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ABSTRACT
The coded aperture technique is applied to gamma-ray backscatter
radiography for the purpose of detecting flaws in an otherwise uniform
object. The essence of this method, which involves encoding the image
with a mask and subsequent numerical decoding, is presented. The
Monte Carlo method was used to simulate encoded radiation scattering
radiographic projections, which were in turn decoded. The presented
results demonstrate the method’s ability to discern the presence of flaws,
their size and their location.
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INTRODUCTION
Conventional radiography, commonly used in medical imaging and non-destructive
testing (ndt), involves the use of a radiation source and a radiation detector (a film
or a fluoroscopic screen) positioned at two opposite sides of the interrogated object.
This limits its use to not-too-thick objects that are accessible from two opposite sides.
Backscatter imaging (1) can be used when access to only one side of the object is available,
as in the case of inspecting aircraft frames, bridges, floors, layered structures, etc.
However, an image from scattered radiation can be quite convoluted as the scattered
radiation may take many intricate routes before reaching the detector; producing a
“foggy” image. Extracting useful information from scatter imaging can, therefore, be
quite difficult. Effort to overcome this problem has mainly focused on monitoring
once-scattered radiation, so that there is a unique passage of radiation from the source to
the scattering point and from that point to a defined point on the detector. This unique
passage can be defined using collimation and/or energy discrimination (2) . This however
makes the imaging process quite tedious, as in essence it involves point-by-point imaging,
and reduces the throughput since only a small number of scatter events are recorded. Of
course, one can rely on reconstructed imaging, but this is even a more tedious process
that requires the acquisition of a large number of measurements to determine the physical
attributes of each point within the imaging domain; see for example the recent work of
Arsenault and Hussein (3) .
In ndt industrial applications, the objective is typically not to image the entire object,
but to detect anomalies in an otherwise uniform structure. While this can simplify the
detection process, the influence of a small anomaly on a measured signal, particularly in
scattering, can be quite insignificant to be discernible. The obscurity of a scatter indication
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is similar to that encountered in astronomical imaging of a particular object in space, where
interferences make it difficult to unmask the presence of a particular source of photons
(> 10 keV in energy). We have therefore explored the possibility of adopting a method
used in astronomical imaging, namely the coded aperture technique (4) , for the purpose
of detecting small anomalies in a uniform object with scattered radiation. This paper
demonstrates the utility of this spatial coding technique, using Monte Carlo simulations.
We begin with a short introduction to coded aperture method.
CODED APERTURE IMAGING

The Concept
The method of coded aperture is an extension of the pinhole camera concept. A
pinhole camera is the predecessor to current lens-based cameras. A pinhole camera is
simply a large dark box containing a pinhole on one side. A light source passing through
this hole is projected as an inverted image on a film at the interior wall opposite to the
pinhole. The pinhole projects the intensity and position of each point from a scene into
a small point on the film; the smaller the pinhole the sharper is the image. The concept
of a pinhole camera is attractive for use with common radioisotopes and x-ray machines,
in which the radiation emitted does not adhere to optical principles, and as such cannot
be focused with a lens. Therefore, radiation scattered from deep within an object can
be localized with the aid of a pinhole camera (1) . An anomaly within an object can be
detected and its direction be identified by the change in the intensity of its projection
over that of the surrounding material. However, indications obtained from a pinhole are
quite weak, since only a small portion of the signal induced by the anomaly reaches the
receptor. Of course, a larger pinhole can be used to strengthen the detected signal, but
that comes at the expense of reduced definition of directionality. Even if an acceptable
signal is attained, only the direction of the anomaly can be determined (along the lines
connecting the edges of the projected indication to those of the pinhole). However, if a
number of images are obtained at different pinhole locations, the intersection of all the
determined directions can be used to define the position of the anomaly. This approach,
nevertheless, does not overcome the inherent problem of the weakness of the indication.
The coded aperture approach relies on using simultaneously many pinholes. Photons
emanating from an object would project an image of the mask on a recording plane (a
position-sensitive detector). Obviously, the projected image will have the same pattern
as that of the mask, but the location of the pattern on the detector will depend on the
position of the imaged object relative to the center of the mask. The intensity of the
recorded pattern reflects the strength of the object’s photon source. For a wide source,
the detector records a number of overlapping, but shifted, mask patterns, the so-called
“encoded” image. A numerical algorithm needs then to be applied to “decode” the image
and determine the location and the brightness of a source. Pinholes arranged in a particular pattern form a mask, which together with a detector constitute the coded-aperture
camera.
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Coding and Decoding
Mathematically, coded aperture imaging is viewed as the convolution of a source, O,
by a mask pattern, A, to produce the projection P, i.e.,
O×A=P

