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a  b  s  t  r  a  c  t

Confocal  micro-beam  X-ray  fluorescence  microscope  was  constructed.  The  system  was  assembled  from
commercially  available  components  –  a low  power  X-ray  tube  source,  polycapillary  X-ray  optics  and
silicon  drift detector  – controlled  by  an  in-house  developed  LabVIEW  software.  A  video  camera  coupled
to  optical  microscope  was  utilized  to display  the  area  excited  by  X-ray  beam.  The  camera  image  calibration
and  scan  area  definition  software  were  also  based  entirely  on  LabVIEW  code.  Presently,  the  main  area
eywords:
-ray fluorescence (XRF)
onfocal-XRF
abVIEW  programming
icro-imaging

pectrometry

of  application  of  the  newly  constructed  spectrometer  is  2-dimensional  mapping  of element  distribution
in  environmental,  biological  and  geological  samples  with  micrometer  spatial  resolution.  The  hardware
and  the  developed  software  can  already  handle  volumetric  3-D  confocal  scans.  In  this  work,  a  front
panel  graphical  user  interface  as well  as  communication  protocols  between  hardware  components  were
described.  Two  applications  of the  spectrometer,  to homogeneity  testing  of  titanium  layers  and  to  imaging
of  various  types  of grains  in air particulate  matter  collected  on  membrane  filters,  were  presented.
. Introduction

Micro-beam X-ray fluorescence spectroscopy (�-XRF) is a non-
estructive technique of elemental analysis widely used in the

nvestigation of metals, environmental and biological samples and
or research in archaeology and forensic science. In confocal setup
he analysis is performed with primary radiation beam focused by

 polycapillary and the secondary radiation emitted by the sample
ocused by a half-lens polycapillary. The primary beam focusing
ens sits in the path between the X-ray source and the sample,

hereas the polycapillary half-lens is located between the sample
nd the detector. The foci of both polycapillaries overlap creating
n ellipsoidal testing (probing) volume through which the sample
an be translated independently in the 3 spatial dimensions. Typi-
al spatial resolution for a tabletop setup is of the order of few tens
f micrometers [1–5].

The  purpose of this article is to introduce a tabletop micro-
maging confocal XRF system based on commercially available
omponents. What is new about the present work is that the instru-
ent developed integrates various components which are fully
ontrolled by a LabVIEW program. All programming is performed
n the LabVIEW graphical programming language, widely used as

 control software development tool [6–10]. Practical advantage of

∗ Corresponding author. Tel.: +48 12 6172956; fax: +48 12 6340010.
E-mail  address: Pawel.Wrobel@fis.agh.edu.pl (P. Wrobel).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2012.02.010
© 2012 Elsevier B.V. All rights reserved.

the LabVIEW is that the features typical for real-time systems can
be easily achieved, e.g. events handling, process synchronization
and code execution parallelization. Almost any hardware compo-
nent can be controlled using either a dedicated Virtual Instrument
(VI) driver or some Windows specific technique (e.g. DDE, DLL).
A set of LabVIEW provided software tools can be integrated into
VI, allowing realization of a data base, remote program control
through Internet, report generation, emergency notification, etc. A
front panel of the virtual instrument (graphical user interface) can
be designed using controls and indicators from a palette of available
elements.

Different virtual instruments (sub-VIs), each executing its own
specific function, are wired together on a programming diagram
creating a new “VI”. The modular feature of LabVIEW allows
controlling variety of different hardware modules, and collect-
ing/processing data in parallel.

2. Instrumentation

2.1. System components

A  photograph of the experimental setup (configuration without
the half-lens) is shown in Fig. 1. The spectrometer consists of: (1)

Mo-anode, side window X-ray tube, 50 W,  air cooled, 50 �m Mo
filter in the primary beam path; (2) silicon drift detector (SDD),
active area 10 mm2, effective thickness 450 �m, 8 �m Be win-
dow, FWHM = 140 eV at 5.9 keV; (3) motorized XYZ detector stage,
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Fig. 1. Photograph of the experimental setup: A – optical microscope lens, B –
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ample  holder, C – XYZϕ sample stage, D – detector snout, E – X-ray tube with
olycapillary,  F – light source.

4) motorized XYZФ sample stage; (5) optical microscope coupled
o a CCD camera; (6) polycapillary X-ray lens, nominal focal dis-
ance 4.4 ± 0.3 mm,  nominal focal spot diameter, FWHM = 13 �m at

o-K�; (7) polycapillary conical collimator (PCCC), nominal focal
istance 3.4 mm,  nominal focal spot diameter, FWHM = 28 �m at
e-K�.

