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Abstract Experimental techniques based on SR facilities

have emerged with the development of synchrotron radia-

tion (SR) sources. Accordingly, detector miniaturization

has become significant for the development of SR experi-

mental techniques. In this study, the miniaturization of a

detector was achieved by coupling a commercial silicon

PIN photodiode (SPPD) into a beamstop, aiming for it not

only to acquire X-ray absorption fine structure (XAFS)

spectra, but also to protect the subsequent two-dimensional

detector from high-brilliance X-ray radiation damage in

certain combination techniques. This mini SPPD detector

coupled to a beamstop was used as the rear detector in both

the conventional sampling scheme and novel high-fre-

quency (HF) sampling scheme to collect the transmission

XAFS spectra. Traditional ion chambers were also used to

collect the transmission XAFS spectra, which were used as

the reference. These XAFS spectra were quantitatively

analyzed and compared; the results demonstrated that the

XAFS spectra collected by this SPPD in both the con-

ventional sampling scheme and HF sampling scheme are

feasible. This study provides a new detector-selection

scheme for the acquisition of the quick-scanning XAFS

(QXAFS) and HF sampling XAFS spectra. The SPPD

detector presented in this study can partially meet the

requirements of detector miniaturization.

Keywords Silicon PIN photodiodes � Beamstop � XAFS �
High frequency sampling

1 Introduction

X-ray absorption fine structure [1–5] (XAFS) spec-

troscopy based on synchrotron radiation (SR) sources is a

powerful tool for determining the electronic and atomic

local structures, as well as the chemical-physical states of

elements in condensed matter. The ion chamber (IC) is the

most commonly used detector to collect XAFS signals,

which exhibits a good linear response to the X-ray intensity

for a wide range of energies [6]. However, a few draw-

backs of IC include microphonic noise and the problematic

electron–ion pair recombination [6, 7] enhanced by a high

X-ray flux. Thus, finding a substitute for IC is desirable to

accurately acquire a high-flux X-ray intensity. Silicon PIN

photodiodes (SPPD) and diamond-based photodetectors

(DD) were often used as substitutes for ion chambers and

have been investigated for more than two decades. Sato [6]

investigated the feasibility of SPPD as an X-ray intensity

monitor and found that these detectors were adequately

feasible for XAFS experiments because their spectra had

nearly the same quality as that of IC, and it can be more

effective than IC for a high X-ray flux. Dalba et al. [7]

studied the properties of SPPD as X-ray detectors for

Extended-XAFS (EXAFS) measurements and found that

good-quality EXAFS measurements with SPPD were pos-

sible if diffraction effects were eliminated. Pace et al. [8]

studied the application of DD to XAFS measurements
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between the energy range of 4–13 keV and found that all

the XAFS spectra were significantly similar to the spec-

trum from IC and exhibited a good signal-to-noise ratio

(SNR). De Sio et al. [9] performed a direct comparison

between an IC and a nitrogen-doped single-crystal DD

applied to Fe K-edge XAFS spectroscopy and found that

the EXAFS data and parameter values obtained in the

transmission mode by both the DD and a standard IC were

in good agreement. Ravel et al. [10] evaluated the perfor-

mance of DD as an incident beam monitor and verified that

the effect of diffraction on XAFS measurements can be

effectively eliminated if DD is combined with polycapil-

lary lenses. Semiconductor-type detectors have the

advantages [11] of a high response, no microphonic noise,

good linearity, and a wide dynamic range. In particular,

they make it easier to miniaturize detectors to a sufficiently

small size. In addition to the limitations of the traditional

IC used in high-flux X-ray detection, its large size limits its

application [12–15] in certain combined detection tech-

niques. Small-sized SPPD and DD may be more advanta-

geous for high-flux XAFS measurements in certain

combination techniques.

Compared to DD, SPPD is more economical and easier

to obtain from commercial markets. Blanchet et al. [16]

developed a small and robust SPPD built into a beamstop

for detecting backscattered X-ray photons, demonstrating a

good response to X-ray intensity between the energy range

of 6–20 keV. Beale et al. [12] also successfully obtained

XAFS signals of the Zn K-edge using a photodiode in a

combined small-angle X-ray scattering (SAXS)/wide-angle

X-ray scattering (WAXS)/XAFS setup. Over the past few

decades, several measurement approaches have been

developed to reduce the time required to collect an entire

XAFS spectrum. The Quick-scanning EXAFS (QEXAFS)

technique [17, 18] not only dramatically reduced the data

collection time of an entire EXAFS spectrum to a few

seconds or less, but also maintained a high SNR [19] of the

obtained QEXAFS spectrum. Yu et al. [20] developed a

QEXAFS method with a time resolution of 2 s based on the

EPICS and LabVIEW software at the BL14W1 beamline

of the Shanghai Synchrotron Radiation Facility (SSRF).

