
PHYSICAL REVIEW B VOLUM E 9, NUMBER 12 15 JUNE 1974

Measurement of relative subshell-photoionization cross sections in sodium chloride and

sodium fluoride by x-ray-photoelectron spectroscopy
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Relative subshell-photoionization cross sections have been measured directly for solid samples of
sodium fluoride and sodium chloride by the technique of x-ray-photoelectron spectroscopy. Values are

reported for the subshell-photoionization cross sections of the sodium 2s and 2p; chlorine 2s, 2p, 3s,
and 3p; and fluorine 1s, 2s, and 2p levels relative to the 1s level of sodium. To obtain these values

from measured photoelectron line intensities, corrections have been made for (i) the transmission

efficiency of the electron energy analyzer, (ii) the angular dependence of the differential

subshell-photoionization cross section, and (iii) for the attenuation of the hot electrons as they emerge

from a solid sample covered by an adsorbed gas layer, by the use of Auger-electron data acquired

simultaneously. Very good agreement is found between the results of the present direct measurements

and previous approximate subshell-photoionization cross sections deduced from total-photoionization

measurements.

I. INTRODUCTION

The determination of atomic subshell-photoioniza-
tion cross sections (SPCS's) has been the subject of
both theoretical and experimental research for
many years. This sustained interest in SPCS's is
due partly to their fundamental importance in the

complete description of the photoemission process,
and also to their usefulness in other areas such as
new methods for quantitative chemical analysis and

in particular the quantitative analysis of surfaces.
Some early calculations of SPCS's were per-

formed by Bethe and Salpeter' using hydrogenlike
atomic wave functions. Since then, total and dif-
ferential SPCS's have been calculated by numerous
authors using more sophisticated wave functions.
Recently, Cooper and co-workers~ have, in a series
of papers, calculated the SPCS's of the inert gases,
and have also determined the asymmetry parame-
ters P of the s and p subshells for many of the ele-
ments.

Experimental work in this area has been carried
out on the inert gases with a variety of photon en-

ergies in the ultraviolet to soft-x-ray range by

Siegbahn et al. ,
' Krause, ' and others. A table of

the approximate SPCS's for the light elements, at
a photon energy of 1486.6 eV (Al Kn) is contained
in a review article by Henke. 5 The values listed
therein were obtained indirectly from total-photo-
electron- cross- section measurements and theoret-
ical considerations.

In this work we present an evaluation of the use
of x- ray-photoelectron-spectroscopy techniques for
the determination of relative SPCS's in bulk solids,
namely, NaF and NaCl. We define a subshell-pho-
toionization cross section in such a way as to ex-
clude specifically consideration of those processes
which leave the ion in other than the ground state

(e.g. , shake-up or shake-off processes). An ex-
amination of our spectra revealed no structure
which could positively be identified with such pro-
cesses, and consequently we consider that the re-
stricted definition given here implies only a small
loss of generality. To make these measurements,
the technique of x-ray-photoelectron spectroscopy
(XPS) has been used to determine the relative in-
tensities of the various photoelectron and Auger-
electron lines emitted from a solid sample. The
Auger-electron data are used to construct an elec-
tron attenuation function (which will be defined and

discussed in detail below) for ".hot" electrons orig-
inating within the solid. This function, which is
dependent upon the electron kinetic energy, is used
to deduce the relative SPCS's from the remainder
of the XPS data. Relative to sodium 1s, values of
the SPCS's of the sodium 2s and 2p; chlorine 2s,
2P, 3s, and Sp; and fluorine 1s, 2g, and 2p sub-
shells in sodium chloride and sodium fluoride are
reported. Comparisons are then made with the
values given by Henke' and a number of conclu-
sions are drawn regarding the design of future ex-
periments.

