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Neutron Penumbral Imaging : I. A Quantitative Evaluation

on isoplanaticity of Toroidal-Segment Aperture

Yen-Wei CHEN and Zensho NAKAO

Abstract

A quantitative study is made on performance of neutron penumbral imaging with a toroidal-segment

aperture, and it focused on isoplanaticity of aperture point spread function and effect of the non-isoplanaticity

on the reconstructed images. The results show that the aperture point spread function is satisfactorily

isoplanatic for a small field of view, while for a large field of view the point spread function is not sati

sfactorily isoplanatic resulting in some distortion in the reconstructed image and reduction of resolution.
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1. Introduction

In laser fusion research, the implosion symmetry is

one of the most important issues in achieving high-

density compression. To date, the symmetry of a

compressed core has been diagnosed using x-ray,

a-particle[l], [2] and proton [3] imaging techniques.

In recent laser fusion experiments, compression of

fusion fuel to densities in the range of several hundred

times the liquid density has been achieved [4], so that

x-rays, a-particles and protons are re-absorbed within

the compressed core. Therefore, new diagnostic methods

are necessary to image highly penetrating neutrons.

The major difficulty in implementing a neutron

imaging system is the penetration of the neutrons

through a material used to make the imaging aperture.

Penumbral imaging, one of coded aperture imaging

techniques, is proposed for imaging of such very

penetrating radiations by Nugent et al. [5], [6]. The

technique uses the facts that spatial information can

be recovered from the shadow or penumbra that an

unknown source casts of simple large circular aperture.

Since such an aperture can be "drilled" through a

substrate of almost any thickness, the technique can

be easily applied to very penetrating radiations such

as neutrons and rrays. The penumbral imaging tech

nique has been successfully used to laser fusion exper

iments for neutron imaging at Lawrence Livermore

National Laboratory [7] and ILE, Osaka University

[8].

The performance of penumbral imaging has been

studied in detail by computer simulations [9], [10].

The studies included the influence of various factors
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such as grain noise, statistical errors, and uncertainties

in the camera geometry. For effective imaging of

neutrons, the aperture must be thick enough to block

14-MeV neutrons in order to provide sufficient image

contrast. Thicker is the aperture, lower is the isopla

naticity of the aperture point spread function (PSF)

[11]. Since the penumbral imaging is based on a linear

deconvolution technique [5], the non-isoplanaticity

will introduce a significant distortion in the reconstr

ucted image. The isoplanaticity of the aperture PSF

is also an important issue for neutron imaging.

In the developed neutron penumbral imaging system

[7], [8] a toroidal-segment was proposed and used as

an aperture taper in order to provide a sharp and

isoplanatic PSF. Though the toroidal-segment aperture

has the advantage of good isoplanaticity compared to

other conventional aperture[7], [8], [11], there are

no detail studies on the PSF isoplanaticity of the

toroidal-segment aperture. The purpose of this paper

is to make a quantitative evaluation on tb.8 PSF

isoplanaticity of the toroidal-segment aperture and the

effect of the non-isoplanaticity on the reconstructed

image. A quantitative analysis is done for the devel

oped neutron penumbral imaging system.

2. Penumbral imaging

The basic concept of the penumbral imaging technique

is shown in Fig.l. Penumbral imaging is a two-step

technique. The first step is encoded image formation.

A source of incoherent radiation casts a geometrical

shadow through a large circular aperture to produce

the encoded image that consists of a uniformly bright

region surrounded by a penumbra (hatched region).

Information about the source is encoded in this penu

mbra. The second step is reconstruction or deconvolution
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of the encoded image to determine the shape of the

original source using numerical techniques.

OetBctor

Aperture Penumbra

Object

O A p

Fig. 1 The basic concept of penumbral imaging.

It is easy to show that the encoded image P(r) is

given by [12]

(1)

where A(t) is the point spread function (PSF) of

aperture, 0(r) is the function describing the source.

