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The measurement of the confocal volume of a confocal three-dimensional micro-x-ray fluorescence (3D-XRF) setup
is a key step in the field of confocal 3D-XRF analysis. With the development of x-ray facilities and optical devices, 3D-XRF
analysis with a micro confocal volume will create a great potential for 2D and 3D microstructural analysis and accurate
quantitative analysis. However, the classic measurement method of scanning metal foils of a certain thickness leads to
inaccuracy. A method for calibrating the confocal volume is proposed in this paper. The new method is based on the basic
content of the textbook, and the theoretical results and the feasibility are given in detail for the 3D-XRF mono-chromatic
x-ray condition and the poly-chromatic x-ray condition. We obtain a set of experimental confirmation using the poly-
chromatic x-ray tube in the laboratory. It is proved that the sensitivity factor of the 3D-XRF can be directly and accurately

obtained in a real calibration process.
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1. Introduction

Three-dimensional micro-x-ray fluorescence (3D-XRF)
has been an important analysis method in a large variety of
fields!"11231 since KanngieBer ef al. constructed the first 3D-
XREF setup in 2003.[*! The depth resolution of 3D-XRF is de-
termined by its confocal volume in full width at half maximum
(FWHM), which also represents the best resolution for 2D or
3D mapping of the device. Therefore, the size of the confo-
cal volume of each 3D-XRF needs to be accurately calibrated.
The confocal volume of 3D-XREF is formed by the overlap of
the output focal spot of the excitation channel and the input
focal spot of the detection channel.®! Usually, the depth reso-
lution of a 3D-XRF setup as obtained by scanning metal foils
of a certain thickness or wires using the classic method is given
by!6]

p=(f-a)", ()
where D is the depth resolution, which is the confocal volume
in FWHM of the 3D-XRF setup; f is the FWHM of the in-
tensity distribution curve when scanning the test metal foils or
wires; and d is the thickness of the test foils or the diameter of
the wires. In practice, the value of d that most researchers can
obtain is generally 10-30 um. The confocal volume size for
FWHM in synchrotron radiation 3D-XRF has been reported to
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be ~ 10-40 pum,*7-12 and that in desktop 3D-XRF has been
reported to be ~ 20-100 pm. [!3-15]

The essence of this classic method is to convolve D us-
ing a convolution kernel with thickness d. Then the D can
be calculated by the deconvolution method with the acquired
experimental data. In the deconvolution process, the intensity
of the confocal volume along the depth direction is usually
expressed as a Gauss sensitivity function. ' It can be demon-
strated that the Gauss sensitivity function and its parameters
can be obtained accurately with thin test foils.['®) However,
the thin film (less than 1 wm) is difficult for most researchers
to obtain and easily contaminated. Besides, the test process is
too long due to the low counts of fluorescence.

In the present work, a new method is developed that ac-
curately calibrates the size of the confocal volume. The detail
theory and experimental process are presented in this work. A
set of deconvolution result is obtained with this method. We
compare this result with a common wire result in the discus-
sion section. A brief outlook is given at the end of this work.

2. Theory
2.1. The sensitivity function of 3D-XRF

The sensitivity function characterizes the 3D-XRF setup
from an experimental point of view. It was first proposed and
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validated by Malzer and Kanngieer based on the textbook
content. This sensitivity function consists of the transmission
efficiency function of both excitation channel lens and the de-
tection channel lens and the quantum efficiency of the corre-
sponding detector, essentially depicting the spatial structure of
the confocal volume. It should be pointed out that this func-
tion does not explicitly discuss the absorption effect of air and
this part is included by default.!'®!

In the work of 2005, by assuming the rotational symme-
try, Malzer et al. used the two-dimensional Gaussian distribu-
tion function at both channel lenses to make a specific explana-
tion, and obtained some results.!'®! Experimentally, it should
be pointed out that the sensitivity function is the quality func-
tion of the 3D-XRF system. In other words, the sensitivity
function obtained from the experimental means is uniquely de-
termined, and no matter which transmission efficiency distri-
bution function of the lens is used to determine the size and
shape of the confocal volume. We also cite this part of work
in this paper, based on which we obtain the precise confocal
volume.

