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Abstract 
 
 
The aim of this work was to test and validate the Monte-Carlo (MC) ionization 

chamber simulation method in calculating the activity of radioactive solutions used in 
the field of radionuclide metrology. This is required when no or not sufficient 
experimental calibration figures are available as well as to improve the accuracy of 
activity measurements for other radionuclides. Well-type or “4πγ” ISOCAL IV 
ionization chambers (IC) are widely used in many national standard laboratories 
around the world. As secondary standard measuring systems these radionuclide 
calibrators serve to maintain measurement consistency checks and to ensure the 
quality of standards disseminated to users for a wide range of radionuclide where 
many of them are with special interest in nuclear medicine as well as in different 
applications on radionuclide metrology. 
 

This work was conducted in the frame of a join project between the National 
Metrology Institute of Austria (BEV) and Atomic Institute of the Austrian Universities 
(ATI). The experimental part of this work was carried out at the radioactivity 
laboratory of BEV which is responsible for type testing and type approval as well as 
for calibration and verification of radioactivity measuring instruments.  
 

For the studied radionuclides the calibration figures (efficiencies) and their 
respective volume correction factors are determined by using the PENELOPE MC 
computer code system. The ISOCAL IV IC filled with nitrogen gas at approximately 1 
MPa is simulated. The simulated models of the chamber are designed by means of 
reduced quadric equation and applying the appropriate mathematical transformations. 
The simulations are done for various container geometries of the standard solution 
which take forms of: i) sealed Jena glass 5 ml PTB standard ampoule, ii) 10 ml (P6) 
vial and iii) 10 R Schott Type 1+ vial. 
 
 

Simulation of the ISOCAL IV IC is explained. The effect of density variation of 
the nitrogen filling gas on the sensitivity of the chamber is investigated. The code is 
also used to examine the effects of using lead and copper shields as well as to evaluate 
the sensitivity of the chamber to electrons and positrons. Validation of the Monte-
Carlo simulation method has been proved by comparing the Monte-Carlo simulation 
calculated and experimental calibration figures available from the National Physical 
Laboratory (NPL), England which are deduced from the absolute activity 
measurements. Monte-Carlo ionization chamber simulation method proved that the 
simulated results are costs only by statistical and not by systematic errors. Based on 
Monte-Carlo simulation methods the energy-dependent photon-efficiency curves for 
radioactive solution on 5 ml ampoule and P6 vial for the ISOCAL IV IC are 
constructed. The Monte-Carlo determined energy-dependent photon efficiency curve, 
so called the sensitivity function and the theoretical curve showed a very good 
conformity.
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1 Introduction 
 

Ziel der Metrologie ist es, die Basis für die 
messtechnische Infrastruktur entsprechend den 
Bedürfnissen der österreichischen Wirtschaft und 
Gesellschaft bereitzustellen und deren 
internationale Gleichwertigkeit und Akzeptanz zu 
sichern /http://www.bmwa.gv.at/. 

 
This thesis is a contribution to applied radionuclide metrology. The fields of 

application of metrology are increasing, since new areas of study become accessible to 
human knowledge, each of them requiring measurement instruments and sometimes 
the implementation of the new units of measure. Applied metrology concerns the use 
of measurement and measuring instruments.  

 
One of the most important fields of application is the radionuclide metrology. The 

objectives and requirements of the metrology of radionuclide are: a) interpretation of 
the radiation quantities and units and b) theoretical and experimental basis of 
metrology including: uncertainties, absolute and relative measurements, data 
processing and the evaluation of the results of measurement as well as the radiation 
etalons.  
 

In this work we are dealing with the measurement of radioactivity. In the field of 
radionuclide metrology well-type gas pressurized ionization chambers are essential 
tools in secondary standard laboratories as relative calibration instruments, serving to 
establish and maintain world-wide uniformity of radioactivity measurement. The 
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ionization chamber, once calibrated against sources of well known activity by direct 
measurements, serves to maintain the unit of activity. The usefulness of such indirect 
activity measurements with a calibrated well-type pressurized ionization chamber 
stand at their simplicity of operation and high precision of the results on: 
 

- quality control in national standards laboratories 
- type testing and type approval of radioactivity measurement 
- calibration and verification of radioactivity measuring instruments 
- quality control for activity measurements and intercomparisons in nuclear 

medicine, radiopharmaceutical industry etc 
- measurement of the radionuclide’s half-life  

 
In improving the accuracy of radionuclide activity measurements a key role plays 

the calculation of calibration figures (efficiencies) and the volume correction factors of 
the radionuclides under study. In radionuclide metrology the calibration factors are 
deduced from absolute activity measurement or in other words from experimental 
evaluation of the chamber response (energy-dependent efficiency curve of the 
chamber) as a function of both photon energy and mean beta energy. 
 

The aim of this work was to test and validate the Monte-Carlo (MC) simulation in 
calculating the activity of a radioactive solution when no experimental calibration 
figures are available as well as to improve the accuracy of activity measurements for 
other radionuclides. This is very important especially for radionuclides used in nuclear 
medicine at determination of the activity of radiopharmaceuticals before being 
administrated to patients. The same problem can occur when impurities are 
accompaning the radionuclide solution and the proper correction must be done.  

 
The chamber consists on pure nitrogen filling gas pressurized at approximately 1 

MPa. The containers for the activity standard solutions take the forms of: a) sealed 
Jena glass 5 ml PTB standard ampoule, b) 10 ml (P6) and c) 10 R Schott Type 1 + 
vials. Within the scope of this thesis the simulated models of the chamber are designed 
by means of reduced quadric equation applying the appropriate mathematical 
transformations. Details about how the simulated geometries are constructed as well as 
the material data file used for such a purpose are discussed in details on chapters 7 and 
8. 
 

Hereafter we give the information about the PENELOPE computer simulation code 
and the main programs used for running the simulations and studying the radiation 
transport on the simulated geometrical structures. Details on preparation of the input 
simulation files and how the simulation parameters and simulation time are determined 
are explained also. In chapter 10 we give a detailed explanation how the simulated 
data were handled and how the calibration factors and volume correction factors are 
determined.  

 
Chapter 11 contains the results of radionuclide calibration figures and the energy 

response for the ISOCAL IV ionization chamber (IC) which are calculated based on 
Monte-Carlo simulation methods by using the “PENELOPE” computer code system. 
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Validation of the Monte-Carlo ionization chamber simulation method is proved by 
comparing the Monte-Carlo simulation calculated and experimental calibration figures 
available from the National Physical Laboratory (NPL), England.  

 
As the radionuclide calibration factors depend on the measurement geometry 

including the volume of the source and the type of the measurement vessel the volume 
correction factors for activity standards in different kind of vials are determined. This 
will be done by studing the variation of calibration factors versus the mass of 
radioactive solution filling the containers. The effects of density variations of the 
nitrogen filling gas on the sensitivity of IC and the effects of using lead and copper 
shields are investigated. Variations of the chamber response to the nitrogen gas density 
is studied for a range from 1.1653E-08 g/cm3 (1.0000E-6 MPa) up to 1.5000E-02 
g/cm3 (1.2872E-02 MPa) for different values of photon energy. The effect of  
shielding of the ISOCAL IV ionization chamber, is shown by running the MC 
simulation for cases: without shielding, lead shielding and lead and copper shielding 
respectively. The Penelope MC computer code system is also used to evaluate the 
sensitivity to electrons and positrons.  
 

The radionuclides studied include: 7Be, 18F, 22Na, 24Na, 54Mn, 57Co, 59Fe, 60Co, 
65Zn, 85Sr, 88Y, 90Sr - 90Y, 99mTc, 109Cd, 125I, 129I, 131I, 133Ba,137Cs, 177Lu, 177mLu, 210Pb, 
and 241Am.  

 
The shape of sensitivity function, S(E) and details how it is constructed are given 

in thesis. By controlling a series of parameters and factors which plays a decisive role 
on the simulation process the precision of the calculated result will be estimated. The 
methodology adopted for estimation of the uncertainties of the calibration figures is 
explained in details. Final remarks and outlooks can be found in the last chapter of the 
thesis.  
 

In Appendix A, the computer hardware and software requirements, installation of 
the MC simulation computer code and how the executable files are created are 
explained. Appendix B gives information about specifications of the beta spectrum and 
Appendix C contains the decay schemes of studied radionuclide. 
 

This work demonstrated the ability of the Monte-Carlo methods in improving the 
experimental data of the calibration figures used to calculate the activity of radioactive 
solution in different type of containers. Such methods are very useful in providing 
reliable results when experiments are difficult or impossible to take place.  
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2 Introduction to Monte - Carlo Methods 
 
2.1 Basic Concepts 
 
The Monte Carlo (MC) method has been used centuries; its more recent manifestation 
has really emerged from the Manhattan project of the Word War II. Its invention is 
thought to be mainly due to Metropolis, Ulah (through his interest in poker), Fermi, 
Von Neuman and Richtmeyer /Tagziria 02; Vose 96/. MC methods are a widely used 
class of computational algorithms for simulating the behavior of various physical and 
mathematical systems. They are distinguished from other simulation methods (such as 
molecular dynamics) by being stochastic, that is nondeterministic in some manner - 
usually by using random numbers (or more often pseudo-random numbers) - as 
opposed to deterministic algorithms. Because of the repetition of algorithms and the 
large number of calculations involved, Monte Carlo is a method suited to calculation 
using a computer, utilizing many techniques of computer simulation. A physical model 
can be carried out either stochastically or deterministically. An example of the former 
method is the Monte Carlo technique, in which statistically approximate methods are 
applied to exact the models. No transport equation is solved as individual particles are 
simulated and some specific aspect (tally) of their average behaviour is recorded. The 
average behaviour of the physical system is then inferred using the central limit 
theorem. In contrast, deterministic codes use mathematically exact methods that are 
applied to approximate models to solve the transport equation for the average particle 
behaviour. The physical system is subdivided in boxes in the phase-space system and 
particles are followed from one box to the next. The smaller the boxes the better the 
approximations become. The usefullnes of MC methods is shown schematically on 
Figure 2.1. 
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Fig. 2.1  Illustration of relations between the MC methods with experimental and 

theoretical parts of physics. 
 
Numerical methods that are known as Monte Carlo methods can be loosely described 
as statistical simulation methods, where statistical simulation is defined in quite 
general terms to be any method that utilizes sequences of random numbers to perform 
the simulation. Now days the Monte Carlo methods has gained the status of a full-
fledged numerical method capable of addressing the most complex applications in 
different field of life, because measurements are not always possible or affordable. 
 
All one needs in dealing with Monte Carlo simulation are complete mathematical 
expressions of the probability relationships that govern the track length of an 
individual particle between interaction point, the choice of an interaction type at each 
such point, the choice of the new energy and the new direction of fly and to treat all 
the possibility production of additional particles. These are all stochastic variables, and 
in order to make selections of specific values for these variables, we need a complete 
understanding of the various processes a particle undergoes in its lifetime from the 
time it is given birth by the source until it is either absorbed or leaves the system under 
consideration.  
 
Statistical simulation methods may be contrasted to conventional numerical 
discretization methods, which are typically applied to ordinary or partial differential 
equation that describe some underlying physical or mathematical systems.  
In some cases of Monte Carlo application the physical process is simulated directly, 
and there is no need to even write down the differential equations that describe the 
behaviour of the system. The only requirement is that the physical (or mathematical) 
system be described by probability density function (pdf’s). This means that once the 
pdf’s are known, the Monte Carlo simulation can proceed by random sampling from 
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the given pdf’s. Many simulations are then performed producing thousand or even 
millions of scenarios and the desired result is taken as an average over the number of 
observation or so called trials. In many practical application, one can predict the 
statistical error (the “variance”) in this average result, and hence an estimate of the 
number of Monte Carlo trials that are needed to achieve a given error. 
In this regard we can say that, the evolution of the physical system can be described by 
pdf’s, and then the MC simulation can proceed by sampling from these pdf’s, which 
necessitates a fast and effective way to generate random numbers uniformly 
distributed on the interval [0;1]. The outcomes of these random samplings, or trials, 
must be accumulated or tallied in an appropriate manner to produce the desired result, 
but the essential characteristics of Monte - Carlo method is the use of random 
sampling techniques to arrive at a solution of a physical problem. In contrast, a 
conventional numerical solution approach would start with the mathematical model of 
the physical system, discretizing the differential equations and then solving a set of 
algebraic equation for the unknown state of the system. 
If we can predict the exact path a particle follow and the energies it assumes while 
passing through a medium in its random-walk fashion, the calculations of many useful 
quantities by averaging over a large number of individual particles histories is then 
possible.  
For example, the probability that a particle in a certain energy range is absorbed in a 
given volume can be estimated by computing the proportion of all particles with the 
required energy that end their paths in this specific volume. This concept of using a 
large number of particle histories, each of which is random in nature, to estimate some 
average particle behaviour is the essential feature of the Monte-Carlo methods. 
The experience a particle undergoes from the time it leaves its source until it is 
absorbed or passes out of the system is called its “history”. The process of using a 
computer to follow a given number of particles “histories” or “tracks” can be 
accomplished in a way completely analogous to the actual physical process of particle 
transport through a medium. The absorption, escape, or other event associated with 
each particle may be scored or tallied in various ways to yield, after all histories are 
completed, quantities such as angular or energy distributions as well as fluences, 
flows, absorbed doses etc.  
This direct simulation of the physical situation is called an analog Monte Carlo 
procedure. On the other hand, it is possible to use a Monte Carlo process to solve a 
problem that is physically much different from the one of basic interest, under 
circumstances for which it can be proved that the resulting answer (say, a detector 
response) to the altered procedure is the same as that for the basic problem, or else has 
some known relationship to it so that the solution of the basic problem can be obtained 
indirectly. This use of an associated but altered procedure is called a nonanalog Monte 
- Carlo procedure. 
 
In Monte - Carlo simulation of radiation transport, the “history” of a particle is viewed 
as a random sequence of free flights that end with an interaction event where the 
particle changes its direction of movement, loses energy and, occasionally, produces 
secondary particles.  
In general the Monte - Carlo simulation of a given experimental arrangement consists 
of the numerical generation of random histories. In simulating these histories an 
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“interaction model” (a set of differential cross section equation DCS) for the relevant 
interaction mechanism is needed. After that the probability distribution functions 
(pdf’s) of the random variables that characterize a track (1- free path between 
successive interaction in a particular event, 2- kind of interaction taking place and 3- 
energy loss and angular deflection in a particular event.) are determined based of this 
interaction model. This means that once these pdf’s are known, automatically the 
random histories can be generated by using appropriate sampling methods.  
The only drawback of the Monte Carlo simulation method lies in its random nature 
due to the fact that all the result can be affected by statistical uncertainty.  
 
With new developments in computing technology and in variance reduction or 
acceleration techniques, Monte - Carlo calculation can nowadays be performed with 
very small statistical uncertainties. These are often so low that they become negligible 
compared to other, sometimes much larger uncertainties such as those due to input 
data, source definition, geometry response functions, etc. Hundred of codes have been 
written and applied with various degrees of success. The most useful and trademarks 
Monte Carlo computer simulation codes used in the simulation of radiation transport 
are, MCNP, EGS, LAHET, FLUKA, MARS, MCBEND, TRIPOLI, SCALES, 
PENELOPE as well as BEAM, PEREGRINE and rtt_MC. Recently the Monte-Carlo 
technique has become a powerful tool in radiation transport due to taking advantage of 
richer cross section data, progress in producing very powerful computers and better 
known source spectra.  
 
 
2.2 Major Components of a Monte - Carlo Algorithm. 
 
The major components of a Monte - Carlo simulation algorithm are shortly described 
on following. 
 
2.2.1 Probability Distribution Function (pdf’s).  

 
The physical system must be described by a set of pdf’s functions. This means that a 
very important role in dealing with Monte - Carlo simulation is to define a set of such 
functions /http://www.ipp.mpg.de/. The term probability function covers both discrete 
and continuous distribution. The significance of the probability distribution function 
f(x) is that f(x)dx is the probability to find the random variables in the interval (x; 
x+dx). Shortly this probability is the area under the curve f(x) between two distinct 
points “x” and “x+dx” as illustrated on the Figure 2.2. 
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Fig. 2.2  Typical Probability Distribution Function (pdf) /http://csep1.phy.ornl.gov/. 
 

Two conditions come out for f(x) and respectively:  

                        a) ∞<<∞−≥ xforxf 0)(  and b) ∫
∞

∞−

= 1')'( dxxf               (2.1) 

Another important quantity close related to pdf is the cumulative distribution function 
(cdf). The cumulative distribution function gives the probability that the random 
variables x’ is less or equal to x, as on the Figure 2.3.  
 

∫
∞−

=≡≤=
x

dxxfxFxxprobcdf ')'()()'(               (2.2) 

 

 
Fig. 2.3  Cumulative distribution function (cdf) /http://csep1.phy.ornl.gov/. 

 
 
2.2.2 Random Number Generator 
 
A source of random numbers uniformly distributed on the unit interval must be 
available. Once the general formula of the random number is given such numbers are 
generated very easy on every computer. The most popular case of generator is the 
following one so called congruential generators /Salvat 03-05/. 
 
                                      Rn = 75Rn-1 (mod 231 – 1) and ξn = Rn /(s31 -1)             (2.3) 
 
where, ξ is the random generated number uniformly distributed in the unit interval 
(0,1).  
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It is important to realize that the numbers generated by random number generators are 
not random, but are instead pseudo-random. This is because since random number 
generators use deterministic algorithms, they cannot be completely uncorrelated, and 
since the numbers they produce are reproducible, they cannot be truly random. 
However, many applications that use random numbers require that the random number 
generator be of highest quality, i.e, that they produce sequences that satisfy the 
standard statistical tests for randomness during the simulation process.  
 
2.2.3 Random Sampling Methods  
 
A Monte - Carlo simulation consists of some physical or mathematical system that can 
be described in terms of probability distribution function, “pdf”. The goal of the Monte 
Carlo techniques is to simulate the physical system based on numerical sampling of 
random variables with specified “pdf” and by performing the necessary computer 
calculations to describe the system evolution.  
The sampling means the generation of a random value of a variable x distributed in the 
interval (xmin, xmax) according to a given “pdf”, p(x). To make possible the generation 
of random values different techniques are in use for continuous and discrete 
distributions including: inverse transform method, Walker’s aliasing method, rejection 
methods /Salvat 03-05/ etc.  

 
2.2.4 Monte Carlo Integration and Error Estimation 
 
In general all Monte Carlo calculations are equivalent to integrations. In this frame a 
very important aspect of simulation remain the statistical uncertainties of the 
calculated quantities. A short mathematical expressions and formulas are given below 
/Salvat 03-05/. We will start with basic formula by considering the simplest Monte - 
Carlo calculation, called the evaluation of a one-dimensional integral.  For analogy all 
the result are also valid for multidimensional integrals. We take in consideration the 
integral: 

∫=
b

a

dxxFI ,)(        (2.4) 

 
After some transformation by introducing an arbitrary pdf, p(x) and setting f(x) = 
F(x)/p(x) it can be written in the form, 
 

                                               ∫ ≅=
b

a

fdxxpxfI ,)()(        (2.5) 

 
Now, the Monte Carlo evaluation of the integral I consists on generation of a large 
number N of random points xi from the “pdf”, p(x) and accumulate the sum of values 
f(xi) in a counter. At the end of the calculation the expected value of <f> is estimated 
as. 
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which for having N very large, in the limit of the above expression for N→ ∞ yields,  

                                                        If →
_

                         (2.7) 
 
and the variance of f(x) is calculated by, 
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with standard deviation:  
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σ       (2.9) 

 
Now by invoking the central limit theorem one can establish, that in the limit of N→ 
∞, the pdf of “f” is a normal distribution with mean <f> and standard deviation σf  for 
which the following expression can be written.  
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             (2.10) 

 
The theorem is applicable for large values of N and the interval (f ± nσf) contains the 
exact value <f> with probability of 68,3 % for n=1; 95,4% for n=2 and 99,7% for n=3. 
The central limit theorem predicts that the general values of “f” follow a specific 
distribution. The minimum number of sampled values needed to apply the theorem 
with confidence depends on the problem under consideration.  
 
Once the relative error (precision) which represents the uncertainty in the final result 
due to statistical fluctuations in the individual samples can be evaluated directly by 
MC methods, the systematic error (accurancy) which is a measure of how close the 
true mean is to the true observable being estimated cannot be directly estimated by MC 
codes. The accuracy of the output results depends on the accuracy of the computer 
code including its physics, modelling geometries and user errors. The user can control 
precision by a careful selection of forward versus adjoint calculations, tally types, 
variance reduction techniques and the number of histories run /Salvat 03-05/.  
 
As a measure of how quickly a desired precision is achived the Figure Of Merit 
(FOM) is introduced. The FOM estimate the effectiveness “ε” of a Monte - Carlo 
algorithm and is defined by: 
 
                                                           ε = 1/[σ2

fT],              (2.11) 
 
where T is the computing time necessary to get the expected simulation result. It is 
important to note that the efficiency is a constant on average and is independent of N. 
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2.2.5 Variance Reduction 
 
A computer simulation model is unusual in that the random error is under the total 
control of the experimenter. Variance reduction methods aim to take advantage of this 
to improve experimental accuracy. These are the techniques that aim to optimize the 
efficiency of the simulation through an adequate choice of the pdf, p(x). The term 
“variance reduction” is somewhat misleading, since a reduction in variance does not 
necessary lead to improved efficiency. Among others the most used techniques for 
variance reduction are: a) Interaction forcing b) Splitting and c) Russian Roulette.  
 
2.2.6 Parallelization and Vectorization 
 
Parallelization and vectorization are algorithms /Miura 90/ which allow the MC 
methods to be implemented efficiently on advanced computer architectures. 
Parallelization and vectorization include the computational techniques; the coding 
methodology and the performance for the particle transport of the Monte-Carlo 
simulation on the vector supercomputers and on the shared-memory parallel 
processors.  
 
 
2.3 Simulation of Radiation Transport 
 
In general all the interaction events experienced by a particle are simulated in 
chronological succession, disregarding the production of secondary particles, which 
means that only one kind of particles is transported. For simplicity a particle (electrons 
or protons) with energy E moving in a given medium is considered /Salvat 03-05/. The 
considerations are limited to homogeneous “random scattering” media such as gases, 
liquids and amorphous solids, where the “molecules” are distributed at random with 
uniform density. The medium composition is specified by the stoichiometric formula.  
In each interaction, particle may lose energy W and/or change the direction of 
movement. The angular deflection are determined by polar and azimuthal angle 
respectively θ and Φ. Assuming that particle can interact with the medium through two 
independent mechanisms, denoted as “A” and “B”, the scattering model is completely 
described by the molecular differential cross section (DCS): 
 

                            );;(
2

θ
σ WE

dWd
d A

Ω
      and        );;(

2

θ
σ WE

dWd
d B

Ω
             (2.12) 

 
where dΩ is a solid angle element in the direction (θ,Φ). Under consideration that the 
molecules are oriented at random, the molecular differential cross section is 
independent of φ  and the angular distribution of scattered particle is axially 
symmetrical around the direction of incidence the total cross section per molecule and 
pdf’s of the energy loss and the polar scattering angle in individual scattering events 
are expressed as following, 
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where, the ),;(, θWEp BA  gives the probability that, in scattering event of type A, the 
particle loses energy in the interval (W, W+dW) and is deflected into directions with 
polar angle in the interval (θ, θ+dθ). The azimuthal scattering angle is uniformly 
distributed in the interval (0,2π) and p(φ ) = 1/2π. 
The total cross section is:  
 

         σT(E) = σA (E) + σB(E).                         (2.15) 
 
Once the particle interact with the medium, the kind of interaction that occurs is a 
discrete random variables that takes respectively the values “A” and “B” with 
probabilities  

       pA =σA/ σT and pB =σB/ σT                                      (2.16) 
 

Knowing that NσT is the interaction probability per unit path length, the (total) mean 
free path length between interactions will be given by:  
 

        1)( −≡ TT Nσλ                (2.17) 
 
and the probability p(s)ds of having the next interaction when the particle travelled 
length is in the interval (s; s+ds) can be found by solving the integral equation one gets 
as product of the probability of arrival at “s” without interacting with the probability 
of interacting within ds. The solution of this equation is the following exponential 
distribution.  

)/exp()( 1
TT ssp λλ −= −              (2.18) 

 
The mean free path between collisions, the differential inverse mean free path for the 
interaction process “A” and the integral of the inverse mean free path which gives the 
inverse mean free path for the process are given as, 
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where the term ANσ is known as macroscopic cross section. The total inverse mean 
free path can easy be calculated by:  
 

111 −−− += BAT λλλ .       .                (2.22) 
 
2.3.1 Generation of Random Tracks 
 
In its history along a random walk, the complete physical state of the transported 
particle can be described by a status vector with the components “r” describing the 
location of the particle in ordinary space, “d” the direction of flight and “E” the energy 
/Salvat 03-05/.  
This means that a track has been simulated up to a state rn, En, dn, where r = (x,y,z), the 
position coordinate; E, the energy and d = (u,v,w) are the direction cosines of the 
direction of flight where the symbol n means the n-th event and En and dn are just after 
the event happen.  
In explaining the generation of the random track the length of the free flight is 
distributed according to the appropriate pdf’s given by equation (2.18). Random values 
of “s” are generated by using the sampling formula: 

.lnξλTs −=                 (2.23) 
where ξ stands for a random number uniformly distributed in the interval (0,1).  
For analogy the involved scattering mechanism, the change of direction and the energy 
loss in the collision are also random variables and their corresponding “pdfs” are used 
for sampling. The next interaction will happen at the position: 

  .1 nnn dsrr
∩

+ +=               (2.24) 
After that the type of interaction is selected from equation (2.16) using the inverse 
transform method. The energy loss W and the polar scattering angle theta are sampled 
from distribution given by equation (2.14) and the azimuthal scattering angle is 
generated according to the uniform distribution in (0,2π). Once the sampling of the 
values of W, θ and φ , the energy of the particle is reduced and the direction of 
movement after the interaction is obtained by performing a rotational of the unit vector 

).,,( wvud n =
∩

 Then the simulation of the next track proceed by repeating all the 
previous mentioned steps and a track is finished when it leaves the material system or 
when the energy becomes smaller than a given energy Eabs, which is the energy where 
particles are assumed to be effectively stopped and absorbed in the medium. 
 
In this work the PENELOPE1 (an acronym for “PENetration and Energy Loss of 
Positrons and Electrons”) Monte-Carlo computer code system is used. From this point 
of view all explanations given on the coming chapters correspond to this code. The 
PENELOPE is a general-purpose MC computer code system for simulation of coupled 
electron-photon transport in material covering a range of energy starting from 50 eV 
up to 1 GeV. 
 
 

                                                 
1 Versions 2003 and 2005 of the PENELOPE computer code system are used in this work. 
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3 Interaction of Radiation with Matter 
 
Interaction processes between radiation and matter results in ionization and excitation. 
The interaction for a given type of radiation with matter may be classified according to 
the type of interaction and the matter with which the interaction takes place. We have 
to note that the interaction of radiation with matter is always statistical in nature and as 
results must be described in probabilistic terms. Based in such considerations, 
considering a particle traversing a homogeneous material and let P denote the 
probability that this particle interacts in some specified manner, while travelling a 
distance ∆x, it is found that the quantity in the formula below is a property of the 
material for a given kind of interaction /Shultis 96/. 
 

µ ≡ lim ∆x →0 (P/∆x)                (3.1) 
 
As it is expressed on this formula in the limit of small path lengths, µ is going to be the 
probability per unit differential path length that a particle undergoes a specified 
interaction. For such µ constant for a given material and for a given type of interaction 
implies that the probability of interaction per unit path length is independent of the 
path length ∆x travelled prior to interaction.  
 
The interaction probability per unit path length is fundamental in describing how 
radiation interacts with matter and is usually called the “linear attenuation 
coefficient” /ICRP 33 80/.  
 



3. Interaction of Radiation with Matter   

 18

As far as since many interaction do not “attenuate” instead of “linear attenuation 
coefficient” the term “linear interaction coefficient is used. The “linear interaction 
coefficient” is a function of the energy of the particle, but depending of the nature of 
the interaction, it may also be a function of a) the energy of the particle after 
scattering, b) the energy of the recoil atom or electron, c) the angles of deflection of 
the scattered radiation and recoil atom or electron, and d) the angles of emission of 
secondary particles.  
It is known that µ is referred to as the macroscopic cross section /Sabol 95/. On the 
other hand a key role in determining the µ is found to be the density of the target atoms 
or electrons in the material. From this point of view we can write the following 
relationship µ = σN where N is the atom or electron density in the material and σ is a 
proportional constant so called microscopic cross section. In other word σ is the 
interaction probability per unit differential path length, normalized to one target atom 
or electron per unit volume, and it is expressed in units of barn, equal to 10-24 cm2. 
From the point of view that our problem of simulation of radiation transport is limited 
only to transport of photon, electron and positron, the interaction of such particles with 
matter is considered on following.. 
 
3.1 Photon Interaction 
 
The basic interactions of photons with matter are: a) Rayleigh scattering b) 
Photoelectric absorption c) Compton scattering and d) Pair production.  
 
3.1.1 Rayleigh scattering. 
 
This is the process by which photons deposit no energy in the material but they are 
scattered by bound atomic electron without excitation of the target atom. This type of 
interaction is possible at low photon energy. In the Rayleigh (coherent) scattering the 
angle of scatter is small, Figure 3, due to the fact that the recoil momentum in the 
coherent interaction is taken up by the atom as a whole, which means that the energy 
loss of the gamma photon is quite slight.  

 
Fig. 3.1  Rayleigh scattering /Salvat 03-05/.  

 
The atomic differential cross section for Rayleigh scattering is given by /Shultis 96/ , 
 

[ ]2),( ZqF
d

d
d

d TR

Ω
=

Ω
σσ                 (3.2) 

where, 
Ωd

d Tσ , is the classical Thomson differential cross section for scattering of 

photon by a free electron in rest and [ ]),( ZqF  is the so called atomic form factor and is 
a function of atomic number and the magnitude of the momentum transfer. An 
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integration of the differential equation (3.2) ends up with the scattering cross section 
per atom given by,  

                  [ ]222 ),()cos1(
2
1),( ZxFrR esR θθσ +=                                   (3.3) 

 
where er  is the classical electron radius. As energy approaches zero, the atomic form  
factor approaches Z and Rσ  varies as 2Z . To simulate the coherent scattering by 
means of using the atomic cross section, for this kind of interaction the probability 
distribution function /Salvat 01/ of the angular deflection, cosθ, is derived and this 
“pdf” has the form, 

                                       [ ]2
2

),(
2

cos1)(cos ZxFpR
θθ +

=                (3.4) 

 
with momentum transfer parameter “x” given approximately by x = (E/hc)*sin(θ/2), 
where h is the Plank’s constant and c is the speed of light in vacumm. 
Making the appropriate mathematical transformation and factorisation of this pdf, and 
by using the rejection sampling method, values of cosθ can be sampled and the 
Rayleigh scattering simulated. It is found that the efficiency of the sampling method 
increases with photon energy. 
 
3.1.2 Photoelectric Effect 
 
In the process of photoelectric absorption a photon interacts with an entire atom in 
which the photon completely disappear Figure 4 resulting in the emission of a 
photoelectron with high probability (at about 80 %) from the K electronic shell.  
 

 
Fig. 3.2  Photoelectric absorption /Salvat 03-05/. 

 
The rejected photoelectron has an energy given by be

EhE −=− ν where bE is the 
binding energy of the photoelectron in its original shell. The difference in energy 
between the photon and the photoelectron is carried out as kinetic energy of the 
rejected electron. Once the photoelectron is emitted from the atom the vacancy left is 
filled by another electron from the outer shell making possible to be emitted Auger 
electron or x rays fluorescence. Studying the photon energy versus the cross section 
for the photoelectric effect it is seen that as photon energy drops below the binding 
energy of K shell the cross section drops discontinuously /Sabol 95; Shultis 96/. The 
same happen with the L atomic shell when the energy of photon decrease further until 
the L edge is reached the cross section drops again. The photoelectric effect is a 
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predominant mode of interaction of gamma rays with matter at relatively low energy. 
The cross section for this kind of interaction approximately /Shultis 96; Lieser 01/ is 
expressed by, 

3

4

.)(
E
ZxConstEph ≅σ                 (3.5) 

 
Related to the photoelectric absorption cross section, it is calculated by, 
 

        phphpha f σσ *=                 (3.6) 
 
where: 
 phσ  the photoelectric effect cross section and 
 phf  the fraction of the incident photon energy appearing as the initial kinetic  

           energy of the photoelectron. 
Following the analytical approximation /Salvat 03-05/ the fraction phf is found to be a 
function of binding energy of the electron, Eb the fluorescent yield,ω and the energy of 
the incident gamma ray, E. 

E
E

f b
ph

ω
−= 1                           (3.7) 

 
Regarding the simulation of photoelectron emission, the probability distribution 
function for such events is given by the ratio of the cross section for ionization of shell 
“i” with the total photoelectric cross section of the atom, 
 

   ),(/),(, EZEZp phiphi σσ=                (3.8) 
 
Using the polar and azimuthal angles, direction of emission of the photoelectron 
relative to that of absorbed photon is defined /Salvat 03-05/. Considering the incident 
photon as not polarized the angular distribution of photoelectrons is independent of 
azimuthal angle which on the other hand is uniformly distributed in the interval 
(0,2π ). About the sampling of polar angleθ , this process is done using the cross 
section of K-shell derived by Sauter (1931) through hydrogenic electron wave 
function. 
 
3.1.3 Compton Scattering 
 
The Compton scattering also known as incoherent scattering is a process which happen 
when the incident gamma ray photon of energy, E,  interacts with an atomic electron in 
the absorbing material. During this act the photon transfers a portion of its energy to 
the “rest” electron (recoil electron) and is deflected with energy E’ through an angle θ 
Figure 3.3 relative to the direction of the original photon. 
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Fig. 3.3  Compton scattering 

 
The ejected electron loses its energy through the secondary ionization it causes during 
interaction of it with matter. Due to the fact that all scattering angles are possible the 
energy transferred to the “rest” electron can take values from zero to a very large 
fraction of the incident gamma ray energy.  
The wavelength shift between the incident and scattered photons is a function of angle 
of scatter, θ , and as it is derived by Compton can be written as /Knoll 79/ 
 

)cos1(
0

' θλλ −=−
cm

h                (3.9) 

 
where 'λ andλ are the wavelengths of the incident and deflected photons, m0 is the rest 
mass of the electron, c is the speed of light and h is the Planck’s constant. 
The probability of Compton scattering per atom of the absorber depends on the 
number of electrons available as scattering targets and on the other hand increases 
linearly with the atomic number Z. It is most often predominant interaction mechanism 
for gamma ray energies typical of radioisotope sources and is important for low atomic 
number specimen. To model Compton scattering it is necessary to determine the angle 
θ  of scattering from the line of flight, the new energy E’ of the photon and the recoil 
kinetic energy of the electron, E-E’.  
As it is pointed out by Klein-Nishina formula /Shultis 96/ the differential cross section 
for Compton scattering by a free electron at rest is given by, 
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Keeping in mind that the atoms are not at rest but they move with a certain momentum 
distribution, reflecting such effect in Doppler broadening of the Compton line, formula 
(3.10) must be modified. Correcting the formula (3.10) for Doppler broadening and 
electron binding and by applying the appropriate transformation after some 
manipulation the atomic Compton differential /Salvat 03-05/ cross section can be 
expressed as, 
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where re is the classical electron radius, E’ the energy of Compton line, pz is the 
projection of the initial momentum p of the electron in the direction of the scattering 
vector qkk −=− 'hh , where kh and 'kh  are the moments of the incident and scattering 
photons. The F(pz) is a factor expressed analytically as function of pz and function 
Ji(pz) which is the one-electron Compton profile of the active shell given by, 
 

yxizi dpdpppJ ∫∫= )()( ρ               (3.12) 
 
where )( piρ is the electron momentum distribution and fi is the number of electrons in 
the “i-th” shell. Assuming normalization in the z-direction the component of the 
electron momentum on this direction doesn’t appear on the formula above. )(xΘ is the 
Heaviside step function and Ui is the ionization energy of the “i-th” shell. The 
probability distribution function of the polar cosθ  and the energy E’ of the scattered 
photon has the form, 
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which using the appropriate approximation and taking the integral of this expression 
yields out the probability distribution function of the polar deflection given by, 
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where S(E,θ ) is the incoherent scattering function. By applying the appropriate 
algorithm values of cosθ  are generated from this probability distribution function.  
 
3.1.4 Pair Production 
 
Pair production is the process of formation or materialization of two electrons, one 
negative and the other positive (positron), from a pulse of electromagnetic energy 
travelling through matter, which must take place in the coulomb field of a nucleus 
Figure 3.4 by the strong electric field. Such process is energetically possible when the 
energy of the incident gamma ray exceed twice the rest mass energy of an electron, 
1.02 MeV. When the pair production occurs in the field of an electron, the process is 
known as “triplet” production causing three visible track when observed and the 
electron recoils back after the event. But is the target electron is at rest, triplet 
production is possible only if the incident gamma ray has a threshold of 4mec2 /Sabol 
95/. 
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Fig. 3.4  Pair production 
 

For the pair production the total atomic cross section varies as Z2. The fate of 
generated particles are: a) for the electron it follow the classical way of interaction of 
electron with matter and b) the positron is annihilated in a interaction with an electron 
during travelling in the matter creating two photons moving in opposite directions 
/Salvat 03-05/. In a pair production interaction the fraction of the incident photon 
energy appearing as the initial kinetic energy of the positron and electron is, 
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The process of pair production is of particular importance when high-energy photons 
(E > 1.02 MeV) pass through materials of a high atomic number.  
For the simulation of pair production events in the field of an atom with atomic 
number Z, a semi-empirical model is introduced by Bethe and Heitler from the Born 
approximation. Introducing the term of “reduced energy” EcmE e /)( 2+= −ε which is 
the fraction of the photon energy that is taken away by the electron, the probability 
distribution function for pair production when the normalization is irrelevant is 
expressed by, 
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which is symmetrical about the point  2/1=ε  and functions )();( 21 εφεφ are the 
screening functions calculated by integrals involving the atomic form factor /Salvat 
03-05/. They must be computed numerically when a realistic form factor is adopted. 
Except for a normalization constant, the pdf can be presented in the form 
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The functions )(επ i are normalized “pdfs” in the interval ( )maxmin,εε  and using the 
inverse transform method random values of ε  are sampled from this “pdfs”.  



3. Interaction of Radiation with Matter   

 24

From the point of view that final state of pair production involve the nucleus and the 
produces electron and positron the direction of the produced particles, Figure 3.5, must 
be calculated. 

 
Fig. 3.5  Pair production /Salvat 03-05/. 

 
Based on the terminology and formula used on the high energy theory the probability 
distribution function for the direction of movement for the produced pair is given by, 
 

     2)cos1()(cos −
±±± −= θβθ ap               (3.18) 

 
where, “a” is a normalizing constant and ±β  given 
by )/()2(( 22 cmEcmEE ee ++= ±±±±β is the particle velocity in unit of speed of light. 
Random values of ±θcos are sampled using the inverse transform method. The 
azimuthal angles of the pair products are sampled uniformly and independently in the 
interval (0,2π ). 
 
3.1.5 Photon Attenuation Coefficient 
 
In the case of interaction of photon with matter we saw four kinds of different 
interactions of photon with matter as well as the region of energy where each of them 
is predominant. The interaction probability per unit path length in the limit of small 
path length is usually called the “linear attenuation coefficient” /ICRP 33 80, ICRP 60 
98/. When dealing with photon this term is called photon linear attenuation coefficient 
and for a specified medium the total photon linear attenuation coefficient /Shultis 96/ 
is given by, 
 
                        { })()(),(),()( EEEENE ppphSCSR σσθσθσµ +++=                           (3.19) 
 
where N is the atom density of the medium and the terms in the brackets represent the 
atomic cross section for each different kind of interactions of photon with matter 
including, a) the atomic cross section for Rayleigh scattering; b) the atomic cross 
section for Compton scattering; c) the atomic cross section for photoelectric absorption 
and d) atomic cross section for pair production. 
In this equation is not included the cross section of the nuclear photoeffect. This effect 
occurs when a photon interacts with nucleus of an atom, which subsequently emits 
energy in the form of neutrons and protons. This process has the form of giant 
resonance sets in the threshold of few MeV and rise to a max at about 12÷24 MeV and 
becomes not more than 5 % of the total attenuation cross section.  
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The four cross section coefficients for the interaction of photons in lead are graphically 
presented on Figure 3.6 below. 

 
Fig. 3.6  Partial cross section for photon interactions in lead as function of the photon energy 
/Hubbell 82/. 
 
Usually the ratio ρµ /)(E  called the mass interaction coefficient is more in use due to 
the fact of independence from the density ρ of the medium and it is for this reason that 

ρµ /)(E  rather thanµ values are tabulated. 
The simulation of photons is performed by means of the conventional detailed method 
or in other words interaction by interaction /Salvat 03-05; Salvat 01; Sempau 97/, The 
photons are able to ionize only by means of one of the processes mentioned previously 
and the ionization can happen on both inner (K, L1-L3, M1-M5) shells and on the 
outer (N,O,…) shells. In the first case only a few number (most of them from the K 
electronic shell) of atoms are directly ionized (photoabsorption when the photon 
energy is larger than the eneergy of the K-shell) when photons interact with matter. 
The excited ions with a vacancy in an inner shell relax to the ground state through 
radiative and non-radiative transitions. When the vacancy (radiative transition) is filled 
by an electron from the outer shell an x-ray with characteristic energy is emitted. On 
the other hand non-radiative transition  generates additional vacancy. The ionization of 
the outer shells happen by the following processes: Compton scattering, photoelectric 
absorption and electron/positron impact. Penelope computer simulation code simulates 
the emission of the characteristic radiation and Auger electrons that results from 
vacancies produced in the inner electronic shell. Both of them are simulated under 
assumption that they are emitted isotropically from the excited atom. The Figure 3.7 
below shows the simulated “track” of a monoenergetic source on 10 cm slab thickness 
of aluminium material. It correspond to the simulation of a narrow photon beam (50 
particles in a bunch) with initial energy Eo = 1332.5 keV (corresponding to gamma 
line of 60Co). 
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Fig. 3.7  Simulation of a photon (a bunch of 50 particles) beam transport with energy 
Eo = 1332.5 keV on a slab of aluminium material with a thickness of 10 cm.  

 
 
 

3.2 Electron and Positron Interaction 
 
We will focus our attention at the interaction of fast electrons and positrons with 
matter. The transport of electrons is dominated by the long-range Coulomb force, 
resulting in a large number of small interactions. This means that fast electrons when 
they pass through absorbing material follow a very tortuous path losing energy at a 
lower rate before coming to rest. During the interaction process with matter electrons 
loss they energy by radiative processes and by coulomb interaction. In their way of 
interaction with matter charged particle are characterized by the range and the stopping 
power. The stopping power /Turner 95/ for electron and positrons is the sum of two 
contributions respectively collisional and radiative given by, 
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where “±” sign refers to negatively (negatrons) or positively (positrons) charged 
electrons. The basic interactions of electrons with matter are: a) elastic scattering b) 
inelastic scattering c) Bremsstrahlung emission and d) positron annihilation. In 
describing the interactions of interaction of electrons or photons with matter is 
supposed that the particles are travelling in a single medium. The additive rules have 
to be applied once one is dealing with compounds and mixtures which mean that the 
molecular differential cross section is calculated as the incoherent sum (additive 
approximation) of the atomic differential cross section of the individual atoms in a 
molecule. 
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3.2.1 Elastic Scattering 
 
Elastic collisions are those in which when an electron hits the target atom its trajectory 
is modified but the electron conserves its kinetic energy and the initial and final 
quantum states of the target atom remain unchanged Figure 3.8 /Sabol 95/. 
 

 
Fig. 3.8  Elastic Scattering /Salvat 03-05/. 

 
In being strictly we have to say that a very small (neglected) energy causing the recoil 
of the target is transferred to the latter but due to its large mass the recoil is neglected.  
The differential cross section for elastic scattering of electrons and positrons are 
derived by solving the partial wave expanded Dirac equation for the motion of the 
particle in the field of the target atom /Salvat 03-05/. The deflection of the projectile 
(electron or positron) trajectory is characterized by the polar and azimuthal scattering 
angle θ  and φ  respectively. Under such assumption and consideration the differential 
cross section for elastic scattering of a projectile (electron or positron) possessing the 
kinetic energy, E into the solid angle Ωd  about (θ ,φ ) is given by, 
 

                                                   22 )()( θθ
σ

gf
d

d el +=
Ω

,                                          (3.21) 

 
where 2)(θf is the direct scattering amplitude and 2)(θg is the spin-flip scattering 
amplitude. Integrating the equation (3.21) under the assumption that we have 
independence of the azimuthal scattering angle φ , (the angular deflection produced by 
single scattering is measured in terms of µ = (1-cosθ)/2) and the total cross section for 
elastic collisions is given by, 
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Figure 3.9 present the differential cross section for elastic scattering of electrons and 
positrons in aluminium for various energies. 
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Fig. 3.9  Differential cross section (DCS) for elastic scattering of electron and 

positrons by aluminium atoms as a function of parameter µ. A change from logarithmic to 
linear scale happen at µ = 0.05 /Salvat 03-05/. 
 