If the PSF of the aperture is isoplanatic (space-

invariant), the penumbral image can be written as a

convolution of the source function (O) and the PSF

C4) as [12]

(2)
A*O

where ' denotes convolution. Thus given P(r) and A

(r), the source function O(r) can be reconstructed by

a simple linear deconvolution technique.

In general, deconvolution techniques are very sensitive

to noise in the encoded image, because the noise will

be amplified to very high levels at spatial frequency

region where Fourier amplitude of the PSF is close to

zero. We used a parametric Wiener filter [12] for

reconstruction of the penumbral image. The Wiener

filter M(u) defined in the Fourier transform domain

is given as

M(u)
(3)

where u is the spatial frequency variable, A?(u) is

the Fourier transform of PSF, a1 is the average

variance of the noise in the encoded image, and r is

a filter coefficient. The optimum value of y is dete

rmined by computer simulations for different a2.

Here it should be noted that if the PSF is not

isoplanatic, the linear reconstruction according to Eq.

(3) will introduce some distortion.

3. Toroidal-segment aperture and its isoplanaticity

For effective imaging of neutrons, the key point is

that the aperture must effectively block 14-MeVneutrons;

it should also be specially tapered to provide an iso

planatic (space-invariant) point spread function (PS

F) with a sharp edge to allow the linear reconstruct

ion. In order to provide sufficient image contrast,the

aperture used in our neutron penumbral imaging syst

em [8] was made from a tungsten (W) block with

a thickness (7') of 6cm (the mean free path of 14-MeV

neutrons in W is about 3cm), and in order to provide

a satisfactorily sharp and isoplanatic PSF, we chose

a toroidal-segment for aperture taper as shown in

Fig.2. The principle of the toroidal-segment for aperture

taper is that the edges of the aperture PSF for diffe

rent source-points (on or off axis) are sharp and

similar as shown in Fig.2(a). The detailed aperture

shape and size developed for 14-MeV neutron imaging

in ILE, Osaka University is shown in Fig.2(b). The

aperture design was based on the neutron source size

and required resolution [8]. The larger is the aperture

radius of curvature, the sharper is he PSF edge but

the less is the field of view.

Souftfl-poin

Fig.2 (a) Principle of the toroidal-segment for aperture
taper.

(b) Aperture shape and si2e used in the neutron
penumbral imaging system8'
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Fig. 3 Point spread functions of toroidal-segment aperture for different displaced source-point,
(a): Ax=0, (b):25/zm, (c) : Ax=bO/zm, (d): Ax=75/zm,

Though the toroidal-segment aperture has the adva

ntage of good isoplanaticity, some distortion will be

still introduced because the PSF is not perfect isopla-

natic. We focused our studies here on the quantitative

evaluation of the isoplanaticity of the toroidal-segment

aperture and the effect of the non-isoplanaticity on

the reconstructed image by computer simulations.

In our computer simulations, as a representative

example the developed neutron penumbral imaging

system [8] in ILE, Osaka University is used for qua

ntitative analysis because it has been used for imaging

of 14-MeV neutrons in real laser fusion experiments.

The aperture shape and size are the same as that

shown in Fig.2(b). The aperture-to-detector distance

(Lz) is 10 times the source-to-aperture distance (Li).

The pixel size or resolution of the detector is 200 Aim

corresponding to pixel resolution of^-20/im on the

source plane, which is the same pixel resolution with

the developed neutron penumbral imaging system used

in the laser fusion experiments [8] (L2= 100Li, pixel

sizeof detector = 2000 ^m). The source-to-aperture

distance L\ is a variable parameter.

The penumbral image (encoded image) is simulated

by detailed ray tracing through the aperture, and the

radiation is assumed to be exponentially attenuated

with a mean free path of 3cm. In addition to the non-

isoplanaticity, there are the following three factors

which will significantly affect the PSF. One is the

neutrons scattered from aperture and chamber, second

is the noise due to the statistical uncertainty and third

is the alignment error of the aperture. The effects of

neutron scattering have been studied using a Monte-

Carlo neutron transport code MCNP [13]). The calcu

lation results show that the neutrons scattered from

the aperture and chamber can be almost perfectly suppre

ssed by operating a gate system(—25ns) on the detector

together using a paraffin shield[8]. So the neutron

scattering is not included in the simulations. The noise

and the distortion due to the alignment error of the

aperture are also not considered here, but they will

be discussed in the next section. The reconstruction

is done by the Wiener filter as shown in Eq.(3).