2.2. Calibration model of the confocal volume in the case
of mono-chromatic x-ray

First, in the case of a mono-chromatic excitation chan-
nel, there is a standard foil sample for scanning 3D-XRF. The
thickness of this foil is very thin and the self-absorption effect
can be neglected. Therefore, the fluorescence intensity ¢ is
proportional to the mass deposition per area (Q in g/cm?) of
the foil. The intensity of a specific mono-chromatic x-ray in
counts per second can be written as

¢ (2) = ¢on (z) orQ, 2

where ¢ is the incoming flux in counts per second; 1 (z) is the
dimensionless sensitivity function along the Z axis!'®! (refer
to Fig. 1), where the FWHM of this distribution curve corre-
sponds to the depth resolution; and oF is the production cross
section (cm?/g) for the corresponding x-ray line. Under this
condition, the production cross section of and the area density
Q are constant coefficients. Therefore, the intensity distribu-
tion curve along the Z axis is positively correlated with the
sensitivity distribution function 1 (z). In other words, when
the incoming flux ¢y in counts per second is constant, the
intensity distribution curve is completely coincident with the
curve of the sensitivity distribution function 1 (z). Therefore,
it is easy to calculate the sensitivity distribution function 1 (z).
Usually, the function 7 (z) can be assumed to have a Gaussian
functional form, allowing a parameter oz to be obtained for
this sensitivity function, regardless of what the specific confo-
cal volume looks like, where this parameter o is the standard

deviation of the Gaussian function 1 (z). So in Eq. (2), the

parameters of the instrument sensitivity function 7 (z) are the
characteristic quantities for the 3D-XRF setup. !¢
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Fig. 1. Schematic diagram of the angles v and vp.

Then, D can be calculated by
D =2v2In20;. 3)

In this method, the required calibration samples are common
and thick. For example, a 2.160 mm thick pure metal sample
is used in this work. Such samples are easier to obtain for the
researchers. The key point of this method is that the step size
is set to the resolution of the controller (0.5 wm, or smaller)
along the Z axis. When the calibration sample just convolutes
the confocal volume along the Z-axis step by step, a set of data
files (DF) can be obtained. This set of DF is named d f, df»,

.., df, in turn. The theoretical number of counts of df;| can
be named ¢ (1). This condition can be written as

¢(1) = 9o0rp (§) Nz (201 — 20) 5 “)

where p({) is the mass deposition per area under this con-
dition, zo is the center of the confocal volume along the Z
axis, z¢y is the lower surface position of the calibration sample
along Z axis (refer to Fig. 1), and 1z (Zgl —z()) is the sensi-
tivity value for this position in df;. Usually, this sensitivity

2
£ ( (Zgl _20) )7 (5)

Nz (Zgl *Z()) = \/EGZ exp 20,

where o7 is the standard deviation of the sensitivity function of

function can be written as

the 3D-XREF setup along the Z axis and x is a constant related
to the polycapillary lens transmission efficiency and detector
efficiency.

Then, the theoretical number of counts of df,, ¢(2), can
be written as

¢(2) = 900rp (§) Nz (222 — 20)
ue"- l/if_"
+¢(1)exp <— (COS\]/A + COS‘J/D> d) ., (6)

where 17 (ZCZ_ZO) is the sensitivity value for the current
lower surface position of the calibration sample, u. ; is the
mass attenuation coefficient (cm?/g) for the energy of exci-

tation in element j, ug ; is the mass attenuation coefficient for
the detected line, d is the step size, and v and vp are the
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related angles shown in Fig. 1. In this section, we only dis-
cuss the case of monochromatic condition, the polychromatic
condition is discussed in the following sections.

Therefore, as the calibration sample is shifted step by
step, the theoretical number of counts of d f;, ¢ (i), can be writ-
ten as

¢ (i) = 9o0rp (&) Mz (z¢i —20)
: Ue,j ug,j
Jr(p(l* 1)exp < (COSVA JrCOSVD) d) ) (7)

where z¢; is the current lower surface position of the sample,
nz (z;i — zg) is the sensitivity value for this current lower sur-
face position, and ¢ (i — 1) is the theoretical number of counts
ofdf;_;.

This model can be simulated with a computer program to
find the best parameters via

[¢(i) — Data (i)]*, (8)

-

sum (C,z9,0z) =

i=1

where the sum function is the target function simulated to ob-
tain the minimum value; C is a constant, representing the value
of ¢oorp (§) K; zo is the target center of the confocal volume
of the 3D-XRF setup along the Z axis; o is the standard de-
viation, corresponding to the FWHM in Eq. (3); n is the total
number of DF; ¢ (i) denotes the simulated theoretical data; and
Data (i) denotes the real experimental data corresponding df;.
The minimum sum (C,zp, o) can be found by varying the pa-
rameters C, zo, and 07 in the simulations.

