
Journal of Physics: Conference Series

OPEN ACCESS

Penumbral imaging with multi-penumbral-
apertures and its heuristic reconstruction for
nuclear reaction region diagnostics
To cite this article: Tatsuki Ueda et al 2010 J. Phys.: Conf. Ser. 244 032061

 

View the article online for updates and enhancements.

Related content
Implosion hydrodynamics and heating
synchronization measurement using X-ray
framing cameras
Mayuko Koga, Keisuke Shigemori,
Hiroyuki Shiraga et al.

-

Experimental investigation to demonstrate
Impact Fast Ignition scheme
Watari T, Azechi H, Nakai M et al.

-

X-ray monochromatic high-speed imager
for FIREX fast ignition research
Hiroaki Nishimura, Minoru Tanabe,
Takashi Fujiwara et al.

-

This content was downloaded from IP address 133.13.161.173 on 27/05/2020 at 08:12

https://doi.org/10.1088/1742-6596/244/3/032061
http://iopscience.iop.org/article/10.1088/1742-6596/244/2/022043
http://iopscience.iop.org/article/10.1088/1742-6596/244/2/022043
http://iopscience.iop.org/article/10.1088/1742-6596/244/2/022043
http://iopscience.iop.org/article/10.1088/1742-6596/244/2/022071
http://iopscience.iop.org/article/10.1088/1742-6596/244/2/022071
http://iopscience.iop.org/article/10.1088/1742-6596/244/3/032056
http://iopscience.iop.org/article/10.1088/1742-6596/244/3/032056
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsubDCam1fAU_oKkzL6gMsGL0VQA_eWoRcSQ3AojO4OQF0OI16161hXmSkVLXLyzD6l14Gb5f-Z2sPD76Wu-omWpyWGZS2pP3gI0WXKEO1HA_0gFzXjPIr_2rnz82CA5GSAECr1vFfQqQ1sZ6iB7TN8Rz2qA0Da7Q8CjNraObHCD5TAQ-goOvMlFtdZBJgey61Xr_Ffs7eLXfuXtG5seB-ChdE1sTI7sApyFBMhn91WC2zvHrb1R&sig=Cg0ArKJSzCDpC6MwMlzl&adurl=http://iopscience.org/books


 

 

 

 

 

Penumbral imaging with multi-penumbral-apertures and its 
heuristic reconstruction for nuclear reaction region diagnostics 

Tatsuki Ueda1, Shinsuke Fujioka1, Shinya Nozaki2, Yen-Wei Chen3, Hiroaki 
Nishimura1 

1 Institute of Laser Engineering, Osaka University, 2-6, Yamada-oka, Suita, Osaka, 
565-0871,Japan 
2
 Transdisplinary Research Organization for Subtropics and Island Studies, 1 Senbaru 

Nishihara, Okinawa, 903-0213 Japan 
3
 College of information Science and Engineering, Ritsumeikan University, 1-1-1 

Nojihigasi Kusatsu, Shiga, 525-8577, Japan 

 
E-mail: ueda-t@ile.osaka-u.ac.jp 
 
Abstract. Imaging of nuclear reaction region is important to clarify heating 
mechanism in a fast-ignition plasma. The nuclear reaction region can be 
identified by hard x-ray and neutron images, which are emanated from the 
heated region. We proposed a novel penumbral imaging that is suitable for 
imaging quanta having strong penetrating power, such as hard x ray and 
neutron. Using multiple penumbral apertures arranged with M-sequence leads 
to two orders of magnitude higher detection efficiency than that with a single 
aperture. In addition, a heuristic method was introduced to a image 
reconstruction procedure for reducing artifacts caused by noise in a penumbral 
image. A proof-of-principle experiment indicates that the proposed imaging is 
superior to the conventional one. 

