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Abstract
In certain exceptional cases, capillary samples must be used to measure X-ray absorption spectra (XAS). However, the inho-
mogeneous thickness of capillary samples causes XAS distortion. This study discusses the distortion and correction of the 
XAS curve caused by the inhomogeneous thickness of capillary samples. The relationship between the distorted XAS curve 
μ′deq (measured values) and the real absorption coefficient μsdeq (true values) of the sample was established. The distortion 
was slight and negligible when the vertical size (2h) of the X-ray beam spot was smaller than 60% of the capillary tube’s 
inner diameter (2Rin). When h/Rin > 1, X-ray leakage is inevitable and should be avoided during measurement. Partial X-ray 
leakage caused by an X-ray beam spot size larger than the inner diameter of the capillary tube leads to serious compressed 
distortion of the XAS curve. When h/Rin < 1, the distorted XAS data were well corrected. Possible errors and their influence 
on the corrected XAS are also discussed. Simulations and corrections for distortions verify the feasibility and effectiveness 
of the corrected method.
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1 Introduction

The X-ray absorption fine structure (XAFS) technique 
is widely used to characterize the chemical valence and 
coordination environments of elements in materials [1, 2]. 
XAFS has been widely used in research on in situ dynamic 

processes due to its sensitivity to local atomic structures. 
For example, research on element chemical valence changes 
during the charging and discharging of batteries [3–7], deter-
mination of active sites in catalytic reactions [8–11], and 
nucleation and growth in the synthesis of nanomaterials 
[12]. In situ sample environment systems and sample cells 
are indispensable in realizing in situ (or operando) XAFS 
measurements. In providing in situ experimental conditions, 
the sample cells often need to be specially designed, even 
those with an irregular shape [13–15]. For instance, the 
in situ small angle X-ray scattering (SAXS)/X-ray diffraction 
(XRD)/XAFS combined technique frequently prioritizes 
capillary sample cell to fulfill the requirements of simulta-
neous measurements with multiple experimental techniques 
[16]. In such a combined measurement, the capillary sam-
ple cell is favorable for the XRD and SAXS measurements 
but not optimum for the XAFS measurement because of the 
variation in sample thickness or the X-ray path length passed 
through the sample. Unlike standard XAFS measurements at 
a uniform sample thickness, distortion and correction must 
be considered in the XAFS spectra collected by the capillary 
sample cell.
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The transmission X-ray absorption spectrum (XAS) fol-
lows the Beer–Lambert Law [17], It = I0exp(−μd), where I0 
is the incident X-ray intensity, It is the transmitted X-ray 
intensity, d is the length of the X-ray path in the sample or 
the physical thickness of the sample, and μ is the absorption 
coefficient of the material. In the range of X-ray energy near-
ing the absorption edge of the measured element in the sam-
ple, the X-ray absorption coefficient μ exhibits an oscillation 
structure known as XAFS signals. By extracting and analyz-
ing the XAFS signals of a specific element, local coordi-
nation information, including the species of coordination 
atoms, coordination numbers, coordination distances, and 
the Debye–Waller factors, can be obtained. Experimentally, 
the transmission mode is commonly used to obtain the XAS 
curve [18–20]. Two gas ion chambers collect the incident 
X-ray intensity (I0) and the transmission X-ray intensity (It), 
which are placed in front of and behind the sample, respec-
tively [21, 22]. The measurement of transmission XAFS 
spectra requires uniform sample thickness. The literature 
has confirmed that the inhomogeneity of sample thickness 
distorts the collected XAFS spectrum [23–25]. When a cap-
illary sample cell is used to measure the transmission XAFS 
spectrum and two ion chambers without spatial resolution 
are used for the data acquisition of the XAFS spectra, the 
XAFS spectrum distortion caused by the cylindrical sam-
ple's different thicknesses is inevitable.

This study derives the distortion of the XAS curve caused 
by the capillary samples. On this basis, a possible method 
for correcting distorted XAFS spectra is proposed. The fea-
sibility of collecting XAFS spectra using a capillary sample 
cell is discussed.