2.3. Calibration model of the confocal volume in the case
of poly-chromatic x-ray

Poly-chromatic x-ray occurs mostly in the laboratory 3D-
XREF, usually the target of the x-ray sources is molybdenum.
When the calibration sample convolutes the confocal volume
along the Z-axis step by step, a set of DF in this polychromatic
condition can also be obtained. This set of DF is also named
df,df,, ..., df, in turn. The theoretical number of counts
of df can be named ¢(1). This ¢ (1) can be written as

Emax

o=/

Eaps

¢(1,E)dE, ©)

where E, is the absorption limit of the sample and Ej,y is the
upper limit of the spectral energy. ¢(1,E) is the fluorescence
count produced by a particular energy line. All the counts of
¢(1) are counted from these energy ranges. ¢(1,E) can be
written as

¢(1,E) = ¢olo (E) or.ep (§) NzE (201 —20) » (10)

where Iy (E) is the normalized intensity distribution of the
spectrum, and the sensitivity function can be re-written as

e —z)” ZO)Z), (11

207 52

B

KE
NzE (1;1 —Zo) = \/TTFZECXP -

where o7 g is the standard deviation of the sensitivity function
in the specific x-ray line of the 3D-XRF setup along the Z axis
and kg is a constant related to the polycapillary lens transmis-
sion efficiency in the specific x-ray energy and detector effi-
ciency. Here, kg is not expanded according to the excitation
end and the detection end. Then, the theoretical number of
counts of df,, ¢(2), can be written as

Emax
62) = [ ol (E) 0 pp (O) Nz (22— 20) AE

Eqbs
T ) d) a2
cos Vp

Ug,j

+¢(1)exp (— (cost
where ug ; is the mass absorption coefficient of the different
energy x-rays (E) in the sample element j. The value of d in
this work is set to 5 x 10~* cm, so ug,; in Eq. (12) has little
contribution to ¢(2). Therefore, we can write it as ue ;. The-
oretically, the d slightly changes with Iy (E) according to the
energy. As the total intensity ¢y is properly attenuated, due
to this effect, it is not significant, we can use i, ;j to simplify
the model. Therefore, as the calibration sample is shifted step
by step, the theoretical number of counts of d f;, ¢ (i), can be
written as

Emax
¢(i) = / ¢olo (E) 0 pp ($) Nz (zzi—20) dE

Eqps

. Ue,j ug,j
+¢(i—1)exp (— (cost + cosvD> d) , (13)
where z¢; is the current lower surface position of the sample,
Nz (z2¢;i—20) is the sensitivity value for this current lower
surface position, and ¢(i — 1) is the theoretical number of
counts of df; ;.

Here, we have to figure out Iy (E),OrE,0z ¢, and Kg.
Only in this way can we accurately discuss Eq. (13). For
the x-ray primary spectrum, the researchers proved that it can
be calculated.!'”! Many researchers have calculated and ex-
perimentally determined the intensity distribution of the pri-

[18-24

mary x-ray spectrum. 1 The continuum can be described

[19.23] and the ratio of the characteris-

by some expressions,
tic spectrum and the continuum at a specific wavelength can
be accurately calculated.!"”! So I (E) is a mathematically
very clear cross-sectional distribution. Tao et al.!*! used
NRLXRF,!'8] NBS,!°] and Planitz—Penno!??! to calculate the
relative intensity of a series of primary x-ray lines and to
quantitatively analyze some elements, such as calcium (Ca),
iron (Fe), nickel (Ni), zinc (Zn), and lead (Pb). The analysis
showed that the quantitative fluorescence results calculated by
different programs were slightly different, but the relative de-
viation did not exceed 1%.[23] Therefore, primary x-ray spec-
troscopy morphologies can be described by functional expres-
sions and have no significant effect on the polychromatic in-
tegral fluorescence quantification of different identified ele-

L [26-28

ments. In addition, Green et a 1 demonstrated that for
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pure light element targets (such as molybdenum, copper, etc.),
the K-series characteristic x-rays are mainly generated by di-
rect electron impact and the output efficiency can be theoret-
ically determined, and the continuum can be studied from a
similar approach. The work of Green ef al. is consistent with
the experimental results well.

