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An error in the paper by Tamenori et al. [(2011), J.

Synchrotron Rad. 18, 747–752] is corrected.

In the second paragraph of x3.2 of Tamenori et al. (2011), we had

provided incorrect fluorescence decay probability values for Mn L23-

shell ionization (0.0063) and O K-shell ionization (0.05). The correct

fluorescence decay probability value of Mn L23-shell ionization is

0.005 and that of O K-shell ionization is 0.0083 (Krause, 1979).

Consequently, we had overestimated the difference between the

fluorescence decay probabilities of Mn L23-shell and O K-shell

ionization.

Based on the correct fluorescence decay probability values, the Mn

L23-shell ionization value is about 60% of the O K-shell ionization

value. This ratio supports a qualitative interpretation of the dip

structure that appeared in the NEXAFS spectra of a MnO crystal

[Fig. 3 of Tamenoriet al. (2011)]. Furthermore, the model proposed in

the original paper was also corroborated by two-dimensional fluor-

escence measurement results, which have been presented in the last

paragraph of x3.2. Therefore, the overall conclusions of the original

paper remain unchanged.

We thank Professor Toshiaki Ohta of Ritsumeikan University for

drawing our attention to this error.
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The objective of this article is to describe the capability of a two-dimensional

(2D) approach to X-ray absorption near-edge structure (XANES) measurement

by means of a partial fluorescence yield (PFY) method. 2D-XANES

measurements were achieved by using a silicon drift detector as an energy-

dispersive fluorescence detector. The advantage of this technique is that it allows

full surveys of X-ray fluorescence data that are lost in conventional PFY

measurements. The availability of a map approach was demonstrated by

applying it to XANES measurements in both a diluted (Mn-doped nano-

diamond) and a concentrated (MnO crystal) manganese sample. The 2D

approach clearly distinguished between the PFY spectra of Mn and O atoms,

where absorption edges of both elements are close to each other. Further, the

2D approach extracted an unambiguous PFY spectrum of phosphorus in the

XANES measurement of SS304 (P < 0.045 wt%).

Keywords: XANES; soft X-rays; silicon drift detector; partial fluorescence yield;
map approach.

1. Introduction

Since the pioneering work by Jaklevic et al. in 1977 (Jaklevic et

al., 1977), fluorescence yield (FY) detection has been widely

used to measure X-ray absorption fine-structure (XAFS)

spectra of dilute samples in the hard X-ray region. On the

other hand, FY detection is not a mainstream technique in

the soft X-ray region because fluorescence decay is a minor

channel for low-Z elements (Krause, 1979). For example, the

fluorescence decay probability for an oxygen 1s core-hole is

less than 1%, in which case electron yield measurement is a

common technique for obtaining the XANES spectrum in the

soft X-ray region.

Although the yield of fluorescence decay is low, FY detec-

tion has unique advantages over electron yield detection. First,

X-ray fluorescence has a much deeper escape depth than the

electron. Therefore, simultaneous collection of both fluores-

cence and electron yield provides an opportunity to distin-

guish electronic properties between the surface and bulk of

materials (Tröger et al., 1990; Krol et al., 1990; Stöhr, 1992).

Second, the detection of FY is insensitive to sample charging,

which makes it applicable for measuring the XAFS spectrum

of insulating materials (Lipp et al., 2003). Third, fluorescence

measurement is possible under non-UHV conditions, allowing

investigation of the materials under in situ conditions (Kappen

et al., 2001a, 2002; Yagi et al., 2004; Nakanishi et al., 2010).

Fourth, FY detection is possible in a strong magnetic field, and

it is applicable to magnetic circular dichroism measurements

(Bateman et al., 2001). Leveraging such advantages of fluor-

escence detection, a wide variety of applications using FY

measurement in the soft X-ray region are being explored.

In addition to the above-mentioned advantages, the

greatest characteristic of FY detection in XAFS measurement

is a higher signal-to-background ratio than the transmission

method and the electron yield detection method (Stöhr, 1992;

