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Diffraction-enhanced imaging (DEI) is a powerful phase-sensitive technique that provides higher spatial resolution
and supercontrast of weakly absorbing objects than conventional radiography. It derives contrast from the X-ray absorption,
refraction, and ultra-small-angle X-ray scattering (USAXS) properties of an object. The separation of different-contrast
contributions from images is an important issue for the potential application of DEI. In this paper, an improved DEI (IDEI)
method is proposed based on the Gaussian curve fitting of the rocking curve (RC). Utilizing only three input images,
the IDEI method can accurately separate the absorption, refraction, and USAXS contrasts produced by the object. The
IDEI method can therefore be viewed as an improvement to the extended DEI (EDEI) method. In contrast, the IDEI
method can circumvent the limitations of the EDEI method well since it does not impose a Taylor approximation on the
RC. Additionally, analysis of the IDEI model errors is performed to further investigate the factors that lead to the image
artifacts, and finally validation studies are conducted using computer simulation and synchrotron experimental data.
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1. Introduction

Conventional radiography is an invaluable tool in medi-
cal, biological, and material fields, and derives contrast from
the differences in the X-ray absorption between tissues. How-
ever, conventional radiography cannot clearly reveal the struc-
tural details of weakly absorbing objects that have identical or
similar absorption characteristics. X-ray phase-contrast imag-
ing (PCI) is a new imaging technique that exploits a contrast
mechanism based on differences in the X-ray refractive index
distribution of an object,[1–7] and it mainly derives contrast
from the phase modulations induced by the object onto the
transmitted X-ray beam. In fact, the behavior of X-rays while
traversing an object can be described by the complex refrac-
tive index n = 1− δ − iβ . The real part δ incorporates the
refractive effects and results in a phase shift (namely phase
modulation), while the imaginary part β describes the absorp-
tion. In X-ray regions, the phase shift is more than 1000 times
larger than the absorption term.[1] This implies that the PCI
technique may provide much higher sensitivity than conven-
tional radiography, especially for weakly absorbing objects
where the absorption differences are very small.

While an X-ray beam transmits through a sample, the in-
teractions between the X-ray and the sample are very com-
plex, involving absorption, refraction, ultra-small-angle X-ray
scattering (USAXS), etc. As one of many effective PCI tech-
niques, diffraction-enhanced imaging (DEI) can generate con-
trast from the X-ray absorption, refraction, and USAXS prop-

erties of an object.[8,9] Moreover, DEI utilizes an analyzer
crystal with high angular sensitivity to measure the three con-
trasts of the object, which dramatically improves the contrast
and spatial resolution of the images. The three contrast mech-
anisms can be utilized to provide three parametric images that
depict, respectively, the physical properties of absorption, re-
fraction, and USAXS produced by the object. In practice, ex-
tracting quantitative X-ray absorption, refraction, and USAXS
information from the images is critical to the research and ap-
plication of DEI. In order to both effectively extract the differ-
ent physical properties and accurately quantify them, several
mathematical methods have been proposed so far.[10–21] The
independent object properties may play a useful role in identi-
fying the structures and features in the object. In recent years,
different information extraction methods, based on the geo-
metrical optics (GO) approximation, have been widely used to
extract quantitative information from the DEI images in bio-
logical, material, and medical fields.[22–28]

In this paper, the improved DEI (IDEI) method, which is
based on Gaussian curve fitting of the rocking curve (RC), is
proposed after comprehensive comparison with typical GO ex-
traction methods in terms of the imaging time and the accuracy
of the extracted information. The objectives of this paper are
to demonstrate the validity of the IDEI method in extracting
quantitative information when time and dose constraints are
relevant. The method is validated by making use of computer-
simulated and experimental synchrotron data.
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2. The principle of DEI
A typical schematic of the DEI setup is illustrated in