The confocal volume is determined by the sizes of the fo-
cal spots of the excitation and detection channel lenses. For
polychromatic excitation, Mantouvalou et al.!*! used differ-
ent tube voltages for calibration with different identified ele-
ments (i.e., Cr, Fe, Cu, Zn, and Pb). Based on the premises
that the transmission efficiency section of the excitation chan-
nel lens is determined and that the primary x-ray spectrum is
calculated, the results show that increasing the tube voltage
causes the whole spectrum to shift toward high energies and
the size of the excitation lens’s focal spot to decrease; how-
ever, the change is not significant because the experimentally
calibrated confocal volume does not change significantly.>’!
In fact, the size of the actual confocal volume in the case of
poly-chromatic x-ray excitation depends mainly on the char-
acteristic energy of the sample element, and has little relation-
ship with the actual incident x-ray intensity distribution. This
is because when the confocal volume is calibrated for the char-
acteristic energy corresponding to different elements, the state
of the incident end is always the same, regardless of the inci-
dent spectral distribution of the device and the transmission
efficiency of the lens. The size of the final calibrated vol-
ume depends on the characteristic energy and the lens qual-
ity at the detector end. The same is true for the process of
actually testing an unknown sample, so the size of the vol-
ume calibrated in this way is more accurate and conforms to
the actual engineering conditions. Therefore, the kg can be
replaced with K, the oz g can be replaced by the effective
factor ozcfr. The or g can be extracted from the fundamen-
tal parameter databases,!*°! typically for a particular excited
sample element, it is a constant or. In summary, it can be
see from Eq. (13 ) that the calculation method of ¢ (i) for the
poly-chromatic x-ray condition is analogous to that for the
mono-chromatic x-ray condition. So a monochromatic 3D-
XRF spectrometer can obtain results using the basic parameter
method, whereas a polychromatic 3D-XRF spectrometer can
achieve the same results by extending the basic parameters to
effective parameters.

It is worth noting that the lens attached in the detection
channel has difference sizes of the confocal volume for differ-
ent energies. 3! Therefore, the confocal volume needs to be
experimentally calibrated for each identified element. Then,
this model can be simulated with a computer program to find
the best parameters via

sum (C,z0, Oz ¢ff) = Zn: [ (i) — Data (i)]?, (14)
i—1

14

where the sum function is the target function simulated to ob-
tain the minimum value; C is a constant, representing the value
of ¢oorp (§) K; zo is the target center of the confocal volume
of the 3D-XRF setup along the Z axis; Oz is the standard
deviation, corresponding to the FWHM in Eq. (3); n is the to-
tal number of DF; ¢ (i) denotes the simulated theoretical data;
and Data (/) denotes the real experimental data corresponding
to df;. The minimum sum (C,zo, Ozf) can also be found by
varying the parameters C, zo, and Oz ¢f; in the simulations.

3. Experiment and discussion
3.1. Confocal 3D-XRF setup

Figure 1 shows a schematic diagram of the confocal ge-
ometry, where the confocal volume is the overlap of the output
focal spot of the polycapillary focusing x-ray lens (PFXRL)D!
and the input focal spot of the polycapillary parallel x-ray lens
(PPXRL).! An x-ray source with a Mo target (XTG Ultra-
Bright Micro-focus X-ray Source, Oxford, USA) was used. !
The PFXRL for x-ray irradiation was attached to the x-ray
source, and the PPXRL was attached to a silicon drift detector
(Si-PIN) (X-123, Amptek, USA), (sensitive area: 6 mm?, en-
ergy resolution: 145 eV at 5.9 keV). Each polycapillary lens
was designed and manufactured by the College of Nuclear Sci-
ence and Technology, Beijing Normal University.!>! The input
focal distance of the PEXRL was 52.9 mm, and the output fo-
cal distance of the PEXRL was 11.5 mm. The focal distance of
the PPXRL was 14.9 mm. The focal spot size of the PFXRL
was experimentally evaluated to be 32.4 pm at 17.4 keV (Mo
Ko); and that of PPXRL was 33.0 um under the same con-
dition. Both polycapillary x-ray lenses were positioned in the
confocal geometry. The angle between the incident and detec-
tion beams was set to 90°.5] The sample stage was installed
on an X-Y—Z stage (DS102 Series, SURUGA SEIKI, Japan)
with a step resolution of 0.5 um on each axis. A CCD cam-
era was also used to watch the relative position between the

sample and the marked position of the confocal volume. !

