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Low-power total reflection X-ray fluorescence spectrometer using
diffractometer guide rail
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An X-ray diffractometer (XRD) was modified to a low-power total reflection X-ray fluorescence
(TXRF) spectrometer. This was realized by reducing the XRD tube power (3 kW) down to 10 W
by a Spellman power supply. The present spectrometer consisted of a waveguide slit, Si-PIN detector,
a goniometer and two Z-axis stages that were set on a diffractometer guide rail. This unit was easy in
assembly. The first measurements with this spectrometer were presented. The minimum detection
limit for Cr was estimated to be a few nanograms or at the level of 1013 atoms cm−2. © 2014
International Centre for Diffraction Data. [doi:10.1017/S0885715614000797]
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I. INTRODUCTION

In total reflection X-ray fluorescence (TXRF) spectro-
metry, monochromatic X-rays from high-power X-ray sources
(kW X-ray tube or synchrotron radiation) are generally
used for the detection of trace and ultra-trace elements
(Klockenkämper, 1997; Wobrauschek, 2007; Streli et al.,
2008). Using monochromatized synchrotron radiation (SR)
for the TXRF analysis has made it possible to detect elements
in the femtogram (10−15 g) range. However, such low detec-
tion limits were only achieved for several elements in Si
wafer analysis (Wobrauschek et al., 1997; Sakurai et al.,
2002; Streli et al., 2006). In addition, the limited access to
SR facility restricts its practical applications in semiconductor
industry. On the other hand, Kunimura and Kawai (2007) have
developed a portable TXRF spectrometer with a 1 W X-ray
tube, and found that when low-power X-ray tube was used,
non-monochromatic TXRF was more sensitive than mono-
chromatic TXRF. The lowest detection limit of 10 picogram
(pg) achieved by the portable TXRF (Kunimura and Kawai,
2010a) was only four orders of magnitude higher compared
with that obtained by an SR-TXRF spectrometer. The portable
TXRF spectrometer has been proved a versatile tool by which
many analytical problems could be solved (Kunimura and
Kawai, 2010a; Liu et al., 2013). Accordingly, the low-power
TXRF technique without incident beam monochromatization
is rapidly becoming an alternative method in TXRF spectrom-
etry to efficiently perform rapid multi-elemental determination
at low cost. At the same time, realization of the non-
monochromatic and low-power TXRF analysis is severely
limited to the laboratory that has an appropriate X-ray source –
a specially designed X-ray tube for low-power load (<10 W).
This limitation might be reduced if a high-power X-ray source
existing in a widely used laboratory instrument, such as X-ray
diffractometer (XRD), could be switched its use to low-power
TXRF analysis. The application of XRD tube in high-power
TXRF analysis has been reported previously (Wobrauschek

and Kregsamer, 1989; Greaves et al., 1995; Wobrauschek
et al., 2008). For instance, Wobrauschek and Kregsamer
(1989) developed a compact unit (WOBI-module) carrying
all necessary components for high-power TXRF analysis
that can be attached to the tube housing for the XRD tube.
In contrast to the application of the XRD tube in high-power
TXRF analysis, in the present report, with the aim to explore
the suitability of high-power XRD tube to low-power TXRF
analysis, we modified an XRD to a low-power TXRF spec-
trometer by reducing the XRD tube power (3 kW) down to
10 W by a power supply.

