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Monte-Carlo simulation of neutron coded imaging based on encoding aperture for Z-pinch of large
field-of-view with 5 mm radius has been investigated, and then the coded image has been obtained.
Reconstruction method of source image based on genetic algorithms (GA) has been established.
“Residual watermark,” which emerges unavoidably in reconstructed image, while the peak normal-
ization is employed in GA fitness calculation because of its statistical fluctuation amplification, has
been discovered and studied. Residual watermark is primarily related to the shape and other pa-
rameters of the encoding aperture cross section. The properties and essential causes of the residual
watermark were analyzed, while the identification on equivalent radius of aperture was provided. By
using the equivalent radius, the reconstruction can also be accomplished without knowing the point
spread function (PSF) of actual aperture. The reconstruction result is close to that by using PSF of
the actual aperture. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765701]

I. INTRODUCTION

In order to explore a new energy source and to resolve
the anticipated energy crisis, some countries which lead in
nuclear technology, such as the United States, France, and
other countries, have been doing research of inertial confine-
ment fusion for long time.1–9 Up to now, fusion capsule driven
by Z-pinch has been well developed. In diagnosis of the pro-
cess, the designed field-of-view (FOV) should be larger than
plasma region for tolerating misalignment.10 A large FOV
encoding aperture has been developed to diagnose the cap-
sule driven by Z-pinch. The encoding aperture is derived from
thick aperture.11, 12

The GA is currently recognized as the best globally well-
adapted optimization algorithm,13–15 which has been suc-
cessfully employed in penumbral imaging reconstruction by
Chen.16, 17 However, its efficiency is low. Thus, being com-
bined with convolution realized by fast Fourier transform
(FFT),18 GA could simultaneously assure the effectiveness
and efficiency of the search. The required coded image in
terms of neutron energy deposition in scintillating fiber array
could be also simulated by MCNP code.19

A new phenomenon is discovered in our study. Resid-
ual watermark unavoidably appears in reconstructed images,
while the peak normalization is employed in GA fitness cal-
culation. Residual watermark is primarily relative to the shape
and other parameters of the encoding aperture cross sec-
tion. The properties and preliminary causes of the residual
watermark are analyzed. In addition, the identification on
equivalent radius3, 20 of aperture is established. By using

a)Author to whom correspondence should be addressed. Electronic mail:
huasi_hu@mail.xjtu.edu.cn.

the equivalent radius, the reconstruction can also be accom-
plished without knowing the point spread function (PSF) of
actual aperture. The reconstruction result is close to that by
using PSF of the actual aperture.

II. THE SIMULATION OF THE NEUTRON CODED
IMAGING

The simulation model of neutron coded imaging using
MCNP is shown in Figure 1. The deuterium-tritium fusion
neutron spectrum was employed, and the peak energy is 14.08
MeV. The designed system magnification factor is 5, and the
encoding aperture according to Ress,11, 12 with 6 cm length,
is made of tungsten. The scintillation fiber array consists of
199 × 199 BCF-10 fibers of 500 μm diameter and 10 cm
length. The system is set in air, and the neutron scattering in
the air is neglected. The interaction between neutron and en-
coding aperture has been simulated with bias sampling tech-
nique. And the simulation also involves the process of neutron
energy deposition in scintillation fiber array. The geometrical
parameters in simulation is shown in Table I, the particle num-
ber is the number of the neutrons released from source surface
in bias sampling angle, and the statistical fluctuation and the
corresponding yield are also listed.

TABLE I. Parameters in simulation.

Particle number Statistical fluctuation Neutron yield in source area

108 535 000 0.0402 9.8 × 1010

0034-6748/2012/83(11)/113505/9/$30.00 © 2012 American Institute of Physics83, 113505-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

117.32.153.176 On: Mon, 22 Jun 2015 11:02:09

http://dx.doi.org/10.1063/1.4765701
http://dx.doi.org/10.1063/1.4765701
http://dx.doi.org/10.1063/1.4765701
mailto: huasi_hu@mail.xjtu.edu.cn


113505-2 Zhang et al. Rev. Sci. Instrum. 83, 113505 (2012)

FIG. 1. Simulation model in MCNP.

The neutron source of pill region is set as “E” charac-
ter, shown in Figure 2(a), and Figure 2(b) is its corresponding
coded image.