Kappen et al., 2002; Carlson et al., 2006). This advantage allows

us to measure low-concentration elements in chemical

compounds. In the early stage of XAFS research, FY

measurements were performed by total fluorescence detection

using a non-energy-dispersive detector, e.g. a Lytle-type

detector (Lytle et al., 1984), a micro-channel plate or a silicon

PIN photodiode detector. The detection sensitivity of the total

fluorescence yield method is approximately 1% (Kappen et al.,

2002). An alternative approach is partial fluorescence detec-

tion which is possible by using an energy-dispersive detector

such as a proportional counter (Fischer et al., 1989), gas

microstrip detector (Bateman et al., 2001; Lipp et al., 2003)

or semiconductor detector. Using a silicon drift detector

(SDD), which is a semiconductor detector, is the most widely

applied method of XAFS measurement. The principle of the

SDD was first proposed by Gatti & Rehak (Gatti & Rehak,

1984; Guazzoni, 2010), and is now commercially available. The

SDD is unique because it achieves a higher energy resolution

and higher count rate at shorter shaping times compared with

conventional semiconductor detectors, and it can be used near

room temperature (Lechner et al., 1996; Lutz, 2006; Welter et



al., 2009). The high count rate of the SDD can compensate for

low fluorescence yield in the soft X-ray region, and it can

distinguish the fluorescence line of interest from the peak

caused by elastic scattering and from neighbouring fluores-

cence lines. Selective X-ray fluorescence detection can

improve the detection sensitivity, and XANES spectra have

been obtained for elements with concentrations lower than

100 p.p.m. (Kappen et al., 2002).

In the present research, we have introduced a two-dimen-

sional (2D) approach for the partial fluorescence yield (PFY)

measurement using a SDD in the soft X-ray region. The 2D

measurement is a correlation plot between the excitation

energy and the spectrum obtained by a secondary spectro-

meter. This technique has been developed in photoelectron

spectroscopy combined with a hemispherical (Hikosaka et al.,

1996) and a time-of-flight analyzer (Berrah et al., 1998), and

in UVU fluorescence spectroscopy (Ukai et al., 1995), and

resonant inelastic X-ray scattering spectroscopy using a

grating monochromator (Fuchs et al., 2009). In X-ray fluor-

escence measurements the 2D approach can be achieved by

using an energy-dispersive detector such as a SDD, since it can

also produce a full X-ray fluorescence (XRF) spectrum.

The advantage of recording full XRF spectra in the fluor-

escence XAFS measurement is a more precise data treatment

(Kappen et al., 2001b; Mangold & Welter, 2001). In conven-

tional procedures of PFY measurement the XRF information

was lost because the PFY was collected by selecting a region of

interest (ROI) prior to the XANES data collection. Only a

signal corresponding to the ROI is recorded. This is proble-

matic for PFY measurement of complicated samples in which

overlaid peaks obscure the fluorescence (Kappen et al., 2001b;

Mangold & Welter, 2001). This issue is more serious in the soft

X-ray region where absorption edges of different elements are

close to each other and where fluorescence lines overlap. In

such cases it is indispensable to store the entire fluorescence

spectrum at every single point of the XAFS scan, and to

validate the obtained spectrum after the XAFS measurement.

In current procedures the highly brilliant soft X-ray beam and

high-count-rate performance of an SDD allow us to collect

complete ‘X-ray fluorescence yield maps’ instead of ROI data,

even for low-concentration samples of less than 0.1 wt%. In

the present report we will demonstrate the capabilities of the

2D map approach for partial fluorescence XANES measure-

ments using an SDD detector in the soft X-ray region. The

2D approach allows us to obtain the correct PFY spectrum

by surveying full XRF spectra prior to extracting the PFY

spectrum.

2. Experimental

2.1. Beamline

Experiments were carried out at the c-branch of the soft

X-ray photochemistry beamline (BL27SU) at the SPring-8

facility. Details of the beamline have been described in a

previous report (Ohashi et al., 2001). The light source was

radiation from a figure-8 undulator, which can produce a

linearly polarized photon beam (Tanaka et al., 1998). The

figure-8 undulator provides both horizontally and vertically

polarized soft X-ray beams by selection of an appropriate

undulator gap, with the linear electric vector lying horizontally

(0�) for integer-order-harmonic light and vertically (90�) for

half-integer-order light. The photon beam was dispersed by a

soft X-ray monochromator with varied-line-spacing plane

gratings. Two spherical mirrors and three gratings allow the

scanning of an energy range of 170–2800 eV (Tamenori et al.,

2002). The XAFS spectra were measured by scanning the

undulator gap as well as the monochromator scan to maintain

the maximum intensity of the incident soft X-rays, and by

scanning the width of the entrance and exit slits to maintain

constant resolving power. During the XANES measurement

the intensity of the incoming photon beam (I0) was monitored

by measuring a drain current on the surface of a post-focusing

mirror.

