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Abstract The photo-absorption cross section of aluminum was obtained from the ratio of transmission of
aluminum thin-films with different area densities from 50 to 250 eV with synchrotron radiation monochromatic
beam. Two samples with different area densities were used to minimize the uncertainty caused by the sample

surface oxidation and systematic factors of the X-ray source, beamline, and detector. The experimental results
are in good agreement with the published data and FEFF program calculations in general.
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1 Introduction

The atom photo-absorption cross section is a fun-
damental physical quantity characterizing the inter-
action between photons and matter. Accurate exper-
imental data are important in material science, thin-
film technique, X-ray spectroscopy and X-ray astron-
omy. The database of photo-absorption cross sections
of different materials in certain energy region was cre-
ated by Henke!”, Hubbell”?, and Chantler®. Some
results were from the experimental data, and the
other came from the theoretical calculations and in-
terpolations which were not very accurate. There are
many differences between the database and the exper-
imental results, especially near the absorption edges.
A lot of experimental results of photo-absorption
cross section deduced from the optical constants were
published® ® which modify and supple the photo-
absorption database, the FEFF program based on
multiple scattering theory!® is also used to calcu-
late the atom photo-absorption cross section. More
and more experimental results are needed to vali-
date or modify the theory calculations and the photo-
absorption cross section database.

In metal materials, two ways are used to obtain
the photo-absorption cross section from the transmis-
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sion measurement, one heats the metal into a gasm,
and the other uses thin film with no substrate!®.
For gases, the isolated atom approximation is ade-
quate, but for thin films, solid state modifications
are necessary, which lead to the differences near the
photo-absorption edge and are caused by correlations,
neighboring atom effects- - - The results from films are
more realistic for solid-state materials.

For aluminum is a very important material of mul-
tiplayer and filters, the atom absorption cross sections
of aluminum need to be accurately measured. In the
experiment, two kinds of samples with different area
density were used to minimize the uncertainty caused
by the sample surface oxidation and systematic fac-
tors of the X-ray source, beam-line, and detector!™.
The experimental results were compared with the
data from the published literature, the database and
FEFF program calculations; they are nearly the same
after the L1 absorption edge of aluminum at 117.8 eV.
Before the L1 edge they are different; especially be-
fore the L3 edge, from 50 eV to 72.55 eV. Before L3
edge, our data are in good agreement with the data of
Henke!”, Smith!”, Shiles™” and Keenan™" which are
about 10000 cm? /g while the data of Gullikson*? and
Chantler™™ are only about 5000 cm? /g, and the data
of Windt™"® and Zheng"* are much higher, nearly
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15000 ¢cm?/g. The reason of the differences is still
unknown and needs future study.

2 Experiment

The freestanding aluminum films used in the ex-
periment were deposited on the sample bracket of
5x10 mm? area, and they are provided by china in-
sititute of atomic energy. The area densities (mass
per unit area) of the two films were measured by the
energy loss of a particles passing though them!®
and were 27 ug/cm?, 54 pg/cm?, with uncertainty
of 2.7 pug/ecm®>. The body density of aluminum
is 2.7 g/cm®, so the thicknesses of the two films
are 100+10 nm and 200+10 nm. The experiment
was performed on the reflectometer at Beam-line
B12M the National Synchrotron Radiation Labora-
tory of China (NSRL). The transmission of each sam-
ple is measured using a photodiode (AXUV-100G,
IRD, USA) and an electrometer (6517, Keithley,
USA). The signals from Ni mesh before the sample
are also recorded at the same time for modifications.
The transmittance of sample is:

L(E)/ I (E)

Io(E)/Toei) (E)
where I is the transmission signal of the sample, I,
is signal of light source, I(n;) and Io(ni) are the signals
of Ni mesh. The energy dependent photo-absorption
cross section ¢ can be obtained by the Beer law:

Ti(E) = To(E) exp(—0o (E)pdy), (2)

Tk(E): (1)

where T and T, are the transmission ratio of the cer-
tain sample and the contaminated layer on each sam-
ple, p is the bulk density, d is the thickness of the
sample, and the products of p and d are the area
density p’. For aluminum is easily oxidized, here we
made an assumption that the thicknesses of contami-
nated layer on two samples are nearly the same. From
two samples with different thicknesses, according to
Egs. (1) and (2), the photo-absorption cross section:

1 lnTki(E)—lnTkj (3)

P i — dy

Two samples with different thicknesses were used
to minimize the uncertainty caused by the sample sur-
face oxidation and systematic factors of the X-ray
source, beam-line, and detector. From the trans-
mission of two samples with the area density of
27+2.7 ug/cm? and 54+2.7 pg/cm?, we can get the
transmission ratio of a sample with the area density of
27 ug/cm?, and the uncertainty is 3.8 pg/cm?, which
is the square root of the sum of square of uncertainty
for two samples.

The transmission ratio of these two samples was

o(E)=

measured and compared with the transmission ra-
tio calculated from the CXRO photo-absorption cross
section data"™. As shown in Fig. 1, after the absorp-
tion edge of aluminum, the data we measured are
nearly the same with the data from CXRO, and be-
fore the edge, is much lower, the transmission ratio
we measured is about 0.76 while 0.88 from CXRO.
Gullikson’s data were used in CXRO, as we discussed
later, the photo-absorption cross section data of Gul-
likson before the absorption edge are about only 50
pecerent of our results, that’s the reason for the huge
difference.
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Fig. 1. Comparison of the transmission ratio

between the experiment results and the calcu-
lation results from the CXRO data.