Fig. 1(a). The DEI setup consists of a monochromator crystal,
an analyzer crystal, a sample stage between them, and an X-
ray CCD detector. The monochromator crystal is used to select
the energy range of the X-ray from the incident synchrotron
beam and to generate an almost monochromatic X-ray beam.
Then, the monochromatic beam transmitted through the sam-
ple is incident on the analyzer crystal, and the intensity of the
X-ray beam reflected by the analyzer crystal is measured by
a detector.[8] Obviously, a matched monochromator-analyzer
crystal system is introduced in DEI, and the behavior of the
X-rays prepared by the monochromator crystal after passing
through an object is determined by the analyzer. The analyzer
acts as an angular filter of the radiation transmitted through the
object, and can modulate the beam by converting a small X-ray
propagation angular change to a variation in the intensity onto
the detector. The angular acceptance or reflectivity of the ana-
lyzer crystal is characterized by its RC, as shown in Fig. 1(b).
The full width at half maximum (FWHM) of the RC is typ-
ically on the order of a few microradians, which is approxi-
mately equal to the Darwin width (wD) of the crystal, so the
analyzer crystal has a high angular sensitivity. In DEI, varying
image contrast can be obtained at different angular positions
along the RC. In particular, the meaningful positions are at the
peak or the slope of its RC. At the peak position of the RC,
the analyzer crystal is exactly parallel to the monochromator,
and the peak image highlights the so-called extinction contrast
caused by the scattering rejection. At the slope position of the
RC, refraction causes an intensity change. Moreover, the RC
slope acts as a contrast amplifier. The image intensity varia-
tion due to refraction effects becomes greater when the slope
is steeper.[8]

As discussed above, DEI provides a way of imaging var-
ious contrast mechanisms from an object’s X-ray absorption,
refraction, and USAXS properties, and the DEI image thus
contains information about absorption, refraction, and US-
AXS. The information in the image is very rich, but it can
lead to ambiguous image interpretation due to the superposi-
tion between signals. Independent information about absorp-
tion, refraction, and USAXS can be extracted by combining
two or more images acquired at different positions on the RC,
and these are used to present the absorption, refraction, and
USAXS images, namely the parametric images. In fact, the
various contrast mechanisms have their own characteristics,
and they can provide information about the tissue structures
on different scales. The absorption contrast is generated by
the variations in the X-ray absorption coefficient within the
object. The refraction contrast highlights the tissue contours
within the object, and this is more sensitive to density varia-
tions of the weakly absorbing objects than the absorption con-

trast. The USAXS contrast is caused by the presence of textu-
ral structure within the object on a scale smaller than a pixel,
and it may differentiate homogeneous tissues from tissues that
are irregular on a scale of micrometers,[22] which provides a
powerful tool to distinguish between pathologic lesions and
normal tissues. The refraction and USAXS contrast mecha-
nisms are ideally suited to weakly absorbing object imaging
because of the improved sensitivity.
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Fig. 1. (color online) Schematic diagram of the DEI setup (a) and the
RC (b) of the DEI system in the experiment. The measured (dashed
line) RC and fitted (solid line) RC are shown in panel (b), respectively,
and the RC corresponds to a silicon 111 (Si 111) reflection at 10 keV.

3. The quantitative information extraction
method of the DEI images
The classic DEI method was introduced by Chapman et

al. in 1997.[8] The DEI method enables the separation of
the absorption and refraction images by using only two half-
slope images based on a first-order Taylor approximation of
the RC. The simple calculation model facilitates the applica-
tion of the DEI method in practice, which enables it to achieve
widespread applications in medical, biological, and material
fields. However, the DEI method has several intrinsic short-
comings. Most of all, it does not take account of the US-
AXS produced by the object. Actually, the effect of USAXS
is not negligible for biological tissues, and thus the absorp-
tion and refraction images may produce highly erroneous re-
sults when imaging biological tissues. Moreover, USAXS is
an important contrast mechanism that can convey the pres-
ence of microstructures in the object. In order to overcome
the limitations of the DEI method, some mathematical meth-
ods have been proposed to separate the contrasts from absorp-
tion, refraction, and USAXS by combining three or more of
the images acquired at different positions on the RC. Obvi-
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ously, the methods requiring few images have obvious advan-
tages when considering time and dose constraints. In recent
years, an extended DEI (EDEI) method was proposed based
on a second-order Taylor approximation of the RC.[14,15] The
EDEI method utilizes only three images to produce the para-
metric images that depict an object’s projected X-ray absorp-
tion, refraction, and USAXS properties. When the analyzer is
set to be at a given position θ on the RC, the EDEI imaging
model can be expressed as

g(θ ;x,y)