2.2. SDD detector

The fluorescence signal was detected using a single-element

SDD. The SDD used in the present investigation was

purchased from OURSTEX Corporation (X Flash Detector,

1201 series). The active area of the photodetection element is

30 mm2. The entrance window mounted on the front of the

detector is a MOXTEK AP3.3 window consisting of ultra-

thin polymer film (300 nm thick, density 1.4 g cm�3) and is

supported by a 38 mm-thick rigid silicon grid with 77% open

area. The SDD module equipped with the AP3.3 window

provides an X-ray transmission to the detector as low as the

boron K�X-ray energy (170 eV), i.e. the detector is applicable

to XANES experiments at the boron K-edge. The photo-

detection element is cooled down to 253 K using a Peltier

device to avoid temperature noise from the field-effect tran-

sistor of a preamplifier. A KETEK digital pulse processor

board (DPP) was used as a signal-processing unit. The SDD

output is processed by a preamplifier, followed by an analog

shaping amplifier. The output signal was digitized by an ADC/

MCA and transferred to the onboard memory. The spectrum

was transferred to the controlling computer through a USB 2.0

interface. The maximum count rate achieved by the SDD

combined with the DPP system is 1 � 105 counts s�1 at 1 ms of

peaking time.

2.3. XANES set-up

A powder sample was fixed with conductive double-sided

carbon tape onto an aluminium sample holder. A solid sample

was directly mounted on the sample plate using a screw. The

sample holder was fixed on a linear and rotatable manipulator

and installed in a vacuum chamber. The pressure of the

XANES chamber was 1 � 10�5 Pa. The spectrum was

recorded simultaneously in both total electron yields (TEYs)

by measuring a sample drain current and FY spectra using a

SDD. The SDD was mounted perpendicularly to the incident

photon beam axis. The monochromatic light was irradiated at

an angle of about 80� relative to the sample normal to mini-

mize the contamination of the elastic scattering.
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3. Results and discussion

3.1. XANES of phosphorus in SS304

The XANES spectrum of phosphorus in stainless steel (SS)

304 was measured using the 2D map approach. Generally, in

SS304 samples, C (<0.08%), Mn (<2.0%), Si (<1.0%), P

(<0.045%) etc. are present as minor components, while Cr

(18–20%), Ni (8–10.5%) and Fe are present as major

components. Fig. 1 shows (a) the 2D spectrum, (b) the XRF

spectrum taken at 2190 eV and (c) the PFY spectrum

extracted from the 2D spectrum. The XRF spectrum can be

fitted well to seven Gaussian peaks, as indicated by lines (red

online) in Fig. 1(b). The four peaks observed in the 400–

1000 eV range originate from the K-shell ionization of oxygen

and the L23-shell ionization of the main elements, Cr, Fe and

Ni. On the other hand, the fluorescence from Si and P K-shell

ionization can be observed at approximately 1720 eV and

2000 eV, respectively. The interesting feature of these results is

that the fluorescence counts of minor components are greatly

enhanced in the XRF spectrum. For example, while the

concentration of Fe is about 70 times larger than that of Si, the

integrated fluorescence intensity of Si is approximately 50% of

the intensity of Fe. There are three reasons for this phenom-

enon. First, the ionization cross section depends on the exci-

tation energy. The ionization cross section reaches a maximum

at an absorption edge and decreases with the increase of

excitation photon energy. When an XRF spectra at 2 keV was

obtained, the incident photon energy was approximately

1300 eV higher than the Fe L23 absorption edge and 300 eV

above the Si K-edge, while the absorption coefficient of Si

(3075.8 cm2 g�1) at 2 keV was twice that of Fe (1665.8 cm2

g�1) (Bandyopadhyay & Segre, undated). Second, the fluor-

escence decay probability following Si K-shell ionization

(0.05) is about ten times larger than that of Fe L23-shell

ionization (0.0063) (Krause, 1979). Third, the transmission of

the AP3.3 window for a 2000 eV photon (75%) is 1.5 times

larger than that of a 700 eV photon (50%). Consequently, the

fluorescence yields for minor elements are enhanced in the

XRF measurement at 2 keV.

The FY from the main elements and Si make horizontal

stripes in Fig. 1(a), because these elements have no absorption

edges in this energy region. On the other hand, only the FY

of phosphorous changes drastically. Fig. 1(c) shows the PFY

spectrum extracted from integration of the 1940–2020 eV

range. The obtained PFY spectrum closely resembles the

XANES spectra of iron phosphate (Hesterberg et al., 1999).