III. GENETIC ALGORITHM AND RECONSTRUCTION

A. Flow chart of genetic algorithm

Figure 3 shows the flow chart of GA including the ac-
quisition of neutron penumbral imaging and its point spread
function by Monte Carlo method or experiment. In this study,
the original image of pill is set up to be a binary image. If
the neutrons are yielded from a pixel, this pixel value equals
1, and vice versa. The binary image model to be used for de-
scribing the image is conveniently to carry out operation by
GA.

Following are major operators of GA: selection opera-
tor, crossover operator, and mutation operator. The selection
process is usually combined with Elitist model15, 21 to guaran-
tee the survival of the best individual. The crossover operator
of binary image, playing roles as multiplication and inheri-
tance of gene, employs uniform or random R/C (row/column)

crossover16 and window crossover22 methods. The mutation
operator is based on neighborhood pixel variation strategy and
may be used to smooth images.16

B. Fitness value

According to Darwin’s theory of evolution, some crea-
tures owning stronger ability to adapt themselves to environ-
mental change have better opportunity to survive and may
have more descendants. The most important expression which
describes the survival and reproduction of individuals is the
fitness value or evaluation index.

In flow chart (Figure 3) of GA, the fitness value is de-
fined as Euclidean distance, expressed in formula (3), to rep-
resent the deviation of an individual from source image of
the pill. However, the individual image, obtained by binary
image folded with PSF via FFT method, requires normal-
izing operation before doing fitness calculation. There are
two main normalizing operations, one is peak normalization,
and another is area normalization. In the operation of peak
normalization, the operator N(g(x, y)) equals to the max value

FIG. 2. The neutron source of “E” and its image: (a) the 7.15 mm size as pill region image, (b) simulation result.
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FIG. 3. The flow chart of GA.

of g(x, y) expressed as N(g(x, y)) = max {g(x, y)}. And, in the
operation of area normalization the operator N(g(x, y)) equals
to the summation of each pixel value expressed as N(g(x, y))
= ∑∑

g(x, y),

g(x, y) = g(x, y)

N (g(x, y))
, (1)

gi(x, y) = gi(x, y)

N (gi(x, y))
, (2)

fi = fC −
∑ ∑ [

gi(x, y) − g(x, y)
]2

. (3)

Where g(x, y) and gi(x, y) represent the target image calcu-
lated by MCNP and the individual image produced by source
binary image folded with PSF, respectively. fC is a certain

TABLE II. Parameters of GA.

Parameters Value

Population size 70
Generation maximum 3000
Size of Stochastic tournament 3
Probability of uniform R/C crossover (frequency) 0.2(1)
Probability of random R/C crossover (frequency) 0.2(1)
Probability of window R/C crossover (frequency) 0.0(0)
Probability of neighborhood mutation 0.001

constant which guarantees that the fitness value of individual
marked i, fi , is positive.

C. Image reconstruction based on area normalization

There are three kinds of image reconstruction algorithms,
individually by Richardson-Lucy (RL) method,23–25 Wiener
filtering,26 and GA based on area normalization, shown in
Figure 4. The input parameters of GA are listed in Table II.
Unfortunately, both RL method and Wiener filtering require
prior parameters, the number of iterations and signal-to-noise
ratio (SNR). Here, correlation coefficient in expression (4) to
evaluate the performance of reconstruction is introduced to
determine the optimal prior parameters. The closer to 1 the
value of correlation coefficient is, the more similar the recon-
structed image is to the pill source image. To be highlighted,
however, the truth is that the source image is unknown. But re-
constructed image of RL method and Wiener filtering are de-
pended on prior parameters which are difficult to determine.
Hence, GA is more robust in experiment condition

r =
∑∑

f (i, j )f̂ (i, j )
[∑∑

f 2(i, j )
∑∑

f̂ 2(i, j )
] 1

2

. (4)

RL method owns the best reconstruction performance
which has the best correlation coefficient, listed in Table III.
The result from Wiener filtering seems blurry though it has a
better correlation coefficient value than GA result. In view of
image connectivity and distinction of edge, RL and GA show
better adaptability for image reconstruction of fusion neutron
yield image.

FIG. 4. Reconstruction source image by RL method (a), Wiener filter (b), and genetic algorithms (c).
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TABLE III. Correlation coefficients of the results obtained by three recon-
struction methods.

