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Abstract: We have calculated the range of proton and al@rticke in Nal scintillator which is a
commonly used substance in scintillation detectanufiacturing. The stopping power of proton and
alpha particle in Nal is calculated first by usig theoretical treatment of Montenegtaal .M. The
range calculation has been performed by usimglanique that we developed in the earlier wérks
We compared the results with Monte Carlo simulaposgram SRIM2003 and PRAL The obtained
results are in satisfactory agreement with theditee.
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INTRODUCTION second order derivative. Then the first order défeial
equation, Eg. 1, is combined with a simple the
A scintillator material is that it converts enetiggt ~ €lectronic stopping power formulation of Montenegro
by ionizing radiation into pulses of light. For mos € al.”". The first order differential equation to be used
scintillation counting  applications, the ionizing N the range calculation is the following:
radiation is in the form of X-raysirays anda- or (3-
particles ranging in energy from a few thousand[ _&)E_[_&+(1— 2u) Qjﬁzl (1)
electron volts to several million electron volted8im 2E ) dE 2E 8E P
lodide Thallium doped, Nal (TI) offers a good
compromise for all these specifications but haswa | In this equationR, stands for the projected range,
stopping power. It is the most widely used sciatdt. . o ]
For protons with energies of the order of 50 Mehg t E is the initial ion energy and = M,/M; where M, is
response of Nal (T1) crystals is linBarTherefore, Nal  the ion mass and Ms the target mass,, &nd $ stand
scintillators can also be used for energy measuneame for the nuclear stopping power and the total stogpi
of proton beams. The response of protons in k| Ngower, respectively. Qis the second moment of the
(T1) crystal was studied by Romesb al.'®). They nuclear energy loss apo= M,/M;.

parameterized the differential light output as action We solved Eq. 1 by using higher order Runge-
of the stopping power using the results of variousKutta numerical solution method by the use of thitb
measurements. in functions in Maple 8 symbolic computation pragta

In the present work, we aimed to find penetrationin order to solve an Eq. 1 numerically, the coédfits
depth of protons and alpha particles by combining af differential equation must be determined. Thase
suitable stopping power mechanism with the ion €ang mainly given by the electronic energy loss, nuclear
calculation method. We [llJ]sed the electronic StOF’p'“%nergy loss, the second moment of nuclear enesgy lo
power of Montenegret al.™ as an input quanu%:t\(/)Ve For calculating the electronic stopping powey Be

applied the technique from a previous wWo : 1] :
calculate proton and alpha particle ranges in Naform_ulas_ dern{ed by Montenegret a_I._ _for lons
moving in solid targets at non-relativistic veloest

scintillator. :
were used. These formulas differ from those used by

Theory: In calculating the ion ranges in solid targets, Ziegler et al.” applied to PRAL and also from those
there are numerous techniques and calculatiopreviously used by Bowyest al.*¥ applied to KRAL.
_method?'g]. Among these techniques, one method wasThis formula can be applied in a wide energy range
improved by Biersack for slowing down of ions in with a single expression and are easy to handle.
matter based on the analysis of the directionaliang pg\ever, Zieglers electronic  stopping  power
spread of ion motion as a function of en expression consists of different formulas for vasio

Although this method has been widely used since?,198 : "
it was Bowyer et al 19 \who revised the Projected energy regions and a number of fitting parameters

Range Algorithm (PRAL) and called this new set ofWhich is a time consuming process in the calcufatio
equations to be Kent Range Algorithm (KRAL). The charge state of the projectile during the gyer
Kabadayiet al .23 studied one of the KRAL equations loss procedure have been studied and has an exdensi
by an approximation. In this approach, the secadero literaturd"***, As the ion moves through the medium
ODE is reduced to the first order by dropping ¢fét certain events such as excitation, charge exchange,
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ionization to occur. At high energies, ionizatianthe used to determine the coefficients of the diffei@nt
main source of energy loss, however other processesjuation at numerical solution. Afterwards, higlleor
such as electron capture and loss and excitationrRunge-Kutta solver is applied to find the numerical
becomes important at low energies. As the Montemegrsolution of Eq. 1.

formula combines of all the probabilities from low,

medium and high energy regions, it takes into actou RESULTS AND DISCUSSION
all of contributions depending on the velocity bt ) o )
particles. Thus, this technique can be used evethéo The comparisons with literature in the range of

slow ions since Montenegro formula that we used ifigh _energy protons and alpha particles in Nal

consider contributions from all energy loss "€spect to the range of protons are compared Wit t
mechanismiy. results calculated from PRAL and SRIM2003 (TRIM
partf’. In order to find PRAL results, we employed

Bragg's Rule: Bragg's rule which states that the SRIM2003 package. In the main menu of the
stopping power of a compound may be calculated byRIM2003 package program, we choose “Stopping and

the linear combination of the stopping power of theX@nge Tables” section to generate PRAL results and

individual elements is used to find the stoppingves ~ computer generated a list of stopping _and rangeesa
in multi element targe@. We applied Brag?gl;s %?e to The results referred as SRIM2003 is calculated by

. - hoosing “TRIM calculation” section in the main nuen
find the stopping powers and the second momertieof t :
stopping poF\)/\F/)erg if,)] Nal. There is another methdiihtb of SRIM2003 packf_;lge. For the data evaluation and
the stopping powers 'in a diatomic target. In thisSRIM2003 calculations we have assumgd that the

. e . : ' atomic density of Nal target is 3.67 g ¢m We
technique, an artificial single element is formeg b : :
takingqaveraged e nu?nbers and averaged gtom erfc;lrrqed SRIM2003 calculations for 2000 ions per
mass of the elements in a compound. Bowatea.*”! mulation.