All the system components came with LabVIEW drivers or well-
efined software interfaces to be integrated and controlled by
he developed virtual instrument (VI). The system was  assembled
n a stable optical breadboard table from Standa. As a radiation
ource, the X-Beam from XOS (X-Ray Optical Systems Inc.) which
ntegrated X-ray tube (Mo  anode) and optic is utilized. The tube
perates with air cooling and is powered by a maximum current
f 1 mA  at a maximum voltage of 50 kV. The second component
f X-Beam is an integrated high voltage power supply and stabil-
ty controller designed to provide stable X-ray output over the full
0 W operating range. The X-Beam source contains a shutter for
witching on and off the X-ray output of the tube.

A silicon drift, Peltier cooled X-ray detector, AXAS-V from Ketek,
ith resolution of 144 eV at 5.9 keV is positioned perpendicularly

o the photon beam (on the horizontal plane). The AXAS-V detector
omprises the following components: preamplifier, shaping ampli-
er, temperature control, internal power supply, ADC/MCA (analog
o digital converter/multichannel analyzer) with USB PC interface.
he accompanying software, running under MS  Windows operat-
ng system, provides full control of the ADC/MCA to initiate the

easurements and to transfer data. It facilitates a DDE (Dynamic
ata Exchange) server and uses the DDE standard protocols to com-
unicate with other Windows programs, such as a LabVIEW client

f the DDE server.
X-ray  detector together with the AXAS signal processing elec-

ronics are mounted on a stack of three (XYZ) translational stages
MT167-25 (Standa) driven by stepper motors. The nominal spatial
esolution of this device is 0.156 �m and travel range 25 mm.  The
XYZ) stages are controlled by PC via USB interface with software
ccess through NI VISA driver. The 8SMC1-USB motor controller
ame with a suite of software tools (VI’s) for controlling the motors
nd software development using the NI LabVIEW.

The sample table translation axes (XYZ) are driven by the Physik
nstrumente (PI) M-405CG stages with a travel range of 50 mm.
ll stages are equipped with high resolution DC motors and gear
ead drive providing 0.1 �m minimum incremental motion (uni-

irectional repeatability 0.2 �m).  They are controlled by a C-848 PI
otor controller. Additionally, a motorized rotation stage 8MR-151

rom Standa is employed.
Fig. 2. Schematic diagram of scanning micro-beam X-ray fluorescence spectrome-
ter.

The C-848 and the sample stages are controlled from a host com-
puter via an RS-232 serial connection with ASCII commands that are
used to set operating modes, to transfer motion parameters, and to
query the system and motion values. A collection of LabVIEW VI’s
is used to communicate with the C-848 and its connected axes.

A  video camera (Bosh LTC0455) coupled to optical microscope
focused on the sample is utilized to display details of the area
excited by X-ray beam. It is connected to a frame grabber ad-in
card (NI-1411) installed in PC running MS  Windows XP operating
system. Camera control development was  carried out in LabVIEW,
using NI Vision Acquisition Software with NI-IMAQ camera driver.
A scheme of the experimental setup is shown in Fig. 2.

2.2.  The program

2.2.1.  Front panel
The  main software (further called the Main VI) allows user to

control all spectrometer parameters automatically. It handles sev-
eral different modes of measurements. At first the Main VI gives
the possibility of precise sample positioning – spectra can be col-
lected in any point. Secondly user can set up and start one-, two- or
three-dimensional scanning of the sample. In such a measurement
the Main VI moves the sample to the desired points and collects
spectra automatically. Additionally several scanning areas can be
defined in a “batch file”. The Main VI graphical user interface (GUI)
was shown in Fig. 3. Most important input/outputs are:

“Probe move” tab – this tab contains menu for controlling the
sample  translations in 3 spatial directions.
“Autoscan” tab – In this menu user can set up automatic one-, two-
or  three-dimensional scans, batch file with programmed scanning
areas  can be also opened here.
ROI (region of interest) tabs – three different regions of interest
can  be selected from X-ray fluorescence spectrum, the maps of ROI
intensities  versus the sample position are built and simultaneously
displayed during the scan. Number of ROIs which can be displayed
during  the measurement is limited to simplify block diagram of the
software. Other ROIs can be processed offline. During the three
dimensional measurement only one single slice is shown.

The Main VI GUI gives also the possibility to choose the live

time of measurement and the format of the file in which the X-ray
spectra are stored. An additional program called the Camera VI can
also be opened here.
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Fig. 3. Screenshot of the front panel of 

.2.2. Communication with hardware
Communication with Ketek detector and its integrated ADC is

chieved via DDE server. MCA  Server and MCDWIN (Ketek’s acqui-
ition software) are started together with the Main VI. During the
nitialization the “live-time preset” is enabled and set. “Range” of
ata (number of ADC channels) is also requested by the server.

