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A Theoretical Study for the Estimation of Yield of
Technetium-99m Production Usng Newton’s Forward
Difference Formula
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Abstract — A theoretical estimation of production yield of
Technetium-99m {°"Tc) in a cyclotron usinc Newton's
Forward Difference (N.F.D) formula has ben carried out.
The aim was to use an alternative numéal method (N.F.D
formula) to estimate the production yield of **™c in a
cyclotron instead of the Simpsons Nmerical Integration
method which relies solely on nuclear reactic simulation
codes (TALYS code, EMPIRE Codeetcetera) The advantage
of the N.F.D formula is that, it is simple, easy and does nc
require sophisticated software coding. Eventually, the two
methods were used for the same proton energy ran¢ and
the corresponding **"Tc radionuclide saturated vyields
calculated. Through minimization and curve fitting from the
results, it has been found out that therexists a facto of 1.59
MBg/pAh in terms of saturated yield of *™Tc between the
two methods within the same proton energy ranges.This
implies that in the absence of anynuclear reaction model
code, Newton'sforward difference formula can be used tc
estimate a radionuclide production saturated yield within
any proton energy range in a cyclotron.

Keywords — Cyclotron, Curve Ftting, Saturated Yield,
Technetium-99m.

. INTRODUCTION

Radioisotopes which are fundamental component
radiopharmaceuticals in nuclear medicines are melyt
used in many health centers for the #iiovasive diagnosis
and treatment of variousliseases. The discovery a
introduction of radioisotopegor treating and imaging
diseaseed to the tremendous growth of nuclear medir
[1]. These radioisotopes in trace amounts are de of
pinpointing the underlyig causes of many diseas
examining the flow of blood to many organs in thedyp
including the detection of lymplia pathways of tumour
and monitoring the aftegffects of surgery and treatme
in the body. Thus, stgmdous contribution of
radioisotopes in nuclear medicine is unquestionalby/.

One of such highlyegarded and unparalleled
radioisotopes with almost ideal radiopharmaceutit
properties for most nuclear medicine proceduis
Technetium-99m®%™c). **™Tc is used inabout 70% of
all nuclear medicine proceduresorldwide principally
because of its unique high betaergy emission but lo
radiation dose to patients [2]. Due tioe relatively low
dosimetric burden, higher count ragsl reasonably shc
half-life of about six hours aimproved image signal ce
be achieved using®™Tc [3]. Most importantly, the
chemistry of technetium is so versatthat it can form
tracers by being incorporatésto a range of biological-
active substances to ensure thabitcentrates in the tiss
or organ of interest [4].
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Consequently, coupled with these advantages,
production of *™c using theoretical models with
sufficient yield with a cyclotron has proven to able.
Several models have been developed in predictimg
yield of radioisotopes [5-6]The most commc of these
methods include usin@impsons Numerical Integratic
method which relies solely on nuclear reaction &tion
codes (TALYS code, EMPIRE Code etcetera). The dil
this study was t@stimate the yield ¢®™Tc using N.F.D
formula within a givenenergy range and compare °
yield obined with the saturated yielestimated from (3)
which employs Simpson’s Numerical Integratior.N.I)
method with the aid of Taly's code for the genenatof
nuclear reaction cross sectiorThe advantage of the
N.F.D formulais that, it is easy, simple and does
depend on nuclear reaction simulation cc

The yield (Y)of a nuclear reaction the quotient of the
number of the nucleiormed in a nuclear reaction the
number of bombarding particlon the target [7].

A saturated thick targetidionuclidt yield is the highest
yield a target can produckn radionuclide production tw
typesof target yield are considert the first type is the
one hour per micro amperésh/1uA yield): This is the
yield after an hour afradiation time thais produced by a
beam current of 1uA;

Ey
Y =(ON, / A(L- €"™2) j 96) e @
Eout S( E)

The second type is then@ of saturation bombardme
yield (Yeosp): Activity produced by bea current of 1uA
if the irradiation time s much greater than the hlife
(t>> T1/2)'

dE (2

E.

_ (o (E)
Yeoss = (ON L/ A) | S
where ®=beam flux; t =irradiation tim¢ N .= Avogadro
constant; A = atomic weight;;,= half life of the product
nucleus; o(E) = reaction cross secti (mb); SE) =
stopping power of targetdleV.crr?9) [8].