1. Introduction 
     The fast ignition scheme is investigated to achieve fusion ignition and burn with a relatively small 
laser facility. Institute of Laser Engineering of Osaka University launches FIREX (Fast Ignition 
Realization Experiment) project1 to demonstrate fusion ignition with this scheme. A high-intense 
short-pulse laser must heat locally a fusion fuel for achieving a high gain of fusion energy with the fast 
ignition scheme. Physical processes dominates the local heating can be understand by identifying the 
nuclear reaction region in a fast ignition plasma. Advanced penumbral imaging technique has been 
proposed to obtain two-dimensional images of hard x-rays and/or neutrons emitted from the nuclear 
reaction region. Penumbral imaging2 is suitable for imaging quanta having strong penetrating power, 
such as hard x-rays and neutrons. Penumbral imaging is one of encoded imaging techniques. A 
reconstruction or decoding process is required for obtaining an objective image from the pneumbral 
image. In a conventional penumbral imaging, a reconstructed objective image is distorted mainly due 
to noises and aperture shape uncertainties. A heuristic method is introduced to the image 
reconstruction procedure for reducing the image distortion. It was found in the previous study that 
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neutron yield of 1011 is required for the conventional penumbral imaging.3 This yield is two orders of 
magnitude larger than that predicted for the FIREX project. We used multi-apertures for the penumbral 
imaging. Signal intensity increases with multi-penumbral-apertures arranged in M-matrix compared to 
that with single one, signal increment is proportional to number of the apertures. We carried out a 
proof-of-principle experiment for the proposed imaging technique, which is a combination of the 
heuristic reconstruction method and the multi-penumbral-apertures.  

2.  Heuristic image reconstruction of penumbral image 
     The penumbral imaging4, 5, 6 uses aperture, whose diameter is larger than objective size. The 
penumbral image consists of a uniformly bright region surrounded by a penumbra. Spatial information 
of the objective is contained in the penumbral region. Deconvolution operation is used for the image 
reconstruction in the conventional penumbral imaging. Weiner filter is used to reduce amplitude of 
noise.6 In the case that the amplitude of noise is much lower than that of signal, the use of Weiner filter 
is a simple and straightforward technique to reduce noises, however, in the contrary case, noise is 
difficult to be removed by the Weiner filter. Noise remained in a penumbral image is amplified by the 
deconvolution process. 
     Heuristic method7, 8, 9, which has high tolerance to noise, has been adapted to the reconstruction 
process. In the heuristic method, the optimal objective image is estimated by minimizing the mean 
square difference between an obtained penumbral image and an estimated one. The heuristic method 

was compared with the conventional one. Figure 1(a) is the penumbral image obtained in an 
experiment. Signal to noise ratio (SNR) of the penumbral image is about 17.7. The objective image 
reconstructed by the conventional method is shown in Fig. 1(b). Although SNR of the penumbral 
image is sufficiently high, artifacts are overlapped on the image reconstructed by deconvolution 
process. The clear image without artifacts was obtained with the heuristic method as shown in Fig. 
1(c). The heuristic method clearly excludes artifacts those appear in the conventional reconstructed 
image. 

3. Proof-of-principle experiment of Uniformly redundant array of penumbral aperture 
     Uniformly redundant array of penumbral aperture (URPA) was proposed to increase image 
intensity.10 Penumbral apertures are arrayed in a two-dimensional M-matrix. There is a G-matrix 
corresponding to a M-matrix. A convolution of the M- and the G-matrix generates the perfect delta 
function. Multiple penumbral images arrayed in a M-matrix are unified automatically by convoluting 
with a G-matrix, and signal intensity is easily enhanced. The concept of the URPA imaging technique 
is shown in Fig. 2. The multiple penumbral images arrayed in the M-matrix are recorded on a detector 
as shown in Fig. 2(c). The unified penumbral image (Fig. 2(e)) is obtained by convoluting the multiple 
penumbral images (Fig. 2(c)) with the G-matrix (Fig. 2(d)) and the object image (Fig. 2(f)) is 
reconstructed from the unified penumbral image (Fig. 2(e)). 
     The proposed scheme was applied to imaging 2-3 keV x-rays. A Nd: YAG laser was used in this 
experiment. Energy, pulse duration, and wavelength of the laser were, respectively, 1.5 J, 3.5 ns, and 
1064 nm. Penumbral apertures (400 μm in diameter) were fabricated on a 25 μm-thick tantalum 
substrate. A separation distance between apertures was 500 μm. The distance between the aperture and 
the object was 211 mm and the distance between the aperture and the detector was 916 mm, thus 
camera magnification was 4.3. A 100 μm-thick beryllium was put in front of the aperture as an x-ray 