X-ray  spectrum can be collected as soon as the initialization
s finished. DDE server does not indicate the end of spectrum
ollection (the only requests are “data” and “data range”) so the
I has to find this very moment in order to avoid time or data

oss. The VI waits until the total sum of counts in the spectrum
full range integration) stops changing. This procedure is shown in
ig. 4.

MCDWIN delivered actual live-time can be a bit larger than live-
ime preset (the excess ranges from 0 to 400 ms). This phenomenon
s especially significant during short measurements, so it is crucial
o get exact information about the actual value of the live-time.
ortunately, the accurate live-time is stored in MCDWIN spectra
SCII file. For each measurement point this information is read from

he stored spectrum. The spectrum acquisition procedure produces
dditional dead time in the range from 1.5 s to 2 s per spectrum
cquisition.

Communication with PI controller was realized through ded-
cated sub-VI’s delivered with the entire PI stage system. These
ub-VI’s are responsible for communication between the Main

I and PI C-848 motor controller. The most important sub-VI’s
re: MOV.vi – responsible for sending destination position to the
ontroller and starting the axis motion, and POS?.vi providing infor-
ation about present position of stages.
ain VI. Detailed description in the text.

To  avoid any differences between the hardware and software
positions of stages an initialization procedure has been created. This
procedure moves all axes to a reference position (in the middle of
their range of movement) or so called limit position (detected by
built-in sensor of M-405CG motor). It is done with the help of a
dedicated VI that precedes the Main VI operation. Time loss created
during stage movement depends on applied step. For steps smaller
than 50 �m it does not exceed 250 ms.  Current positions of all axes
are stored in a file to avoid multiple initializations before every start
of the Main VI. These positions are also being saved during the Main
VI operation.

2.2.3. Camera VI
The  front panel of the video camera VI is shown in Fig. 5.

Main input/outputs are current camera image display and sam-
ple stage control panel. This program allows to move the sample
perpendicularly to the microscope axis and to select areas for �-
XRF measurements. Camera image display gives information about
real-world coordinates of the sample position – current cursor posi-
tion is real-time recalculated to X-Y motor real-world position. This
is done after calibrating the camera – scale has to be calculated for
each microscope magnification. The scale computing algorithm is
shown in Fig. 6. This routine uses characteristic points or patterns
in the image of a translated sample combined with known distance
traveled by a motor (12 translations are used) to calculate the xy

scale calibration factors (in millimeter per pixel).

The X-ray beam position is marked in the camera live-image –
it is achieved with the use of fluorescent screen. In the image of the
sample an area for scanning (image ROI) is selected. Image ROI can
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Fig. 4. Spectrum acquisition loop. If the preset live time elapse and total sum of spectra (control sum) does not change the loop stops.

Fig. 5. Screenshot of the front panel of the camera VI. Sample stage control panel is located on the bottom of the front panel.
Fig. 6. Scale computing algorithm. Translation of the sample and
 finding the shift of chosen pattern are repeated 12 times.



1 lanta 93 (2012) 186– 192

a
I
(
s
m
t

M
T
P
T
n
o

2

o
t
f
s
i

Q
t
f
t
a
e
a
“
a
X
a
f

3

3

m
a
t
v

s
m
F
w
r
m

M

w
i
a

3

m
c
w
u

Table 1
Minimum detection limits for measured elements.

Element Line MDL [ng/cm2]

K K� 23.10
Ti K� 26.43
Cr K�  20.62
Fe  K� 15.19
Cu K�  25.33
Zn  K� 16.04
Se  K� 39.25
Sr  K� 34.97
Te L� 71.00
Tb  L� 33.85

b(Eeff) = �Ti(Eeff)
sin ϕ

+ �Ti(ETi−K˛)
sin  

(6b)

Table 2
Results of homogeneity testing of Ti layers.
90 P. Wrobel et al. / Ta

lso be stored in a file (several different image ROIs can be stored).
n Figs. 3 and 5 the screenshots of the Main (Fig. 3) and Camera
Fig. 5) VIs, taken during the measurement, are shown. In Fig. 5 the
election of the area for measurements (here a copper calibration
esh acted as a sample) via the microscope is shown and in Fig. 3

he ongoing measurement controlled with the Main VI is shown.
For  communication between PC and the camera – the Vision and

otion package together with camera software from NI were used.
he calibration algorithm utilizes pattern matching function Find-
atternPosition and getScale from the Vision and Motion package.
here is no possibility to operate Camera VI and Main VI simulta-
eously. Actual position of all motors is stored in the file during the
peration of both VIs.