The saturated thick target radionuclide productiaid
(Y) equation [9] is given as:
Em
olE
Y =6.240167 Dﬁmj 9(E) e (3)
Mo S( E

)

[I. MATERIALS AND METHODS

TALYS code is a nuclear reaction code for t
simulation of nuclear reactions that involve nensy
photons, protons, deuterons, tritons, and «particles in
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the energy range of 1 keV 200 Me\ and for target
nuclides of mass hemr than carbon. computer
software package called SRIdAlculates many features

the transport of ions in matter [10The TALYS code is
used to generate the nuclear reaction cross seaiiuh the
SRIM packagesd used to process the appropriate stop
power values and ranges

2.1Generation of Nuclear Reaction Cross Secl

The nuclear reactiorquation given in (4leads to the

direct production of*™Tc.

%Mo (p, 2n)*™Tc (4)
where!®Mo is molybdenumt00 isotope which serves
the target; p is the proton (hydrogen particle) chhis
accelerated to bombard the target material; 2nessmts
two neutrons which are emitted during the bombardt
process and’™Tc is theradionuclide ofnterest.

In estimation of optimum energy range production of
9™, cross sections of the reactiofi'Mo(p, 2n)*™Tc
which are functions of particle energies were gatesl
using the TALYS code
2.2 Determination of Stopping Pow

The average energy loss of the particle per unih
length, measured for example in Me¥h is the stoppin
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The cross sectiors{E)] and stopping power [S(E)] a
given respectively bys) and (6) respective
2.678+10710«N; A

o(E) = v )
and
S(E) - 14:2Ez In[ 21|95EJ

’ (6)

Where:N; = number of nuclepresent in target during
irradiation; A = atomic mass of target in (am p =
density of target (Mo) in (amu X = thickness of target in
(um); t = irradiation time in hour Z = atomic number of
target in (amu); z ;atomic number of charged particle
(amu); | = beancurrent in lA); 1, = ionization potential.
Putting (5) and (6) in (3) gives
Y = 6.24 % 1012 M4 Ny fb 2.67x10710AN; /ptxI

14Zz2 2195E
———xIn
AE Ip

For molybdenum-100, theonstantsin Table 1 applies
and Substitution into (7) gives

dE (7)

Table 1. Some constaritsthe radionuclide producticof
Tc-99rm.

Name of Constant Numerical Value

power [11]. $opping power values of the molybder- Avogadro’s Number, Na (particle 6.02E23
100 target for eachrpton energy were obtained for use ~ Atomic mass Mo-100 amu 100
the SRIM software package. Numper of nu.clei present during 6.27E21
2.3 Numerical Method for &uratec Thick Target radiation, Ni
. . . . . . Atomic weight Mo, amu 9.60E1
Radlon_ucllde Pr(_)ductlon #imation (Simpson Density Mo.p (g/lcm3) 10.28
Numerical Integration) Beam current, | (microamps) 200
The cross section valuesere generated bTALYS Atomic no of Mo, Z 42
code for'®Mo (p, 2nf°™Tc reaction channel for ea  Atomic no of H, z 1
particle energyrange (Table 1). T stopping power Target thickness, X (um) 223.49
valuesfor the corresponding energies were obtained br _Irradiation time , t (hrs) 6
SRIM package (Table 2). Using saturated thick ta _L & E 8
radionuclide production yield (3nd applying Simpson’ Y _KD In(313 17)dE (8)
H i H H H Eout )
numercal integration method, the various radionuc
production yields were calculated. 4raph of proton a&nd ,
energy versus radionuclide production yield wasttptt L, = M4—W =3.93 %103 (8b)
for analysis (Fig. 1). melzz
2.4 Numerical Estimation of i¥ld using Newtol E , .
Forward Difference (N.F.D) &rmule (E) “In(313.1E) K+ IGE+ KE+ KE+IGE (9)
Then
F(E)—jf(E)dE—T Egpe| ke KET  KET KE KGE =
In(313.1E) 2 3 4 5 | (10)
with G = &Q_ﬁ _K (;_ﬁandc;—K5 g|vesY—393163 [CE+CZE2+Q§+C;E‘+ QE] (11)

3 4

The Mlcrosoftexcel program was used to determlne numerlcal value of the coefficient$é E and arranged in Table 2.

Table - Values of some variables and constants

E,=8 MeV E,=10 MeV E,=12 MeV

E=14 MeV E=16 MeVv

K,=7.5419E-2 K=0.1305
C;=K,=7.5419E-2  G= K,/2=6.52481-2

Ky=-1.72E-3

C=K,/3=-5.7E-4 G=K,/4=1.3367E-5

K=5.3467E-5 K=-7.7135E-7

©K/5=-1.5427E-7

Note: the energy step interval is 2MeV.
The final radioisotope production yield equatiorcdmme:

* 3
y= 393 1d

*[0.075E+0.065F -5.7*10°E°1337*10°E*~ 154*10'E° "

(12)
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[Il. RESULTS AND DISCUSSION

3.1 Variation of Saturated Thick Target Yield w
Proton Energy

Results of various particle energies in MeV anduea
of saturated thick target radionuclide productiaelds
obtained using (3) and Simpn Numerical Integratio
method is provided in Table B can be seen that thick
target yields for radionuclide production increaséth an
increase in proton energies.

