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Development of a New Reconstruction Algorithm
for Compton Scattering Imaging
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A new method for inspection of luggage samples has been investigated by using a 90° Compton scattering system. The
algorithm of the system based on measurements of single scattered gamma rays was developed to reconstruct the same
physical images of the objects. The algorithm was constructed to estimate the electron density and linear attenuation
coefficients by using the responses of scattering detectors and the transmission detector. The over-estimated and under-
estimated problem in the calculations of total and Compton attenuation coefficients can be overcome by using iteration
method and by introducing adjustment factor with the response of the transmission detector. The images obtained from
Monte Carlo simulations using MCNP4C for some common materials were close to the simulated objects. The excellent
agreement between calculated values of electron densities and attenuation coefficients in the simulation and actual ones
demonstrates the viability of the new reconstruction algorithm as a method for investigating objects.
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I. Introduction

The Compton scattering of gamma beams has been
considered for medical and industrial imaging or luggage
inspection for many years based on its advantages in
comparison with the transmission tomography. The main
attraction of Compton scattering imaging system is that this
system can produce directly the electron density images of
the object. Compton scattering gives the probability for
inspecting objects without having access to two opposing
sides of the objects. In this study, a new reconstruction
algorithm model of a 90° Compton scattering system for
inspection of luggage samples is introduced. The 90°
Compton scattering model has a simple reconstruction
algorithm because of main advantages: good definition of
voxel positions and reduction of Rayleigh scattering effect.

A schematic of the proposed Compton scattering
imaging system is shown in Fig.1. Considering a mono-
energy beam of photons of energy E,, a photon collides
with a free electron and is scattered at an angle 6 with
respect to its original direction. The energy E of the
scattered photon is uniquely related to that of the primary
one Ej and the scattering angle 8 by
0

E= ey

Ey
2
mOC

1+

(1 —cos 6)

where moc® (= 0.511 MeV) is the rest mass energy of the
electron.
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Fig.1 The schematic representation of gamma ray scattering

By shielding both the source and the detectors well and
using the unique relation between the scattering angle and
the scattering energy in Eq. (1), the scattering detector
response may be assumed to result from the single scattered
photons. The scattering detector response for a point source
and a point detector can be expressed as follows [1]

K(z)

|2~ |
where Sy is the source intensity, k(E) is the detector
efficiency, f; and fy are the attenuation factors for the
incoming (incident) and outgoing (scattered) pathways
respectively, P(EyE) is the Compton scattering probability
per unit area per electron. The probability P(E,E) depends
on the electron density p.(r) and can be expressed as
PEWLE) = por)os(Ey). The scattering cross section as(Ep)
can be determined from the well-known Klein—Nishina
scattering differential equation.

5 (B, E) =5, 1 (Ry -7, By) avP(Eg, E) 75 (R-7.E) (2)
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The attenuation factors can be expressed as

fs =exp{-iR uy (£,1) ) 0

where p E) is the total linear attenuation coefficient of
photons along the considered radiation path, The
attenuation coefficients are considered as unknowns, hence
there are three unknowns in Eq. (2). At high energy of
incident gamma rays, the contribution of the photoelectric
effect to photon attenuation is small compared to that of
Compton scattering. For low atomic-number materials,
encountered in the human body and some hydro-carbon
industrial materials, it is also reasonable to neglect the
photoelectric effects. For solving Eq. (2) with two
unknowns remaining, a Compton 90° geometry scattering
system is employed as shown in the next section.

II. Compton scattering imaging model

The 90° Compton scattering system as shown in Fig.2
has some advantages related to the simple imaging
reconstruction algorithm. When a beam of gamma rays is
incident on the object, the intensities of the transmission
and scattering radiation on the angle of 90° are measured at
the same time by a transmission detector and 4 scattering
detector arrays which are indicated conveniently as top,
bottom, left and right.
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Fig.2 Geometry of 90° Compton scattering system