2  XAS distortion

To consider the distortion of the XAS spectrum caused by the 
filling of the cylindrical sample in the capillary sample cell, 
a Cartesian coordinate system with the origin of the coordi-
nates on the central axis of the capillary was established. The 
x-axis is along the axial direction of the capillary, the y-axis is 
in the vertically upward direction, and the z-axis is along the 
incident X-ray direction. In general, the incident X-ray beams 
are not perfectly parallel. The slight divergence (or focusing) 
degree of the incident X-ray beam results in slightly differ-
ent path lengths of the X-rays through the sample, behaving 
as a similar thickness effect. This effect of beam divergence 
is not unique to capillary sample cells but is a commonly 
observed phenomenon in all XAFS measurements. To focus 
on the XAFS distortion caused by the capillary sample cell, 
we assumed that the incident X-rays were parallel beams. In 
addition, we assumed that the central axis of the incident X-ray 
beam was orthogonal to the central axis of the capillary. The 

transverse section of the capillary was in the yOz plane, as 
shown in Fig. 1.

For simplicity, the influence of the air path length change 
on X-ray absorption was not considered for the following rea-
sons: First, the change in air path length caused by different 
thicknesses of the cylindrical samples is negligible. Second, 
the X-ray absorption caused by the air path of the capillary 
samples is basically the same as that of conventional flat-plate 
samples; therefore, no special consideration is required. Third, 
the X-ray absorption curve of the air path is monotonic, pro-
ducing only monotonic variations in the background of the 
XAS curve, and no additional distortion is superimposed 
on the XAFS signals. Therefore, we did not consider X-ray 
absorption by the air path in the subsequent discussion of the 
distortion simulation and correction methods.

The inner and outer radii of the capillary are defined as 
Rin and Rout, respectively. Based on the geometric model of 
the capillary sample cell, as shown in Fig. 1, the X-ray path 
lengths in the sample and capillary wall are only dependent 
on the y-values and independent of the x-values and z-values. 
The X-ray absorption path lengths in the sample and capillary 
wall can be defined as ds(y) and dc(y), respectively, as shown 
in Eqs. (1) and (2).

The absorption coefficients of the sample and capillary 
are defined as μs(E) and μc(E), respectively. In general, the 

(1)ds(y) =

⎧⎪⎨⎪⎩

0, Rin < y

2

�
R2
in
− y2, −Rin < y < Rin

0, y < −Rin

(2)dc(y) =

⎧⎪⎨⎪⎩

0, Rout < y

2

�
R2
out

− y2 − ds(y), −Rout < y < Rout

0, y < −Rout

Fig. 1  (Color online) Geometric model of capillary sample cell used 
as XAS measurements. A Cartesian coordinate system was estab-
lished, and parameters were defined for calculating and correcting the 
distortion of XAS spectra caused by the capillary
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incident X-ray intensity is not uniform in the transverse sec-
tion of the incident X-ray beam and can be expressed as an 
intensity distribution i0(x, y, E) in the xOy plane. Similarly, 
the transmitted X-ray intensity is also not uniform in the 
transverse section of the transmitted X-ray beam. The trans-
mission-beam X-ray intensity distribution can also be writ-
ten as it (x, y, E) in the xOy plane. However, X-ray intensities 
i0(x, y, E) and it(x, y, E) at different locations on the trans-
verse section of the incident and transmission X-ray beams 
cannot be obtained in real-time because the ion chambers 
used to measure the transmission XAFS spectrum do not 
have spatial resolution. X-ray intensity measured by the ion 
chamber is the total incident X-ray intensity I0(E) or the total 
transmission X-ray intensity It(E). The former is the integral 
of i0(x, y, E) over the entire xOy plane, and the latter is the 
integral of it(x, y, E) over the entire xOy plane. In addition, 
the physical thickness of the sample [ds(y)] and the capillary 
wall [dc(y)] is not uniform only in the y direction; thus, the 
absorption thicknesses of the sample [μs(E)ds(y)] and the 
capillary wall [μc(E)dc(y)] only change along the vertical 
(y-axis) direction. Based on this discussion, we defined the 
incident X-ray intensity I0(E), transmission X-ray intensity 
It(E), and projection j0(y, E) of the incident X-ray intensity 
along the y-axis as follows:

The measured XAS curve, which comprises the distortion 
caused by the uneven thickness of the cylindrical sample, is 
described in Eq. (6).