= IR(x,y)
{

R(θ)+
dR
dθ

∣∣∣∣
θ

∆θ (x,y)+
1
2

d2R
dθ 2

∣∣∣∣
θ

×
[
σ

2
s (x,y)+(∆θ (x,y))2

]}
, (1)

where g(θ ;x,y) is the intensity reaching the detector, IR(x,y)
is the apparent absorption intensity, R(θ) denotes the intrin-
sic rocking curve, ∆θ (x,y) describes the refraction angle, and
σ2

s (x,y) denotes the standard deviation of the scattering dis-
tribution, namely the USAXS image. Equation (1) establishes
a nonlinear relationship between the intensity data g(θ ;x,y)
and the absorption, refraction, and USAXS properties of the
object. Obviously, the parametric images can be analytically
calculated if the DEI images are acquired at three distinct an-
alyzer angular positions. However, a second-order Taylor ex-
pansion to the analyzer RC is only a good approximation for
small angular deviations, and this method will lead to impre-
cise results when the refractive and/or scattering deviations are
larger than the FWHM of the RC.

To overcome the limitations of the DEI method, multiple
image radiography (MIR) was also proposed in 2003.[10–13]

MIR has a significant improvement over DEI based on statis-
tical analysis, and it can produce true absorption, refraction,
and USAXS images. As described in MIR, the effect of the
object on the beam is regarded as a linear system in terms of
the angle θ . It has been demonstrated that the intensity data
function g(θ ;x,y) can be expressed as

g(θ ;x,y) =
∫ +∞

−∞

f
(
θ
′;x,y

)
R
(
θ −θ

′)dθ
′

= R(θ)∗ f (θ ;x,y) , (2)

where f (θ ;x,y) represents the angular response function of
the object and characterizes the object. Physically, f (θ ;x,y)
represents the angular intensity spectrum of the transmitted
beam that would result from illuminating the object with a
perfectly collimated incident beam. Obviously, f (θ ;x,y) is
the kernel of Eq. (2), and can be used to estimate the para-
metric images. By introducing a probabilistic interpretation,
f (θ ;x,y) can be described as[14,15]

f (θ ;x,y) = IR (x,y)P(θ ;x,y) , (3)

where the probability density function P(θ ;x,y) describes the
angular distribution of photons participating in USAXS or re-
fraction at location (x,y) in the object plane, and its expression
is given by

P(θ ;x,y) =
1

σs (x,y)
√

2π
exp

(
−(θ −∆θ (x,y))2

2σ2
s (x,y)

)
. (4)

In Eq. (2), the intrinsic rocking curve R(θ) is a known
description of the imaging system. Actually, R(θ) can be well
fitted by a Gaussian curve, and is expressed as

R(θ) = A0 exp
(
−θ 2

2σ2

)
, (5)

where wD = 2σ (2ln2)1/2 and A0 is the area of the RC. By
making use of Eqs. (2)–(5), g(θ ;x,y) can be given by

g(θ ;x,y) =
A0σ IR(x,y)√
σ2

s (x,y)+σ2
exp

(
−(θ −∆θ(x,y))2

2(σ2
s (x,y)+σ2)

)
. (6)

The IDEI method is proposed based on Eq. (6). Because
the second-order Taylor expansion represents an inadequate
approximation of the RC, the IDEI method exhibits significant
advantages when compared with the EDEI method.

By making use of the logarithm, equation (6) can be ex-
pressed as

ln [g(θ ;x,y)] = aθ
2 +bθ + c, (7)

where 

a =
−1

2(σ2
s (x,y)+σ2)

,

b =
∆θ(x,y)

(σ2
s (x,y)+σ2)

,

c =− ∆θ 2(x,y)
2(σ2

s (x,y)+σ2)
+ ln(A0σ IR(x,y))

− 1
2

ln(σ2
s (x,y)+σ2).