From Equation 3.22 we can write, )(µσ
µ
σ

elel
el p

d
d

= , where )(µelp is the probability 

distribution function of µ in a single collision. 
 
The mean free path between consecutive elastic events in homogeneous single 
medium is given by, )/(1 elel Nσλ = where N is the number of atoms per unit volume 
and the l-th  transport mean free path is defined by, )/(1 ,, lellel Nσλ ≡  where lel ,σ is the 
transport cross section which is a function of Legendre polynomials. 
 
Due to the fact that partial wave differential cross section on (3.21) are very 
complicated mathematical expression, in the way of writing the algorithm for the 
elastic collisions the modified Wentzel model is adopted and used /Salvat 01, Sempau 
97/. In this model the differential cross section is expressed as a mixture of a Wentzel 
and a delta distribution. The coefficients in the Wentzel model are determined is a 
such a way that the mean free path between elastic collision and the first and second 
moment of the angular deflection in each collision coincide with the results from 
accurate partial-wave calculation. 
 
3.2.2 Inelastic Scattering 
 
The intermediate and low energetically electrons and positrons are losing their energy 
when they interact with matter through inelastic scattering process. The yields of such 
interactions are ionization in the medium as well as electronic excitations Figure 3.10.  
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Fig. 3.10  Inelastic Scattering /Salvat 03-05/. 

 
One can fully describe the inelastic collision on the projectile by knowing the energy 
loss W and the polar and azimuthal scattering angles θ  and φ . In case of amorphous 
media the differential cross section is independent of the azimuthal scattering angleφ . 
Based on the first Born approximation for collision with energy loss W and recoil 
energy Q the differential cross section is given by, 
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where, rθ  is the recoil angle between p and q = p - p’ (p and p’ are the linear momenta 
of projectile before and after the collision) and the velocity of the projectile is given by 

βcv = . On the formula above the factor 
dW

WQdf ),(  is the atomic generalized oscillator 

strength so called GOS which determines the effect of inelastic interaction on the 
projectile within the Born approximation /Salvat 03-05/. In case of inelastic 
interactions in dense media the atomic differential cross sections are obtained based on 
a semiclasiccal treatment in which the medium is considered as dielectric 
characterized by a complex dielectric function ),( ωε k  where ω,k  are respectively the 
wave number and the frequency. Under such assumption the differential cross section 
(DCSs) obtained from the dielectric and quantum treatements /Salvat 03-05/ are 
consistent is assuming the identity  
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where pΩ is the plasma energy of a free electron gas. The equation above establishes 
the connection between the atomic GOS and the dielectric function. Following this 
way the differential cross section for the condensed medium is given by, 
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Usually the GOS can be presented as a Bethe surface over the (Q, W) plane /Salvat 03-
05/. In general the analytical expressions for GOS model are not always known and 
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when they are their mathematical expression are very complicated. From the point of 
view that inelastic collisions are largely determined by features of Bethe surface, the 
last one offer the possibility to overpass this problem.  
For inelastic collision the differential cross section (DCS) obtained from GOS model is 
expressed as the sum of three contributions including the contribution from distant 
longitudinal, distant transverse and close interactions given by, 
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On the other hand the differential cross section for the energy-loss in the inelastic 
collision is given by, 
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The probability distribution function “pdf” of the energy loss in a single inelastic 
collision is calculated by, 
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where the total cross section for inelastic interaction inσ is calculated as, 
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or in another form can be written,  
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where nW  is the n-th moment of the energy loss in a single collision. 
The mean free path for inelastic collision is expressed as, 
 
                                                       inin Nσλ =−1 ,                                                        (3.31) 
 
where N is the number of scattering centres per unit volume. The stopping power Sin  
(related to the first moment of total cross section for inelastic collision) and the energy 
straggling parameter (corresponding to the second moment of the total cross section 
for inelastic collision) are given respectively by, 
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The differentials cross sections given at equations (3.26) and (3.27) offer the 
possibility to use the random sampling of the energy loss W and the angular deflection 
θ  by using the appropriate analytical methods. 
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All the equations about the DCSs given above can be applied for the case of mixed 
simulation when proper limitations are included. In such simulation only the hard 
collision, with energy loss larger than a predefined cutoff value Wcc are considered and 
treated. In this case the restricted total cross section is given by, 
 

       ∑∫ =++==
k

cckccclocctdisccldis

W

W
incc WWWWdWdwdW

cc

)()()()()/()( ,,

max

σσσσσσ         (3.33) 

 
The active oscillator is sampled from the point probabilities pk = σk(Wcc)/σ(Wcc). Once 
the active oscillator is selected from the appropriate DCS and the W and Q are selected 
the simulation will progress. Choosing different values of Wcc one can play with 
speeding up or down the algorithm of mixed simulation.  
 
3.2.3 Bremsstrahlung Emission 
 
When electrons interact in matter they are accelerated or decelerated by the 
electrostatic field of atoms and part of their energy is converted into electromagnetic 
radiation known as bremstrahlung (breaking radiation, origin from German language 
"Strahlung" = "radiation", and "Bremse" = "brake") radiation Figure 3.11. 
 

 
 

Fig. 3.11  Bremstrahlung Emission  
 

The beta particles or electrons, which are retarded by matter, emit photons having a 
range of energy from zero up to the maximum energy E of the beta particle or 
electrons being stopped. Bremstrahlung radiation is significant when high – energy 
beta particles interact with a material of high atomic number Z. It is noted that the 
radiative stopping power, Lrad, increases with the particle energy and with the square 
of the atomic number Z of the interacting material /Shultis 96/ and such relationship is 
given by, 
 
                                    ),,()/1()()( 222 ZEZZcmENrEL eerad Φ++= ξα                      (3.34) 
 
where, N is the atomic density, α ≈ 1/137 is the fine structure constant, ),,( ZEΦ  is the 
dimensionless scaled radiative energy loss cross section and ξ  the correction term 
determined as ration of stopping powers associated with radioactive losses in the force 
fields of nuclei and electrons, Lrad,e/Lrad,n. On the other hand the collisional stopping 
power, Lcoll, decrease with particle energy and increases only with the first power of 
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atomic number Z. For electrons the ratio of radiative to collisional loss can be 
calculated approximately by. 
 
                                                      Lrad/Lcoll ≈ EZ/700                                              (3.35) 
 
The bremstrahlung process is fully described by an atomic differential cross section 
(DCS), differential in the energy loss W, the final direction of the projectile and the 
direction of the emitted photon. The formula of DCS for the bremstrahlung effect is 
pointed out by Bethe-Heitler taking into account the screening effect derived from the 
Born approximation. The differential cross section for bremstrahlung emission by 
electrons in the field of atom of atomic number Z and screening radius R provided by 
Salvat and Fernandez-Varea, 1992 is given by, 
 

                           ,)()1(
3
4)(1)( 21

22
)(

⎥⎦
⎤

⎢⎣
⎡ −++= bb

W
ZZr

dW
d

e

BH
br ϕεϕεηα

σ                         (3.36) 

 
where the re is the classical electron radius, ε = W / (E+mec2)= W/γ mec2,  and φ1(b) , 
φ2(b) are two analytical expression depending from parameter b given as, 
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Production of the bremstrahlung in the field of the atomic electrons is took into 
account by the parameter η which in the high –energy limit takes the value ≈ 1.2. The 
differential cross section for bremstrahlung emission by electrons is expressed also in 
another form as below, 
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where the W is the energy of the emitted photon and κ = W/E is the reduced photon 
energy which takes the values between 0 and 1. The term ),,( κχ EZ is called the 
“scaled” bremstrahlung differential cross section and for a given element it varies 
smoothly with E and κ . For the purpose of Monte - Carlo simulation the necessary 
data are interrogated (using the right interpolation) from the table (tabulated by Seltzer 
and Berger) containing the values of ),,( κχ EZ for a set of electron kinetic energy 
covering the range of interest for where the simulation code can be applied. In case of 
dealing with compound the additive rules have to be used and the molecular 
differential cross section is calculated as the sum of the differential cross section of all 
atoms present in the molecule. For the molecule having x atoms of element X and y 
atoms of elements Y the molecular differential cross section is given by,  
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Using the molecular DCS given by equation 3.39 the radiative events are sampled and 
the process is simulated. Integration of the equation 3.38 gives up the total cross 



3. Interaction of Radiation with Matter   

 33

section for bremstrahlung effect which is infinite due to the divergence of the 
differential cross section for small reduced photon energy. But on the other hand the 
cross section of emission of photons with reduced energy larger than a predefined 
cutoff value Wcr is finite. Under such considerations the mean free path is given by, 
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where EWcrcr /=κ . The radiative stopping power and the radiative energy straggling 
parameter are both finite and are given by the following equations, 
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The tabulated values for both these two quantities are in use and the necessary data can 
be interrogated using the appropriate linear interpolation of κ . When dealing with 
positrons  these quantities have to be multiplied by the factor giving the ratio of the 
radiative stopping powers for positrons and electrons. Figure 3.12 present the radiative 
stopping power for electrons and positrons in aluminium, silver and gold materials. 
 

 
Fig. 3.12  Radiative stopping power for electrons and positrons in aluminium, silver 

and gold materials./ICRU 37 84/.  
 
Electron transport calculations are based on continuous slowing down approximation 
(CSDA) assuming the energy of the particle is lost is a continuous way through 
collisional and radiative processes. The range of continuous slowing down 
approximation know as Bethe range is defined as path length travelled by a particle 
before the absorption will take place in a given infinite medium under study. The 
Bethe range is defined by, 
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where Eabs means that the particles are absorbed once they reach this energy. Under 
CSDA approximation it is assumed that a particle slows down continuously, with no 
energy-loss fluctuations, and with a mean energy loss per unit differential path length 
given by the total LET evaluated at the local value of the particle’s energy /Shultis 96/. 
The bremstrahlung emitted photon is defined by the polar angle θ  (angle between the 
direction of emitted photon and the initial direction  of electron) and the azimuthal 
angle ϕ . Dealing with isotropic media the bremstrahlung differential cross section are 
independent of azimuthal angle and is given by, 
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where ),cos;,,( θκEZp is the probability distribution function of cosθ . Making the 
necessary mathematical manipulation and parameterisation of the Kirkpatrick-
Wiedmann-Statham function values of cosθ  are sampled from the probability 
distribution function mentioned above. 
It is also important to consider the simulation of hard radiative events for which we 
have W > Wcr. If the database containing the tabulated values of differential cross 
section does not include data for the simulation of bremstrahlung emission by 
electrons with energy E not contained in the database than the simulation of hard 
radiative events tooks place. In such cases in sampling the photon energy the 
probability distribution function given below is used, 
 

                               ),1()(),,(1),( κκκκχ
κ

κ −Θ−Θ= crEZEp                                   (3.44) 

 
where EWcrcr /=κ . Concerning the angular distribution of emitted photon the DCS 
given by  equation (3.43) is used for random sampling of cosθ . 
 
3.2.4 Positron Annihilation. 
 
When the beta-plus particles (positron), having an energy E, penetrate a medium of 
atomic number Z they can annihilate with electrons and subsequently emitting two 
photons oppositely directed Figure 3.13. 

 
Fig. 3.13  Positron Annihilation /Salvat 03-05/. 
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In case when such annihilation occurs in flight the two annihilated photons may 
possess different energies E- and E+ which add to E+2mec2. Using these notation each 
annihilation events can be full described and characterized by the parameter, 
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The E- correspond to the photon having lower energy. The differential cross section for 
the positron annihilation as observed in the laboratory system is pointed out by Heitler 
(1985) and is given by, 
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the positron in units of its rest energy. Such results are derived under assumptions that 
the initial direction of positron is the z-axis and the photons are emitted in direction 
with polar angles given by, 
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Integration of the equation (3.46) determine the cross section for two-photon 
annihilation which is, 
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and the annihilation mean free path is calculated by, 
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where the product NZ gives the density electrons in the interacting medium. It is found 
that the cross section decrease with the kinetic energy of the particle. On the other 
hand positrons with high energy can travel path lengths in the range of continuous 
slowing down approximation before the annihilation process took place.  
The simulation of electrons/positrons is much more difficult than that of electrons due 
to the large number of interactions suffered in their slowing down. PENELOPE MC 
computer code use a mixed simulation of electrons/positrons /Salvat 01, Sempau 97/. 
The interactions are classified into hard (with polar angular deflection θ or energy loss 
W larger than previosly selected cutoff values θc and Wc) and soft (condensed 
simulation methods discribed by using approximate multiply scattering theory) events.  
 
The individual hard elastic collisions including hard  elastic interaction, hard inelastic 
interaction and hard bremstrahlung emission are simulated (as a series of steps of 
limited length) in detailed way by random sampling from the corresponding restricted 
differential cross section. On the other hand the soft interactions are simulated as a 
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single soft event where the particle loses energy and changes the direction of motion 
/Salvat 01/. The Figures 3.14 and 3.15 show the simulated “track” of a monoenergetic 
source on 1 cm and 0.2 cm slab thickness of water material. They correspond to the 
simulation of a narrow electron and positron beams (50 particles in a bunch) with 
energy Eo = 2284 keV (corresponding to Emax of 90Y spectrum) and Eo = 633.5 keV 
(corresponding to Emax of 18F spectrum). 
 

 
 
Fig. 3.14  Simulation of an electron (bunch of 50 particles) beam transport with energy 

Eo = 2284 keV on a slab of aluminium material with a thickness of 1 cm.  
 

 
 
Fig. 3.15  Simulation of a positron (bunch of 50 particles) beam transport with energy 

Eo = 633.5 keV on a slab of water material with a thickness of 0.5 cm.  
 
During the interaction of electrons/positrons with matter secondary particles are 
emmited. When the emission happen energy larger than the absorption energy they are 
stored and simulated after the completion of the primary track.
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4. Gas Ionization Detectors 
 
4.1 Introduction 
 
The interaction of a given type of radiation with matter may be classified according to 
the type of interaction and the matter with which the interaction takes place. Once the 
radiation penetrates matter the energy of the radiation is passed on to the matter and 
the radiation is shielded or stopped. As results of such interactions atoms and 
molecules are excited and even ionized if the energy of radiation is high enough.  
When charged particles pass through a gas, modes of interaction involve ionization 
and excitation of gas molecules along the particle track. In absence of an electric field 
the created ions will be recombined producing again neutral specimens. When an 
electric field is applied to the gas then the positive ions will migrate to the cathode and 
the electrons will be attracted by the anode, producing ionization current. Gas 
ionization detectors are those which the output signal originates from the ions pairs 
formed within the gas filling detectors /Knoll 79/.  
A gas ionization detector is an instrument in which an electric field is applied across a 
gas volume in an enclosure that is either sealed or constructed in such a way as to 
permit a continuous rate flow of the gas. The suitability of a gas ionization detector 
systems for a given kind of direct ionising radiation as alpha, beta, gamma, and energy 
of radiation, depends on the applied electric field strength, composition and pressure of 
the filling gas, the geometry of the detector volume and electrodes as well as the 
current measuring electronic assembly dealing with the output of the gas ionization 
detectors /Knoll 89/. 
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Gas-filled detectors which are based on sensing the direct ionization created by the 
passage of radiation through gas are classified in three categories: ion chamber, 
proportional counters and Geiger - Mueller tubes. The strength of the electric field 
applied between the electrodes determines the type of the gas-filled detector.  
The relationship between the amplitude of the pulse size produced from the detector 
and the electric field applied across the electrodes of the gas-filled detector is very 
complex. Figure 4.1 illustrates schematically the number of ion pairs collected versus 
the electric field’s strength.  
 

 
 

Fig. 4.1  Illustration of the different regions of operation of gas-filled detectors. The 
observed pulse amplitude is plotted for events depositing two different amounts of energy 
within the gas. The labelled region means: region I, recombination region; region II, 
ionization chamber region; region III, proportional region; region IV, limited proportionality 
region; region V, Geiger-Mueller region /Knoll 89/.  
 
At very low values of the electric field the applied electric field is not able to prevent 
the recombination of the ion pairs which means that the collected charge is not 
representative of the original created ion pairs and such region can not be used for 
radioactivity detectors. As the strength of electric field is raised up the number of ions 
and electrons collected at the electrodes will be higher and higher till the saturation 
region is achieved. This region where no recombinations happen due to the high 
velocity of the migrating ions is the normal mode of operation for so called ionization 
chamber. 
 
If the applied electric field is increased still further the primary ions will be accelerated 
under this high electric field and the secondary ions will be produced by impacts. In 
other word one can say that collected charge begins to multiply and an increase in the 
produced pulse size is observed. Over some region of the electric field the number of 
the ions produced is still proportional to the number of primary ions determining in 
such a way the zone of operation of the proportional counters. The discrimination 
between different kinds of radiations is still possible. This is because geometry, filling 
gas and electrical assembly are different for different detector types.  



4. Gas Ionization Detectors   

 39

Increasing the electric field over the region of limited proportionality nonlinear effects 
are shown up /Knoll 89; L’Annunziata 03; Lieser 01/. Once the applied electric field is 
sufficiently higher additional ionization process takes place by the emission of 
ultraviolet light due to the excitations of atoms and molecules influenced by two main 
factors . Under such conditions the positive ions control the history of the pulse and 
the avalanche proceeds till the total number of positive ions have been formed 
regardless of the number of initial ion pairs. This is the zone of operation of the 
Geiger-Mueller detectors in which all primary ionization effects produce the output in 
the detector. When these heavy ion slams into the cathode there is a great probability 
that a photon will be emitted from the surface, generating a secondary, or follow – on 
pulse as the photon ionizes the gas in the chamber. Such events have no relation to the 
external radiation that is being measured and lead to erroneous count rates. In order to 
combat this phenomena, a “quenching gas” is added to the chamber counting gas. As a 
“quenching gas” the organic gas are used. 
 
4.2 Ionization Chambers 
 
Ionization chambers in principle are the simplest gas-filled detectors for radioactivity 
measurements. The term ionization chamber is used exclusively for the type of 
detectors in which ion pairs are collected from gases. The geometries of the chamber is 
usually cylindrical or parallel plate and the pressure of the filling gas can varies from 
normal pressure up to some tenths of bars. Charged particles moving through matter 
undergo inelastic collision with atoms and molecules and ion pairs are created /Knoll 
89/.  
 
In same gases the electrons may become attached to neutral molecules to form 
negative ions. When an electric field (sufficient to prevent recombination) across the 
electrodes of ionization chamber is applied the ions drift towards the respective 
electrodes to produce an ionization current. From the point of view that output signal 
can be a flow of current, a charge pulse or a total collected amount of electrical charge 
the following type of ionization chambers are in use: 
 

- ionization chambers operating in the current mode 
- ionization chambers operating in the pulse mode 
- ionization chambers operating in charge integration mode 
 

When the ionization chamber operates in the current mode the chamber measure the 
integrated effect of a large number of ionizing events and as result an electrical current 
is registered.  Ionization chambers operating in the current mode are widely used in 
radioprotection as a portable survey instrument for radiation monitoring purposes.  
Ionization chambers operate in the pulse mode when for each separate ionization event 
using a suitable amplification circuit (external applied voltage) they produce a 
distinguishable signal pulse. Pulse mode ionization chamber can offer advantage in 
sensibility to measure the energy of radiation and to be used in radiation spectroscopy, 
recently replaced by semiconductor detectors.   
Ionization chambers operating in charge integration mode are similar to electroscopes. 
Such chambers are initially charged.  
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4.2.1 Process of Ionization in Gases, Charge Migration and Collection 
 
When ionizing radiation (charged particles) passes through gas ion pairs are produced 
along they paths. “Fast” means ability to create ion pairs that contribute to the 
ionization current. The created ion pair serves as the basic constituent of the output 
signal of ionization chamber. The particle must transfer an amount of energy equal to 
the ionization energy to permit the ionization process to occur. Another way of losing 
energy of the charged particle is also through the excitation processes. From this point 
of view it is clear enough that average energy lost per incident particle per ion pair 
formed is greater then the ionization energy denoted by W /Knoll 89; ICRU 33 80; 
ICRU 60 98; ICRU 31 79/. 
The mean energy expended in a gas per ion pair formed, W, is the quotient of E by N, 
/ICRP 33 80; ICRU 60 98/ where N is the mean number of ion pairs formed when the 
initial kinetic energy, E, of a charged particle is completely dissipated in the gas given 
by, 
 
                                                          NEW /=                                                          (4.1) 
 
It is quite obvious from the above definition that the ions produced by the 
bremstrahlung effect or other secondary radiation emitted by the charged particles are 
included in N. On the other hand the mean number, N, of ion pairs is equal to the total 
liberated charge of either sign divided by the charge of electron.  
 
The W-values is in principle a function of the species of gas involved, the type of 
radiation and its energy but empirical observations suggested that it is not a strong 
function of any of these mentioned variables. Values of the energy dissipation per ion 
pair (W-values) for photons and electrons in various gases are given on Table 4.1. 
 
Table 4.1  W for photons and electrons for different gases*. 
                                                                         W-value in eV / Ion pair produced 

                       Gas                 Photons & Electrons 
         H2

       36.5 ± .3 
        N2     34.8 ± .2 

O2     30.8 ± .4 
N2O     32.6 ± .3 
SO2     30.4 ± .02 

H2O     29.6 ± .3 
CO2     33.0 ± .7 
He     41.3 ± .1 
Ne     35.4 ± .9 
Kr     24.4 ± .3 
Xe     22.1 ± .1 
NH3     26.6 ± .1 
CH4     27.3 ± .3 

                                    Air     33.9 ± .03 

* Data from ICRU Report 31, 1979. Average Energy Required to Produce An Ion Pair. International   
Commission on Radiation Units and Measurements. 

                                                 
2, 3 No uncertainty were reported for W of air and SO2. 
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During slow-down, energy straggling, range straggling and angular straggling occur. 
In addition, not all primary energy can be transferred to the final output signal. This 
means that the mean number of ion pairs formed for incident particle does not only 
change from gas to gas but also fluctuate in the same gas for an identical energy 
incident particle. These fluctuations will set a fundamental limit on the accuracy of the 
detector response. In quantifying the statistical fluctuation in the number of ion pairs 
formed in the gas the Fano factor is introduced /Knoll 89/.  
The physical bases in introducing this factor is that processes that give rise to the 
formation of each individual ion pair are not independent and formation of each ion 
pair can not be described by a Poisson process.  
From the available data and information one can conclude that the number of ion pairs 
created in the sensitive gas volume of the ionization chamber is proportional to the 
energy of the electron stopped in the gas. As can be seen from equation (4.1) the W-
value is the proportionality constant.  
When no external electric field is applied to the region of ion pairs formed, the 
electrons (due to diffusions theory they have tendency to move away from the zone of 
higher density) will reduce their energy to the thermal velocity values with energy of 
order 0.04 eV. Another process with high probability to occur is the charge transfer 
collision. This process happen when electrons are captured by positive ions or by 
neutral atoms and molecules. The recombination is significant only in regions with 
high concentration of ion pairs. One obvious case is the immediate volume along the 
track of ionization where the electron cloud is created. Because these region tend to be 
linear tracks through gas, the recombination which takes place in such zones are called 
columnar recombination. The first process is called recombination and the second one 
attachment. If the recombination takes place somewhere else once the electrons left the 
track of ionization the process is called volume recombination. 
Appling an external electric field to the sensitive gas volume of the detector in which 
ions and electron already exists, charged particle will start to move away from the 
point of origin. The net velocity of ions will be a superposition of the drift velocity in a 
given direction and the random thermal motion of the ions and electron in the gas. By 
definition the drift velocity for positive ions will be in the direction of the conventional 
electric field, whereas the opposite direction will be for direction of drift velocity for 
electrons and negative ions. The average drift velocity /Knoll 89/ of the ions in the gas 
is given by, 

                                                              ,
p
Ev µ=                                                        (4.2) 

 
where:  v = drift velocity   (m/s)    
  E = electric field strength (V/m) 
  p = gas pressure  (atm)   
           µ = mobility of ion  (m2·atm/V·s) 
 
Tabulated values of mobility of ions in various gases can be found in many paper and 
references. Due to lower mass of electrons in comparison with ions, the electron drift 
velocity is typically 1000 times greater than that for ions. This means that the time for 
electron collection is of the order of microseconds and for ions of the order of 
milliseconds. Plotting the electron drift velocity versus the applied electric field the 
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saturation effect can be observed. This means that linearity with the applied electric 
field fail at high values of the field and a constant velocity is approached. In most gas 
detectors the saturation is reached for values of E/p at about 104 to 105 V/m·atm. 
In some gases like hydrocarbons mixtures the saturation approach a maximum value 
for high values of electric field and when the electric field is further increased an 
slightly decrease is observed. This effect for methane and 90% Argon + 10 % methane 
known as P-10 gas is shown on Figure 4.2. 

 
Fig. 4.2  Electron drift velocity as a function of electric field E divided by gas pressure 

/Knoll 89/. 
 
It is reported also that a change in polarity of collecting potential the current collected 
from an ionization chamber exposed to constant radiation intensity changes in 
magnitude. Factors like space charge effects or distortion of the electric field, contact 
thermal or electrolytic potential of material, low-energy secondary electron emission 
in chamber walls and electrode geometries are expected to be responsible for such 
changes. 
 
4.2.2 Ionization Chamber Current 
 
When an electric field is applied between the electrodes of the ionization chamber the 
ions and electrons constitutes an electric current. If the number of the ion pairs created 
in the gas volume remains constant under well defined measuring conditions the 
charge collection versus the external polarizing voltage across the electrodes is very 
important to be evaluated.  
Well defined measuring conditions means that a given volume of the gas is undergoing 
steady-state irradiation. Under such assumption for each small test volume of the gas 
the rate of formation of ion pairs will be balanced by the rate at which ion pairs are 
leaving from the test volume. Neglecting the recombination effect and assuming total 
collections of the created charges, one can measure the ionization current of the 
chamber which is the basic principle of the dc ion chamber. The current-voltage 
characteristic curve of such chambers is used to find the optimum condition working 
point of the chamber as shown in Figure 4.3.  
The measured current is proportional to the number of ion pars collected on the gas 
volume of the chamber. In the absence of the electrical field the created ion pairs will 
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be in random thermal movement and sooner they will disappear by means of 
recombination or by diffusion from the active volume under the high density gradient.  
 

IONIZATION CURRENT vs. ELECTRIC FIELD 
(arbitrary units) 
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Fig. 4.3  Saturation curve (ionization current versus collecting electric field) of the 
ionization chamber. 
 
At low voltage the current increases strongly with increasing the polarizing voltage 
due to the fact that recombination starts diminishing. When the field strength is more 
than adequate to ensure collections of all the ions produced then all the original 
charges created by the charged particle passing through the gas will contribute to the 
output current of the chamber. After this step the slope of the curve level off and reach 
an almost constant current value. This region is called the ionization chamber region. 
 
At saturation region all charges due to the ionization in the sensitive gas volume are 
collected and measured using the proper external current-measuring circuit. The 
ionization current, I, is related to the number of ion pairs produced per unit time, N, by 
the following relationship, 
 

                   I = N*e,                                (4.3) 
 
where, e is the electrical charge equal to 1.6021892x10-19C. 
 
When the ionization current is sufficiently large a sensitive ammeter is used to 
measure it as is shown on Figure 4.4.  
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Fig. 4.4  The basic components of an ionization chamber measuring system. 

 
Generally, however more sensitive methods are used by allowing the charge to collect 
on a capacitor and measuring the rate of change of voltage on the capacitor with an 
electrometer, Figure 4.5. 
 

 
 

Fig. 4.5  Schematic view of a current measuring circuit /Knoll 89/. 
 
Conditions of saturation can normally be achieved over dimensions of a few 
centimetres using applied voltages which in order of hundreds or tens of volts. To suit 
the application of the ionization chamber the geometry (planar or cylindrical 
geometry) and the filling gas have to be chosen. The most common filling gases are 
air, nitrogen and argon which can be in one atmosphere or even higher pressurized in 
manner to increase the sensitivity of the ionization chamber.  
The produced current in the sensitive volume of the ionization chamber is a function of 
volume filling gas, presure as well as the strength of the radioactive source to be 
measured.  
In practice several factors may results in incomplete charge collection with the 
consequence the saturation loss. The most important of these is recombination 
/Schrader 97/ which is minimized by ensuring that a large value of the electric filed 
exists in the gas volume of the chamber. The recombination usually is caused by the 
following factors: 
 

- complicated trajectories in the electric field 
- regions with high local density of ion pairs due to strong local irradiation 

(imbalances in the steady-state concentrations of the two charge carriers). 
- slow drift of ion pairs to the collection electrodes 
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- geometry effects (complicated and not uniform structures).  
 

The recombination effect is minimized by: 
 

- the electrical field should have good symmetry near the centre and the sensitive 
region of the ionizing chamber should have a proper cut-off   

- region of weak electric field and complicated cylindrical geometries should be 
avoided 

- filling gases with high attachment coefficients are able to form ions during the 
ionization process due to their electro-chemical property and for such reason 
should also be avoided. 

 
4.2.3 Applications of DC Ionization Chambers 
 
The “DC” is a acronym for the direct current mode of ionization chamber. The most 
applications of DC ion chambers /Knoll 89/ are: 
 
- Radiation Survey Instruments 
 
Usually they are portable ionization chambers used for radiation monitoring purposes. 
They have a volume of order of several hundred cubic centimetre and walls 
approximately air-equivalent fabricated from plastic or aluminium material. 
Determination of the exposure and the evaluation of the dose are the main purpose of 
using such devices.  
 
- Measurement of Concentration of Radioactive Gases 
 
The measurement of the concentration of radioactive gases (Bq/m3) is based on the 
principle of a continuous flow of the gas in the chamber volume. These means that the 
radioactive gases should be a constituent of the filling gas of the ionization chamber. 
The common application of such chambers is the continuous monitoring of the air that 
contains trace of radioactive gases.  
 
- Radiation Source Calibrators 
 
The national metrology laboratories use a standardized source to calibrate a reference 
instrument such as an ionization chamber. After that these instruments are used to 
calibrate further samples of the same radionuclide to give derived (secondary) 
standards at any later date as well as to check the consistency of the direct (absolute) 
standardization. The use of ionization chambers for such purpose is dedicated to their 
long term stability. The designs of such  chambers are shown on Figure 4.6.  
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Fig. 4.6  Ionization chamber for calibration of gamma-ray sources /Knoll 89/. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5.  Activity Measurement with "4πγ" Ionization Chambers  
 

 47

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Activity Measurement with “4πγ” Ionization Chambers 
 
5.1 Introduction 
 
The International Bureau of Weights and Measures 
(BIPM) defines metrology as “…the science of 
measurement, embracing both experimental and 
theoretical determinations at any level of uncertainty in 
any field of science and technology”. 
/http://www1.bipm.org/ 
 
In general, metrology may be divided into three levels including: a) fundamental or 
scientific metrology, which concerns the establishment of systems of units of 
measurement, the definition of units, their realisation and the means of dissemination 
of traceability. The traceability is known as “property of the result of a measurement 
or the value of a standard references, usually national or international standards, 
through an unbroken chain of comparisons all having stated uncertainties” b) applied 
metrology which concerns the use of measurements and measuring instruments and c) 
legal metrology close related to activities which results from statutory requirements 
and concern measurement, units of measurement, measuring instruments and methods 
of measurement performed by the competent authorities /http://www.oiml.org/. 
 
In radionuclide metrology laboratories for several years ionization chambers have been 
used in measuring the radioactivity and half live /Unterweger 04; Olšovcovǎ 04/ of 
many radionuclides. The most popular chamber for such purposes is one so called 
well-type or 4πγ re-entrant ionization chamber, Figure 4.6. This is considered to be a 
powerful tool for measuring γ-ray emitters as well as to establish and maintain world-
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wide uniformity of radioactivity measurement very important in nuclear medicine 
/Woods 83/.  
The phenomenon radioactivity is described by the physical quantity so called activity. 
 
By definition “activity” is defined as “The activity of an amount of radioactive 
nuclide in a particular energy state at a given time is the number of spontaneous 
nuclear transitions in unit time from that energy state” /ICRU 60 98/. 
 
Using the activity standard, well-type re-entrant ionization chamber can be calibrated 
in terms of activity. These activity standards are mainly prepared and calibrated by the 
appropriate radionuclide metrology institutions and laboratories. Radioactivity 
standards are measured by means of “direct”, “near direct” and “indirect” methods 
/NCRP 58 85/. 
 
Direct methods for measurement of radioactivity are referred to as “absolute” and the 
standards produces in such a way are designated as “absolute” or “primary” standards. 
In direct calibration the activity of the radionuclide source is determined based on the 
count-rate data alone without having a reference or access to any previous 
experimental data. Among others the most powerful method in direct calibration of 
activity is the coincidence counting. In the “near direct” method the activity, is not 
measured directly but is calculated from a direct measurement of some property of the 
decay of the radionuclide under study. This method includes weighing of a radioactive 
element of known isotopic abundance, calorimetry and ionization measurement. In the 
relative “indirect” methods a standardized source is used to calibrate an instrument i.e. 
ionization chamber which then can be used to calibrate further samples. Calibrated re-
entrant ionization chambers working in the current mode are excellent devices for 
measuring the activity of the source. Ionization chambers, once calibrated can be used 
to measure or calibrate further samples of the same radionuclide to give secondary 
standards or to check the consistency of subsequent direct measurement. 
 
 
5.2 Activity Standards 
 
The duty of the national institutes of metrology is to meet the requirements for 
calibration and testing laboratories as defined by law. The fundamental task of such 
laboratories is to realize and maintain the legal units in compliance with the 
International System of Units (SI) and to disseminate them, above all within the 
framework of legal and industrial metrology. In fulfilling this task different activity 
standards in the form of solution and solid sources are produced by many metrology 
laboratories. 
The role of activity standards is to enable the result of a measurement to be 
communicated as a quantity, in terms of a number and a unit to different users. An 
activity standard is a suitable piece of radioactive material, the quantity of any given 
radionuclide which is certified in terms of the average number of decay per second, or 
Becquerel, to within stated limits of uncertainty /NCRP 58 85/. 
For each activity standard, a calibration certificate is issued which states the specific 
activity, the solution mass and the assigned uncertainty valid at a defined reference 
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time. For the purpose of this work only the activity standards in the form of solution 
will be treated here. These activity standards are mainly used for the calibration of 
measuring devices i.e 4πγ ionization chambers, or as reference standards in relative 
measurements. 
 
5.2.1 Accurate Diluting and Dispersing of Radioactive Solution 
 
Most radioactivity solution standards consist of trace quantities of radionuclides of 
known radioactivity concentrations of carrier in different glass containers. A carrier is 
“a substance in an appreciable amount which when associated with a trace or another 
substance will carry the trace with it through a chemical or physical process” 
especially a precipitation process /Monographie BIPM-1 75/. 
The carrier concentrations /NCRP 58 85; L’Annunziata 03/ and solution media for a 
standard have to be chosen in such a way to satisfy two criteria: a) the solution 
standards remain stable (in terms of chemical stability) throughout their useful lives 
and b) low absorption sources can be prepared from them following the diluting 
process.  
The activity concentration of a radioactive standard solution “standard reference 
material” of a particular radionuclide is derived from the activities of several measured 
sources prepared from the same mother solution by means of gravimetric procedures.  
Following the diluting, weighing and dispersing into the ampoules other standards can 
be prepared from previous derived standard. The procedures normally involved in 
distributing a standard of radioactivity and in making an accurate activity 
measurement are shown on Figure 5.1 
 

 
 

Fig. 5.1  Procedures for distribution and preparation for measurement of radioactivity               
standards /Monographie BIPM-1 75/. 
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Usually the activity standards in the form of solutions are delivered in different kind of 
glass containers including: i) 5ml Jena glass ampoule; ii) P6 vial; iii) 10R Schott Type 
1+ (see Figure 5.9). As can be seen from the Figure 5.1 the procedures of preparation 
of the radioactivity standards includes: a) the master solution; b) dispensing the master 
solution; c) dilution and d) source preparation. 
 
5.2.1.1 Master Solution 

 
In general the master solution is dispensed into as many ampoules as may be necessary 
for the intercomparison or distribution. After that same of these ampoules are retained 
for the measurement of the activity per unit mass of solution and the remaining 
ampoules are distributed to laboratories participating the intercomparison. Related to 
master solution attention has to be paid in preparing a stable solution having negligible 
absorption on container walls and low dissolved solids content /Preiss 57/. Both acid 
and alkaline solutions tend to leach out glass increasing the concentration of dissolved 
solids. Such increase depends on the strength of acid or base in the solution, the type 
of glass forming the container and the duration of the time in contact. After several 
months of storage in Pyrex glass values of the order of 100 µg/g of solids are reported 
to be found /Monographie BIPM-1 75/. Quartz and polyethylene vessels are used for 
the storage of standard solution due to their relatively insolubility and porosity.  
However the daily practice reduce the need for such extreme measures and borosilicate 
are usually adequate. In manner to minimize the absorption effect the carrier 
concentration and the pH of the master solution should be properly chosen. 
 
5.2.1.2 Dispensing the Master Solution 
 
A number of glass ampoules which can be subsequently flame sealed must be prepared 
in advance, Figure 5.2  
 

 
 

Fig. 5.2  A set of opened and flame sealed 5ml PTB standart ampoules. 
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The dispensing process is carried out by gravimetrically method and after that each 
ampoule is checked my means of radioactivity measurements in a well-type ionization 
chamber or even other methods for the comparison of activity. All the dimensional 
tolerances of the ampoules should be such that any differences in absorption to be 
negligible. In order to obtain thermal and hydrometric equilibrium the ampoules 
should be left for several hours in balance room. After that an automatic burette or a 
large dispensing vessel having a long bent spout are used for filling the ampoules. The 
ampoules are first weighed empty, reweighed after filling and then flame sealed. The 
sealed ampoules should be measured in a re-entrant ionization chamber in manner to 
check the weighing procedure. The sealing process results with the mass loss to the 
expansion and partial loss of air the ampoule on heating, but the sealing process is 
negligible for all practical purposes. After the sealing process before distribution takes 
place each ampoule is labelled and a data sheet with the name of radionuclide, the 
activity in the measuring date, the reference number and the mass and chemical 
composition of the solution is prepared.  
 
5.2.1.3 Dilution 
 
The dilutions as well as the source preparation usually are subject of the receiving 
laboratory. On receipt by a laboratory the contents should then be shaken to overcome 
any distillation phenomena that may have occurred on the way to laboratory but the 
centrifuging will insure proper drainage and uniformity. The ampoule should then be 
left in the balance room in order to achieve thermal equilibrium with the environment. 
In order to provide an independent check on the dilution factor ionization chamber 
measurement should be made for the both diluted and undiluted solution. The dilution 
procedure requires a stoppered glass dilution flask, a transfer pycnometer which may 
be glass or polyethylene, a suitable glass funnel and a further vessel containing the 
diluent /Monographie BIPM-1 75/. Special requirements are for diluent which should 
be made up to maintain the same inactive chemical composition and concentration as 
the master solution. However, if one has evidence that a lower carrier concentration is 
acceptable from the point of view of absorption then the chemical composition of the 
diluent may be chosen so that this lower concentration is achieved in the diluent 
solution /Rytz 69/. Both vessel and diluent should be in thermal equilibrium with their 
environment. Before opening the ampoule containing the solution the dilution flask is 
weighed. Once this step is done the liquid is withdrawn into the pycnometer which is 
then weighed again. Handling equipments like tweezers are recommended for not 
disturbing the thermal equilibrium. The pycnometer is then removed from the balance 
and hundreds milligrams of the solution are dispensed into the dilution flask in such a 
way that adherence to the glass walls near the neck of the flask are not allowed. The 
pycnometer is then reweighed and using the difference in weight the dilution factor 
can be calculated. Next, the diluent is added to the dilution flask via suitable transfer 
equipment like funnel or pipette and the dilution flask is reweighed and mixed. The 
dilution factor is given by, 
 
                                                   F = (mD - mA) / (mB - mC),                                       (5.1) 
 
where,  
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mD - the mass of dilution flask empty  
mA - the mass of flask plus total solution 
mB - the pycnometer plus solution masses before expelling the master solution      
       into the flask 
mC - the pycnometer plus solution masses after expelling the master solution   
        into the flask 

 
In general the dilution factor should not exceed 50 in any one dilution and preferable 
should be not more than 30. 
 
 
5.2.1.4 Source Preparation 
 
The preparation of the sources suitable for counting is the next step after the dilution. 
Preparation of the sources includes also the sealed ampoules in order to check the 
dilution factor by ionization current rations evaluated with a sensitive ionization 
chamber /NCRP 58 85/ The transfer of the diluted solution is carried out by using 
again a pycnometer. For radionuclides emitting suitable photon radiation, some 
ampoules should be filled with the diluted solution, sealed and measured in an 
ionization chamber. These measurements together with similar measurements on 
ampoules prepared from the undiluted master solution enable an independent check on 
the dilution factor to be obtained. In such a way these ampoules can be used for 
impurity checks by, for example, half life measurement. 
 
 
5.3 Ionization Chamber Measurements 
 
The most useful type of instrument for activity measurements is a well-type ionization 
chamber often so called a 4πγ ionization chamber which frequently operates at several 
atmospheres pressure in order to increase the sensitivity. Typically the sensitivity may 
be several picoamperes per mega Becquerel of Co60.  
 
Usually the well-type ionization chamber designs for activity measurements consists 
of a cylindrical vessel of several liters volume with a coaxial re-entrance cylinder for 
introducing the source, Figure 5.3. 
 
The walls of the chamber are made of brass, iron or aluminium (subject of 
radionuclide to be measured because each material has a different cut-off photon 
energy), while aluminium or thin copper foils are used in constructing the inner 
collecting electrodes. In minimizing the background the constructing materials should 
be free of contaminations. In achieving higher security the chamber is surrounded by 
additional grounded shield.  
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Fig. 5.3  Schematic view of the well-type ionization chamber for activity 

measurements. 
 
The radioactive solution is offered in a cylindrical ampoule and using the proper 
sample holder is positioned at the centre of the well of the chamber having cylindrical 
electrodes. The ampoule wall thickness and glass composition must be sufficiently 
reproducible from ampoule to ampoule so that any variation in gamma ray attenuation 
does not add significantly to the variation of the measurements. In ideal case the 
radioactivity is distributed homogeneously in an aqueous solution with density of 
about 1 g/cm3. The homogeneity is needed to render theoretical considerations about 
possible attenuation effects. Special care must be taken to ensure that the activity be 
kept below such levels that the response, as a function of activity, does not depart 
significantly from linearity /NCRP 58 85/. The constancy of the ampoule wall 
thickness as well as the glass composition can be tested by means of a point source of 
low energy gamma rays mounted on the end of a thin dip stick. Then the latter is 
mounted in such a way that the source is at the centre of the ampoule to be tested. 
After re-positioning the ampoule in the well of ionization chamber the ionization 
current is noted /Schrader 97/. 
The ionization chamber offers the possibility to compare ratios of activity (for the 
same gamma emitting radionuclide) with a standard error of the mean of better then ± 
0.1 % and even ± 0.02  % in some favourable cases. 
Only the photons and a small number of beta particle with energy above few MeV are 
able to reach the sensitive volume of the ionization chamber. The photons emitted 
from the radioactive source transfer energy to the surrounding matter by means of 
three principal interactions process so called: photoelectric effect, Compton effect and 
pair production. The pair production becomes important when the photons have an 
energy grater than 1.022 MeV. The high energy beta particles are detected by 
bremstrahlung photons.  
Once the photons are emitted they undergo considerable attenuation in the material of 
the source, walls of the ampoule, the sample holders and in the ionization chamber 
walls. The photons that contribute to the ionization current are those that have 
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transferred energy to electrons by direct interactions in the gas of the chamber, or in 
the matter around the gas from which electrons still are able to reach the sensitive gas 
volume. All these electrons produce positive ions and electrons in the counting gas 
with an average energy of about 30 eV per ion pair created. If an electric field is 
applied to the chamber electrodes, the electrons will move towards the anode and the 
positive ions towards the cathode. The collections of these charged particles constitute 
the ionization current of the chamber. The “4πγ”ionization chambers are widely used 
for: a) quality control in national standards laboratories, b) quality control for activity 
measurements and intercomparisons in nuclear medicine and c) industry as well as for 
half-life measurements /Reher 98; Unterweger 04; Kim 05; Dos Santos 04; Harms 04 
Oropesa 03; Nathuram 03/. 
 
 
5.4 Calibration of Ionization Chambers for Activity Measurements 
 
All relative standardization procedures inherently require calibration of an instrument 
in terms of a calibration standard, and succeeding measurements of samples need to be 
made under conditions identical to those of calibration. For such purpose all measuring 
conditions of the ionization chamber measuring system including source parameters 
must remain uniform and stable during the measurement /NCRP 58 85/.  
The desired measurand is the activity, A of the radioactive solution. The strength of a 
radioactive source is its activity, or in other words, the number of nuclei decaying per 
unit time. The nature of the decay process is probablistic and it is governed by Poisson 
statistics which for very large number of observed decay becomes a Gausian 
distribution /Knoll 89/. 
According to the law of radioactivity decay the activity “A”, of a radionuclide 
decrease exponentially and is given by, 
 
                                                         A(t) = A0 e-λ ∆t,                                                   (5.2) 
where, 
Ao  is the activity (Bq) at a fixed reference time t = to. 
A(t)  the activity (Bq) at the time of measurement 
λ is the decay constant (s-1) calculated by λ = ln2 / T1/2, where T1/2 is the half-   
           life (s) of  the radionuclide, and the value of the decay constant depends on the   
           nature of the particular decay process. 
∆t is the time (s) difference between the fixed reference and the measuring time. 
 