Khalid et al. [21] refined the QEXAFS technique. The

QEXAFS spectrum acquisition time was reduced to mil-

liseconds by driving the channel-cut Si(111) monochro-

mator to oscillate at a frequency of 5 Hz with a tangential

arm. In addition, the use of high-speed counting cards

(HSCC) is also an effective method used to accelerate

XAFS data collection; here, it was named the high-fre-

quency (HF) sampling scheme. Using the IK220 HSCC

card and IC, a similar HF sampling mode [22] has been

reported. In a compact combined technique, SPPD is

apparently more advantageous than IC owing to its small

size. However, the afterglow effect and detection efficiency

of SPPD can be disadvantageous [6] for rapid measure-

ments. Therefore, SPPD may be considered less suit-

able for QEXAFS measurements than routine IC. Although

previous studies have demonstrated that SPPD can be

sufficiently used in the conventional XAFS collection, the

feasibility of SPPD applied to acquire HF sampling XAFS

spectra has not yet been studied, especially when the SPPD

is coupled into the SAXS beamstop of a combining setup.

This study aims to determine whether the SPPD used as a

rear detector is comparable to the DD used as the front

detector in the HF sampling scheme. If the small-sized

SPPD can be used for HF-sampling XAFS measurements,

it will be significantly beneficial to develop these combined

techniques including XAFS measurements.

In this study, a commercial SPPD was coupled with a

beamstop used in conventional SAXS measurements to

protect the subsequent two-dimensional detector from

irradiation damage. This beamstop-coupled SPPD obtains

the role of a rear detector in transmission XAFS mea-

surements. By comparing the performance of this minia-

turized SPPD with those of DD and IC in transmission

XAFS measurements, its feasibility and validity for

acquiring the conventional and HF sampling XAFS spectra

are discussed.

2 Preparation of silicon PIN photodiode

In a typical XAFS transmission mode, an ion chamber is

used to monitor the X-ray intensity (I0) in front of the

sample, referred to as the XAFS front detector (FD).

Another ion chamber was used to monitor the X-ray

intensity (I1) behind the sample, here named the XAFS rear

detector (RD). For a sample with a thickness d, the

absorption coefficient (l) can be expressed as follows:

l(E)d = ln(I0/I1). However, owing to the large size of the

ion chamber, it is often difficult to meet the requirements of

XAFS measurements using a combined technique involv-

ing an ion chamber. A transmission-type detector should

generally be used to record the incident X-ray intensity;

evidently, the SPPD is not suitable for I0 detection in front

of the sample. In this study, DD [23] or IC was used as the

front detector for the XAFS measurement to detect the

incident X-ray intensity (I0). A mini SPPD was used as the

rear detector to record the X-ray transmission intensity (I1)

behind the sample. To maintain a maximum distance of the

rear detector used for XAFS measurements from other

experimental signal paths, its size should be minimized. To

optimize the coupling of a mini-SPPD into a beamstop, it is

typically mounted in a vacuum tube for SAXS measure-

ments and maintained at a distance from the sample to

avoid blocking other experimental signals. This type of

SPPD can not only be used for XAFS signal acquisition but
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can also prevent irradiation damage of the direct beam to

the SAXS detector.

In this study, the SPPD was purchased from Beijing

Lightsensing Technologies Ltd., as shown in Fig. 1a. The

model used was LSSPD-SPB3; the effective photosensitive

area was 3 9 3 mm2. The maximum spectrum response at

940 nm was 0.5 A/W, which is larger than the previously

reported 0.43 A/W [6] of S1227-1010BR SPPD at 720 nm.