Reconstruction methods Correlation coefficient

RL method 0.9309
Wiener filtering 0.8571
GA 0.7783

IV. RESIDUAL WATERMARK AND ITS CAUSE
OF FORMATION

A. Residual watermark

Certain extra information (Figure 5), which overlies the
reconstructed image in fitness calculation based on peak nor-
malization, distinguishes obviously from the source image.
This image information has not been reported in relative re-
searches yet and is nominated as residual watermark.

Properties of residual watermark are studied and shown
in Figures 6–10. In each figure, the sub-figure (a) is the source
image, while the (b) and (c) show the reconstructed image
by peak normalization and area normalization, respectively.
Compared with peak normalization, area normalization owns
a better reconstruction without residual watermark.

Figure 6 shows reconstruction results of the source set
as characters “XJTU,” with a size of 6.75 mm. Residual wa-
termark also appears in its reconstructed image, if peak nor-
malization is employed in fitness calculation, as shown in
Figure 6(b).

The reconstruction results of the source areas in differ-
ent sizes (2.2 mm and 6.6 mm) are shown in Figures 7 and
8. While peak normalization is employed, the residual water-
mark is unrecognizable in smaller source area (Figure 7(b)),
in contrast it turns to be remarkable in bigger source area
(Figure 8(b)).

The reconstruction results of images encoded by the
apertures with different cross section shapes are shown in
Figures 9 and 10. The aperture corresponding to Figures 9
and 10 is a square and a triangle cross section channel, re-
spectively, and is derived from Figure 1. The source images
used in simulations are the same shown in Figure 2(a). When
the aperture with the square cross section channel is used,
the square residual watermark can be observed in the recon-

FIG. 5. Residual watermark overlies reconstructed source image.

structed image with peak normalization (Figure 9); while the
aperture with the triangle cross section channel is used, the tri-
angle residual watermark can be observed in the reconstructed
image with peak normalization (Figure 10).

In order to study the relationship between the residual
watermark and the GA, the GA program, GENOCOP4.0, de-
veloped by Michalewicz was applied and improved.13, 27 The
main improvements were made on GENECOP4.0 in two as-
pects. On the one hand, FFT was applied to solve the fit-
ness value. On the other hand, the suitable input file was pre-
pared. In Figure 11 (source image is also the same shown in
Figure 2(a)), the residual watermark does not appear in the re-
constructed image with peak normalization. In another word,
the appearance of residual watermark is largely dependent on
search mode of GA. The correlation coefficient corresponding
to Figures 11(a) and 11(b) is 0.6299 and 0.7103, respectively.

As mentioned above, the properties of residual water-
mark are represented as follows. First, the shape of residual
watermark is independent of source image. Second, resid-
ual watermark is impacted by the size of source area. Third,

FIG. 6. “XJTU” characters with 6.75 mm size and reconstruction results based on two normalization methods: (a) source image, (b) peak normalization, and
(c) area normalization.
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FIG. 7. “E” character with 2.2 mm size and reconstruction results based on two normalization methods: (a) source image, (b) peak normalization, and (c) area
normalization.

residual watermark is related to the shape of the aperture
channel cross section. Lastly, residual watermark is affected
by search mode of GA. All in all, residual watermark is the
relevant information of the cross section shape of the encod-
ing aperture and appears once the size of source is roughly
bigger than aperture radius.

B. The analysis of essential causes of residual
watermark

In image pre-processing, image denoising for coded
image was carried out by using adaptive Wiener filtering
(AWF).28 Then denoised image was applied to reconstruc-
tion based on peak normalization, as shown in Figure 12. The
correlation coefficient corresponding to Figures 12(a)–12(c)
is 0.7377, 0.7444, and 0.7071, respectively. With the oper-
ator scale of the selected filter (filtering denoising effects)
increased, the information of residual watermark in peak
normalization becomes unapparent. Therefore, the residual
watermark comes from the weak signal which has high fluc-
tuations and can be removed by denoising method. How-
ever, the reconstructed image of area normalization is less
affected by this weak signal. On the contrary, the reconstruc-
tion performance of peak normalization is sensitive to weak
signal.

In order to study the essential causes of residual water-
mark, as is shown in Figure 13, the information of image

was carried by three kinds of neutrons: uncollided (trace “0”),
large angle scattering (trace “1”), and small angle scattering
(trace “2”), which interact with aperture material.

