (LEED) measurements
show no gross concentrations of elastic intensity
over the scattering angles of the analyzer aper-
ture. (Diffraction peaks do not contain much in-
tensity when compared with the surrounding dif-
fuse background.) Thus (5. 1) is a good estimate
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FIG. 5. Backscattering cross sections Ao for K-shell
ionization of C, N, O, Na, and Mg adsorbed on W(100).
These cross sections are for 128° to 148° backscattering
angle and ejected electron energy spread of 3 eV. The
solid lines are fits of the experimental points. The dotted
lines are cross sections computed from the Burhop first-
Born-approximation theory for K-shell ionization, These
theoretical curves are magnified, as indicated, to be tan-
gent to the experimental curves. The uncertainty in the
measured cross sections is a factor of 2.

o

of double scattering for X> 2.

The elastic -reflection coefficient R, was deter-
mined by measuring the elastic -reflection electron
current (corrected for transmission) as a function
of energy and dividing by the primary-electron
current. Results are shown in Fig. 8. These
data plus the Ao, calculated from the Burhop the-
ory'®® were inserted into (5. 1) to estimate the
double scattering and are shown as squares in Fig.
7. A value of 0.75 was used for p corresponding
to the average experimental value for electrons
adsorbed by the overlayer. This estimate of
double scattering is considered to be accurate
within a factor of 2 except for X<1.5. Note that
the double scattering computed from (5. 1) is at
least an order of magnitude below the measured
cross section.

At very low energies nearer the ionization
threshold, the ionization scattering is more nearly
isotropic (see Fig. 7). Assuming that both the
elastic and ionization scattering are isotropic, the
following equation was derived in the Appendix for
double scattering:

Acy(E,) ~ por(E,) [RA(E,) + Ry(E,-E,)], (5.3)
where

or(E)= [, o(E,, b k') dQ" . (5.4)

This estimate of double scattering is shown as tri-
angles in Fig. 6. Equation (5. 3) is considered to
be an overestimate of double scattering except for
X near 1.0. Double scattering thus does not ac-
count for the major differences between the single-
event ionization theory and experiment.

One must consider that all cross sections com-
puted from the Burhop equation might be too small,
making the computed double scattering too small.
However, the Burhop theory produces reasonable
total cross sections (integrated over angle and en-
ergy) for K-shell ionization of C, N, and O.”
These and other comparisons®"*? support the va-
lidity of the Burhop theory for small scattering
angles. Thus we believe that the computed double
scattering is as accurate as stated. Alternatively,
one might consider that our measured absolute
cross sections are too high. However, measure-
ments3! of total cross sections using the same ap-
paratus and surfaces agree with the Glupe-Mehl-
horn” measurements within a factor of 2. Within
these considerations, our measured cross sections
are as accurate as stated.

Since the ejected electrons in our investigation
occupy low-energy states, one might presume
that the Burhop theory, which is an atomic formu-
lation, must be altered to include substrate band-
structure effects as well as effects of the local
chemical environment of the ionized atom. We
assume in our application of the Burhop theory to
surfaces that the ejected electrons occupy empty
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FIG. 6. Double scattering, involving ionization by the
overlayer and backward elastic scattering by the sub-
strate, in comparison with the experimental ionization
cross sections for C and Mg (solid lines). The double
scattering was computed from Egs. (5.1) and (5. 3) giving
the squares and triangles, respectively. The squares
are considered to be the better estimate of double scat-
tering over all but the lowest part of the energy range.

states above the Fermi level of the substrate and
are free electron in energy behavior. We do this
by integrating from the conduction-band depth

(7.5 eV for W)*2 to 3 eV above the Fermi level and
assume the energy behavior of the ejected electron
E(k) to be determined by (4. 2).

In the calculations of the backscattering cross
section, (4.1) was found to be a weak function of
E(k). Variation of the range of integration of (4. 1)
over ejected-electron momentum led to essential
reproduction of the cross-section shape with en-
ergy. Although E(x) is a slightly more compli-
cated function of ejected-electron momentum when
the band-structure®? term is included, the actual
effect on cross-section determination is small
relative to the differences between the Burhop
formalism and the measurements. The validity of
our ejected-electron-energy approximation is also
supported by the experimental cross sections we
obtained from different chemical states. For ex-
ample, no appreciable differences in the measure-
ments were noted for C in the form of ethylene de-

FIG. 7. Ionization scattering for C(K) calculated from
the Burhop theory for various scattering angles 6, mea-
sured from the forward direction (dotted lines), compared
with experimental data for carbon K-shell ionization
(solid line), measured for 128°—148° backscattering angles.

composed to yield pure carbon. Measured cross
sections varied in magnitude in general agreement .
with the theory, even though the various adsorbates
were in a wide range of chemical states.

