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In inertial confinement fusion (ICF), X-ray coded imaging is considered as the most potential means to diagnose the
compressed core. The traditional Richardson–Lucy (RL) method has a strong ability to deblur the image where the noise
follows the Poisson distribution. However, it always suffers from over-fitting and noise amplification, especially when the
signal-to-noise ratio of image is relatively low. In this paper, we propose an improved deconvolution method for X-ray
coded imaging. We model the image data as a set of independent Gaussian distributions and derive the iterative solution
with a maximum-likelihood scheme. The experimental results on X-ray coded imaging data demonstrate that this method
is superior to the RL method in terms of anti-overfitting and noise suppression.
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1. Introduction

In inertial confinement fusion (ICF), implosion core
imaging is an important way to obtain the information about
the symmetry, uniformity, and hydrodynamatic instability
prosperities of the irradiated source.[1] As to the XingGuang-
II laser facility in China, the yields of deuterium tritium (DT)
neutrons and D3He protons are quite low. However, it can
produce enough X-ray for imaging. Therefore, X-ray imaging
is considered as having the most potential for diagnosing the
compressed core in ICF.

In conventional X-ray pinhole imaging, only a single pin-
hole is adopted. In this case, it is always hard to obtain an
image with enough resolution to gain significant information
about the compressed core. Moreover, its solid angle coverage
is very small and thus it is difficult to use it for core imaging.

In the ICF field, X-ray coded imaging is a good means
for compressed core imaging. Due to a large open area of
aperture, which is perhaps more than 1000 times that of a sin-
gle pinhole, the collect efficiency is greatly increased. Con-
sequently, the signal-to-noise ratio (SNR) of the coded image
could be sharply improved compared with the conventional
pinhole imaging. This is very helpful for core imaging, espe-
cially when the X-ray has a low flux of radiation, such as in our
XingGuang-II laser facility. In addition, as the object points at
different distances from the aperture and casts shadows of the
aperture onto the pictures with different sizes, one can even

construct depth information about the particular object.[2] In a
word, coded imaging is very beneficial to diagnosing the com-
pressed core. In an early study of coded imaging, the Fresnel
zone plate (FZP) is the most used coded imaging technique
for α particles produced by hot electrons or X-rays emitted
from the inside of the Holhraum wall in ICF.[3] At present,
there exist many other kinds of image coding techniques, such
as ring aperture imaging, penumbral imaging, and uniformly
redundant array imaging.[2]

As the coded image is overlapped, it must be effec-
tively deconvolved with appropriate methods. Actually, a
great number of deconvolution methods have been proposed
so far. Most of these methods are based on regularization
by searching for best fitted models subject to the constraints
such as maximum entropy and flatness.[4,5] A remarkable ex-
ception is the Richardson–Lucy (RL) iteration method, which
is based on the maximum likelihood scheme.[6,7] Compared
with the regularization-based methods, the RL method tends
to improve the resolution of the deblurred image and is easy
to implement. Thus, the RL method has received much at-
tention and its many variants have also been proposed. For
instance, Singh et al.[8] presented an adaptively accelerated
RL method by introducing an exponent parameter into the
correction ratio of the RL method. Yongpan et al.[9] pro-
posed an improved RL method by introducing a spatial weight
matrix as local constraint. Their method can strike a good
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balance between preserving image details and suppressing
ringing artifacts. Dell’Acqua et al.[10] proposed a modi-
fied damped RL method to reduce isotropic background ef-
fects in spherical deconvolution. Up to now, the RL method
and its variants have been widely used in many applications
such as remote sensing image deconvolution,[11] fluorescence
images,[12] Doppler broadening spectroscopy,[13] etc. How-
ever, the RL method still has the following disadvantages: (i)
noise would be amplified with the times of iteration increas-
ing, which makes it divergent or observably run away from a
reasonable solution;[14,15] (ii) although the RL method shows
the so-called object-feasibility filtering ability, it may not be
well appropriate for image where the noise does not follow
the Poisson distribution.