II. THEORY

It has been shown experimentally and theoret-
ically ~4' that the differential SPCS of the lth sub-
shell of the nth shell of the ith atomic species of a
sample is given by

c
(1 2P)+ 4P»n-'0

dQ;„g
"

4~

where o;„, is the total SPCS, ~t) is the angle between
the incoming photon and the outgoing electron, and

P is the asymmetry parameter which in general can
be a function of i, n, E, and the kinetic energy E of
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the photoemitted electrons. 3 For convenience we
write

(2)

Values of this function for particular P values may
easily be obtained from Henke. '

In order to deduce an expression for the inten-
sity of electrons emitted from the sample in a spe-
cific direction, consider the case of a plane semi-
infinite solid sample consisting of a homogeneous
mixture or compound of various atomic species,
irradiated by an extended monochromatic x-r ay
source (see Fig. 1). The number of photons enter-
ing area dA in the angular interval [(, dg] and

[rI, d'0] is 4'd)dgdA, where @ is the x-ray flux.
Let the photon mean free path in the material be

A(Z„), where E„ is the photon energy, and let X(E)
be the electron mean free path, where E is the
kinetic energy of the electron, The number of
photoelectrons per second originating from a thin
slice of the material parallel to the sample sux-
face, a distance x below the surface, and escaping
from the material in the angular region [z, dv] and

[y, dy] is given by
l

dI =(@dgdrldA * "" ) d X dQ
fn&

+ (s(-r/1 cosy&)

where dQ=Chdy and N, is the atomic density of the
ith atomic species.

Using the expressions for (do/dA), „, given by Eqs.

FIG. 1. Segment of a semi-infinite solid sample show-
ing the x rays fy) which enter an element of area dA in
the direction ($,g) and the photoelectrons (i ) that are
subsequently emitted from an element of volume dV in
the direction. (~,x). See Sec. II of the text, in particular
Eq. (3).

(1) an& (2), Eq. (3) may be integrated over x to
yield

dE„, = '"' NdA 4

X cosP A cos8 — d$

dydee

dy
X cosP+ h. cos8

Typical values for the electron mean free path X

and the photon mean free path ~ over the energy
ranges of interest are 10 and 10000 L, respec-
tively 'T.herefore, Acos8»Xcosg for all but ex-
treme x-ray entry angles; so that, provided the
integration is performed over a wide range of an-
gles, the contribution to the integral from those
regions where the above approximation breaks down
is negligible. Thus, Eq. (4) may be written

dI = '"' N AMfnl 4 f

x 4 cos d$ dgChdy . 5

Writing the contribution to Eq. (5) due to angular
effects as

1
) @f(P) cosg df dqdxdy

we obtain the expression for the number of elec-
trons emitted per second in a given direction per
unit area of sample as

(
dI

foal Nf ~+fttl ~

fnl

It should be noted that the quantity +&„, is a function
of the asymmetry parameter P and the experimental
geometry only.

A number of effects have been neglected in the
development of expression (7) for the intensities of
emitted electrons. These include x-ray and elec-
tron refraction and reflection at the surface and
also the attenuation of electrons due to adsorption
of gases onto the surface of the sample. The form-
er effects are negligible provided that x rays enter
and electrons leave the surface over a wide range
of angles. The latter effect, however, is of con-
siderable consequence in the present work and can-
not be neglected. Hence an attenuation factor
e '~'I"' is incorporated in the expression (7), where
(d) is the average distance which an electron will
travel through the absorbed gas layer before it
escapes into the vacuum, and X (E) is the mean
free path of an electron in the adsorbed layer.

%Ye may now write

= +f„)N) Xof„g e
iffy

In order to use Eq. (8) to extract values of SPCS's
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X = KE /(1nE —b) (8)

where K and b are constants characteristic of the
material.

We now define an electron attenuation function
(see Eq. (8))

KE (d)(inE b')
l~

lnE- b K'E )

From a comparison of the expressions (8) and (7) .

for the intensities of electron lines from a solid
with and without an adsorbed gas layer, and from
measurements of electron mean free paths in so-
dium chloride performed in this laboratory, ' the
quantity (d) has been estimated to be approximately
10 A..