II. EXPERIMENTAL

Schematic of the low-power TXRF spectrometer setup is
presented in Figure 1. The setup comprised an XRD tube, a
power supply, a water-cooling unit, a waveguide slit, a goni-
ometer, two Z-axis stages, a diffractometer guide rail, and an
X-ray detector. Apart from the power supply and water-
cooling unit, all the other elements were contained in a box
with the size of 40 cm (height) × 40 cm (width) × 45 cm
(length). A Mo-target X-ray tube (PW2275/20, Philips, the
Netherlands) that originally used in an XRD (XD-3A,
Shimadzu, Japan) was employed as an excitation source.
Four Be windows (300 µm) allowed simple changeover
from line to point focus and vice versa in this tube. In this
setup, one Be window through which the X-rays emerged
with a line focus of 0.4 × 12 mm was used. The anode design
of the XRD tube was capable to power loads up to 3 kW (60
kV max. and 50 mA max.). However, the tube was reduced its
power down to 10 W by a Spellman power supply (30 kV
max. and 10 mA max., Model: DXM30*300, Spellman,
USA). A standard shielded RS-232 cable was used to connect
the power supply to the serial port on a standard personal com-
puter. Remote programming and monitoring the output volt-
age and current were allowed via RS 232 interface of the
power supply. A simple water-cooling unit consisting of a
magnetic drive centrifugal pump (MD-6, Iwaki, Japan) was
made for the tube cooling. The maximum operating pressure
of this pump is 0.02 MPa. The maximum flow obtained at
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zero discharge head is 8–9 Liters min−1. Awaveguide slit pro-
posed by Egorov and Egorov (2004) was placed in front of the
X-ray exit window of the tube housing (Figure 2). This slit
was capable to restrict the continuum X-rays from the tube
to a parallel beam of 10 mm in width, 10 or 20 µm in height.
Goniometer as well as two Z-axis stages was set on a diffrac-
tometer guide rail (Rigaku-Denki, Japan). In experiments, the
sample holder was put on top of the goniometer. The angle be-
tween the incident beam and the surface of the sample holder
was manually adjusted via the goniometer. Vertical position of
the sample carrier was manually adjusted via the Z-axis stages.
The supporting plane of the guide rail was made to tilt by an
angle of 6° with respect to the horizontal plane, with the aim of
permitting the sample stage parallel to the primary beam at a
takeoff angle of 6°. The detector in use is Peltier-cooled
Si-PIN photodiode detector (X-123, Amptek, USA) with an
effective detection area of 7 mm2 and silicon thickness of
300 µm. This detector unit contained a preamplifier and a dig-
ital signal processor in the detector housing and was directly
connected to a computer via a USB cable.

III. RESULTS AND DISCUSSION

Figure 3 shows two TXRF spectra of a blank quartz glass
optical flat (λ/20 of surface flatness, λ = 632.8 nm, Sigma
Koki, Japan) measured at 20 kV, 0.5 mA and 10 kV, 1.0
mA, respectively. The scattered X-ray spectra were measured
with the aim to estimate the spectral distribution of the primary
X-rays. In both spectra, SiK-line, MoLα and Lβ lines and
ArK-line were detected. Ar and Si were detected due of air
containing 0.93% Ar and the quartz optical flat. At the voltage
of 20 kV, the Si peak was higher than that at 10 kV. This is
because of the fact that a thicker layer in the optical flat was
passed through when the X-ray tube was operated at 20 kV
since the penetration depth of the beam into the optical
flat increased with X-ray photon energy increment. Mo
L-characteristic X-rays were detected because of the anode
material of the X-ray tube. MoLγ lines could not be seen in
the spectra because they were overlapped with the strong

Figure 1. Schematic view of the low-power TXRF
spectrometer setup in the incident plane (not to scale).

Figure 2. (Color online) Photograph of the waveguide slit.

Figure 3. (Color online) TXRF spectra for a blank quartz glass optical flat
measured at the X-ray generator power of 10 W. The dashed and dotted line
was measured at 20 kV and 0.5 mA, the solid line was measured at 10 kV
and 1.0 mA.
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ArK-lines. Bremsstrahlung edge energy in each spectrum
agreed well with the maximum energy of the X-ray photons
at the corresponding accelerated voltage.

Figure 4 shows the TXRF spectrum of a dry residue con-
taining 2 µg Mn measured at 10 kV and 1.0 mA. This sample
was prepared by dropping a 2-μl portion of a 1000 ppm Mn
standard solution (Wako Pure Chemical Industries, Japan)
onto the quartz optical flat and then dried on a heater. Si,
Mo, and Ar peaks were detected because of the same reasons
as those explained above. Both MnKα and Kβ lines from the
sample residue were detected. The ratio of MnKα/Kβ intensity
was 150:17, which agreed well with the theoretical value
(Kortright and Thompson, 2009). The minimum detection
limit (MDL) for Mn evaluated from the following equation
was 35 ng:

MDL = 3m

�������

(IB/t)
√

IN
(1)

where m is the sample amount (ng), IN and IB are the net and
background intensity (counts/s), respectively, and t is the mea-
surement time (s).