Other factory parameters for this SPPD are listed in

Table 1. To achieve spatial compatibility for the simulta-

neous measurement of the SAXS, XRD, and XAFS signals,

the SPPD was coupled into a beamstop with a volume of

12 9 6 9 6 mm3. The beamstop was supported by a hol-

low cylindrical rod with an outer diameter of 3 mm, as

shown in Fig. 1b. The beamstop had a rectangular opening,

and the SPPD embedded in the beamstop faced the trans-

mission beam behind the sample. Note, Kocsisa and

Somogyi [24] developed a miniature IC for X-ray micro-

probe measurements at the European Synchrotron Radia-

tion Facility (ESRF); however, this miniature IC was

insufficiently small for SAXS/XRD/XAFS combined

measurements. If the aforementioned miniature IC was to

be used for recording the transmission X-ray intensity, it

would need to be placed at the downstream end; otherwise,

it would obscure the SAXS or XRD signal. In addition, its

design, which lacks window material, contains dozens of micron entrance pinholes, and has a constant Ar pressure

flow of approximately 1 atm, will severely restrict its

effectiveness in the SAXS/XRD/XAFS combined tech-

nique. Therefore, it is necessary to develop a mini SPPD

detector for XAFS measurements in the SAXS/XRD/XAFS

combined technique.

The SPPD is relatively sensitive to visible and infrared

radiation. To avoid interference from signals other than

X-rays, the SPPD must be kept at a distance from visible

and infrared lights. Therefore, the SPPD was coupled into a

beamstop and further wrapped with black 3 M tape, as

shown in Fig. 1c. The dark current (Idark) of the as-prepared

SPPD was measured to be approximately 17 nA, as shown

in Fig. 1d. Previous studies [25, 26] have demonstrated that

the dark current Idark consists of a bulk leakage current

(Ibulk) and surface leakage current (Isurf). The former is

proportional to the mesa area of the diode, whereas the

latter is perimeter-dependent on the mesa sidewall; both

originate from defects. A decrease of approximately 0.5 nA

was noted in the dark current at the beginning when the

dark current of the as-prepared SPPD detector was mea-

sured. This may be attributed to the small number of

dangling bonds on the surface of the SPPD, which initially

captured a certain amount of charge. When an external

electric field was applied to the SPPD, these captured

charges were gradually released and depleted, causing the

dark current to decrease at the beginning and reach a quasi-

equilibrium state. When the incident X-ray energy value

Fig. 1 (Color online) Photographs of a the purchased LSSPD-SPB3

SPPD, b SPPD embedded in a beamstop, and c beamstop wrapped

with 3 M black lightproof adhesive tape. d Dark current of the SPPD

embedded in the beamstop and wrapped with 3 M black lightproof

adhesive tape

Table 1 Absolute maximum ratings and electrical and optical char-

acteristic parameters of LSSPD-SPB3 SPPD (T = 25 �C)

Parameter Value

Absolute maximum ratings

Operating temperature, Top (
oC) -25 * ? 85

Storage temperature, Tstg (
oC) -40 * ? 85

Forward current, If (mA) 10

Reverse current, Ir (lA) 1000

Soldering temperature (10 s), Ts (
oC) 260

Parameter Typical value

Electrical and optical characteristics (T = 25 �C)
Spectral range, k (nm) 300 * 1200

Responsivity

Rek=1200 nm (mA/mW) 0.2

Rek=940 nm (mA/mW) 0.5

Rek=650 nm (mA/mW) 0.35

Rek=300 nm (mA/mW) 0.1

Operating voltage, VR (V) 0 * 10

Dark current, ID (VR = 10 V) (nA) 5

Rise time, Tr (VR = 10 V) (ns) 50
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was near the Cu K-edge, approximately 9 keV, the X-ray

intensity was approximately 1012 cps at beamline 1W2B of

the Beijing Synchrotron Radiation Facility (BSRF), which

corresponds to an irradiation power of approximately 1.44

mW. The response current induced by the transmission

beam was usually in the range of several hundreds of lA to

a few mA when measuring the K-edge X-ray absorption

spectra of the transition metals using this SPPD. Compared

to the dark current of 17 nA, the dynamic range of this

SPPD at nearly 9 keV was approximately 104–105. Theo-

retically, this SPPD can be sufficiently used for the K-edge

XAFS measurements of transition metals.