In the equation above, deq is equivalent thickness of a 
cylindrical sample (i.e., the thickness when the cylindri-
cal sample is equivalent to flat-plane sample), and it(x, y, 
E) = i0(x, y, E)⋅exp[− (μs(E)ds(y) + μc(E)dc(y))]. The equiv-
alent thickness of the cylindrical sample was determined 
using Eq. (6), which is related to the distribution of incident 
X-ray intensity but cannot be easily calculated from the cap-
illary geometry. Equation (6) shows the quantitative rela-
tionship between the measured X-ray absorption coefficient 

(3)I0(E) = ∬∞

i0(x, y,E)dxdy,

(4)It(E) = ∬∞

it(x, y,E)dxdy,

(5)j0(y,E) = ∫
+∞

−∞

i0(x, y,E)dx.

(6)
�
�(E)deq = ln

[
I0(E)

It(E)

]
= ln

[
I0(E)

∬
∞
it(x, y,E)dxdy

]

= − ln

[
�

+∞

−∞

j0(y,E)

I0(E)
e−�s(E)ds(y)−�c(E)dc(y)dy

]

μ′(E), including distortion, and the real X-ray absorption 
coefficient μs(E) without distortion. According to Eq. (6), the 
distortion of the XAS curve is related to the capillary param-
eters [ds(y), dc(y), μc(E)] and the normalized incident X-ray 
intensity distribution j0(y, E)/I0(E) in the vertical direction 
(y-axis).

3  Influence of XAS distortion

For further discussion, Eq. (6) can be taken as a function 
of distorted XAS spectra μ′deq versus real X-ray absorption 
coefficient μsdeq, namely μ′deq = f(μsdeq). For simplicity, 
energy E is not explicitly included in this function, because 
the expression of μ′deq versus μsdeq does not change with the 
incident X-ray energy. Therefore, in this study, the discus-
sion of XAS distortion is available for each data point of 
an XAS curve. The three parameters μc, ds(y), and dc(y) in 
Eq. (6) are known in advance from the capillary parameters 
(μc, Rin, and Rout). J0(y) = j0(y)/I0 is the normalized intensity 
distribution of the incident X-ray beam in the vertical direc-
tion. In general, J0(y) can be approximately simulated and 
replaced by a Hann function [26].

The Hann function is a symmetrical distribution func-
tion with its symmetrical axis at y = ε. In this study, ε = 0, 
which means the central axis of the incident X-ray beam, 
was assumed to pass through the central axis of the capillary. 
This assumption is not mandatory for deriving Eq. (6). If the 
central axis of the incident X-ray beam deviates distance ε 
from the central axis of the capillary, then it is sufficient that 
the normalized intensity distribution of the incident X-ray 
beam is expressed as J0(y − ε), no other changes are neces-
sary. The full size of X-ray beam spot in the vertical direc-
tion is 2h. The spatial distribution of X-ray beam spot inten-
sity is also often simulated by a Gaussian function [27, 28]. 
The difference between the two functions is that the Gauss-
ian function is defined in an infinite domain of (− ∞, + ∞), 
and the Hann function is defined in a finite domain of [ε 
− h, ε + h]. Theoretically, X-ray leakage is inevitable in XAS 
measurements if the incident X-ray intensity distribution is 
in an infinite domain of definition. Therefore, the incident 
X-ray intensity distribution can be described as a function, 
such as the Hann function, with a finite domain of definition, 
which seems more appropriate for the XAS measurement of 
a cylindrical sample distributed in the inner diameter of a 
capillary tube than Gaussian function.

