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Abstract

An absolute method for mass thickness determination of thin samples by X-ray ¯uorescence analysis has been

developed. The method is based on the experimental determination of the ¯uorescence intensities of the sample's

constituent elements in re¯ection and transmission geometries. The samples studied were elemental and compound

foils. A set of numerical calculations, Monte Carlo simulations and experimental measurements with thin samples

including super-conductor monocrystals were performed with very good results. The range of thicknesses which can be

determined by the proposed technique depends on the sample's composition, the excitation energy and the geometrical

arrangement. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

X-ray ¯uorescence analysis techniques can be
applied to determine sample mass thickness either
by absolute or relative methods [1±3]. With abso-
lute methods all the experimental information re-
quired is provided by the sample, since the
physical processes involved are known. No com-
parisons with standards are necessary and the
analysis is non-destructive.

An absolute method for mass thickness deter-
mination by X-ray ¯uorescence analysis has been
devised relying on two independent measurements
of the ¯uorescence intensity of the major constit-

uents of the sample and performed in transmission
and re¯ection irradiation set-ups, respectively.

Numerical calculations, Monte Carlo simula-
tions and measurements were carried out on ele-
mental and compound foils using experimental
conditions which can be optimized by selecting the
most appropriate excitation energy and incident
and take-o� angles, according to the composition
of the sample. The high accuracy and excellent
reproducibility of our results are the main advan-
tages of the method herein proposed.

2. Theory

In order to present a simple theory of the
method, several simplifying assumptions are
needed:

Nuclear Instruments and Methods in Physics Research B 143 (1998) 561±568

* Corresponding author. Tel.: +54 51 334051; fax: +54 51

334052; e-mail: barrea@mail.famaf.unc.edu.ar
1 Member of the CONICET

0168-583X/98/$ ± see front matter Ó 1998 Elsevier Science B.V. All rights reserved.

PII: S 0 1 6 8 - 5 8 3 X ( 9 8 ) 0 0 4 1 2 - 1



1. The composition of the sample has been previ-
ously determined.

2. The sample is considered as a uniform one-layer
foil. If the thickness of the sample is not uni-
form, an average value is obtained.

3. The excitation beam is monoenergetic.
4. Only primary ¯uorescence is taken into account

since foil thicknesses are small and higher order
terms are negligible.
The ¯uorescence intensity of line Ei of the ith

element of the sample excited by a monoenergetic
X-ray beam of energy E0 and intensity I0 in the
re¯ection geometry set up shown in Fig. 1 is ex-
pressed as [4]

Ii�t�ref

� XCi�isi;E0
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ls;E0
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�1�
where

The ¯uorescence intensity of line Ei of the ith
element of the sample excited by a monoenergetic
X-ray beam of energy E0 and intensity I0 in the
transmission geometry set-up shown in Fig. 2 is
expressed as [5]
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In both equations, almost all factors are known

except the sample's thickness, the detector's e�-
ciency, the intensity of the incident beam and the
geometrical factor. In our experimental set-up the
incidence and take-o� angles win and wout are
p=4. The characteristics of the incident beam were
kept ®xed while the solid angle subtended by the
sample and the detector was the same for both
con®gurations provided we have a sample support
that rotates precisely 90°. When the relative in-
tensity Ri�t� � Ii�t�trans=Ii�t�ref between these in-
tensities is taken, the unknown factors �i; I0 and X
are cancelled out. The following equation is ob-
tained:

X geometrical factor,
Ci concentration of the ith element in the

sample,
�i detector's e�ciency at energy Ei,
si;E0

mass photoelectric coe�cient of the
ith element at energy E0,

I0 incident radiation intensity,

ls;E

mass absorption coe�cient of the
sample at energy E,

ls;E

P
i li;E � Ci;

li;E mass absorption coe�cient of the ith
element in the sample at energy E,

E0 incident radiation energy,
Ei energy of the observed emission line

of the ith element,
qt sample's mass thickness,
q sample density, and
t linear thickness.

Fig. 1. Schematic diagram of excitation of the sample in re-

¯ection geometry.

Fig. 2. Schematic diagram of excitation of the sample in

transmission geometry.
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The mass thickness, qt, of the unknown sample
is obtained from Eq. (3) if Ri�t� is calculated from
the ratio of the experimental intensity values. If the
sample's density is known, then the linear thick-
ness can be obtained.