(1)

where × designates the correlation operator1 . Note that Eq. (1) is exact only when the
object is far away from the mask and the detector, i.e. in the far field. The source, O, is a
matrix of the source intensity distribution, while the mask pattern, A, is a matrix whose
elements correspond to open and closed positions, represented, respectively, by one or
zero values. The matrix P is then the counts recorded at various pixels of the detector.
Therefore, each point on the source casts a shadow of the mask, i.e. a pattern of points,
on the detector. Changing the position of the point shifts the projected shadow. Each
source point is therefore not counted once, but as many times as the number of open
holes in the mask. This increases sharply the throughput of the camera.
The recorded, but encoded, image, P, is recovered with the help of a decoding matrix,
G, derived from the mask pattern, A, so that:
A×G=δ

(2)

where δ is the Dirac delta function. Then the image of the original object is recovered by
correlating P with G (5) :
Ô = P × G = (O × A) × G = O ∗ (A × G)

(3)

The reconstructed image is represented as Ô to indicate that it is the convolution2 (∗)
of the actual image of the object, O, with the kernel A × G. Eq. (2) and (3) show that
Ô = O ∗ δ = O, i.e. the reconstructed image resembles perfectly the object, O. However,
this perfect reconstruction requires the satisfaction of Eq. (2), or in other words a proper
selection of a mask pattern, A, and associated decoding coefficients, G. A mask with
random pattern would not result in a delta function upon correlation with its decoding
matrix. The kernel A × G is therefore the point-spread-function (psf) of the imaging
system. One of the mask patterns that satisfies Eq. (2) is a mask formed from uniformly
redundant arrays, the so-called ura mask pattern, in which the separation between holes
in the pattern appears in a cyclic fashion, i.e. at a constant number of times. A modified
form of this pattern, mura, is found to produce decoded indications that are completely
independent of noise (5) . The generation rules and correlation properties for this mask
pattern are given below.

Modified Uniformly Redundant Arrays (MURA) Mask pattern
Mura consists of nearly 50% open pixels. It is represented by a p × p square matrix,
A, where p is a prime number. An element Ai,j in the matrix is such that:

Ai,j



0


 1

if i = 0
if j = 0 & i 6= 0
=
;

1 if ci cj = 1



0 otherwise
RR

0 ≤ i ≤ p − 1 and 0 ≤ j ≤ p − 1

(4)

2
~ = A(~r)×G(~r) =
~
~
Correlation : O(R)
R RA(~r)G(R+~r)d ~2r, where R and ~r designate a spatial position.
2
~ = O(~r) ∗ G(~r) =
~ − ~r)d ~r.
Convolution : Ô(R)
O(~r)G(R
1
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Figure 1: A 2 × 2 mosaic of an 11 × 11 mura encoding array, A, and the decoding array,
G, for the corresponding 11 × 11 mura. For A: “white” represents an open pixel, while
“black” an opaque one. For G : “white” corresponds to +1 and “grey” to −1. Note that
both A0,0 and G0,0 are at the center of their corresponding graphs.
where c is a quadratic residue array, such that:
(

ci =

1 if x is an integer such that 1 ≤ x < p, and i = modp x2
−1 otherwise

(5)

where modn m is the positive remainder of m by n, with both m and n being integers;
e.g. mod13 15 = 2. The positive coefficients of c are know as quadratic residues modulo p.
The decoding array, G, is reconstructed so that an element, Gi,j , in the matrix is as
follows (6) :


 1 if i + j = 1
1 if Ai,j = 1 & i + j 6= 0
Gi,j =
(6)

 −1 if A = 0 & i + j 6= 0
i,j
The G array is therefore similar to A, except that each zero in the latter is replaced
by a −1 in the former, and that G0,0 = 1, while A0,0 = 0. Note that mura produces
a square array, while a ura mask is not necessary a square one but is an r × s array;
with |r − s| = 2, and r and s both being prime numbers (the so-called twin-prime array).
However, for the latter the decoding array is the mask’s array itself, because the ura’s
autocorrelation (periodic correlation) is a delta function (5) . Figure 1 shows a 11 × 11
mura and its associated decoding matrix, notice that this mura pattern is invariant
when rotated around its center by 180◦ . A larger size mura pattern can be constructed
by replicating the basic 11 × 11 pattern in a 2 × 2 arrangement. In this work a 21 × 21
mura pattern was utilized. It consisted of a mosaic of four 11× 11 arrays with one column
and one row removed to avoid the aliasing problem (the projection of two object points
on the same detector point). This mosaic arrangement also allows the use of a mask and
a detector of the same size, while permiting the recording of inclined projections, and
maintaining the mura imaging properties (7) .