(7)J0(y) =

⎧⎪⎨⎪⎩

0, y − 𝜀 < −h
1

2

�
1 − cos

�
𝜋(y−𝜀+h)

h

��
, −h < y − 𝜀 < h

0, h < y − 𝜀
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Under the different vertical sizes (2h) of the incident 
X-ray beam spot, the dependences of the distorted XAS 
spectrum μ′deq on the real X-ray absorption coefficient μsdeq 
were calculated and are shown in Fig. 2a. These calculations 
were performed considering specific capillary parameters: 
Rin = 0.5 mm, Rout = 0.55 mm, ε = 0 mm, and μc = 0.4  mm−1. 
When the vertical size (2h) of the X-ray beam spot is infi-
nitely close to zero, and ds = 2Rin, dc = 2Rout − 2Rin, J0(y) = 1; 
then the function μ′deq = f (μsdeq) converges to a straight line, 
which corresponds to the top line without any distortion. The 
dependence of μ′deq on μsdeq is approximately linear when 
the relative size h/Rin of the incident X-ray beam spot 2h to 
the inner diameter 2Rin of the capillary is smaller than 60%. 
This implies that the XAS data collected using the capillary 
sample cell can be used directly for XAFS analysis without 
further distortion correction.

With an increase of 2h, the distortion of the XAS became 
more pronounced. Figure 2a shows that the Δμsdeq change 
is compressed to a reduced Δμ′deq change in the distorted 
XAS curve. Such an effect is called the “nonlinear compres-
sion effect”, meaning the real XAS amplitude Δμsdeq will be 
distorted to a reduced XAS amplitude Δμ′deq by a cylindri-
cal sample. In other words, a smaller error [δμ′(E)deq] in the 
distorted XAS curve could be further amplified to a larger 
error [δμs(E)deq] in the real XAS curve obtained by correct-
ing the distorted XAS curve.

To further analyze the influence of the distortion caused 
by capillary sample cells with different inner diameters, 
the asymptotic behavior of Eq. (6), or the function μ′deq = f 
(μsdeq), is discussed. First, the lengths of the X-ray path in 

the sample and capillary, and the intensity distribution of the 
incident X-rays, are symmetric functions for the central axis 
of the capillary (y = 0) in the vertical direction. The integral 
range of Eq. (6) can be divided into two parts: from 0 to Rin 
and from Rin to infinity. When 0 < 2h ≤ 2Rin (i.e., the vertical 
size of the X-ray beam spot is smaller than or equal to the 
inner diameter of the capillary), the distorted μ′deq increases 
towards infinity with an increase in real μsdeq, and there is 
no asymptotic behavior. When 2h > 2Rin, the distorted XAS 
μ′(E)deq increases towards a finite value, and the function 
μ′deq = f (μsdeq) reveals an asymptotic behavior, as shown 
in Eq. (8).

This asymptotic behavior demonstrates that as the real 
XAS signal (μsdeq) decreases, the distortion becomes 
smaller, or the consistency between μ′deq and μsdeq 
improves. However, the X-ray absorption coefficient is 
an intrinsic property of the element and does not change 
with experimental conditions. This phenomenon implies 
that the smaller the equivalent thickness (deq) of the sam-
ple, the smaller the distortion. Specifically, when μsdeq 
approaches 0, or the inner diameter of the capillary tube 
approaches 0, the distortion caused by a cylindrical sam-
ple on the measured XAS curve (μ′deq) is negligible, con-
firmed by Fig. 2a. By contrast, the intensity of the meas-
ured XAS signal (μ′deq) would also approach 0 if the inner 
diameter of the capillary tube or μsdeq approaches 0. This 

(8)lim
�sdeq→∞

f (�sdeq) = − ln

[
2∫

+∞

Rin

j0(y)

I0
e−�cdc(y)dy

]

Fig. 2  (Color online) a Relationships between μ′deq and μsdeq, 
i.e., the function of μ′deq = f (μsdeq) with different vertical sizes of 
X-ray beam spot 2h under these capillary parameters Rin = 0.5  mm, 
Rout = 0.55 mm, ε = 0 mm, and μc = 0.4  mm−1. Generally, the μc value 