Fig. 3 shows the calculated Ka ¯uorescence line
intensity of an elemental Iron foil under both
geometrical con®gurations as a function of sample
thickness for an excitation energy of 10 keV. As

can be seen, the ¯uorescence intensity in re¯ection
geometry (re¯ected intensity) rises continuously
along with the sample's thickness until it reaches a
saturation level at which the intensity becomes
independent of the sample's thickness. The inten-
sity in transmission geometry (transmitted inten-
sity), on the other hand, increases to a maximum
and then decreases and tends to zero. The onset of
the saturation level for the re¯ected intensity as
well as the maximum level in transmitted intensity
can be moved up or down in terms of qt by in-
creasing or decreasing the excitation energy. In
this way, an optimum value is reached according
to the thickness of the sample.

Fig. 3. Calculated re¯ected and transmitted intensities of the Ka line of an elemental iron foil vs sample thickness for an excitation

energy of 10 keV.
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Thickness measurement methods based either
on transmission or re¯ection measurements only
are not suitable in this case because of the double
value and the saturation of the intensity curves,
respectively. The ratio of both curves has shown to
be a better choice because it presents a smooth
variation over a wide range of thickness values as
can be seen in Fig. 4.

3. Numerical calculations and simulations

In order to check our proposal, numerical cal-
culations using the equations described above and
Monte Carlo simulations (by means of a previ-
ously developed program [6,7]) were carried out.

We considered the following set of samples in our
calculations and simulation:
· Elemental foils of iron, molybdenum and silver

of several thicknesses from 1 lm to 100 lm.
· A one-layer YBa2Cu3O7 compound foil 50 lm

thick.
Re¯ected and transmitted intensities were ob-

tained for all samples by means of numerical cal-
culations and Monte Carlo simulations to
compare both methodologies. In order to produce
a monoenergetic X-ray beam, we used a secondary
¯uorescence target con®guration in a Cartesian
geometry. The excitation energies considered were
the weighted average of the Ka and Kb lines of
arsenic, niobium and molybdenum. These targets
were selected by considering the absorption edge

Fig. 4. Calculated relative intensity of the Ka line of an elemental iron foil for di�erent excitation energies vs sample thickness.

564 R.A. Barrea et al. / Nucl. Instr. and Meth. in Phys. Res. B 143 (1998) 561±568



of the elements in the sample and the secondary
¯uorescence targets available in our laboratory.
The mass attenuation coe�cients used in calcula-
tions and simulations were extracted from the ta-
ble of McMaster et al. [8].

Our simple theory considering only primary
¯uorescence emissions has limited validity re-
garding the thickness of the sample. A thorough
test of the importance of higher order processes
through which photons can interact with a par-
ticular sample under consideration is performed
with a Monte Carlo simulation program previ-
ously developed [6,7]. Its validation for this prob-
lem was accomplished by comparing its results
with our primary ¯uorescence equation. The re-
sults of the simulations allowing multiple interac-
tions showed that while ¯uorescence intensity
increases with thickness, the relative intensity does
not show a signi®cant change. For small sample
thicknesses the results from the model are in very
good agreement with those of the Monte Carlo
simulation in all cases. Fig. 5 shows the transmit-
ted intensity obtained by Monte Carlo for iron and
molybdenum as a function of sample thickness for
one and ®ve order interactions with excitation
energies of 10 and 20 keV, respectively.

The Monte Carlo results for the 50 lm sample
were used to calculate relative ¯uorescence inten-
sities for yttrium. The results of the simulation
were considered as input values for Eq. (3), and its
results are shown in Table 1. It can be seen that
our one-interaction model ®ts the experimental
results quite well for the sample of small thickness
herein considered.

4. Experimental set-up and data analysis

The experimental application of the proposed
method was carried out in our X-ray ¯uorescence
spectrometer. The X-ray tube was a KEVEX
model K5036W with a tungsten anode, rigidly
coupled to a sample holder made of high purity
aluminum. An intrinsic germanium detector with a
beryllium window and with a 180 eV @ 5.9 keV
resolution was used. The incident and take-o�
angles were 45°. A multichannel ORTEC MCA
PC plug-in card of 2048 channels completed the

Fig. 5. Transmitted ¯uorescent intensity simulated for iron and

molybdenum as a function of sample thickness for one and ®ve

interactions with excitation energies of 10 and 20 keV, respec-

tively.

Table 1

Calculated thickness values with Eq. (3) using intensities ob-

tained by simulation of a 50 lm YBa2Cu3O7 sample

Spectral

line

IY �t�ref IY �t�trans RY �t� t �lm�

YKa-1

interact

9011 4654 0.516 50.26

YKa-5

interact

9351 4748 0.508 50.93
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arrangement. A secondary ¯uorescence target
provided the monoenergetic beam in Cartesian
geometry. This geometry is widely used to produce
monoenergetic beams and to reduce the back-
ground contribution from the scattering of the
primary spectrum from the secondary ¯uorescence
target [9].