W(100)
6 = 128°-148°

Ep (eV)

FIG. 8. Measured elastic-scattering coefficient Ry
as a function of primary energy.
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The measured backscattering cross section for
C is shown in Fig. 7 for comparison with the cross
sections computed from the Burhop theory for
various 20° increments of scattering angle. As
noted before, the calculations for 128° to 148° (the
experimental analyzer aperture angles) are low.
Figure 7 shows that scattering angles of about 50°
to 70° give fair agreement in absolute magnitude
and slope with the experimental cross sections at
X=3.0. This suggests that the effective binary
collision scattering angle may be only about 60°
for X~3.0.

The Coulomb forces of the nucleus on the inci-
dent and scattered electrons are neglected in the
Burhop theory. These interactions could perhaps
distort the incident and scattered waves enough
to account for the extra ~80° of scattering. In
fact, recent distorted-wave treatments by Shelton,
Leherissy, and Madison®® and by Geltman and
Hidalgo® of the excitation of the 2s hydrogen state
show this type of behavior. Plane-wave theories
are shown to give far too little scattering in the back
direction in comparison with the distorted-wave
theory. The divergence between the two theories
becomes more pronounced at high energies, just
as our data diverge from the plane-wave theory.
Due to the similarities between backscattering ex-
citation and ionization, it is likely that a distorted-
wave treatment of K-shell ionization will give con-
siderably better agreement with our data.

In conclusion, the data in this paper show that
the Burhop ionization theory gives cross sections
which are too low, particularly in the high-energy
limit, for backscattering ionization of the K shells
of C, N, O, Na, and Mg. It is likely that a dis-
torted-wave scattering theory, such as the Cou-
lomb~-Born theory, will produce better agreement
with experiment for large-angle ionization scat-
tering by K-shell electrons.

APPENDIX: DOUBLE-SCATTERING THEORY

Let the elastic scattering coefficient per unit
solid angle for the bare substrate be defined by

ar ~

R(E,, b k')=1(E,, b, k')/Iy, (A1)

where I, is the elastic scattering current per

unit solid angle for momentum transfer % to 2’.
The angle between % and %’ is restricted to 7 to

7 for normal incidence on the sample surface.
This elastic-reflection coefficient R is a measur-
able quantity and thus includes multiple elastic
scattering in the substrate. The double-scattering
cross section per unit solid angle for total mo-
mentum transfer % to 2" is

0w(Epy by B")=p [, [R(E,, b, k) o(E,, &', k")

o(E,, &, k') R(E, - E;, ', k")) dQ', (A2)

where p is an absorption factor for the overlayer
and @' is the solid angle for 2’. Multiple elastic
scattering within the single atomic overlayer is
neglected in (A2) since it is small compared with
that of the semi-infinite, heavy-atom substrate.
Integration of 2" over the analyzer aperture solid
angle Q" obtains the observed double-scattering
cross section:

Dog(Ep) = [ OBy, By B") AR . (A3)

aperture

If ¢ is strongly peaked in the forward-scattering
direction and R is a smooth function of scattering
angle, then (A2) and (A3) may be accurately de-
scribed by

Ao'cls(Eb) = pAofs(Ep) [RA(Ep) +RA(Ep —Ei)] ) (A4)
where

RA(E,) = |,

aperture

R(E,, &, £")dQ"

and .
B0yy(Ey) = [, o(E,, b, k") dQ" .

‘The F on the integral means that the integration

is performed over angles in the forward-scatter-
ing direction where o is strongly peaked. Equa-
tion (A4) was used by us in Ref. 15 with p=1 to
estimate double scattering. The integration over
solid angle £’ in Ref. 15 was performed for angles
of 0° to 20° from the forward direction. That
estimate of double scattering is good if ¢ is suffi-
ciently peaked in the forward-scattering direction
and if R is a sufficiently smooth function of the
backscattering angle involved, conditions which
are obeyed for X> 2.

Suppose that ¢ and R are not functions of scat-
tering angle. Then (A2) and (A3) may be described
by

Acg(E,) = po(E,) [R(E,) + R(E, - E;)]

Xfaperture f2ﬂ dﬂl dQ”

~pop(E,) [Ra(E,) + R4(E,~E)],  (A5)
where .
or(Ey)= [, o(E,, k, k') dQ'

Vs,

and R, was previously defined. From Fig. 7 it is
seen that ¢ is roughly constant as a function of
scattering angle for small X. In addition, LEED
measurements show that R is not a strong function
of backscattering angle when averaged over large
angles (2 ~ 27) for 100- to 2000-eV primary ener-
gies. Therefore (A5) should be a good estimate
of double scattering for small X.
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