3 XAFS data acquisition

The feasibility of this SPPD used for XAFS measure-

ments was verified at beamline 1W2B of the BSRF. The

storage ring was run at 2.5 GeV with an electron-beam

current of approximately 250 mA. The X-ray energy range

of beamline 1W2B was between 5 to 18 keV, which can be

monochromized by a Si(111) monochromator with an

energy resolution (DE/E) of approximately 2 9 10–4. The

X-ray spot size was approximately 1.0 (H) 9 0.5 (V) mm2

at the sample position. The X-ray photon flux was

approximately 1.0 9 1012 photons/s at the Cu K-edge

(8979 eV). To assess the feasibility of the SPPD used for

XAFS measurements, conventional K-edge XAFS spectra

and HF sampling K-edge XAFS spectra of the standard Cu

foil were collected. By replacing the detectors, three groups

of detector combinations labeled FD-RD (including IC-IC,

IC-SPPD, and DD-SPPD) were used in the conventional

XAFS measurements, where FD represents the front

detector (I0) in front of the sample and RD represents the

rear detector (I1) behind the sample. When the DD was

used as the front detector [23], the sensitive area was

10 9 10 mm2. The thickness of the diamond film was

0.5 mm and a bias voltage of 300 V was applied to both

sides of the diamond film. Because the large size of the ion

chamber is unavoidable, the ion chamber is not considered

in the HF sampling mode that is mainly used for the

combined technique. Therefore, in the HF sampling XAFS

measurements, only one group of detector combinations,

labeled as DD-SPPD, was used to collect the XAFS

spectra. The main difference between the conventional

XAFS mode and the HF sampling XAFS mode was that the

974 counter was used in the conventional XAFS mode,

whereas a high-speed counter card was used in the HF

sampling XAFS mode. A schematic of the two sampling

modes is illustrated in Fig. 2. For comparison, the XAFS

spectra collected with different detector combinations were

directly labeled as FD-RD, where the front detector (FD)

was used to record the X-ray intensity (I0) in front of the

sample and the rear detector (RD) was used to record the

X-ray intensity (I1) behind the sample. All collected XAFS

data were processed and analyzed using a comprehensive

Demeter [27] program.

4 Results and discussion

4.1 Feasibility of SPPD for XAFS measurements

The Cu K-edge X-ray absorption spectrum of the Cu foil

was first collected using the DD-SPPD detector combina-

tion in the conventional mode, as shown in Fig. 3a. As a

reference, the Cu K-edge X-ray absorption spectrum of the

Cu foil was then collected with the IC-IC detector com-

bination in the conventional sampling mode, as shown in

Fig. 3a. By comparing the two X-ray absorption spectra, it

was found that the fine structures and oscillation ampli-

tudes of IC-IC and DD-SPPD were nearly the same. Based

on Fig. 3b, c, these two XAFS spectra are highly consistent

both in the k-space and R-space, further confirming the

consistency of the spectral characteristics collected by the

two detector combinations of IC-IC and DD-SPPD. Fur-

thermore, the repeatability of the XAFS data was verified

by comparing three independent XAFS scans of the Cu foil

Cu K-edge, as shown in Fig. 3d. From the three XAFS

spectra repeatedly acquired using the DD-SPPD detector

combination, the three Cu K-edge X-ray absorption spectra

were found to be nearly the same, presenting excellent

repeatability. This result indicates that in addition to the

SPPD not being damaged by the continuous X-ray radia-

tion, the XAFS data quality collected by the DD-SPPD

detector combination was approximately the same as that

collected by the widely used IC-IC detector combination.

As indicated, the incident X-ray intensity was

Fig. 2 Schematic diagram of conventional (route 1) and HF sampling

(route 2) XAFS measurement modes
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approximately 1012 cps in the Cu K-edge XAFS spectra

measurements. As a conservative estimate, a total of

20 min were required for acquiring a complete XAFS

spectrum in the conventional XAFS sampling mode or step

scanning mode. The SPPD was continuously exposed to

the transmission X-ray beam for tens of minutes in a single

XAFS scan; whereas in the HF sampling mode, the con-

tinuous exposure time of the SPPD was only for a dozen

seconds. The reproducibility of the XAFS spectral char-

acteristics in the conventional XAFS measurements clearly

indicates that irradiation damage did not occur in the

SPPD, as it was used to record the XAFS signals. The

lifetime of SPPD depends on the exposure time in addition

to the irradiation dosage. Namely, this type of photodiode

can be stably used for the collection of transmission XAFS

data if the incident X-ray flux is not higher than 1012 cps.

Based on these results, visible and infrared photodiodes can

be sufficiently used for the acquisition of the transmission

X-ray absorption spectra, verifying the feasibility of SPPD

used for XAFS measurements.