In order to study the contribution of these three kinds of
neutrons to the reconstructed image, three specific encoding
processes are taken into consideration. First, only uncollided
neutrons involved, the coded result is shown in Figure 14(a),
and the residual watermark overlies the reconstructed re-
sult in Figure 15(a). Second, provided large angle scatter-
ing neutrons are concerned, the coded image is shown in
Figure 14(b), while both peak and area normalization meth-
ods give little information about source image or residual wa-
termark in Figures 15(c) and 15(d). Lastly, if only small an-
gle scattering neutrons are taken into consideration, the coded
image is shown in Figure 14(c), and the reconstructed re-
sult is shown in Figure 15(e). Compared with the result in
Figure 15(a), the reconstructed image in Figure 15(e) gives a
distinct residual watermark.

The mean free path of neutrons in tungsten is of the or-
der of 3 cm at 14 MeV.29 The length of aperture is 6 cm, and
aperture transmission in that case is about 13.5%. Indeed, the
aperture transmission could give importance to aperture ra-
diography similar to computed tomography scan and not to
the source coded image itself.

The differences between area and peak normalization are
important to understand the causes of residual watermark fur-
ther and will be discussed in Sec. VI.

FIG. 8. “E” character with 6.6 mm size and reconstruction results based on two normalization methods: (a) source image, (b) peak normalization, and (c) area
normalization.
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FIG. 9. Reconstruction results of “E” character coded by the aperture
with the square cross section channel: (a) peak normalization and (b) area
normalization.

FIG. 10. Reconstruction results of “E” character coded by the aperture
with the triangle cross section channel: (a) peak normalization and (b) area
normalization.

FIG. 11. Reconstruction results of “E” character reconstructed using im-
proved GENOCOP4.0: (a) peak normalization and (b) area normalization.

FIG. 13. The model of analyzing residual watermark.

V. APPLICATION OF RESIDUAL WATERMARK FOR
IDENTIFICATION OF THE ENCODING APERTURE
PARAMETERS

A. Information extraction from residual watermark

The Hough transform30–32 was introduced as a method of
detecting complex patterns of points in image data. It achieves
this by determining specific values of parameters which char-
acterize these patterns. The residual watermark overlies re-
constructed image by peak normalization is a ring, shown in
Figure 5, when the coding aperture is a round cross section
channel. In this situation, the radius is the applicable param-
eter which characterizes the residual watermark. Radius of
residual watermark was obtained by Hough transform. It is
equal to 0.278 cm. Under the discussion of Sec. IV, the resid-
ual watermark changes in cross section of the encoding aper-
ture channel, so it can be predicted that the radius of resid-
ual watermark should be related to that of the encoding aper-
ture. To verify the relationship between theirs radiuses, sin-
gle section of cylindrical encoding aperture was defined with
the radius of residual watermark, PSF was obtained by sim-
ulating with MCNP code, and the image reconstruction was
carried out by employing GA based on area normalization.
The reconstructed image was shown in Figure 16. The cor-
relation coefficient is 0.7153, which means the result is quite
close to that reconstructed by using PSF of the actual aperture,
listed in Table II. Therefore, the radius of the residual water-
mark is considered as the equivalent radius of the encoding
aperture.3, 20

FIG. 12. The reconstruction results of the normalized peak after denoising by different AWF operator: (a) 7 × 7, (b) 9 × 9, and (c) 11 × 11.
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FIG. 14. The simulation result of “E” character source during different encoding process: (a) uncollided neutron image, (b) large angle scattering neutron image,
and (c) small angle scattering neutron image.

B. Application of the residual watermark

The equivalent radius is obtained from residual water-
mark for actual aperture without knowing the PSF. The pro-
cedure is as follows.

FIG. 15. The reconstruction of “E” character source during different encod-
ing process: (a) uncollided neutron image (peak normalization), (b) uncol-
lided neutron image (area normalization), (c) large angle scattering neutron
image (peak normalization), (d) large angle scattering neutron image (area
normalization), (e) small angle scattering neutron image (peak normaliza-
tion), and (f) small angle scattering neutron image (area normalization).

(1) PSF simulation of a series of cylindrical apertures with
different radius rap.

(2) Reconstruction by GA with peak normalization.
Image reconstruction can be carried on using PSF ob-
tained in (1).