The incident beam is moved in a plane parallel with
the cross section of the object, from left to right and from
top to bottom with steps equal the size of a voxel until the
entire object is exposed. By this way of exposure, the object

can be considered as dividing into NXXNYXNZ voxels,
where NX, NY, and NZ are the number of voxels following
the direction X, Y, and Z, respectively. To obtain the
equation of a scattering detector response, let consider a
right scattering detector in the X-Z plane. For simplification,
the attenuation effects of gamma rays in the air before a
gamma ray comes into the object and after the gamma ray
goes out from the object to the detector are neglected.
Assuming that the photon is scattered at the center of the
voxel, fi(8,E) and f5(6,E’) can be obtained by

in in
f;=exp {—Ax mZ=1 Hi jm —EAx 'ui,j,k} , %)
_ out 'l out '
I —-Ax ZZI - l Ax 6
5 =X g Hm, g TS Ak ©®

if AX" and Ax™ are chosen the same for every voxel in the
direction of the incident and scattering pathway,
respectively. The detector response can be obtained by
substituting Eq. (5) and Eq. (6) to Eq. (2) leading to

_0 C in k21
Rijide =i j ki jk eXp{‘Ax 2 i jm
1 : i-1 1 ' (7)
v LT R T

2 ﬂly.] ,k mZZI ﬂm,J:k 2 'ulaj ak
where R and R’ are the right detector response with/without
the objects. Similar expressions can be written for the
responses of left, top and bottom scattering detectors. For
the transmission detector, one obtains

. . =T Ax""-]g g
rj=Tr jexp| = m=1’ui’j’m ®

In Eq. (8) there is no indicator k because the incident beam
goes through all voxels which lies on the line from the
source to the transmission detector. Therefore for exposing
whole the object, 4XNXXNY XNZ measurements from the
scattering detectors and NXXNY ones from the
transmission detector are determined.

1. Reconstruction algorithm for total attenuation
coefficient at scattering energy

It is easy to recognize from Eq. (7) that all expressions
of scattering detector responses for a voxel consist of the
same term of the incoming attenuation factor f(6,E) and the
Compton attenuation €. Therefore a ratio of two scattering
detector responses depends on the attenuation coefficient u°
only and x’ can be determined from this ratio. Let consider
the first quarter of an object slice that is perpendicular to the
incident beam as shown in Fig.3.

We rewrite the responses for the voxel (i+1,j,k) as
follows

=1
Bist,jge = ia, j o P X Higim N
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Where d;yy j g = Chisa,j k P {_mz.—.l i,z =t e [ (A1)

C is the system constant. For simplifying, we can choose
Ax=Ay=Az=A. Dividing Eq. (9) by Eq. (10), 4’ can be
obtained by

B. .. i—1 i
' 1 l+1,],k J ' i-1
Hije =% In ——+ Amél Hivlmk —Am2=1 P, jk

Liva,j e

(12)
Using this equation, ¢’ of the voxels in the cross section can
be calculated from left to right in each row for whole first
quarter. The calculations of u’ for all possible slices in this
manner will give the 3-D image of the object.
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Fig.3 An object slice is considered in 4 quarters with two
corresponding scattering detector responses for determining the
total attenuation coefficient at the scattering energy. The example
using Left and Bottom detector for the first quarter is used to
illustrate the calculation method.

2. Reconstruction algorithm for total and Compton
attenuation coefficients at incident energy

There are two different methods called by Forward
algorithm and Backward algorithm to calculate Compton
attenuation coefficient #€. Both algorithms can be used and
give results in very small difference.

1. Forward Algorithm

In order to calculate x© at the incident energy of
gamma rays, we can choose the response of any scattering
detector. Without lost of generality, bottom detector is
chosen here to describe how u¢ can be determined.
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Rearranging Eq. (9) so that all attenuation coefficients of -
the voxel (i,j,k) are on the one side of the equation would
yield:
B. .
C 1 _Ljk
Hijk CXP(‘E“i,j,kAZ) 7 ¢ °©

(13)

k-1 ] —1 § 1
Xexp {mél ,ul-,j’mAz + m2=1 '”i,m,kAy +E'“i,j,kAy}

In the gamma energy range from ~100keV to ~1MeV,
Compton scattering dominates, the photoelectric absorption
is very small compared with the Compton scattering. Hence
in this gamma energy range, the Compton cross section
being close to the total cross section, it is possible to assume
u= u€ then the left term of Eq. (13) depends on x€ only.
Since the right term is known from the previous

- calculations, Eq. (13) is an equation of yC and it can be

solved by using any numerical method. The calculation is
proceed at first for the voxel nearest the source without ¢
in the right term of Eq. (13), then for the next voxels, so it is
called Forward algorithm. Proceeding in this manner, ,uc
can be calculated for all voxels of the object.