The ionization chamber current, I, originating from the source with a single 
radionuclide N under identical measuring condition, is proportional to the activity of 
the source and is given by the formula, 
 

I = εN∗A,                                                     (5.3) 
 
The proportionality factor “εN

”
 in unit of ampere per Becquerel or pA/MBq is called 

the radionuclide efficiency (“the calibration factor”) for that particular radionuclide. In 
the measurand current Im the contribution of the background current Ib, should always 
be carefully considered and the chamber current will be I = Im – Ib. It is obligatory that 
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the determination of the background current must be made under identical measuring 
conditions. With most of the current measuring instruments /Schrader 97/ it is possible 
to adjust the instrument reading “R” by using an internal or external instrument setting 
which adjust the amplification of the instrument. This means that the reading 
instrument is proportional to ionization current by a proportional instrument factor “g” 
given by the formula, 
     R = g∗I = g∗εN∗A       (5.4) 
 
If the instrument is adjusted is such a way that to show the activity reading RN = A for 
a defined radionuclide N directly in becquerel than the adjustment condition gN*εN =1 
is valid and formula (5.3) can be transformed as follows, 
 

                   A = RN = (1/εN) I                                                    (5.5) 
This technique is used to instruments which takes form of ionization chamber, such as 
radionuclide calibrators for performing quantitative assays of radiopharmaceuticals as 
shown on Figures 5.4 and 5.5 
 

     
Fig.5.4 Ionization chambers for performing quantitative assays of 

radiopharmaceuticals.  

       
        a)       b) 

Fig. 5.5  a) Accessories for handling different kinds of ampoules and vials, b) 
Radionuclide calibration system used in nuclear medicine and radiopharmacy (Centronic 
Limited, Centronic House Henry’s Drive, Crydon CR9 OBG, England). 
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The current output from the ionization chamber is measured by means of an 
autoranging electrometer. The electrometer output is digitised and sampled at intervals 
of between 150 mSec and 38.25 Sec, depending from the value of the input signal. The 
resultant value is then scaled according to the nuclide in question and displayed in 
kBq, MBq or GBq. This is done by applying the proper adjustment for particular 
radionuclide by fixed instruments settings chosen in advance by the user. 
 
5.4.1 Reference Sources 
 
The stability of the ionization chamber system is usually verified by measuring the 
response to a reference source, Figure 5.6, of some long lived radionuclide material, 
such as 226Ra in equilibrium with its daughters whenever the calibrations or 
measurements are made. The 226Ra source is used by almost all the national standards 
laboratories as reference sources for ionization chamber measuring system since the 
half-live is well known 1600 ± 7 years and correspond to a decay correction of 0.043% 
per year /Certificate 99/. On the other hand its specific activity is high enough to allow 
production of small sources with activities in the order of several MBq.  
The longest–living radium daughter of 226Ra is 210Pb which has a half-life of 22.3 ± 0.2 
year and the photon radiation from the decay are mainly of bremstrahlung from the 
210Bi progeny.  
 
 

                                                                              
 

Fig. 5.6  228Ra reference sources 
 

The 226Ra has the chemical form of crystalline salt as chloride or sulphate and consists 
of purified 226Ra, free from radioactive contaminations such as 228Ra which may be 
mixed with inactive barium sulphate. The seals of the source must be checked 
regularly for tightness in manner to detect any possible escape of 222Rn gas.  
Other long-lived radionuclides, such as 60Co (T1/2 = 1925.5 ± 0.8 days) or 137Cs - 
137mBa (T1/2 = 11050 ± 40 days for 137Cs and T1/2 = 2.552 ± 0.010 min for 137mBa) are 
also used as reference sources. 
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5.4.2 Relative Activity Measurements 
 
In practice, one may take the activity of the sample to be proportional either to the 
direct response of the ionization chamber system, or to the ratio of its response to the 
sample to that produced by a reference source. 
In the first method, /Schrader 97/ the appropriate calibration factor “Cf” for a 
particular radionuclide is the ratio of the ionization current (or observed response “R” 
of the chamber) for a source of that radionuclide in a reproducible configurations, to 
its activity. 
The second one is related to relative activity measurements. Ionization chambers 
working under reproducible measuring conditions are very effective for relative 
measurements by comparison with an activity standard.  
In such a case the ratio of the ionization current due to the reference source in a given 
geometry to the ionization current due to the particular radionuclide in a similar and 
reproducible geometry is compared. This current ratio is given by, 
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where, the index “i” is used to specify a particular sample. 
 
In quality assurance for standard source production, comparisons are made between 
samples of the same radionuclide, the same geometry and almost the same activity. 
Dilution factors /Monographie BIPM-1 75/ are varied using samples with different 
ranges of activity. In each individual case by using the formula (5.6) the efficiency of 
the radionuclide cancel and the unknown activity values is calculated from that of an 
activity standard. 
 
For radioactive solutions of various masses  mi  in standard ampoules or in ampoules 
of different materials and forms the geometry correction factors are determined as 
following. The sources are dispensed from the same mother solution with a constant 
activity concentration a = as = ai = Ai/mi. The as corresponds to the activity measured 
in a standard geometry. The ratio of the current per mass is then given by, 
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The independence on time on the ratio given by equation (5.7) is guaranted only for 
solutions containing a single radionuclide due to the fact that various radionuclides 
have different decay constant and the ratio of the composition will change in case of 
dealing with mixed solution. For a given solution with a single radionuclide measured 
in a non standard geometry the quantity in the standard calibration is calculated by 
multiplying the measurand by the factor εs/εi. 
 
Usually the most important of relative measurements made with the ionization 
chamber in most national standards laboratories are calibrations relative to a long-lived 
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reference source. As it was mentioned above the 226Ra serves to be an excellent source 
for such a purpose. By doing so the activity of the sample under study is taken to be 
proportional to the quotient of the response to the radionuclide sample to the response 
to the reference source. This method has the advantage that the instrument instabilities 
are eliminated /Schrader 97/ as long as the instabilities affect the response to both 
reference source and the sample solution as well. 
 
The equation for relative calibration of an ionization chamber for a radionuclide N 
against a reference source tell that the ratio of the instrument readings of the source to 
be measured R to that of the reference source Rr is related to the ratio of the 
corresponding activities A and Ar  and is given by, 
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Incorporating the decay correction factor for the reference source and resolving the 
equation (5.8) for the activity of the radionuclide gives, 
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The “Aro” is the activity of the reference source at the reference time “tro” and “Ae” is 
known as the “equivalent activity” or in other word the “relative K factor”. The 
equivalent activity refers to a radionuclide under reference measuring conditions 
related to the individual reference source at certain, but fixed, instrument setting “g”.  
 
By definition a source of a radionuclide with an activity value equal to the 
equivalent activity (A = Ae) produces the same instrument reading as that of the 
reference source used for the calibration (R = Rro). Following this logic the same 
current (I = Iro) will be produced when both sources are measured under identical 
conditions /Schrader 97/.  
 
The “relative K factor” (proportional or equal to equivalent activity Ae,) is inverse 
proportional to efficieny (calibration factor) “εN”, of the ionization chamber for the 
radionuclide N under question. The relative efficiency of the ionization chamber for 
the radionuclide N is then determined by, 
 
                                  ,/1 .relNNK ε=  or relNeA ./1 ε≈                                        (5.12) 
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The relations (5.12) are mainly used in adjusting of the activity meter by using the 
reference source belonging to the instrument.  
 
Other so-called “standards” used as reference sources for a particular radionuclide for 
relative measurement are simulated or mock standards /NCRP 58 85/. The mock 
standards are radioactive sources prepared from long-lived radionuclides, or mixtures 
of radionuclides that approximate the electromagnetic radiation characteristics of the 
simulated radionuclide. Examples include the use of a 129I reference source to monitor 
the performance of a counting system used for routine measurement of 125I samples or 
the simulation of 99Tcm with 141Ce or with 57Co. The proper correction factor must be 
applied to the corresponding calibration factors when using the mock standards. 
 
 
5.5 Methods for Measurement of Ionization Current 
 
One of the most important parts of the measuring system is the electrometer unit. This 
contains the power supplies, stabilized polarising supply, electrometer, controls and 
microprocessor controlled data /KEITHLEY 04, 1/. During a measurement the 
ionization current is regarded as constant and the measurement time is shorter in 
comparison with the half-life of radionuclide being measured. Usually the expected 
current ranges from about 10-10 to 10-13 A with instrument leakage down to a few 10-15 
A. The stability of the ionization currents permits the application of quasi-static 
methods, such as charge integration with large capacitors of the order of 100 nF, or 
compensation procedures continuously following production of the current /Schrader 
97/. It is clear that the electrometer is the most essential part of the current-measuring 
system. Only the electrometric methods with insulator resistance  above 100 TΩ offer 
the possibility to maintain the leakage and the instrument offset currents at very low 
values. Up to the present day, four classes of electrometers /KEITHLEY 04, 2/ have 
been used: a) electrostatic electrometers (with a mechanical part or indicator driven by 
electrostatic forces); b) electronic vacuum tube electrometers; c) dynamic condenser 
electrometers also called vibrating reed electrometers and d) the solid-state device 
electrometers.  
For practical interest only dynamic condenser electrometers and solid-state device are 
considered as the best picoammeters. These kinds of electrometers has usually an input 
resistance of a order of 1014 Ω and a leakage current less than 10-15 A. Based on such 
characteristics they are the best and excellent device for measuring values of extremely 
low current produced in the ionization chamber. 
Different techniques are used for ion current measurement but most of them are based 
on Townsend induction balances /KEITHLEY 04, 1; Instruction Manual 92/ with 
compensation and the method based in the measurement of the voltage drop across a 
high value of resistor, Figure 5.7 which is the only one being not of the Townsend 
type.  
The method for ion current measurement based in the measurement of the voltage drop 
across a high value of resistor given by Walz and Weiss /Weiss 73/ use the voltage 
drop method with compensation on the other side of resistor of order 1010 Ω up to 1012 
Ω . The system is directly connected to the ionization chamber together with a null 
instrument  
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Fig. 5.7  High-ohmic resistor circuit for the ionization current measurement. (From 
Walz and Weiss 1970). K- voltage compensator; E- vibrating reed electrometer; SFK- voltage 
frequency converter; Z- counter chain; P- radioactive source. 
 
of very high input resistance , as for example a vibrating reed electrometer. The other 
side of the resistor is connected to a variable voltage source realized by an electronic 
compensator. The input voltage at E, is compensated up to a small residual voltage of 
less than 10 mV by a variable voltage divide K, of high accuracy. The residual voltage 
shows fluctuations caused by the electronic noise, current detection and statistical 
process of radioactive decay. The average voltage values is recorded by the voltage 
frequency converter SFK, connected to the output of vibrating reed electrometer. The 
generated pulses are fed to a scaler and are integrated over a preselected time. The 
mean value of the residual voltage is calculated as the number of counts in the scaler 
divided by the integration time. The residual voltage added to the voltage reading of 
the compensator gives the total “voltage drop across the high-ohmic resistor”. 
Knowing the value of the calibrated resistor the ionization current can be calculated. 
 
A Townsend induction balance uses a current-integrating capacitor with an external 
capacitor /KEITHLEY 04, 1/. It is the most advanced method for measuring the 
ionization current. Several types of compensation circuits have been constructed 
including the Townsend balance with continuous compensation as well as Townsend 
balance with stepwise compensation. Figure 5.8 shows one of the most popular block 
diagram of the measuring electronics based on Townsend induction balance principle 
with step wise compensation. 
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Fig. 5.8  Block diagram of the measuring electronics based on Townsend induction 
balance with stepwise compensation /Schrader 97/. 

 
The ionization chamber is connected to one side of the capacitor and on the other side 
with a compensation voltage source. The electric charges on the both sides are 
balanced. The control signal is taken from the side of the capacitor to which the 
ionization chamber is connected, using the proper electronic circuit of very high 
resistance. Using the induction balance the charges related to the measurement current 
are balanced on both sides of a capacitor during the short time interval of the control 
step. 
Based on such compensation circuit the ionization chamber current will be calculated 
by the formula, 
 
                                                            I = C ∆UC / ∆tm ,                                           (5.13) 
where, 
 

C –  is the fixed capacity (nF). 
∆UC – change in voltage (U) across the integrating capacitor  
∆tm -  interval of measurement (Sec).  

 
 
5.6 Corrections to Ionization Current Measured 
 
“4πγ” ionization chamber are ideal tools for measuring small values of the ionization 
currents which are used to determine the activity of the radioactive solution.  
Nowadays commercial electrometers provide current range down to 10-17 A 
/KEITHLEY 04, 1/. Dealing with such extremely low values of ionization current the 
corrections of the measured current is with high importance in radiation metrology. In 
measuring the ionization current produced on the chamber special attention have to be 
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paid in correcting the measured values from the influence of: background, decay 
correction, variations of sample dimensions and materials; variation of the sample 
position,  filling correction for source of varying solution volume and radionuclide 
impurities. 
 
5.6.1 Background 
 
When low levels of activity are being assayed, background radiation levels usually in 
order of 10-15A become important. For such reason in the activity determination of a 
sample the measured current Im must always be corrected for background current Ib 
and the pure sample current will be I = Im - Ib. Both currents Ib and Im must be 
measured with the same instrument settings and under identical measuring /Schrader 
97; NCRP 58 85; Knoll 89/ conditions.  
Background radiation is composed of radiation from, 
 

- natural radioactivity of the constituent material of the chamber itself 
- natural radioactivity of other equipments and devices placed close to the 

chamber as well as from the walls of laboratory or other far-away structures 
- radioactivity in the air inside the chamber well and nearby, including radon and 

radon daughters 
- external source, especially near reactors or accelerators 
- the primary and secondary components of cosmic radiation 

 
For gas filled detectors operated in current mode can be no inherent pulse amplitude 
discrimination. This means that all the sources of background radiation will contribute 
to the background current measured from a current mode ionization chamber. Inside 
the ionization chambers the main contribution to the background current is due to 
alpha and beta particle emitted from the chambers materials which are able to reach 
the sensitive chamber volume. Background currents due to terrestrial radiation and 
radioactivity of the surrounding material are about of the same order of magnitude as 
the ionization caused by the cosmic radiation at sea level /Knoll 89/. The main 
contributions in the background current is dedicated to radiation from naturally 
radionuclide potassium 40K , 7Be and 22Na produced by cosmic-ray reactions and other 
fission products from nuclear weapons and reactor nuclear weapons accident fall-out 
including 137Cs, 95Zr and 144Ce.  
For pressurized shielded ionization chamber studied in this work the background 
current is about 28 fA for a sensitive volume of the chamber of order of 10.5 l.  
Another important source of background current is the presence of radon gas and its 
progenies. To reduce the radon background and to make the precise measurements the 
chamber together with the recording system should be installed in a room of 
sufficiently stable temperature or in a room with air conditioning. The reduction of the 
background is realized by shielding the ionization chamber. The shielding is not only 
for reducing the background but also to prevent alteration efficiency caused by the 
change of scattered material in the vicinity of the chamber. Lead is widely used in the 
form of “lead bricks” of about 5 cm thickness to casting the ionization chamber. Lead 
is used a shielding material due to its effectiveness in removing the cosmic 
components of the background. It is shown that thickness of the lead brick beyond 10 
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cm has not effect in decreasing the background because of the build-up of secondary 
radiation due to cosmic interactions within lead itself /Knoll 89/. In the “castle” shield 
of the ionization chamber extra to lead bricks slices of cooper are incorporating in 
manner to reduce the X-ray production of low photon energy once they interact with 
lead shielding. 
 
5.6.2 Decay Correction 
 
Decay correction becomes an important factor when dealing with radionuclides which 
have shorter half-life. As it is expressed by the law of radioactivity decay the activity 
of a source will decrease exponentially in time, equation (5.2). As long as the activity 
of the source is proportional with the current produced in the ionization chamber the 
last one will decrease also exponentially in time. From this point of view, the duration 
of the measurement is regarded as a point on the time scale which is meaningless and 
not true in practice. In calculating the decay correction the decreasing current is 
averaged in time over one measurement interval which is of the order of several 
seconds /Instruction Manual 93; Brancaccio 04/. Usually the averaged value is referred 
to the beginning of the individual measurement interval. Referring to the beginning 
interval disregards cases when the time of measurements are not constant due to 
different techniques used for current measurement /Schrader 97/. 
The decay correction term will be calculated as the ratio of the charge collected with 
constant current to the charge collected with an exponential decrease of current in the 
same measurement interval td as given by the formula, 
 
                           [ ],)exp(1//),( 2/1 ddmeasuredcorrectedd ttIITtC λλ −−==               (5.14) 
 
where, λ is the decay constant of the radionuclide under study. 
 
5.6.3 Variations of Sample Dimensions and Materials 
 
Various types of ampoules including: 2ml BS ampoule; 5ml PTB standard ampoule; 
10ml or P6 vial and recently 10R Schott Type 1+ vial are used for calibration purposes 
in many national metrology laboratories. They are all shown on Figure 5.9.  
 

                                                      
                             a)       b)          c) 

Fig. 5.9  a) 5ml PTB standard ampoule; b) 10R Schott Type 1+vial; c) P6 vial. 
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In being sure about the uniformity of the measurements it is very important that 
laboratories use ampoules which are as uniform as possible in geometry and material 
/NCRP 58 85/. For this reason, ampoules are produced in batches of several thousand 
and using the proper techniques they are all checked for uniformity. For these 
ampoules the following variations have been observed: 1% in the side wall thickness 
of the cylinder, 1 % in the height of the ampoules, few percent in the bottom thickness 
and 0.7 % in the inner diameter of the cylinder for the 5 ml PTB ampoule; 4 % in the 
wall thickness, 0.83 % in the outer diameter of the cylinder and 1 % in the height of 
the 10 R Schott Type 1+ vial; 8 % in the wall thickness, 1.1 % in the outer diameter of 
the cylinder and 1.3 % in the height of the P6 vial /Schrader 97; Baker 05; Ehlers 04/. 
Large variation on the wall thickness of the ampoule and on the material composition 
has a significant effect when ionization chamber response for beta emitters is required.  
Variation in the ampoule height can be another source of error in measuring the noble 
gases sealed in glass ampoules. This is due to uniform activity concentration in all the 
total volume of the ampoule. 
If assays are to be made in other containers, it is important to realize that the shape and 
wall thickness of these may cause the corresponding ionization chamber response to 
differ from those of a given standard container. In all cases where non-standard 
containers are used, a sample-geometry correction factor must be determined by 
relative measurement with respect to the standard calibration geometry /Weiss 73/. In 
other word this means that it will be necessary to recalibrate the ionization chamber for 
those radionuclides which will be assayed in this way.  
Depending from the types of ampoule or vial used they can be filled with radioactive 
solution starting from 1g up to 10g (container dependent) of radioactive solution. The 
use of large mass of radioactivity solution is only problem of cost and availability. On 
the other hand when very small amounts of solution are used the relative uncertainty of 
the activity measurement is rather large, due to the spread in weighing and the related 
filling correction applied to the measured current of the ionization chamber.  
Calibrations and measurements must use solution with the same density, typically 
close to 1 g/ml. The density of the solutions remains close to 1 g/ml when carrier 
solution are used for a dilution with concentration below 50 µg salt per gram of 
solution and have low acid concentrations /NCRP 58 85/. 
 
5.6.4 Variation of the Sample Position 
 
Most ionization chambers used in radiation metrology consists of an array of 
concentric cylinders and has an axial symmetry. A fundamental requirement for good 
relative activity measurements using ionization chambers is good reproducibility of the 
position of the samples to be compared, which should be better than 0.1 mm for 
repeated measurements /Schrader 97; Aleissa 02; Woods 83/. Vertical and radial 
displacements of the source away from the preferred measurement position produce 
relatively small effects on the measuring response Figure. 5.10a-b.  
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a) 

 
      b) 

Fig. 5.10a-b  a) Variations of response with displacement from the centre of a “4πγ” 
ionization chamber for 3 ml solution in 5 ml ampoule /Woods 83/. b) Relative response 
changes in IG11 ionization chamber due to source displacement /Aleissa 02/  
 
These effects resulting from the displacement of the source depend on the emitted 
photon energy. The strongest effects are observed if the source is placed near the 
bottom or top of the centre. A change of 3 % in the chamber response is observed for a 
radial displacement of only 3 mm from the centre of the well when measuring 54Mn 
and 60Co /NCRP 58 85/. In minimizing such effects care must be taken to ensure that 
the source is placed centrally within the chamber and the homogeneity of the solution 
have to be insured by centrifuging the ampoule before measuring.  
 
5.6.5 Corrections for Varying Solution Volumes of the Source 
 
Radioactive standard solutions for ionization chamber measurements are delivered on 
glass ampoules and vials with well defined cylinder diameter of the containers. As the 
volume of solution in the containers changes, so too does the absorption of the emitted 
radiation by the sample itself. For such reason a correction factor must be applied to 
the ionization current if the filling level in not the same with the adopted standard. For 
non standard containers, it will be necessary to determine the sample volume 
correction factors by means of constructing the volume correction curve. The 
construction of the correction curve may be done by placing a minimum volume of 
active solution in the non-standard container and assaying the sample in the ionization 
chamber. By repeatedly adding non-active carrier solutions and taking current readings 
it is possible to produce a dependence curve of displayed reading against sample 
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volume3. During this process of measurement the activity of the sample remains 
constant but the measurement must be performed stepwise to minimize the 
evaporation occurs when ampoule is not sealed. The same procedures can be followed 
by weighing and placing different amount of radioactive solution, taken from a mother 
solution, in ampoules of the same type /Monographie BIPM-1 75/. 
Constructing of the correction volume curve provide the appropriate correction of the 
ionization chamber’s response for different mass of radioactive solution. The shape of 
the curve depends on the energies of the photons emitted by the radionuclides in the 
solution to be measured. For high energetically photons, the relative current per mass 
decreases continuously with increasing mass of solution. This statement is not true for 
photon emitters at energies below 100 keV. The shape of the filling correction function 
depends strongly on the filling mass for beta emitters with endpoint energies above 
about 1 MeV. This behaviour is due to high self-absorption of beta particle in the 
solution material of the ampoule /Schrader 97; Michotte 02/. 
The relationship between the responses of the ionization chamber at the nominal mass 
of radioactive solution m0 to the response of the same ionization chamber for an 
individual mass m is given /Baker 05/ by the formula,  
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where: 
 
I0 - current expected at the nominal mass of “m0” of the radioactive solution  
I - measured current at an individual mass “m” of the radioactive solution   
a1 and a2 are the volume correction factor derived from the correction volume curve 
 
5.6.6 Radionuclidic Impurities 
 
The current measured with the ionization chamber will be a sum effect of each 
ionising radiation able to reach the sensitive volume of the chamber. From this point of 
view the correction due to presence of impurities in the ampoule solution is of high 
importance. Even few percent of impurities present in the sample volume reflect a 
significant change in the ionization chamber response of the order of tenths percent 
/Schrader 97/. The first attempts in minimizing this effect can be done during 
production of the radionuclide source by means of choosing an optimal nuclear 
reaction with a pure target material combined with the chemical purification processes. 
However some impurities are unavoidable and the current measured by the ionization 
chamber must be corrected for impurities /Weiss 73; Michotte 04; Pawlak 04/.  
 
In case of presence of the impurities equation (5.3) can be written as:  
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3  M.J. Woods, Natioanl Physical Laboratory, private communication, 2004 - 2005 
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The current “I” is the sum of current produced by the nominal radionuclide and the 
impurities present in the solution. Following this way the instrument reading or the 
current measured will be calculated by the formula, 
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where, the index N corresponds to the nominal radionuclide and the index k stands for 
the impurities. “AN” and “Ak” are the respective activities for the principal adionuclide 
and the impurities. “εN”and “εk” are the efficiencies for the principal radionuclide and 
the impurities which can be replaced also with the reciprocal equivalent activities (see 
section 5.4.2). 
It is important to note that the activities “Ai” (i= N, k) must be corrected for decay 
each with its own half-life every time the ionization current is measured. The activity 
“AN” of the nominal radionuclide is calculated from the equation (5.16) once the ratio 
“Ak/AN” and the radionuclide efficiencies “εN” and “εk” are known. The efficiencies 
“εN” and “εk” can be calculated from the energy-dependent photon-efficiency curve of 
the ionization chamber or by direct calibration against an activity standard. 
 
Different method /Schrader 97/ are used for impurities correction including: a) 
correction using activity rations from semiconductor detector measurement; b) 
correction methods for radionuclide admixtures making use of the different half-lives 
and c) attenuation methods for radionuclide corrections. 
 
The first method is one of the most popular used in correction for the impurities. In 
this method the checking procedure for presence of impurities is carried out using of 
high efficiency spectrometers like HPGe detectors with high energy resolution and 
well known total absorption peak over the energy range from 20 keV up to 3000 keV. 
This range of energy can be covered by using two detectors respectively low-energy 
HPGe and high-energy HPGe detectors. Usually a pulse-height spectrum is taken in 
well-defined measurement geometry and in a measuring time adapted to the level of 
impurity. Special attention must be payed on determining the measuring time when 
dealing with strong sources in manner to minimize the pile-up effect. Once the 
spectrum is collected a total-absorption peak analysis points out the activities of the 
radionuclides and using such data the activity ratios can be calculated.  
Once the ratios of activity and corresponding efficiency are calculated (for each 
individual time of measurement tm) the ionization chamber current, I, can be corrected 
by applying the formula: 

                         ,)(/)()/(1/)(
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5.7 Calibration of the Well-Type Ionization Chambers 
 
5.7.1 Radionuclide’s Calibration Factors 
 
The calibration means to compare the measurement of a physical quantity with the 
measurement of a standard that embodies this quantity. The standard can be an 
international or national standard traceable to the international one. Related to the 
calibration of the well–type of ionization chambers, the physical quantity to be 
compared is the “activity” and the standard is an international or national “activity 
standard”.  
In the case of measurements with ionization chamber the comparison is made by a 
current measurement in such a chamber which serves as a secondary standard 
measuring system to maintain the result of activity measurements from primary 
standardisation /Schrader 97; Instruction Manual 93; http://www1bipm.org/. In other 
word a well-type ionization chamber can be calibrated in terms of activity by making 
comparison with an appropriate activity standard. This brings the necessity of 
introducing a calibration factor for a particular ionization chamber for the radionuclide 
in question. 
Different radionuclides emit different types, energies and quantities of radiation; it is 
clear enough that equal activities of different radionuclides will produce different 
degrees of ionization on the sensitive gas volume of the chamber. Thus, for a given 
chamber, each radionuclide will possess a unique calibration factor in terms of 
measured current per unit of activity.  
The calibration factors, for a given radionuclide in a well-type ionization chamber are 
the most essential parameters for the measuring system. Their magnitude is a function 
of the physical characteristics of the particular ionization chamber and is influenced by 
following: the wall thickness and wall materials of the chamber; gas filling; gas 
pressure; counting gas volume; the volume of radiation source; material and 
dimensions of the source container; material and dimension of the sample holder; the 
position of the source relative to the sample holder etc /NCRP 58 85; Baker 05/. 
As it was mentioned on Section 5.4.2 mock standards can serve as reference sources. 
From this point of view they can be used also to estimate the calibration figures, but 
they should not be used for calibration of other radionuclides because the factors used 
do not take into account the energy-dependent photon efficiency of the instrument and 
the emission probabilities per decay of radionuclides in question. 
 
5.7.2 Efficiency Function of “4πγ” Ionization Chamber 
 
By knowing the energy dependent efficiency curve it is possible to estimate the 
calibration figures for solution sample of some photon-emitting radionuclides for 
which standards are not available due to various difficulties faced on direct 
measurement. This can be done under limitations that the photon probability per decay 
for each photon is well known and the number of photons with energy below 200 keV 
is relatively small /Schrader 97; Aleissa 02/. 
 
The current measured by the electronic assembly of the ionization chamber is a 
superposition of all the individual contribution of each particular emitted photons and 
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beta particles, able to reach and ionize the sensitive volume of the chamber. From this 
point of view the efficiency can be seen as composed by two parts where the first one 
becomes to photons and the second part to beta particle which are detected by means 
of production of bremstrahlung radiation /Michotte 02/.  
Related only to the photon emitters the radionuclide efficiency “ε” for the radionuclide 
N is given by the following formula, 
 

                ),()( iii
i

iN EEp εε ∑=                                (5.19) 

where,  
 
pi(Ei) – the emission probability per decay of photon “i” having an energy “Ei” 
εi(Ei) – the energy dependent photon efficiency of the ionization chamber.  
 
In establishing the energy dependent efficiency curve of photons the process starts by 
measuring monoenergetic photons in a region where the efficiency curve shows a 
nearly linear shape, Figure 5.11, especially in the range between 835 keV and 1253 
keV /Schrader 00/. The first gamma line becomes to 54Mn radionuclide and the second 
one to 60Co (weighted mean energy). In a further step, a radionuclide with more 
complex decay schemes can be used if the emitted photons have energies in the range 
of the efficiency curve already established with the exception of the one photon energy 
“Ek” for which “εk(Ek)” is required to be calculated.  

 
Fig. 5.11  Photon efficiencies ε versus photon energy E for various radionuclides. 

/Schrader 83/. 
 
Efficiency values for all the photons with energy in the interval mentioned above can 
be interpolated by using the “linear” curve and then multiplied by the corresponding 
emission probability. The difference of radionuclide efficiency “εN” to the sum of the 
interpolated values gives up the unknown component, “pk(Ek) εk(Ek)”.  
 
The efficiency curve of an ionization chamber is strongly affected by: kind of filling 
gas; materials between the source and the filling gas; variation in the density and 
geometry of radioactive solution; chamber walls inside the well and from the chamber 
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electrodes as well. The energy-dependent efficiency of the ionization chamber shows a 
peak at the zone of low energy around 50 keV for aluminium walls material of the 
chamber. The existence of the peak is due to rapid increase of the interaction cross 
section of the photoelectric effect in the sensitive chamber materials with decreasing 
energies. 
Regarding the beta emitters having very high beta-end point energy, they can produce 
bremstrahlung photons once they are decelerated in their way travelling to the matter 
able to reach the sensitive volume of the chamber. For such reasons the ionization 
chamber can be calibrated using sufficiently strong activity standards of pure beta 
emitters and their efficiency is reduced in studying of bremstrahlung photons from 
beta decay radiation. When the beta decay is followed by emission of photons from the 
nuclear excited state and the total radionuclide efficiency is known then the efficiency 
of bremstrahlung photon can be figured out by subtraction method like as for pure 
gamma emitters. The efficiency of detection of beta emitters is strongly dependent of: 
solution material; thickness of ampoule; thickness of sample holder as well as 
thickness of the walls inside the chamber’s well. 
 
Methods used for calculation of the radionuclide’s efficiency include: a) calculation of 
efficiency values from fundamental quantities and interaction process and b) 
calculation of radionuclide efficiencies from energy-dependent photon efficiencies and 
photon-emission probability per decay.  
Another way of calculating the efficiency values for various source geometries is to 
apply Monte-Carlo simulation method. For this purpose different Monte-Carlo 
simulation computer codes are used from many authors /Aleissa 02; De Vismes 03; 
Gostley 00; Olsovcova 04/. These include MCNP, EGS4, PENELOPE, FLUKA etc.  
 
The first two methods are beyond the scope of this work but we use PENELOPE 
MC computer simulation code system in order to calculate the calibration factors 
and volume correction factors for various radionuclides supplied in different 
containers for the ISOCAL IV well type pressurized ionization chamber. On the 
other hand based on Monte-Carlo ionization chamber simulation method we 
produced the response of the chamber versus the photon energies so called 
sensitivity function, S(E). As it is explained in the following chapters we model the 
physical system (ISOCAL IV IC) and using the PENELOPE computer simulation 
code the photon and electron transport is simulated. The ability of this computer 
simulation code to handle fluorescent x-ray was another advantage why we 
choose this computer code. 
All the detailed simulation procedures including: method, data preparation, 
interpretation of the simulated results and other comments about Monte-Carlo 
simulation are given on the following chapters. 
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6. Well - Type ISOCAL IV Ionization Chamber 
 
6.1 ISOCAL IV IC set-up 
 
The ISOCAL IV ionization chamber (IC) measuring system consists of a pressurized 
“4πγ” re-entrant ionization chamber and a low current measuring electronic assembly. 
The ISOCAL IV ionization chamber and the current measuring devices are shown on 
Figure 6.1. 
 

     
  a)      b) 

 
Fig. 6.1  a) Well type ISOCAL IV ionization chamber  b) the measuring system and 

the electronic assembly at the Low Level Counting Laboratory Arsenal, Vienna AUSTRIA. 
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Two models of ISOCAL IV ionization chambers are in use and respectively: i) 
ISOCAL IV 284/SA/119 and ii) ISOCAL IV 288/SA/102.  
In this work we refer only to the second version of the well-type ISOCAL IV 
ionization chamber. The chamber is sealed and contains “high pure” nitrogen gas at a 
pressure of approximately 1 MPa (≈10 atmospheres). ISOCAL IV IC has a weight of 
12.5 kg and the external height of 500 mm. Two coaxial cylinders with diameters 190 
mm and 75 mm limit the active volume of the chamber. The collector is machined to a 
length of 300 mm with inner diameter of 126 mm and wall thickness 2 mm. The well 
has the iner diameter of 73 mm and a length of 378 mm. The chamber is constructed in 
such a way to provide a high current output for gamma emitting radionuclides in the 
energy range starting from 20 keV up to 3 MeV /Instruction Manual 93; Woods 83/. 
 
The instrument is used to measure the activity of radioactive solution in different 
models of ampoules, Figure 5.9. Using the appropriate sample holder, ampoules are 
positioned on the centre of the chamber’s well. Different sample holders are in use for 
dealing with 5 ml PTB standard ampoule, 10 ml or so called P6 vials as well as for 
10R Schott Type 1+ vial. These ampoule sample holders are shown on Figure 6.2. 
 

                           
                                    a)            b) 

Fig. 6.2  Sample holders for: a) 10 ml borosilicate glass ampoule known as P6 vial and 
b) 5 ml PTB ampoule. Low Level Counting Laboratory Arsenal, Vienna AUSTRIA. 
 
In ensuring efficient ion collection over the operating range of the ISOCAL IV 
ionization chamber a potential polarising voltage of –1450 volts is applied between the 
electrodes of the chamber. The cables used to supply the high voltage as well as for 
output of the ionization current are graphite low-noise cables. Materials used for 
insulation purposes are virgin Teflon® and premium-grade low-loss polyethylene 
/KEITHLEY Handbook 04, 1/. For measuring the output current produced on the 
sensitive volume of the ISOCAL IV ionization chamber shown above, the method of 
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Townsend induction balance with external capacitor is applied /Schrader 97; 
KEITHLEY Handbook 04, 1; Instruction Manual 92/. Various external capacitors are 
used for evaluation of the produced current. A set of these capacitors is shown on 
Figure. 6.3. 
 

 
 

Fig. 6.3  A set of external capacitors used for measuring the ionization current 
produced on the sensitive volume of the well type ISOCAL IV ionization chamber. Low 
Level Counting Laboratory Arsenal, Vienna AUSTRIA. 
 
The operating voltage is supplied by a Keithley Model 248 High Voltage Supply . A 
6517 Model Keithley electrometer is used for measuring the chamber current. After a 
series of measurement the mean background current is evaluated to be 2.8 x 10-14 A.  
An Active1_2® home made computer LabVIEW program controls the current 
measurements as well as activity calculation by applying the appropriate correction 
due to background and decay.  
 
6.2 Routine Assay Procedure with “4πγ” Well-Type ISOCAL IV 
Ionization Chamber 
 
Before starting the assay procedure the calibration check routine must be performed. 
For such purpose a check source is used in manner to check the correctness of reading 
of the ISOCAL IV ionization chamber. 137Cs is typically used as a check source. In 
performing the checking procedure firstly the background current is recorded and after 
that the measurement of a 137Cs source should take place. The check source 137Cs 
available on 10ml P6 vial is shown on Figure  6.4. 
 

 
 

Fig. 6.4  137Cs check source 
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The measured current produced by the check source after correction for background 
should be that given on the calibration certificate with allowance being made for decay 
of 137Cs. The correction due to the decay of 137Cs source is calculated by the formula 
  

                                    I = I0exp(ln2 x t/T
1/2

) = I0exp(-0.693 x t/30.25)                          (6.1) 
  

where, t is the time in years from the calibration date and 30.25 is the half-life of 137Cs 
in years. The routine assay procedure includes measuring of the current produced from 
the sample solution and correcting it for: background, sample container, sample 
volume, saturation effects and contaminants (see Section 5.6).  
The activity concentration Ai, for the radionuclide “i” in terms of MBq/g, of the 
measured sample is calculated by, 
 

         Ai = I /Cfi*m                                                          (6.2) 
where,   
 

I chamber current (pA) 
Cfi calibration factor (pA/MBq) for the radionuclide “i” 
m mass of solution  (g) 

 
6.3 Calibration Figure for Non-Standard Container 
 
When a non-standard container has to be used then the calibration factor for this new 
container has to be figured out. This is done through the recalibration procedure as 
described below.  
Following the routine assay procedure the activity concentration for a known amount 
of radioactive solution into a standard container in determined. A known mass of the 
radioactive solution is transferred into the non-standard container (other than these 
shown on Figure 5.9a-c) and using the same calibration factor, measure the 
background corrected current output. Then the new calibration factor for the non-
standard container is given by, 
 
                                                   Cf2,i = I2,i /A1,i                                                          (6.3) 
where,  
 
A1,i specifik activity (MBq/g) of the radionuclide “i” in the standard container, using   
           appropriate calibration figures and after application of any appropriate   
           correction factor. 
I2,i current output/unit mass (pA/g) in non-standard container, corrected for   
           background and any other appropriate correction factor of the radionuclide “i”. 
Cf2,i calibration figure for non standard container (pA/MBq) of the radionuclide “i” 
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7 Constructive Quadric Geometry 
 
Monte-Carlo simulation of radiation transport involves two different kinds of 
operations separated as physical and geometrical. The physical operation deals with 
determination of the path length to the next interaction and with random sampling of 
the kind of interaction and the geometrical operations deals with space displacement 
and interface crossing.  
 
In constructing the geometry of the system, the material system is assumed to consist 
of a number of homogeneous bodies limited by well-defined surface /Salvat 03-05/. 
The duty of the geometry routine is to steer the simulation of particle histories in the 
actual material system by determining the active media as well as to change it once the 
particle cross a surface that separate two different media. 
 
Penelope Monte-Carlo simulation code incorporates the geometry subroutine package 
PENGEOM which performs particle tracking in material systems consisting of 
homogeneous regions limited by quadric surface.  
 
The PENELOPE code provides also a pair of programs, named GVIEW2D and 
GVIEW3D for displaying the geometry on the computer screen. Running under 
Microsoft Windows these codes generate two- and three dimensional 24-bit images of 
the system by using the specific computer graphics software.  
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7.1 Quadric Surfaces 
 
A quadric surface is defined by the following /Salvat 03-05/ implicit equation  , 
 

                                        F (r) =0                                            (7.1) 
 
where the point “r” is determined by giving the set of (x, y, z) coordinates. The 
equation (7.1) can be written implicitly as 
 
F(x,y,z) = AXXx2+AXYxy+AXZxz+AYYy2+AYZyz+AZZz2+AXx+AYy+AZz+A0 = 0   (7.2) 
 
This equation defines a surface which can be plane, pairs of planes, sphere, cylinder, 
cone, ellipsoid, hyperboloid, etc.  
Due to many difficulties in obtaining the quadric parameters the quadric surface are 
specified by means of reduced form of the implicit equation 7.2. The reduced quadric 
equation is then defined by the expression, 
 
                          Freduced (x,y,z) = I1x2 + I2y2 + I3z2 + I4z + I5 = 0                               (7.3) 
 
Where the coefficients “I1” to “I5” can only take the values -1, 0 or 1 and as can be 
seen from the equation (7.3) the reduced quadrics have central symmetry about the z-
axis. Some of the reduced quadrics are given below on Table 7.1. 
 
Table 7.1  Reduced quadrics /Salvat 03-05/. 
 
Reduced Form   Indices         Quadris 
         I1, I2, I3, I4, I5 
z-1         0   0   0   1  -1         Plane 
z2-1 = 0        0   0   1   0  -1         Pair of parallel plane 
x2 + y2 + z2 -1 = 0       1   1   1   0  -1                       Sphere 
x2 + y2 -1 = 0        1   1   0   0  -1                       Cylinder 
x2 - y2 -1 = 0        1 -1   0   0  -1                       Hyperbolic cylinder 
x2 + y2 - z2 = 0       1   1 -1   0   0                       Cone 
x2 + y2 - z2 - 1 = 0       1   1 -1   0  -1                       One sheet hyperboloid 
x2 + y2 - z2 +1 = 0       1   1 -1   0  .1                       Two sheet hyperboloid 
x2 + y2 - z = 0       1   1  0  -1   0                       Paraboloid 
x2 - z = 0        1   0  0  -1   0                       Parabolic cylinder 
x2 - y2 - z = 0        1  -1  0  -1   0                       Hyperbolic paraboloid 
 
…and all permutations of x, y and z that preserve the central symmetry with respect to 
the z-axis. 
 
 
 
 
 
 



7. Constructive Quadric Geometry  
 

 77

Some of the non-planar reduced quadric surfaces are graphically presented on the 
Figure 7.1. 
 

 
 

Fig. 7.1  Non-planar reduced quadric surfaces and their indices /Salvat 03-05/. 
 
A quadric is completely specified by giving the indices of the corresponding reduced 
form, I1, I2, I3, I4, I5 and by applying the following transformations: 
 
I. An expansion along the direction of the axes, defined by the scaling factors X-
SCALE = a, Y-SCALE = b and Z-SCALE = c. In such a case the equation (7.3) is 
transformed on, 
 
                 Fscaled (x,y,z) = I1(x/a)2 + I2(y/b)2 + I3(z/c)2 + I4(z/c) + I5 = 0                  (7.4) 

 
For instance, the reduced sphere can be transformed into an ellipsoid with semiaxes 
equal to the scaling factors respectively a, b and c. 
 
II. A rotation, R ),,( φθω , defined through the Euler angles ),,( φθω  
/http://mathworld.com/ which specify a sequence of rotations about the coordinate 
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axes. The first rotation of angle ω is done about the z-axis followed by a rotation of 
angle θ  about the y-axis and finally a rotation of angle φ  about the z-axis. The 
positive rotation about a given axis means a right-handed screw in the positive 
direction along the axis. The global rotation transforms a plane perpendicular to the z-
axis into a plane perpendicular to the direction defined by the polar and azimuthal 
angles ).,( φθ  
 
III. A shift defined by the components of displacement vector respectively, X-SHIFT, 
Y-SHIFT and Z-SHIFT.  
 
The quadric surface divides the space into two regions which are identified by the sign 
of the function, F(x,y,z).  
A point with coordinate (x0,y0,z0) that satisfy the inequality F(x0,y0,z0) ≤  0 is supposed 
to be inside the surface, side pointer -1, and when such a point satisfy the inequality 
F(x0,y0,z0) > 0 is supposed to be outside the surface, side pointer +1. The “side 
pointer” is not an absolute property. This means that equation –F(x,y,z) = 0 defines the 
same surfaces but with inner and outer regions exchanged. 
 

 
Fig. 7.2  Definition of side pointers. 

 
The bodies are defined as a space volume limited by quadric surfaces and filled with a 
homogeneous material which is identified by means of an integer label used by 
Penelope code as material identification. It is considered that bodies are defined in 
ascending order which means that previously defined bodies delimit a new body.  
 
To speed up the geometry operations, the bodies of the material system can be grouped 
into modules. A module is a connected volume limited by quadric surfaces that contain 
one or several bodies. On the other hand modules can be part of larger modules and so 
one. Following such a ways the hierarchic modular structure is constructed.  
 
For programming purposes it is useful to consider each module as the mother of its 
bodies and submodules, and as the daughter of the module that contains it. Thus the 
genealogical tree with various generations of modules and bodies can be constructed. 
With a properly defined genealogical tree, simulation speed is almost independent of 
the complexity of the geometry. 
 
The geometry is defined from the appropriate input file. The input file consists of a 
series of data sets which define surfaces, bodies and modules. A data set consists of a 
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number of strictly formatted text lines which starts and ends with a separation line 
filled with zeros.  
A text editor like Microsoft Notepad able to run on Windows is used to prepare the 
input geometry definition file. The geometry layout file’s format is given on Table. 
7.2. 
 