(8)

By choosing three distinct analyzer crystal orientations, θ1, θ2,
and θ3, we can obtain

ln[g(θ1;x,y)] = aθ 2
1 +bθ1 + c,

ln[g(θ2;x,y)] = aθ 2
2 +bθ2 + c,

ln[g(θ3;x,y)] = aθ 2
3 +bθ3 + c.

(9)

According to Eq. (8), the solution of Eq. (9) provides
three parametric images, namely the apparent absorption im-
age IR(x,y), the refraction angle image ∆θ (x,y), and the US-
AXS image σ2

s (x,y). In general, the MIR method requires
more than five images in quantitative information extraction,
while the IDEI method needs only three. In contrast to the
MIR method, IDEI significantly reduces possible radiation
doses while circumventing the limitations of EDEI.
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4. Analysis of IDEI model errors
In the IDEI model, it is very important to investigate the

factors that give rise to quantitative information extraction er-
rors. In this section, we will analyze the effect of such errors
on the fidelity of the reconstructed parametric image. In the
process of measurement and digitalization, the image data will
inevitably generate a rounding error due to the limitation of the
sensitivity of the CCD device. Assuming that the bit depth of
the measured image is n and that gmax is used to represent the
maximum intensity detected by the detector, then the detected
intensity of the X-ray is divided into 2n parts, so the accurate
extent of the measured data will be gmax/2n. The rounding
error corresponds to the following formula:

|ε| ≤ gmax/2n+1. (10)

Actually, the measured intensity g0(θ ;x,y) is given by

g0(θ ;x,y) = g(θ ;x,y)+ ε, (11)

where g(θ ;x,y) is the theoretical intensity of the X-ray beam
transmitted through the sample. By making use of the loga-
rithm, equation (11) can be expressed as

ln [g(θ ;x,y)] = ln [g0(θ ;x,y)]− ln
(

1+
ε

g(θ ;x,y)

)
, (12)

where the rounding error ε is very small, and thus a simplified
formula of Eq. (12) is given by

ln [g(θ ;x,y)]≈ ln [g0(θ ;x,y)]− ε

g(θ ;x,y)
. (13)

It is obvious that an error ε/g(θ ;x,y) will be introduced
when solving Eq. (9). Now we define

𝐴=

 θ 2
1 θ1 1

θ 2
2 θ2 1

θ 2
3 θ3 1

 , 𝑥=

 a
b
c

 ,

𝐺=

 ln [g0(θ1;x,y)]
ln [g0(θ2;x,y)]
ln [g0(θ3;x,y)]

 , 𝐸 =


ε

g(θ1;x,y)
ε

g(θ2;x,y)
ε

g(θ3;x,y)

 .

According to Eqs. (9) and (13), we can obtain the following
equation:

𝐴𝑥=𝐺−𝐸. (14)

In the solution of Eq. (14), the relative error is given by

‖δ𝑥‖
‖𝑥‖

≤ cond(𝐴)× ‖𝐸‖‖𝐺‖
, (15)

where ‖•‖ represents the L1-norm, and cond(𝐴) is the condi-
tion number of matrix 𝐴. Equation (15) shows that the relative

error correlates with the values of cond(𝐴) and ‖𝐸‖/‖𝐺‖.
For matrix 𝐴 in Eq. (14), the condition number is determined
by the chosen analyzer crystal orientations θ1, θ2, and θ3.
Thus, the choice of the analyzer crystal orientations plays an
important role in accurately solving the equations. In practice,
the quantitative information can be extracted reliably when the
analyzer crystal orientations are acquired at the peak and the
two middle slopes of R(θ), respectively.[14,15,19] Similarly, the
magnitude of ‖𝐺‖ is also relevant to the analyzer orientations
θ1, θ2, and θ3. In contrast, the effect of ‖𝐸‖ on the relative
error is the most complicated, and ‖𝐸‖ is shown as follows:

‖𝐸‖=
∣∣∣∣ ε

g(θ1;x,y)

∣∣∣∣+ ∣∣∣∣ ε

g(θ2;x,y)

∣∣∣∣+ ∣∣∣∣ ε

g(θ3;x,y)

∣∣∣∣ . (16)

Then,

‖𝐸‖ ≤
∣∣∣∣ 3ε

g(θ0;x,y)

∣∣∣∣ , (17)

where

g(θ0;x,y) = min(g(θ1;x,y),g(θ2;x,y),g(θ3;x,y))

×(θ0 ∈ (θ1,θ2,θ3)). (18)

In DEI, the maximum intensity reaching the detector is
given by

gmax = I0×R(θB). (19)

In Eq. (19), θB is the Bragg angle, where the intensity of the
reflected X-ray reaches its maximum. According to Eq. (5),
equation (19) can be expressed as

gmax = I0×A0. (20)

Additionally, IR(x,y) is computed approximately as

IR(x,y) = I0 exp
(
−2k

∫
L

β (x,y,z)dz
)
, (21)

where k is the wave number and β corresponds to the attenua-
tion coefficient of the object.

Combining Eqs. (6), (10), (17), (20), and (21), the range
of ‖𝐸‖ can be calculated by

‖𝐸‖ ≤ 1∣∣∣∣∣2(n+1)

3
×

Cβ σ√
σ2

s (x,y)+σ2
exp
(
−(θ0−∆θ(x,y))2

2(σ2
s (x,y)+σ2)

)∣∣∣∣∣
,

(22)

where Cβ = exp(−2k
∫

L β (x,y,z)dz).
For a quantitative analysis, min(1/‖𝐸‖) can be inter-

preted as the accuracy of the extracted information as a func-
tion of the simulated ∆θ(x,y), and can be described by the
Gaussian curve as shown in Fig. 2.
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[2↼n⇁↽/3]σCβ √2π
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Fig. 2. Error analyses of the reconstructed images at each pixel for
the different values of refraction angle ∆θ(x,y). The FWHM of the
Gaussian curve is 2.35

√
σ2

s (x,y)+σ2 and the corresponding peak is
2(n+1)σCβ

√
2π/3.

From Fig. 2, we can obtain the following points.
(i) The error increases with the increase in the deviation

between θ0 and ∆θ(x,y). Consequently, a considerable quan-
titative information extraction error may be introduced at the
edge of the object where refraction angle is larger.

(ii) The FWHM of the Gaussian curve is the following
2.35

√
σ2

s (x,y)+σ2, which indicates that the width of the
Gaussian curve will increase in the presence of USAXS. The
introduction of USAXS not only enables the increase in the
obtained range of ∆θ(x,y) when the maximum error is con-
stant, but can also reduce the quantitative information extrac-
tion error.

(iii) The peak value of the Gaussian curve is as follows:
2(n+1)σCβ

√
2π/3. Obviously, the error will exponentially de-

crease with the increase in the image bit depth n. In other
words, an increase of the image bit depth can significantly re-
duce the quantitative information extraction error.

5. Results
In this section, the developed GDEI method is investi-

gated using computer-simulated results and experimental mea-
surements.

5.1. Computer-simulated studies

We refer to the mathematical phantom shown in Fig. 3
according to the model proposed by Chou et al.,[15] which ex-
hibits various combinations of refraction, absorption, and scat-
tering effects. The phantom consists of a uniform Lucite rod
(with radius 3 mm and length 7 mm) and different layers of pa-
per. The Lucite rod, which serves as an absorptive–refractive
object, is placed in front of the layers of paper. The paper is
composed of fibrous structures and represents a scattering ob-
ject that is expected to introduce USAXS, but little refraction
and absorption. In our phantom, different layers of paper are
arranged so that the number of layers of paper range from one
to seven (namely 1, 3, 5, and 7), as shown in Fig. 3. Each layer
of paper, which is 8 mm wide and 1.6 mm high, is assumed to

produce USAXS, which is described by a Gaussian PDF char-
acterized by a variance σ2