2. Backward Algorithm

In the different way with the Forward algorithm, two
detector responses are used in Backward algorithm: one is a
scattering detector and the other is the transmission detector.
In the next description, the bottom detector is chosen to
illustrate this algorithm. After dividing B;j;; by Tr;;: and
rearranging so that all the attenuation coefficients of the
voxel (i,j,k) are in one side of the equation, also as in the
Forward algorithm, assuming =~ €, one can obtain:

B. .
C 1 ¢ i,jk b
. —u” . Az | =
ﬂl’j,k exp(2ﬂ1a1>k ) Tl"- . Cx
i),k

NZ C ]_1 ' 1
expy— X ﬂi,j,mAZ+mZ=:1#i,m,kAy+E'ui,j,kAy

(14

m=i+1
where b is a system coefficient for the transmission detector.
Since the right term can be known from previous
calculations, Eq. (14) is an equation for yc only and it can
be solved. The calculation proceeds at first for the voxel
which is farthest from the source, therefore this algorithm is
named as Backward algorithm.

Knowing € from Eq. (13) or Eq. (14), 4 can be
calculated by using the expression of any scattering detector
response. It is possible in the gamma energy range where
Compton scattering dominates, but the assumption maybe
causes that 4€ is over-estimated and g is under-estimated in
comparison with the true value. For more accuracy in
estimation of these coefficients, an adjustment using the
transmission detector response is introduced and an
iteration calculation can be applied. From Eq. (8), one can
obtain after a simple arrangement:
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The summation of the total attenuation coefficient in
the left of this equation is thus available from the
transmission measurement and from the u;;; that is
calculated as above. Since the measurement value is usually
much more exact than a calculated one, a correction factor &

is defined by
NZ NZ
meas / 3 ﬂcal

eE= X U, . or
=1 l>]>’n m=l l>]am
1 Tr: . NZ
g=-—1n| L cal (16)
Az b m=l 1,].m
Then p;; is adjusted by
cal a”n

.. =&l. .
Pijk =i jk
Because y;; is more accurate than 4, so an iteration
process for calculating yc and u can be used.

III. MCNP Simulation

In order to demonstrate the reconstruction algorithm of
the method, a small object is used in MCNP simulation, the
outputs of which are detector responses. The object consists
of 5x5x5 voxels, each voxel is 1x1xlcm cubic. The voxel
located in the center of the object is made by a detected
material and the others surrounding are made by a
background material. The materials used in the simulation
are common materials with density in the range of common
luggage from 0.94 g/cm® of polyethylene up to 8.5 g/em® of
brass. The Monte Carlo simulation for the 90° Compton
scattering system was performed at the source energy
0.662MeV which is in the energy range that Compton
scattering dominates.

The calculated results for three different background
materials (air, water and polyethylene) show that all of the
calculated p. agree with the actual values with errors below
4.6%. The calculated attenuation coefficients also agree
with the actual values, where the error is in the range from
0.1% to 5% with the note that the errors are the relative
errors compared with the actual values.

IV. Conclusions

A new reconstruction algorithm for the 90° Compton
scattering system is developed that is simple compared with
other system such as rotating or non-linear system. The
results of the MCNP simulation verify that the proposed
algorithm can be used to get the image and determine the
electron density and attenuation coefficients of the objects
with a reasonably good accuracy. The effects of multi-
scattering and noise in measurements on quality of images
will be considered in the next steps of the work.
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Fig.4 Some object images from MCNP simulation to
illustrate the reconstruction algorithm method. (a) Image of the
object with aluminium detected material and air background in the
form of the electron density map. (b) Map of total cross sections.
The detected material is TNT, the background is polyethylene. (c)
The image of the object with brass in the centre, and water
background in the total cross section map.
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