Table 7.2  The geometry layout format /Salvat 03-05/. 
0000000000000000000000000000000000000000000000000000000000000000 
SURFACE (   )   REDUCED FORM 
INDICES=( 1, 1, 1, 1, 1) 
X-SCALE=(+1.000000000000000E+00,  0)               (DEFAULT=1.0) 
Y-SCALE=(+1.000000000000000E+00,  0)               (DEFAULT=1.0) 
Z-SCALE=(+1.000000000000000E+00,  0)               (DEFAULT=1.0) 
  OMEGA=(+0.000000000000000E+00,  0) DEG           (DEFAULT=0.0) 
  THETA=(+0.000000000000000E+00,  0) DEG           (DEFAULT=0.0) 
    PHI=(+0.000000000000000E+00,  0) RAD           (DEFAULT=0.0) 
X-SHIFT=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
Y-SHIFT=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
Z-SHIFT=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
0000000000000000000000000000000000000000000000000000000000000000 
SURFACE (   )   IMPLICIT FORM 
INDICES=( 0, 0, 0, 0, 0) 
    AXX=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
    AXY=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
    AXZ=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
    AYY=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
    AYZ=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
    AZZ=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
     AX=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
     AY=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
     AZ=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
     A0=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
0000000000000000000000000000000000000000000000000000000000000000 
BODY    (   )   TEXT 
MATERIAL(   ) 
SURFACE (   ), SIDE POINTER=( 1) 
BODY    (   ) 
0000000000000000000000000000000000000000000000000000000000000000 
MODULE  (   )   TEXT 
MATERIAL(   ) 
SURFACE (   ), SIDE POINTER=( 1) 
BODY    (   ) 
MODULE  (   ) 
1111111111111111111111111111111111111111111111111111111111111111 
  OMEGA=(+0.000000000000000E+00,  0) DEG           (DEFAULT=0.0) 
  THETA=(+0.000000000000000E+00,  0) DEG           (DEFAULT=0.0) 
    PHI=(+0.000000000000000E+00,  0) RAD           (DEFAULT=0.0) 
X-SHIFT=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
Y-SHIFT=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
Z-SHIFT=(+0.000000000000000E+00,  0)               (DEFAULT=0.0) 
0000000000000000000000000000000000000000000000000000000000000000 
INCLUDE 
FILE=   (filename.ext) 
0000000000000000000000000000000000000000000000000000000000000000 
END      0000000000000000000000000000000000000000000000000000000 

 
In the input file, numerical quantities must be written within parentheses as shown in 
the layout format. All lengths are in cm but angles can be given in degrees or radians. 
When they are given in radians the unit must be specified.  
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Quadratic reduced and implicit surface are used in determining the surface. For 
simplicity and practical interest in our work we used only quadratic reduced surface. 
Bodies are assumed to be defined in ascending order limited by quadric surface with 
its side pointer which can be -1 or 1, being in accordance with the convention 
mentioned above (see Figure 7.2).  
Void inner volumes are described as material bodies with material set to 0. In 
declaring the module, the material which fills the cavities of the module must be 
declared also. In case of vacuum, material must be set to 0. The INCLUDE option on 
the layout format ( see Table 7.2) allows inserting a predefined geometrical structures.  
 
The PENGEOM program admits up to 250 surfaces and 125 bodies and modules with 
the only limitation that number of bodies in a single module is less than 100. For an 
input file containing a large number of elements, the PENGEOM must be edited and 
the number of maximum surfaces must be increased as requested. 
 
As it was mentioned previously for visualizing the geometry of the simulated model 
the GVIEW2D and GVIEW3D computer program are used. The first one generates 
pictures by using the PENGEOM package offering the possibility to check for errors 
and inconsistencies in the geometry definition data file which can affect the 
simulations results. In generation of the image /Salvat 03-05/ the particle is assumed to 
moves on a plane perpendicular to an axis of the reference frame mapped on the 
window. By using the appropriate subroutines the particle starts from a position that 
corresponds to the left-most pixel and moves along a straight trajectory to the right of 
the window.  
 
In constructing the geometry definition data we indicated each material with an integer 
label (see the format of declaring body at the geometry layout format, Table 7.2) 
which is used by the code for material identifications. A colour code is assigned to 
each material identified by its corresponding integer label, and pixels are light up with 
the active colour when they are crossed by the particle trajectory. The colour is 
changed once the particle enters a new material. Following this way the final pictures 
is a map of the bodies and materials intersected by window plane with different colour 
as it is defined on the geometry definition data file. 
 
By using the GVIEW3D three-dimensional pictures can be generated. The same 
integer labels as in the case of GVIEW2D are used in displaying the geometry. The 
intensity of the pixel is determined by the angle between the vision line and the normal 
to the limiting surface without producing shadows and disregarding the light diffusion. 
In visualizing the geometry of the simulated model the camera is assumed to be 
outside the system otherwise the program will stop running. 
In both cases, the coordinates of the centre of the modelled geometry as well as the 
position of the camera are provided by the user directly by typing in the keyboard in 
response to prompts from the program GVIEW2D and GVIEW3D. 
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7.2 Geometries of the Simulated Models 
 
Our simulated models of the ISOCAL IV ionization chamber are designed by means 
of reduced quadric equation applying the appropriate transformations including: 
rotations defined through the Euler angles, expansions along the direction of the axes 
and translations defined by the components of the displacement vector “t”. 
 
The simulated model assemblies are composed by the following parts:  
 

 Sealed glass ampoules and capped vials used to supply the radioactive standard 
solution, including: 

 
o 5 ml Jena glass, PTB standard ampoule 

o 10 ml (P6) borosilicate glass vial 

o 10 R Schott Type 1+ borosilicate glass vial 

 

 Sample holders used for handling and accommodating the radioactive solutions 

in the measurement position, available on: 

o 5 ml Jena glass ampoule 

o 10 ml (P6) vial 

o 10 R Schott Type 1+ vial 

 

 Well-type ISOCAL IV ionization chamber for the cases: 

o without shielding 

o 50 mm thick of lead shielding 

o 50 mm thick of lead and 3 mm thick of copper shielding 

 
7.2.1 Geometry of 5ml PTB Standard Ampoule 
 
Radioactive standard solutions are usually supplied in sealed glass ampoules but in 
case of high-activity solutions they are also supplied in capped vials for easy handling 
and manipulations. The packing is designed to prevent evaporation during transport 
and storage. Flame sealed Jena glass ampoules or so called 5 ml PTB standard 
ampoule, Figure 7.3, are widely used for distributing the activity standard solution. 
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Fig. 7.3  5 ml Jena (PTB standard) glass ampoule. Ampoule dimensions in mm. 
 
The dimensions of the 5 ml PTB glass ampoule4 (trade name: FIOLAX®-klar 
ampoule) used in construction of the geometry definition ampoule’s data file are given 
below on Table 7.3. 
 

Table 7.3  Dimensions of 5 ml PTB glass ampoule*.  
 

5 ml PTB glass ampoule 
Height (mm) 60 ± 0.6 
Outer diameter (mm) 15.2 ± 0.152 
Inner diameter (mm) 14.2 ± 0.099 
Wall thickness (mm) 0.50 ± 0.005 
Maximum volume (ml) 6.61 
Height of the neck of ampoule (mm) 12 ± 0.12 
Height of the top of  ampoule (mm) 10 ± 0.10 

* Quoted uncertainties are for a coverage factor k =1. 
 
We constructed the ampoule’s geometry data file for 5 ml PTB glass ampoules based 
on the reduced quadrics including: planes, cylinders, one sheet hyperboloids and 
paraboloids. Transformations like displacements and expansions are applied in writing 
the geometry data file of the 5 ml PTB standard ampoule  
 
The simulated model of the 5ml PTB ampoule is composed of nine bodies limited by 
twelve reduced quadric surfaces. In Figure 7.4 are displayed, two- and three-
dimensional views of the 5ml PTB ampoule’s geometry by running the pair of 
programs GVIEW2D and GVIEW3D available on the Penelope Monte-Carlo 
computer simulation code. 
 

                                                 
4 Marion Ehlers, Physikalisch-Tschnische Bundesanstalt (PTB), Berlin Germany, private communication 2004. 
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        a)                                                      b) 
Fig. 7.4  a) Two-dimensional (2D) view of 5 ml PTB standard ampoule, displayed in 

XZ plane perpendicular to Y-axis at Y = 0; b) Three-dimensional (3D) views of 5 ml PTB 
standard ampoule, filled with 3 g of radioactive solution. 
 
In constructing the geometry data file of 5 ml PTB glass ampoule we indicated each 
material with an integer label (see the format of declaring body at the geometry layout 
format, Table 7.2) which , in turn , is used by the code for material identifications.  
 
The integer labels of the materials, “mat = 1”, “mat = 2” “mat = 3” displayed on 
Figure 7.4(a) stand respectively for: a) FIOLAX®-klar ampoule’s glass material; b) 
radioactive standard solution filling the ampoule and c) the air inside the ampoule.  
 
7.2.2 Geometry of 10 ml, P6 vial 
 
As it was mentioned before not only the 5 ml PTB glass ampoule but also the 10 ml 
borosilicate glass vials so called P6 vial are used for activity standard measurement as 
well as for the distribution of a wide range of radioactive solutions used for diagnostic 
and therapeutic applications in nuclear medicine, Figure 7.5. 
 

                                          
  

Fig. 7.5  10 ml, P6 vial 
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The dimensions of the 10 ml (P6 vial) Borosilicate glass vial /Baker 05; Ehlers 04/ 
used in construction of the geometry data file of the P6 vial are given below on Table 
7.4. 

Table 7.4  Dimensions of P6 vial*. 
 

P6 vial 
Height (mm) 54.00 ± 0.75 
Outer diameter (mm) 21.75 ± 0.25 
Wall thickness (mm) 1.2 ± 0.1 
Maximum volume (ml) 13.8  

   * Quoted uncertainties are for a coverage factor k = 1. 
 
We constructed the P6 vial’s geometry data file based on the reduced quadrics 
including planes, cylinders and one sheet hyperboloids. Transformations including 
displacements and expansions are applied in writing the vial’s geometry data file. 
 
The simulated model of the P6 vial is composed of eleven bodies limited by twelve 
reduced quadric surfaces. In Figure 7.6 are displayed, two - and three-dimensional 
views of the P6 vial’s geometry, by running the pair of programs GVIEW2D and 
GVIEW3D. 

                         
           

a)                                                       b) 
 

Fig. 7.6  a) Two-dimensional (2D) view of P6 vial standard ampoule displayed in XZ 
plane perpendicular to Y-axis at Y = 0; b) Three-dimensional (3D) views of P6 vial, 
containing 4 g of radioactive solution. 
 
In constructing the geometry data file of P6 vial we indicated each material with an 
integer label (see the format of declaring body at the geometry layout format, Table 
7.2) which in turn is used by the computer code for material identifications.  
 
The integer labels of the materials, “mat = 1”, “mat = 2” “mat = 3” “mat = 4” 
displayed on Figure 7.6(a) identify respectively: a) the borosilicate glass material, b) 
the radioactive standard solution filling the ampoule, c) the air inside the vial, d) the 
rubber cork used for closing the vial and e) the aluminium layer covering the rubber 
cork. 
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7.2.3 Geometry of 10R Schott, Type 1+ vial 
 
Recently, the P6 vial has been replaced with the 10R Schott, Type 1+ vial, Figure 7.7.  
The main reason for replacing the standard P6 vial with the 10R vial is to eliminate 
activity losses due to absorption onto the glass walls /Baker 05/. The possibility to 
treat the P6 vial with inactive carrier solution is recently regarded as non viable option. 
The new 10R vial has an inner coating of pure silica able to minimise the activity 
absorption onto the glass walls of the vial. 
 

 
  

Fig. 7.7  10R Schott, Type 1+ vial. 
 
The dimensions of the 10R Schott, Type 1+ borosilicate glass vial /Woods 05; Baker 
05/ used in construction of the geometry definition data file for this vial are given 
below on Table 7.5. 
 

Table 7.5  Dimensions of 10R Schott, Type 1+ vial. 
 

10 R Schott, Type 1+ vial 
Height (mm) 45.0 ± 0.5  
Outer diameter (mm) 24.0 ± 0.2  
Wall thickness (mm) 1.0 ± 0.04 
Maximum volume (ml) 13.5  

   * Quoted uncertainties are for a coverage factor k =1. 
 
We constructed the geometry data file for 10R Schott Type 1+ vial based on the 
reduced quadrics including planes, cylinders and one sheet hyperboloids by applying 
displacements and expansions transformations. 
 
The simulated model of this new vial is composed of eleven bodies limited by fourteen 
reduced quadric surfaces. Two - and three dimensional views of the vial’s geometry 
are presented on Figure 7.8, by running the pair of programs GVIEW2D and 
GVIEW3D. 
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   a)                                                b) 
 
Fig. 7.8  a) Two-dimensional (2D) view of 10R Schott, Type 1+ vial displayed in XZ 

plane perpendicular to Y-axis at Y = 0; b) Three-dimensional (3D) views of 10 R Schott, 
Type 1+ vial, containing 4 g of radioactive solution. 

 
For analogy with the geometry of P6 vial the same integer labels, “mat = 1”, “mat = 
2”, “mat = 3”, “mat = 4”, and “mat = 5”, are used, Fig. 7.8(a), for material 
identifications corresponding to: a) the borosilicate glass material, b) the radioactive 
standard solution filling the ampoule, c) the air inside the vial, d) the rubber cork used 
for closing the vial and e) the aluminium layer covering the rubber cork. 
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7.2.4 Geometry of 5ml PTB ampoule holder 
 
The 5 ml PTB ampoule is accommodated in the measuring position by using the 
ampoule holder shown in Figure 6.2(b). Dimensions of 5 ml PTB ampoule holder are 
given on the sectional view, Figure 7.9. The wall of the holder has a thickness of 2 
mm. 

 
 

Fig. 7.9  Sectional view and dimensions of the 5 ml PTB ampoule holder. All 
dimensions are in millimetres. (Centronic Limited, Centronic House Henry’s Drve, Croydon 
CR9 OBG, England). 
  
As can be seen on Figure 7.9 the lower part of sample holder can be changed to 
separately (see Figure 7.9 at the JOIN LINE) accommodate the standard solution 
available on 2 ml and 5 ml glass ampoule. The geometry data file of 5 ml PTB 
ampoule holder is composed of 15 bodies limited from 18 reduced quadric surfaces 
including planes and cylinders. Two- and three-dimensional views of the 5 ml PTB 
ampoule holder are presented below on Figure 7.10, by running the pair of programs 
GVIEW2D and GVIEW3D.  
 



7. Constructive Quadric Geometry  
 

 88

                          
 
    a)      b) 

 
Fig. 7.10  a) Two-dimensional (2D) view of ampoule holder and 5 ml PTB ampoule, 

containing 3 g of radioactive standard solution, displayed in XZ plane perpendicular to Y-axis 
at Y = 0; b) Three-dimensional (3D) view of ampoule holder. 
 
 
The integer labels of the materials, “mat = 1”, “mat = 2” “mat = 3” “mat = 4” 
displayed on Fig. 7.10(a) identify respectively: a) the FIOLAX®-klar glass material, 
b) the radioactive standard solution filling the ampoule, c) the air inside the ampoule 
and d) the Polymethyl Methacrylate, so called PMMA or Plexiglas used as 
constructing material of the ampoule holder. 
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7.2.5 Geometry of P6 vial holder 
 
When the radioactive standard solution is supplied on 10 ml, P6 vial, the vial holder 
shown in Figure 6.2(a). is used to accomodate the source at the measuring position. 
The dimensions of P6 vial holder are schematically given on Figure  7.11.  
 

 
 

Fig. 7.11  Sectional view and dimensions of the P6 vial holder. All dimensions are in 
millimetres. (Centronic Limited, Centronic House Henry’s Drve, Croydon CR9 OBG, 
England). 
 
The wall of the holder has a thickness of 2 mm. The P6 vial holder has a side entry for 
easy of loading and a base recess to accurately position the 10 ml P6 vials. The 
constructed geometry data file of P6 vial holder is composed of fourteen bodies 
limited from fourteen reduced quadric surfaces including planes and cylinders. 
Transformations including displacements and rotation are used in writing the geometry 
definition data file.  
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Two - and three - dimensional views of the P6 vial holder are presented below on 
Figure 7.12 by running the pair of programs GVIEW2D and GVIEW3D.  
 

                              
 

   a)       b) 
 
Fig. 7.12  a) Two-dimensional (2D) view of P6 vial holder and P6 vial, containing 4 g 

of radioactive standard solution, displayed in XZ plane perpendicular to Y-axis at Y = 0; b) 
Three-dimensional (3D) view of P6 vial holder rotated to (0, 0, -45). 
 
The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5” and “mat = 6” shown on Figure 7.12(a) identify respectively: a) the borosilicate 
glass material, b) the radioactive standard solution filling the vial, c) the air inside the 
vial and on the cavity of the sample holder, d) the rubber cork used for closing the vial, 
e) the aluminium layer covering the rubber cork and f) the Polymethyl Methacrylate 
sample holder’s material. 
 
 
7.2.6 Geometry of 10R Schott, Type 1+ vial holder 
 
Regarding the 10R Schott Type 1+ vial holder it is exactly the same /Woods 05/ with 
the P6 vial holder shown on Figure 6.2(a), is terms of material, thickness etc. The only 
difference is that the diameter of the small well at the bottom is increased slightly to 
ensure a loose fit for the 10R vials which have a diameter bigger than the diameter of 
P6 vials. In case of 10R vial holder the small well at the bottom has an inner diameter 
of φ  = 24 mm instead of 22 mm for P6 vial holder. 
 
The constructed geometry data file of 10R Schott Type 1+ vial holder is composed of 
fourteen bodies limited from fourteen reduced quadric surfaces including planes and 
cylinders. Transformations including displacements and rotation are used in writing 
the geometry definition data file. Two - and three - dimensional views of this vial 
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holder are shown below on Figure 7.13, by running the pair of programs GVIEW2D 
and GVIEW3D.  
 

       
 
    a)            b) 

 
Fig. 7.13  a) Two-dimensional (2D) view of vial holder and 10R Schott vial, 

containing 4 g of radioactive standard solution displayed in XZ plane perpendicular to Y-axis 
at Y = 0; b) Three-dimensional (3D) view of 10R Schott Type 1+  vial holder and 10R Schott 
vial rotated to (0, 0, 45). 
 
The material integer labels “mat =1”, “mat =2”, “mat =3”, “mat =4”, “mat =5” and 
“mat =6” displayed on Figure 7.13(a) identify respectively: a) the borosilicate glass 
material, b) the radioactive standard solution filling the vial, c) the air inside the vial 
and on the cavity of the sample holder, d) the rubber cork used for closing the vial, e) 
the aluminium layer covering the rubber cork and f) the Polymethyl Methacrylate 
sample holder’s material. 
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7.2.7 Geometry of Well-Type Re-Entrant ISOCAL IV Ionization Chamber 
 
The ISOCAL IV is an annular aluminium ionization chamber used in radiation 
metrology laboratories for activity measurement of different radionuclides. The 
chamber is re-entrant well type pressurized to approximately 1 MPa filled with 
nitrogen gas. The sectional view of well-type ISOCAL IV ionization chamber from 
Centronic Ltd, and the dimensions of this IC are shown in Figure 7.14. 
 

 
 
Fig. 7.14  Sectional view and dimension of the well-type ISOCAL IV re-entrant 

ionization chamber. (Centronic Limited, Centronic House Henry’s Drve, Croydon CR9 OBG, 
England). 
 
Within the sensitive volume of the chamber is a single tubular signal electrode 
insulated from a guard ring which is, in turn, insulated from the chamber envelope. 
During the operation the polarising potential is applied to the chamber envelope and 
the guard ring and signal electrode are maintained at earth potential and virtual earth 
potential respectively by the current measuring electronics.  
The dimensions of the outer tube, inner tube, the collector, the base plate and the top 
plate of the ISOCAL IV ionization chamber are given below on Table 7.6. 
 
Table 7.6  Dimensions of ISOCAL IV, well type ionization chamber. All dimensions in mm. 
(Data from detailed drawings from the manufacture Centronic Limited, Centronic House 
Henry’s Drve, Croydon CR9 OBG, England and /Woods 03-05/). 
 
 Outer Tube Inner Tube Collector Base Plate Top Plate 
Length (mm) 360.0 ± 0.3 378.0 ± 0.3 300.0 ± 0.5 --- --- 
Outer diameter (mm) 190.0 ± 0.25 75.0 ± 0.25 --- --- --- 
Inner diameter (mm) 179.0 ± 0.04 ---  126 ± 0.5  --- --- 
Wall thickness (mm) 6.35 2.0 ± 0.08 2.0 ± 0.08 --- --- 
Thickness (mm) --- --- --- 14.0 ± 0.2 14.0 ± 0.2 
Diameter (mm) --- --- --- 190.0 ± 0.1 190.0 ± 0.1 
* Quoted uncertainties are for a coverage factor k =1. 



7. Constructive Quadric Geometry  
 

 93

A box of 50 mm thick low-activity lead shield surround the chamber in order to reduce 
the ambient background and to prevent any efficiency variations caused by scattering 
in the surrounding material, Figure 7.15. 
 

 
 

Fig. 7.15  Well-Type ISOCAL IV re-entrant ionization chamber shielded with 50 mm 
thick of lead. Low Level Counting Laboratory Arsenal, Vienna AUSTRIA. 

 
To minimize the contribution of the backscattered KX-rays in the lead shielding the 
shield has been modified and not only 50 mm thick of lead but additionally 0.3 mm 
thick of copper shielding is used, Figure 7.16. 
 

 
 

Fig. 7.16  Well-Type ISOCAL IV re-entrant ionization chamber shielded with 50 mm 
thick of lead and 3 mm thick of copper. Low Level Counting Laboratory Arsenal, Vienna 
AUSTRIA. 
 
The simulated models of the well-type ISOCAL IV ionization chamber are constructed 
by means of reduced quadric equation (PENGEOM subroutine of Penelope simulation 
code systems) applying the appropriate transformations including: a) a rotation defined 
through the Euler angles, b) an expansion along the directions of the axes and c) a 
translation defined by the components of the displacement vector t.  
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The geometry definition data files have been constructed by means of using:  
 

 detailed drawings from the manufacture 

 dimensions of the well-type ISOCAL IV chamber given on the Table 7.6  

 radiographic pictures obtained by means of X-ray radiograph, Figure 7.17, done 

at the BEV Dosimetry Laboratory, Seibersdorf, Austria.  

 

                  
 

    a)        b) 
Fig. 7.17  a) X-ray Setup, Seibersdorf Laboratory, b) X-ray photograpy of the 

ISOCAL IV ionization chamber. 
 
The following models of the ISOCAL IV ionization chamber have been coded. 
 

I. Without shielding: 
 

- 63 elementary volumes described by 67 quadric surfaces including the 
radioactive solution in the 5 ml glass ampoule and the ampoule sample holder. 

 
- 62 elementary volumes described by 65 quadric surfaces including the 

radioactive solution in the vial and the vial holder for 10 ml P6 and 10R Schott 
Type 1+ vials. 

 
Two - and three-dimensional views of the simulated models of ISOCAL IV ionization 
chamber without shielding, including 5 ml PTB ampoule, P6 and 10R Schott vials as 
well as their respective sample holder are displayed below on Figures 7.18a-b, Figures 
7.19a-b and Figure 7.20.  
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Fig. 7.18a  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 

ionization chamber including the ampoule holder and 5 ml PTB ampoule containing 3 g of 
radioactive standard solution, displayed in XZ plane perpendicular to Y-axis at Y = 0. 
 
The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5”, “mat = 6”, “mat = 7” and “mat = 8” shown on Figure 7.18a, identify respectively: 
a) the FIOLAX®-klar glass material, b) the radioactive standard solution filling the 
ampoule, c) the air inside the ampoule and cavities of the sample holder as well as in 
the well of the chamber, d) the Polymethyl Methacrylate, so called PMMA or 
Plexiglas used as constructing material of the ampoule holder, e) the aluminium alloy, 
f) the bakelite, g) polyvinylchlorid (PVC) and h) the nitrogen gas.  
 

    
Fig. 7.18b  Three-dimensional (3D) view of the simulated model of the ISOCAL IV 

ionization chamber, rotated to (0, 30, 0). 



7. Constructive Quadric Geometry  
 

 96

    
 

Fig. 7.19a  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 
ionization chamber including the ampoule holder and the P6 vial containing 4 g of radioactive 
standard solution, displayed in XZ plane perpendicular to Y-axis at Y = 0. 
 

  
 

Fig. 7.19b  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 
ionization chamber including the ampoule holder and 10R Schott Type 1+ vial containing 4 g 
of radioactive standard solution, displayed in XZ plane perpendicular to Y-axis at Y = 0. 
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The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5”, “mat = 6”, “mat = 7”, “mat = 8” and “mat = 9” shown on Figure 7.19a and Figure 
7.19b, identify respectively: a) the borosilicate glass material, b) the radioactive 
standard solution filling the P6 and 10R Schott Type 1+vial, c) the air inside the vial 
and cavities of the sample holder as well as in the well of the chamber, d) the rubber 
cork used for closing the vial, e) the aluminium alloy, f) the Polymethyl Methacrylate, 
so called PMMA or Plexiglas used as constructing material of the ampoule holder, g) 
the bakelite, h) polyvinylchloride (PVC) and i) the nitrogen gas.  
 

 
 

Fig. 7.20  Three-dimensional (3D) view of the simulated model of the ISOCAL IV 
ionization chamber, without shielding, rotated to (0, 30, 0). 
 
 
 

II. With a box of 50 mm thick of lead shielding: 
 

- 71 elementary volumes described by 74 quadric surfaces including the 
radioactive solution in the 5 ml glass ampoule and the ampoule sample holder.  

 
- 70 elementary volumes described by 72 quadric surfaces including the 

radioactive solution in the vial and the vial holder for 10 ml P6 and 10 R Schott 
Type 1+ vial. 

 
Two - and three-dimensional views of the simulated models of ISOCAL IV ionization 
chamber shielded with a 50 mm thick of lead, including 5 ml PTB ampoule, P6 and 
10R Schott vials as well as their respective sample holders are displayed below on 
Figures 7.21a-b, Figures 7.22a-b and Figure 7.23.  
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Fig. 7.21a Two-dimensional (2D) view of the simulated model of the lead shieldied 
ISOCAL IV ionization chamber including the ampoule holder and 5 ml PTB ampoule 
containing 3 g of radioactive standard solution, displayed in XZ plane perpendicular to Y-axis 
at Y = 0. 
 
The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5”, “mat = 6”, “mat = 7” “mat = 8” and “mat = 9” shown on Figure 7.21a, identify 
respectively: a) the FIOLAX®-klar glass material, b) the radioactive standard solution 
filling the ampoule, c) the air inside the ampoule and cavities of the sample holder as 
well as in the well of the chamber, d) the Polymethyl Methacrylate, so called PMMA 
or Plexiglas used as constructing material of the ampoule holder, e) the aluminium 
alloy, f) the bakelite, g) polyvinylchloride (PVC), h) the nitrogen gas filling the 
sensitive volume of the chamber and  i) the lead shielding material.  
 

 
 

Fig. 7.21b  Three-dimensional (3D) view of the simulated model of the shielded 
ISOCAL IV ionization chamber, rotated to (0, 70, 0). 
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Fig. 7.22a  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50 mm thick lead, including the ampoule holder and the P6 
vial containing 4 g of radioactive standard solution, displayed in XZ plane perpendicular to Y-
axis at Y = 0. 

       
 

Fig. 7.22b  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50 mm lead, including the ampoule holder and 10R Schott 
Type 1+ vial containing 4 g of radioactive standard solution, displayed in XZ plane 
perpendicular to Y-axis at Y = 0 
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The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5”, “mat = 6”, “mat = 7”, “mat = 8” and “mat = 9” shown on Figure 7.22a-b, identify 
respectively: a) the borosilicate glass material, b) the radioactive standard solution 
filling the P6 or 10R Schott Type 1+vial, c) the air inside the vial and cavities of the 
sample holder as well as in the well of the chamber, d) the rubber cork used for closing 
the vial, e) the aluminium alloy, f) the Polymethyl Methacrylate, so called PMMA or 
Plexiglas used as constructing material of the ampoule holder, g) the bakelite, h) 
polyvinylchloride (PVC), i) the nitrogen filling gas and j) the lead shielding material  
 

 
 

Fig. 7.23  Three-dimensional (3D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50 mm thick of lead, rotated to (0, 70, 0). 
 
 
 

III. With a box of 50 mm thick of lead and additionally 3 mm thick of copper 
shielding. 

 
- 75 elementary volumes described by 78 quadric surfaces including the 

radioactive solution in the 5 ml glass ampoule and the ampoule sample holder.  
 
- 74 elementary volumes described by 76 quadric surfaces including the 

radioactive solution in the vial and the vial holder for 10 ml P6 and 10R Schott 
Type 1+ vial. 

 
Two - and three-dimensional views of the simulated models of ISOCAL IV ionization 
chamber shielded with 50 mm thick of lead and 3 mm thick of copper, including 5 ml 
PTB ampoule, P6 and 10R Schott vial as well as their respective sample holder are 
displayed below on Figures 7.24a-b, Figures 7.25a-b and Figure 7.26. 
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Fig. 7.24a  Two-dimensional (2D) view of the simulated model of the lead and 
copper shielded ISOCAL IV ionization chamber including the ampoule holder and 5 ml PTB 
ampoule containing 3 g of radioactive standard solution, displayed in XZ plane perpendicular 
to Y-axis at Y = 0. 
 
The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5”, “mat = 6”, “mat = 7” “mat = 8” “mat = 9” and “mat = 10” shown on Figure 7.24a, 
identify respectively: a) the FIOLAX®-klar glass material, b) the radioactive standard 
solution filling the ampoule, c) the air inside the ampoule and cavities of the sample 
holder as well as in the well of the chamber, d) the Polymethyl Methacrylate, so called 
PMMA or Plexiglas used as constructing material of the ampoule holder, e) the 
aluminium alloy, f) the bakelite, g) polyvinylchlorid (PVC),  h) the nitrogen gas filling 
the sensitive volume of the chamber, i) lead shielding material and j) the copper 
shielding material. 

 
 

Fig. 7.24b  Three-dimensional (3D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50 mm thick of lead and 3 mm thick of copper. Picture 
rotated to (0, 70, 0). 
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Fig. 7.25a  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50 mm thick of lead and 3 mm thick of copper, including 
the ampoule holder and the P6 vial containing 4 g of radioactive standard solution. Picture 
displayed in XZ plane perpendicular to Y-axis at Y = 0. 
. 

     
 

Fig. 7.25b  Two-dimensional (2D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50 mm thick of lead and 3 mm thick of copper, including 
the ampoule holder and 10R Schott Type 1+ vial containing 4 g of radioactive standard 
solution. Picture displayed in XZ plane perpendicular to Y-axis at Y = 0. 
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The integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat = 4”, “mat = 
5”, “mat = 6”, “mat = 7”, “mat = 8”, “mat = 9”, “mat = 10” and “mat = 11” shown on 
Fig. 7.25a-b identify respectively: a) the borosilicate glass material, b) the radioactive 
standard solution filling the P6 or 10R Schott Type 1+vial, c) the air inside the 
ampoule and cavities of the sample holder as well as in the well of the chamber, d) the 
rubber cork used for closing the vial, e) the aluminium alloy, f) the Polymethyl 
Methacrylate, so called PMMA or Plexiglas used as constructing material of the 
ampoule holder, g) the bakelite, h) polyvinylchloride (PVC), i) the nitrogen filling gas, 
j) lead shielding material and the k) copper shielding material. 
 

 
 

Fig. 7.26  Three-dimensional (3D) view of the simulated model of the ISOCAL IV 
ionization chamber shielded with 50mm thick of lead and 3mm thick of copper. rotated to (0, 
70, 0). 
 
 
We have to note here that on the pictures shown on Figures 7.21b, 7.23, 7.24b and 
7.26 only for sake of demonstrations the following are done: 
 

 the upper part of ISOCAL IC ionization chamber shielding has been removed 
 

 the zone between the outer radius of the ion chamber and the inner part of the 
shielding is considered as void region instead of air consistent.  
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8 Material Data File of ISOCAL IV Ionization Chamber 
 
We create the material data file by running the auxiliary /Salvat 03-05/ program 
“material.exe” which extracts atomic interaction data from the code’s database. The 
database includes tables of physical properties, interaction cross section, relaxation 
data, etc and consists on 465 ASCII (American Standard Code for Information 
Interchange) files. 
To have the program “material.exe” we compiled and linked the code “material.f” and 
“Penelope.f” provided on the Penelope Monte-Carlo computer simulation code (see 
Appendix A).  
The program “material.exe” runs interactively and is self-explanatory. All the input 
data related to the considered material are provided by the user directly by typing in 
the keyboard in response to prompts from the program. In creating the material data 
file the following information was required: 
 

• chemical composition (number of element in the molecule and the fraction by 

weight of each element) 

• mass density 

• mean excitation energy 

• energy and oscillator strength of plasma excitation. 

 
The PENELOPE Monte-Carlo code contains the data for a set of 279 prepared 
materials which can be read directly from the database “PDCOMPOS.TAB” and no 
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other efforts are needed in construction of the material data files for this set of 
materials. 
The material’s cross section for compounds and mixture is done based on the additive 
approximation rules which means that corresponding molecular cross section is set 
equal to the sum of atomic cross section weighted with the stoichiometric index of the 
element. On the other hand alloys and mixtures are treated as compounds with 
stoichiometric indices proportional to the percent number of atoms of the elements. 
 
 
8.1 Generating the Input Material Data File 
 
The ISOCAL IV well-type re-entrant ionization chamber is composed by several 
materials. In simulating the geometrical structures of this chamber a material data file 
for each material (element, compounds or mixtures) is generated and the process 
finished with concatenation of all the input material data files in a single one which is 
incorporated (see sections 9.2 and 9.3) in the input file of the main programs for 
running simulations.  
 
As it is explained on the manual of the PENELOPE Monte Carlo code, the code labels 
each material with the index “MAT = M” which is used during the simulation to 
identify the material where the particle moves. On the other hand in the original 
version of the PENELOPE code the max number of different material (elements, 
compounds or mixtures) the code can handle simultaneously is set equal to 10. From 
the point of view that our ionization chamber system is composed by more than 10 
different kinds of elements, we edited the program source file and changed the 
“MAXMAT” parameter from 10 to 15. 
 
The material involved in the simulated models of the ISOCAL IV ionization chamber 
are: lead, copper, air, bakelite, aluminium alloy, nitrogen gas in various pressure, 
polyvinylchloride (PVC), Polymethyl Methacrylate (Plexiglas), FIOLAX® glass, 
Borosilicate glass, Rubber as well as the material of radioactive solution (case 
sensitive) filling the 5 ml PTB ampoule, 10 ml P6 vial and 10 R Schott Type 1+ vial 
respectively. 
 

  Lead and Copper 
 
As it was mentioned before a 50 mm thick low activity lead shield and 3 mm thick 
copper shield, Figure 7.16, Figure 7.24a-b, Figure 7.25a-b and Figure 7.26, surround 
the ISOCAL IV ionization chamber in order to reduce the ambient background and to 
prevent any efficiency variations caused by scattering in the surrounding material. The 
labels “mat = 9” and “mat =10 on these figures correspond respectively to lead and 
copper material. 
 

 Air 
 
The space between the outer walls of the ionization chamber and the inner walls of the 
box shielding consists on air. The cavities: a) inside the well of the chamber, b) inside 



8. Material Data File of ISOCAL IV IC  
 

 106

the sample holders and c) the part over the radioactive solution filling the ampoule and 
vials are airs consistent. We have to note here that data for air correspond to dry air 
near see level. The material integer label “mat = 3” shown on Figure 7.4; Figure 7.6; 
Figure 7.21a, Figure 7.22a-b, Figure 7.24a and Figure 7.25a-b corresponds to air. 
 

 Bakelite 
 
The insulator parts as well as the tripod support are bakelite material. The inner rings 
used to fix the electrodes of the chamber are bakelite material too. The labels “mat = 
6” at Figure 7.18a, Figure 7.21a and “mat = 7” at Figure 7.19a-b, Figure 7.22a-b and 
Figure 7.25a-b correspond to bakelite material. 
 

 PVC 
 
To protect the ionization chamber from possible contamination the well of the 
chamber is shielded with a very thin plastic PVC material which fits as a close fit to 
the well. The insulating tube has a thickness of the order of 0.5 mm and is made by 
heat sealing many layers of a plastic type sheet with predominantly low-Z material. 
Using low-Z material (C,H,O etc) the energy response of the chamber is relatively 
unaffected. The integer label “mat = 7” at Figure 7.18a, Figure 7.21a, Figure 7.24a; 
and “mat = 8” at Figure 7.19a-b; Figure 7.22a-b and Figure 7.25a-b correspond to 
bakelite material. 
 

 Polymethyl Methacrylate, PMMA (Plexiglas) 
 
A proper sample holder is used to place the standard and lowering it into the chamber 
well for measurement. In our work three different kinds of sample holders are used. 
They are designed to separately accommodate the standard radioactive solution 
provided on 5 ml PTB ampoule, 10 ml or P6 vial and 10 R Schott Type 1+ vial. The 
constructing material of the sample holder is Plexiglas. The integer labels “mat = 4” at 
Figure 7.10 and “mat = 6” at Figure 7.12 and Figure 7.13 correspond to PMMA 
material. 
 

 Rubber 
 
Rubber material is used for sealing the P6 and 10R Schott Type1+ vials. The integer 
label “mat = 4” at Figure 7.12(a) and Figure 7.13(a) corresponds to PMMA material. 
 
We generate the material data files named “lead.mat”; “copper.mat”; “air.mat”; 
“bakelite.mat”; “PVC.mat”; “Plexiglass.mat” and “Rubber.mat” by running the 
program “material.exe” and using the data for lead, copper, air, bakelite, PVC, 
Plexiglas and rubber materials from the set of 279 prepared materials available on 
database “PDCOMPOS.TAB” of Penelope simulation code. The extension “*.mat” 
stands for material data files. 
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 Aluminium Alloy 
 
Aluminium alloy material plays a key role in construction of the ISOCAL IV 
ionization chamber. The outer tube, inner tube, collector, base plate and top plate are 
aluminium alloy material. The composition for aluminium alloys is based on content 
of British Standard (BS) specification /ÖNORM 03/ for wrought aluminium and 
aluminium alloys BS 1470:1972 (plate, sheet and strip) and BS 1471:1972 (drawn 
tube). The integer labels “mat = 5” at Figures 7.6; 7.8; 7.18a; 7.21a; 7.24a; 7.19a-b; 
7.22a-b and 7.25a-b correspond to aluminium alloys material. 
 
In creating the material data file for aluminium alloy we supplied the required 
information in response to prompts from the program. For this purpose the chemical 
composition and the percentage of each chemical element composing the aluminium 
alloy was used in creating the material data file “aluminium alloy.mat”.  
 
The chemical compositions for aluminium alloy based on content of BS, used in 
construction of the ionization chamber are given on Table 8.1. The purity of the 
aluminium alloy construction materials are controlled in manner to obtain a flat 
reproducible energy response down to low gamma energies.  
 
Table 8.1  Chemical composition and percentage by weight for each element based on BS, 
specification /ÖNORM 03/. 
 

Chemical Element Atomic Number Percentage by weight (%) 
             Al  (Aluminium) 13 99.95 
            Cu  (Copper) 29 0.006 
            Fe  (Iron) 26 0.006 
            Mg (Magnesium) 12 --- 
            Mn (Manganese) 25 0.006 
            Si   (Silicon) 14 0.010 
            Ti   (Titanium) 22 0.006 
            Ga (Gallium) 31 0.006 
            Zn (Zinc) 30 0.010 
            V   (Vanadium) 23 --- 

 
The density of aluminium alloy material was taken to be of 2.6989 g /cm3.  
 

 Nitrogen gas 
 
The nitrogen gas is used to fill the sensitive volume of the ISOCAL IV pressurized 
ionization chamber. The gas is pressurized to approximately 10 atmospheres and fills 
the zone between the outer cylinder of the well and inner cylinder of the cathode of the 
chamber having a sensitive volume of about 10.5 l.  
The integer labels “mat = 8” at Figures 7.18a; 7.21a; 7.24a and “mat = 9” at Figures 
7.19a-b; 7.22a-b and 7.25a-b correspond to nitrogen gas. 
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In our work we studied the variation of calibration factor versus density of nitrogen 
gas for the ISOCAL IV ionization chamber. From this point of view various material 
data files have been created corresponding to different nitrogen gas density. As in the 
case of aluminium alloy we again supplied the required information in response from 
the program directly from the keyboard because the data provided on the Penelope 
database are only for nitrogen gas at 1 atmosphere. Five material data files have been 
created for the nitrogen gas corresponding to different gas density: 1.1653E-02 g/cm3, 
1.1900E-02 g/cm3, 1.2025E-02 g/cm3, 1.2492E-02 g/cm3 and 1.2813E-02 g/cm3 
respectively.  
The material data files for the nitrogen gas are named: “nitrogen1.mat”, 
“nitrogen2.mat” “nitrogen3.mat” “nitrogen4.mat” and “nitrogen5.mat”. 
 

 FIOLAX Glass 
 
Many of the activity standards used in Secondary Standard Dosimetry Laboratory, 
(SSDL) in the form of solutions are delivered in sealed Jena glass 5 ml (PTB standard 
ampoule) FIOLAX®-klar ampoules. The integer label “mat = 1” at Figure 7.4 
corresponds to FIOLAX®-klar glass material. The chemical composition of this glass 
ampoule in percentage by weight is given in Table 8.2. 
 
Table 8.2  Chemical composition /Ehlers 04; Zinseer Catalog 03/ of FIOLAX®-klar 
ampoules used in SSDL. 
 

Chemical compositions Percentage by weight (%) 
SiO2 75.0 
B2O3 10.5 
Al2O3 5.0 
Na2O 7.0 
BaO 1.0 
CaO 1.5 

 
Based on the data given in Table 8.2 the percentage by weight of each element present 
in the composition of FIOLAX®-klar glass is calculated. The calculated data are 
presented below on Table 8.3. 
 
Table 8.3  Elemental composition and percentage by weight for each element on the 
FIOLAX®-klar glass ampoule. 
 

Name of 
element Atomic Number Atomic Mass 

(amu) 
Percentage by weight 

(%) 
Si 14 28.0855 35.0580858 
B  5           10.811   3.2609229 
Al              13     26.981539   5.1930358 
Na 11   22.98977   2.6462145 
Ba 56         137.327   0.8956537 
Ca 20           40.078   1.0720437 
O 8 15.9999 51.8763411 
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We supplied all these data presented on Table 8.3 in response to prompts from the 
program “material.exe” in creating the material data file named “fiolax glass.mat”.   
 

 Borosilicate Glass 
 
Some time activity standards are delivered on 10 ml or so called P6 vial. The integer 
label “mat = 1” at Figure 7.6 and Figure 7.8 correspond to borosilicate glass material. 
The material of this ampoule is Borosilicate glass with chemical compositions as it is 
given below on Table 8.4. 
 
Table 8.4  Chemical composition /Ehlers 04; Zinseer Catalog 03/ of Borosilicate glass 
 

Chemical compositions Percentage by weight (%) 
SiO2 75.0 
B2O3 10.5 
Al2O3 5.0 
Na2O 7.0 

 
Based on the data in Table 8.4 the percentage by weight of each element present in the 
composition of Borosilicate glass is calculated. The calculated data are presented on 
Table 8.5. 
 
Table 8.5 Elemental composition and percentage by weight on Borosilicate glass material. 
 

Name of 
element 

Atomic 
Number 

Atomic Mass 
(amu) Percentage by weight (%) 

Si 14 28.0855 37.8627327 
B  5           10.811   4.0373331 
Al            13     26.981539   1.0584858 
Na 11   22.98977   2.9674490 
O 8 15.9999 54.0764838 

 
The material data file “Borosilicate glass.mat” is created by means of suppling all the 
calculated data provided on Table 8.5 in response to prompts from the program 
“material.exe”. 
 

 Radioactive material solution  
 
Activity standards in the form of solutions are delivered in sealed 5 ml Jena Glass 
ampoule, in P6 vial or 10R Schott Type 1+ vial. The integer label “mat = 2” at Figures 
7.4; 7.6 and 7.8 correspond to material of the radioactive solution filling the ampoules 
and vials.  
 
The chemical composition of the solution is selected such that its stability is guaranted 
at a minimum concentration of solid matter and acid. When dilutions are prepared the 
concentration of the inactive carrier should at least be maintained to avoid wall 
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absorption of the radionuclide. The data presented on Table 8.6 are used in 
constructing the material data files for the radioactive solutions. 
 
Table 8.6  Activity standards in the form of solutions /Aktivitätsnormale 03/. 
 