Using this value, expression (11}is plotted in
Fig. 2 for some typical values7 of K, K, b, and
b . It can be seen from the figure that this func-
tion is well represented by a straight line over the
energy range of interest in this work. Hence

from experimental data, the functional forms of the
electron mean free paths X and X must be taken in-
to account. Experiments and theoretical calcula-
tions to determine the electron mean free paths
in a variety of metallic and nonmetallic materials
have been performed over recent years. ™It has
been found that the energy-dependent mean free
paths for all materials have similar functional en-
ergy dependence and differ in magnitude by no more
than a factor of 2 or 3 in the energy range of pres-
ent interest. This functional form may be written'

(12)

where c and a are constants. Substituting (12) into
(8}we find

(13)

It is well known that the K-shell fluorescehce yield
of the light elements is extremely small, and
therefore the only significant channel open for the
relaxation of such an ion after the removal of a K
electron (K-shell photoemission) is the emission of
a KLL Auger electron. Thus if e,~ is the cross
section for production of a particular KLL Auger
electron from the ith atomic species, then the total
photoionization cross section for the 1s level of the
ith atomic species is

g& (ls) = Q era
k

that is, for the ith atomic species the total 1s pho-
toelectron yield from the volume element dV is
taken to be equal to the sum of all of the KLL
Auger yields. Since Eq. (13}also provides a valid
description for Auger-electron intensities it may be
used to provide expressions for both e& (1s) and

o,~, and hence from Eq. (14) we have

1 dl(ls)I
+, (1s)[uE, (ls) —1] dA ),

+, (aE, —1) dA„
where E, (ls) is the kinetic energy of the 1s photo-
electron from the ith atomic species and E,~ is
the energy of a particular KLL Auger electron from

20

15 FIG. 2. Electron atten-
uation function I'(E) [Eq.
(11)] plotted as a function
of electron kinetic energy
for some typical values of
the parameters K, K', b,
b' (Ref. 7); (P is the av-
erage distance that an
electron travels through
an adsorbed gas layer. A
linear relationship may be
seen to exist over the en-
ergy range of interest (see
Sec. II, Eq. (12)].
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the ith atomic species. The quantities (dI(ls)/dA)„
(dI/dA)&~, E&(ls), and E,~ are obtained from the XPS
data. @&(1s) and +&~ can be calculated from the ge-
ometry of the instrument and a knowledge of the
asymmetry parameter P. For s electrons, P=2, ~'

while KLL Auger emission is isotropic, ' whence
P=0.

Thus Eq. (15) may be solved for a, the param-
eter used to define the linear electron attenuation
function I'(E) in Eq. (12). Equation (13) and the
value of a so obtained are then used to find the
SPCS's relative to the sodium 1s line.

In order to find the p-subshell cross sections
from Eq. (13), 4'&(np) must be evaluated. Although

P is not accurately known for these subshells at the
photon energy used, typical values of P are in the
range 1.0-1.5. ' In order to estimate p-shell
SPCS's, +& (np) has been evaluated using P = 1.3.
This choice is consistent with the recent work of
Mans on.

A number of possible sources of error in the
method presented above for the determination of
I'(E) and subsequently of SPCS's are readily iden-
tifiable. Of these the production of K-shell vacan-
cies by bremsstrahlung generated in the x-ray
source must be carefully considered. We have
treated this effect in some detail in the Appendix
and have estimated that it produces an intrinsic er-
ror of approximately 5% in the measured SPCS val-
ues given in the present work. In addition, this
effect is likely to be partially cancelled by our ne-
glect of the fluorescence decay channel in the re-
laxation of an ionized Na or F atom. Another likely
source of error in the present determinations is
represented by the possibility of K-shell ioniza-
tion by "hot" photoelectrons. The contribution to
the total Auger emission from such events has been
estimated from the SPCS's of Henke, ' the electron-
ionization cross sections of Pessa and Newell" and
from Eq. (7). It is found that this phenomenon con-
tributes less than 1 part in 10 of the total emission
of Auger electrons from the sample.

