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Abstract





	The Triple to Double Coincidence Ratio (TDCR) method is an absolute LSC method for the activity determination of many radionuclides. The method is based on a statistical description of the phenomena in a triple photomultiplier LS counter. The TDCRB-1 program was developed to calculate the radioactive concentration of a solution and is based on the TDCR method data processing.


	The program, in FORTRAN language has a modular structure, which easy enables to understand its functioning. The outline of the theory, a structure and algorithm of the program, as well as an example of the output results, are presented. 








1.   Introduction





	The Triple to Double Coincidence Ratio (TDCR) method is an absolute activity measurement method, used in Liquid Scintillation Counting (LSC) to standardize a variety of different radionuclides. The method is based on a statistical description of the light emitted by the scintillator. The associated theory, previously described in the literature, was used to develop a simple TDCRB-1 program to calculate the detection efficiency, and hence the source activity, of a triple photomultiplier LS counter for pure beta radionuclides. A set of counting points obtained by changing the detector figure of merit is necessary. The paper describes models used to develop the program, including assumptions made in the counting efficiency calculations and the program algorithm. Details of the program are described in the user manual.





	The structure of the program, written in FORTRAN language, is fully modular, to make it easy to read and modify. The form of the program is intended to enable each user of the TDCR method to have easy access to each sequence of the counting efficiency determination procedure. The program is constructed in the most simple way. The user can alter the program to include his own input file format. Subroutines can be independently modified by the user, while retaining the structure of the defined input/output parameters.





	Output data tables contain all measurement data and values used for activity determination for each counting point, which enables verification of the appropriateness of the TDCR model and calculational accuracy. A schematic diagram of a set of counting points of each source is printed out, to facilitate a quick general view of measurement results. Each measurement anomaly is usually clearly visible in a plot of counting results versus TDCR parameter. Calculation results are saved on a computer disc.





	The TDCRB-1 program, examples of input data set files and a short user manual will be freely available to anyone interested in LSC measurements using the TDCR method.








2.   Model of calculation used





2.1.   Determination of the counting efficiency.





	For pure-beta radionuclides, the counting efficiency ((x) in a given counting channel, denoted by index x, is calculated as a function of the figure of merit ((o) using the method previously described in the literature [1], [2], [3]:





				�EMBED Equation.3���				(1)





Integration is performed over the whole normalized beta-spectrum S(E) multiplied by the counting probability in a given coincidence channel Px(E,(o).





	Counting probabilities (Px) in a double coincidence channel (C), a triple coincidence channel (T) and a sum of double coincidence channel (D) are defined in Table 1 with assumption that all three phototubes are identical.








Table 1.   Counting probabilities of the coincidence channels assuming the Poisson distribution





coincidence channel�
Px�
�



C





T





D


�



   1 - (2P - P2)





   1 - (3P - 3P2 + P3)





   1 - (3P2 - 2P3)


�
�






	The counting zero-probability in a single photomultiplier assuming the Poisson distribution





				P = exp (-N)							(2)





with an expected number of photoelectrons in a single photomultiplier





		 		�EMBED Equation.3���						(3)





is calculated using the relative scintillation efficiency F(E) for the beta-particle energy E. This function is expressed as





				F(E) = Q(E) W(E)						(4)





Q(E) is the Birks ionization quenching function [4] for beta particle of energy E,





				�EMBED Equation.3���					(5)





where the lower limit of integration is the mean excitation energy of scintillator molecules Iexc [keV] and kB is the ionization quenching parameter [cm/MeV].





	The specific energy loss of a beta-particle in the scintillator �EMBED Equation.3��� is calculated by Bethe-Bloch formula [5] for E > 0.1 keV, and is assumed to be �EMBED Equation.3���= 0 for E = 0 keV and �EMBED Equation.3���( E for E ( 0.1 keV.





The function W(E) describes beta particle escape probability from a scintillator having a cylindrical column shape of the vial (r - radius of the column, H - height of the column)





				�EMBED Equation.3���					(6)


The beta-particle range R((E) is calculated as an integral of the �EMBED Equation.3���reciprocal in the limits [Iexc, E].








2.2.   Calculation the radioactive concentration of a solution





	From the counting rate in a given counting point (characterized by (o) in each counting channel, a mean counting rate of background is subtracted. A mean counting rate,    Nx, of all repeated counts in a given coincidence channel is calculated and divided by a source mass (m). The radioactive concentration in a counting point (CAP) is calculated 





				�EMBED Equation.3���							(7)





	Mutual relation of the counting channels equation should be fulfilled:





 				NAB + NBC + NCA  =  2 NT + ND				(8)





Confirmation of this condition is obtained by noting if the ratio of the right hand side to the left hand side of Equation 8 is different from unity. 