In ICF, the noise of a coded image mainly involves pulse
noise by scattering particles or energetic penetrated particles,
and additional noise in the system. The latter can be further
classified into two categories: additive noise induced by ther-
mal scattering and multiplicative noise by quantum gain. Usu-
ally, one system includes multiple components. The noises
from these components interact, which makes them more com-
plex. In our previous work, theoretical analysis and numerical
simulations both proved that the noise in the X-ray coded im-
age follows the Gaussian distribution.[16]

In this paper, we propose an improved deconvolving
method for X-ray coded images in ICF. This method models
the image data as a set of independent Gaussian distributions
and derives the iterative solution with a maximum-likelihood
scheme. As the priori statistical information of the Gaussian
noise model has been integrated into the iteration model, the
proposed method is shown to be much less sensitive to noise
in our coded image, and also to be free of the over-fitting prob-
lem compared with the traditional RL method.

The rest of the paper is organized as follows. A brief re-
view of the theory of the traditional RL method is provided
in Section 2. Then, the model and basic concept of our im-
proved method are presented in Section 3. Section 4 is de-
voted to the experimental results of coded-aperture imaging
respectively from our improved deconvolution method and RL
method, and some discussions are also made in the same sec-
tion. Finally, conclusions drawn from the present study are
given in Section 5.

2. RL method

The RL method, originally introduced by Richardson[6]

and Lucy[7] for deblurring optical image in astrophysics, is a
maximum-likelihood iterative method based on the assump-
tion of Poisson noise distribution.

Assume that Y0,i = (H ∗ X)i = ∑
j

H j−iX j is the conse-

quence from the signal 𝑋 transmitted by the point spread
function (PSF) 𝐻 of system, and the disturbed signals Yi fol-
low Poisson distribution P(Yi|Y0,i) = (YYi

0,i/Yi!)exp(−Y0,i) with
parameter Y0,i for each pixel i.

The maximum-likelihood method is employed to esti-
mate the solution 𝑋̂ by maximizing the likelihood function
L[𝑋] = ∑

i
lnP(Yi|Y0,i).

The basic iteration formula for the RL method is

𝑋̂(n+1) = 𝑋̂(n) ·
(
𝐻R ∗ 𝑌

𝐻 ∗𝑋̂(n)

)
, (1)

where the superscript R denotes the reversal of array in each
dimension, the symbol ∗ the convolution, and the dot “·” the
point-wise multiplication.

3. Proposed improved deconvolution method
In the ICF method, the coded imaging process includes

two steps. The first step is to generate the coded image, in
which a geometrical shadow is cast on the charge-coupled de-
vice (CCD) detector through a large ring aperture irradiated by
X-ray. This image formation process can be written as

𝑌 =𝐻𝑋+𝜂, (2)

where 𝑌 is the intensity of the degraded image in the detector
plane, 𝑋 the spatial distribution in the source plane, 𝐻 the
transmission of the aperture in the aperture plane (i.e., the sys-
tem’s PSF), and 𝜂 the zero mean Gaussian noise, with variance
σ .

The second step is to restore the original source distribu-
tion from the coded image with the deconvolution technique.
In the following, we will show how to restore the coded image
using the proposed improved deconvolution method.

According to Eq. (2), the conditional probability of
Yk (k = 1, . . . ,N) can be expressed as follows:

p(Yk|Xk) =
1√

2πσ
exp

{
−1

2

[
Yk− (HX)k

σ

]2
}
. (3)

The corresponding joint log-likelihood function is then

L(𝑋) = ln
N

∏
k=1

p(Yk|Xk),

= − 1
2σ2

N

∑
k=1

[(Yk− (HX)k)
2]− N

2
lnσ

2− N
2

ln(2π)

= − 1
2σ2

N

∑
k=1

[(Yk− (HX)k)
2]+ c, (4)

where constant

c =−N
2

lnσ
2− N

2
ln(2π)

represents the term independent of Ii.
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The maximum likelihood solution occurs where all the
partial derivatives of L(𝑋) with respect to X j, i.e.,