3.2. Experiments and discussion

In order to verify the method, in this work, the method
for calibrating the depth resolution of the setup at the energy
of Ni Ko was operated by testing a standard nickel sample.
The x-ray source was operated at 20 kV and 0.5 mA. The pure
nickel sample was placed on the sample stage and tested in
the positive direction of the Z axis (refer to Fig. 1). The sam-
ple stage moved step by step with the minimum resolution of
the controller, and the test time per step was 60 s. Then we
imported this set of data DF into our own program for simula-
tion, the program is written in MATLAB. In the preprocessing
of the DF, in order to eliminate the influence of fluctuations
and other factors, we smoothed the actual DF (refer to the data
curve in Fig. 2) by multi-points smooth method and renewed
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the DF (refer to the smooth data curve in Fig. 2). The mini-
mum sum (C, zg, Oz fr) Was found by simulating the renewed
DF. The value of C was found to be 158706 counts/s, zo was
found to correspond to the 212nd of the 504 points of the ex-
perimental data DF, and the value of 07 was found to be
28.0913 um, meaning that the FWHM of the simulated curve
along the Z axis was 66.15 pm. Figure 2 compares the experi-
mental distribution curve and the simulated distribution curve
obtained with MATLAB. Essentially, the experimental curve
is the f in Eq. (1), and the simulated curve is the D of Eq. (1).
As seen from Fig. 2, the simulated curve fits the experimen-
tal data curve well. This illustrates that the theoretical model
is correct and the convolution kernel d can be very small in a
practical calibration process.

3.5 T T "
0 —data curve
=1 - --smooth data curve
= 3.0f o 1
2 simulated curve
5]
L 2.5¢ \
Al
>~ ‘\
g 20} \
=}
o 15}
e}
Z 10}
wn
=}
j: 0.5}
0L— : L —
—7800 —7700 —7600 —7500

Z/pm

Fig. 2. MATLAB-fitted curve from the simulation.

In fact, the method provides a deconvolution layer to ob-
tain the intensity distribution of the confocal volume. It can
provide a good analytical depth resolution if we test samples
along Z axis as shown in Fig. 1. This is because the quantity
fluorescence counting is related to a local layer density func-
tion in the common fundamental parameters model and this
kind of layer is perpendicular to the Z axis.*”] We found that
the depth resolution was 75 pm at the energy of Ni K« using
a 20 um nickel wire.®! It indicates that the wire can not obtain
a depth resolution result using the layer model in deconvolu-
tion process. Besides, the convolution kernel width and the
geometric shape of the wire will lead to inaccuracy in the cal-
ibration process. Therefore, the new method proposed in this
paper can be a better choice to use in a real calibration process.

It should be pointed out that the simulated peak position
is slightly shifted to the right by less than 3.5 um. This is
because the confocal volume composed of the actual hexago-
nal lenses is not a Gaussian distribution in the strict sense, so
the resulting fit is not strictly consistent. Besides, this move-
ment is not significant and does not affect the size of the ac-
tual calibrated volume. Overall, the experimental results are
a good proof of the correctness of the calibration model. De-
tailed mathematical models have been presented in Section 2.

This method suits for obtaining the confocal volume at differ-
ent x-ray energies, such as Zn Ko and Pb Lo according to re-
quirement. We hope that this more accurate calibration model
can be widely used as an alternative measurement scheme be-
cause accurately calibrating the probe size is an important part
of fluorescence analysis. Besides, this new method provides
ideas and feasibility for deconvolution of the confocal volume
in three dimensions.

In the future research work, we will give a more specific
transmission efficiency distribution function according to the
geometry and characteristics of the capillary lens used on the
3D-XREF, especially in the case of a regular hexagonal poly-
capillary lens. This approach is critical to the precise quanti-
tative analysis process if the characteristics of volume can be
accurately measured.?>3?! One the other hand, we think that
metaheuristic algorithms[3-37! (differential evolution, particle
swarm optimization, etc.) can be used for solving Eq. (14).
We hope to report good results in the future.

4. Conclusion

A method for accurately obtaining the confocal volume
of a confocal 3D-XRF setup is demonstrated. The size of the
confocal volume can be accurately measured at different x-ray
energies with this method. Therefore, this method provides
better support for accurate 2D or 3D analysis of samples with
fine microstructures and for quantitative analysis.

The disadvantage of the method is that the x-ray spot is
not uniform. It should be confirmed whether the polycapillary
lens attached at the excitation channel is in the best position
relative to the x-ray tube. Additionally, a theoretical model of
the experimental absorption enhancement effect will require
further development using advance Monto Carlo algorithm or
more accurately reproduce experimental measurements with
multi-elements samples.
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