Nuclide     Half-Life*           Chemical Composition Specific  Uncertainty 
                         of the solution      Activity (MBq/g)  (% at k=1) 
Be-7           (53.22 ± 0.06) d HCl 0.1 mol/l         2         1.4  
               BeCl2 30 mg/l 
F-18     (1.8288 ± 0.0003) h  NaCl 0.4 %            2         1.4  
               F 50 mg/l 
Cs-137           (30.03 ± 0.05) a  HCl     0.1 mol/l        3.69        1.5 
               CsCl     50 mg/l 
Co-60       (1925.28 ± 0.14) d  HCl 0.1 mol/l        1.923               1  
               CoCl2   50 mg/l 
Co-57         (271.80 ± 0.05) d  HCl 0.1 mol/l        1.434               1.5  
               CoCl2 50 mg/l 
Ra-226      (1600 ± 7) a  HCl  + BaCl2                    0.673        2  
Am-241 (432.6 ± 0.6) a  HNO3 0.1 mol/l        4.0         1.5  
     La(NO3)3  40 mg/l 
Eu-152    (4933 ± 11) d  HCl 0.1 mol/l        0.477        2  
     Eu-Ion  40 mg/l 
Ba-133           (10.44 ± 0.06) a  HCl 0.1 mol/l        0.852        1.5  
               BaCl2  30 mg/l 
Na-22   (2.6027.5 ± 0.0010) a  HCl 0.1 mol/l           0.427        0.7  
               NaCl 50 mg/l 
Na-24   (14.9574 ± 0.0020) h  HCl 0.1 mol/l        0.5         0.7  
               NaCl 50 mg/l 
P-32       (14.262 ± 0.014) d  NaH2PO4  80mg/l                         8         1  
               HCHO (Formaldehyd) 1.2g/l 
Mn-54         (312.13 ± 0.03) d  HCl 0.1 mol/l                   0.461               0.8  
               MnCl2 30 mg/l 
Fe-55                 (1005 ± 5) d  HCl 0.1 mol/l                    2         2.5  
               FeCl3 60 mg/l 
Fe-59       (44.495 ± 0.008) d  HCl 0.1 mol/l                            2         2.5  
               FeCl3 60 mg/l 
Zn-65         (243.66 ± 0.09) d  HCl 0.1 mol/l                   1.327        1.4  
               ZnCl2 30 mg/l 
Sr-85       (64.850 ± 0.007) d  HCl 0.1 mol/l        2         1  
         SrCl2 30 mg/l                                    
Y-88     (106.626 ± 0.021) d  HCl 0.1 mol/l                  2.56        1.17  
               YCl3 40 mg/l 
Sr-89           (50.53 ± 0.07) d  HCl 0.1 mol/l        1,94        2  
         SrCl2 30 mg/l                                    
Sr-90           (28.81 ± 0.10) a  HCl 0.1 mol/l                           4.027        1.47  
Y-90       (64.053 ± 0.020) h SrCl2 30 mg/l 

                                               YCl3 30 mg/l 
Cd-109         (461.4 ± 0.12) d  HCl 0.1 mol/l                   1        1.7  



8. Material Data File of ISOCAL IV IC  
 

 111

             CdCl2 45 mg/l                                    
I-125         (59.40 ± 0.10) d              NaI 60 mg/l                             0.597               1.5  
             Na2S2O3 45 mg/l 

                                               Formalin 0.035 mol/l 
I-129         (1.61x107 ± 7) a              NaI 60 mg/l                  0.1       3.3  
             Na2S2O3 45 mg/l 

                                               Formalin (CH2O) 0.035 mol/l 
I-131   (8.0233 ± 0.0019) d              NaI 60 mg/l                  1       0.7  
             Na2S2O3 45 mg/l 

                                               Formalin (CH2O) 0.035 mol/l 
Lu-177       (6.647 ± 0.004) d              HCl 0.1 mol/l       (**)         (**) 
               LuCl3 20 mg/l 
Pb-210         (22.20 ± 0.22) a  HNO3 1.2 mol/l                  1.5        1.4     

                                               Pb(NO3)2 + Bi(NO3)3 60mg/l 
(  *) h = hours; d = days; a = years. 
(**) No data were reported for Lu-177 radionuclide. 
 
Based on the data given on Table 8.6 the weight by percentage for each element 
present on these solutions is calculated. The calculated results are shown below in 
Table 8.7.  
 
Table 8.7  Fraction by weight of the elemental composition for different standard solutions. 
 

Fraction by weight of each chemical element in the standard solution (%) 
Standard Chemical components and their weight fraction in % 

Hydrogen Oxygen Chlorine Caesium --- ---  

137Cs 11.158555 88.481918 0.355578 3.9392E-03 --- --- 
Hydrogen Oxygen Chlorine Cobalt --- --- 60Co 11.158803 88.481670 0.357256 2.2694E-03 --- --- 
Hydrogen Oxygen Chlorine Cobalt --- --- 57Co 11.158803 88.481670 0.357256 2.2694E-03 --- --- 
Hydrogen Oxygen Chlorine Lanthanum --- --- 241Am 11.129204 88.728501 0.140584 1.7100E-03 --- --- 
Hydrogen Oxygen Chlorine Barium --- --- 133Ba 11.159026 88.483447 0.355547 1.9784E-03 --- --- 
Hydrogen Oxygen Chlorine Sodium --- --- 22Na  

24Na 11.158803 88.481670 0.357559 1.9668E-03 --- --- 
Hydrogen Oxygen Chlorine Mangan --- --- 54Mn 11.159026 88.483447 0.355585 1.6689E-03 --- --- 
Hydrogen Oxygen Chlorine Yttrium --- --- 88Y 11.158914 88.482559 0.356704 1.8212E-03 --- --- 
Hydrogen Oxygen Chlorine Yttrium Strontium --- 90Sr 11.158691 88.480782 0.357501 1.3659E-03 1.6581E-03 --- 
Hydrogen Oxygen Carbon Phosphorus Sodium --- 32P 11.190497 88.803154 4.2037E-03 6.7661E-04 1.4006E-03 --- 
Hydrogen Oxygen Chlorine Lutetium --- --- 177Lu 11.159138 88.484335 0.355281 1.2438E-03 --- --- 
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Hydrogen Oxygen Carbon Iodine Sodium Sulphur 125I, 129I, 
131I, 11.188437 88.798224 4.2037E-03 5.0797E-04 1.4006E-03 1.8252E-03 

Hydrogen Oxygen Chlorine Zink --- --- Zn-65 11.159026 88.483447 0.356086 1.4393E-03 --- --- 
Hydrogen Oxygen Chlorine Strontium --- --- Sr-85 11.159026 88.483447 0.355867 1.6581E-03 --- --- 
Hydrogen Oxygen Chlorine Cadmium --- --- Cd-109 11.158858 88.483447 0.355867 1.6581E-03 --- --- 
Hydrogen Oxygen Chlorine Iron --- --- Fe-59 11.158691 88.480782 0.358460 2.0657E-03 --- --- 
Hydrogen Oxygen Chlorine Beryllium --- --- Be-7 11.159026 88.483447 0.357187 3.3830E-04 --- --- 
Hydrogen Oxygen Chlorine Fluor Sodium --- F-18 11.144763 88.450236 0.242650 0.5E-02 0.157349 --- 
Hydrogen Oxygen Bismuth Lead Nitrogen --- Pb-210 11.116893 88.711011 1.7266E-03 1.7119E-03 0.168655 --- 

 
We entered the calculated composition data presented on Table 8.7 and for each 
standard solution a material data file was created. The standard solutions were 
considered to have a density of 1 gcm-3 which was stated in all calibration certificate 
sources. 
 
After generation of these material data files they are concatenated (see Appendix A) in 
a single one which is then incorporated in the input data file (see sections 9.2 and 9.3) 
for running simulation of the radiation transport on the simulated structures of the 
ISOCAL IV ionization chamber. The concatenation processes included the files shown 
on Table 8.8. 
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Table 8.8  Concatenated files for running the Monte-Carlo simulation of ISOCAL IV 
ionization chamber for radioactive solution delivered on: a) 5 ml PTB ampoule, b) P6 vial and 
c) 10R Schott Type 1+ vial. 
 

Material data files used for simulation of radioactive solution supplied on  
5 ml PTB ampoule 

Without Shielding Lead Shielding Lead and Copper Shielding 
fiolaxglass.mat fiolaxglass.mat fiolaxglass.mat 
“*”ampoule solution.mat “*”ampoule solution.mat “*”ampoule solution.mat 
air.mat air.mat air.mat 
plexiglass.mat plexiglass.mat plexiglass.mat 
aluminium alloys.mat aluminium alloys.mat aluminium alloys.mat 
bakelite.mat bakelite.mat bakelite.mat 
PVC.mat PVC.mat PVC.mat 
nitrogen.mat† nitrogen.mat† nitrogen.mat† 
 lead.mat lead.mat 
  copper.mat 

Material data files used for simulation of radioactive solution supplied on 
P6 and 10R Schott Type 1+ vials. 

Without Shielding Lead Shielding Lead and Copper Shielding 
borosilicate glass.mat borosilicate glass.mat borosilicate glass.mat 
“*”ampoule solution.mat “*”ampoule solution.mat “*”ampoule solution.mat 
air.mat air.mat air.mat 
rubber.mat rubber.mat rubber.mat 
aluminium alloys.mat aluminium alloys.mat aluminium alloys.mat 
plexiglass.mat plexiglass.mat plexiglass.mat 
bakelite.mat bakelite.mat bakelite.mat 
PVC.mat PVC.mat PVC.mat 
nitrogen.mat† nitrogen.mat† nitrogen.mat† 
 lead.mat lead.mat 
  copper.mat 
“*” stands for different radioactive solution, Table 8.6 
† stands for five different values of nitrogen gas density:  1.1653E-02 g/cm3; 1.1900E-

02 g/cm3; 1.2025E-02 g/cm3; 1.2492E-02 g/cm3 and 1.2813E-02 g/cm3 named: 
“nitrogen1.mat”,“nitrogen2.mat”,“nitrogen3.mat”,“nitrogen4.mat”and “nitrogen5.mat” 
respectively. 
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9 Running the Monte-Carlo Simulation 
 
9.1 PENELOPE Computer Code System 
 
The computer code system PENELOPE performs Monte Carlo simulation (all kinds of 
interactions except nuclear interaction) of coupled electron-photon transport in 
material systems in the energy range, from 50 eV to about 109 eV.  
 
For energies below ∼1 keV  the differential cross section (which determine the 
probability distribution functions of the random variables that characterize a track) 
are not well known, mostly because they are strongly affected by the state of 
aggregation. For such reasons the interaction models become less accurate when the 
energy of radiation transported decreases.  
 
The ability of the PENELOPE computer code to implements the most accurate 
physical models available limited only by the required generality as well as to 
simulates the fluorescent radiation from K, L and M shells were the main reasons why 
we decided to use this code in our work.  
 
The kernel of the system is FORTRAN 77 /Page 95/ subroutine package PENELOPE 
consisting of four blocks of subprograms namely: preparatory calculation and I/O 
routines, interaction simulation procedures, numerical routines and transport routines.  
As a subroutine package, the PENELOPE can not operate by itself without providing it 
with a main steering program able to control the evolution of the tracks simulated by 
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PENELOPE, to keeps score of the relevant quantities and performs the required 
averages at the end of the simulation process.  
 
In carrying out the objectives of our work two main programs were used and 
respectively:  
 

 PENCYL © (copyright © 2003, 2005 Universitat de Barcelona) 
 penEasy © (copyright © 2004, 2005. Universitat Politecnica de Catalunya, 

Barcelona). 
 

The first main program offer the possibility to simulate the radiation transport on 
cylindrical geometry and the second one can be used to simulate the radiation transport 
in the varieties of geometry structure. 
 
 
9.2 Running the PENCYL Program 
 
To run the PENCYL© program we generate the executable file “pencyl.exe” by means 
of compiling and linking the code “pencyl.f” with “Penelope.f”, “penvared.f” and 
“timer.f” files available on the PENELOPE computer code system (see Appendix A).  
 
The PENCYL program simulates coupled electron-photon transport in multilayered 
cylindrical structures. Each layer contains a number of concentric homogeneous rings 
of given thickness, radii and material composition. The layers are coaxially and 
perpendicular to the z-axis. Being coaxially each centre of the rings in each layer is 
fully specified once the coordinates “x” and “y” are given. When the centres of the 
rings composing the simulated model are on z-axis the simulated structure has 
symmetry under rotations about z-axis.  
 
The primary particles (photons, electrons or positrons) are emitted from the active 
volume of the source, either with fixed energy or with a specified energy spectrum. 
The external point or cylindrical homogeneous source as well as internal sources 
spread over specified bodies, each one with uniform activity concentration can be 
simulated by using the PENCYL program. In the second case the position of the 
primary particle is sampled uniformly within the active cylinder or ring, selected 
randomly with probability proportional to the total activity in its volume. 
 
The program read data from a corresponding input data file, Table 9.1, and output the 
results in a number of files with fixed name, “*.dat”. The input data file is usually 
prepared on some text editors that run on Windows, called Microsoft Notepad. Each 
line in the input data file of PENCYL consists of a 6- character keyword followed by 
the numerical data or by a string character. 
The PENCYL program points out information on the transport and energy deposition 
including: energy and angular distributions of emerging particles, depth-dose 
distribution, depth-distribution of deposited charge, distributions of deposited energy 
in selected materials and two-dimensional depth-radius dose and deposited charge 
distributions is selected bodies. In order to be able to visualize the results in graphic 
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format the GNUPLOT© /Gnuplot© 96/ which is a function and data plotting program 
is used. 
 
Table 9.1 Structure of the PENCYL input file /Salvat 03-05/. 
C  ....+....1....+....2....+....3....+....4....+....5....+....6....+....7.. 
C  TITLE                      Title of the job, up to 65 characters. 
C  GSTART  >>>>>>>> Beginning of the geometry definition list. 
C  LAYER   ZLOW,ZHIG                                                                  [Z_lower and Z_higher] 
C  CENTRE  XCEN,YCEN                                                                 [X_centre and Y_centre] 
C  CYLIND  M,RIN,ROUT                                                    [Material, R_inner and R_outer] 
C  GEND    <<<<<<<< End of the geometry definition list. 
C 
C           >>>>>>>> Source definition. 
C  SKPAR   KPARP                            [Primary particles: 1=electron, 2=photon, 3=positron] 
C  SENERG  SE0                          [Initial energy (monoenergetic sources only)] 
C  SPECTR  Ei,Pi                                                        [E bin: lower-end and total probability] 
C  SEXTND  KL,KC,RELAC                   [Extended source in KL,KC and rel. activity conc.] 
C  STHICK  STHICK                                                                                        [Source height] 
C  SRADII  SRIN,SROUT                                                         [Source inner and outer radii] 
C  SPOSIT  SX0,SY0,SZ0                                                  [Coordinates of the source centre] 
C  SDIREC  STHETA,SPHI                                            [Beam axis direction angles, in deg] 
C  SAPERT  SALPHA                                                                          [Beam aperture, in deg] 
C 
C           >>>>>>>> Material data and simulation parameters. 
C  NMAT    NMAT           [Number of different materials, .le.10] 
C  SIMPAR  M,EABS(1:3,M),C1,C2,WCC,WCR               [Sim. parameters for material M] 
C  PFNAME  filename_0.ext            [Material definition file, 18 characters] 
C 
C           >>>>>>>> Counter array dimensions and pdf ranges. 
C  NBE     NBE,EMIN,EMAX                          [No. of energy bins, and E-interval] 
C  NBTH    NBTH                         [No. of bins for the polar angle THETA] 
C  NBPH    NBPH                      [No. of bins for the azimuthal angle PHI] 
C  NBZ     NBZ                                          [No. of bins for the Z-coordinate] 
C  NBR     NBR                                                                              [No. of radial bins] 
C  NBTL    NBTL,TLMIN,TLMAX       [No. of track-length bins and TL-interval] 
C 
C           >>>>>>>> Additional distributions to be tallied. 
C  ABSEN   MAT                [Tally the distr. of absorbed E in material MAT] 
C  DOSE2D  KL,KC,NZ,NR          [Tally 2D dose and charge distribs. in body KL,KC] 
C 
C           >>>>>>>> Interaction forcing. 
C  IFORCE KL,KC,KPAR,ICOL,FORCE,WL,WH                 [Interaction forcing parameters] 
C 
C           >>>>>>>> Job properties 
C  RESUME  filename_1.ext                [Resume from this dump file, 18 characters] 
C  DUMPTO  filename_2.ext                                        [Generate this dump file, 18 characters] 
C  NSIMSH  NTOT                             [Desired number of simulated showers, max=2**31-1] 
C  RSEED   ISEED1, ISEED2                                  [Seeds of the random number generator] 
C  TIME    ITIME                                                               [Allotted simulation time, in sec] 
C  ....+....1....+....2....+....3....+....4....+....5....+....6....+.... 
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We use the PENCYL5 program to simulate the radiation transport on well–type 
ISOCAL IV pressurized ionization chamber for the case without shielding in studying 
the effect of variation of calibration figure versus nitrogen gas pressure. It was also 
used on studying the chamber response to beta emitters. 
 
An example of the input file of the PENCYL code for running the Monte-Carlo 
simulation on the well-type ISOCAL IV ionization chamber is given below on Table 
9.2. It corresponds to the simulation of a isotropic source on 5 ml PTB standard 
ampoule, emitting gamma ray with energy 59.54 keV (corresponding to gamma ray of 
Am-241).  
 
Table 9.2  PENCYL input file for simulation on “4γπ” ISOCAL IV IC, without shielding. 

TITLE  Well-Type ISOCAL-IV, Ionization Chamber Without Shielding 
GSTART   “4γπ” ISOCAL IV Ionization chamber filled with Nitrogen at approx. 10 atm. 
LAYER  0.000    0.200    1  (the feet of the chamber) 
CENTRE  0.000    0.000 
CYLIND   1   0.000    9.400 
CYLIND   2   9.400    9.500 
LAYER          0.200    0.650    2  (lower base of the chamber) 
…………………………  …………………… 
…………………………  …………………… 
…………………………  …………………… 
LAYER       49.960  50.210    36 (the top of sample holder) 
CENTRE       0.000    0.000 
CYLIND   6   0.000   4.500 
GEND 
 
SKPAR  2                             [Primary particles: 1=electron, 2=photon, 3=positron] 
SENERG 0.05954E6                      [Initial energy (monoenergetic sources only)] 
STHICK 0.631442                                   [Source thickness] 
SRADII 0,0.71                            [Source inner and outer radii] 
SPOSIT 0,0,29.415721                                       [Coordinates of the source centre] 
SAPERT 180                                      [Beam aperture, in deg] 
NMAT   8                                                     [Number of different materials, .le.10] 
SIMPAR 1 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 2 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 3 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 4 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 5 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 6 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 7 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
SIMPAR 8 1.0E4 1000 1.0E4 0.1 0.2 5000 5000    [M,EABS,C1,C2,WCC,WCR] 
PFNAME Am241Mater31.mat                [Material definition file, 18 characters] 
NBE    100,0.0,10.0                    [No. of energy bins. and E-interval] 
NBTH   90                                                [No. of bins for the polar angle THETA] 
NBPH   1                                                 [No. of bins for the azimuthal angle PHI] 
                                                 
5 The PENCYL program allows the users to simulate only cylindrical geometries and it is not able to describe 
other parts of the IC which may be not cylindrical. From this point of view this program was used only in a very 
few cases including the simulation of the IC for the case without shielding.  
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NBZ    100                                                            [No. of bins for the z-coordinate] 
NBR    100                                                         [No. of bins for the radial variable] 
NBTL   100,0,0.050                              [No. of track-length bins amd TL-interval] 
RESUME lastdump.dmp                         [Read from this dump file, 18 characters] 
DUMPTO lastdump.dmp                           [Generate this dump file, 18 characters] 
NSIMSH 10000000           [Desired number of simulated showers, max=2**31-1] 
RSEED   12345, 54321                     [Seeds of the random number generator] 
TIME   1500000                                                   [Allotted simulation time, in sec] 
 
The meaning of keywords and acronyms displayed on Table 9.2 and their 
accompanying data are described on following: 
 
- TITLE : title of the job 
 
- GSTART: Starts reading the geometry of the simulated model. This is a definition list 
which begins with the line “GSTART” and ends with the line “GEND”. As can be 
seen from the Table 9.1 the geometry of the PENCYL input file allows only the 
following keywords, “GSTART”, “LAYER”, “CENTRE”, CYLIND” and “GEND”.  
Each “LAYER” line contains the z-coordinates of its lower and upper limiting planes 
and is followed by a “CENTRE” line and by one or several cylinders. Our simulated 
model of the well-Type ISOCAL-IV, Ionization Chamber without shielding including 
5 ml PTB standard ampoule is composed by 36 layers defined in increasing order of 
heights from bottom to the top of the simulated structure.  
The planes z = 0 cm and z = 50.210 cm are  the lower and upper limiting planes 
respectively for simulated system. In this case the cylinders are assumed to be 
coaxially with the centres on the z-axis which means that “x” and “y” coordinates are 
zero. Cylinders are defined in increasing radial order, from the centre to periphery and 
for each cylinder the inner and outer radii are declared.  
The GVIEWC code operable under Microsoft Windows is used for debugging and 
visualizing the geometry definition file.  Two-dimensional views of the geometry of 
the well-type ISOCAL IV ionization chamber without shielding are shown on Figure 
9.1. 
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       a)      b) 
 

Fig. 9.1  Two-dimensional (2D) views of the simulated structure of ISOCAL IV 
ionization chamber without shielding including the ampoule holder and 5ml PTB ampoule 
containing 3 g of radioactive standard solution. a) 2D view in XZ plane perpendicular to Y-
axis at Y = 0 and b) 2D view in XY plane perpendicular to Z-axis at Z = 310 mm. 
 
In this case, the integer labels of the materials, “mat = 1”, “mat = 2”, “mat = 3”, “mat 
= 4”, “mat = 5”, “mat = 6”, “mat = 7”and “mat = 8” stand respectively for: air, 
bakelite, aluminium alloy, nitrogen gas, polyvinylchlorid (PVC), Polymethyl 
Methacrylate (PMMA) and FIOLAX®-klar glass material. 
 
- SKPAR: specifies the kind of particle to be simulated following the correspondence: 
1 = electrons, 2 = photons, 3 = positrons). 
 
- SENERG: initial energy of primary particle. This line is valid only for monoenergetic 
sources. In Table 10.1 the value of 0.05954E06 eV corresponds to Am-241 gamma 
line. For sources with continuous energy spectra this line must be substituted with the 
lines “SPECTR” (see Table 9.1). Each “SPECTR” line gives the lower end-point of an 
energy bin of the source spectrum and the associated relative probability, integrated 
over the bin. The program accepts up to 200 line of “SPECTR”. The upper line of the 
spectrum is defined by entering a line with upper energy value and null probability. 
We followed this procedure in simulating beta emitters (see section 9.4).  
 
- STHICK: this line gives the height of the active volume of the source. The value of 
0.631442 in the Table 9.1 corresponds to 1 ml of radioactive solution filling the 5 ml 
PTB ampoule. 
 
- SRADII:  inner and outer radii of the active source volume. For the 5ml PTB ampoule 
inner and outer radii are respectively: 0 and 0.71 cm. 
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- SPOSIT: gives the coordinate of the centre of the source’s volume. The values, x = 0; 
y = 0 and z = 29.415721 are the centre coordinates of 1 ml radioactive solution filling 
the 5 ml PTB standard ampoule. 
 
In calculation of the volume correction factors by means of Monte-Carlo ionization 
chamber simulation method we run simulations for various mass of radioactive 
solution filling the 5 ml PTB standard ampoule. For each case the lines, “STHICK” 
and “SPOSIT” of the input file have been modified as needed. The values used in 
preparation of input data files for different mass or radioactive solutions are presented 
below on Table 9.3 
 
Table 9.3  Data used for preparation of input files for various mass of radioactive solution 
filling the 5 ml PTB standard ampoule.* 
 

mass of radioactive  
solution (g) 

height of the source 
“STHICK” (cm) 

coordinates of the centre of 
the source “SPOSIT” (cm) 

0.5 0.315720 0; 0; 29.257860 
1.0 0.631441 0; 0; 29.415720 
1.5 0.947162 0; 0; 29.573581 
2.0 1.262883 0; 0; 29.731441 
2.5 1.578604 0; 0; 29.889302 
3.0 1.894325 0; 0; 30.047162 
3.5 2.210046 0; 0; 30.205023 
4.0 2.525767 0; 0; 30.362883 
4.5 2.841488 0; 0; 30.520744 
5.0 3.157209 0; 0; 30.678604 

 * Before running the simulations the layer thickness corresponding to the radioactive solution at the 
geometry of the simulated model must be adjusted. Height of the source presented in the second 
column of the table is calculated by the formula giving the volume of the cylinder, V = πr2h, where r is 
the inner radius of the ampoule. Explanations related to the decimal digits of the real number presented 
on Table 9.3 are given on section 11.4.  
 
We have to note here that data presented on Table 9.3 are valid only when the system 
centre coordinates is fixed at the lower part of the simulated structure as shown on 
Figure 9.1. 
 
- SAPERT: the initial direction of the primary particle is sampled uniformly inside a 
cone of aperture SALPHA and with central axis in the direction STHETA, SPHI. 
Thus, SALPHA = 0 defines a monodirectional source and SALPHA = 180 deg defines 
an isotropic source. As far as ampoule solution is positioned on the centre of the 
ionization chamber the value of SALPHA = 180 was adopted.  
                                    
- NMAT: number of different material composing the simulated model. In the case of 
ionization chamber without shielding, eight different materials are involved. They are 
identified by their ordering in PENELOPE’s input material data file. 
 
- SIMPAR: this line gives a set of simulation parameters for the M-th material 
including: absorption energies, EABS(1:3, M), elastic scattering parameters, C1(M) 
and C2(M), and the cutoff energy losses for inelastic collisions and bremstrahlung 
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emission, WCC(M) and WCR(M). One line for each material must be included on the 
input file of simulation. Details how to determine these factors are given on Section 
9.5 
 
- PFNAME: it gives the name of PENELOPE’s input material data file generated as 
concatenations of all individual material data files composing the simulating model of 
the ionization chamber (see Appendix A).  
 
- NBTH, NBPH, NBZ, NBR, NBTL and NBE: give the number of bins for: polar angle, 
azimuthal angle, z-coordinate, radial variable, track length distributions of primary 
particle and number of energy bins and limits of the interval where energy distribution 
are tallied. 
 
- NSIMSH: this line can be used to determine the desired number of simulation 
showers which can’t be larger than 231 - 1. In our simulations we run 107 histories of 
the simulated showers.   
 
- RSEED: This line gives the seeds of the random number generator  
 
- TIME: determines the simulation time in sec (see section 9.6). 
 
 
9.3 Running PENMAIN Program 
 
PenEasy © is a structured general-purpose main program for PENELOPE. It is a very 
robust program for a variety of source models and tallies schemes used in a wide range 
of problems and applications. PenEasy like PENELOPE and PENCYL is written in 
Fortran 77 and consists of an all-purpose main program, called PENMAIN©. The 
executable file “PENMAIN.exe” is generated by compiling and linking the penmain.f 
file as described on Appendix A. 
 
The program penEasy offer the possibility to control the course of simulation by 
sending commands to the program while it is running. For instance the simulation can 
be terminated and the final results printed by setting the number of requested histories 
to zero at any time. Once the simulation finish the results are written on the output file 
named, “penmain.out” and “*.dat”. The results written in the files “*.dat” can be 
plotted by using the GNUPLOT© /Gnuplot© 96/ program.  
 
We use the PENMAIN main program in calculations of the radionuclide calibration 
figures for radioactive solution supplied on 5 ml PTB standard ampoule, P6 vial and 
10R Schott Type 1+ vial for the well–type ISOCAL IV ionization chamber for cases: 
a) without shielding; b) lead shielding and c) lead and copper shielding.  
 
The effect of variation of calibration figure versus the gas pressure as well as the 
chamber response to beta emitters were investigated by running the PENMAIN 
Monte-Carlo computer code program.  
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The PENMAIN program assumes that primary particles of a given kind, PARTICLE 
TYPE, are emitted from a “BOX ENCLOSURE”, with centre coordinates of the box 
enclosure (X,Y,Z), either with fixed energy “E” or with a specified (histogram-like) 
energy spectrum. The emission is isotropic but limited to a cone. Its axis lies along 
given “DIRECTON VECTOR” with a certain “APERTURE”. An “APARTURE = 0 
deg” defines a monodirectional source and “APARTURE = 180 deg” corresponds to a 
4π isotropic source.  
 
An example of the input file of the PENMAIN code for running the Monte-Carlo 
simulation on shielded (lead and copper) well-type ISOCAL IV ionization chamber is 
given below on Table 9.4. It corresponds to the simulation of a isotropic source, 4g of 
solution on P6 vial emitting gamma ray with energy 661.66 keV (137Cs radioactive 
standard solution).  
 
As in the case of PENCYL the input data file are typed on a text editor that run on 
Windows like Microsoft Notepad or more advanced editor such as Programmer’s File 
Editor (PFE) able to read and save files in both Unix and Windows format. 
 
Table 9.4  PENMAIN input data file for simulation on “4γπ” ISOCAL IV IC, with 50 mm 
lead and 3 mm copper shield thickness. 4 g of 137Cs radioactive standard solution on P6 vial.  
 
<<<<<<START  OF  INPUT  FILE<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 
[SECTION CONFIG v.2003-04-21] 
 1000000000                  NO. OF HISTORIES (< 2.1e9) 
 800000                          ALLOTTED TIME (s) (+ FOR REAL TIME; - FOR CPU TIME) 
 0.1       RELATIVE UNCERTAINTY LIMIT (%) 
 30             REFRESH (+ FOR REAL TIME (s); - FOR HISTORIES) 
 1  1                                INITIAL RANDOM SEEDS 
[END OF SECTION]                 (SIGNALS THE END OF THIS SECTION) 
[SECTION SOURCE BOX ISOTROPIC GAUSS SPECTRUM v.2004-11-13] 
 2                                  PARTICLE TYPE (1=electron, 2=photon, 3=positron) 
 Energy(eV)  Probability         ENERGY SPECTRUM 
 0.66166e6   1.0  1st channel  1st gamma line 
 0.66166e6  -1.0 
 0.000e0  0.000e0  0.800108e0        CENTER COORDINATES OF THE BOX ENCLOSURE (cm) 
 1.0875e0 1.0875e0 1.360216e0      BOX SIDES (cm) 
 0.000e0  0.000e0  0.000e0              EULER ANGLES (deg) TO ROTATE BOX  
                                                         (1st:Rz  2nd:Ry  3rd:Rz) 
 0                                                      MATERIAL (0=DON'T CARE) 
 0.000e0  0.000e0  1.000e0              DIRECTION VECTOR, NO NEED TO NORMALIZE 
 180.0e0                                           APERTURE ANGLE, [0,180] (deg) 
[END OF SECTION] 
# [SECTION SOURCE PHASE SPACE FILE v.2004-11-16] 
# (particles.psf                            )    PSF FILENAME 
#  1                                                   SPLITTING FACTOR 
#  0.0 0.0 0.0                                    EULER ANGLES (deg) TO ROTATE POSITION AND     
                                                         DIRECTION (1st:Rz 2nd:Ry 3rd:Rz) 
#  0.0 0.0 0.0                                    CARTESIAN COMPONENTS OF POSITION SHIFT    
                                                         [DX,DY,DZ] (cm) 
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#  1                                                  VALIDATE PSF BEFORE STARTING SIMULATION   
                                                         (1=YES, 0=NO) 
#  0.000e0                                        MAX ENERGY (eV) IN PSF (IRRELEVANT IF    
                                                         VALIDATE=1) 
# [END OF SECTION]                   (A '#' IN SECTION 1ST COLUMN TURNS OFF   
                                                          SOURCE OR TALLY COMPLETELY) 
[SECTION PENELOPE+PENGEOM v.2003-04-21] 
(ICP6PbCuShield.geo                 )    GEOMETRY FILE NAME (*** 30 characters ***) 
(Cs137Mat02.mat                       )    MATERIAL FILE NAME (*** 30 characters ***) 
 0                                                      No. OF MATERIALS EXPECTED IN MAT FILE (0 for  
                                                         AUTO) 
[END OF SECTION] 
#[SECTION TALLY SPATIAL DOSE DISTRIB v.2003-04-01] 
# 0.0 0.0   0                                    XMIN,XMAX(cm),NXBIN (0 for DX=infty) 
# 0.0 0.0   0                                    YMIN,YMAX(cm),NYBIN (0 for DY=infty) 
# 0.0 1.0   50                                  ZMIN,ZMAX(cm),NZBIN (0 for DZ=infty) 
# 1                                                  PRINT COORDINATES IN REPORT (1=yes,0=no) 
#[END OF SECTION] 
[SECTION TALLY ENERGY DEPOSITION PULSE SPECTRUM v.2003-04-01] 
 9                                                    DETECTION MATERIAL 
 0.0 1.332e6  20                             EMIN,EMAX(eV), No. OF E CHANNELS 
[END OF SECTION] 
#[SECTION TALLY FLUENCE TRACK LENGTH v.2003-04-22] 
# 2                                                  DETECTION MATERIAL 
# 1.0e2 1.0e9   100                        EMIN,EMAX(eV), No. OF E CHANNELS (LOG SCALE) 
#[END OF SECTION] 
# [SECTION TALLY PHASE SPACE FILE v.2004-04-06] 
#  2                                                DETECTION MATERIAL (NOT EQUAL 0) 
# (output.psf                              )   PHASE SPACE FILE NAME TO BE WRITTEN 
# [END OF SECTION] 
#[SECTION TALLY PARTICLE CURRENT SPECTRUM v.2005-02-05] 
# 2                                                  DETECTION MATERIAL 
# 0.0 1.0e9   100                            EMIN,EMAX(eV), No. OF E CHANNELS 
#[END OF SECTION] 
[SECTION INTERACTION FORCING v.2005-06-02] 
 0  0  0  10.0  1.0  1.0                   MAT,KPAR,ICOL,FORCING,WMIN,WMAX (SET   
                                                     MAT=0 TO END) 
[END OF SECTION] 
>>>> END OF INPUT>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 
 Mat  EABS(e-)  EABS(ph)  EABS(e+)  C1  C2    WCC      WCR    DSMAX DESCRIPTION 
 1      1.000e3     1.000e4      1.000e3       0.1   0.1   5.000e3  5.000e3  1.0e30    137Cs Standard  
 
>>>> INSTRUCTIONS >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> 
 
The input data file of the PENMAIN program is formed by a concatenation of 
sections, each one starting with a string of the type '[SECTION ...]'. A source or a tally 
can be activated by removing the character “#” in the first column of the 
corresponding section as well as in all lines following it. 
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We used the PENMAIN program to calculate the calibration figure for various mass of 
radioactive solution filling on 5 ml PTB ampoule, 10 ml P6 vial and 10R Schott Type 
1+ vials. In such a way the radionuclide volume correction factors are derived (see 
section 10.2). 
 
In preparing the input data files for various mass of radioactive solution the centre 
coordinates of the box enclosure and the box side’s dimensions are case sensitive. The 
outer diameters: 7.6 mm of the 5 ml PTB ampoule, 10.875 mm of the P6 vial and 12 
mm of the 10 R Schott Type 1+ vial are declared as box sides “x” and “y” on the input 
data files (see Table 9.4 for the case of P6 vial). 
  
The values of “z” dimensions as well as the centre coordinates of the box enclosure for 
each individual simulated case are given below on Tables 9.5, 9.6 and 9.7. Due to the 
symmetry about z-axis the “x” and “y” values of the centre coordinates of the box 
enclosure are respectively,  x = y = 0.  
 
Table 9.5  Data used for preparation of input files of PENMAIN program, for various mass of 
radioactive solution delivered on 5 ml PTB ampoule.* 
 
mass of radioactive 
solution filling the 

ampoule (g) 

height of the ampoule  
filled with solution (cm) 

“z-coordinate” 

centre coordinates of the 
box enclosure (cm) 

height of the ampoule filled 
with solution + 0.05 mm the 
thickness of 5 ml ampoule’s 

base (cm)** 
0.5 0.315720 0; 0; 0.207860 0.365720 
1.0 0.631441 0; 0; 0.365720 0.681441 
1.5 0.947162 0; 0; 0.523581 0.997162 
2.0 1.262883 0; 0; 0.681441 1.312883 
2.5 1.578604 0; 0; 0.839302 1.628604 
3.0 1.894325 0; 0; 0.997162 1.944325 
3.5 2.210046 0; 0; 1.155023 2.260046 
4.0 2.525767 0; 0; 1.312883 2.575767 
4.5 2.841488 0; 0; 1.470744 2.891488 
5.0 3.157209 0; 0; 1.628604 3.207209 

 
Table 9.6  Data used for preparation of input files of PENMAIN program, for various mass of 
radioactive solution delivered on P6 vial* 
 
mass of radioactive 
solution filling the 

ampoule (g) 

height of the ampoule  
filled with solution (cm) 

“z-coordinate” 

centre coordinates of the 
box enclosure (cm) 

height of the ampoule filled 
with solution + 0.12 the 

thickness of P6vial’s base** 
1 0.340054 0; 0; 0.290027 0.460054 
2 0.680108 0; 0; 0.460054 0.800108 
3 1.020162 0; 0; 0.630081 1.140162 
4 1.360216 0; 0; 0.800108 1.480216 
5 1.700271 0; 0; 0.970135 1.820271 
6 2.040325 0; 0; 1.140162 2.160325 
7 2.380379 0; 0; 1.310189 2.500379 
8 2.720433 0; 0; 1.480216 2.840433 
9 3.060488 0; 0; 1.650244 3.180488 
10 3.400542 0; 0; 1.820271 3.520542 
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Table 9.7  Data used for preparation of input files of PENMAIN program, for various mass of 
radioactive solution delivered on 10R Schott Type 1+ vial* 
 
mass of radioactive 
solution filling the 

ampoule (g) 

height of the ampoule  
filled with solution (cm) 

“z-coordinate” 

centre coordinates of the 
box enclosure (cm) 

height of the ampoule filled 
with solution + 0.10 the 
thickness of 10R Schott 

vial’s base** 
1 0.263066 0; 0; 0.231533 0.363066 
2 0.526132 0; 0; 0.363066 0.626132 
3 0.789198 0; 0; 0.494599 0.889198 
4 1.052264 0; 0; 0.626132 1.152264 
5 1.315330 0; 0; 0.757665 1.415330 
6 1.578396 0; 0; 0.889198 1.678396 
7 1.841462 0; 0; 1.020731 1.941462 
8 2.104528 0; 0; 1.152264 2.204528 
9 2.367594 0; 0; 1.283797 2.467594 
10 2.630660 0; 0; 1.415330 2.730660 

* We have to note here that data presented on Tables 9.5, 9.6 and 9.7 are valid only when the system 
centre coordinates of the simulated structure is fixed respectively at the lower part of the ampoule’s 
base and vial’s base (depending from the type of container) as shown on Figures 7.18a; 7.19a; 7.22a-b; 
7.24a and 7.25a-b. 
 
** Data presented on the fourth column on Tables 9.5, 9.6 and 9.7 are used to modify the geometry 
data file of the simulated models constructed by the reduced quadric surfaces. They correspond to the 
“z” coordinates of the upper plane which limits the volume of radioactive solution supplied on 5 ml 
PTB ampoule, 10 ml P6 and 10R Schott Type 1+ vial. Heights of the sources presented in the second 
column of these tables are calculated by the formula giving the volume of cylinder, V = πr2h, where r 
is the inner radius of the ampoule/vials. Explanations related to the decimal digits of the real number 
presented on Tables 9.5, 9,6 and 9.7 are given on section 11.4.  
 
 
9.4 Input File for Simulation of Beta Spectra 
 
In this work we run also the simulation for pure beta emitters. The same main 
programs PENCYL and PENMAIN have been used for such a purpose but the only 
difference was in declaring the energy spectra (see Tables 9.2 and 9.4) instead of 
monoenergetic gamma line on the input data file. 
The beta decay is a process of emission of negatrons/positrons from nuclei having 
imbalances in the ration of neutrons to protons. A neutrino/antineutrino which is a 
particle of zero charge accompanies the beta-particle emission. Because either a 
neutrino or an antineutrino is emitted simultaneously with the beta particle, there is a 
spectrum of energies for the electron or positron, depending upon what fraction of the 
reaction energy is carried by the massive particle /L’Annunziata 03; Lieser 01/.  
The shape of this energy curve can be predicted from the Fermi theory of beta decay. 
The theory of beta decay leads to expressions for the shape /Tschurlovits 06/ of the 
beta spectrum, i.e. for the energy distribution of the emitted electron/positron. Beta 
spectra are classified into various degress of forbiddenness depending on the spin and 
parity changes /ICRP 38 81-85/ that occur between the parent and daughter nuclei, 
Table 9.8 
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Table 9.8  Classification of beta transition according to the spin and parity changes. /ICRP 38 
83/ 

Classification of beta spectrum  Nuclear spin change  Parity Change 
Allowed    0, ±1 (but not 0→0   No 
First forbidden nonunique   0, ±1    Yes 
First forbidden unique   0, ±2    Yes 
Second forbidden nonunique   0, ±2    No 
Second forbidden unique   0, ±3    No 
Third forbidden nonunique   0, ±3    Yes 
Third forbidden unique   0, ±4    Yes 

 
The analytical beta spectra have been coded in the FORTRAN function FERMI. The 
FORTRAN subroutine6 performs the random sampling of the initial energy of a beta 
ray according to the theoretical Fermi distribution /Mantel 72/. The program reads data 
from the input data file “*.in” (information about mass number of daughter nucleus, 
atomic number of daughter nucleus, maximum kinetic energy of beta ray (in eV) and 
kind of beta transition) and produce the output file which contains information of 
theoretical beta spectrum as well as Monte-Carlo simulated spectrum. The input data 
file of 90Y radionuclide is shown on Figure 9.2. 
 
 
 

 
 
 
 

 
Fig. 9.2  Input data file of 90Y pure beta radionuclide. 

 
Results of Monte-Carlo simulations for: 90Y with Emax = 2.284 MeV, 90Sr with Emax = 
0.546 MeV and 18F with Emax = 0.6335 MeV are shown on Figures 9.3; 9.4 and 9.5. 
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              Fig. 9.3  Random sampling of 90Y beta spectrum. 

                                                 
6  Francesc Salvat, Faculty of Physics, University of Barcelona, Diagonal 647, 08028, Barcelona Spain, private 
communication, July 2005. 
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              Fig. 9.4  Random sampling of 90Sr beta spectrum. 
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              Fig. 9.5  Random sampling of 18F beta spectrum. 

 
The output file “spectrum.dat” gives the information to be used in constructing the 
input data file for running the Monte-Carlo simulation of beta emitters (see, the line 
energy spectrum at Tables 9.1 and 9.4). The beta spectrum is divided in 200 bins and 
for each one the energy bin of the beta spectrum and the associated relative 
probability, integrated over the bin is calculated. The simulated data of 90Y, 90Sr and 
18F radionuclides are given on the Appendix B, Tables I, II and III.  
 
 
9.5 Simulation parameters 
 
As we can see from the Tables 9.1 and 9.4 they contain information about the 
simulation parameters selected by the user, one for each material in the simulated 
structure. Determination of the values of the simulation parameters is with high 
importance due to the fact that they can determine the speed and accuracy of the 
simulation process.  
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In selecting the simulation parameters for Monte-Carlo simulation previous study on 
the simulation parameters has been undertaken in order to find out the best 
compromise between the speed and accuracy of the calculation. On the other hand we 
tried several values in manner to check the influence on the simulation results /Kryeziu 
06, 1/. 
 
The following values have been applied during our simulation work on well-type 
ISOCAL IV ionization chamber.  
 

 the elastic scattering parameters C1 and C2 were respectively 0.1 and 0.2  
 

 the cut-off energy losses for inelastic collisions, WCC(M) and for 
bremstrahlung emission, WCR(M) were assumed to be 5 keV in all materials 
composing the simulated structure 

 
 the cut-off energy for positrons, photons and electrons were assumed to be 

1.0E4 eV. 
 

In case of studying the energy response of the ISOCAL IV ionization chamber to beta 
emitters the values of simulation parameters were assumed to be, C1 = 0.1; C2 = 0.1; 
WCC(M) = 1.0E3 eV; WCR(M) = 1.0E3 eV and the cut-off energy for positrons, 
photons and electrons were assumed to be 1.0E4 eV. 
 
 
9.6 The simulation time 
 
The Monte-Carlo simulation time is calculated by  the equation (FOM, figure of merit) 
which measure the performance (efficiency) of the MC algorithm /Salvat 03-05/. The 
efficiency (sec-1) of a MC algorithm is given by, 
 

                                                         
T

Q

Q
Q

1
2

⎟
⎟
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⎞
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⎝

⎛
=

σ
ε ,                                                  (9.1) 

 
where, “Q” is the quantity to be evaluated by simulation which in our case 
corresponds to the energy deposited , E , on the gas sensitive volume of the ISOCAL 
IV ionization chamber.  
From equation (9.1) the time needed to get a relative uncertainty (σE/E) is calculated 
as, 
 

                                                          
EE E

T
εσ 2)/(

1
= ,                                               (9.2) 

 
where the efficiency of the MC algorithm Eε  is calculated by running short time 
simulations. Results of short time (few minutes) simulation of 1332.5 keV gamma-ray 
of 60Co are shown on Figure 9.6. 
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Fig. 9.6  PENMAIN short time (∼ 6 min) results of simulation of the 1332.5 keV 

gamma-ray of 60Co on the well type ISOCAL IV ionization chamber with lead and copper 
shielding, pressurized at 1.190E-02 g/cm3. The simulated source corresponds to a 4g 
radioactive standard solution supplied on 10 ml, P6 vial. 
 