The inclusion of the angular asymmetry terms in
our treatment is strictly valid for free atoms. In
a solid, subsequent elastic collisions involving the
ionic potential wells may conceivably affect the
angular distribution of photoelectrons from a par-
ticular shell; but we consider that this effect is
negligible because (a) the number of elastic col-
lisions made by such an electron prior to escape
from the'sample or prior to an inelastic encounter
is small~ ~ and (b) a common feature of all elastic
scattering theories (e.g. , screened Coulomb scat-
tering) is the predominance of small-angle events. "

consists of a 90' sector, spherical electrostatic
electron energy analyzer with a cylindrical Al Ka
(1466.6-eV) soft-x-ray source. The system is
pumped by a 1200-liter/sec, liquid-nitrogen-
trapped oil diffusion pump and the working pres-
sure is 5x 10 torr. Photoelectron spectra are
accumulated in a 1024-channel multichannel ana-
lyzer by holding the analyzer at a fixed pass energy
and varying the accelerating/retarding potential in
synchronization with the channel-advance clock of
the multiscaler. '

Samples are prepared by evaporation from a
tungsten boat onto a rotating polished-aluminium
cylindrical substrate. Sample thickness (-103 A)
was monitored by an Ultec model No 60-915 de-
posit- thickness monitor. This preparation pro-
cedure ensures that the sample thickness is large
compared to the electron mean free path. Upon
completion of evaporation, the sample can be im-
mediately lowered into the normal operating posi-
tion without its removal from the vacuum system.
Values of the angular-dependent functions +&„, as
calculated for the present geometry" are listed in
Table I.

Because the region from which photoelectrons
are emitted is extremely thin (-30 A) compared
with the radius of curvature of the sample rod
(-0. 3 cm), the theoretical analysis of Sec. II, de-
veloped for a flat sample, may be applied.

Due primarily to contamination of the x-ray
anode, the x-ray intensity varies with time. It is
also apparent' that the rate of growth of adsorbed
gas layers is approximately of the form d(1 —e ' ~'),
where d is the asymptotic limit of the gas layer
thickness and v is a time constant no greater than
a few seconds at the pressure used for this experi-
ment (5x 10 ' torr). From these considerations it
is clear that the measured intensities of the various
photoelectron and Auger peaks are time dependent.
Therefore spectra were recorded by alternating
rapidly between acquisition of the sodium 1 line
and acquisition of the line under investigation.
Each spectrum represents at least 200 individual
scans over the energy range of interest, and typi-
cally the number of counts acquired per channel
was several thousand. The sodium 1s line was used
as the reference level for all relative intensity
measurements.

TABLE I. Values of the angular distribution function
4'&„& for Auger electrons and s- and p-subshell photo-
electrons [see Eq. (16)].

Origin of electron

III. EXPERIMENTAL

The apparatus used in this experiment has been
described in detail elsewhere. ' ' . Basically, it

s subshell
p subshell

Auger

2
1.3

0

0. 111
0. 095
0. 080
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IV. RESULTS

Figure 3 shows two typical spectra. from sodium
fluoride, Fig. 3(a) being the photoelectron spectrum
of the sodium ls level and Fig. 3(b) the sodium KLL
Auger lines. Assignment of the peaks in Fig. 3(b)
is due to Siegbahn et a/. ' The sodium chloride
photoelectron and Auger spectra contain similar
features.

It is clear from Figs. 3(a) and 3(b) that there is
some structure on the low kinetic energy side of
both the sodium ls photoelectron and sodium Auger
lines in the sodium fluoride electron spectra in ad-
dition to the usual, slowly increasing inelastic scat-
tered background. The sodium 1s spectrum was
smoothed by a nine-point-polynomial smoothing pro-
cedure, and the resultant spectrum corrected for
the transmission efficiency of the analyzer. The
results of this procedure which is shown in Fig.
4(a) clearly reveals a small peak 11.7(5) eV below
the center of the primary line, and an elevated
smooth background extending some distance below
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FIG. 4. Sodium 1s photoelectron lines from (a) sodi-
um fluoride and (b) sodium chloride. Both spectra have
been smoothed by a nine-point polynomial smoothing pro-
cedure and corrected for the transmission efficiency of
the analyzer. The significance of the energy separations
of the features in these spectra is discussed in the text.
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FIG. 3. Typical spectra from the present work: (a)
the sodium 1s photoelectron peak from sodium fluoride.
On the high kinetic energy side of this line is a smaller
peak due to Al Ka3 4 x-ray satellited while on the low
kinetic energy side there is a well defined structure
whose origin is discussed in the text. (b) The KLL Auger
spectrum of sodium from sodium fluoride. The various
features of this spectrum are assigned according to
Siegbahn (Ref. 10). A well-defined shoulder, similar to
that in Fig. 3(a), may be seen on the low kinetic energy
side of the KL2L3 Auger line.