of the capillary is a monotonous and smooth function of energy E. 
When discussing the curve of μ′ = f (μs) defined by Eq. (6), μc(E) can 
be approximated to a constant. b Curves of defined error sensitivity 
function serr (μsdeq) with different vertical sizes of X-ray beam spot 2h 
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result implies that the larger the inner diameter of the cap-
illary tube or the equivalent thickness deq, the better the 
XAS intensity. The conflicting requirements of the inner 
diameter of the capillary and the equivalent thickness of 
the sample indicate that the inner diameter of the capil-
lary tube should be optimized to an ideal value. Using an 
edge jump of 1 (Δμd = 1) has been widely accepted as 
the ideal thickness of a flat-plane sample [29]. In a capil-
lary sample system, introducing equivalent thickness deq 
enables the transmission X-ray intensity to be expressed 
identically to that of a flat-plane sample. The optimization 
of the sample thickness was exactly the same as that for 
the flat-plane sample. Therefore, the equivalent edge jump, 
Δμsdeq = 1, can also be used to determine the ideal inner 
diameter of the capillary tube. However, arbitrarily chang-
ing the inner diameter of the capillary tube is difficult. 
To a certain extent, edge jump Δμsdeq can be adjusted by 
diluting the sample with low-density and relatively stable 
substances, such as boron nitride (BN). For a capillary 
tube with a fixed inner diameter, the available range of 
μ′deq used for extracting the absorption coefficient (μsdeq) 
should be limited.

To limit the available range that can be used to correct 
the distortion, we defined the knee point of curve μ′deq = f 
(μsdeq) as the upper limit (μsdeff, μ′deff) of the available 
effective data points. With the increase in the vertical size 
of X-ray beam spot 2h, the upper limit (μsdeff, μ′deff) of 
the available effective XAS value decreases. This attrib-
ute means correcting the distorted XAS curve becomes 
increasingly difficult as the X-ray beam spot size increases. 
For a reasonable, quantitative evaluation, the error sensi-
tivity serr is defined as follows:

serr represents error magnification. serr = 0 indicates a com-
plete insensitivity to errors. serr < 1 indicates that the dis-
tortion correction reduces the error. serr = 1 means that the 
error in the μ′deq curve is directly transferred to the μsdeq 
curve without changing the magnitude of the error. serr > 1 
indicates that the distortion correction process amplifies the 
error. The serr (μsdeq) curves, corresponding to these curves 
of μ′deq = f (μsdeq) with different 2h values, can be calculated 
and are illustrated in Fig. 2b. The error sensitivity increases 
rapidly with the increase in μsdeq when μ′deq > μ′deff, espe-
cially in those cases of 2h > 2Rin. Only when 2h < 2Rin can 
the error sensitivity be effectively suppressed at the low end 
of μsdeq. When the distorted XAS curve (μ′deq) is smaller 
than its upper limit (μ′deff), the correction of the distorted 
XAS curve is reliable. Otherwise, the sample has to be 
diluted to fulfill the requirement of μ′deq < μ′deff.

(9)serr
(
�sdeq

)
=

(
d(��deq)

d(�sdeq)

)−1

For estimating the influence of the XAS distortion caused 
by the capillary sample cell on the XAS curve, the Ga 
K-edge XAS curve of the gallium arsenide (GaAs) powder 
without distortion was first collected with a flat-plane sam-
ple at beamline 4B9A of the Beijing Synchrotron Radiation 
Facility (BSRF). The storage ring run at 2.5 GeV with an 
electron-beam current of approximately 250 mA. The pho-
ton flux was approximately 1 ×  1010 photons/s at the Cu-K-
edge (8979 eV). A monochromatic incident X-ray beam was 
generated using a Si(111) double-crystal monochromator 
with an energy resolution (ΔE/E) of approximately 3 ×  10−4. 
The GaAs sample was diluted with BN powder so that the 
edge jump was 1. The distorted XAS curves with different 
incident X-ray beam spot sizes (2h) can be simulated and 
calculated based on Eq. (6), as shown in Fig. 3a, and used 
to assess the influence of distortion on the XAS curves. To 
observe the difference in those XAS curves, we present in 
Fig. 3a only the data points within a range from 0 to 100 eV 
relative to the absorption edge. The XAFS oscillations 
decrease more significantly with an increase in the beam 
spot size. However, only when 2h > 2Rin can the difference 
in the XAFS oscillations be easily observed. To quantify the 
magnitude of the distortion, we defined the deviation factor 
of the normalized distorted XAS curve μ′(E)deq from the 
normalized real XAS curve μstd(E)d as