This is to say that to get a relative uncertainty of 0.8 % for the deposited energy on the 
nitrogen gas of ISOCAL IV IC for the 1332,5 keV gamma line of 60Co (see Figure 9.3) 
the simulation time must be,  
 

          270971
)(0676628,5)8.0(

1
12 ≈

−∗
= −sE

T sec ≈ 3.136 days                     (9.3) 

 
The simulation time is depending from the energy of gamma-rays to be simulated. The 
simulation time is increased with decreasing the energy of simulated gamma-rays. In 
our Monte-Carlo simulations a simulation time of T = 8 x 105 sec is applied which 
ensures all the relative uncertainties to be less than 0.5 %. 
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10 Handling the Simulation Results 
 
10.1 Calculation of Radionuclide Calibration Figure 
 
The PENELOPE computer code system for Monte-Carlo simulation of electron and 
photon transport was used to calculate the calibration factors (pA/MBq) of 
radionuclides on well-type ISOCAL IV pressurized re-entrant ionization chamber. The 
PENELOPE code was installed on three computers using Windows® as operating 
system. 
 
We use the PENELOPE simulation computer code to calculate the mean energy 
deposited in the sensitive volume of the gas of the well-type ISOCAL IV ionization 
chamber for a series of mono-energetic photons as well as from beta particles, emitted 
from the aqueous solution in the 5ml PTB ampoule, 10 ml P6 vial and 10 R Schott 
Type 1+ vial. 
 
The chamber ionization /Knoll 89/ current “I” expected to be produced on the sensitive 
volume of the chamber is calculated by the following formula, 
 

                   ,1

W

pEeA
I

n

i
ii∑

=

∗∗
=                                                 (10.1) 

where  
 
I  ionization current (A) 
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A total gamma emission rate 
e electron charge 1.6021892x10-19 C 
W mean energy (eV) required to produce one ion pair in the filling gas of the   
           ionization chamber (see Table 4.1). 

i

n

i
i pE∑

=1
 total energy deposited on the gas of the ionization chamber calculated as the     

the sum of the product of energy deposited per emitted photon “Ei”of the “i-th”     
gamma line with the emission probability “pi”  per decay of this gamma ray of 
the radionuclide under consideration. 

 
That is to say, for a given radionuclide, XA

Z , we have the total deposited energy 
calculated by, 

                                               i

n

i
iX pEE A

Z
∑
=

=
1

)(                                                       (10.2) 

 
Substituting the equation (10.2) to the equation (10.1) we can write that  
 

                                              ,)(

W

eEA
I XA

Z
∗∗

=                                                          (10.3) 

 
The equation (10.1) is valid only assuming the charge collection in the sensitive 
volume of the chamber to be 100%, otherwise the recombination correction factor 
must be taken into account.  
 
Another equivalent expression for the chamber ionization current will be; 
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Z

CfAI ∗=                                                       (10.4) 
 

where the 
)( XA

Z
Cf  is so called the calibration factor (A/Bq) of the radionuclide XA

Z  for a 
given type of radionuclide calibrator. 
 
The relationship between the calibration factor 

)( XA
Z

Cf (A/Bq) with the total energy 
deposited in the nitrogen filling gas /De Vismes 03; Gostley 00/ of the “4γπ” ISOCAL 
IV IC from the radionuclide XA

Z  is, 
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In units of pA/MBq the calibration figure 

)( XA
Z

Cf can be expressed as: 
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Regarding beta emitters, their limited contribution to the energy deposited in the 
sensitive volume of the chamber is due to production of bremstrahlung photons able to 
reach the sensitive volume of the chamber, when the beta particles are decelerated in 
their way travelling to the matter.  
In such a case the energy on the equation (10.2) is the energy deposited on the gas of 
the chamber by beta particles. In preparing the input file of Monte-Carlo simulation for 
beta emitters the beta spectra are pre-simulated as it was described on Section 9.4. 
 
The simulation in all cases was performed for more than 107 histories.  
 
 
10.1.1 Output Results of PENYL Program 
 
Once the simulation process is finished the program output the results in a number of 
files with fixed name, “*.dat”. The output file “pencyl.dat” gives a detail reports on the 
average deposited energies (per primary shower) and the associated uncertainty for 
each body composing the simulated structure. The uncertainties values of the 
PENCYL results are standard uncertainties with a coverage factor k = 3. 
 
Our simulated structure of the ISOCAL IV ionization chamber without shielding is 
composed of 316 elementary volume but only 44 of them are integral parts of the 
sensitive volume of the ionization chamber. 
 
For each monoenergetic photon or beta particle the deposited energy Ei in the nitrogen 
gas of ISOCAL IV ionization chamber is calculated by the formula, 
 

                                                             ∑
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44
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ni EE                                                    (10.7) 

 
The associated uncertainty of the total energy deposited is calculated by the error 
propagation formula expressed as, 
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where Enσ is the standard deviation of the energy deposited in the “n-th” elementary 
volume consisting of nitrogen gas. 
 
 
10.1.2  Output Results of PENMAIN Program 
 
When the simulation is done all results are written to the output file “penmain.out”. 
Additionally, partial results such as requested tally (see Table 9.4) are written in a 
number of files with fixed name “*.dat”. They are used by the GNUPLOT program to 
plot the calculated results. The uncertainties values of the PENMAIN results are 
standard uncertainties with a coverage factor k = 2. An example of the output file 
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“penmain.out” is given below on Figure 10.1. It corresponds to the Monte-Carlo 
simulation result of 122.06 keV gamma ray emitted from an isotropic source of 4g 
57Co in a 10 R Schott Type 1+ vial. The simulation is done for well-type ISOCAL IV 
ionization chamber without shielding, pressurized at 1.1900E-02 g/cm3. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10.1  PENMAIN results of simulation of the 122.06 keV gamma line of 57Co on 

the well type ISOCAL IV ionization chamber without shielding and pressurized at 1.190E-02 
g/cm3. The simulated source consists of 4g radioactive solution supplied on 10 R Schott Type 
1 + vial. 
 
The output file “penmain.out” points out the total energy deposited in the detection 
material (nitrogen gas) per primary simulated history, which is used to calculate the 
radionuclide calibration factor by applying the equation (10.6). 
 
 
10.2 Calculation of Radionuclide Volume Correction Factors 
 
As it was mentioned on section 5.6.5 the measured ionization current must be 
corrected for source of varying solution volume. This must be done due to the fact that 
as volume of solution in the ampoule or vial changes so too does the absorption of the 
emitted radiation by the sample itself. For such a purpose construction of the 
correction curve (mass of solution versus the measured ionization current or 
calibration figure) solves this problem. Applying the volume correction factor is very 
important in case of beta emitters due to high self-absorption of the beta particle in the 
solution material of ampoules and vials.  
 
For calculation of the volume correction factors /Woods 05; Kryeziu 06, 2/ for 
radionuclides in 5 ml PTB standard ampoule, P6 and 10 R Schott Type 1+ vials we 
proceeded as following:  
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Regarding the 5 ml PTB standard ampoule we run the Monte-Carlo simulation for 1 
ml of radioactive solution. After that the geometry of the container is modified by 
making the proper change at the geometry definition data file and 2 ml of solution is 
simulated. Following this way we end up with calculation of calibration factors at 
volumes of 1, 2, 3, 4 and 5 ml, Figure 10.2. 
 

                                                    
 

Fig. 10.2  Geometry of 5 ml PTB standard ampoule filled with 1, 2, 3, 4 and 5ml 
radioactive solution constructed by reduced quadric surfaces. The pictures are displayed on 
the plane XZ perpendicular to Y-axis at Y = 0. 
 
For 10 ml, P6 vial and 10 R Schott Type 1+ vial we start running the Monte-Carlo 
simulation for about one-tenth of the maximum volume of the vials and the calibration 
factors are calculated. After that the geometries of the containers are modified by 
making the proper change at the geometry definition data file by increasing the volume 
of radioactive solution again by one-tenth of the max volume and the calibration 
factors are calculated. Following this way we end up with calculation of calibration 
factors at volumes of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 ml, Figures 10.3 and 10.4 
 

          
 

Fig. 10.3  Geometry of 10 ml, P6 vial filled with 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10ml 
radioactive solution constructed by reduced quadric surfaces. The pictures are displayed on 
the plane XZ perpendicular to Y-axis at Y = 0. 
 

          
 

Fig. 10.4  Geometry of 10R Schott Type 1+ vial filled with 1, 2, 3, 4, 5, 6, 7, 8, 9 and 
10ml radioactive solution constructed by reduced quadric surfaces. The pictures are displayed 
on the plane XZ perpendicular to Y-axis at Y = 0. 
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The calculated calibration factor “Cf0” at the normalising mass “m0” of the radioactive 
solution was determined by plotting the calculated calibration factors against the 
individual mass of solution “m”. A mass of radioactive solution m0 = 3g is used as 
normalising mass for solution in 5 ml PTB standard ampoule and m0 = 4 g for P6 and 
10R Schott Type 1+ vials.  
The ratio of “Cf0/Cf” is plotted versus “m-m0” and by applying the least squares fitting 
method a second order polynomial fit was then made to these Monte-Carlo calculated 
data. The fitted second order polynomial gives a reasonable approximation to the 
volume correction factor expressed by,  
 

                                    1)()( 01
2

02 +−+−= mmamma
Cf
Cfo

                                      (10.9) 

where, 
 
Cfo - calculated calibration factor at the nominal mass “m0” of the radioactive    

solution: A mass of 3g for 5 ml PTB standard ampoule and 4g for P6 and 10R 
Schott Type 1+ vials are used as nominal masses. 

 
Cf - calculated calibration factor at an individual mass “m” of the radioactive solution. 
 
a1 and a2 are the volume correction factor derived from the second order polynomial 
used to fit the simulated data of the calibration figures. 
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11 Results 
 
The radionuclide calibration figure for the ISOCAL IV well-type pressurized re-
entrant ionization chamber, calculated by using the PENELOPE Monte-Carlo 
simulation computer code, are given.  
The simulated radionuclides include gamma and beta emitters where for some of them 
the ISOCAL IV ionization chamber was not calibrated. Regarding the radionuclides 
for which the ISOCAL IV ionization chamber was not calibrated the volume 
correction factors are derived. 
Results of calibration figures of Monte-Carlo simulation for the ISOCAL IV well-type 
pressurized ionization chamber presented in this chapter include the following:  
 
11.1 Calibration Figure and Volume Correction Factors for Radioactive 
Solutions on 5 ml PTB standard ampoule 
 
We run the simulations for 3 g of radioactive solution on 5 ml PTB standard ampoule, 
Figure 5.9a, centred at the position of the maximum response of the ISOCAL IV well-
type pressurized ionization chamber for cases: i) without shielding; Figure 7.18a ii) 
lead shielding, Figure 7.21a and iii) lead and copper shielding Figure 7.24a.  
 
The equation (10.6) is used to calculate the radionuclide calibration factors by treating 
the Monte-Carlo simulated data. For each case the effect of variation of the calculated 
calibration figures versus the nitrogen gas pressure in the range from 1.0000 MPa 
(1.1653E-02 g/cm3) up to 1.0995 MPa (1.2813E-02 g/cm3) is investigated and the 
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calculated data are plotted. Applying the least squares fitting method a linear function 
fit is made to the Monte-Carlo calculated data. The SigmaPlot® softwares 
/SigmaPlot® 97, 1; SigmaPlot® 97, 2/ are used for data fitting. The reason of using a 
linear function was that linearity of calibration factor versus the density of nitrogen gas 
are observed (see section 11.1.2) for a wide range of nitrogen gas density.  
 
For a better view of the graphical presentation the error bars are shown only for the 
case of 50 mm thick of lead and additionally 3 mm thick of copper shielding. 
 
The radionuclides studied are: 7Be, 18F, 22Na, 24Na, 54Mn, 57Co, 59Fe, 60Co, 65Zn, 85Sr, 
88Y, 90Sr - 90Y, 99mTc, 109Cd, 125I, 129I, 131I, 133Ba,137Cs, 177Lu, 177mLu, 210Pb, and 241Am.  
 
The nuclear data used were interrogated from: /Bé 04; http://www-nds.iaea.org; ICRP 
38 83;Pfenning 98/. 
 
For radionuclides to which the ionization chamber was not calibrated the calibration 
factor for various mass of radioactive solution filling the 5 ml PTB standard ampoule 
are given and the volume correction factors are derived by using the equation (10.9). 
 
While the pressure given by manufacture is approximately 1.0000 MPa (1.1653 g/cm3) 
we found (see section 11.1.3) the best ratios of calculated to experimental calibration 
factors were obtained when assuming a pressure value of 1.0212 MPa (1.1900 g/cm3). 
Based on such conclusions the volume correction factors are derived for nitrogen gas 
pressure 1.0212 MPa (1.1900E-02 g/cm3). For a few number of radionuclide the 
volume correction factors are also reported for nitrogen gas density 1.1653E-02 g/cm3 
(1.0000 MPa) and 1.2025E-02 g/cm3 (1.0319 MPa) respectively.  
 
The response of the ISOCAL IV well-type ionization chamber versus the photon 
energy, so called the Sensitivity Function, S(E), for the radioactive solution on 5ml 
standrad ampoule is calculated and presented for a range of gamma lines energy 
starting from 13.3657 keV (corresponding to 85Sr radionuclide) till up to 3220 keV 
(corresponding to the gamma line of 88Y radionuclide).  
 
To validate the calculated results the Monte-Carlo simulation calculated and 
experimental calibration figures available from National Primary Laboratory (NPL), 
England are compared and presented graphically. 
 
The calibration figures for the above mentioned radionuclides are given on following 
in the alphabetic order. The expanded uncertainties quoted in each case are for a 
coverage factor of 1 (k =1), corresponding to a 68 % confidence level. 
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Americium-241 
 
241Am (T1/2 = 432.6 (6) years) decays /Bé 04; Calib. Certificate PTB 01, 1/ 100 % by 
alpha transition to 237Np. The major part of the decay populates the exited level of 
237Np with energy of 59.54 keV. The calculated calibration figures for 241Am are 
shown on Table 11.1 and the variations of the calibration figures of 241Am versus the 
density of nitrogen gas of ISOCAL IV IC for cases: i) without shielding, ii) lead 
shielding and iii) lead and copper shielding are presented on Figure 11.1.  
 
Table 11.1  MC calculated calibration figures of Am-241  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 241.38E-03 0.678 
1.1900E-02 245.61E-03 0.670 
1.2025E-02 247.79E-03 0.681 
1.2492E-02 255.76E-03 0.679 
1.2813E-02 

without 
shielding 

261.29E-03 0.688 
 

1.1653E-02 240.73E-03 0.709 
1.1900E-02 244.89E-03 0.698 
1.2025E-02 247.25E-03 0.689 
1.2492E-02 256.39E-03 0.701 
1.2813E-02 

50 mm thick 
of lead 

shielding 
262.40E-03 0.704 
 

1.1653E-02 241.42E-03 0.685 
1.1900E-02 245.95E-03 0.683 
1.2025E-02 248.12E-03 0.679 
1.2492E-02 255.40E-03 0.681 

 
 

Am-241 
 
 

1.2813E-02 

50 mm thick of 
lead and 3 mm 
thick of copper 

shielding 
260.91E-03 0.678 

Lead Shielding:
y = 18,887655x + 0,020352

R2 = 0,999392

Pb & Cu Shielding:
y = 16,561822x + 0,048700

R2 = 0,999132

Without Shielding:
y = 17,160914x + 0,041410

R2 = 0,999996
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Fig. 11.1  Calibration figure of 241Am versus the density of nitrogen gas of ISOCAL IV IC.
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Volume correction factors for 241Am. 
 
The volume correction factors for 241Am are determined from Monte-Carlo 
simulations results of the variation in the response of the ISOCAL IV ionization 
chamber with the volume of solution in the 5 ml PTB standard ampoule (see Figure 
10.2). The Monte-Carlo calculation are done for mass of solution from 1 g up to 5 g 
and the calibration figures are calculated for each case respectively. The simulated 
results are shown on Tables 11.2a-b. The second order polynomials (see Figures 
11.2a-b and 11.3) are used to fit the simulated data and to derive the volume correction 
factors. The calculated volume correction factors are shown on Table 11.3.  
 
Table 11.2a  Results of 241Am for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case without shielding. 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.247841 0.001663 -2.0 0.991009 0.009399 
2.0 0.246217 0.001648 -1.0 0.997543 0.009449 
3.0 0.245612 0.001646 0.0 1.000000 0.009479 
4.0 0.245501 0.001646 1.0 1.000454 0.009485 
5.0 0.244729 0.001636 2.0 1.003609 0.009502 
 

Table 11.2b  Results of 241Am for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case with lead and copper 
shielding 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.248106 0.001686 -2.0 0.991344 0.009554 
2.0 0.246601 0.001695 -1.0 0.997394 0.009667 
3.0 0.245958 0.001680 0.0 1.000000 0.009660 
4.0 0.244980 0.001666 1.0 1.003992 0.009677 
5.0 0.244500 0.001687 2.0 1.005961 0.009767 
 

(a)  mass in gram of the simulated radioactive standard solution  
(b)  Cf is the Monte-Carlo calculated calibration factor (pA/MBq) 
(c)   ∆Cf is the combined uncertainty (calculated by taking into account the following components: 

deposited energy; emission probability and W-value) of the calculated calibration factor 
(pA/MBq) for a coverage factor k =1 (see section 11.4) 

(d)    (m - m0) is the difference between the nominal mass of “m0 = 3g” and the individual mass “m”   
             of the radioactive standard solution on 5 ml PTB standard ampoule 
(e)  Cfo/Cfm is the ratio of the calculated calibration factor for the nominal mass of “m0 = 3g” to 

the calculated calibration factor corresponding to the individual mass “m” 
(f)   ∆(Cfo/Cfm) is the uncertainty of the ratio Cfo/Cfm for a coverage factor k = 1. 
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Fig. 11.2a  Calibration factor of 241Am for the ISOCAL IV ionization chamber 

without shielding, versus mass of solution in a 5 ml PTB standard ampoule for density of 
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.2b  “Cfo/Cfm” of 241Am versus “m-mo” for the ISOCAL IV ionization 

chamber without shielding for mass of solution in a 5ml PTB standard ampoule and nitrogen 
gas density 1.1900E-02 g/cm3. 

 



11. Results 
 

 141 

y = 0,000123x2 - 0,001618x + 0,249536
R2 = 0,991065

2,40E-01

2,45E-01

2,50E-01

2,55E-01

0 1 2 3 4 5 6

Mass of Solution (g)

C
al

ib
ra

tio
n 

Fa
ct

or
 (p

A
/M

B
q)

y = -0,000484x2 + 0,003583x + 1,000706
R2 = 0,991179

0,90

0,94

0,98

1,02

1,06

-3 -2 -1 0 1 2 3

m - mo (g)

C
fo

/C
fm

 
           a)                      b) 
 
Fig. 11.3  a) Calibration factor of 241Am for the ISOCAL IV ionization chamber with lead and copper shielding, versus mass of solution in a 5 ml 
PTB standard ampoule for density of nitrogen gas 1.1900E-02 g/cm3;  b) “Cfo/Cfm” of 241Am versus “m-mo” for the ISOCAL IV ionization 
chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and density of nitrogen gas 1.1900E-02 g/cm3. 
 
Table 11.3  5 ml PTB standard ampoule calibration figure (for a mass of 3g) and volume correction factors coefficients of a second order 
polynomial (normalising mass 3g) for the ISOCAL IV ion chamber for 241Am radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure 
uncertainty % (k =1) 

Volume correction factor 
(a1) 

Volume correction factor 
(a2) 

Without Shielding 
241Am 245.612E-03 0.670 0.002811 -0.000626 

Lead and Copper Shielding 
241Am 245.958E-03 0.683 0.003583 -0.000484 
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Barium - 133 
 
133Ba (T1/2 = 10.44 (6) years) disintegrates /Bé 04; Calib. Certificate PTB 06, 1/ by 
electron capture to 133Cs via the exited state of 437 keV (86,1 %) and of 383,9 keV 
(13.9 %). The Monte-Carlo calculated calibration figures for 133Ba are shown on Table 
11.4 and the variations of the calibration figures of 133Ba versus the nitrogen gas 
density of ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead 
and copper shielding are presented on Figure 11.4.  
 
Table 11.4  MC calculated calibration figures of Ba-133  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 4.2121 0.615 
1.1900E-02 4.3049 0.620 
1.2025E-02 4.3419 0.617 
1.2492E-02 4.5100 0.602 
1.2813E-02 

without 
shielding 

4.6226 0.622 
 

1.1653E-02 4.2303 0.662 
1.1900E-02 4.3194 0.658 
1.2025E-02 4.3461 0.641 
1.2492E-02 4.5149 0.623 
1.2813E-02 

50 mm thick 
of lead 

shielding 
4.6099 0.647 

 
1.1653E-02 4.2256 0.654 
1.1900E-02 4.3058 0.623 
1.2025E-02 4.3451 0.643 
1.2492E-02 4.4990 0.633 

 
Ba-133 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 4.6280 0.630 

Without Shielding:
y = 352,828675x + 0,102100

R2 = 0,999738

Pb & Cu Shielding:
y = 343,926428x + 0,212859

R2 = 0,997969

Pb Shielding:
y = 329,297575x + 0,394434

R2 = 0,998208
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Fig. 11.4  Calibration figure of 133Ba versus the density of nitrogen gas of ISOCAL IV IC. 
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Beryllium -7 
 
7Be (T1/2 = 53.22 (6) days) disintegrates /Bé 04/ by electron capture either directly to 
the ground state of 7Li or via the 477.6035 keV of 7Li with emission probability 10.44 
%. The Monte-Carlo calculated calibration figures for 7Be are shown on Table 11.5 
and the variations of the calibration figures of 7Be versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.5. 
 
Table 11.5  MC calculated calibration figures of Be-7  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 51.162E-03 0.725 
1.1900E-02 51.898E-03 0.722 
1.2025E-02 52.435E-03 0.721 
1.2492E-02 53.879E-03 0.727 
1.2813E-02 

without 
shielding 

55.017E-03 0.720 
 

1.1653E-02 51.054E-03 0.844 
1.1900E-02 52.497E-03 0.847 
1.2025E-02 52.690E-03 0.841 
1.2492E-02 53.788E-03 0.843 
1.2813E-02 

50 mm thick 
of lead 

shielding 
54.845E-03 0.839 
 

1.1653E-02 51.524E-03 0.835 
1.1900E-02 52.484E-03 0.831 
1.2025E-02 52.952E-03 0.828 
1.2492E-02 54.679E-03 0.834 

 
 
 
 
 
 
 
 

Be-7 
 
 

1.2813E-02 

50 mm thick of 
lead and 3 mm 
thick of copper 

shielding 
55.983E-03 0.837 

Without Shielding:
y = 31,605771x + 0,144938

R2 = 0,985782
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Fig. 11.5  Calibration figure of 7Be versus the density of nitrogen gas of ISOCAL IV IC. 
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Volume correction factors for 7Be 
 
The volume correction factors for 7Be are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.2). The Monte-
Carlo calculation are done for mass of solution starting from 1 g up to 5 g and the 
calibration figures are calculated for each case respectively.  
 
The simulated results are shown on Tables 11.6a-b. Using such data the second order 
polynomials (see Figures 11.6a-b and 11.7a-b) are constructed and the volume 
correction factors are derived. The volume correction factor are shown on Table 11.7.  
 
Table 11.6a  Results of 7Be for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Without shielding. 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.526409 0.003775 -2.0 0.995914 0.010137 
2.0 0.524811 0.003746 -1.0 0.998949 0.010144 
3.0 0.524259 0.003786 0.0 1.000000 0.010214 
4.0 0.523902 0.003773 1.0 1.000681 0.010207 
5.0 0.523340 0.003733 2.0 1.001756 0.010170 

 
Table 11.6b  Results of 7Be for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Lead and copper shielding. 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.526546 0.004370 -2.0 0.996761 0.011707 
2.0 0.525211 0.004341 -1.0 0.999294 0.011713 
3.0 0.524840 0.004361 0.0 1.000000 0.011752 
4.0 0.524057 0.004307 1.0 1.001494 0.011705 
5.0 0.523520 0.004339 2.0 1.002521 0.011766 

(a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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Fig. 11.6a  Calibration factor of 7Be for the ISOCAL IV ionization chamber without 

shielding versus mass of solution in a 5 ml PTB standard  ampoule for density of nitrogen gas 
1.1900E-02 g/cm3. 
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Fig. 11.6b  “Cfo/Cfm” of 7Be versus “m-mo” for the ISOCAL IV ionization chamber 
without shielding for mass of solution in a 5ml PTB standard ampoule and density of  
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.7a  Calibration factor of 7Be for the ISOCAL IV ionization chamber 

with lead and copper shielding versus mass of solution in a 5 ml PTB standard  
ampoule for density of nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.7b  “Cfo/Cfm” of 7Be versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and 
density of nitrogen gas 1.1900E-02 g/cm3. 
 
Table 11.7  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ion chamber for 7Be radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty % 

(k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Without Shielding 
7Be 51.898E-03 0.722 0.001342 -0.000306 

Lead and Copper Shielding 
7Be 52.484E-03 0.831 0.001372 -0.000159 
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Cadmium – 109 
 
109Cd (T1/2 = 461.4(12) days) disintegrates /Bé 04; Calib. Certificate PTB 01, 6/ by 
electron capture to the exited level of 109Ag. The Monte-Carlo calculated calibration 
figures for 109Cd are shown on Table 11.8 and the variations of the calibration figures 
of 109Cd versus the density of nitrogen gas of ISOCAL IV IC for cases: i) without 
shielding  ii) lead shielding and iii) lead and copper shielding are presented on Figure 
11.8.  
 
Table 11.8  MC calculated calibration figures of Cd-109  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.16350 0.864 
1.1900E-02 0.16690 0.853 
1.2025E-02 0.16839 0.855 
1.2492E-02 0.17344 0.850 
1.2813E-02 

without 
shielding 

0.17789 0.849 
 

1.1653E-02 0.16332 0.843 
1.1900E-02 0.16656 0.821 
1.2025E-02 0.16817 0.840 
1.2492E-02 0.17428 0.834 
1.2813E-02 

50 mm thick 
of lead 

shielding 
0.17848 0.850 
 

1.1653E-02 0.16322 0.841 
1.1900E-02 0.16647 0.851 
1.2025E-02 0.16812 0.838 
1.2492E-02 0.17407 0.840 

 
Cd-109 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.17855 0.834 

Without Shielding:
y = 12,087567x + 0,022843

R2 = 0,997551

Pb & Cu Shielding:
y = 13,139187x + 0,010101

R2 = 0,999752

Pb Shielding:
y = 13,071841x + 0,010998

R2 = 0,9999980,160
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Fig. 11.8  Calibration figure of 109Cd versus the density of nitrogen gas of ISOCAL IV IC. 
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Ceasium - 137 
 
137Cs (T1/2 = 30.03(5) years) disintegrates /Bé 04/ by electron capture to 137Ba via the 
exited state of 661.66 keV (94.6 %) and to the ground state of 137Ba (5.4 %). The 
Monte-Carlo calculated calibration figures for 137Cs are shown on Table 11.9 and the 
variations of the calibration figures of 137Cs versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.9. 
 
Table 11.9  MC calculated calibration figures of Cs-137  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 5.59562 0.658 
1.1900E-02 5.71732 0.660 
1.2025E-02 5.78048 0.559 
1.2492E-02 6.09224 0.671 
1.2813E-02 

without 
shielding 

6.17811 0.639 
 

1.1653E-02 5.53594 0.781 
1.1900E-02 5.72656 0.771 
1.2025E-02 5.76368 0.790 
1.2492E-02 6.11276 0.764 
1.2813E-02 

50 mm thick 
of lead 

shielding 
6.22218 0.797 
 

1.1653E-02 5.62976 0.760 
1.1900E-02 5.74298 0.731 
1.2025E-02 5.83220 0.706 
1.2492E-02 6.07696 0.757 

 
Cs-137 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 6.18005 0.772 

Pb Shielding:
y = 605,152721x - 1,496473

R2 = 0,985186

Pb & Cu Shielding:
y = 488,816164x - 0,059727
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Fig. 11.9  Calibration figure of 137Cs versus the density of nitrogen gas of ISOCAL IV IC. 
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Cobalt - 57 
 
57Co (T1/2 = 271.80(5) days) disintegrates /Bé 04; Calib. Certificate PTB 05, 2/ to the 
exited levels of 57Fe by electron capture. The Monte-Carlo calculated calibration 
figures for 57Co are shown on Table 11.10 and the variations of the calibration figures 
of 57Co versus the density of nitrogen gas of ISOCAL IV IC for cases: i) without 
shielding  ii) lead shielding and iii) lead and copper shielding are presented on Figure 
11.10. 
 
Table 11.10  MC calculated calibration figures of Co-57 
  

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 1.17088 0.623 
1.1900E-02 1.19382 0.622 
1.2025E-02 1.20477 0.619 
1.2492E-02 1.24860 0.631 
1.2813E-02 

without 
shielding 

1.27703 0.627 
 

1.1653E-02 1.19435 0.711 
1.1900E-02 1.21647 0.715 
1.2025E-02 1.22805 0.709 
1.2492E-02 1.27618 0.720 
1.2813E-02 

50 mm thick 
of lead 

shielding 
1.30919 0.718 
 

1.1653E-02 1.18317 0.674 
1.1900E-02 1.20901 0.673 
1.2025E-02 1.22070 0.680 
1.2492E-02 1.26839 0.669 

 
Co-57 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 1.29761 0.672 

Without Shielding:
y = 91,761868x + 0,101677

R2 = 0,999903

Pb & Cu Shielding:
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R2 = 0,999177
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Fig. 11.10  Calibration figure of 57Co versus the density of nitrogen gas of ISOCAL IV IC. 
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Cobalt - 60 
 
60Co (T1/2 = 1925.28(14) days) disintegrates /Calib. Certificate PTB 05, 1; http://www-
nds.iaea.org/ to the exited levels of 60Ni by beta minus emissions. The Monte-Carlo 
calculated calibration figures for 60Co are shown on Table 11.11 and the variations of 
the calibration figures of 57Co versus the density of nitrogen gas of ISOCAL IV IC for 
cases: i) without shielding  ii) lead shielding and iii) lead and copper shielding are 
presented on Figure 11.11. 
 
Table 11.11  MC calculated calibration figures of Co-60  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 21.50819 0.588 
1.1900E-02 21.98869 0.591 
1.2025E-02 22.21372 0.578 
1.2492E-02 23.11278 0.600 
1.2813E-02 

Without 
Shielding 

23.71993 0.599 
 

1.1653E-02 21.58568 0.753 
1.1900E-02 21.96837 0.749 
1.2025E-02 22.04693 0.731 
1.2492E-02 23.20113 0.762 
1.2813E-02 

50 mm thick  
of lead 

shielding 
23.72993 0.744 
 

1.1653E-02 21.63870 0.740 
1.1900E-02 22.08664 0.720 
1.2025E-02 22.30956 0.711 
1.2492E-02 23.15048 0.728 

 
 
 
 
 
 
 
 

Co-60 
 
 

1.2813E-02 

50 mm thick 
of lead and 

3mm thick of 
copper 

shielding 23.73190 0.709 

Pb Shielding:
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R2 = 0,986977
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Fig. 11.11  Calibration figure of 60Co versus the density of nitrogen gas of ISOCAL IV IC. 
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Fluorine - 18 
 
18F (T1/2 = 1.8288(3) hours) disintegrates /http://www-nds.iaea.org/ 98.86 % by beta 
plus emission and 3.14 % by electron capture to the ground state of the stable nuclide 
18O. The beta plus particles are unstable in matter and an electron – positron 
annihilation occurs by creating two annihilation photons which are emitted in opposite 
directions.  
The Monte-Carlo calculated calibration figures for 18F are shown on Tables 11.12 and 
11.13. Variations of the calibration figures of 18F versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead and 
copper shielding are presented on Figures 11.12 and 11.13. 
The results are pointed out for two cases:  
 
I) two gamma-rays of 511.00 keV generated as results of annihilation of positrons 
during their interaction with matter are simulated and  
 
II) by direct simulating the beta spectrum of 18F with Emax = 635.5 keV. 
 
We have to note here that simulation of photons of 511.00 keV presents a bias because 
the gamma rays are not emitted randomly from the source due to the angular 
correlation. 
 
Case I. Simulation of two 511.00 keV gamma-rays 
 
Table 11.12  Case I. MC calculated calibration figures of F-18  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 10.06180 0.630 
1.1900E-02 10.26924 0.640 
1.2025E-02 10.39499 0.638 
1.2492E-02 10.80374 0.642 
1.2813E-02 

without 
shielding 

11.08013 0.629 
 

1.1653E-02 10.14071 0.768 
1.1900E-02 10.34989 0.775 
1.2025E-02 10.45069 0.769 
1.2492E-02 10.87042 0.751 
1.2813E-02 

50 mm thick 
of lead 

shielding 
11.14517 0.766 

 
1.1653E-02 10.16575 0.736 
1.1900E-02 10.41057 0.741 
1.2025E-02 10.46649 0.728 
1.2492E-02 10.82537 0.731 

 
F-18 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 11.13431 0.708 
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Fig. 11.12  Calibration figure of 18F versus the density of nitrogen gas of ISOCAL IV IC. 

 
 
Case II. Simulation of β+ particles (β+ spectrum). 
 
Table 11.13.  Case II. MC calculated calibration figures of F-18  
 

Radionuclide 
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 10.04653 0.600 
1.1900E-02 10.36830 0.610 
1.2025E-02 10.49812 0.621 
1.2492E-02 11.09103 0.611 
1.2813E-02 

without 
shielding 

11.46998 0.620 
 

1.1653E-02 10.07310 0.628 
1.1900E-02 10.39656 0.615 
1.2025E-02 10.53478 0.639 
1.2492E-02 11.13044 0.601 
1.2813E-02 

50 mm thick 
of lead 

shielding 
11.52179 0.626 

 
1.1653E-02 10.14152 0.636 
1.1900E-02 10.45235 0.641 
1.2025E-02 10.55833 0.628 
1.2492E-02 11.10548 0.631 

 
F-18 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 11.48115 0.608 
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R2 = 0,999674
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y = 1147,225063x - 3,221531

R2 = 0,999326
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Fig. 11.13  Calibration figure of 18F versus the density of nitrogen gas of ISOCAL IV IC. 
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Ion - 59 
 
59Fe (T1/2 = 44.495(8) days) decays /Bé 04; http://www-nds.iaea.org/ mainly to 1099.2 
keV (53.33 %), 1291.6 keV (45.21 %) and 1434.2 keV (1.25 %) exited levels of 59Co 
by beta minus emissions. Only a minor fraction decays directly to the ground state of 
59Co. The Monte-Carlo calculated calibration figures for 59Fe are shown on Table 
11.14 and the variations of the calibration figures of 59Fe versus the density of nitrogen 
gas of ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.14. 
 
Table 11.14  MC calculated calibration figures of Fe-59 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 10.34322 0.676 
1.1900E-02 10.61655 0.675 
1.2025E-02 10.70918 0.671 
1.2492E-02 11.19055 0.670 
1.2813E-02 

without 
shielding 

11.50091 0.669 
 

1.1653E-02 10.36645 0.796 
1.1900E-02 10.66473 0.798 
1.2025E-02 10.70960 0.798 
1.2492E-02 11.12118 0.796 
1.2813E-02 

50 mm thick 
of lead 

shielding 
11.54035 0.798 
 

1.1653E-02 10.31437 0.785 
1.1900E-02 10.61733 0.784 
1.2025E-02 10.73707 0.785 
1.2492E-02 11.24316 0.786 

 
Fe-59 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 11.57103 0.785 

Pb Shielding:
y = 968,639435x - 0,914268

R2 = 0,988681

Pb & Cu Shielding:
y = 1075,931103x - 2,204585

R2 = 0,999152

Without Shielding:
y = 994,066035x - 1,232257

R2 = 0,999269
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Fig. 11.14  Calibration figure of 59Fe versus the density of nitrogen gas of ISOCAL IV IC. 



11. Results 
 

 155

Iodine - 125 
 
125I (T1/2 = 59.400(10) days) decays /Bé 04; Calib. Certificate PTB 01, 9/ by electron 
capture to 35.49 keV exited level of 125Te. The Monte-Carlo calculated calibration 
figures for 125I are shown on Table 11.15 and the variations of the calibration figures 
of 125I versus the density of nitrogen gas of ISOCAL IV IC for cases: i) without 
shielding ii) lead shielding and iii) lead and copper shielding are presented on Figure 
11.15. 
 
Table 11.15  MC calculated calibration figures of I-125 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.46845 0.732 
1.1900E-02 0.47788 0.734 
1.2025E-02 0.48390 0.729 
1.2492E-02 0.50371 0.741 
1.2813E-02 

without 
shielding 

0.51489 0.736 
 

1.1653E-02 0.46807 0.728 
1.1900E-02 0.47911 0.712 
1.2025E-02 0.48400 0.730 
1.2492E-02 0.50246 0.725 
1.2813E-02 

50 mm thick 
of lead 

shielding 
0.51600 0.700 

 
1.1653E-02 0.46900 0.741 
1.1900E-02 0.47887 0.725 
1.2025E-02 0.48311 0.702 
1.2492E-02 0.50400 0.701 

 
I-125 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.51399 0.713 

Pb & Cu Shielding:
y = 39,890693x + 0,003906

R2 = 0,996567

Pb Shielding:
y = 40,858781x - 0,007590

R2 = 0,999560

Without Shielding:
y = 40,681356x - 0,005589

R2 = 0,998422
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Fig. 11.15  Calibration figure of 125I versus the density of nitrogen gas of ISOCAL IV IC. 
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Volume correction factors for 125I 
 
The volume correction factors for 125I are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.2). The Monte-
Carlo calculation are done for mass of solution starting from 1 g up to 5 g and the 
calibration figures are calculated for each case respectively.  
The simulated results are shown on Table 11.16a. Using such data the second order 
polynomials ( see Figures 11.16a-b) are constructed and the volume correction factors 
are derived. The volume correction factor are shown on Table 11.16b.  
 
Table 11.16a  Results of 125I for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case without shielding. 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.493251 0.003606 -2.0 0.968854 0.009976 
2.0 0.483768 0.003550 -1.0 0.987846 0.010191 
3.0 0.477888 0.003508 0.0 1.000000 0.010381 
4.0 0.475350 0.003473 1.0 1.005340 0.010349 
5.0 0.473825 0.003458 2.0 1.008575 0.010376 

(a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 

y = 0,001376x2 - 0,012980x + 0,504627
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Fig. 11.16a  Calibration factor of 131I for the ISOCAL IV ionization chamber with lead 

and copper shielding versus mass of solution in a 5 ml PTB standard ampoule for density of 
nitrogen gas 1.1900E-02 g/cm3 
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y = -0,002738x2 + 0,009694x + 0,999599
R2 = 0,997562
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Fig. 11.16b  “Cfo/Cfm” of 131I versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and 
density of nitrogen gas 1.1900E-02 g/cm3. 
 
 
Table 11.16b  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ionization chamber for 125I radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty %  

(k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Without Shielding 
125I 0.47788 0.734 0.009694 -0.002738 
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Iodine - 129 
 
129I (T1/2 = 16.1x106(7) years) disintegrates /Bé 04/ by 100 % beta minus emission to 
the exited level of 39.578 keV in 129Xe. The Monte-Carlo calculated calibration figures 
for 125I are shown on Table 11.17 and the variations of the calibration figures of 129I 
versus the density of nitrogen gas of ISOCAL IV IC for cases: i) without shielding ii) 
lead shielding and iii) lead and copper shielding are presented on Figure 11.17. 
 
Table 11.17  MC calculated calibration figures of I-129 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.30287 1.099 
1.1900E-02 0.30864 1.087 
1.2025E-02 0.31157 1.079 
1.2492E-02 0.32192 1.000 
1.2813E-02 

without 
shielding 

0.33001 1.095 
 

1.1653E-02 0.30311 1.103 
1.1900E-02 0.31074 1.107 
1.2025E-02 0.31150 1.109 
1.2492E-02 0.32260 1.101 
1.2813E-02 

50 mm thick 
of lead 

shielding 
0.33083 1.006 
 

1.1653E-02 0.30357 1.100 
1.1900E-02 0.31001 1.110 
1.2025E-02 0.31160 1.090 
1.2492E-02 0.32240 1.094 

 
I-129 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.33156 1.010 

Without Shielding:
y = 23,184945x + 0,032694

R2 = 0,999515

Pb & Cu Shielding:
y = 23,636734x + 0,028016

R2 = 0,995512

Pb Shielding:
y = 23,238530x + 0,032795

R2 = 0,993550
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Fig. 11.17  Calibration figure of 129I versus the density of nitrogen gas of ISOCAL IV IC. 
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Iodine - 131 
 
131I (T1/2 = 8.0233(19) days) disintegrates /Bé 04; http://www-nds.iaea.org/ by beta 
minus emission to the exited levels of 131Xe. The Monte-Carlo calculated calibration 
figures for 131I are shown on Table 11.18 and the variations of the calibration figures 
of 131I versus the density of nitrogen gas of ISOCAL IV IC for cases: i) without 
shielding; ii) lead shielding and iii) lead and copper shielding are presented on Figure 
11.18. 
 
Table 11.18  MC calculated calibration figures of I-131 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 3.96073 0.891 
1.1900E-02 4.04395 0.899 
1.2025E-02 4.06550 0.881 
1.2492E-02 4.20828 0.893 
1.2813E-02 

without 
shielding 

4.31449 0.901 
 

1.1653E-02 3.96260 0.881 
1.1900E-02 4.04452 0.901 
1.2025E-02 4.07400 0.901 
1.2492E-02 4.22240 0.897 
1.2813E-02 

50 mm thick 
of lead 

shielding 
4.32988 0.892 
 

1.1653E-02 3.960218 0.900 
1.1900E-02 4.041998 0.881 
1.2025E-02 4.070120 0.895 
1.2492E-02 4.219043 0.871 

 
I-131 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 4.324871 0.887 

Without Shielding:
y = 311,157190x + 0,326351

R2 = 0,996167

Pb Shielding:
y = 314,455478x + 0,297688

R2 = 0,999194

Pb & Cu Shielding:
y = 312,502120x + 0,318037

R2 = 0,999120
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Fig. 11.18  Calibration figure of 131I versus the density of nitrogen gas of ISOCAL IV IC. 
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Volume correction factors for 131I 
 
The volume correction factors for 131I are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.1). The Monte-
Carlo calculation are done for mass of solution starting from 1 g up to 5 g and the 
calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.19a-b. Using such data the second order 
polynomials (see Figures 11.19a-b and 11.20a-b) are constructed and the volume 
correction factors are derived. The volume correction factor are shown on Table. 
11.20.  
 
Table 11.19a  Results of 131I for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case without shielding. 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 4.065201 0.034635 -2.0 0.994774 0.012385 
2.0 4.055196 0.035791 -1.0 0.997229 0.012598 
3.0 4.043959 0.036355 0.0 1.000000 0.012713 
4.0 4.037564 0.035312 1.0 1.001583 0.012542 
5.0 4.034085 0.035136 2.0 1.002447 0.012517 

 
Table 11.19b  Results of 131I for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case with lead and copper 
shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 4.062073 0.035311 -2.0 0.995057 0.012383 
2.0 4.053058 0.034823 -1.0 0.997271 0.012312 
3.0 4.041998 0.035646 0.0 1.000000 0.012471 
4.0 4.035560 0.034588 1.0 1.001595 0.012297 
5.0 4.030768 0.035107 2.0 1.002785 0.012395 

(a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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Fig. 11.19a  Calibration factor of 131I for the ISOCAL IV ionization chamber without 

shielding versus mass of solution in a 5 ml PTB standard  ampoule for density of nitrogen gas 
1.1900E-02 g/cm3. 
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Fig. 11.19b  “Cfo/Cfm” of 131I versus “m-mo” for the ISOCAL IV ionization chamber 
without shielding for mass of solution in a 5ml PTB standard ampoule and density of  
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.20a  Calibration factor of 131I for the ISOCAL IV ionization chamber with lead 

and copper shielding versus mass of solution in a 5 ml PTB standard ampoule for density of 
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.20b  “Cfo/Cfm” of 131I versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and 
density of  nitrogen gas 1.1900E-02 g/cm3. 
 
Table 11.20  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ion chamber for 131I radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty % 

 (k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Without Shielding 
131I 4.04395 0.899 0.001970 -0.000312 

Lead and Copper Shielding 
131I 4.04199 0.881 0.001978 -0.000227 
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Lead -210 
 
210Pb (T1/2 = 22.20(22) years) disintegrates /Bé 04; Calib. Certificate PTB 01, 4/ to the 
exited levels (20%) and ground state (80%) of 210Bi by beta minus emissions. The 
Monte-Carlo calculated calibration figures for 210Pb are shown on Table 11.21 and the 
variations of the calibration figures of 210Lu versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.21. 
 