.2.4.  Data storage and processing
All collected spectra are saved in *.spe (GAANAS) file format

r/and *.xls file. All other data (positions, ROI integrals, exact live-
ime) are stored in a “scanfile”. For every scan a dedicated data
older is created. This folder contains: a subfolder with *.spe files,
ubfolder with *.xls files and a “scanfile”. After each measurement
t is also possible to send the data via e-mail.

All spectra are processed by a well-known software package
XAS. The *.spe files are fitted utilizing AXIL, which is included in

he QXAS. After each measurement the Main VI creates a batchfile
or AXIL which enables the user to fit large number of X-ray spec-
ra automatically with user-defined model. The outcomes of AXIL
re net peak areas (with their uncertainties) for all the selected
lements and their X-ray peaks. These data (stored in *.asr files)
re subsequently normalized to the live-time and appended to the
scanfile” (by another dedicated VI). The result of this operation is

 spreadsheet file containing all the data collected during a scan:
YZ positions, live-times and net peak areas for all element lines
nd for all measurement points. Such a file can be used as input for
urther calculations.

.  Results and discussion

.1.  Characterization of the setup

Size of primary X-ray beam was investigated by using wire scan
ethod [11]. Tungsten wire of 3 �m diameter was  used. Vertical

nd horizontal size of the beam was measured to check the symme-
ry. The size of the focal spot of the capillary full lens was 16.6 �m
ertically and 16.2 �m horizontally.

Minimum detection limits were determined by measuring
everal certified thin film samples of different elements (pure ele-
ents: Ti, Cr, Fe, Cu, Se, Au, Pb and compounds: KI, ZnTe, TbF3, SrF2)

or each standard sample 25 measurements at different points
ere done (50 s per point, 50 kV operating voltage, 1 mA  tube cur-

ent). The cumulative spectrum of all points was used to calculate
inimum detection limits with the following formula:

DL  = 3
√
NB

NP
mS (2)

here  NB is the background area, NP is the net peak area and mS
s a surface mass of element. Calculated minimum detection limits
re presented in Table 1.

.2. Homogeneity testing of Ti layers

Investigation of the homogeneity of titanium coating on a poly-

er substrate was performed. Two samples with different titanium

oating thickness were examined. The aim of this measurement
as to find the mean surface mass of titanium, MTi, and its relative
ncertainty due to the layer intrinsic heterogeneity. Both samples
Au L�  62.53
Pb  L� 68.52

were measured at several thousand points (with 50 �m step). The
X-ray tube was operated at 50 kV/1 mA.  Time of measurement was
5 s per point for the “thick” sample and 60 s for the “thin” sam-
ple. For each sample, the observed relative variance of the sample
surface mass was determined from the set of n measured points:

s2observed = 1

(MTi)
2

∑n
i=1(MTi,i − MTi)

2

n − 1
(3a)

MTi =
∑n

i=1MTi,i

n
(3b)

There were two main contributions to the observed variance:
(1) the measurement methodology – s2method and (2) the sample
intrinsic homogeneity – s2homog [12]:

s2observed = s2method + s2homog (4)

For  the “thin” sample the surface masses at different points,
MTi,i, were calculated by adapting a thin sample model in which the
intensity of fluorescence radiation (I) is proportional to the surface
mass of titanium (MTi):

I =
Emax∫
ETi

KTi(E)dI0(E)MP = K ′
TiMTi (5)

KTi(E) is a product of Ti-K� peak production cross-sections includ-
ing detection efficiency, dI0(E) is a relative number of primary
photons with energy E, ETi is the energy of the titanium photo-
electric absorption K-edge, and Emax is the maximum energy of the
primary photons. For the “thick” sample “intermediate thickness”
sample model was adapted by using effective excitation energy
Eeff = 17.4 keV:

I  =
Emax∫
ETi

KTi(E)dI0(E)MTi
1 − exp

{
−MTib(E)

}
MTib(E)

≈  K ′
Ti

1 − exp
{
MTib(E)

}
MTib(E)

(6a)
Sample Number of
points

Mean surface mass,
MTi [�g/cm2]

sobserved [%] smethod [%] shomog [%]

1 (thin) 1491 4.63 5.78 3.18 4.83
2  (thick) 2555 2519 9.42 0.48 9.41
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Fig. 7. Surface mass histogram for “thick” sample.