\ ) X Figure 1 is a plot of the range versus the indiden
showed that Bragg's rule is superior to the averagg,iqn energies for Nal target. The solid curve

atomic number technique. However, Bragg's rule waggnresents calculated results using our technique a
applied only to the electronic stopping in PRAL. gqares show the SRIM 2003 and comparison with
Therefore, in the present work, Bragg's rule waspral is also given in Fig. 1.

applied to all stopping powers. By using Bragg'teru As it is shown in Fig. 2, there is a satisfactory
input quantities which are the coefficients of ¢an be  agreement between the calculated ranges and other
found as follows: The nuclear and electronic stogpi methods. This comparison shows that SRIM and
power from diatomic Nal target is found first byday ~PRAL give similar results; however, our results

stocihiometrically weighted stopping powers of eachSomewhat differ from these results. The deviatiares
element. Then the total stopping power in theENergy independent and random. We found this lefvel

; . ; . reement with literature even with the simplificat
compound is obtained by adding the electronic amﬁ?at we employed in the current work. Hm?vever, the

nuclear stopping powers obtained for the compoundieason for the deviation from SRIM is thought toae
The same method applies to the nuclear energy lossifect of inadequate treatment of electronic stogpi
moment Q in order to find the value of Q in Nal  power in Montenegro formula and neglect of the
scintillator. electron energy loss straggling. Our results foe th
range are satisfactory for the range of protonsadpka
Numerical Calculation: The program is coded in Particles implanted into Nal.
Maple8 symbolic computation platform and built-in
functions of Maple 8 is employed to solve the eiumt  thiswork
numerically. There are various numerical soluton | - PRAL [4]
techniques to solve Eq. 1 numerically. Bowgeal.['”
an employed iterative refinement technique based on
the method developed by Wintert®hand a variable
step ODE solver based on Adam's method to calculate
the ranges of ions in solids by using their modifgeet
of equations.

In our technique we applied higher order Runge- 1o
Kutta Method to solve Eq. 1 numerically. The
numerical solution of (1) is, in principle, the stbn of 10 ez
an initial value problem where the initial conditi 100 o0 o000 o000
must be well defined. In order to find initial catidns, Energy (ke )

we employed the same method as that proposed by

i ] 3 i i ig. 1: Comparison of the Calculated Ranges of
Biersacl! in the low energy region. In the first step of F19 Proto%s i Sodium-iodide with SRIMZOO% and

Range (&)

Protons in Mal

the calculation, our algorithm calculates the etaut PRAL for Energies from 100 keV to 100
stopping power, the nuclear stopping power and the MeV. The Solid Line Represents the Data
nuclear energy loss straggling. These results lza t Calculated by the Present Method
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the results of SRIM. The calculated values of tege

of implanted medium and high energy protons and
alpha particles in sodium iodide-scintillator haween
compared with SRIM and PRAL due to scarcity of
experimental data in the literature. The comparison
shows that the calculated results are in an agneeioe
the behavior of range curve. There is a systentmtic
energy independent deviation from SRIM. The reason
for this systematically lower range value is thautgh

be an effect of inadequate treatment of the elawtro
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1.
Comparison of the Calculated Values of the
Range with SRIM2003 and PRAL for Alpha
Particles Implanted into Nal at Energies
between 100 keV and 100 MeV. The Solid 2.
Line Represents the Results of this Study; the
Squares Represent the SRIM2003

Fig. 2:

The electronic energy loss straggling hat we 3.
neglected in this work is expected to contributeéhe
range of higher energies. The deviations of ouladat4
from SRIM was random and energy independent (e.g.,”
the deviations did not increase with increasing
energies). Therefore, we think that the main redson g
the deviations from SRIM is inadequate treatment of
the electron energy loss.. SAlthough the electron
energy loss formula that we employed is easy tallean
and consist of a single expression for a wide gnerg6.
interval, it sacrifices numerical accuracy if orssames
that SRIM program produces better results.

We made above comparisons with respect t
the SRIM calculations since we have not found any
experimental data in the literature for thege of
protons and alpha particles in Nal scintilfafbhe
differences are energy independent and ofotter

8.

of 35% for protons and alpha particles when9
compared with SRIM. '
CONCLUSION

10.

This work presents the results of the range
calculation for protons and alpha particles in Nal
scintillator. We have used the author’'s method fram
previous work?! to calculate the mean range of
protons and alpha particles. This method basechen t
solution of a first order ODE'’s for the easy anfilcéfnt
calculation of the range of diatomic target materia 1
Montenegro et al. The formula for the electronic
stopping power which is valid for all non-relatitics
energies allowed us to calculate the ranges ofcfest
for energies from 100 keV to 100 MeV. Although, the

Monte Carlo programs calculate ion ranges and angul 14-

distributions quite well, the major disadvantagettos
method is that it is inherently a computer time-
consuming procedure for a large number of ions i
required to simulate only for one energy input. The
proposed method is simpler and satisfactory when
compared with similar procedures in the literatihée
have found a satisfactory agreement for the rarfge o
ions for wide energy interval with when comparedhwi
35

13.

5.

16.

stopping power for such a big energy interval.
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