this peak. A number of possible inelastic scat-
tering processes were considered in seeking an ex-
planation for this feature; for example, (i) electron-
exciton scattering, which would yield some struc-
ture approximately 10.7 eV below the principal
line" and (ii) electron-ionization scattering, a pro-
cess consistent with the observed features, namely,
the onset edge or threshold on the low-energy side
of each observed line together with a wide inelastic
electron distribution corresponding to the excita-
tion of electrons from the 2P valence band of the
fluoride anion into a wide conduction band begin-
ning near the vacuum level (see Fig. 3). The bind-
ing energy of the F 2p band in sodium fluoride with
respect to the vacuum level has recently been mea-
sured as 11.88(10) eV, '8 and this agrees well with
the separation of 11.7(5) eV from Fig. 4(a). This
interpretation is also consistent with the recent
work of Battye et al. '9 which shows that ionization
involving valence-band electrons is the dominant
electron energy loss mechanism in insulators.

A portion of the electron spectrum from NaCl in
the region of the Na 1s photoelectron peak, after
smoothing and correcting for the transmission ef-
ficiency of the analyzer, is shown in Fig. 4(b).
The structure apparent on the low-energy side of
the main line is more complex and less pronounced
than for NaF, but was consistently reproduced in
NaCl spectra taken on several occasions. The weak
maxima at 7. 8(5) and 9. 8(5) eV below the center of
the photopeak are consistent with the 8.0-eV exci-
ton doublet and 10-eV maximum seen in the optical
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absorption spectrum of NaCl. 7 The structure at
9.8(5) eV belowMe photopeak may be associated
with ionization from the Cl 2P valence band which
is located 10.45(10) eV below the vacuum level. 20

The origin of the shoulder at approximately 13.0(5)
eV below the photopeak has not been determined.
These various energy-loss processes no doubt pro-
vide an important contribution to the electron mean
free path discussed earlier.

Before a detailed analysis of the spectra can be
made it is necessary to correct for the transmis-
sion efficiency of the spectrometer. In a previous
work an expression was developed for the calcula-
tion of the true peak intensity of a photoelectron
distribution from the measured peak intensity. For
the present situation, Eq. (15) of Ref. 14 can be
written

CREED
(E2 ggnE2)~I2

ao 0+
I

(16)

R =Eo/4EO

For Gaussian line shapes it is well known that

(17)

where Io „~is the measured peak height of a photo-
electron line, N is the true peak height, ~E is the
full width at half-maximum (FWHM) of the true
peak, Eo is the pass energy of the energy analyzing
element of the spectrometer, E„'0 is the kinetic en-
ergy of the photoelectrons before retardation, C
is a constant of the instrument, and R is the resolv-
ing power defined by

4E = AEp+ &E (18)

A = C'A Eo/E„'0 (19)

After subtraction of background, Eq. (19) may be
used to.compare the intensities of photoelectron and
Auger lines of various energies. The present data
and their corrections for the effects discussed in
Secs. 2-4 are summarized in Tables II and III for
sodium fluoride and sodium chloride, respectively.
The first four columns of Tables D and III list, re-
spectively, the various photoelectron and Auger
lines, their approximate kinetic energies, the num-
ber of counts in the peaks relative to the sodium ls
photoelectron line, and the intensities of these
peaks corrected for the transmission efficiency of
the analyzer.

