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Abstract. TRACO-1 is the first software developed in Bréail optimization and diagnosis of multiphase cherhic
reactors employing the technique known as “CompAtgomated Radioactive Particle Tracking” whose migiea is

to follow the movement of a puntual radioactivetigde inside a vessel. Considering that this padetihas a behavior
similar of the phase under investigation, importaminclusions can be achieved. As a preliminary RAL
evaluation, a simulation was carried out with thd af a commercial software called MICROSHIELD, sten 5.05,

to obtain values of photon counting rates at fdatector surfacesThese countings were related to the emission of
gamma radiation from a radioactive source becalsy tare the main TRACO-1 input variables. Althotlghresults
that has been found are incipient, the analysihef suggest that the tracking of a radioactivereewsing TRACO-

1 can be well succeed, but a better evaluationhef dapabilities of this software will only be ached after its
application in real experiments .
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1. INTRODUCTION

Nowadays, several nuclear techniques for the cbatvd the optimization of processes that occuh@interior of
closed units have a worldwide acceptandeis work is concerned with the technique knowrCasnputer Automated
Radioactive Particle Tracking (CARPT), whose th&oat beddings are based on the Ergodic Hypothedyynamical
systems, a concept useful to describe point'sipnositin its ambient space as a function of timieg lihe motion of
water in a pipe.

The technique CARPT consists of tracking the movenoé one of the phases of a process with a rati@ac
particle in the form of a small sphere whose bebraig similar of the marked phase in order to eastérthe mean
velocity profile and the conditions of the process.

Recently, the Washington University had applied ®ARor the characterization of fluids in systenggid-liquid,
gas-solid and liquid-solid inside stirred tank tteas with satisfactory results (Rammohan et alg®®udukovic et al.,
2005, Guha et al., 2007)

The general objective of this research was to dgvel software to accomplish the application of tehnique
CARPT in the characterization of the phases of ggses that occur in the interior of chemical reactm that the
guantity of radiation detectors used in the testhé minimum one.

Conceptually, the part of the code that locatesoeadive particle is innovative. Instead of adogta calibration
method for the determination of the counting curvessus detector-particle distance (or the deteatitin of the
counting maps through the Monte Carlo Method) afiir that, to use another method to optimize tivallzation of
the particle from that curve, it was created amginal combination of a mathematical model, propexdiapted from
emission tomography, and the Bayes’ iterative miefonimage reconstruction. Then, the softwariedar RACO_1,
is capable to transform part of the procedures @ARPT application more simple. Now, it is possiltd solve
simultaneously, with only one iterative method:The inverse problem of the localization of a radtoe particle; 2)
the problem of the uncertainties due to the siedisnature of gamma radiation and to the smathiner of detectors.



2. METHODOLOGY
2.1 Radiation measurement simulation

In this new CARPT approach, the basic mathematraadel applied in emission tomography was adaptethao
the well known iterative algorithm of the maximimeat of the expectation (EM), a Bayesian solutiontted inverse
problem in tomographic image reconstructions derifrem the Entropy method (Lange and Carlson., 1984uld be
used in a 3D tracking of a radioactive particlstéad of given the traditional estimative of tharse distribution in a
plane. The EM algorithm was chosen for this rededrecause it considers the image density distohutelated to
emission of gamma radiation as a Poisson distabuti

In order to perform the simulation consideredhis work, the commercial software called MICROSHIEBE.05
was used to calculate the counting rates at fourtgdn the air medium from the gamma radiatiorx famitted by a
gold puntual radioactive source after it had betatqd in several positions inside a water cylindeosen as a
mathematical phantom.

The coordinates of each point and the instantanposision of the radioactive source had been chasevay that
they had the same origin in a XYZ rectangular cowmt# system that was coincident with the centethaf lower base
of the cylinder, as shown in Fig. (1), where PDBhis distance travelled by a photon emitted by thece and detected
in D. The segment PD was divided into two dististtetches, PC and CD, corresponding to the distamagelled by
the photon in the water and in the air, respedtivalhe points A, B and D had the same high, ethatl of detector’s
center. This last information was useful to caliRC and CD using trigopnometric relations.

In addition, the simulated geometry consisted afoiming the cross section of the cylinder by foadiation
detectors and the reactor volume inscribed in eetdimensional arrangement with fixed cells (retmesion matrix)
so that the linear dimension of each cell or vdwad the same lenght of the particle’s diametet iasliustrated in the
Fig. (2). Ten of the all source locations are désd in Tab.(1) and the other simulated parametezsdescribed in
Tab.(2).
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Figure 1. Schematic view of the phantom , one efdétecion points used in the simulations (poinaBy the arbitrary
position of the"®Au radioactive puntual source inside the phantaed foint - P). H=32.0cm
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Figure 2. Upper view of the reactor surroundedday detectors. The 2D black bottom matrix contairg(* voxels .
Scale: 1:10.