Table 3.Particle Energies and Corresponding satur
thick targetRadionuclide Production Yields at differe
times of irradiation (Simpson’s Ru

E/MeV E,,/MeV Saturated Yield/(MBg/Ah)
8 0 0.5

11 8 90.67

15 8 309.17

18 8 505.17

20 8 620.00

22 8 691.67

To analyze the effect of particle energyradionuclide
production vyield, a graph of thick target radionde!
production vyield versus proton (projectile) energy
plotted in Fig 1.1t was realized that, adionuclide
production vyields in saturatethick targets increase
exponentially with proton energies.
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To aid in the analysis plot of saturated yield against
the projectile energy (Figure) 8hows that a thick target

yield of radionuclide production increases alr
proportionally withprojectile energ.
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Fig. 2. Saturated thick target Radionuclide Produc
Yield versus particle Ener

3.2 Comparison of saturated vyields obtained
Newton’s Forward Difference (N.F.D) formula a
Simpson Numerical Integration (S.N.I) met

To establish a relationship betweein the saturgield
obtained by N.F.D method and S.N.I method, valdebe
saturated yield within the same particle energyges for
the production of T@9m are tabulatecin Table 5.
Although, saturated yield vals in both methods increases
with particle energy, the quantum of increase witthe
same energy range is not the same. Through thegsal
curve fitting and a trend line equation for theveuof bes!
fit was obtained for each method. Subsequentlpective
particle energies were substituted into these dtiline
equations ( Fig3) and the corresponding new S, and
N.F.Dyvalues obtained.

0 : ' ' : ! Table 5.Particle energy ranges and saturated yield ve
0 5 10 15 20 25 for N.F.D and S.N
Energy SaturatecYield(MBg/uA)
Energy (MeV) (MeV)

Fig.1. Saturated thick targetdionuclide production yiel En  Eou N'E'F S'i\“ N'S'F S'é\l'l ﬁg:@i
versus particle energ 1 8 127 91 92.2¢  146.73  1.59007
. . . 15 8 245 309 215.20 342.30 1.59061
An alternative method to estimate the radionuc ;5 g 316 505 309.3¢ 488.98 1.59073
production thick target yield was to numericalljvgothe o9 g 358 620 368.88 586.76 1.59078
radionuclide production yield (3) using NewtolForward 22 8 395 692  430.3; 684.44  1.59082

Difference Formula. Table 4ontains the apportione
energy ranges and the correspondiaturated thick targ:
radionuclide production vyields calculated from
numerically solved formula from (12).

Table 4.Particle Energy Ranges and Correspont
Radionuclide Production Yield®lewton's Formula

E./MeV E,u/MeV Saturated
Yield/(MBg/uAh)
11 8 127
15 8 245
18 8 316
20 8 358
22 8 395
24 8 432

Note: SNJ] = cross section values obtained using equa
(3) and employing Simpson’s numerical integra
method. NFDR = cross section values obtained us

equation (12 which employed Newton's forwa
difference formula. SMNE cross sectiorvalues obtained
by using the trend line equation(y = 48.89- 391.08)
after curve fitting and minimisati. NFD, = cross section
values obtained by using the trend line equation(

30.73x -245.75) after curve fitting and minimisen. (y =

saturated yield in MBgAh and x = energy in Me.

A factor of 1.59 has been established as the rati

S.N.L to N.F.D, values for each of the energy rar
considered in Table .5In Figure 3, N.F.D metha
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underestimates the satted yield values as compared
S.N.I method. In the absence of appropriate nu
reactioncode and the SRIM software package to gent
cross section values and stopping power Ve
respectively. @e can employ the N.F.D. method and t
to correct it by multiplying by 1.59 to obn the values for
the S.N.I method.
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Fig. 3. Graphof particle energy against saturated yields
N.F.D and S.N.I

V. CONCLUSION

Saturated yield values increses with proje energy. A
trend line fitting to the curve estabisd that impsons
Numerical Integration and étons Forward Differenc
methods values of saturated yialdfer by a factor o
1.59.1n the absence of appropriate nuclear reaction
and the SRIM software package to generate crosms:
values and stopping power valuespectivel, one can
employ the N.F.D. method and then to correct it
multiplying by 1.59 to obtain the values for theNS.
method.
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