11
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In order to relate the projected pattern to the decoding array, the latter has to be
scaled accordingly. This scaling factor depends on the object-to-mask distance, as well as
on the mask-to-detector distance. Therefore, in a deep object, one must define a plane,
parallel to those of the mask and the detector, from which the object-to-mask distance is
defined. The defined plane is called the “focal plane”.
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Figure 2: Simulated setup.
SETUP
In order to demonstrate the feasibility of the coded aperture technique for the detection of flaws with radiation backscattering, Monte Carlo simulations were conducted using
the MCNP (8) code. In the simulation setup, shown in Figure 2, a pencil beam of 137 Cs
source (0.662 MeV) photons was made incident on aluminum block (50 × 50 × 50 mm3 ),
and backscattered radiation was detected with a radiographic plate shielded from direct
exposure to source radiation. A 21 × 21 mura mask was placed between the target object
and the detector. The source beam scanned the object progressively to detect any flaws
present along the beam path. Unless otherwise mentioned, a focal plane passing through
the center of the object was defined as shown in Figure 2. The focal plane was considered
to be at 100 mm from the mask and a mask-to-detector distance of 300 mm was assigned.
This provides an object-to-detector distance of 400 mm, which matches the optimum
value for near-field imaging (5) .
As indicated earlier, a 21×21 mura mask pattern was simulated, by replicating a basic
11 × 11 mura pattern. Each pixel in the mask was 1 × 1 mm2 in area. The closed pixels in
the mask were assumed to block completely any incident radiation. The detector used was
considered to be a 100 × 100 mm2 radiographic plate, divided into 50 × 50 pixels. In the
simulations, the detector was assumed to have a 100% efficiency, i.e. each photon passing
through it was recorded. These idealistic conditions of completely absorbing closed mask
holes and detector pixels were assumed in this initial investigative study to simplify the
analysis, so that one is not side-tracked by secondary parameters. The number of source
particles tracked in the simulations was so that a relative standard deviation of less than
1% was obtained (it varied typically from 0.3% to 0.75% at a detector pixel).
RESULTS
A 2 mm spherical hole at the center of the aluminum block of Figure 2 simulated a
voided flaw. The original projection, without decoding, consisted of a noisy image that
had no distinct features, even when taking the difference between the projection in the
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Figure 3: Decoded image in the presence of a 2 mm spherical hole located at the center
of the test section.
presence of the flaw and that in its absence. Upon decoding the difference indication, the
image shown in Figure 3 was obtained. The presence of a flaw is reflected by a prominent
dip in the decoded indication observed at the center of image. A peak also follows the dip.
This peak is attributed to the increase in the photon flux downstream of the flaw location
due to the lack of attenuation of source photons within the flaw volume. The presence of
the peak is a further confirmation that the flaw dip is not a spurious indication due to
noise or statistical variations. It should be mentioned that the presence of a peak following a dip was also observed when the energy spectrum was employed for flaw detection (9) .
The location of the flaw in the object is also reflected by the position of the dip in the
decoded image. Figure 4 shows how the location of the flaw dip changes with the position
of the flaw. After scaling the decoded image to the object space, a line drawn from the
tip of the dip in the indication plane will intersect with the source beam at the location of
the flaw. The height and width of the dip is indicative of the size of the flaw, as shown in
Figure 5. The ability of the method to distinguish between coexisting multiple flaws was
tested by simulating the presence of two 2 mm flaws along a beam path. The resulting
image is given in Figure 6, which shows the two prominent dips at various locations.
CONCLUSIONS
The results presented above, as well those presented elsewhere (10;11) for different source
beam width and flaw sizes, show that the coded aperture technique can be applied for flaw
detection using one-side radiation scatter projections. This demonstrates the conceptual
feasibility of the method. However, parameters such as mask pattern, mask thickness,
mask pixel size, object-to-detector distance, detector configuration etc., need to be optimized for best flaw detectability. In addition, the system needs to be experimentally tested
to examine effects such as detector efficiency, image digitization, source beam divergence,
mask thickness, etc. It should be noted that the manufacturing of a mura mask can be
done using “relatively straightforward photolithographic etching techniques” (12) .

VIII Radiation Physics & Protection Conference, 13-15 November 2006, Beni Sueif-Fayoum,Egypt

(a) Upstream

(b) Central

(c) Downstream

Figure 4: Decoded image for 2 mm spherical flaw located at three different positions on
the beam path: a) 5 mm below the focal (central) plane, b) on the focal plane, c) 10 mm
above the focal plane.

VIII Radiation Physics & Protection Conference, 13-15 November 2006, Beni Sueif-Fayoum,Egypt

(a) 2 mm flaw

(b) 4 mm flaw

(c) 6 mm flaw

(d) 8 mm flaw

Figure 5: Decoded image for flaws of various sizes.

Figure 6: Decoded image for two 2 mm flaws located at different positions on a source
beam path.
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