where n is the number of data points in μ′(Ei)deq or in the 
real XAS curve μstd(Ei)d. The change in deviation factor 
(Dev) with respect to the vertical size (2h) of the incident 
X-ray beam spot is shown in Fig. 3b. The deviation fac-
tor increased slowly with an increase in the vertical size of 
the incident X-ray beam spot. When the vertical size of the 
incident X-ray beam spot increased to greater than the inner 
diameter of the capillary (i.e., 2h > 2Rin), the deviation fac-
tor increased rapidly. Furthermore, structural parameters, 
including the coordination number (N), coordination bond 
length (R), and the Debye–Waller factor (σ2), were deter-
mined by fitting the XAFS signals extracted from these dis-
torted XAS curves. Relative errors N, R, and σ2 depend on 
the vertical size (2h) of the incident X-ray beam spot, as 
shown in Fig. 3c. Once again, when 2h > 2Rin, the errors in 
these parameters caused by the cylindrical sample increase 
sharply. However, when 2h < 2Rin, the errors in these struc-
tural parameters increased gradually with 2h. Based on a 
theoretically simulated XAS curve, the additional errors for 
structural parameters N, R, and σ2 caused by the cylindri-
cal sample in a capillary sample cell are estimated to be 
0.07%, 0.00%, and 0.00%, respectively, if fixing h = 0.6Rin, 
or 0.96%, 0.00%, and 0.20% if fixing h = Rin. This result 
demonstrates that the additional errors in the structural 

(10)Dev=

{
1

n

∑n

i=1

[|||||
��(Ei)deq − �std(Ei)d

�std(Ei)d

|||||

]}
× 100%,
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parameters were minute when considering only the shape 
effect of the cylindrical sample. However, the deviation of 
the X-ray path length from the ideal sample thickness in a 
cylindrical sample and the insufficient of high statistics for 
the weak edge intensity of the incident X-ray beam may be 
significant sources of error.

4  Correction of XAS distortion

The main purpose of this study was to correct distorted XAS 
data caused by a cylindrical sample in a capillary sample 
cell. Thus, a correction method was proposed for XAS data 

distorted by a cylindrical sample in a capillary. The depend-
ence of μ′deq on μsdeq is shown in Fig. 2a and Eq. (6). When 
a capillary sample cell is used to collect the XAS curve; the 
collected XAS curve is distorted if the vertical size of the 
incident X-ray beam spot is sufficiently large (for example, 
h > 0.6Rin) compared to the inner diameter of the capillary. 
The corresponding measurement parameters, Rin, Rout, μc, 
and 2h, were determined in advance. The relative intensity 
distribution of the incident X-ray beam spot j0(y, E)/I0(E) can 
also be determined in advance or approximately simulated 
by the Hann function in Eq. (7) with the vertical size (2h) 
of the incident X-ray beam spot. Therefore, the relationship 
between μ′deq and μsdeq can be determined. That is, each 

Fig. 3  (Color online) a Normalized distorted Ga K-edge XAS curve 
of gallium arsenide (GaAs) powder in a capillary: inner diameter, 
Rin = 0.5  mm, and outer diameter, Rout = 0.55  mm. Different vertical 
sizes (2h) of the incident X-ray beam spot were used to simulate the 
distorted XAS curves. b Change in deviation factors of the distorted 

XAS curve versus vertical sizes (2h) of the incident X-ray beam spot. 
c Changes in the relative errors of coordination number (N), coordi-
nation bond length (R), and Debye–Waller factor (σ2) versus vertical 
size (2h) of the incident X-ray beam spot. Additional fitting results 
are in the supporting information
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data point in the distorted XAS curve (μ′deq) always has a 
corresponding data point in the real XAS curve (μsdeq). Such 
a corresponding relation between μ′deq and μsdeq, as shown 
in Fig. 2a, can be used to correct the distorted XAS curve.