Because the binding energies of the sodium 2P
and fluorine 2s levels are very similar, only the
sum of the intensities of the corresponding photo-

where &E is the FWHM of the measured photo-
electron intensity distribution.

Substituting for R and nE from Eqs. (17) and
(18) into Eq. (16) gives

C (NDE) E2o
0 /ST R gEm QQ

Multiplying through by hE and interpreting the
quantities (I».~&E ) and (ÃaE) as being propor-
tional to the areas A and A under the measured
and true photoelectron peaks, respectively, we can
write

TABLE II. Summary of experimental results for sodium fluoride. Column 6 contains the measured
relative SPCS values (+10%) for the various subshell photoelectrons and Auger electrons. The data
shown in other columns are explained in the text.

Electron
line

Electron
kinetic
energy

(eV)

Measured
line

intensity

Transmission
efficiency
corrected

line intensity

Angular
distribution
corrected

line intensity

Attenuation
function

corrected
line intensities

(relative SPCS)

Relative
SPCS

according
to

Henke
(Ref. 5)

Na lsd/2
Na 2sg/2
Na KL(L)
Na KL1L2
Na KL&L3
Na KL,L21

KL2LB J

F 1sg/2
F 2sg/2 +
Na 2pf/2, 3/2
F 2pf/2 3/2
F KL)Lg
F KL)Lg
F KL(L3
F KL2L21,

KL2L3 J

415
1424

920
947
959

987

801

1456

1478
610
628
636

654

1.0
0. 057
0. 037
0. 98
0. 042

0. 58

0.58

0. 092

6.7x 10+
0. 026
0. 063
0. 027

0.30

1.0
0.20
0. 082
0.22
0. 097

1.39

1.0
0.20
0.12
0.31
0. 14

1.94

1.0
0. 053
0. 049
0.13
0. 055

0. 77

0. 55

0. 024
0. 038
0. 095
0. 042

0.48

0. 028
0.053
0.13
0. 059

0.67

7. 3x10
0. 035
0. 085
0. C37

0.405

0.22+ (0. 10) 0.22 + (0. 027) 0.057+ (0. 032)

1.0
0. 051(t)

0. 52(t)
0. 022(g)

+ (0. 017)(t)
7.2 x 10+(g)
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TABLE II[. Summary of experimental results for sodium chloride. Column 6 contains the measured
relative SPCS values (+10%) for the various subshell photoelectrons and Auger electrons. Only those
sodium KLL Auger lines which were observed in the present experiment are listed. The data shown
in other columns are explained in the text.

Electron
line

Electron
kinetic Measured
energy line

(eV) intensity

Transmission
efficiency
corrected

line intensity

Angular
distribution
corrected

line. intensity

Attenuation
function

corrected
line intensities
(relative SPCS)

Relative
SPCS

according
to

Henke
(Ref. 5)

Na ls, /2

Na 2sg/2
Na 2p(/2 3/2
Na KL)L2
Na KL&L3
Na KL,L, t

«2L2l
Cl 2sg/2
Cl 2pg/2~3/2
Cl 3$'f/2

Cl 3p(/, 3/,

415
1424
1456

947
959

987

1217
1286
1469
1480

1.0
0. 055
0. 029
0. 10
0. 052

0. 61

0. 19
0. 30
0. 012
0. 027

1.0
0. 19
0. 10
0.23
0. 12

1.45

0. 55
0. 94
0. 042
0. 095

1.0
0.19
0. 12
0. 32
0. 17

2. 02

0. 55
1.10
0. 042
0. 11

1.0
0. 052
0. 032
0. 13
0. 068

0. 80

0. 18
0. 33
0. 011
0. 029

1.0

0. 051(t)
0. 017(t)

0. 24(t)
0. 23(t)

electron lines can be measured in the present ex-
periment. The result of the measurement for
these overlapping levels is shown in the row la-
beled "F 2s+Na 2P" of Table II. However, the
sodium 2P SPCS relative to that of the sodium 1s
level is known approximately from the present
sodium chloride results (Table III). Therefore,
the relative contributions to the measured intensity
from the two levels, sodium 2P and fluorine 2s,
can be estimated. The results are shown in col-
umn 4 of Table II. The number in parentheses is
the Na 2P contribution from column 4 of Table III,
while the other figure is the contribution of fluo-
rine 2s relative to the sodium 1s level.