∂L
∂X j

= ∂X j

[
− 1

2σ2

N

∑
k=1

(Yk− (HX)k)
2 + c

]

= − 1
2σ2 ∂X j

 N

∑
k=1

(
Yk−

(
N

∑
i=1

HkiXi

))2


= − 1
2σ2

[
N

∑
k=1

(
−2Hk jYk +2Hk j

(
N

∑
i=1

HkiXi

))]

=
1

σ2

[
N

∑
k=1

(
Hk j

(
N

∑
i=1

HkiXi

)
−Hk jYk

)]
(5)

are equal to zero.
According to Eq. (5), we can derive the iterative scheme

X̂
(n+1)

j = X̂ (n)
j

N
∑

k=1
Hk jYk

N
∑

k=1
Hk j

(
N
∑

i=1
HkiX̂n

i

) . (6)

As for the linear system, the PSF 𝐻 is spatially invari-
ant. Then Eq. (6) can be rewritten in the following convolution
form:

X̂
(n+1)

j = X̂ (n)
j ·

𝐻R ∗𝑌
𝐻R ∗

(
𝐻 ∗ X̂n

i

) . (7)

4. Experimental results and discussion
It is an important job to study the interaction between a

laser and a target and measure the characteristics of an X-ray
in ICF, such as photon yield, energy spectrum, and source size.

In this section, we use the proposed method and the traditional
RL method to restore the source information of coded images
taken from the XingGuang-II laser facility and the SILEX fa-
cility, respectively. The comparison results and analyses are
given in the same section.

The illustration of the experimental set at the XingGuang-
II laser facility is shown in Fig. 1. Irradiated by a 700-ps pulse
laser with different energy values, the Ti bulk solid target pro-
duces Kα line of Ti. The ring aperture is coated with Au with
a thickness of 10 µm, and its annulus width and external di-
ameter are 5 µm and 1000 µm, respectively. There is also a
pinhole in the center of the ring aperture, whose diameter is
5 µm. The CCD detector is used to record the X-ray coded
image and the pinhole image at the same time. As the pinhole
image can directly show a rough shape of the source, it will
be convenient for us to qualitatively verify the deconvolution
result of the coded image.[1]

laser
Ti 

target
Ring 

aperture
CCD 

detector

Fig. 1. Illustration of the ring aperture imaging experiment.

Figure 2(a) shows an X-ray coded image, and in its center
is the pinhole image. Detailed information about this pinhole
image is shown in Fig. 2(b).
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Fig. 2. The X-ray coded image and the corresponding PSF: (a) coded image, (b) pinhole image, (c) corresponding PSF. The unit for x
and y axes is pixel, which is usually omitted in the figures.

It should be noted that in the image deblurring process,
the pinhole image centred at the coded image must be removed
to avoid its influence on deconvolution results. An ideal PSF is
employed, which is a ring with 211 pixels of inner radius and
6 pixels of ring width (Fig. 2(c)). The deblurred results of the
coded image Y by RL with 50, 500, 2000, 3000, and 5000 it-

eration times are shown in Figs. 3(a)–3(e), while the deblurred
results by our method are shown in Figs. 4(a)–4(e). It can be
seen that the traditional RL method achieves the best result
after about 500 iteration times (the best result is determined
by searching for the minimum variance of the difference be-
tween the original coded image and the generated convolved
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image). However as the iteration times further increase, the
deblurred images by RL turn worse due to its over-fitting. On

the contrary, the deblurred results by our method are all grad-
ually improved through the iteration process.
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Fig. 3. Deblurred results by the traditional RL method with different iteration times: (a) 50, (b) 500, (c) 2000, (d) 3000, and (e) 5000
iteration times.
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Fig. 4. Deblurred results by our proposed method with different iteration times: (a) 50, (b) 500, (c) 2000, (d) 3000, and (e) 5000 iterations.