0 = 5× 10−12 rad2. Thus, the value
of USAXS can be determined as follows:

σ
2
s (x,y) = N(x,y)σ2

0 , (23)

where N(x,y) is the number of scattering layers at position
(x,y). The phantom, illuminated by the X-ray energy of
20 keV, is characterized by a complex-valued refractive index
n = 1− δ − iβ (δ = 6.666× 10−7 and β = 2.854× 10−10).
Additionally, the theoretical value of ∆θ(x,y) can be expressed
as

∆θ(x,y)≈
∫

L

∂δ (x,y,z)
∂x

dz, (24)

where L denotes the path of the beam through the object. The
value of IR(x,y) is calculated according to Eq. (21), and the
wave number k is 1.61×107 mm−1.

7

5

3

1

Lucite paper layers

Fig. 3. Schematic diagram of the phantom used in the computer simulation.
The phantom consists of a Lucite rod and different thickness sheets, and the
arrangement of the paper introduces varying amounts of USAXS.

In this study, DEI images of the phantom can be acquired
at different positions along the RC by means of Eq. (2), and
the functions R(θ) and f (θ ;x,y) are sampled in intervals of
0.1 µrad. The intensity detector contains 400 × 400 elements,
each with the dimension 20 µm × 20 µm. Utilizing three in-
put images, which are acquired at the peak and the two middle
slopes of the RC, respectively, the IDEI and EDEI methods
are utilized to separate the absorption, refraction, and USAXS
information of the phantom.

Figure 4 shows the parametric images reconstructed us-
ing the EDEI method (top row), the 8-bit IDEI method (mid-
dle row), and the 16-bit IDEI method (bottom row). Note that
the 8-bit and 16-bit IDEIs denote the IDEI methods that are
based on 8-bit and 16-bit DEI images, respectively. As shown
in Fig. 4(a), the absorption image reconstructed by the EDEI
method contains artifacts that are pronounced in the upper-
half of the image, where the USAXS is strongest. Moreover,
the effect of the artifacts is reduced as the USAXS decreases.
As a comparison, the artifacts do not emerge in the absorption
images using the IDEI method (Figs. 4(d) and 4(g)), which
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demonstrates the feasibility of pure absorption information
extraction using the IDEI method. In addition, the compari-
son between Fig. 4(d) and Fig. 4(g) shows that the absorption
image reconstructed using the 8-bit IDEI method is severely

subjected to blocky artifacts. These artifacts derive from the
rounding errors in the quantization process of the image, and
can be perfectly solved by enhancing the bit depth of the im-
age, as shown in Fig. 4(g).

 
(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4. Parametric images reconstructed from computer-simulated data. Panels (a)–(i) contain images that depict, respectively, the
physical properties of absorption, refraction, and USAXS produced by the phantom. The absorption, refraction, and USAXS images
are obtained by making use of the EDEI method (top row), the 8-bit IDEI method (middle row), and the 16-bit IDEI method (bottom
row).

The quantitative analysis regarding the refraction images
is revealed by the profiles in Fig. 5. The dashed line in
Fig. 4(b) represents the profile position. Figure 5 contains the
calculated profiles through Figs. 4(b), 4(e), and 4(h). These
profiles are obtained using the EDEI, 8-bit IDEI and 16-bit
IDEI methods. For comparison, the corresponding theoretical
profile is also shown in Fig. 5. The image profiles confirm
that all the methods show good agreement with the theory in
regions where the refraction angles introduced by the rod are
not very high. However, the difference between the methods is
very pronounced at the Lucite rod boundary locations, where
strong refraction occurs. At the edge of the Lucite rod, the
calculated values from the 16-bit IDEI method are consistent
with the theoretical values, the 8-bit IDEI method shows a dis-
crepancy compared with the theoretical values, and the refrac-
tion angles are highly underestimated in the case of the EDEI
method. As discussed above, a considerable quantitative infor-
mation extraction error in the IDEI method may be introduced
at the edge of the object, and the increase in the image bit
depth can significantly reduce the corresponding error. For the
EDEI method, the difference can be explained by the fact that
the second-order Taylor approximation fails when the refrac-

tion angle is larger than the FWHM of the RC.
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16 bit IDEI
theory

Fig. 5. (color online) The comparison among the refraction angle val-
ues extracted by the EDEI, 8-bit IDEI, and 16-bit IDEI methods. The
profile position corresponds to the dashed line in Fig. 4(b). The values
extracted by various methods are compared with the theoretical profile.