It is to be noted that the dominant AI-Ke, , x-ray
line (itself an unresolved doublet) has several
weaker satellites. These lines give rise to addi-
tional holes in the 1s shells of the sodium and fluo-
rine ions of the solids. The resulting photoelec-
trons are clearly separated in the spectra [Fig.
3(a}]from the main photoelectron lines, but no

such spectral separation occurs for the Auger
lines. The measured intensities of the latter are
therefore corrected by subtraction of the satellite
photoelectron intensities. This correction (approx-
imately 10% in the present case} has already been
made to the Auger intensities listed in the third
columns of Tables II and III,

These results must further be corrected for the
angular-distribution effeet and electron-attenuation
function discussed in Sec. II. The former correc-
tion is obtained using Table I and the resulting rel-
ative yields are listed in the fifth columns of Tables
II and III. The sodium Auger-electron data have
been used to determine the electron attenuation

function in conjunction with Eq. (15) for the sodium
fluoride and sodium chloride samples. The sum of
the corrected sodium Auger intensities in column 6
of the tables is therefore constrained to be 1.0;
i. e. , equal to the Na 1s intensity. No such con-
straint has been applied to the fluoride Auger inten-
sities. These and all the photoelectron intensities
have been corrected for electron attenuation using
Eq. (13) and are listed in column 6 of the tables.
The adequacy and self-consistency of the present
method is demonstrated by the close agreement be-
tween the sum of the relative fluorine Auger inten-
sities (0. 56) and the relative fluorine 1s photoelec-
tron intensity (0.55). The relative intensities listed
in column 6 of the tables are equal to the subshell
photoionization cross sections relative to the sodium
1s SPCS.

V. DISCUSSION

The results of the present work. are shown in
Tables II and GI. The Auger data have been dis-
cussed in Secs. I-IV, but a number of points are
now made concerning the photoelectron data.

First, the consistency of the SPCS of the sodium
2s level as measured from the two samples, sodi-
um fluoride and sodium chloride, is very satisfac-
tory (column 6 of Tables II and III).

The present results for SPCS's relative to the
sodium ls level may be compared with those of
Henke, where available, as listed in column 7 of
Tables II and III. The postscript letters t and g
refer to values taken fro~ the tables and graphs,
respectively, of Ref. 5. This is necessary because
the tables do not extend over the range of atomic
number required here, while the graphs do. If one
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FIG. 5. Subshell photoionization cross sections, as
measured in the present work, plotted as a function of
atomic number. Henke's value for the SPCS of the sodi-
um 1s level (Ref. 5) is used to provide a calibration in
absolute units. The solid lines, derived from total pho-
toionization cross-section measurements, are due to the
same author.

The internal consistency, and good over-all
agreement of the present measurements of SPCS's
in sodium fluoride and sodium chloride with pre-
vious indirectly obtained results demonstrate the
usefulness of the technique of photoelectron spec-
troscopy for the measurement of individual SPCS's
in bulk solids.

Future experiments can, however, be improved
in a number of respects. Of major importance is
the use of an ultrahigh vacuum system which will
simplify the interpretation procedure since the

accepts the value of Henke for the absolute SPCS of
sodium 1s the results of the present work may be
plotted in absolute units of cross section as a func-
tion of atomic number. Comparison between the
present work and that of Henke' may be made by
reference to Tables II and GI and to Fig. 5. The
SPCS values given by Henke were obtained indirect-
ly from total photoabsorption cross-section mea-
surements and certain theoretical arguments. The
over-all agr'cement is excellent for the s subshell
photoionization cross sections. A small disparity
exists, however, between the values of the P sub-
shell SPCS's. In particular, the discrepancies in
the sodium and chlorine 2P results exceed the ex-
pected uncertainties of this experiment. It is hoped
that future experiments will reveal the source of
these discrepancies.