Figure 5 shows the pinhole image and the best deblurred images by the traditional RL method and our method, respectively.
From it we can find that i) the results by the RL method and our method are in good agreement with those obtained by the pinhole
imaging; ii) the deblurred image by our method has the highest resolution, while the pinhole has the lowest resolution.
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Fig. 5. The best deblurred results by the RL method and our method, as well as the pinhole image: (a) pinhole image, (b) best of RL, (c) best of ours.
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To verify the noise distribution of the X-ray coded im-
age, the best deblurred result by our method is chosen and
then convoluted by the PSF 𝐻 . The noise can be estimated
by subtracting the resulting convoluted image from the origi-
nal coded image, which is shown in Fig. 6(a). The resulting
noise distribution is shown in Fig. 6(b). For comparison, the
Gaussian distribution is shown in the same figure. It can be
seen that the noise of coded image approximately follows the
Gaussian distribution.
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Fig. 6. Comparison of the noise distribution of the coded image with
Gaussion distribution: (a) estimated noise of the coded image, (b) com-
parison of noise distribution.

Subsequently, we measure the fitnesses of the methods
according to the variance of the difference between the orig-
inal coded image and the generated convolved image (herein
the convolved image is generated by the convolving the de-

blurred result with the PSF), which is defined as

∆V (t) def
= var(𝑌 −𝐻 ∗𝑋(t)).

The variances in the whole iteration process for the two meth-
ods are shown in Fig. 7. The fitness value of the RL method
reaches its minimum after about 500 iterations, and then turns
worse as the iteration time increases. However, our method
keeps improving the fitness as the iteration time increases. Ev-
idently, this result is well consistent with the conclusion ob-
served in Fig. 3.
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Fig. 7. Fitnesses of RL and our proposed method.

To validate its robustness to the shape of code aperture,
we also restore the penumbral-aperture image from the SILEX
facility with our method. Different from the ring aperture in
the XingGuang-II laser facility, a circle aperture with a diam-
eter of 800 µm is employed as the coded aperture. A photon
X-ray CCD detector is used to collect the coded image. To ob-
tain the source size, the traditional RL method and our method
are both employed to restore the penumbral image. Figure 8
shows the best deblurred results by the two methods. From
this figure, it can be seen that due to the low signal-to-noise
ratio of the penumbral image, the RL method gives an overfit-
ted result. On the contrary, our method gives a good restored
image with a clear source structure and detail, which indicates
that our method not only has a better ability to prevent overfit-
ting and noise suppression, but also has good robustness to the
shape of the code aperture.
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Fig. 8. (color online) The best deblurred results of the RL method and our method: (a) penumbral image, (b) best of RL, (c) our
method.
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5. Conclusions
X-ray coded imaging is considered as the most promising

means to diagnose the compressed core in ICF. In this paper,
we propose an improved deconvolution algorithm for X-ray
coded imaging. We model the image data as a set of indepen-
dent Gaussian distributions and derive the iterative solution
with maximum-likelihood scheme. With the XingGuang-II
laser facility, we conduct the X-ray ring-aperture coded imag-
ing experiment and deconvolute the coded images with our
method and the RL method, respectively. In addition, we re-
port on the comparison result of deblurred image from the
SILEX facility by using the two methods. The experimen-
tal results show that the deblurred image with our method has
better resolution than the pinhole image; and our method is
superior to the RL method in terms of noise suppression, anti-
overfitting and robustness to the shape of code aperture.

In this paper, a ring aperture and a penumbral aperture are
used for X-ray coded imaging. In future, we will also design
other types of coded apertures, such as the uniformly redun-
dant array, to further improve the SNR and resolution for low-
intensity sources (particularly relevant to the X-ray imaging).
In addition, the object will cast different shadows on the CCD
detector according to its depth information and supply some
computerized tomography (CT) resolution.[3] We will focus

on reconstructing the three-dimensional object by effectively
exploiting the depth information contained in the coded image.
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