Figure 5 shows the TXRF spectra for a dry residue con-
taining 1 µg Cr measured at the glancing angles of 0.1° and
0.3°. The applied voltage was 10 kV and the electron current
was 1.0 mA. Chromium was detected in both spectra. The

potassium peaks were also detected because the Cr dry resi-
due was obtained by pipetting 1-μl portion of a 1000 ppm
Cr standard solution for atomic absorption (K2Cr2O7 in
0.015 mol l−1 HNO3) (Nacalai Tesque, Japan) onto the
quartz optical flat. Argon peaks were strongly overlapped
with the potassium peaks. The signal-to-background ratios
of the CrKα and Kβ peaks at the glancing angle of 0.1°
were two times higher than those at 0.3°. At the angle of
0.1°, the net and background intensities of the CrKα peak
were 263 and 60 counts s−1, respectively. The MDL for Cr
was estimated to be 5 ng. This was equivalent to 200 ppb
Cr in 25 µl of solution, or the level of 1013 atoms cm−2 if
the irradiated area on the optical flat was assumed to be 1
cm2. The MDL for Cr (5 ng) was 1/7 of that for Mn (35
ng); this might be attributed to the following reasons: (1) a
waveguide slit with the height of 20 µm was used for Cr mea-
surement, compared with 10 µm in Mn measurement. Owing
to the fact that the incident beam intensity formed by the
waveguide slit increased as the increase of the slit height if
slit height exceeds 3 µm (Egorov and Egorov, 2004), when
the waveguide slit with the height of 20 µm was used more
X-ray photons excited the Cr-containing dry residue; (2) the
fluorescent X-rays of Cr were fully recorded since a smaller
size dry residue was formed on the optical flat in Cr analysis
(sample volume used in Cr analysis was 1/2 of that of Mn).
The MDL for Cr (5 ng) was comparable with that obtained
by the portable TXRF spectrometer with a commercial low-
power X-ray tube of 1 W (Kunimura and Kawai, 2007),
while it was two orders of magnitude higher than that ob-
tained by the portable TXRF spectrometer with a commercial
low-power X-ray tube of 5 W (Kunimura and Kawai, 2010b).
It should be noted that the 5 ng MDL for Cr was achieved by
the basic setting of this spectrometer without optimization
with respect to the geometry and the experimental conditions.
The detection sensitivity of the spectrometer would be in-
creased via the optimization.

IV. CONCLUSIONS

From the hint brought up by the WOBI-module using ex-
isting X-ray tube and X-ray generator for high-power TXRF
analysis (Wobrauschek and Kregsamer, 1989; Wobrauschek
et al., 2008), we designed and constructed a low-power
TXRF spectrometer from the modification of an XRD. The
WOBI-module mechanically attached to an XRD tube hous-
ing by screws was mainly composed of a slit collimation sys-
tem, a cut-off reflector or multilayer monochromator, and a
sample holder device. A monochromator was necessary in
this module because of the high-power (kW) operation
of the XRD tube. In the present TXRF spectrometer, the
XRD tube was reduced its power (3 kW) down to 10 W by
a Spellman power supply. Since non-monochromatic X-rays
were applied to sample excitation, a monochromator was not
needed. The TXRF spectrometer was easy in arrangement
and low in running cost. The suitability of high-power XRD
tube in low-power TXRF analysis has been proven via the
spectrometer. The MDL achieved for Cr was a few nanograms
or at the level of 1013 atoms cm−2. The initial results are prom-
ising. Optimization of the geometry and experimental condi-
tions should be conducted to enhance the performance of
the spectrometer.

Figure 4. TXRF spectrum for a dry residue containing 2 µg Mn. X-ray tube
was operated at 10 kV and 1.0 mA.

Figure 5. (Color online) TXRF spectra for a dry residue containing 1 µg Cr
measured at the glancing angles of 0.1° (solid) and 0.3° (dashed and dotted).
X-ray tube was operated at 10 kV and 1.0 mA.
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