(3) qr∼rap curve obtainment.

The radius of the residual watermark r3 is obtained by
Hough transformation from reconstructed image in step (2).
The residual watermark relative factor is defined as formula
(5),

qr=
r3

rap

. (5)

The qr ∼ rap curve is plotted, and steps (1) and (2) are repeated
at qr = 1 to add data point on qr∼rap curve.

The equivalent radius of the encoding aperture, i.e., rap

corresponding to qr = 1 is obtained by the qr ∼ rap curve. In
Figure 17, the equivalent radius can be obtained as 0.266 cm,
which is close to 0.278 cm in Sec. V A.

FIG. 16. The reconstruction result based on aperture defined by information
of the residual watermark.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

117.32.153.176 On: Mon, 22 Jun 2015 11:02:09



113505-8 Zhang et al. Rev. Sci. Instrum. 83, 113505 (2012)

FIG. 17. The qr∼rap curve.

Further, PSF was achieved by simulation with the cylin-
drical aperture in radius of 0.266 cm. And the source image
was reconstructed by GA with area normalization (Figure 18).
The correlation coefficient of this image is 0.7362, which is
close to the reconstruction result shown in Figure 4(c).

VI. DISCUSSION

According to the results mentioned in Sec. IV, there is
an important difference between area and peak normaliza-
tion for image reconstruction. In area normalization, one con-
straint is added in the normalization process of changing raw
simulation coded images into the data used in fitness calcu-
lation. Only the coded data, the parts of the source informa-
tion on image plane, collected by the detectors are used for

FIG. 18. Reconstruction using the equivalent radius which equals to
0.266 cm.

normalization. Whereas the peak normalization process by
using maximum value in the source information on image
plane is unbounded. The reconstruction based on peak nor-
malization is affected more easily by the fluctuations than it
based on area normalization. In this imaging system, the fluc-
tuations are brought about mainly by the scattering neutrons
of the aperture materials. Therefore, the residual watermark
carrying some information of the encoding aperture could lu-
cidly emerge in the reconstructed image.

As the radius is the selected parameter which character-
izes the residual watermark in the case of the aperture with a
round cross section channel, the parameters of straight lines,
such as the length and orientation, are the suitable parameters
which characterize the residual watermark in the case of the
apertures with a square and a triangle cross section channel.
And the straight line also can be detected by Hough trans-
form. The residual watermark which appears under condition
of the annular aperture33 and pinhole array34 would be dis-
cussed further.

Changing source size to get limit definitely correspond-
ing to just presenting clear residual watermark in recon-
structed results needs to be further studied.

The position of residual watermark overlying the recon-
structed image is closely related to the search process of GA,
the parameters of encoding aperture and the distribution of
source.

The relationship between position of the residual water-
mark and the distribution of source should be studied neces-
sarily, which may provide a criterion for establishing geome-
try central axis of imagining system combining with above
relationship between the residual watermark and encoding
aperture.

Compared with the result in Figure 7(c), the recon-
structed image in Figure 8(c) gives obvious isolated points.
The consistency between the source image and the recon-
structed images is not well, and the feature of the recon-
structed image cannot match with that of the implosion area.
Both of the two reconstructed images are got by area normal-
ization, but the neutron yield per pixel in Figure 7(c) is larger
than that in Figure 8(c), in other words, the SNR per pixel in
Figure 7(c) is larger than that in Figure 8(c). And then, the
isolated points of reconstructed image in low SNR are more
severe. The isolated points phenomenon should be studied,
especially its influence on edge detection for the implosion
images.

VII. CONCLUSION

The simulation system of neutron encoding image was
established. The properties and the essential causes of resid-
ual watermark have been investigated. An identification algo-
rithm of the equivalent radius of encoding aperture has been
put forward based on residual watermark.

The distinguishing feature of reconstructed image em-
bodies in the encoding image which comes from mixed in-
formation of source and encoding aperture. The information
of equivalent radius aperture was obtained by employing GA
based on peak normalization. Then, the reconstruction can be
accomplished by employing GA based on area normalization
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without knowing the PSF of actual aperture obtained by ex-
periment or simulation.

Nevertheless the main information of the encoding aper-
ture was determined, which can provide some applicable as-
pects, e.g., the identification of equivalent radius, and so on.
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