Table 11.21  MC calculated calibration figures of Pb-210 
  

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 23.105E-03 0.670 
1.1900E-02 23.567E-03 0.668 
1.2025E-02 23.785E-03 0.669 
1.2492E-02 24.548E-03 0.670 
1.2813E-02 

Without 
Shielding 

25.107E-03 0.670 
 

1.1653E-02 23.166E-03 0.670 
1.1900E-02 23.584E-03 0.698 
1.2025E-02 23.788E-03 0.682 
1.2492E-02 24.596E-03 0.670 
1.2813E-02 

50 mm thick 
of lead 

shielding 
25.115E-03 0.668 
 

1.1653E-02 23.115E-03 0.670 
1.1900E-02 23.543E-03 0.667 
1.2025E-02 23.751E-03 0.692 
1.2492E-02 24.569E-03 0.687 

 
 
 
 
 
 
 
 

Pb-210 
 
 
 

1.2813E-02 

50 mm thick 
of lead and 

3mm thick of 
copper 

shielding 25.109E-03 0.700 

Pb Shielding:
y = 1,687643x + 0,003501

R2 = 0,999874
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Fig. 11.21  Calibration figure of 210Pb versus the density of nitrogen gas of ISOCAL IV IC. 



11. Results 
 

 164

Volume correction factors for 210Pb 
 
The volume correction factors for 210Pb are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.2). This is done 
for density of nitrogen gas 1.1653E-02 g/cm3; 1.1900E-02 g/cm3 and 1.2025E-02 
g/cm3 including both cases without and lead and copper shielding respectively. The 
Monte-Carlo calculations are performed for mass of solution starting from 1 g up to 5 
g and the calibration figures are calculated for each individual case. The simulated 
results are shown on Tables 11.22a-f. Using such data the second order polynomials 
(see Figures 11.22a-f and 11.23a-f) are constructed and the volume correction factors 
are derived. The volume correction factors are shown on Table 11.23 
 
Table 11.22a  Results of 210Pb for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1653E-02 g/cm3. Without shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.023326 0.000156 -2.0 0.990357 0.009386 
2.0 0.023206 0.000157 -1.0 0.995482 0.009510 
3.0 0.023105 0.000155 0.0 1.000000 0.009487 
4.0 0.022983 0.000153 1.0 1.003572 0.009505 
5.0 0.022947 0.000153 2.0 1.005969 0.009540 

 
Table 11.22b  Results of 210Pb for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Without shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.023760 0.000159 -2.0 0.990473 0.009393 
2.0 0.023654 0.000159 -1.0 0.995041 0.009459 
3.0 0.023567 0.000157 0.0 1.000000 0.009459 
4.0 0.023515 0.000157 1.0 1.002981 0.009503 
5.0 0.023443 0.000157 2.0 1.004895 0.009513 

 
Table 11.22c  Results of 210Pb for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.2025E-02 g/cm3. Without shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.023984 0.000160 -2.0 0.991711 0.009388 
2.0 0.023852 0.000160 -1.0 0.997184 0.009455 
3.0 0.023785 0.000159 0.0 1.000000 0.009473 
4.0 0.023727 0.000158 1.0 1.002451 0.009498 
5.0 0.023662 0.000158 2.0 1.005216 0.009525 

(a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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Fig. 11.22a  Calibration factor of 210Pb for the ISOCAL IV ionization chamber 
without shielding versus mass of solution in a 5 ml PTB standard ampoule for density of 
nitrogen gas 1.1653E-02 g/cm3 
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Fig. 11.22b  “Cfo/Cfm” of 210Pb versus “m-mo” for the ISOCAL IV ionization 
chamber without shielding for mass of solution in a 5ml PTB standard ampoule and density of 
nitrogen gas 1.1653E-02 g/cm3. 
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                         c)                                                                                                                    d) 

Fig. 11.22c-d  c) Calibration factor of 210Pb for the ISOCAL IV ionization chamber with lead and copper shielding versus mass of solution in a 5 ml 
PTB standard  ampoule for density of nitrogen gas 1.1900E-02 g/cm3; d) “Cfo/Cfm” of 210Pb versus “m-mo” for the ISOCAL IV ionization chamber 
without shielding for mass of solution in a 5ml PTB standard ampoule and density of nitrogen gas 1.1900E-02 g/cm3. 
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       e)                                                                                                            f) 
Fig. 11.22e-f  e) Calibration factor of 210Pb for the ISOCAL IV ionization chamber with lead and copper shielding versus mass of solution in a 5 ml 
PTB standard ampoule for density of nitrogen gas 1.2025E-02 g/cm3; f) “Cfo/Cfm” of 210Pb versus “m-mo” for the ISOCAL IV ionization chamber 
without shielding for mass of solution in a 5ml PTB standard ampoule and density of nitrogen gas 1.2025E-02 g/cm3. 
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Table 11.22d  Results of 210Pb for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1653E-02 g/cm3. Lead and copper shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.023330 0.000155 -2.0 0.990357 0.009366 
2.0 0.023210 0.000155 -1.0 0.995482 0.009425 
3.0 0.023105 0.000154 0.0 1.000000 0.009475 
4.0 0.023022 0.000152 1.0 1.003572 0.009463 
5.0 0.022968 0.000154 2.0 1.005969 0.009541 

 
Table 11.22e  Results of 210Pb for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Lead and copper shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.023769 0.000152 -2.0 0.990473 0.009177 
2.0 0.023660 0.000162 -1.0 0.995041 0.009522 
3.0 0.023543 0.000157 0.0 1.000000 0.009444 
4.0 0.023473 0.000155 1.0 1.002981 0.009431 
5.0 0.023428 0.000156 2.0 1.004895 0.009485 

 
Table 11.22f  Results of 210Pb for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.2025E-02 g/cm3. Lead and copper shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.024000 0.000165 -2.0 0.989636 0.009656 
2.0 0.023860 0.000162 -1.0 0.995447 0.009671 
3.0 0.023751 0.000164 0.0 1.000000 0.009787 
4.0 0.023683 0.000162 1.0 1.002869 0.009781 
5.0 0.023626 0.000163 2.0 1.005269 0.009825 

(a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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                                a)                                                                                                     b) 

Fig. 11.23a-b  a) Calibration factor of 210Pb for the ISOCAL IV ionization chamber with lead and copper shielding versus mass of solution in a 5 ml 
PTB standard  ampoule for density of nitrogen gas 1.1653E-02 g/cm3; b) “Cfo/Cfm” of 210Pb versus “m-mo” for the ISOCAL IV ionization chamber 
with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and density of nitrogen gas 1.1653E-02 g/cm3. 
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                            c)                                                                                                                  d) 

Fig. 11.23c-d  c) Calibration factor of 210Pb for the ISOCAL IV ionization chamber with lead and copper shielding versus mass of solution in a 5 ml 
PTB standard  ampoule for density of nitrogen gas 1.1900E-02 g/cm3; d) “Cfo/Cfm” of 210Pb versus “m-mo” for the ISOCAL IV ionization chamber 
with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and density of nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.23e  Calibration factor of 210Pb for the ISOCAL IV ionization chamber with 
lead and copper shielding versus mass of solution in a 5 ml PTB standard ampoule for density 
of nitrogen gas 1.2025E-02 g/cm3. 
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Fig. 11.23f  “Cfo/Cfm” of 210Pb versus “m-mo” for the ISOCAL IV ionization 
chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule 
and density of nitrogen gas 1.2025E-02 g/cm3. 
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Table 11.23  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ion chamber for 210Pb radionuclide. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty %  

(k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Without Shielding. Density of nitrogen gas 1.1653E-02 g/cm3 
0.023100 0.6709 0.004244 -0.000434 

Without Shielding. Density of nitrogen gas 1.1900E-02 g/cm3 
0.023567 0.6689 0.003266 -0.000306 

Without Shielding. Density of nitrogen gas 1.2025E-02 g/cm3 
0.023785 0.6699 0.003228 -0.000413 

Lead and Copper Shielding. Density of nitrogen gas 1.1653E-02 g/cm3 
0.023115 0.6700 0.003931 - 0.000457 

Lead and Copper Shielding. Density of nitrogen gas 1.1900E-02 g/cm3 
0.023543 0.6678 0.003678 -0.000520 

Lead and Copper Shielding. Density of nitrogen gas 1.2025E-02 g/cm3 

 
210Pb 

0.023751 0.6921 0.003869 -0.000607 
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Lutetium - 177 
 
177Lu (T1/2 = 6.647(4) days) disintegrates 100 % by beta emission /Bé 04; http://www-
nds.iaea.org; ICRP 38 83/ to the ground and to three exited states of 177Hf. The Monte-
Carlo calculated calibration figures for 177Lu are shown on Table 11.24 and the 
variations of the calibration figures of 177Lu versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.24. 
 
Table 11.24  MC calculated calibration figures of Lu-177 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.34065 0.664 
1.1900E-02 0.34760 0.693 
1.2025E-02 0.35120 0.687 
1.2492E-02 0.36439 0.655 
1.2813E-02 

without 
shielding 

0.37350 0.670 
 

1.1653E-02 0.34105 0.880 
1.1900E-02 0.34816 0.868 
1.2025E-02 0.35204 0.847 
1.2492E-02 0.36569 0.868 
1.2813E-02 

50 mm thick 
of lead 

shielding 
0.37457 0.879 
 

1.1653E-02 0.34094 0.848 
1.1900E-02 0.34795 0.813 
1.2025E-02 0.35178 0.821 
1.2492E-02 0.36519 0.831 

 
Lu-177 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.37385 0.840 

Without Shielding:
y = 28,320188x + 0,010629

R2 = 0,999997

Pb & Cu Shielding:
y = 28,480041x + 0,009159

R2 = 0,999775

Pb Shielding:
y = 29,007494x + 0,003093

R2 = 0,999818
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Fig. 11.24  Calibration figure of 177Lu versus the density of nitrogen gas of ISOCAL IV IC. 
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Volume correction factors for 177Lu 
 
The volume correction factors for 177Lu are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.2). This is done 
for density of nitrogen gas 1.1653E-02 g/cm3; 1.1900E-02 g/cm3 and 1.2025E-02 
g/cm3 including both cases without shielding and lead and copper shielding. The 
Monte-Carlo calculations are done for mass of solution starting from 1 g up to 5 g and 
the calibration figures are determined for each individual case. The simulated results 
are shown on Tables 11.25a-f. Using such data the second order polynomials (see 
Figures 11.25a-b and 11.26a-f) are constructed and the volume correction factors are 
derived. The volume correction factors are shown on Table 11.26 
 
Table 11.25a  Results of 177Lu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1653E-02 g/cm3. Without shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.343138 0.002264 -2.0 0.992770 0.009299 
2.0 0.341323 0.002271 -1.0 0.998050 0.009387 
3.0 0.340658 0.002264 0.0 1.000000 0.009401 
4.0 0.339584 0.002248 1.0 1.003160 0.009412 
5.0 0.338741 0.002231 2.0 1.005656 0.009411 

 
Table 11.25b  Results of 177Lu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Without shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.350085 0.002427 -2.0 0.992914 0.009735 
2.0 0.348530 0.002386 -1.0 0.997343 0.009718 
3.0 0.347604 0.002409 0.0 1.000000 0.009803 
4.0 0.346414 0.002400 1.0 1.003436 0.009835 
5.0 0.345688 0.002350 2.0 1.005544 0.009763 

 
Table 11.25c  Results of 177Lu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.2025E-02 g/cm3. Without shielding. 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.353678 0.002408 -2.0 0.993000 0.009607 
2.0 0.352134 0.002437 -1.0 0.997354 0.009726 
3.0 0.351202 0.002413 0.0 1.000000 0.009717 
4.0 0.350018 0.002401 1.0 1.003381 0.009743 
5.0 0.349295 0.002372 2.0 1.005459 0.009713 
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Table 11.25d  Results of 177Lu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1653E-02 g/cm3. Lead and copper  shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.343473 0.002870 -2.0 0.992646 0.011819 
2.0 0.341571 0.002800 -1.0 0.998173 0.011775 
3.0 0.340948 0.002892 0.0 1.000000 0.011996 
4.0 0.339910 0.002872 1.0 1.003051 0.012011 
5.0 0.339031 0.002847 2.0 1.005651 0.012004 

 
Table 11.25e  Results of 177Lu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Lead and copper  shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.350456 0.002842 -2.0 0.992867 0.011403 
2.0 0.348898 0.002859 -1.0 0.997302 0.011513 
3.0 0.347956 0.002829 0.0 1.000000 0.011500 
4.0 0.346704 0.002806 1.0 1.003610 0.011516 
5.0 0.346050 0.002837 2.0 1.005507 0.011612 

 
Table 11.25f  Results of 177Lu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.2025E-02 g/cm3. Lead and copper  shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 0.354220 0.002882 -2.0 0.993129 0.011483 
2.0 0.352718 0.002860 -1.0 0.997359 0.011511 
3.0 0.351786 0.002889 0.0 1.000000 0.011616 
4.0 0.350607 0.002905 1.0 1.003363 0.011708 
5.0 0.349877 0.002870 2.0 1.005455 0.011671 

  (a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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Volume correction factors of Lu-177 for the ISOCAL IV IC with mass of solution in a 5 ml PTB 
standard ampoule for various density of nitrogen gas

Nitrogen gas density: 1.1653e-02 g/cm3.
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R2 = 0,986555
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Fig. 11.25a  Calibration factor of 177Lu for the ISOCAL IV ionization chamber 

without shielding versus mass of solution in a 5 ml PTB standard  ampoule for density of 
nitrogen gas 1.1653E-02 g/cm3; 1.1900E-02 g/cm3 and 1.2025E-02 g/cm3 respectively. 
 
 

Calibration factor of Lu-177 for the ISOCAL IV IC with lead and copper shielding vs. Mass of 
solution in 5 ml PTB standard ampoule for various density of nitrogen gas
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Fig. 11.25b  Calibration factor of 177Lu for the ISOCAL IV ionization chamber with 
lead and copper shielding versus mass of solution in a 5 ml PTB standard  ampoule for 
density of nitrogen gas 1.1653E-02 g/cm3; 1.1900E-02 g/cm3 and 1.2025E-02 g/cm3 

respectively 
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Fig. 11.26a  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 

chamber without shielding for mass of solution in a 5ml PTB standard ampoule and density of 
nitrogen gas 1.1653E-02 g/cm3. 
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Fig. 11.26b  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 
chamber without shielding for mass of solution in a 5ml PTB standard ampoule and density of 
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.26c  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 

chamber without  shielding for mass of solution in a 5ml PTB standard ampoule and density 
of nitrogen gas 1.2025E-02 g/cm3. 
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Fig. 11.26d  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 
chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule 
and density of nitrogen gas 1.1653E-02 g/cm3. 
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Fig. 11.26e  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 
chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule 
and density of nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.26f  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 
chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule 
and density of nitrogen gas 1.2025E-02 g/cm3. 
 
 



11. Results 
 

 178

Table 11.26  5ml PTB standard ampoule calibration figures (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ionization chamber for 177Lu radionuclide.  
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty %  

(k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Without Shielding. Density of nitrogen gas 1.1653E-02 g/cm3 
0.340658 0.664 0.003088 -0.000311 

Without Shielding. Density of nitrogen gas 1.1900E-02 g/cm3 
0.347604 0.693 0.003135 -0.000276 

Without Shielding. Density of nitrogen gas 1.2025E-02 g/cm3 
0.351202 0.687 0.003095 -0.000273 

Lead and Copper Shielding. Density of nitrogen gas 1.1653E-02 g/cm3 
0.340948 0.848 0.003089 -0.000331 

Lead and Copper Shielding. Density of nitrogen gas 1.1900E-02 g/cm3 
0.347956 0.813 0.003159 -0.000297 

Lead and Copper Shielding. Density of nitrogen gas 1.2025E-02 g/cm3 

177Lu 

0.351786 0.821 0.003066 -0.000254 
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Lutetium – 177m 
 
177mLu (T1/2 = 160.9 days) disintegrates /ICRP 38 83; http://www-nds.iaea.org/ by beta 
minus emission to the exited levels of 177Hf and by isomeric transition (IT) to the 
exited level of 177Lu. The Monte-Carlo calculated calibration figures of 177mLu for the 
case with lead and copper shielding and density of nitrogen gas 1.1900E-02 g/cm3 are 
shown on Table 11.27.  
 
Table 11.27  MC calculated calibration figures of Lu-177m  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)

177mLu 1.1900E-02 

50 mm thick 
of lead and 
3 mm thick 
of copper 
shielding 

10.60772 0.826 

 
Volume correction factors for 177mLu 
 
The volume correction factors for 177mLu are determined from Monte-Carlo 
simulations results of the variation in the response of the ISOCAL IV ionization 
chamber with the volume of solution in the 5 ml PTB standard ampoule (see Figure 
10.2). This is done for density of nitrogen gas 1.1900E-02 g/cm3 for the case of lead 
and copper shielding. The Monte-Carlo calculation are done for mass of solution 
starting from 1 g up to 5 g and the calibration figures are determined for each 
individual case. The simulated results are shown on Table 11.28. Using such data the 
second order polynomials (see Figures 11.28 and 11.29) are constructed and the 
volume correction factors are derived. The volume correction factors are shown on 
Table 11.29. 
 
Table 11.28  Results of 177mLu for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Lead and copper shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 10.637575 0.088295 -2.0 0.997193 0.011678 
2.0 10.623200 0.088729 -1.0 0.998543 0.011731 
3.0 10.607725 0.087640 0.0 1.000000 0.011684 
4.0 10.599690 0.087956 1.0 1.000758 0.011718 
5.0 10.590004 0.087759 2.0 1.001673 0.011721 

  (a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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Fig. 11.28  Calibration factor of 177mLu for the ISOCAL IV ionization chamber with 

lead and copper shielding versus mass of solution in a 5 ml PTB standard ampoule for density 
of nitrogen gas 1.1900E-02 g/cm3. 

y = -0,000112x2 + 0,001117x + 0,999858
R2 = 0,996874

0,90

0,93

0,95

0,98

1,00

1,03

1,05

1,08

1,10

-3 -2 -1 0 1 2 3

m - m0 (g)

C
fo

/C
fm

 
Fig. 11.29  “Cfo/Cfm” of 177mLu versus “m-mo” for the ISOCAL IV ionization 

chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule 
and density of nitrogen gas 1.1900E-02 g/cm3. 

 
Table 11.29  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ion chamber for 177mLu radionuclide.  
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty % 

 (k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Lead and Copper Shielding. Density of nitrogen gas 1.1900e-02 g/cm3 177mLu 10.607725 0.826 0.001117 -0.000112 
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Mangan - 54 
 

54Mn (T1/2 = 312.13(3) days) disintegrates /Bé 04; Calib. Certificate PTB 01, 7/ by 
electron capture via 834.84 keV exited level of 54Cr. The Monte-Carlo calculated 
calibration figures for 54Mn are shown on Table 11.30 and the variations of the 
calibration figures of 54Mn versus the density of nitrogen gas of ISOCAL IV IC for 
cases: i) without shielding  ii) lead shielding and iii) lead and copper shielding are 
presented on Figure 11.30. 
 
Table 11.30  MC calculated calibration figures of Mn-54  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 7.90679 0.602 
1.1900E-02 8.09864 0.602 
1.2025E-02 8.16761 0.599 
1.2492E-02 8.49967 0.601 
1.2813E-02 

without 
shielding 

8.72607 0.604 
 

1.1653E-02 7.95295 0.625 
1.1900E-02 8.07322 0.628 
1.2025E-02 8.19223 0.617 
1.2492E-02 8.48589 0.619 
1.2813E-02 

50 mm thick 
of lead 

shielding 
8.70665 0.616 
 

1.1653E-02 7.95168 0.621 
1.1900E-02 8.03444 0.619 
1.2025E-02 8.18045 0.620 
1.2492E-02 8.47998 0.623 

 
Mn-54 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 8.69910 0.617 

Without Shielding:
y = 701,240860x - 0,258969

R2 = 0,999458

Pb Shielding:
y = 658,443018x + 0,264598

R2 = 0,997109

Pb & Cu Shielding:
y = 665,852645x + 0,161315

R2 = 0,990549
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Fig. 11.30  Calibration figure of 54Mn versus the density of nitrogen gas of ISOCAL IV IC. 
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Sodium - 22 
 
22Na (T1/2 = 2.6027(10) years) disintegrates /Bé 04; Calib. Certificate PTB 01, 5/ 
predominantly to the 1275 keV level of 22Ne by means of beta plus and electron 
capture. Only a small fraction disintegrates directly to the ground state of 22Ne. The 
Monte-Carlo calculated calibration figures for 7Be are shown on Table 11.31 and the 
variations of the calibration figures of 22Na versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding  ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.31. 
 
Table 11.31  MC calculated calibration figures of Na-22 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 20.30733 0.598 
1.1900E-02 20.74238 0.602 
1.2025E-02 20.95236 0.599 
1.2492E-02 21.78243 0.601 
1.2813E-02 

without 
shielding 

22.32994 0.601 
 

1.1653E-02 20.21413 0.622 
1.1900E-02 20.72295 0.613 
1.2025E-02 21.14138 0.624 
1.2492E-02 21.87995 0.609 
1.2813E-02 

50 mm thick 
of lead 

shielding 
22.46007 0.614 
 

1.1653E-02 20.40510 0.616 
1.1900E-02 20.81220 0.611 
1.2025E-02 21.12301 0.608 
1.2492E-02 21.91609 0.601 

Na-22 
 

1.2813E-02 

50 mm thick of 
lead and 3 mm 
thick of copper 

shielding 
 22.44293 0.601 

Without Shielding:
y = 1747,254590x - 0,052728

R2 = 0,999949

Pb Shielding:
y = 1905,648346x - 1,920615

R2 = 0,990953

Pb & Cu Shielding:
y = 1767,397662x - 0,181022

R2 = 0,998171

20,0
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Fig. 11.31  Calibration figure of 22Na versus the density of nitrogen gas of ISOCAL IV IC. 
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Sodium - 24 
 
24Na (T1/2 = 14.9574(20) hours) disintegrates /Bé 04/ by emission of beta particles. The 
main transition (99.939%) has a maximum energy of 1393 keV and populates the 4123 
keV level of 24Mg. The process of beta emission is followed by two gamma rays in a 
cascade (2754 and 1393 keV) which leads through the 1368 keV level to the ground 
state of 24Mg. The Monte-Carlo calculated calibration figures for 7Be are shown on 
Table 11.32 and the variations of the calibration figures of 24Na versus the density of 
nitrogen gas of ISOCAL IV IC for cases: i) without shielding  ii) lead shielding and iii) 
lead and copper shielding are presented on Figure 11.32. 
 
Table 11.32  MC calculated calibration figures of Na-24  

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 30.57649 0.586 
1.1900E-02 31.19300 0.585 
1.2025E-02 31.50334 0.590 
1.2492E-02 32.66853 0.581 
1.2813E-02 

without 
shielding 

33.45988 0.591 
 

1.1653E-02 30.91367 0.652 
1.1900E-02 31.30340 0.643 
1.2025E-02 31.64790 0.650 
1.2492E-02 32.62990 0.639 
1.2813E-02 

50 mm thick 
of lead 

shielding 
33.49767 0.650 
 

1.1653E-02 30.65693 0.648 
1.1900E-02 31.11808 0.624 
1.2025E-02 31.65547 0.639 
1.2492E-02 32.70100 0.617 

Na-24 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 33.42415 0.640 

Without Shielding:
y = 2486,859839x + 1,598754

R2 = 0,999995

Pb & Cu Shielding:
y = 2422,000300x + 2,419401

R2 = 0,994350

Pb Shielding:
y = 2239,612056x + 4,727665

R2 = 0,994440
30,0
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Fig. 11.32  Calibration figure of 24Na versus the density of nitrogen gas of ISOCAL IV IC. 



11. Results 
 

 184

Strontium - 85 
 
85Sr (T1/2 = 64.850(7) days) disintegrates /Bé 04; Calib. Certificate PTB 01, 2/ by 
electron capture to 514 keV exited level of 85Rb. The Monte-Carlo calculated 
calibration figures for 88Sr are shown on Table 11.33 and the variations of the 
calibration figures of 85Sr versus the density of nitrogen gas of ISOCAL IV IC for 
cases: i) without shielding  ii) lead shielding and iii) lead and copper shielding are 
presented on Figure 11.33. 
 
Table 11.33  MC calculated calibration figures of Sr-85 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 5.15530 0.737 
1.1900E-02 5.26637 0.740 
1.2025E-02 5.30562 0.739 
1.2492E-02 5.49800 0.740 
1.2813E-02 

without 
shielding 

5.62927 0.738 
 

1.1653E-02 5.15482 0.777 
1.1900E-02 5.24928 0.776 
1.2025E-02 5.29335 0.776 
1.2492E-02 5.51468 0.769 
1.2813E-02 

50 mm thick 
of lead 

shielding 
5.64889 0.770 
 

1.1653E-02 5.16058 0.767 
1.1900E-02 5.25856 0.745 
1.2025E-02 5.29565 0.756 
1.2492E-02 5.48099 0.771 

Sr-85 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 5.60358 0.764 

Pb & Cu Shielding:
y = 381,954915x + 0,708966

R2 = 0,999531

Without Shielding:
y = 405,651465x + 0,431462

R2 = 0,999418

Pb Shielding:
y = 433,646356x + 0,091874

R2 = 0,998142
5,0
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Fig. 11.33  Calibration figure of 85Sr versus the density of nitrogen gas of ISOCAL IV IC. 
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Technetium – 99m 
 
99mTc (T1/2 = 6.0067(10) hours) disintegrates /Bé 04/ by isomeric transition (IT) to 
99Tc. The Monte-Carlo calculated calibration figures for 99mTc are shown on Table 
11.34 and the variations of the calibration figures of 85Sr versus the density of nitrogen 
gas of ISOCAL IV IC for cases: i) without shielding; ii) lead shielding and iii) lead 
and copper shielding are presented on Figure 11.34. 
 
Table 11.34  MC calculated calibration figures of Tc-99m 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 1.23376 0.637 
1.1900E-02 1.25679 0.638 
1.2025E-02 1.26782 0.640 
1.2492E-02 1.31095 0.634 
1.2813E-02 

without 
shielding 

1.34006 0.629 
 

1.1653E-02 1.23699 0.639 
1.1900E-02 1.25710 0.625 
1.2025E-02 1.26993 0.641 
1.2492E-02 1.31591 0.648 
1.2813E-02 

50 mm thick 
of lead 

shielding 
1.34291 0.627 
 

1.1653E-02 1.23550 0.642 
1.1900E-02 1.25526 0.632 
1.2025E-02 1.26907 0.631 
1.2492E-02 1.31463 0.628 

Tc-99m 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 1.34288 0.634 

Without Shielding:
y = 91,626577x + 0,166182

R2 = 0,999978

Pb & Cu Shielding:
y = 94,225462x + 0,136127

R2 = 0,998862

Pb Shielding:
y = 93,088393x + 0,151071

R2 = 0,998774
1,22

1,26

1,30

1,34

1,38

1,16E-02 1,19E-02 1,22E-02 1,25E-02 1,28E-02

Nitrogen Gas Density (g/cm3)

C
al

ib
ra

tio
n 

Fa
ct

or
 (p

A
/M

B
q)

 
Fig. 11.34  Calibration figure of 99mTc versus the density of nitrogen gas of ISOCAL IV IC. 
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Yttrium - 88 
 
88Y (T1/2 = 106.626(21) days) decays /Bé 04; Calib. Certificate PTB 01, 3/ by beta plus 
emission and electron capture to the exited level 1836.06 and 2734 keV of 88Sr. The 
Monte-Carlo calculated calibration figures for 88Y are shown on Table 11.35 and the 
variations of the calibration figures of 85Sr versus the density of nitrogen gas of 
ISOCAL IV IC for cases: i) without shielding; ii) lead shielding and iii) lead and 
copper shielding are presented on Figure 11.35. 
 
Table 11.35  MC calculated calibration figures of Y-88 
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 22.08389 0.593 
1.1900E-02 22.54715 0.600 
1.2025E-02 22.74687 0.598 
1.2492E-02 23.60059 0.601 
1.2813E-02 

without 
shielding 

24.09715 0.600 
 

1.1653E-02 22.00458 0.610 
1.1900E-02 22.63890 0.603 
1.2025E-02 22.95819 0.597 
1.2492E-02 23.60717 0.599 
1.2813E-02 

50 mm thick 
of lead 

shielding 
24.15807 0.600 
 

1.1653E-02 22.15192 0.608 
1.1900E-02 22.54044 0.602 
1.2025E-02 22.75477 0.599 
1.2492E-02 23.63502 0.602 

Y-88 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 24.10021 0.598 

Without Shielding:
y = 1743,436596x + 1,786005

R2 = 0,999035

Pb Shielding:
y = 1771,855627x + 1,498213

R2 = 0,982537

Pb & Cu Shielding:
y = 1718,202655x + 2,114610

R2 = 0,997998
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Fig. 11.35  Calibration figure of 88Y versus the density of nitrogen gas of ISOCAL IV IC. 
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Yttrium - 90 
 
90Sr (T1/2 = 28.90(3) years) and 90Y (T1/2 = 64.053(20) hours), are parent-daughter pair, 
and are in equilibrium in a source. 90Y decays /ICRP 38 83; Calib. Certificate PTB 05, 
3/ by beta minus emission and electron capture to 90Zr. The Monte-Carlo calculated 
calibration figures for 88Y are shown on Table 11.36 and the variation of the 
calibration figures of 85Sr versus the density of nitrogen gas of ISOCAL IV IC for case 
of lead and copper shielding is presented on Figure 11.36. 
 
Table 11.36  MC calculated calibration figures of Y-90 
 

Radionuclide  
 

Density of 
Nitrogen 

Gas (g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1) 
1.1653E-02 0.096552 1.967 
1.1900E-02 0.097975 1.957 
1.2025E-02 0.098461 1.951 
1.2492E-02 0.100846 1.904 

 
Y-90 

 
1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.102543 1.852 

y = 5,106159x + 0,037100
R2 = 0,999188
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Fig. 11.36  Calibration figure of 90Y versus the density of nitrogen gas of ISOCAL IV IC. 

 
Volume correction factors for 90Y 
 
The volume correction factors for 90Y are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.2). This is done 
for density of nitrogen gas 1.1653E-02 g/cm3; 1.1900E-02 g/cm3 and 1.2025E-02g/cm3 
respectively. 
 



11. Results 
 

 188 

The Monte-Carlo calculations are done for mass of solution starting from 0.5 g up to 5 g and the calibration figures are calculated for 
each case respectively. The simulated results are shown on Tables 11.37a-c. Using such data the second order polynomials (see Figure 
11.37a-b and Figure 11.38a-d are constructed and the volume correction factors are derived. The volume correction factors are shown on 
Table 11.38.  
Table 11.37a  Results of 90Y for various mass of radioactive solution in 5 ml PTB standard ampoule for density of nitrogen filling gas d = 1.1653E-
02 g/cm3. Lead and copper shielding. 

m(a) (g) E(g) (eV) ∆E(h) (eV) (k=1) Cf(b) (pA/MBq) ∆Cf(c)(pA/MBq) (k=1) (m - m0)(d) (g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f) (k=1) 
0.5 25.529505 0.703693 0.117536 0.003239 -2.5 0.821463 0.027818 
1.0 23.591179 0.683741 0.108612 0.003147 -2.0 0.888957 0.031139 
1.5 21.091382 0.613362 0.097103 0.002823 -1.5 0.994318 0.034911 
2.0 21.104497 0.603494 0.097164 0.002778 -1.0 0.993700 0.034491 
2.5 20.369861 0.601166 0.093782 0.002767 -0.5 1.029538 0.036516 
3.0 20.971557 0.412593 0.096552 0.001899 0.0 1.000000 0.027823 
3.5 19.877464 0.587165 0.091515 0.002703 0.5 1.055041 0.037444 
4.0 20.376153 0.598384 0.093810 0.002754 1.0 1.029220 0.036380 
4.5 20.997303 0.608854 0.096670 0.002803 1.5 0.998773 0.034998 
5.0 19.415419 0.564159 0.089387 0.002597 2.0 1.080149 0.037903 

 
Table 11.37b  Results of 90Y for various mass of radioactive solution in 5 ml PTB standard ampoule for density of nitrogen filling gas d = 1.1900E-
02 g/cm3. Lead and copper shielding. 

m(a) (g) E(g) (eV) ∆E(h) (eV) (k=1) Cf(b) (pA/MBq) ∆Cf(c)(pA/MBq) (k=1) (m - m0)(d) (g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f) (k=1) 
0.5 26.477165 0.722851 0.121899 0.003327 -2.5 0.803740 0.027002 
1.0 24.186040 0.696802 0.111351 0.003208 -2.0 0.879878 0.030648 
1.5 22.291606 0.623346 0.102629 0.002869 -1.5 0.954654 0.032588 
2.0 21.707295 0.618948 0.099939 0.002849 -1.0 0.980351 0.033908 
2.5 21.073610 0.608719 0.097022 0.002802 -0.5 1.009830 0.035238 
3.0 21.280773 0.416650 0.097975 0.001918 0.0 1.000000 0.027688 
3.5 20.182205 0.589051 0.092918 0.002711 0.5 1.054432 0.037058 
4.0 20.985842 0.599802 0.096617 0.002761 1.0 1.014053 0.035131 
4.5 21.404505 0.633695 0.098545 0.002917 1.5 0.994219 0.035288 
5.0 21.471153 0.572473 0.098852 0.002635 2.0 0.991133 0.032785 
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Table 11.37c  Results of 90Y for various mass of radioactive solution in 5 ml PTB standard ampoule for density of nitrogen filling gas d = 1.2025E-
02 g/cm3. Lead and copper shielding. 

m(a) (g) E(g) (eV) ∆E(h) (eV) (k=1) Cf(b) (pA/MBq) ∆Cf(c)(pA/MBq) (k=1) (m - m0)(d) (g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f) (k=1) 
0.5 26.812741 0.751031 0.123444 0.003457 -2.5 0.797619 0.027227 
1.0 24.590235 0.716316 0.113212 0.003297 -2.0 0.869709 0.030493 
1.5 22.096154 0.639035 0.101729 0.002942 -1.5 0.967876 0.033766 
2.0 22.435489 0.644824 0.103292 0.002968 -1.0 0.953237 0.033114 
2.5 20.863459 0.601381 0.096054 0.002768 -0.5 1.025062 0.035680 
3.0 21.386352 0.417292 0.098461 0.001921 0.0 1.000000 0.027594 
3.5 20.311063 0.594508 0.093511 0.002737 0.5 1.052941 0.037039 
4.0 20.774395 0.599581 0.095644 0.002760 1.0 1.029457 0.035864 
4.5 21.608332 0.637925 0.099483 0.002936 1.5 0.989727 0.035024 
5.0 20.353027 0.596406 0.093704 0.002745 2.0 1.050770 0.036992 

(a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am and   (g) ; (h) stand for: E, the total energy (eV) deposited on the 
sensitive volume of the ionization chamber per emitted electron with energy Ei and ∆E is the uncertainty of the energy deposited (eV) for a 
coverage factor k = 1. 
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     a)          b) 

Fig. 11.37a-b  a) Calibration factor of 90Y for the ISOCAL IV ionization chamber with lead and copper shielding versus mass of solution in 
a 5 ml PTB standard  ampoule for density of nitrogen gas 1.1653E-02 g/cm3;  b) “Cfo/Cfm” of 90Y versus “m-mo” for the ISOCAL IV ionization 
chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and density of nitrogen gas 1.1653E-02 g/cm3. 
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Fig. 11.38a  Calibration factor of 90Y for the ISOCAL IV ionization chamber with 
lead and copper shielding versus mass of solution in a 5 ml PTB standard ampoule for density 
of nitrogen gas 1.1900E-02 g/cm3.  
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Fig. 11.38b  “Cfo/Cfm” of 90Y versus “m-mo” for the ISOCAL IV ionization chamber 
with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and 
density of nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.38c  Calibration factor of 90Y for the ISOCAL IV ionization chamber with lead 

and copper shielding versus mass of solution in a 5 ml PTB standard  ampoule for density of 
nitrogen gas 1.12025E-02 g/cm3.   
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Fig. 11.38d  “Cfo/Cfm” of 90Y versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule and 
density of nitrogen gas 1.12025E-02 g/cm3. 
 
Table 11.38  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ion chamber for 90Y radionuclide.  
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty % 

(k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Lead and Copper Shielding. Density of Nitrogen Gas 1.1653e-02 g/cm3 
0.096552 1.967 0.033171 -0.016709 

Lead and Copper Shielding. Density of Nitrogen Gas 1.1900e-02 g/cm3 
0.097975 1.957 0.024236 -0.024166 

Lead and Copper Shielding. Density of Nitrogen Gas 1.2025e-02 g/cm3 

 
90Y 

0.098461 1.951 0.034953 -0.019802 
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Zink - 65 
 
65Zn (T1/2 = 243.66(9) days) decays /Bé 04; Calib. Certificate PTB 01, 8/ by beta plus 
emission and electron capture to the exited level 1115.54 keV as well as directly to the 
ground state of 65Cu. The Monte-Carlo calculated calibration figures for 65Zn are 
shown on Table 11.39 and the variations of the calibration figures of 85Sr versus the 
density of nitrogen gas of ISOCAL IV IC for cases: i) without shielding ii) lead 
shielding and iii) lead and copper shielding are presented on Figure 11.39. 
 
Table 11.39  MC calculated calibration figures of Zn-65  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 4.95147 0.638 
1.1900E-02 5.28721 0.657 
1.2025E-02 5.36492 0.649 
1.2492E-02 5.92630 0.648 
1.2813E-02 

without 
shielding 

6.32424 0.660 
 

1.1653E-02 4.95274 0.767 
1.1900E-02 5.29080 0.770 
1.2025E-02 5.39917 0.758 
1.2492E-02 5.98043 0.713 
1.2813E-02 

50 mm thick 
of lead 

shielding 
5.37081 0.785 
 

1.1653E-02 4.95680 0.754 
1.1900E-02 5.28098 0.731 
1.2025E-02 5.39915 0.749 
1.2492E-02 5.96335 0.719 

 
Zn-65 

 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 6.35282 0.756 

Without Shielding:
y = 1167,884967x - 8,650036

R2 = 0,997736

Pb Shielding:
y = 1213,266029x - 9,174662

R2 = 0,999130
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y = 1194,775723x - 8,957680
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Fig. 11.39  Calibration figure of 65Zn versus the density of nitrogen gas of ISOCAL IV IC. 
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Volume correction factors for 65Zn 
 
The volume correction factors for 65Zn are determined from Monte-Carlo simulations 
results of the variation in the response of the ISOCAL IV ionization chamber with the 
volume of solution in the 5ml PTB standard ampoule (see Figure 10.2). The Monte-
Carlo calculation are done for mass of solution starting from 1 g up to 5 g and the 
calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.40a-b. Using such data the second order 
polynomials (see Figures 11.40a-b and 11.41a-b) are constructed and the volume 
correction factors are derived. The volume correction factor are shown on Table. 
11.41.  
 
Table 11.40a  Results of 65Zn for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Without shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 5.366769 0.035587 -2.0 0.985175 0.009336 
2.0 5.309756 0.035039 -1.0 0.995753 0.009313 
3.0 5.287210 0.034747 0.0 1.000000 0.009294 
4.0 5.276760 0.034288 1.0 1.001980 0.009242 
5.0 5.262178 0.034819 2.0 1.004756 0.009326 

 
Table 11.40b  Results of 65Zn for various mass of radioactive solution in 5 ml PTB standard 
ampoule for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Lead and copper shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) (pA/MBq) 
(at k=1) 

(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(at k=1) 
1.0 5.353314 0.038538 -2.0 0.986489 0.010260 
2.0 5.319368 0.038916 -1.0 0.992784 0.010342 
3.0 5.280988 0.038609 0.0 1.000000 0.010339 
4.0 5.273895 0.038399 1.0 1.001344 0.010318 
5.0 5.257724 0.038912 2.0 1.004424 0.010403 

  (a) ; (b) ; (c) ; (d) ; (e) ; (f): see explanations given at volume correction factors for 241Am. 
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Fig. 11.40a  Calibration factor of 65Zn for the ISOCAL IV ionization chamber without 
shielding versus mass of solution in a 5 ml PTB standard  ampoule for density of nitrogen gas 
1.1900E-02 g/cm3.  
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Fig. 11.40b  “Cfo/Cfm” of 65Zn versus “m-mo” for the ISOCAL IV ionization 
chamber without shielding for mass of solution in a 5ml PTB standard ampoule and density of 
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.41a  Calibration factor of 65Zn for the ISOCAL IV ionization chamber with 

lead and copper shielding versus mass of solution in a 5 ml PTB standard ampoule for density 
of nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.41b  “Cfo/Cfm” of 65Zn versus “m-mo” for the ISOCAL IV ionization 

chamber with lead and copper shielding for mass of solution in a 5ml PTB standard ampoule 
and density of  nitrogen gas 1.1900E-02 g/cm3. 
 
Table 11.41  5ml PTB standard ampoule calibration figure (for a mass of 3g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 3g) for the 
ISOCAL IV ion chamber for 7Be radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure
uncertainty % 

 (k =1) 

Volume 
correction 
factor (a1) 

Volume 
correction 
factor (a2) 

Without Shielding 
65Zn 5.28721 0.657 0.004539 -0.001276 

Lead and Copper Shielding 
65Zn 5.28098 0.731 0.004443 -0.000879 
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11.1.1 Energy Response Simulation of ISOCAL IV Ionization Chamber. 
Sensitivity Function, S(E), for Solution on 5 ml PTB Standard Ampoule 
 
About 22 gamma emitting radionuclides are simulated for 3 g of radioactive solution 
available on 5ml PTB standard ampoule. The Monte-Carlo simulation covered a wide 
photon energy range starting from 13.3657 keV (corresponding to 85Sr radionuclide) 
till up to 3220 keV (corresponding to the gamma line of 88Y radionuclide).  
 
The calculations of the gamma ray energy deposition carried out for all radionuclides 
mentioned above offer the possibility to plot the chamber response versus the photon 
energy, Figure 11.42. In each case a number of 107 histories is simulated and the 
estimated standard deviation of the calculated values remains between 0.6 % and 
1.1%. In the Figure 11.42 no error bars are shown because the standard errors are less 
than the size of the plotted points. 
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Fig. 11.42  The sensitivity function S(E), the current in pA produced by a simulated 

photon source emitting 106 photons of energy E per second. The sensitivity functions are 
presented for three different values of nitrogen filling gas and correspond to lead and copper 
shielding of ISOCAL IV IC. 
 
From the Figure 11.42 the response of ISOCAL IV ionization chamber seems to be 
monotonic. A closer look at the lower part of energy zone, Figure 11.43, shows a 
strong peak in the efficiency at photon energies of around 50 keV. The presence of this 
peak is due to rapid increase of the interaction cross section of the photoelectric effect 
in the sensitive chamber materials with decreasing the energy, and the low energy 
cutoff with aluminium walls at about 20 keV. 
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Fig. 11.43  The sensitivity function S(E), the current in pA produced by a simulated 

photon source emitting 106 photons of energy E per second. The plotted data correspond to 
the lower part of gamma-ray energy for a density of nitrogen gas 1.1900E-02 g/cm3.and lead 
and copper shielding. 
 
11.1.2 Energy Response Simulation of ISOCAL IV Ionization Chamber versus 
Nitrogen Gas Density 
 
In studing the variation of the chamber response to the nitrogen gas pressure the 
ionization chamber response to photons is simulated versus the nitrogen gas filling the 
sensitive volume of the ISOCAL IV ionization chamber. The simulations are done for 
radioactive solution in 5 ml PTB standard ampoule and density of nitrogen gas starting 
from 1.1653E-08 g/cm3 (1.0000E-6 MPa) up to 1.5000E-02 g/cm3 (1.2872 MPa). For 
such a purpose photons of energy 25 keV, 150 keV, 350 keV, 500 keV and 1000 keV 
are simulated and the chamber responses in term of pA/MBq are determined. The 
calculated results are shown graphically on Figure 11.44a. No error bars are shown 
due to the fact that the standard errors are less than the size of the plotted points. A 
linearity between the chamber response (pA/MBq) of the simulated photons versus the 
density of nitrogen gas is shown. 
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Fig. 11.44a  The energy response in terms of pA/MBq (current produced by simulated 

photons sources emitting 106 photons of energy E) versus nitrogen gas pressure for photons 
energy of: 25 keV; 150 keV; 350 keV; 500 keV and 1000 keV. The plotted data correspond to 
simulation of ISOCAL IV IC with lead and copper shielding and density of nitrogen filling 
gas 1.1900E-02 g/cm3.  
 
In being strictly we have to say that on, Figure 11.44a, the curve corresponding to 25 
keV photon energy is compressed by others and seems to be linear. A closer look at 
the lower part of gas density region, Figure 11.44b, improves the visibility by showing 
a deviation from the linearity in this region for low energy photons. 
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Fig. 11.44b  The energy response in terms of pA/MBq (current produced by simulated 

photons sources emitting 106 photons of energy 25 keV) versus nitrogen gas pressure for 
photons with energy 25 keV. The plotted data correspond to simulation of ISOCAL IV IC 
with lead and copper shielding and density of nitrogen filling gas 1.1900E-02 g/cm3.  
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11.1.3 Validation of the Monte-Carlo Calculated Calibration Figures of 
Radioactive Solution on 5 ml PTB standard glass ampoule for the ISOCAL IV IC 
 

In order to test and validate the Monte-Carlo calculated results the radionuclides 
calibration figure from Monte-Carlo simulation are compared with the calibration 
figures available from National Physical Laboratory (NPL), England which are 
deduced from absolute activity measurements. The NPL calibration factors are directly 
traceable to national primary activity standard. On the other hand various radionuclide 
provided from Physikalisch-Technische Bundesanstalt (PTB), Berlin, Germany, are 
measured at the LLC-laboratory Arsenal and their activity is calculated by using our 
Monte-Carlo calculated calibration factors as well as the NPL’s calibration factors. 
Calculated specific activities are compared with the specific activity given on the 
PTB’s radionuclide source certificates. 
 