In order to study the effect of USAXS on the refraction
information extraction, the calculated refraction angles at the
right edge of the rod are presented in Table 1. As shown in
Table 1, the refraction angles extracted with the 16-bit IDEI
method accord with the theoretical values perfectly. However,
the refraction angles extracted with the 8-bit IDEI method de-
viate from the theoretical value. Moreover, the deviation di-
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minishes as the introduced value of USAXS increases because
the introduction of USAXS can reduce the quantitative infor-
mation extraction error, as discussed above. Due to the intrin-
sic limitations of the EDEI method, the calculated refraction
angles are significantly lower than the theoretical values, and
this phenomenon will be more evident with the increase in the
value of USAXS.

Table 1. Comparisons among the refraction angles (in units of µrad)
of the Lucite rod extracted by various methods with the increase in the
value of USAXS.

Paper layers Theory EDEI 8-bit IDEI 16-bit IDEI
0 –16.298 –8.542 –14.257 –16.300
1 –16.298 –8.415 –17.545 –16.306
3 –16.298 –8.141 –15.803 –16.299
5 –16.298 –7.851 –16.621 –16.296
7 –16.298 –7.553 –15.983 –16.298

Figures 4(c), 4(f), and 4(i) show the USAXS images re-
constructed using the EDEI, 8-bit IDEI, and 16-bit IDEI meth-
ods, respectively. All these methods are capable of producing
clear USAXS images, and different scattering papers are visi-
ble and distinguishable after reconstruction. However, unlike
the USAXS image produced by the 16-bit IDEI method, ap-
parent linear artifacts are visible at the edge of the rod in the
images (Figs. 4(c) and 4(f)), which represent a form of con-
tamination from strong refraction. This shows that the 16-bit
IDEI method can provide a USAXS image without contam-
ination from the refraction and absorption effects compared
with the EDEI and 8-bit IDEI methods. For a further quanti-
tative analysis, figure 6 contains the vertical profiles through
the USAXS images along the vertical line marked with dashed
line in Fig. 4(c). The image profiles confirm that the 8-bit IDEI
and 16-bit IDEI methods can produce accurate estimates of the
reconstructed USAXS distribution compared with the EDEI
method. The EDEI method can accord with the theoretical
values well in the region corresponding to a single scattering
layer, where the scattering is not strong. However, the values
extracted using the EDEI method are underestimated as the
number of scattering layers increases.
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Fig. 6. (color online) The USAXS profiles from the vertical line across
the images in Figs. 4(c), 4(f), and 4(i), and the profile position corre-
sponding to the dashed line in Fig. 4(c). The results from the EDEI,
8-bit IDEI, and 16-bit IDEI methods are shown, and the corresponding
theatrical values are also presented.

5.2. Experimental studies

The experiment was performed at the 4W1A beamline of
the Beijing Synchrotron Radiation Facility (BSRF). Two per-
fect Si (111) crystals were used as the monochromator and
analyzer. The tunable energy range of the X-ray beam was
3 keV–22 keV, and the X-ray beam energy in the experiments
was set at 10 keV for the plastic cylinder sample. The plas-
tic cylinder was cut from a common ballpoint pen refill. Its
outer diameter was 3 mm and its inner diameter was 1.5 mm.
In order to study the effect of USAXS on the information ex-
traction, paper was introduced and placed behind the plastic
cylinder. The X-ray source was a wiggler that emits radiation,
and whose center was placed 43 m away from the experimen-
tal area. The detector employed an X-ray FDI-18-mm camera
system (Photonic Science Ltd.) with 1300×1030 pixels, and
10.9 µm×10.9 µm per pixel. The detector system had a field
of view of 20 mm×10 mm, with a sample-to-detector distance
of about 30 cm.