Figure 1. Comparison between the 
heuristic method and the conventional one. 
(a) penumbral image for comparison, (b) 
reconstructed image with the conventional 
reconstruction, (c) that of with the heuristic 
reconstruction.  
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filter to exclude low energy photons whose energy is less than 2 keV. A planar gold foil was irradiated 
by a laser pulse, and x-ray images from laser-produced plasma were imaged with the URPA. Three 
kinds of apertures were used in the experiment;  (1) single penumbral aperture, (2) 3�5 URPA and (3) 
7�9 URPA. The penumbral image with single aperture is shown in Fig. 3(a). Unified penumbral 
images obtained with 3�5 URPA or 7�9 URPA are shown in Figs. 3(b) and (c) and, corresponding line 
profiles are shown below them. SNRs of the unified penumbral images were evaluated to be 2.7, 6.3 
and 17.7 for single, 3 x 5, 7 x 9 URPA, respectively. SNRs of unified penumbral images increased in 
proportion to square root of the number of apertures. 

4.  Combination of heuristic image reconstruction and URPA imaging 
     The proposed imaging technique was compared with the conventional penumbral one. The 
reconstructed image of the conventional penumbral imaging is shown in Fig. 4(a). A single aperture 
and the reconstruction procedure based on decombolution and a Wiener filter were used for Fig 4(a). 
The reconstructed image is strongly distroted by artifacts because of low SNR. The reconstructed 
image of the proposed imaging technique is shown in Fig. 4(b). The high quality reconstructed image 
was obtained by using the proposed imaging technique from an object whose signal intensity is not 
sufficient. 
     We evaluate spatial resolution of the proposed imaging technique. For this evaluation, an 
experiment was performed on Gekko-XII laser facility, Osaka University. Configurations of the 
imaging system were the same as that in the proof-of-principle experiment. A cross slit (slit width 100 
μm) was backlit by x rays, and backlit slit was imaged with URPA. Chlorided plastic was irradiated by 
Gekko-XII laser beams to produce a backlight x-ray source, which emits 2.7 keV x rays. The 
reconstructed image is shown in Fig. 5(a). Modulation transfer function (MTF) of the imaging system 
was evaluated from the slit image as shown in Fig 5(b). Spatial resolution was 25 μm in the present 
system, here spatial resolution was defined as the wavelength corresponds to 0.1 of MTF. 

Figure 3. Comparison between the single aperture 
and URPA. 
(a) the penumbral image of the single aperture and 
that of line profile, (b) the unified penumbral image 
with 3 x 5 URPA and that of line profile, (c) the 
unified penumbral image with 7 x 9 URPA and that 
of line profile. 

 
Figure 4. Comparison between the proposed 
penumbral imaging and the conventional penumbral 
imaging. (a) the reconstructed image with the single 
aperture and the deconvolution reconstruction, (b) that 
with the 7 x 9 URPA and the heuristic one. 

 

 

 
Figure 2. Basic concept of the URPA. 
(a) the objective image, (b) the multi-
penumbral-apertures, (c) the multiple 
penumbral images arrayed with the M-matrix, 
(d) the G-matrix corresponding to the M-
matrix, (e) the unified penumbral image, (f) 
the objective image reconstructed from the 
unified penumbral image. 
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   Spatial resolution is limited by several factors, i.e. x-ray diffraction, unroundness of the apertures, 
error of aperture positions, detector resolution and SNR of the penumbral image. Diffraction Spread 
(�x) on the detector caused by x-ray diffraction is given by 

�x = 2.4
�

D
d ,     (1) 

here � is the wavelength of the backlight x-ray source, D the aperture diameter, d the distance between 
the target and the aperture. Unroundness of the aperture distorts a reconstructed image, and error of the 
aperture position blurs a reconstructed image. Spatial resolution limited by x-ray diffraction was only 
0.6 μm in the present system. Standard deviation of the aperture unroundness was 1.47 μm, by which 
spatial resolution was limited to 1.8 μm. Standard deviation of the aperture position errors was 2.6 μm, 
by which the spatial resolution is limited to 1.8 μm. Spatial resolution of the detector was 10.5 μm. As 
the result of the above evaluation, SNR of the penumbral image limits dominantly the spatial 
resolution in the present experiment. 
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Figure 5. Spatial resolution was 
evaluated by Modulation Transfer 
Function. 
(a) the reconstructed image of 
backlight cross slit, (b) the relationship 
between Modulation Transfer Function 
and spatial resolution. 
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