4.2 Comparison of detector combinations

The aforementioned results confirm the feasibility of the

DD-SPPD detector combination for conventional trans-

mission XAFS measurements. The IC-SPPD detector

combination was also used to collect the Cu K-edge X-ray

absorption spectrum of the Cu foil, and the obtained XAFS

spectrum was labeled IC-SPPD. For comparison, the con-

ventional Cu K-edge XAFS spectrum of the Cu foil col-

lected with the IC-IC detector combination was used as a

reference. The three Cu K-edge X-ray absorption spectra of

the Cu foil are shown in Fig. 4a, b. The three detector

combinations can obtain nearly the same X-ray absorption

spectra as that in the E-space or the XAFS curves in the k-

space. Apparently, both DD and IC can be used as the front

detectors when SPPD is used as the rear detector; the two-

detector combinations of DD-SPPD and IC-SPPD are

feasible for XAFS measurements.

To quantitatively evaluate the difference between the

two XAFS curves, a deviation factor (Q) was defined as

follows:

Fig. 3 (Color online) Cu K-edge XAFS spectra of Cu foil in E-space
(a), k-space, (b) and R-space (c) collected by different combinations

of front and rear detectors (IC-IC and DD-SPPD) with the

conventional XAFS transmission mode. Three independent absorp-

tion spectra of Cu K-edge (d), confirming the repeatability of XAFS

data collected by the SPPD
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Q ¼
XN

i

Yi � Y0ij j=
XN

i¼1

Y0i � Y0

�� ��: ð1Þ

Here, Y0, Y, and Y0 indicate the reference function,

function to be estimated, and mean value of the reference

function, respectively, N indicates the number of data

points, and subscript i denotes the ith data point. The

Q value calculated using Eq. (1) indicates the statistical

average of the relative difference of a single data point

between the curve to be estimated and the reference curve.

A smaller Q value indicates a higher similarity between the

two curves. After considering the possible errors, if the

calculated Q value was less than 0.25, the two related

curves were considered to be roughly the same. When the

two curves were exactly the same, the Q value was equal to

zero. Considering the data collected with the conventional

IC-IC detector combination as the reference data, the cal-

culated Q values for the three X-ray absorption curves

shown in Fig. 4a are 0 (IC-IC), 0.024 (IC-SPPD), and

0.024 (DD-SPPD). The calculated Q values for the three

XAFS curves shown in Fig. 4b are 0 (IC-IC), 0.121 (IC-

SPPD), and 0.116 (DD-SPPD).

The calculated Q values demonstrate that the DD-SPPD

and IC-SPPD detector combinations can acquire XAFS

data closer to the reference data collected by the IC-IC

detector combination; however, the IC-SPPD detector

combination presents slight glitches on the XAFS spectrum

compared to that collected by the IC-IC detector combi-

nation. This is because the IC and SPPD exhibited slightly

different responses to the X-ray energy, as shown in

Fig. 4c. Consequently, certain unnecessary and harmful

glitches were not sufficiently removed and were superim-

posed on the XAFS spectrum. By comparing the responses

of the IC, SPPD, and DD to the X-rays, nearly all the

details can be found to have a one-to-one correspondence;

however, the response ratio in pairs among the three

detectors was only approximately linear, as shown in

Fig. 4d. The slightly different responses of the detectors to

the X-ray leads to minor deviations between the X-ray

spectra or the XAFS curves recorded by the different

detectors. Regardless, the IC-SPPD and DD-SPPD detector

combinations for XAFS data acquisition remain feasible.

4.3 HF sampling XAFS data acquisition

In addition to the conventional XAFS measurement

scheme, a new sampling scheme, HF sampling XAFS

transmission, was tested when the beamstop-coupled SPPD

Fig. 4 (Color online) Cu K-edge XAFS spectra of Cu-foil in E-space
(a) and k-space (b) collected with IC-IC, DD-SPPD, and IC-SPPD

detector combinations in a conventional transmission mode as well as

their differences. c The X-ray intensity responses at different energies

recorded by the IC, DD, and SPPD detectors. d The intensity response

ratios of SPPD to IC and SPPD to DD at different energies
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was used as the rear detector. In the HF sampling scheme,

the XAFS signals were collected in the transmission mode,

and a high-speed counting module (NI 9223) was used for

data collection. A high-speed counting module was used

for the Cu K-edge XAFS measurements of the Cu foil at

three sampling frequencies (1, 10, and 100 kHz). Here, the

sampling frequency represents the number of times that an

experimental signal (X-ray intensity) was repeatedly read

in one second. Thus, the X-ray intensities in front and

behind the sample were repeatedly read 103, 104, and 105

times per second at the three respective sampling fre-

quencies. Note, the sampling rate of this high-speed

counting card was higher than that (5000 data points/s) of

IK220 [21]. A higher sampling rate can significantly

improve data quality by raising the statistics.