The absorption images of the plastic cylinder were recon-
structed using the IDEI method. Figures 7(a) and 7(b) show
the absorption images of the plastic cylinder without and with
the introduction of paper, respectively. Obviously, the two im-
ages look very similar, and exhibit the expected absorption
features of the sample. However, the apparent bright lines at
the edge of the plastic cylinder are visible in Fig. 7(a), and are
a contamination from strong refraction. According to Fig. 2,
the introduction of paper may reduce the corresponding quan-
titative information extraction error, as shown in Fig. 7(b).

 (a) (b)

Fig. 7. The absorption images of the plastic cylinder reconstructed us-
ing the IDEI method without (a) and with (b) the introduction of paper,
respectively.

By making use of the IDEI method, figures 8(a) and 8(c)
show the reconstructed refraction images of the plastic cylin-
der without and with the introduction of paper, respectively.
For comparison, the corresponding refraction images are pre-
sented in Figs. 8(b) and 8(d) using the EDEI method. Quanti-
tative comparison between the reconstructed refraction images
using the two methods is revealed by the profiles in Fig. 9.
Figure 9 contains the calculated profiles from the four images
in Fig. 8, and the dashed line in Fig. 8(a) represents the cor-
responding profile position. As shown in Fig. 9, the profiles
show a basic consistency in regions where the refraction an-
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gles introduced by the cylinder are small. However, the refrac-
tion angles are highly underestimated in the case of the EDEI
method when the profiles appear at the edges of the cylinder.
Moreover, the extracted refraction angles in Fig. 8(a) are con-
sistent with those in Fig. 8(c), and the extracted refraction an-
gles in Fig. 8(d) show obvious underestimation compared with
those in Fig. 8(b). The results imply that the IDEI method al-
lows better separation of the refractive information from US-
AXS.

 (a) (b)

(c) (d)

Fig. 8. Refraction images of the plastic cylinder reconstructed using the
EDEI and IDEI methods, respectively.
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Fig. 9. (color online) The profiles of the refraction images shown in
Fig. 8. The profile position corresponds to the dashed line in Fig. 8(a).

(a) (b)

Fig. 10. USAXS images of the plastic cylinder with the introduction of
paper. Panels (a) and (b) show the USAXS images obtained using the
IDEI and EDEI methods, respectively.

A comparison between the USAXS images extracted us-
ing the IDEI and EDEI methods is shown in Fig. 10. The plas-
tic cylinder with the introduction of paper is used to produce
the USAXS image. Figures 10(a) and 10(b) show the recon-
structed USAXS images using the IDEI and EDEI methods,
respectively. Obviously, the IDEI method can extract the US-
AXS information and display the expected USAXS features of

the sample better. In contrast, the apparent bright lines at the
edge of the plastic cylinder are clearly visible in Fig. 10(b). As
discussed before, this is a type of contamination from strong
refraction.

6. Conclusions
Quantitative extraction of X-ray absorption, refraction,

and USAXS information from the images is a key issue for
potential application of DEI. In this paper, the IDEI method
is proposed and investigated based on the previous EDEI
method, and can produce parametric images that reveal the ab-
sorption, refractive, and USAXS properties of an object. The
IDEI method does not impose a Taylor approximation on the
analyzer RC, and thus it can circumvent the limitations of the
EDEI method well. In practice, the accuracy obtained by the
IDEI method is substantially higher than that achieved by the
EDEI method. Compared with the MIR method, the IDEI
method needs only three images, which is definitely an ad-
vantage in the reduction of the acquisition time and the dose
delivered to the sample. Analysis of the IDEI model errors
is performed to investigate the factors that give rise to quan-
titative information extraction errors. Explicit expressions are
provided to analyze the effect of such errors on the fidelity of
the reconstructed parametric images. Finally, the IDEI method
and corresponding model errors are validated using computer-
simulated and experimental data.
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