Firstly, we show the simulation results for Lt = 12

cm (L\/T=t). The PSF isoplanaticity of the aperture

was studied by detailed ray tracing of a source-point

through the aperture. The pixel size of the calculated

penumbral image on the detector plane is 200 fi m,

corresponding to the pixel resolution of 20 Mm in the

source plane. Figure 3 shows the calculated PSFs for

different displaced source-point. In the calculation

results, there are about 12% fraction of the neutrons

passing directly through the 6cm-thick tungsten subs

trate caused a uniform background outside the image

area, which can be easily removed from the signal by

substraction. The images shown in Fig. 3 are those

after substraction. As shown in Fig.3, it is clear that

the difference between the off-axis PSF ( A x>0) and

the on-axis PSF ( Ax=0) increases as the displacement

(Ax) increases, which means that the isoplanaticity

is decreased as the displacement is increased.
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The distortion of resolution for the displaced source-

point was estimated by deconvolving the off-axis PSF

with on-axis PSF. The calculated effective resolution,

which is defined as FWHM of the reconstructed image

taken parallel to the displacement, is shown in Fig.4

as a function of the displacement of the source-point

from the optical axis. It can bo seen that the degrad

ation of the spatial resolution duo to the non-isopia-

naticity over a field of view (FOV) of 100 jam (disp

lacement of 50 #m) is substantially small compared

to pixel resolution (20jurn), while the distortion is

significant for a large field of view.

70

Ax (urn)

Fig. 4 Spatial resolution of the toroidal-segment
aperture as a function of the displacement
of the source-point from the optical axis in
the source plane.

The effect of non-isoplanaticity on the reconstructed

image has also been studied. Figure 5 shows the

source-object with a variable size used in simulations.

The simulation results for three different object size

are shown in Fig.6. Figures 6(a), 6(b) and 6(c) are

the penumbral images obtained by detailed ray tracing

of the source-object through the aperture. The recons

tructed images are shown in Figs.6(a'), 6(b') and

6(c),respectively, which are obtained by deconvolving

the penumbral image with the on-axis PSF (Ax=0).

It can be seen that there are no significant distortions

for the small object (smaller than 100 fim), while

there are significant distortions in the reconstructed

images for the large object because of the non-isopla

naticity.

Since the isoplanaticity of the aperture PSF is mainly

determined by the ratio of source-aperture distance

(Li) to aperture thickness (70, the distortion due to

the non-isoplanaticity as shown in Fig.6 can be decre

ased by increasing the source-aperture distance (Li).

Figure 7 shows the simulation results for Li=24cm
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Fig. 6 Simulation results for Li = 12cm (L./T).
(a),(a ):Penumbral image and reconstruction
of the object with a size of 75 itm. (b),(b'):
Penumbral image and reconstruction of the
object with a size of 125 #rn. (c),(c'):Penu-
mbral image and reconstruction of the object
with a size of 250nm.

(Li/T=A). The improvement of the reconstructed

image is evident. There are no significant distortions

in the reconstructed images even for the large object.
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The dependance of the spatial resolution (FWHM) on

the source-aperture distance (Li) is shown is Fig.8

for a 100//m field of view (solid line) and a 200fim

field of view (dashed line)
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Fig. 7 Simulation results for Lt=24cm (Li/T=4).
(a),(a/):Penumbral image and reconstruction

of the object with a size of 125um. (b),(bO:
Penumbral image and reconstruction of the

object with a size of 250 jum.

Fig. 8 Spatial resolution as a function of the source-

aperture distance (Li).