	The real efficiency values (T((o) and (D((o) are found by an iterative method [6] that searches for a figure of merit value, (o, value, for which the difference between the theoretical and experimental TDCR parameters (Equation 9) is not greater than a critical value, (.





				 �EMBED Equation.3���	 				(9)





where





�EMBED Equation.3����EMBED Equation.3���				�EMBED Equation.3���						(10)





				 �EMBED Equation.3���							(11)





	The calculated counting efficiency (D is used to determine the radioactive concentration in a counting point (CAP) according to (6).





	The radioactive concentration of a source (CA) is calculated as the arithmetic mean of (CAP) values. The regression line





				CAP  =  a Kexp + b						(12)





and the slope factor





				�EMBED Equation.3���								(13)





is calculated. If the condition ( ( 0 is not fulfilled, then calculation of the counting efficiency for all counting points is repeated using another value of the ionization quenching factor kB and the CA is calculated again.





	The radioactive concentration of the solution (CAS) is calculated as the arithmetic mean of CA values of all sources in a set.








2.3.  Uncertainties of the radioactive concentration of a solution.





	The counting rate (Nx) of all counting points, the radioactive concentration of all sources (CA), as well as the radioactive concentration of the solution (CAS) are calculated as arithmetic means. The sample standard deviation and standard error are calculated according to Equations 14 and 15, where n is the  number of sources in a data set.





				�EMBED Equation.3���					(14)





				�EMBED Equation.3��� 							(15)











3.   A structure of the program 





	The TDCRB-1 program consists of the main program and a set of subroutines, compiled independently, to enable easy modification or replacing subroutines by the user. Description of subroutines and algorithms of the main program are presented below. The program may be used in two operating modes, depending on the IEFF parameter value:


	- calculation of a solution activity based on the input data set file (IEFF=1),


	- calculation of  theoretical counting efficiency for a given set of thirty TDCR parameter


	   values (IEFF=2).





	The program TDCRB-1 reads the input data set file with background, the input data set file with sources measurement results and the radionuclides and scintillators data file DONNE.TAB. The program can be easy adjusted to a user file format by modifying the DATAEXP and the PARAM subroutines. The program TDCRB-1 accepts an input data set file with up to: 30 counting points, 15 repetitions and 12 sources. The radionuclide and the scintillator data are selected from the DONNE.TAB file. A list of radionuclides and scintillators can be easily extended.





	Details of the calculation method, parameters used and printing options are explained in comments in subroutines, as well as in the user manual. Calculation results are printed or saved in the CALC.RES file on a computer disc.








3.1.  Subroutines





DATAEXP


For selecting the input data set file with a set of sources, masses of sources and counting time data, as well as the input data set file with a background counts. Values of number of counting points, repetition and number of sources are then contained in the file. Information concerning the measurement is to be input and is printed. Means of counts are taken, counting points are calculated, background is subtracted and uncertainties calculated.





PARAM


For selecting and printing the radionuclide and the scintillator data, registered in the DONNE.TAB file. The data are used to calculate the electron and scintillation beta spectra.





SPECTB


For calculation beta-spectrum of a given radionuclide [7]. The spectrum is divided into a selected number of intervals.





FJON


For calculating scintillation energies in all intervals of the beta spectrum, taking into account the Birks formula [4], which describes the ionization quenching effect with the kB parameter. Calculations are performed for the selected scintillator of a given dimensions.





FIT


For calculating counting efficiencies at all counting channels of a counting point, by fitting the calculated theoretical TDCR parameter (Kth) value to the experimental one (Kexp), where the figure of merit (o is changed to fulfil condition (9).





SOURCE


For calculating activity of the source as a mean of all counting point activities. For this purpose a slope of a regression line of the set of counting points is calculated.





DESSIN


For printing tables and diagrams of a set of counting points as a function of the TDCR parameter.





INTRP


For interpolation of function values between given points by using the Lagrange polynomial of N-1 degree.





SETSOUR


For calculating the mean activity of the solution (e.g. a set of sources).





RESULT


For printing results of calculation.








3.2.   Algorithm of the main program





	A main program algorithm, explaining how it works, is presented in two parts, one for each of it's two operating modes - calculation of a solution radioactive concentration (Fig.1) and calculation of a theoretical counting efficiency (Fig.2).








4.   Input and output data





	The input and output data are described in detail in the user manual. Examples of format of the input data set files, with mesurement results of background and of sources, as well as of the radionuclide and scintillator input data file DONNE.TAB, are given. Tables with counting results of the enclosed input data files are presented and described.