In beamline 4B9A of the BSRF, the distorted XAS data 
were first collected using a cylindrical powder sample 
packed in a capillary. The synchrotron radiation conditions 
for the experimental measurements were identical to those 
described in Sect. 3 for the XAS measurement of a flat sam-
ple. High-purity amorphous  SiO2 (fused silica) capillary 
tubes with an inner diameter (2Rin) of 1.0 mm and an outer 
diameter (2Rout) of 1.1 mm were selected for the measure-
ments. Its X-ray absorption coefficient μc(E) is known [30]. 
The capillary tube filled with BN-diluted GaAs powder was 
placed horizontally and perpendicular to the incident X-ray 
beam. The central axis of the capillary was adjusted to coin-
cide with the center of the incident X-ray beam. The K-edge 
XAS curves of Ga were collected at vertical X-ray beam 
spots 0.8, 1.0, 1.5, 2.5, and 3.7 mm and labeled D0.8, D1.0, 
D1.5, D2.5, and D3.7, respectively. For reference, the Ga 
K-edge XAS data of a standard GaAs plates were collected 
under the same experimental conditions and labeled Ga-std.

When the vertical cross-section size of the incident X-ray 
beam was greater than the inner diameter of the capillary 
tube (h > Rin), some data points in D2.5 and D3.7 did not 
fulfill the requirement of μ′deq < μ′deff constraint; thus, the 
experimental error of these data points will be greatly ampli-
fied after distortion correction, resulting in the unreliable 
correction values for D2.5 and D3.7. This result confirms 
that the correction of the distorted XAS data fails if the ver-
tical size of the incident X-ray beam spot is too large. The 
distorted XAS curves D1.5 (red dashed line), D2.5 (orange 
dotted line), and D3.7 (blue dashed-dotted line); the cor-
rected XAS curve C1.5 (solid green line); and the reference 
XAS data Ga-std (black circles) without distortion were 
compared, as shown in Fig. 4a. To indicate the differences 
among the three XAS curves, only the data within the range 
of 0 to 100 eV relative to the Ga absorption K-edge are 
shown. The difference between the distorted XAS curve and 
the corrected XAS curve was observed. Although the verti-
cal size (2h = 1.5 mm) of the incident X-ray beam spot was 
still very large and the distortion was severe, a high degree 
of agreement was observed between the corrected XAS 
curve and the reference XAS curve. This result demonstrates 
that the correction method partially corrected the distortion 
caused by the cylindrical sample in the capillary sample cell.

To further verify the effectiveness of this distortion cor-
rection, we compared the deviation factors of the distorted 
XAS curves (D0.8, D1.0, D1.5) with those of the corrected 
XAS curves (C0.8, C1.0, C1.5); these deviation factors 
before and after correction are shown in Fig. 4b. The devia-
tion factor increased with increasing X-ray beam spot size, 
particularly for distorted XAS curves with 2h > 2Rin. After 

the distortion correction, the deviation of the corrected XAS 
curves from the real or standard XAS curves improved sig-
nificantly. For comparison, the deviation factors of the simu-
lated XAS curves are shown in Fig. 4b. The deviation factors 
of the distorted XAS curves acquired experimentally before 
correction were significantly greater than those of the simu-
lated XAS curves. The main reason for this difference is the 
influence of other experimental factors, excluding the capil-
lary sample shape. These additional factors resulted in the 
distorted XAS curves having higher statistical noise or addi-
tional distortion in the experiment; by contrast, the simulated 
XAS curves had no statistical noise and were not affected 
by other experimental factors. For a further comparison, the 
XAFS oscillations were extracted from the distorted and cor-
rected XAS curves. The extracted XAFS spectra were rou-
tinely analyzed to determine near-neighbor structural param-
eters. The coordination numbers obtained from these XAFS 
oscillations are compared in Fig. 4c. GaAs has a zincblende-
type crystal structure, in which each Ga atom is surrounded 
by four As atoms; inversely, each As atom is surrounded 
by four Ga atoms [31]. The coordination numbers extracted 
from the distorted XAS curves (D0.8, D1.0, D1.5) are lower 
than the real coordination number (N = 4). The greater the 
incident X-ray beam spot, the greater the deviation of the 
coordination number. However, the coordination numbers 
extracted from the corrected XAS curves (C0.8, C1.0, C1.5) 
were closer to the actual value of 4. The deviation factors 
and coordination numbers calculated from the simulated 
XAS curves are compared in Fig. 3b–c, respectively.