While the XANES spectrum is clearly observed in the PFY

mode, it cannot be found in the TEY spectrum (data not

shown). In the TEY mode the imperceptible signals from the

minor components are buried in the higher background

signals originating from the excitation of major components,

because Auger decay is the dominant decay channel following

the L-shell ionization of 3d transition metals. The present

measurement indicates that the selective fluorescence detec-

tion improves sensitivity to the imperceptible signal from

phosphorus.

The patterns caused by elastic scattering appear as diagonal

stripes in the 2D map. The energy of the phosphorus K�

(2013.7 eV) is about 30 eV lower than the binding energy of

the phosphorus 1s electron (2045.5 eV). Therefore, the diag-

onal line does not directly intersect with the phosphorus K�

line in the XANES region. However, elastic scattering

contributes to the baseline of the XANES spectrum. Fig. 2

compares the PFY spectra extracted from varying integration

regions. This procedure corresponds to the PFY measurement

with different ROI window selections. In principle, the base-

line of the PFY spectrum should be flat in the pre-edge region,

because the photon energy is insufficient to excite or ionize

the P 1s electron and therefore cannot eliminate the K�

fluorescence from phosphorus. However, Fig. 2 shows that the

baseline shape depends on the integrated area owing to the

contamination of elastic scattering. The contamination is

especially apparent when the higher fluorescence energy

region is included in the PFY spectrum extraction as exhibited
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Figure 1
(a) Two-dimensional fluorescence spectrum for SS304 taken in the P K-
edge region, (b) XRF spectrum taken at 2190 eV, and (c) PFY spectrum
of phosphorus extracted from an integration of fluorescence counts in the
range 1940–2020 eV.

Figure 2
The extraction region dependence of the PFY spectrum of SS304 in the
P K-edge region.



by the effect of the baseline in the pre-edge region and the tilt

of the PFY baseline. This phenomenon could be a significant

issue for subtraction of the baseline in the data analysis

procedures of the EXAFS measurement. Recording of the full

XRF is necessary for correct data treatment.

3.2. XANES of concentrated manganese: MnO crystal

Fig. 3 shows XANES spectra of a MnO crystal measured by

(a) the total fluorescence yield (TFY) method and (b) the

TEY method in the Mn L23-edge region. The TEY spectrum

presents two groups of multiplets split by the spin–orbit

interaction of the Mn 2p inner-shell level. Here, it should be

noted that the obtained TEY spectrum agrees well with the

earlier reports on the oxidized MnO crystal (Gillbert et al.,

2003). It is well known that the TEY spectrum of MnO is

sensitive to the surface condition (Gillbert et al., 2003; Laffont

& Gibot, 2010). In the present study we used a MnO crystal

without surface cleaning such as cleaving and Ar ion sput-

tering, since the cleanness of the sample surface is not the

essence of the present research. The surface of our MnO

crystal was in a stable oxidized state, and can be confirmed

from comparison with earlier reports.

On the other hand, the TFY spectra indicate different

spectral profiles where the decrease in yield is observed at the

L3-edge and a weak peak is observed at the L2-edge. The

suppression of TFY at the absorption edge was observed in

previous XANES investigations (Tröger et al., 1990, 1992;

Emura et al., 1993). This phenomenon can be interpreted

based on the change of the total photoabsorption coefficient

and the change of fluorescence decay probabilities. Since the

excitation energy of the L23-edges of Mn (638.7 and 649.9 eV)

is close to that of the O K-edge (543.1 eV), photoabsorption

by both elements must be considered. The fluorescence

intensity of the O K� (IO) is determined for a thick sample by

the equation (Jaklevic et al., 1977; Tröger et al., 1990)

IO / "
�O Eð Þ

�tot Eð Þ þ �tot Eflð Þ
ð1Þ

where �tot(E) is the total photoabsorption coefficient of the

sample at photon energy E, �O(E) is the absorption coefficient

of the oxygen atom at photon energy E, �tot(Efl) is the

photoabsorption coefficient at the fluorescence energy, and "
is the fluorescence decay probability of oxygen. Equation (1)

suggests that the relative increase of �tot(E) leads to the

decrease of the FY of oxygen. This can be understood as

additional photoabsorption of manganese at the Mn L23-edge

leading to a reduction in the total number of photoexcited O

atoms within the sample. On the other hand, even if the

number of photoexcited O atoms is decreased, the TFY

should be enhanced at the Mn L23-edge if the fluorescence

decay probability of manganese is comparable with that

of oxygen. However, the fluorescence decay probability

following the Mn L23-shell ionization (0.0063) is about ten

times smaller than that of the O K-shell ionization (0.05)

(Krause, 1979). Therefore, the TFY spectrum indicates a dip

profile at the Mn L23-shell edges.