	A part of the output data for a single source, as well as a diagram of a set of counting points, is given in Fig.3. 








5.   Free software





	A set of files available to all interested in application of the TDCR method includes:





TDCRB-1.EXE	a Fortran executable file


*.FOR			Fortran source files (main program and all subroutines)


NI6301.TDK	example of an input data file (counting results of a set of three 63Ni sources in the Ultima Gold scintillator, different counting efficiency in 7 counting points was obtained by changing the PM-tubes focalisation, measurement in each counting point was repeated 3 times by 60 s)


BKGR3.TDK		example of a background data file (counting results of one vial 


with the Ultima Gold scintillator measured in the same conditions as above)


DONNE.TAB		example of a set of scintillator data at choice


README.DOC	user manual








6.   Test run





	A test run of the TDCRB-1 program can be performed by applying the real example input data files: NI6301.TDK, BKGR3.TDK, DONNE.TAB.








7.   Summary





	The TDCRB-1 program, for calculation of detection efficiency of a triple-photomultiplier LS-counter for pure beta-emitting radionuclides, can serve as a convenient instrument to every user of the TDCR method. Modules of the program will be used in future to develop another version of the program, for pure electron-capture radionuclides.
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Fig 1.	The first mode (IEFF=1) of the TDCRB-1 program operation (calculation of a solution 


	radioactive concentration)
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Fig 2.	The second mode (IEFF=2) of the TDCRB-1 program operation (calculation of a 


	theoretical efficiency for a given set of TDCR parameter values)
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Fig 3.	Output data (IEFF=1): table of results for a single source of 63Ni obtained with an 


interpolated kB parameter value. A diagram of a set of counting points is given.
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    A      - counting point activity [kBq/g]


    SIGMA  - counting point activity uncertainty (standard deviation)


    ETA0   - figure of merit [photoelectrons/keV]


    PHEL   - number of photoelectrons in the detector


    DIFF   - test of mutual relation of the counting channels


    TDCR   - experimental TDCR parameter


    AB, BC, CA, T, D - mean counting rate in a given counting channel


                       per source mass [cps/mg]


    effC, effT, effD - counting efficiencies of counting channels


                       (assumption: efficiencies effAB=effBC=effCA =effC)





 SOURCE No. 1    MASS=  46.0550 mg   COUNTING TIME=  60. s   REPETITIONS= 3





 *  kB=  .00788 cm/MeV


           A   SIGMA   ETA0        T   effT        D   effD   TDCR


 1    39.675    .064   .920    27.42  .6910    32.90  .8294  .8332


 2    39.778    .085   .909    27.38  .6883    32.93  .8278  .8315


 3    39.689    .154   .878    27.01  .6805    32.67  .8232  .8266


 4    39.669    .085   .833    26.51  .6684    32.37  .8161  .8190


 5    39.714    .073   .767    25.77  .6488    31.95  .8045  .8065


 6    39.628    .155   .693    24.69  .6230    31.27  .7891  .7896


 7    39.746    .144   .604    23.30  .5863    30.47  .7666  .7649





      PHEL    DIFF       AB       BC       CA   effC


 1  12.752  .00000    29.34    29.58    28.82  .7371


 2  12.599  .00000    29.33    29.58    28.78  .7348


 3  12.168  .00000    28.97    29.30    28.42  .7281


 4  11.544  .00000    28.46    29.00    27.94  .7176


 5  10.640  .00000    27.71    28.50    27.27  .7007


 6   9.604  .00000    26.63    27.71    26.31  .6784


 7   8.374  .00000    25.30    26.63    25.14  .6464





 A [kBq/g]                            ACT =   39.700 +-  .019 kBq/g


   39.87-!                                                             


        !!                 !                                           


        !!               ! !                                           


        !!               ! !                                           


        !!          !    ! !                                           


   39.76-!      !   !    ! 2                                           


        !7      !   !  ! ! !                                           


        !!      !   !  ! ! !                                           


        !!      !   5  ! ! !                                          !


        !!      !   !  ! 3 !                                          *


   39.66-!      !   !  4 ! 1                                          !


        !!      !   !  ! ! !                                           


        !!      6      ! ! !                                           


        !!      !      ! ! !                                           


        !       !      ! !                                             


   39.56-       !        !                                             


        !       !        !                                             


        !       !        !                                             


        !       !                                                      


        !       !                                                      


   39.45-                                                              


         !--------------!--------------!--------------!--------------!


      .765           .824           .882           .941          1.000 TDCR