For a typical XAFS spectrum covering an energy range

of 1000 eV, the total measurement time of the XAFS

spectrum in the HF sampling scheme was controlled within

a few seconds (8 s) in the transmission mode at BSRF.

Namely, each XAFS spectrum contains 8000, 80,000, and

800,000 data points under the three sampling frequencies.

Figure 5a presents the raw Cu K-edge XAFS spectra of the

Cu foil collected using the DD-SPPD detector combination

at sampling frequencies of 1, 10, and 100 kHz. Note, the

HF sampling XAFS data are clearly different than that of

the conventional XAFS data in appearance. It is difficult to

determine the data qualities and features from the raw HF

sampling XAFS data. To save time, the XAFS data are

usually recorded in chronological order (time dimension)

in these HF sampling XAFS measurements. The XAFS

data are required to be converted from the time domain into

the energy space for a subsequent data analysis. Another

important issue is that the HF sampling scheme does not

increase the energy resolution of the XAFS spectra, how-

ever drastically increases the number of data points.

Therefore, in addition to the abscissa transformation, an

appropriate statistical average for the HF sampling XAFS

data is necessary. Typically, for an XAFS spectrum cov-

ering an energy range of approximately 1000 eV, it is

sufficient to retain a few hundred data points. Under 103,

104, or 105 sampling frequencies, the entire X-ray

absorption spectrum recorded by the HF sampling

scheme can be roughly divided into 800 time segments in

chronological order. Each time segment had approximately

10, 100, or 1000 raw data points. These raw data points in

each time segment must be summed and averaged to form

one reduced data point. After data pre-processing, each

XAFS spectrum was statistically averaged into 800 data

points. Conservatively, this data preprocessing did not

reduce the energy resolution. The 800 data points reserved

for each XAFS spectrum were generally more than those

for the traditional XAFS spectrum. The statistical average

not only reduces the number of data points, but also sig-

nificantly improves the SNR of the XAFS spectrum, as

shown in Fig. 5b. Note, all three HF sampling XAFS

spectra had 8 s data acquisition times; however, their SNRs

after the statistical average preprocessing were different.

For an energy region with a span smaller than the energy

resolution, the XAFS signal can be regarded as approxi-

mately constant if the sampling frequency is sufficiently

high. Therefore, the HF sampling scheme is equivalent to

the repeated measurements of an approximately constant

quantity and different sampling frequencies correspond to

different repetitive measurement times. A higher sampling

frequency leads to a greater statistic and lower noise. When

the sampling frequency was as low as 1 kHz, the XAFS

Fig. 5 (Color online) Cu-foil

raw (a) and pre-processed

(b) HF sampling XAFS spectra

collected with the DD-SPPD

detector combination at three

sampling frequencies (from

bottom to top: 1, 10, and

100 kHz)
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spectrum after the statistical average remained too noisy,

resulting in the failure of the XAFS spectrum, as shown in

the curve at the bottom of Fig. 5b.

To convert the abscissa of the HF sampling XAFS

spectra from chronological order (time domain) to the

energy space, the absorption-edge position was first

determined and marked as E0, which corresponds to the

first-derivative maximum of the XAFS spectrum. For a

typical double-crystal monochromator, its rotation in the

Bragg angle (h) space is usually uniform. This indicates

that the Bragg angle of the Si(111) monochromator linearly

changed following the formula h-h0 = x (t-t0). where h0
indicates the Bragg angle corresponding to the absorption

edge of the element to be measured, t0 is the time required

for the monochromator to rotate to the absorption edge of

the element, and x is the rotation angular velocity of the

monochromator. Based on the linear relationship between

the Bragg angle (h) and rotation time (t), the data point

distribution of the HF sampling XAFS spectrum was also

uniform in the Bragg angle space. The abscissa of the HF

sampling XAFS spectra can be converted from the Bragg

angle (h) to the incident X-ray energy (E) using the fol-

lowing formula:

EðeVÞ ¼ hc

2dð111Þ sin h
¼ 1977

sin h
; ð2Þ

where h is the Planck’s constant (6.626 9 10-34 J�s),
c is the velocity of light (2.998 9 108 m�s-1), and d(111) is

the interplanar spacing of the Si(111) crystal plane

(3.1357 Å). For the Cu foil sample, the absorption edge

energy of the Cu K-edge (E0) was 8979 eV. After reducing

the number of data points and converting the abscissa to the

energy space, the three XAFS spectra with sampling fre-

quencies of 1, 10, and 100 kHz were also compared, as

shown in Fig. 5b. Evidently, within the sampling frequency

range of our investigation, a higher sampling frequency

improved the data quality and SNR. This is because a

higher sampling frequency indicates a greater number of

measurements, thus improved statistical data.

4.4 Comparison of HF sampling XAFS spectra

To verify the data quality of the HF sampling XAFS

spectra acquired by the SPPD, the Cu K-edge XAFS

spectrum collected with the DD-SPPD detector combina-

tion and the 100 kHz sampling frequency was compared to

the reference spectrum that was collected by the IC-IC

detector combination in the conventional sampling mode.

The E-space X-ray absorption spectra and k-space XAFS

spectra of the Cu foil are shown in Fig. 6a, b, respectively,

which demonstrates that regardless of the E-space or k-

space, the HF sampling XAFS spectrum collected within a

few seconds was very similar to the conventional XAFS

spectrum collected within a few minutes, except for the

fact that the SNR of the HF sampling XAFS spectrum was

slightly worse. Considering the data with the IC-IC

detector combination as a reference, the calculated Q factor

was 0.017 for the X-ray absorption spectrum with the DD-

SPPD detector combination shown in Fig. 6a, or 0.213 for

the XAFS spectrum with the DD-SPPD detector combi-

nation shown in Fig. 6b. This result demonstrates that in

addition to the SPPD detector being used for the collection

of conventional XAFS spectra, it can also be used for the

data acquisition of HF sampling XAFS. Furthermore, the

Fourier transform spectra in the R-space and the isolated

single-shell XAFS oscillations in the k-space were extrac-

ted, as shown in Fig. 6c, d, respectively. Similarly, the

calculated Q factors were 0.121 and 0.068 for the Fourier

transform spectrum and single-shell XAFS curve, respec-

tively. Although the Q factor was defined in Eq. (1) to

describe the similarity between the two curves, it was

found that the calculated Q values were slightly different

for the same data in the E-space, k-space, and R-space.

Evidently, the Q-value calculated for the data in the k-

space was the most sensitive to the curve deviation. A

quantitative comparison between the HF-sampling and

conventional XAFS spectra was also performed by fitting

the nearest-neighbor single-shell XAFS oscillations of the

Cu foil. The fitting curves are shown in Fig. 6c, d, and the

fitting parameters are listed in Table 2.

The XAFS fitting results indicate that the fitting

parameters of the nearest-neighbor structure are nearly the

same for the 100 kHz HF sampling XAFS and conven-

tional XAFS spectra. This study demonstrates that the

SPPD is not only capable of being sufficiently applied for

conventional XAFS measurements, but can also be suffi-

ciently used for HF sampling XAFS measurements. The

small size of the SPPD and ease of assembly with a

beamstop makes it capable for use in a combined tech-

nique, including the XAFS measurement. The good per-

formance of this SPPD in the HF sampling XAFS

measurements proves that it can be sufficiently applied to

time-resolved experimental measurements within seconds.

5 Conclusion

In this study, a commercial LSSPD-SPB3 silicon PIN

photodiode was coupled in a beamstop to form a small

detector. This detector was tested for conventional and HF-

sampling XAFS data collection. By comparing the XAFS

spectra collected with IC-IC and DD-SPPD detector com-

binations, the following conclusions can be drawn: (1) The

SPPD detector sufficiently matches with a diamond-film

detector, and the DD-SPPD detector combination can be

used for XAFS data collection. (2) The SPPD as the rear
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detector can be sufficiently used to collect data from con-

ventional XAFS and HF sampling XAFS, verifying the

feasibility of SPPD as the rear detector for XAFS acqui-

sition. (3) The miniaturized SPPD detector is simple and

convenient to use in a combined technique, including the

XAFS measurement.
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