Inhomogeneous X-ray paths cause a thickness effect 
that attenuates the amplitude of XAFS oscillations 
[23–25]. However, amplitude attenuation mainly leads to 
an underestimation of the coordination number. As shown 
in Fig. 4c, the underestimation of the coordination number 
slowly becomes serious as the incident X-ray beam spot 
size increases but rapidly deteriorates when the incident 
X-ray beam spot size is greater than the inner diameter 
of the capillary tube. We compared these underestimated 
values of the coordination number with the theoretically 
predicted errors shown in Fig. 3c. The underestimated 
values of the fitted coordination number of the experi-
mentally distorted XAFS spectra appeared to be within 
the error of the correction value when 2h was greater than 
2Rin but beyond the error when 2h was less than or equal 
to 2Rin. Evidently, the fitting parameters for the experi-
mental XAFS spectra without distortion correction are 
limited not only by the influence of inhomogeneous thick-
ness but also by other experimental factors, for example, 
the fluctuation of X-ray intensity and divergence. In gen-
eral, the experimental errors are always larger than the 
theoretically predicted values. The estimated error bars for 
the distortion-corrected coordination numbers are shown 
in Fig. 4c. Based on the aforementioned discussion, we 
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posit that correction of the distorted XAS curve is rea-
sonable only when the size of the incident X-ray beam 
spot is smaller than the inner diameter of the capillary 
tube. In other words, XAS measurements with 2h > 2Rin 
should be avoided. This study demonstrates that this cor-
rection method for distorted XAS curves is feasible and 
acceptable only when the size of the incident X-ray beam 
spot is smaller than the inner diameter of the capillary 
tube. Additional fitting details are presented in Fig. S1 
and Table S1. In this study, only the distortion of XAS 
data caused by a cylindrical sample in a capillary sample 
cell was considered. The influence of other factors, for 

example, instrument error and signal-to-noise ratio [32, 
33], is a topic for further research.

5  Conclusion

The distortion of the XAS should be considered when a 
capillary sample cell is used to collect XAS. In this study, 
the dependence μ′(E)deq = f[μs(E)deq] of the distorted XAS 
curves μ′(E)deq on the real XAS curves μs(E)deq was derived. 
Based on the known conditions, including the inner diameter 
Rin, the outer diameter Rout, the X-ray absorption coefficient 

Fig. 4  (Color online) a Normalized XAS curves for distorted sam-
ples D1.5 (red dash line), D2.5 (orange dot line), D3.7 (blue dash-dot 
line), the corrected sample C1.5 (solid green line), and the reference 
sample Ga-std (black circles). b Deviation factors of distorted XAS 
curves D0.8, D1.0, and D1.5 (hollow red squares, left axis); corrected 
XAS curves C0.8, C1.0, and C1.5 (hollow green circles, left axis); 

and simulated XAS distortion curves (solid blue line, right axis). c 
Coordination numbers of Ga–As obtained by fitting the normalized 
XAFS spectra of distorted samples D0.8, D1.0, and D1.5 (red hollow 
squares); corrected samples C0.8, C1.0, and C1.5 (green hollow cir-
cles); and the simulated XAS distortion curves (blue solid line)
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of capillary μc(E), and the intensity distribution on the cross-
section of the incident X-ray beam, the correction curve of 
μ′deq = f(μsdeq) can be calculated. A corrected method for 
the distorted XAS curve was proposed and was identified 
as feasible. This suggests that the distorted XAS data can 
be used for distortion correction only when the vertical size 
(2h) of the incident X-ray beam spot is smaller than the cap-
illary tube’s inner diameter (2Rin). When h/Rin < 0.6, distor-
tion can be ignored. In addition, this correction method can 
be applied to XAS measurements of other sample systems 
with inhomogeneous thicknesses if the thickness change in 
the sample can be mathematically expressed.
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