4. Discussion and optimization

As we showed in the previous section, the isoplana-

ticity of the aperture PSF may be improved by incre

asing the source-aperture distance (Li). On the other

hand, the signal-to-noise ratio (SNR) in each detector

element will be ViV , where N is the number of counts

in a single detector element. Since /V is proportional

to 1/L,2, we see that the SNR in each detector

element will be inversely proportional to L\. The va

riation of SNR on L\ for a neutron yield of 5x10*'

is shownin Fig.9, which is estimated based on the

experimental result[8](Li=12cm) measured by using

14-MeV neutron source OKTAVIAN at Osaka Univer

sity. The larger is the source-aperture distance, the

better is the PSF isoplanaticity, but the lower is the

SN ratio. The determination of the source-aperture

distance (Li) is a process of compromise.

35

30

■ Estimation
Experimental result

Fig. 9 Variation of the SNR for the neutron

penumbral imaging system as a function of

the source-aperture distance (Li).

In order to make a quantitative evaluation, we also

simulated the effect of the noise on the resolution.

The simulations were performed in the same manner

as the previous section with a source-point. We added

a Poisson noise to the penumbral image. The SN ratio

of the penumbral image used in the simulations is

inversely proportional to Li as shown in Fig.9. Firstly

we show the dependance of the spatial resolution on

the SN ratio of the penumbral image in Fig. 10. The

source-point is assumed on-axis ( Ax =0) and the effect

of non-isoplanaticity is excluded. It can be seen that

the poor SN ratio of the penumbral image will cause

a significant reduction of the spatial resolution of

the reconstructed image. The spatial resolution inclu

ding the effect of non-isoplanaticity is shown in Fig.

11 as a function of Li. The solid line is the resolution

of the 100 jum field of view and the dashed line is

the resolution of the 200 ^m field of view. It can be

seen that for a small source-object(smaller than 100
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the best quality image with a resolution of 36

(im can be obtained at Lt = 12cm or L\/T=2, while

for a large source-object (larger than 200 (im) the

source-aperture distance L\ must be larger than 24cm

or Lx/T'-zA to obtain the reconstruction with a reso

lution about 44 jizm. The optimum source-aperture dis

tance is determined by the size of neutron source and

neutron yield. For recent laser fusion experiments,

since the typical burn region (neutron source) size is

about 100 fim, the optimum Li is about 12cm for the

neutron yield (iVy) of 5x10".

Fig. 10 The effect of noise on the spatial resolyution

of the neutron penumbral image.

• F.O.V.=100|im

- o- - F.O.V.=200iim

Fig. 11 The spatial resolution as a function of the
source-aperture distance (Z/i), taking into
account the effects of the noise.

Finally, lets consider the distortion due to the ape

rture alignment error. In our previous work [8], we

have shown that the axis of the aperture can be alig

ned to the optical axis with an accuracy of 240 firad

corresponding to a displacement of AX—28#m (Li =

12cm) in the source plane by using a Moire technique

[14]. As shown in Fig.4, the distortion due to the

displacement of 28lira is substantially small compared

to the pixel resolution of 20fim.

5. Summary

Using computer simulations, we have studied the

isoplanaticity of the toroidal-segment aperture and

the effect of the non-isoplanaticity on the spatial

resolution and reconstructed images. The results show

that the isoplanaticity of the aperture PSF depend on

the source size, source-aperture distance. The isoplant-

icity is degraded as increasing the field of view.Though

the isoplanaticity can be improved by increasing the

source-aperture distance but in the cost of reduction

of SN ratio. The spatial resolution of the developed

neutron penumbral imaging[8] has been quantitatively

estimated as 36 /zm for a field of view of 100 # m

and 44jum for a field of view of 200jum, taking into

account the effect of noise due to the statistic uncer

tainty Qvy=5xlOM) and pixel resolution (20£im).The

pixel resolution can be easily minimized by using a

larger magnification of the camera and the detector

with a smaller element size (detector resolution). A

new nonlinear reconstruction method based on a genetic

algorithm has also been developed for reconstruction

of neutron images with a larger field of view [15].
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