3 Results and discussions

The photo-absorption cross section of aluminum
is obtained from Eq. (3), and Fig. 1 is T} /Ty, the
transmission ratio of two samples with different area
density. Fig. 2 is the photo-absorption cross section
data in the region of 50—250 eV from the experi-
ment. The data of Henke, and the FEFF program
calculation results are also shown for comparison. In
general, our data agree with the published data well,
except the data before the absorption edge and some
details.
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Fig. 2. Comparison of the photo-absorption

cross section between the experimental results
and the published data from 50 to 250 eV.

The published data of photo-absorption cross sec-

tion, and the FEFF program calculations!"® were
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compared with the experimental results in the re-
gion of 45—75 eV, before the L2 and L3 absorption
edge, as shown in Fig. 3. Comparison of the photo-
absorption cross section was made between the ex-
perimental results and the published data from 50 to
250 eV. Most of the published data claimed that the
photo-absorption cross section data before edge are
more accurate than those after edge, but as shown
in Fig. 3, they are different from each other. In the
region of 45—75 eV, the FEFF program can’t cal-
culate well before edge. The data of Chantler and
Gullikson here are about 5000 cm? /g, and as the en-
ergy increases, the data of Chantler decrease while
the data of Gullikson keep constant. Most of the
data are about 10000 cm?/g, including the experi-
mental results, the data of Henke, Palik, Shiles, and
Keenan. The data of Windt and Zheng are about
15000 cm? /g before edge, which is nearly three times
bigger than those of Chantler and Gullikson. Such
differences may be caused by the surfaces oxidation
of the samples used in the experiments, which is more
obvious around the absorption edges. Including our
experimental results, most of these data change little
when the energy increases in this region of 45—70eV.
Two samples with different area densities were used
in our experiment to minimize the uncertainty caused
by the sample surface oxidation and systematic fac-
tors of the X-ray source, beam-line, and detector, the
results we get are creditable.

18 EXP T & Zheng Henke
4 Palik + Shiles * R Keenan

LN o Chantler 8
§215 Gullikson IELLEE T
o X
g5 12
e
S E
25
2§
£7%
=g 6

3

50 55 60 65 70
energy/eV
Fig. 3. Comparison between the experimental

results and the published data, 45 eV to 70 eV.

In the region from 50 to 250 eV, L1 absorption
edges of aluminum are included, L2 edge and L3 edge
are 72.95eV and 72.55 eV, while L1 edge is 117.8 eV.
Data from 45 to 70 eV have been compared before,
Fig. 4 is the comparison between the experimental
results and the published data from 70 eV to 140 eV.
There are still some differences between each other.
As we know, the atom photo-absorption cross section
is the sum of every inner electron photo-absorption
cross section, here the data are the sum of L3, L2,
and L1 electrons. In Fig. 4, the photo-absorption
cross section data of experiment increase rapidly at

the L3 (72.55 eV) and L2 (72.95 eV) edges, and in-
crease slowly from 75 to 90 eV, they decrease from
90 to 106 eV, then they increase again till L1 edge
(117.8 eV) as the vertex. The tendency is more obvi-
ous in the FEFF program calculations, and is differ-
ent from the data of Henke and Chantler. We get the
accurate photo-absorption cross section data of alu-
minum from L3, L2, to L1 absorption edge , from 50
to 140 eV. Besides L3 and L2 edges, L1 edge can also
be found at 117.8 eV, which is in good agreement
with the FEFF program calculation results. Com-
pared with the commonly used database of Henke and
Chantler, the experimental results agree with Henke’s
very well, and smaller than Chantler’s.
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Fig. 4. Comparison between the experimen-
tal results and the published data, 70 eV to
140 eV.

From L1 edge to 250 eV, as shown in Fig. 2, the
data of Henke and Chantler, the FEFF program cal-
culations and our data agree very well. the FEFF
program is based on multiple scattering from the
neighbouring atoms, so we can see the oscillations
after L1 edge of 117.8 eV to 250 eV. Oscillations are
also found in our experiment data to be the same as
the FEFF program calculations; it means the data
we get are more suited for the film samples, which
is the condensed matter modification for the atom
photo-absorption cross section. Compared with the
atom photo-absorption cross section data of Henke
and Chantler, using two aluminum film samples, we
get the photo-absorption cross section data with the
condensed matter modification, which add the con-
tributions from the potentials of the neighbouring
atoms.

Let us now discuss the uncertainty of the experi-
mental results. It mainly comes from the uncertain-
ties of the area density u, of aluminum thin-film. The
accuracy of transmission signal from the electrometer
and the uncertainty of current stability of Beam-line
u; are also taken into account. Two samples with the
area density of 274+2.7 ug/cm? and 544+2.7 pg/cm?
were used, the key parameter is the difference in the
area density, 274+3.8 nm, so the uncertainty of area



676 Chinese Physics C (HEP & NP)

Vol. 32

density w, is 14%, u, is estimated to be 2%, so the
uncertainty of photo-absorption cross section we get:

2 2 2u}

U () W
T(FE) is the transmission ratio of different energies of
the two samples. So we get the uncertainty u is no
more than 18% before L3 edge of 72.55 eV and 14%
after it. For we used two samples with different area
densities, the uncertainty of photo-absorption cross
section mainly depends on the measuring of the area
density of the samples.

4 Conclusions

The energy dependent photo-absorption cross sec-
tions of aluminum thin-film were measured from 50 to
250 eV using synchrotron radiation at Beam-line B12,
NSRL. Two samples with different area densities were
used in the experiment to minimize the uncertainty.
The experimental results have been compared with
the published data and the FEFF program calcula-
tion results. They are in good agreement in general
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