The analyzed compound samples were thin foils
of monocrystal superconductors of the following
composition and densities: Bi2Sr2CaCu2O8 (6.6 g/
cm3) and YBa2Cu3O7 (6.383 g/cm3). The samples
present a small area of the order of 1 mm2, which
is much less than the beam area.

The selection of the most appropriate second-
ary ¯uorescence target was made by using the
curves obtained from Eq. (3) and the available
materials in our laboratory. Arsenic, niobium and
molybdenum foils were used for these determina-
tions with mean excitation energies of 10.7, 17 and
17.8 keV, respectively. These excitation energies
ensure that only primary ¯uorescence radiation is

produced. Fig. 6 shows a ¯uorescent spectra of the
Bi2Sr2CaCu2O8 sample. Tables 2 and 3 show the
relative intensity values obtained experimentally in
our laboratory. Two sources of error were con-
sidered: (1) the statistical counting ¯uctuation and
(2) the uncertainty in the incident and take-o�

Table 2

Measured ratios of the spectral lines of a Bi2Sr2CaCu2O8

sample and thickness obtained

Spectral line Measured ratios t �lm�

CuKa 0.57 �0:03a 17.3 �1:0

BiLa 0.71 �0:01b 17.3 �0:7

BiLb 0.77 �0:01 b 18.8 �1:4
SrKa 0.72 �0:01 b 18.1 �0:8

BiLa 0.75 �0:01c 16.8 �0:7

BiLb 0.83 �0:01 c 17.0 �1:2

SrKa 0.74 �0:01 c 18.1 �0:8

The excitation with di�erent secondary targets is indicated as:
a As; b Nb; c Mo.

Fig. 6. Fluorescent spectrum of Bi2Sr2CaCu2O8 excited with MoKa and MoKb.
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angles of the X-ray beam due to the collimator's
aperture. Propagation of errors was applied to Eq.
(3). We found that the experimental errors were in
the order of 1% due to the statistical counting
(� 0:5%) and target angle positioning �1° which
contributed another 0.5%.

5. Analysis of results

A computer program which uses tabulated data
of fundamental parameters [8,10,11] to process the
experimental values was developed. A non-linear
®tting procedure was applied by using the ex-
pressions described above (Eq. (3)). The program
requires the sample's composition, the incident
energy and the measured relative intensity of the
observed ¯uorescent line as input data. The output
of the program is the thickness of the sample with
its corresponding standard deviation. The latter
was obtained by taking into account the experi-
mental error in the measurement of ¯uorescence
intensities as well as the uncertainties associated to
the mass absorption coe�cients. We estimated
mass absorption coe�cient errors by comparing
experimental [10] and calculated values [8] and by
taking the percentage di�erence as estimated er-
rors. These errors are propagated in Eq. (3) to
obtain the error in the calculated thickness values.

The contribution to the thickness error due to
the mass absorption coe�cient uncertainty was, in
almost all the cases, lower than the contribution
due to the experimental error which is 80% of the
total error. The results and error estimates pro-
vided by our approach are shown in the last col-
umns of Tables 2 and 3.

It is necessary to point out that the results ob-
tained using di�erent spectral lines and excitation

energies are independent from each other and that
they show a very good agreement among them.

6. Conclusions

We have presented a method of mass thickness
determination for one-layer uniform thin samples
by means of an absolute X-ray ¯uorescence anal-
ysis technique. The method does not require
standards to obtain thickness values. It is very
simple to apply in an energy dispersive spectrom-
eter provided the sample can be rotated 90°. It
seems relevant to point out that, with our ap-
proach, only one ¯uorescent line is necessary to
obtain sample thickness but, since we wanted to
verify the assumptions of our proposal, we per-
formed several calculations using all the spectral
lines available in the ¯uorescence spectra. The
method proposed requires knowing the sample's
composition and the measurement of the ¯uores-
cent intensities in two di�erent irradiation geom-
etries. It has been studied by numerical
calculations and Monte Carlo simulations and has
been veri®ed by experimental measurements with
our spectrometer. If the sample's density is pro-
vided by other means, then the linear thickness can
be obtained.

The results for di�erent excitation energies and
di�erent ¯uorescence lines are in very good
agreement. The absolute accuracy of the present
approach is in the order of 4±6%, mainly due to
experimental errors. This value can be improved
by selecting a more intense X-ray generator and
small aperture collimators. The range of applica-
bility of the present method depends on the ex-
perimental conditions and the particular sample to
be measured.
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