The above-mentioned interpretation can be confirmed by

the 2D fluorescence measurement. Fig. 4(a) shows the 2D

spectrum of MnO in the Mn L23-edge region. The XRF

spectrum (Fig. 4b) fits well to two Gaussian peaks, and the

excitation energy dependence of the fluorescence signals from

each element is well distinguished in the 2D map. Fig. 4(c)

shows a PFY spectrum of oxygen (400–520 eV) and manga-

nese (630–750 eV) extracted from the integration of fluores-

cence counts in the 2D spectrum. The decrease of the O K� FY

at the Mn L23-edge is evidently confirmed in the PFY of

oxygen. The PFY(O) indicates the inverted spectral profile to

the TEY and PFY(Mn) spectrum. In contrast, the PFY of

manganese indicates two groups of multiplets split by the

spin–orbit interaction of the Mn 2p level. Compared with

the TEY spectrum, the yield of the L3-peak in PFY(Mn)

is suppressed. The suppression could originate from self-

absorption owing to the concentrated manganese in the

sample. Consequently, the TFY shows strong suppression at

the L3-edge, while a small peak appears at the L2-edge.

3.3. XANES of diluted manganese: manganese doped in
nano-diamond

To verify the validity of the discussion in x3.2 we have

measured the 2D spectrum of diluted manganese in the L23-

edge region. Fig. 5(a) shows the 2D spectrum of Mn (1 � 1016

cm�2) doped in nano-diamond taken in the Mn L23-edge

region. The XRF spectrum (Fig. 5b) fits well to three Gaussian

peaks. The peak at about 280 eV can be assigned to the K� of

carbon. The peak at 526.5 eV corresponds to the K� of oxygen

because a lot of water molecules are absorbed by the nano-
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Figure 3
NEXAFS spectra of a MnO crystal measured by (a) the total fluorescence
yield method and (b) the total electron yield method.



diamond. The peak at 648.1 eV corresponds to the L-line of

manganese.

In Fig. 5(a) the two horizontal stripes observed at the

fluorescence energies of 283.7 eV and 525.1 eV correspond to

the K� of carbon and the K� of oxygen, respectively. Further,

additional contour islands are noticeable on the horizontal

line at 646.5 eV, corresponding to the resonant excitation of

manganese. Fig. 5(c) shows the PFY spectrum of manganese

extracted from an integration of fluorescence counts in the

range 600–750 eV. The observed PFY spectrum is consistent

with the XANES spectrum of Mn(II) (de Groot et al., 1990).

In contrast to the XANES measurement of the MnO crystal,

the suppression of the K� of oxygen and carbon is limited,

because the concentration of manganese in the sample is low

and the change in �tot(E) at the Mn L23-edge is small. Addi-

tionally, the self-absorption effect seems to be negligible

owing to the low concentration of the investigated element.

The present results demonstrate the advantage of the 2D

approach to PFY measurement where the FY of several

elements is simultaneously changed. In conventional PFY

measurement, users need to set the energy window prior to

the incident photon energy scanning. Conversely, the 2D-map

technique makes it possible to extract the partial fluorescence

yield spectra after the incident photon energy scanning. This

technique allows us to fully survey XRF spectra after the

XAFS data collection, and to record the change in FY of all

elements in the sample.

4. Summary

We have demonstrated the capabilities of a 2D approach to

partial fluorescence yield XANES measurement using a

silicon drift detector. The noteworthy advantage of 2D data

collection is to allow a full survey of XRF spectra, and

determine the extracting area after the XANES measurement.

The availability was demonstrated using three XANES

measurements. First, we obtained the PFY spectrum for a

low-concentration element [P (<0.045%)] in an XANES

measurement of SS304. By using a 2D technique we can verify

the area where the PFY was extracted. Further, we performed

the XANES measurement of manganese in both diluted and

concentrated samples. In the case of the diluted sample, we

extracted the PFY spectrum of manganese in the L23-shell

ionization region from Mn (1 � 1016 cm�2) doped in nano-

diamond. In the case of the concentrated sample the PFY

of manganese indicates resonance peaks, whereas a strong

suppression can be seen in the PFY of O atoms in the Mn L23-

edge region. The different behaviour of both elements can be

interpreted based on the change of the total photoabsorption

coefficient and the change of fluorescence decay probabilities.

The 2D approach gives unambiguous FY-XANES information

in the soft X-ray region, where absorption edges of different

elements are close to each other, or where fluorescence lines

overlap.
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