here ϕ,   are the incidence and exit angles, respectively, and
Ti(Eeff) and �Ti(ETi-K˛) are the titanium mass absorption coeffi-

ients for effective excitation energy and for the average energy of
i-K� peak, respectively. For the “thin” sample, the surface mass of
itanium at the i-th position was determined based on Eq. (5):
Ti,i =
Ii
K ′

Ti
(7)

ig. 9–12. Intensity maps of Ca-K�, Si-K�, Fe-K� and Zn-K� on the surface of filter. All 

icrometers.
Fig. 8. Surface mass histogram for “thin” sample.

and for the “thick” sample based on Eqs. (6a) and (6b):

MTi,i = − 1
b(Eeff)

ln

{
1 − Ii

b(Eeff)
K ′

Ti

}
(8)
The  sensitivity factor K’Ti was  calculated by measurement of thin
titanium standard sample with known surface mass (41.6 �g/cm2).

grey level scale bar values in counts per second (cps). The x- and y-axes scaled in
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his sample was measured in 25 points with 50 s live time per point.
or each point, individual value of K’Ti,i was calculated:

′
Ti,i =

Istd,i

MTi,std
(9)

here  Istd,i is the intensity of Ti-K  ̨ peak at i-th point and MTi,std is
he certified surface mass of Ti in the standard sample. The X-ray
ube current and voltage were kept the same as for the unknown
i samples. The set of 25 measurements was used to calculate the
verage value of K’Ti:

′
Ti =

∑n
i=1K

′
Ti,i

n
(10)

or fixed values of the parameters K’Ti and b(Eeff) the method
ariance arises due to the propagation of the counting statis-
ic fluctuations through Eqs. (7)–(8). To estimate the expected
alue the method variance the law of uncertainty propagation was
sed assuming Poisson distribution of the counting statistics. The
xpected relative variance of method for the “thin” sample was
alculated as

2
method = 1

K ′
TiMTit

(
1 + 2B

K ′
TiMTit

)
(11)

here t and B denote the measuring time per point and the average
umber of counts in the background under the Ti-K� peak, respec-
ively. The relative uncertainty of the layer surface mass due to its
nhomogeneity was calculated by rearranging Eq. (5):

homog =
√
s2observed − s2method (12)

The results of the measurements are presented in Table 2, addi-
ionally histograms of surface masses (with calculated Gauss shape)
or both samples are shown (Figs. 7 and 8).

.3. Two-dimensional imaging of air particulate matter collected
n  thin filter

Measurement of particulate matter collected on thin polycar-
onate filter (NUCLEPORE) was done. The coarse fraction of the
article size (>8 �m)  was chosen due to possibility of measure-
ent of single particles. The area of 625 �m × 650 �m with 25 �m

tep (which gives 702 measurement points) was scanned. Time of
easurement was 250 s per point, X-ray tube voltage and current
ere, respectively, 50 kV and 1 mA.  Measured distributions of K�
eak intensities of Si, Ca, Fe and Zn are shown in Figs. 9–12. As one
an notice there are certain regions where the intensities are quite
igh indicating the presence of a particle or a few particles abun-
ant in that element. One can also notice the correlation of signals
f Fe and Zn. These elements usually have anthropogenic origin.
or particles with the diameters significantly smaller that the pri-

ary beam FWHM (about 20 �m)  it is not possible to distinguish

f the signal originated from a single particle or a conglomerate of
everal particles. Nevertheless one can still detect presence of dif-
erent types of particles in the filter. Using spatial and intensity

[
[

3 (2012) 186– 192

information it is possible to discriminate the major particle types
and their eventual correlations, which should lead to identifica-
tion and apportionment of particle sources. Contrary to the source
apportionment methods based on bulk analysis[13,14], which
require a number of filters collected at different periods of time
characterized by variable contributions from investigated sources,
such analysis could be performed based on mapping just a single fil-
ter containing sufficient number of particles from specific sources.

4. Conclusions

The goal of this work was  to create user-friendly integrated
control software for X-ray fluorescence measurements. Its reliabil-
ity was  confirmed by preliminary measurements. As a next step
three-dimensional measurements in confocal geometry will be
performed. It was  confirmed that LabVIEW graphical programming
gives a great possibility for controlling large number of different
hardware devices. It also simplifies development and further mod-
ification of a hybrid system. Any hardware with LabVIEW drivers,
or well-defined software interfaces can be incorporated into the
LabVIEW program. Sub-VIs representing new hardware function-
alities can be directly placed and wired in the program’s diagram.
In the future the �-XRF spectrometer will be upgraded with addi-
tional detector and distance sensor for precisely measuring the
sample position. XOS X-Beam system will be also upgraded with
A/D and D/A converters to allow computer control of X-ray beam
parameters (current and voltage) and shutter.
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