VI. CONCLUSION

formation of adsorbed gas layers can greatly be
reduced. Similarly, an instrument in which the
incident x-ray and emergent electron beams are
more highly collimated would facilitate the inter-
pretation of data provided that various angular pa-
rameters are carefully chosen. ' In addition, im-
proved techniques for the measurement of electron
mean free paths are currently being utilized.
These techniques could be applied concurrently with
SPC experiments, obviating the necessity for such
heavy reliance of Auger data for the determination
of electron attenuation. In fact Auger-line inten-
sities could be misleading in this respect for SPCS
measurements made at higher photon energies
(e.g. , using Cu-Kn or Cr-Kn photons) unless an
x-ray source with crystal monochromator was
used. This is because of the rapid increase, with
incident electron energy and anode atomic number,
of the ratio: bremsstrahlung-to-characteristic ra-
diation —see Appendix and also Eq. (15.27) of Ref.
21. Nevertheless, Auger data, if interpreted with
caution, do provide a useful check on direct
mean free path information.

Under the experimental conditions described
above, a wide range of materials should be suscep-
tible to SPCS measurements. It is hoped that the
availability of new SPCS information will generate
interest in the theoretical calculation of SPCS's
for solids, particularly in the soft x-ray region.
Calculation of the SPCS's for the outermost elec-
tron energy bands would be particularly interesting
since it is to be expected that solid-state effects
are most readily observable for these levels.

APPENDIX

We consider here the possibility that brems-
strahlung produced by the 6-kV x-ray source could
cause significant production of K-shell vacancies
in the sample leading not only to the generation of
photoelectrons of energies other than that associ-
ated with Al Ka radiation, but also to the genera-
tion of Auger electrons indistinguishable from those
produced by Al Ka radiation.

Bremsstrahlung as produced by the source is
known to be distributed in energy according to the
Bethe-Heitler formula ' to a good approximation,
but the radiation reaching the sample is strongly
attenuated by a 9-p.m Al-foil filter incorporated in
the present source for energies in the range 1.5-
3.0 keV. In addition the production of K-shell
photoelectrons by high-energy bremsstrahlung is
limited by the K-shell photoionization cross sec-
tion, which has a similar functional dependence
with energy for Na and Fl, in that it decreases
sharply for photon energies above -1 keV.

The Al filter does not attenuate bremsstrahlung
significantly for energies in the region 600-1500
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eV and consequently it is necessary to determine
the contribution of K-shell ionization made by this
radiation. In order to calculate the intensity of
Al Ke radiation at the sample we have used the
semiempirical formulas and experimental data
given by Pessa and Newell' for the K-shell elec-
tron impact ionization cross section of Al, in con-
junction with the fluorescence yield given by
Bambynek et al. Numerical integration of the
Bethe-Heitler expression for bremsstrahlung pro-
duction, after modification to account for the ef-
fects of the x-ray filter and for the variation of
K-shell photoionization cross section, 22 has been
performed. In this manner we have estimated that
the ratio of the number of (for example) Na K-se-
ries Auger electrons produced by bremsstrahlung

to the number produced by Al-Ka radiation is close
to 5%. We might therefore expect to observe an
additional 5% of Na (KLL) Auger electrons were it
not for our assumption that the fluorescence yield
of Na is zero. In fact the Na fluorescent yield is
likely to be -1 or 2% leading to a reduction in the
production of Auger electrons following K-shell-
ionization. This effect partially offsets the addi-
tional Auger production by bremsstrahlung as dis-
cussed above.

The estimate given here for the relative unim-
portance of bremsstrahlung is supported by a state-
ment by Birks who remarks that for elements with
Z=14 (Si) the ratio (characteristic-radiation to
bremsstrahlung) is in excess of 10 in the neighbor-
hood of the dominant characteristic x-ray line.
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