Table 1. Radioactive particle’s simulated positip® 2 m).

Position P1 P2 P3 P4 P5 P6 P7 P8 P4 P10
Coordinates

X 0.00 | -12.00/f -10.00 -10.15 -12.00 0.00 120 1000 10{00 @2.0
Y 15.00 | 14.00]f 5.00] -5.00 -14.00 -15.00 -14p0 -500 5.p0 a4.o
Z 10.00| 10.00f 10.00 10.00 10.00 10.00 10.0p0 10/00 1Q.00 1p.0O0

Table 2. The main simulated parameters

1 Mixer high (x10°m) 32.0

2 Cross section diameter (x1%n) 40.0

3 Material in the mixer water

4 Radioisotope/source geometry/Activity (Bq) T®Au/point/3.1471 x10

5 Linear attenuation coefficient(x¥@?) 0.1061

6 Photon energy (Mev) 0.4118

7 Distance detector -cross section center (%) 35.0

8 Diameter of the detector’s surface (x4f) 2.54

9 Lenght of the detector’s collimator (x16n) 0.0

10 | Coordinates of detector’s surface center (10 | (0,-35,30); (35,0,25); (0,35,30); (-35,0,25)

2.2 Application of the EM Algorithm for the locadiion of the radioactive particle

The following steps lead sumarilly to the ExpeamatiMaximization (EM) algorithm developed by Langeda
Carson (1984). Although their achievements hadimaily been devoted for 2D image reconstructioncpsses (CT
scan or SPECT), we can use a 3D coordinate systetmeixels (voxels) in order to extend those lsstor 3D
radioactive particle tracking like this:

Nj is the probability density function of the photoemitted by voxel j per unit area with expecteflig v;

The productV; X ; is the expected value of the quantity of photonsttech by the I voxel and detected in th& i
detector’s position ;



The productvj xzm:pij , equal to ff, is the expected value of the quantity of photenstted by the"j voxel and
i=1

detected in any of the Prdetector’s position:;

The productzn“\,j xp is the expected value of the quantity of photostected in the"i detector’s position that have
j=1
been originated in n voxels;

n

PN,
i

ni” is the value of counts in the detector’s poaiti only in the photopeak region so that @i’J'l = 7 .and the

expected value of ni” is expressed in the Eq.(1)

n
DV xp;
i

@)

The objective of this algorithm is to find the elemts of the vector,—’v:( ViVs. . .\ )" from the known values;pand
n. Therefore , it can be able to extract the valdrom the values ofj given in the Eq. (2):

fi=v; x> p, @
1=1

Consider the matrix W whose elements are defingddriEq.(3)

W = P; ®)

i~ m
PN
1=1
The expected value of;"'nis expressed in the Eq. (4):
n
E(yi)zzvj Y (4)
j=1

But n” can also be expressed, after a simple arrangesmnaong Eq.(2), Eq. (3) and Eq. (4), by Eq. (5):

n f m n 5
E(r) =D 5 —xw; x 2Py =2 f xw, ©
i Zplj =1 =1

=t
=1

For the sake of simplicity, Eq. (5) can be desdatilea more compact form like that by Eq.(6):
E(y)=Wx f (6)

The elements Ware probabilities (0<p<1) and thef elements are the mean values of the quantitigghofons
emitted by the voxelsf{ >0). Then , the estimation of the probability f Y of the photons emitted by tH&\yoxel to
be detected in th&' idetector’s position , as expressed in Eq.(7)

E (V)= (W >0,0i andZWij =10 )
i=1

Maximizing the Eq.(5), the biggest probability @fcurrence of the eventsis gotten for specific values of the
vector (f). So, these values are gotten after the maximizaif the “likelihood function” L(f), like this:

The function p(k) is the Poisson probability forandom variabley related to the values m accordance with
Eq.(11) resulting in the Eq. (8).
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(E(r))k

== M xex- )] = - 2

ki

x exp(- Wf ), ®)

The likelihood function L(f) for the unknown paratee (Wf); is the probability of occurrence of the mean valoé
n; defined by Eq.(9):

L(r) = []peewnin) =[] el wr) ©

The biggest value of L(f) is proportional to thgdest value of log L(f). Then, after some caldola, the wanted
value of L(f) is that viewed in the Eq. (10):

L(F) =logL(f) =" [n xlogwr), - (wr)] 10)

So, the EM algorithm search the vector f that maeés the function L(f), being an iterative methdieato get the
Bayes solution after k iterations , as presentatierEq. (11).

fr = f, x(WT)—, k=0,1,.... (11)

nl
Wi

2.3 Mathematical Model

It was adopted the following nomenclature to cheriaé the mathematical model for the direct probleihe
emission of photons by the puntual radioactive seulocated on a voxel and its corresponding cogmntates in the
detection point on the detector:

W - reconstruction matrix with n elements or voxgle squares with the smallest area in Fig. (2))

m - quantity of radiation detectors ( there areasifions for point D);

p; - probability of a photon emitted by th& yoxel to be detected in th® detector’s surface center;

N - vector with m values of counts measured dufihgnd multiplied by the detector’s surface arear(decwith 2.54
x10~°m diameter);

f - vector with n-1 null values and only one uniglue corresponding to the instantaneous positidheoparticle on the
matrix W (f was the particle’s image vector durihg time interval “ tAt"),e.g.,f=[0001 0 ...0] ;

H; - solid angle subtended by tlfedetector’s surface center when viewed from theoiel’s center;

Aj - attenuation factor for a photon that was emitigdhe |" voxel's center and measured in tHedetector’s surface
center ;

R; - radioactive particle’s probability to be on tlevoxel considering the direct relation betweepnaid N;

di; - distance that a photon had travelled along'thejiel before it was measured in the detector i;

Then, the factors Hwere determined by the Sympson’s rule while eagtwAs obtained by direct calculation of
the exponential function given by Eq. (12), consittgthat the distances dij were measured on tvaicdtes: one in the
water and another in the air , as it had alreagy $n the section 2.1.

A = eXp[‘Z,Uj' xd; ] (12)
while the probabilities jpwere calculated in accordance with the productmyivy Eq. (13):
p; = Hjy x A (13)

and the equality of Eq.(14) was an estimate of tttal probability of a photon measured in detedtérad been
originated in the'j voxel:

W, =p; XR; (14)



Then, the direct problem resulting from these mahiecal model established a relationship betweeniritensity
of the source on the th® joxel (§=0 or §=1) and the photon counts on tffedetector’s position, that is, the linear

system expressed by Eq. (15):

(15)

Ni:EWWXﬁ

j=1
2.4 Development of the algorithm

In order to evaluate the f intensities using theaitive solution of Eq.(15), it was written in C4anguage the
algorithm of the first version of the software, ledl TRACO_1. The main input variables of TRACO_E &ne m
counts and the time interval between two successtuets whilst its output variables are the calmadasource
positions and mean velocities of the particle frairich the concentration field or velocity profile§ the particle are
obtained.

The software MICROSHIELD 5.05 was used to simuthtecounting rates at D derived from ti#u radioactive
particle fixed at ten positions. These positidhat were introduced into TRACO_1 with a time intdrequal 1s, had a
circular symmetry in relation to the positions B1P4 described in Tab. (1) in order to simulatedineple movement
of the particle in a closed track passing aroureddbnter of the phantom. Next, the parameters bf(Zphad been
introduced in the code TRACO_1 and it was run usimgocessor with 3.0 Gb clock frequency, 1Gb RAM 80Gb
HD to provide us, in the sequence bellow:

1. the reconstruction matrix W with n=4A\bxels;

2. twelve f vectors related to the source positions ;

3. the values of each X, Y and Z position coordinates

4. the three components of the particle’s instantase®locity between two successive positions.

3. RESULTS

The code ran perfectly and it was last, approxitgat20s to calculate the three components of eawticie’'s
instantaneous velocity employing the PC configoratited in the last section.
The data shown in Tab.(3) were generated by thevacd TRACO_1 and the mean square errors assoc@meach

source position were determined and they are ailvehin Fig.(3).

Table3. Values of the coordinates from P1 to PHluated by TRACO 1

Position P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
(x10~°m)
X 0.7 -11.55| -10.15| -10.15 -11.9 0.00 11.9 10.15 10.15 11.9
Y 15.05 12.95 5.25 5.25 -13.3 -15.0b -13. -5.6 5.6 13}3
Z 11.55 8.4 10.85 10.85 8.4 11.5% 10.8 10.85 8.4 11)55
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Figure 3. Distribution of the errors associatethilocalization of each point of Tab (3).
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Figure (4) is the output of the velocity field imet XY plane at Z= 0.10 m calculated by the sofwaRACO_1 from
the counts simulated by MICROSHIELD5.05 considetting time interval between two instantaneous pmsstiequal
to 1.0 s. The total of vectors is 12 and they faroounterclock track around the Z axis.
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Figure 4.Velocity profile generated from TRACO_ ttalaonsidering that th€%Au radioactive particle was tracked
through the XY plane at Z= 0.10m with a time intdrgqual 1s.

4.CONCLUSIONS

The authors are hopeful with the main features RATO 1 although these first simulated results dameian the
final test for a complete evaluation of its potehfior troubleshooters. After TRACO-1 had been exed to track
displacements of the radioactive source in the fmmanit was verified that the maximum value of thean square
error found in the calculus of the instantaneoutigd@’s position is significantly low. Consequignthe determination
of the radioactive particle trajectories and itdoedy profiles in the medium by TRACO_ 1 seem féésiand the
continuity of this research, that is, the applieatiof the software in a real tracking, is now jisti and it will
demonstrate the accuracy of TRACO_1 outputs maarigi.
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