The radionuclides calibration figures calculated by means of Monte-Carlo 
simulation are compared with the calibration figures data available from National 
Physical Laboratory (NPL). In our Monte-Carlo simulation work the total decay 
scheme of each radionuclide is taken into account. As it was noted on the instruction 
manual of the ISOCAL IV well-type pressurized ionization chamber, the nitrogen gas 
filling the chamber is approximately at a pressure of 1 MPa. We found that the best 
results of calibration figures were calculated for nitrogen gas pressure of 1.0211 MPa 
(1.1900E-02g/cm3).  

 
The ratios of the calculated “Cfo” to experimental “Ce” calibration factors 

determined for each radionuclide for cases: i) without shielding ii) lead shielding and 
iii) lead and copper shielding are shown on Tables 11.42, 11.43, 11.44 and graphically 
presented on Figures 11.45, 11.46 and 11.47. The standard deviation of the ratio R = 
Cfo/Ce is calculated by the following error propagation formula.  
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where 
σCfo  standard deviation (k = 1) of the Monte-Carlo calculated calibration figure “Cfo”. 
σCe   standard deviation (k = 1) of the experimental calibration figure “Ce”. 
σR    standard deviation (k = 1) of the ratio R = Cfo/Ce. 
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Table 11.42  Ratio of “Cfo/Ce” for case without shielding and nitrogen gas density d = 
1.1900E-02 g/cm3. 
 

Radionuclide Cfo(a) (pA/MBq) ∆Cfo(b)(pAMBq) 
(at k=1) Cfo/Ce(c) ∆(Cfo/Ce)(d) 

(at k=1) 

Cs-137 5.717325 0.037746 0.987789 0.009291 
Co-57 1.193824 0.007435 1.004903 0.009192 
Co-60 21.988699 0.129975 0.987369 0.006101 
Na-22 20.742384 0.124869 0.985386 0.006765 
Y-88 22.547158 0.135351 0.989779 0.006878 

Mn-54 8.098641 0.048770 0.988001 0.006833 
Ba-133 4.304958 0.026695 1.001619 0.009144 
Am-241 0.245613 0.001646 1.015768 0.007589 

Y-90 0.097976 0.001917 1.020582 0.045447 
F-18 10.368309 0.063257 0.995039 0.006152 
Be-7 0.518987 0.003749 0.994608 0.013591 

Tc-99m 1.256794 0.008025 1.012727 0.010366 
Cd-109 0.166906 0.001424 1.010941 0.018688 
Zn-65 5.287210 0.034748 1.002505 0.009337 
Fe-59 10.616554 0.071704 0.990350 0.007627 
Sr-85 5.266372 0.038987 0.994969 0.010002 
Na-24 31.193002 0.182635 0.984006 0.006712 
I-125 0.477889 0.003508 1.012691 0.021480 
I-131 4.043960 0.036355 1.003464 0.009576 

 
Table 11.43  Ratio of “Cfo/Ce” for case lead shielding and nitrogen gas density d = 1.1900E-
02g/cm3 

 

Radionuclide Cfo(a) (pA/MBq) ∆Cfo(b)(pAMBq) 
(at k=1) Cfo/Ce(c) ∆(Cfo/Ce)(d) 

(at k=1) 

Cs-137 5.726569 0.044163 0.989387 0.010107 
Co-57 1.216470 0.008703 1.023965 0.010036 
Co-60 21.968371 0.164741 0.986456 0.007608 
Na-22 20.722959 0.127094 0.984464 0.006856 
Y-88 22.958197 0.138484 1.007823 0.007028 

Mn-54 8.073229 0.050708 0.984900 0.007034 
Ba-133 4.319429 0.028452 1.004986 0.009443 
Am-241 0.244897 0.001712 1.012808 0.007828 

Y-90 0.097976 0.001917 1.020582 0.045447 
F-18 10.396561 0.063960 0.997751 0.006219 
Be-7 0.524841 0.004449 1.005828 0.014450 

Tc-99m 1.257100 0.007867 1.012974 0.010289 
Cd-109 0.166565 0.001368 1.008875 0.018504 
Zn-65 5.290803 0.040744 1.003186 0.010175 
Fe-59 10.664733 0.085169 0.994844 0.008756 
Sr-85 5.249287 0.040776 0.991741 0.010239 
Na-24 31.303401 0.201312 0.987489 0.007230 
I-125 0.479111 0.003411 1.015281 0.021458 
I-131 4.044522 0.036465 1.003603 0.009602 
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Table 11.44  Ratio of “Cfo/Ce” for case lead and copper shielding and nitrogen gas density 
 d = 1.1900E-02 g/cm3 

 

Radionuclide Cfo(a) (pA/MBq) ∆Cfo(b)(pAMBq) 
(at k=1) Cfo/Ce(c) ∆(Cfo/Ce)(d) 

(at k=1) 
Cs-137 5.742982 0.042021 0.992222 0.009844 
Co-57 1.209013 0.008144 1.017687 0.009669 
Co-60 22.086641 0.159090 0.991767 0.007363 
Na-22 20.812205 0.127163 0.988703 0.006866 
Y-88 22.540443 0.135716 0.989484 0.006891 

Mn-54 8.034448 0.049806 0.980169 0.006930 
Ba-133 4.305882 0.026843 1.001834 0.009168 
Am-241 0.245959 0.001680 1.017199 0.007717 

Y-90 0.097976 0.001917 1.020582 0.045447 
F-18 10.452358 0.067021 1.003105 0.006510 
Be-7 0.524977 0.004363 1.006088 0.014356 

Tc-99m 1.255264 0.007945 1.011494 0.010318 
Cd-109 0.166480 0.001420 1.008358 0.018641 
Zn-65 5.280988 0.038609 1.001325 0.009862 
Fe-59 10.617330 0.083345 0.990423 0.008595 
Sr-85 5.258570 0.039208 0.993495 0.010026 
Na-24 31.118084 0.194270 0.981643 0.007026 
I-125 0.478072 0.003466 1.013078 0.021457 
I-131 4.041998 0.035646 1.002977 0.009410 

 

(a)  Monte-Carlo calculated calibration factor for 3 g of radioactive solution in 5ml PTB      
     standard ampoule. 
(b) Uncertainty (at k = 1) of Monte-Carlo calculated calibration factor for 3 g of radioactive   
     solution in 5ml PTB standard ampoule.  
(c)  Ratio of the MC calculated calibration factor “Cfo” to the experimental calibration factor   
    “Ce” available from the NPL. 
(d) Uncertainty (at k=1) of the ratio of the MC calculated calibration factor “Cfo” to the  
    experimental calibration factor “Ce”available from the NPL. 
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Fig. 11.45  The ratio of calibration factor “Cfo” calculated by Penelope Monte – Carlo 

simulation computer code for 3 g of radioactive solution on 5ml PTB standard ampoule to the 
experimental calibration factor “Ce” available from the National Physical Laboratory (NPL) 
for ISOCAL IV IC. Simulated data correspond to the case without shielding and density of 
nitrogen gas 1.1900E-02 g/cm3. 
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 Fig. 11.46  The ratio of calibration factor “Cfo” calculated by Penelope Monte – Carlo 
simulation computer code for 3 g of radioactive solution on 5ml PTB standard ampoule to the 
experimental calibration factor “Ce” available from the National Physical Laboratory (NPL) 
for ISOCAL IV IC. Simulated data correspond to the case with lead  shielding and density of 
nitrogen gas 1.1900E-02 g/cm3. 
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 Fig. 11.47  The ratio of calibration factor “Cfo” calculated by Penelope Monte – Carlo 
simulation computer code for 3 g of radioactive solution on 5ml PTB standard ampoule to the 
experimental calibration factor “Ce” available from the National Physical Laboratory (NPL) 
for ISOCAL IV IC. Simulated data correspond to the case with lead and copper shielding and 
density of nitrogen gas 1.1900E-02 g/cm3. 
 
The specific activity of 241Am, 133Ba, 57Co, 60Co, and 137Cs radioactive solutions are 
determined by measuring the ionization current produced on the sensitive volume of 
the ISOCAL IV ionization chamber, Figure 6.1. The radionuclide solutions are 
provided in 5 ml Jena glass (PTB standard) ampoules, Figure 7.3, from Physikalisch 
Technische Bundesanstalt (PTB), Berlin, Germany.  
Before starting each measurement the stability of the ISOCAL IV IC is checked by 
measuring the activity of a 137Cs check source. The background current is recorded and 
the correction due to background are done. The mean background current was 28 fA. 
Three different external capacitors are used for evaluation of the produced charge, 100 
pF, 1 nF and 10 nF respectively (see Figure 6.3). A 6517 Model Keithley electrometer 
measure the produced ionization current, Figure 6.1.  
 
A home made Active1_2® 7 computer LabVIEW (Laboratory Virtual Instrument 
Enginering Workbench) program controls the current measurements by applying the 
appropriate correction due to background and decay. The Active1_2 program 
communicates with the hardware (Keithley electrometer) via GIPB (General Purpose 
Interface Bus). To take into account the decay correction, measurements are done in 
predefined measurement intervals in order of 1 second and the decreasing measured 
current is averaged in time over the interval of measurement. To eliminate non 
constant time interval measurement (limited by different techniques used for current 

                                                 
7 ® Written by Dr. Josef WITZANI, BEV. 
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measurement) the averaged value is referred to the beginning of the individual 
measurement. The decay correction faktor “k” is calculated by, 
 
                                       k = ln2*t/T1/2/(1-exp(-ln2/T1/2*t),                                     (11.2) 

 
where, 

t    starting time of each measurement 

T1/2   half- life (s) of the radionuclide 

 
The program interrogates the data from a text file containing from hundred to thousand 
(depending from radionuclide under study) of measurements (corrected for decay) 
corresponding to intervals of measurement which, in turn, are averaged and presented 
as a single measurement value. 
 
Another home made program, STANDARDMESSUNGEN Version 7.2®8 prepared as 
Visual Basic for Applications (VBA) on Microsoft/Excel® is used to calculate the 
specific source activity as well as to plot the calculated results by treating the 
ionization current produced on ISOCAL IV IC. It reads the data from the defined 
protocols and 250 measured (the default parameter) values are calculated and plotted 
for each radionuclide in question. The program takes into account all the possible 
corrections of the measured current due to:  
 

 background 

 volume correction 

 impurities 

 sample displacement etc. 

 
Once the measured ionization current was corrected, we used the equation (6.2) to 
calculate the specific activity of the radioactive solution on 5 ml PTB standard 
ampoule by applying:  
 

- experimental calibration factors from the NPL laboratory 

- calculated Monte – Carlo radionuclide’s calibration factors 

 
The calculated specific activity of the radionuclides are then compared with the 
specific activity reported on the PTB’s certificate of radioactive solutions. The 
standard deviation of the calculated results to the results given by PTB are shown on 
Figures 11.48, 11.49 and 11.50.  
 
 
 
                                                 
8 ® Written by Ing. Micheal KREUZIGER, BEV 
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Comparison with PTB Standards Sources by using NPL and MC Calculated Calibration factors for

 50 mm thick of Lead & 3 mm thick of Copper shielding

- 3,5

- 3,0

- 2,5

- 2,0

- 1,5

- 1,0

- 0,5

+ 0,0

+ 0,5

+ 1,0

+ 1,5

+ 2,0

+ 2,5

D
ev

ia
tio

n 
fr

om
 P

TB
 S

ta
nd

ar
ds

 [%
]

Isocal IV_1_NPL - 0,576 - 0,445 + 0,249 - 0,640 + 0,903

ISOCAL IV_MC_1,2025E-02 [g/cm3] - 3,239 - 0,621 - 0,838 - 1,393 - 1,669

ISOCAL IV_MC_1,1900E-02 [g/cm3] - 2,304 + 0,382 + 0,067 + 0,139 - 0,803

ISOCAL IV_MC_1,1653E-02 [g/cm3] - 0,171 + 2,460 + 1,967 + 2,153 + 1,058

NST-31 NST-6 NST-8 NST-4 NST-5

Co-57 Co-60 Ba-133 Cs-137 Am-241

Daten aktualisieren

 
 

Fig. 11.48  Comparison with PTB standard sources by using NPL and Monte-Carlo calculated calibration figures of standard solutions on 

5 ml PTB standard ampoule. Case with lead and copper shielding.
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Isocal_IV
Comparison with PTB Standard Sources for different Geometries 

by using MC calculated Calibration factors 
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Fig. 11.49  Comparison with PTB standard sources for different geometries by using Monte-Carlo calculated calibration figures.
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Isocal_IV 
Comparison with PTB Standard Sources for different Geometries 

by using NPL Calibration factors
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Fig. 11.50  Comparison with PTB standard sources for different geometries by using the NPL calibration figures. 
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11.2 Calibration Figure and Volume Correction Factors for Radioactive 
Solutions on 10 ml, P6 vial  
 
We run the simulations for 4 g of radioactive solution on 10 ml, P6 (see Figure 5.9b) 
vial centred at the position of the maximum response of the ISOCAL IV well-type 
pressurized ionization chamber for case of lead and copper shielding, Figure 7.25a.  
 
The equation (10.6) is used to calculate the radionuclide calibration factors by treating 
the Monte-Carlo simulated results. For each case the effect of variation of the 
calculated calibration figures versus the nitrogen gas density in the range from 
1.1653E-02 g/cm3 up to 1.2813E-02 g/cm3 is investigated and the calculated data are 
plotted. Applying the least squares fitting method a linear function fit is made to the 
Monte-Carlo calculated data. The SigmaPlot® software /SigmaPlot® 97,1; 
SigmaPlot® 97,2/ as well as Miscrosoft Excel® program are used for data fitting. The 
reason of using a linear function was that linearity of calibration factor versus the 
density of nitrogen gas are observed (see section 11.1.2) for a wide range of nitrogen 
gas density.  
 
The radionuclides studied are: 7Be, 18F, 57Co, 60Co, 65Zn, 90Y, 99mTc, 125I, 131I, 137Cs, 
177Lu, 177mLu, and 241Am. 
 
The calibration factors for various mass of radioactive solution filling the P6 vial are 
given and the volume correction factors are derived by using the equation (10.9). The 
calculated volume correction factors correspond to the case of nitrogen gas density 
1.1900E-02 g/cm3 (1.0212 MPa). 
 
Based on the calculated results of the radionuclides on P6 vial the response of 
ISOCAL IV well-type ionistaion chamber versus the photon energy is studied and the 
Sensitivity Function, S(E) is constructed. To validate our results the Monte-Carlo 
simulation calculated and experimental calibration figures available from NPL are 
compared. Simulated results for the radionuclides studied are given on following in the 
alphabetic order. 
 
The expanded uncertainties quoted in each case are for a coverage factor of 1 (k = 1), 
corresponding to a 68 % coefidence level. 
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Americium- 241 
 
Table 11.45  MC calculated calibration figures of Am-241  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.23236 0.777 
1.1900E-02 0.23751 0.792 
1.2025E-02 0.24039 0.788 
1.2492E-02 0.24741 0.784 

Am-241 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.25260 0.790 

y = 17,069568x + 0,034209
R2 = 0,993928

0,23
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Fig. 11.51  Calibration figure of 241Am versus nitrogen gas density of ISOCAL IV IC.  

 
Beryllium - 7 
 
Table 11.46 MC calculated calibration figures of Be-7  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.50542 0.775 
1.1900E-02 0.51448 0.780 
1.2025E-02 0.52042 0.783 
1.2492E-02 0.54198 0.780 

Be-7 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.55238 0.765 
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Fig. 11.52  Calibration figure of 7Be versus nitrogen gas density of ISOCAL IV IC.  

 
Ceasium-137 
 
Table 11.47 MC calculated calibration figures of Cs-137  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 5.47633 0.690 
1.1900E-02 5.62064 0.703 
1.2025E-02 5.69736 0.709 
1.2492E-02 5.88331 0.704 

Cs-137 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 6.04111 0.692 

y = 471,870027x - 0,002024
R2 = 0,993921

5,4
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Fig. 11.53  Calibration figure of 137Cs versus nitrogen gas density of ISOCAL IV IC. 
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Cobalt-57 
 
Table 11.48  MC calculated calibration figures of Co-57  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 1.15353 0.677 
1.1900E-02 1.17855 0.654 
1.2025E-02 1.18889 0.656 
1.2492E-02 1.22729 0.644 

Co-57 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 1.26063 0.649 

y = 90,127143x + 0,104341
R2 = 0,997850

1,14
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Fig. 11.54  Calibration figure of 57Co versus nitrogen gas density of ISOCAL IV IC.  

 
Cobalt-60 
 
Table 11.49  MC calculated calibration figures of Co-60  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 21.25462 0.765 
1.1900E-02 21.88612 0.760 
1.2025E-02 22.03750 0.763 
1.2492E-02 22.69796 0.763 

Co-60 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 23.38327 0.757 
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Fig. 11.55  Calibration figure of 60Co versus nitrogen gas density of ISOCAL IV IC.  

 
Fluorine-18 
 
Table 11.50  MC calculated calibration figures of F-18  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 9.99387 0.740 
1.1900E-02 10.28220 0.708 
1.2025E-02 10.32200 0.727 
1.2492E-02 10.75673 0.717 

F-18 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 11.15544 0.713 

y = 968,347781x - 1,289129
R2 = 0,991137

9,90

10,10

10,30

10,50

10,70

10,90

11,10

11,30

1,16E-02 1,19E-02 1,22E-02 1,25E-02 1,28E-02

Nitrogen Gas Density (g/cm3)

C
al

ib
ra

tio
n 

Fa
ct

or
 (p

A
/M

B
q)

 
Fig. 11.56  Calibration figure of 18F versus nitrogen gas density of ISOCAL IV IC 
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Iodine-125 
 
Table 11.51  MC calculated calibration figures of I-125  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.36913 0.837 
1.1900E-02 0.37664 0.839 
1.2025E-02 0.38226 0.828 
1.2492E-02 0.40323 0.819 

I-125 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.40931 0.812 

y = 36,733118x - 0,059164
R2 = 0,984138
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Fig. 11.57 Calibration figure of 125I versus nitrogen gas density of ISOCAL IV IC.  

 
Iodine-131 
 
Table 11.52  MC calculated calibration figures of I-131  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 3.87438 1.021 
1.1900E-02 3.96588 1.013 
1.2025E-02 4.00491 1.030 
1.2492E-02 4.16067 1.031 

I-131 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 4.26347 1.049 
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Fig. 11.58  Calibration figure of 131I versus nitrogen gas density of ISOCAL IV IC.  

 
Lutetium-177 
 
Table 11.53  MC calculated calibration figures of Lu-177  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.33337 0.713 
1.1900E-02 0.34100 0.713 
1.2025E-02 0.34404 0.713 
1.2492E-02 0.35701 0.711 

Lu-177 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.36618 0.710 

y = 28,024021x + 0,007088
R2 = 0,999587
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Fig. 11.59  Calibration figure of 177Lu versus nitrogen gas density of ISOCAL IV IC. 
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Volume correction factors for 177Lu 
 
The volume correction factors for 177Lu on 10 ml, P6 vial are determined from Monte-
Carlo simulations results of the variation in the response of the ISOCAL IV ionization 
chamber with the volume of solution in the vial (see Figure 10.3). The Monte-Carlo 
calculation are done for mass of solution starting from 1 g up to 10 g and the 
calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.54a. Using such data the second order 
polynomials, Figure 11.60a-b, are constructed and the volume correction factors are 
derived. The volume correction factors are shown on Table 11.54b.  
 
Table 11.54a  Results of 177Lu for various mass of radioactive solution in P6 vial for density 
of nitrogen filling gas d = 1.1900E-02 g/cm3. Case with lead and copper shielding.  
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) 

(pA/MBq) (k=1)
(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(k=1) 
1.0 0.346497 0.002535 -3.0 0.984139 0.010058 
2.0 0.343868 0.002515 -2.0 0.991665 0.010134 
3.0 0.342111 0.002504 -1.0 0.996759 0.010188 
4.0 0.341002 0.002433 0.0 1.000000 0.010090 
5.0 0.338612 0.002470 1.0 1.007057 0.010277 
6.0 0.336617 0.002466 2.0 1.013027 0.010360 
7.0 0.335641 0.002450 3.0 1.015972 0.010371 
8.0 0.333311 0.002429 4.0 1.023073 0.010434 
9.0 0.331694 0.002431 5.0 1.028062 0.010517 
10.0 0.330999 0.002410 6.0 1.030220 0.010502 

(a); (b); (c); (d); (e);(f): see explanations given at volume correction factors for 241Am, section 11.1. The 
only difference is that now we are dealing with P6 vial and a nominal mass of radioactive solution “mo 
= 4 g” instead of 5 ml PTB standard ampoule and a nominal mass of “mo = 3 g”. 
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Fig. 11.60a  Calibration factor of 177Lu for the ISOCAL IV ionization chamber 

without shielding versus mass of solution in in P6 vial for density of nitrogen gas 1.1900E-02 
g/cm3. 
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Fig. 11.60b  “Cfo/Cfm” of 177Lu versus “m-mo” for the ISOCAL IV ionization 

chamber without shielding for mass of solution in in P6 vial and density of  nitrogen gas 
1.1900E-02 g/cm3. 
 
Table 11.54b  P6 vial calibration figure (for a mass of 4g) and volume correction factors 
coefficients of a second order polynomial (normalising mass 4g) for the ISOCAL IV 
ionization chamber for 177Lu radionuclide. Nitrogen gas density 1.1900E-02 g/cm3, case with 
lead and copper shielding. 

 

Radionuclide Calibration 
figure (pA/MBq)

Calibration figure 
uncertainty % 

(k =1) 

Volume 
correction factor 

(a1) 

Volume 
correction factor 

(a2) 
Lead and Copper Shielding 

177Lu 0.341002 0.713 0.005437 -0.000085 
 
 
Lutetium-177m 
 
Table 11.55  MC calculated calibration figures of Lu-177m 
 

Radionuclide 
Density of 
Nitrogen 

Gas (g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1) 

Lu-177m 1.1900E-02 

50 mm thick of 
lead 

 and 3 mm thick 
of copper 
shielding 

10.34741 0.832 
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Volume correction factors for 177mLu 
 
The volume correction factors for 177mLu on 10 ml, P6 vial are determined from 
Monte-Carlo simulations results of the variation in the response of the ISOCAL IV 
ionization chamber with the volume of solution in the vial (see Figure 10.3). The 
Monte-Carlo calculation are done for mass of solution starting from 1 g up to 10 g and 
the calibration figures are calculated for each case respectively. The simulated results 
are shown on Tables 11.56. Using such data the second order polynomials, Figure 
11.61a-b, are constructed and the volume correction factors are derived. The volume 
correction factors are shown on Table 11.57.  
 
Table 11.56  Results of 177mLu for various mass of radioactive solution in P6 vial for density 
of nitrogen filling gas d = 1.1900E-02 g/cm3. Case of lead and copper shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) 

(pA/MBq) (k=1)
(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(k=1) 
1.0 10.49361 0.08814 -3.0 0.986067 0.011663 
2.0 10.43580 0.08672 -2.0 0.991530 0.011665 
3.0 10.38765 0.08537 -1.0 0.996126 0.011655 
4.0 10.34741 0.08617 0.0 1 0.011777 
5.0 10.32218 0.08468 1.0 1.002444 0.011718 
6.0 10.30281 0.08610 2.0 1.004328 0.011849 
7.0 10.28643 0.08554 3.0 1.005928 0.011838 
8.0 10.27520 0.08547 4.0 1.007027 0.011853 
9.0 10.26205 0.08539 5.0 1.008318 0.011870 
10.0 10.25917 0.08513 6.0 1.008601 0.011857 

(a); (b); (c); (d); (e);(f): see explanations given at volume correction factors for 241Am, section 11.1. The 
only difference is that now we are dealing with P6 vial and a nominal mass of radioactive solution “mo 
= 4 g” instead of 5 ml PTB standard ampoule and a nominal mass of “mo = 3 g”. 
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Fig. 11.61a  Calibration factor of 177mLu for the ISOCAL IV ionization chamber 

without shielding versus mass of solution in P6 vial for density of nitrogen gas 1.1900E-02 
g/cm3. 
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Fig. 11.61b  “Cfo/Cfm” of 177mLu versus “m-mo” for the ISOCAL IV ionization 

chamber without shielding for mass of solution in P6 vial and density of  nitrogen gas 
1.1900E-02 g/cm3. 
 
Table 11.57  P6 vial calibration figure (for a mass of 4g) and volume correction factors 
coefficients of a second order polynomial (normalising mass 4g) for the ISOCAL IV 
ionization chamber for 177mLu radionuclide. Nitrogen gas density 1.1900E-02 g/cm3, case with 
lead and copper shielding. 
 

Radionuclide Calibration 
figure (pA/MBq)

Calibration figure 
uncertainty % 

(k =1) 

Volume 
correction factor 

(a1) 

Volume 
correction factor 

(a2) 
Lead and Copper Shielding 

177mLu 10.34741 0.861 0.003304 -0.000304 
 
 
Technecium-99m 
 
Table 11.58  MC calculated calibration figures of Tc-99m  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 1.21117 0.766 
1.1900E-02 1.23466 0.771 
1.2025E-02 1.25210 0.777 
1.2492E-02 1.30125 0.775 

Tc-99m 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 1.32900 0.747 
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Fig. 11.62  Calibration figure of 99mTc versus nitrogen gas density of ISOCAL IV IC.  

 
Yttrium – 90 
 
Table 11.59  MC calculated calibration figures of Y-90 
 

Radionuclide  
 

Density of 
Nitrogen 

Gas (g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1) 
1.1653E-02 0.06262 2.191 
1.1900E-02 0.06429 2.170 
1.2025E-02 0.06484 2.116 
1.2492E-02 0.06719 2.110 

Y-90 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.06867 2.131 
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Fig. 11.63  Calibration figure of 90Y versus nitrogen gas density of ISOCAL IV IC. 
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Zinc-65 
 
Table 11.60  MC calculated calibration figures of Zn-65  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 5.08460 0.681 
1.1900E-02 5.16044 0.669 
1.2025E-02 5.21519 0.678 
1.2492E-02 5.43189 0.673 

Zn-65 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 5.63524 0.668 

y = 477,369944x - 0,507270
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Fig. 11.64  Calibration figure of 65Zn versus nitrogen gas density of ISOCAL IV IC.  
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11.2.1 Energy Response Simulation of ISOCAL IV Ionization Chamber. 
Sensitivity Function, S(E), for Solution on P6 vial 
 
About 12 gamma emitting radionuclides are simulated for 4 g of standard radioactive 
solution available on 10 ml, P6 vial. The Monte-Carlo simulation covered a wide 
photon energy range starting from 14.41 keV (corresponding to 57Co radionuclide) till 
up to 1332.5 keV (corresponding to the gamma line of 60Co radionuclide).  
 
The calculations of the gamma ray energy deposition carried out for all radionuclides 
mentioned above offer the possibility to plot the chamber response versus the photon 
energy, Figure 11.65, emitted from the volume of radioactive solution filling the P6 
vial. In each case a number of 107 histories is simulated and the estimated standard 
deviation of the calculated values (deposited energy) remains between 0.64% and 
1.04%. In Figure 11.65 no error bars are shown because the standard errors are less 
than the size of the plotted points. 
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Fig. 11.65  The sensitivity function S(E), the current in pA produced by a simulated 

photon source emitting 106 photons of energy E per second emitted from 4 g of radioactive 
solution filling the P6 vial. The sensitivity function presented here corresponds to case of lead 
and copper shielding and density of nitrogen filling gas d = 1.1900E-02 g/cm3 
 
As in the case of 5 ml PTB standard ampoule the response of ISOCAL IV ionization 
chamber, Figure 11.65, seems to be monotonic. A closer look at the lower part of 
energy zone, Figure 11.66, shows a strong peak in the efficiency curve at photon 
energies around 50 keV. The presence of this peak is due to rapid increase of the 
interaction cross section of the photoelectric effect in the sensitive chamber materials 
with decreasing the energy, and the low energy cutoff with aluminium walls at about 
20 keV. 
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Fig. 11.66  The sensitivity function S(E), the current in pA produced by a simulated 

photon source emitting 106 photons of energy E per second. The plotted data correspond to 
the lower part of gamma-ray energy for a density of nitrogen gas 1.1900E-02 g/cm3.and lead 
and copper shielding. 
 
 
11.2.2 Validation of the Monte-Carlo Calculated Calibration Figures of 
Radioactive Solutions on P6 vial for the ISOCAL IV Ionization Chamber. 
 
In order to test and validate the Monte-Carlo calculated results the radionuclides 
calibration figure from Monte-Carlo simulation are compared with the calibration 
figures available from National Physical Laboratory (NPL), England which are 
deduced from absolute activity measurements.  
 
The radionuclides calibration figure from Monte-Carlo simulation are compared with 
the calibration figures data available from National Physical Laboratory (NPL). In our 
Monte-Carlo simulation work the total decay scheme of each radionuclide is taken into 
account. As in the case of 5 ml PTB standard ampoule we found that the best results of 
calibration figures were calculated for nitrogen gas pressure 1.0212 MPa (1.1900E-02 
g/cm3). The ratios of the calculated “Cfo” to experimental “Ce” calibration factors 
determined for each radionuclide for case of lead and copper shielding are shown on 
Table 11.61 and graphically presented on Figure 11.67. The standard deviation of the 
ratio R = Cfo/Ce is calculated by using the Formula (11.1). 
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Table 11.61  Ratio of “Cfo/Ce” for the case of lead and copper shielding and nitrogen gas 
density d = 1.1900E-02 g/cm3. 
 
Radionuclide Cfo(a) (pA/MBq) ∆Cfo(b)(pAMBq) 

(k=1) 
Cfo/Ce(c) ∆(Cfo/Ce)(d) 

(k=1) 

Cs-137 5.620640 0.039526 0.977332 0.009425 
Co-57 1.178556 0.007708 1.003881 0.009328 
Co-60 21.88612 0.166441 0.987195 0.007714 

Am-241 0.237512 0.001881 1.041721 0.009023 
Y-90 0.064286 0.001395 0.948171 0.022656 
F-18 10.28220 0.072857 0.993449 0.007109 
Be-7 0.514486 0.004013 0.992834 0.013878 

Tc-99m 1.234665 0.009518 1.006247 0.011179 
Zn-65 5.160436 0.034559 0.984252 0.009323 
I-125 0.376646 0.003163 1.016314 0.022045 
I-131 3.965894 0.040206 0.991721 0.010636 

 

(a)  Monte-Carlo calculated calibration factor for 4 g of radioactive solution in P6 vial. 
(b) Uncertainty (at k = 1) of Monte-Carlo calculated calibration factor for 4 g of radioactive   
     solution in P6 vial.  
(c) Ratio of the MC calculated calibration factor “Cfo” to the experimental calibration factor   
    “Ce” available for the NPL. 
(d) Uncertainty (at k=1) of the ratio of the MC calculated calibration factor “Cfo” to the  
    experimental calibration factor “Ce”available from the NPL. 
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Fig. 11.67  The ratio of calibration factor “Cfo” calculated by Penelope Monte–Carlo 

computer code for 4 g of radioactive solution on P6 vial to the experimental calibration factor 
“Ce” available from the National Physical Laboratory (NPL) for ISOCAL IV IC. Simulated 
data correspond to the case with lead and copper shielding and for nitrogen gas density 
1.1900E-02 g/cm3. 
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11.3 Calibration Figure and the Volume Correction Factors for 
Radioactive Solutions available on 10 R Schott Type 1+ vial 
 
We run the simulation for 4 g of radioactive solution on 10 R Schott Type 1+ vial (see 
Figure 5.9c) centred at the position of the maximum response of the ISOCAL IV well-
type pressurized ionization chamber for case of lead and copper shielding Figure 
7.25b.  
 
The equation (10.2) is used to calculate the radionuclide calibration factors by treating 
the Monte-Carlo simulated data. For each case the effect of variation of the calculated 
calibration figures versus the nitrogen gas density in the range from 1.1653E-02 g/cm3 
up to 1.2813 g/cm3 is investigated and the calculated data are plotted. Applying the 
least squares fitting method a linear function fit is made to the Monte-Carlo calculated 
data. The reason of using a linear function was that linearity of calibration factor 
versus the density of nitrogen gas is observed (see section 11.1.2) for a wide range of 
nitrogen gas density. The SigmaPlot® software /SigmaPlot® 97,1; SigmaPlot® 97,2/ 
as well as Miscrosoft Excel® program are used for data fitting. 
 
The radionuclides studied are: 18F, 57Co, 60Co, 90Y , 99mTc, 125I, and 131I. 
 
For this relevant medical radionuclide mentioned above the volume correction factors 
are determined. In this regard the calibration factors for various mass of radioactive 
solution filling the 10 R Schott Type1+ vial are given and the volume correction 
factors are derived by using the equation (10.9). The calculated volume correction 
factors correspond to the case of nitrogen gas density 1.1900E-02 g/cm3 (1.0212 MPa).  
 
Simulated results for the radionuclides studied are given on following in the alphabetic 
order.  
 
Cobalt-57 
 
Table 11.62  MC calculated calibration figures of Co-57  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 1.15924 0.629 
1.1900E-02 1.17961 0.627 
1.2025E-02 1.19558 0.626 
1.2492E-02 1.23984 0.625 

Co-57 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 1.26842 0.625 
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Fig. 11.68  Calibration figure of 60Co versus nitrogen gas density of ISOCAL IV IC. 

 
Cobalt-60 
 
Table 11.63  MC calculated calibration figures of Co-60  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 21.32748 0.637 
1.1900E-02 21.77861 0.638 
1.2025E-02 22.00308 0.633 
1.2492E-02 22.92137 0.634 

Co-60 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 23.42882 0.634 

y = 1836,636126x - 0,072105
R2 = 0,998759
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Fig. 11.69  Calibration figure of 60Co versus nitrogen gas density of ISOCAL IV IC.  
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Fluorine-18 
 
Table 11.64  MC calculated calibration figures of F-18  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 10.03685 0.713 
1.1900E-02 10.27872 0.709 
1.2025E-02 10.36533 0.710 
1.2492E-02 10.73644 0.709 

F-18 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 11.01818 0.702 
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Fig. 11.70  Calibration figure of 18F versus nitrogen gas density of ISOCAL IV IC. 

 
 
Volume correction factors for 18F 
 
The volume correction factors for 18F on 10 R Schott Type 1+ vial are determined 
from Monte-Carlo simulations results of the variation in the response of the ISOCAL 
IV ionization chamber with the volume of solution in the vial (see Figure 10.4). The 
Monte-Carlo calculation are done for mass of solution starting from 1 g up to 10 g and 
the calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.65 Using such data the second order 
polynomials, Figure 11.71a-b, are constructed and the volume correction factors are 
derived. The volume correction factor are shown on Table 11.66.  
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Table 11.65  Results of 18F for various mass of radioactive solution in 10 R Schott Type 1+ 
vial for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case of lead and copper 
shielding 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) 

(pA/MBq) (k=1)
(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(k=1) 
1.0 10.43632 0.07473 -3.0 0.984899 0.009929 
2.0 10.39539 0.07499 -2.0 0.988777 0.010006 
3.0 10.35100 0.07463 -1.0 0.993017 0.010046 
4.0 10.27872 0.07294 0.0 1.000000 0.010036 
5.0 10.20296 0.07376 1.0 1.007425 0.010206 
6.0 10.13889 0.07077 2.0 1.013792 0.010091 
7.0 10.11509 0.07278 3.0 1.016177 0.010269 
8.0 10.07010 0.07039 4.0 1.020717 0.010167 
9.0 10.05010 0.07137 5.0 1.022748 0.010267 
10.0 10.04047 0.07235 6.0 1.023728 0.010354 

(a); (b); (c); (d); (e);(f): see explanations given at volume correction factors for 177Lu, section 11.2. 
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Fig. 11.71a  Calibration factor of 18F for the ISOCAL IV ionization chamber with lead 

and copper shielding versus mass of solution in a 10R Schott Type 1+ vial for density of 
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.71b  “Cfo/Cfm” of 18F versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 10R Schott Type 1+ vial and density 
of  nitrogen gas 1.1900E-02 g/cm3. 
 
 
Table 11.66  10R Schott Type 1+ vial calibration figure (for a mass of 4g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 4g) for the 
ISOCAL IV ionization chamber for 18F radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration 
figure (pA/MBq)

Calibration figure 
uncertainty % 

(k =1) 

Volume 
correction factor 

(a1) 

Volume 
correction factor 

(a2) 
Lead and Copper Shielding 

18F 10.27872 0.709 0.005553 -0.000274 
 
 
Iodine-125 
 
Table 11.67  MC calculated calibration figures of I-125  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 0.39805 1.003 
1.1900E-02 0.40715 1.005 
1.2025E-02 0.41111 1.004 
1.2492E-02 0.42600 1.002 

 
 

I-125 
 
 1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.43454 1.003 
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Fig. 11.72  Calibration figure of 125I versus nitrogen gas density of ISOCAL IV IC.  

 
Volume correction factors for 125I 
 
The volume correction factors for 125I on 10 R Schott Type 1+ vial are determined 
from Monte-Carlo simulations results of the variation in the response of the ISOCAL 
IV ionization chamber with the volume of solution in the vial (see Figure 10.4). The 
Monte-Carlo calculation are done for mass of solution starting from 1 g up to 10 g and 
the calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.68. Using such data the second order 
polynomials Figure 11.73a-b are constructed and the volume correction factors are 
derived. The volume correction factor are shown on Table 11.69.  
 
Table 11.68  Results of 125I for various mass of radioactive solution in 10 R Schott Type 1+ 
vial for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case of lead and copper 
shielding 

 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) 

(pA/MBq) (k=1)
(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(k=1) 
1.0 0.431631 0.004385 -3.0 0.943300 0.013482 
2.0 0.423027 0.004297 -2.0 0.962486 0.013756 
3.0 0.411381 0.004189 -1.0 0.989733 0.014111 
4.0 0.407158 0.004093 0.0 1.000000 0.014216 
5.0 0.402052 0.004084 1.0 1.012700 0.014474 
6.0 0.395622 0.004019 2.0 1.029159 0.014709 
7.0 0.392517 0.003987 3.0 1.037299 0.014825 
8.0 0.389001 0.003952 4.0 1.046676 0.014960 
9.0 0.386195 0.003923 5.0 1.054280 0.015068 
10.0 0.383116 0.003892 6.0 1.062754 0.015189 

(a); (b); (c); (d); (e);(f): see explanations given at volume correction factors for 177Lu, section 11.2. 
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Fig. 11.73a  Calibration factor of 125I for the ISOCAL IV ionization chamber with lead 

and copper shielding versus mass of solution in a 10R Schott Type 1+ vial for density of 
nitrogen gas 1.1900E-02 g/cm3. 

y = -0,000922x2 + 0,015753x + 0,999654
R2 = 0,997414

0,92

0,96

1,00

1,04

1,08

1,12

-4 -3 -2 -1 0 1 2 3 4 5 6 7

m - mo (g)

C
f0

/C
fm

 
Fig. 11.73b  “Cfo/Cfm” of 125I versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 10R Schott Type 1+ vial and density 
of  nitrogen gas 1.1900E-02 g/cm3. 
 
 
Table 11.69  10R Schott Type 1+ vial calibration figure (for a mass of 4g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 4g) for the 
ISOCAL IV ionization chamber for 125I radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure 
uncertainty % 

(k =1) 

Volume 
correction factor 

(a1) 

Volume 
correction factor 

(a2) 
Lead and Copper Shielding 

125I 0.407158 1.005 0.015753 -0.000922 
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Iodine-131 
 
Table 11.70  MC calculated calibration figures of I-131  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 3.94117 1.018 
1.1900E-02 4.01298 1.021 
1.2025E-02 4.04968 1.017 
1.2492E-02 4.18838 1.020 

I-131 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 4.28184 1.018 

y = 294,329878x + 0,510873
R2 = 0,999983
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Fig. 11.74  Calibration figure of 131I versus nitrogen gas density of ISOCAL IV IC.  

 
 
Volume correction factors for 131I 
 
The volume correction factors for 131I on 10 R Schott Type 1+ vial are determined 
from Monte-Carlo simulations results of the variation in the response of the ISOCAL 
IV ionization chamber with the volume of solution in the vial (see Figure 10.4). The 
Monte-Carlo calculation are done for mass of solution starting from 1 g up to 10 g and 
the calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.71. Using such data the second order 
polynomials Figure 11.75a-b are constructed and the volume correction factors are 
derived. The volume correction factor are shown on Table 11.72. 
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Table 11.71  Results of 131I for various mass of radioactive solution in 10 R Schott Type 1+ 
vial for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case of lead and copper 
shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) 

(pA/MBq) (k=1)
(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(k=1) 
1.0 4.06921 0.04147 -3.0 0.98618 0.01423 
2.0 4.05289 0.04122 -2.0 0.99015 0.01427 
3.0 4.02398 0.04100 -1.0 0.99727 0.01439 
4.0 4.01298 0.04097 0.0 1.00000 0.01444 
5.0 3.98703 0.04064 1.0 1.00651 0.01452 
6.0 3.96899 0.04032 2.0 1.01108 0.01456 
7.0 3.96162 0.04037 3.0 1.01296 0.01461 
8.0 3.94641 0.04025 4.0 1.01687 0.01468 
9.0 3.94009 0.04023 5.0 1.01850 0.01471 
10.0 3.93158 0.04022 6.0 1.02070 0.01475 

(a); (b); (c); (d); (e);(f): see explanations given at volume correction factors for 177Lu, section 11.2. 
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Fig. 11.75a  Calibration factor of 131I for the ISOCAL IV ionization chamber with lead 

and copper shielding versus mass of solution in a 10R Schott Type 1+ vial for density of 
nitrogen gas 1.1900E-02 g/cm3. 
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Fig. 11.75b  “Cfo/Cfm” of 131I versus “m-mo” for the ISOCAL IV ionization chamber 

with lead and copper shielding for mass of solution in a 10R Schott Type 1+ vial and density 
of  nitrogen gas 1.1900E-02 g/cm3. 
 
Table 11.72  10R Schott Type 1+ vial calibration figure (for a mass of 4g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 4g) for the 
ISOCAL IV ionization chamber for 125I radionuclide. Nitrogen gas density 1.1900E-02 g/cm3. 
 

Radionuclide Calibration figure 
(pA/MBq) 

Calibration figure 
uncertainty % 

(k =1) 

Volume 
correction factor 

(a1) 

Volume 
correction factor 

(a2) 
Lead and Copper Shielding 

131I 4.01298 1.021 0.004679 -0.000245 
 
 
Tc-99m 
 
Table 11.73  MC calculated calibration figures of Tc-99m  
 

Radionuclide  
 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1)
1.1653E-02 1.23030 0.905 
1.1900E-02 1.24374 0.876 
1.2025E-02 1.27231 0.874 
1.2492E-02 1.33537 0.874 

Tc-99m 
 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 1.38216 0.847 
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Fig. 11.76  Calibration figure of 99mTc versus nitrogen gas density of ISOCAL IV IC.  

 
Volume correction factors for 99mTc 
 
The volume correction factors for 99mTc on 10 R Schott Type 1+ vial are determined 
from Monte-Carlo simulations results of the variation in the response of the ISOCAL 
IV ionization chamber with the volume of solution in the vial (see Figure 10.4). The 
Monte-Carlo calculation are done for mass of solution starting from 1 g up to 10 g and 
the calibration figures are calculated for each case respectively.  
The simulated results are shown on Tables 11.74. Using such data the second order 
polynomials Figure 11.77a-b are constructed and the volume correction factors are 
derived. The volume correction factor are shown on Table 11.75  
 
Table 11.74  Results of 99mTc for various mass of radioactive solution in 10 R Schott Type 1+ 
vial for density of nitrogen filling gas d = 1.1900E-02 g/cm3. Case of lead and copper 
shielding. 
 

m(a) (g) Cf(b) 
(pA/MBq) 

∆Cf(c) 

(pA/MBq) (k=1)
(m - m0)(d) 

(g) (Cfo/Cfm)(e) ∆(Cfo/Cfm)(f)

(k=1) 
1.0 1.259004 0.011203 -3.0 0.987882 0.012336 
2.0 1.251033 0.012444 -2.0 0.994176 0.013177 
3.0 1.247168 0.011236 -1.0 0.997257 0.012532 
4.0 1.243748 0.010896 0.0 1.000000 0.012389 
5.0 1.237950 0.011139 1.0 1.004683 0.012617 
6.0 1.233478 0.012232 2.0 1.008326 0.013342 
7.0 1.228957 0.011088 3.0 1.012034 0.012727 
8.0 1.226958 0.012210 4.0 1.013683 0.013440 
9.0 1.223979 0.012133 5.0 1.016150 0.013443 
10.0 1.223504 0.012199 6.0 1.016545 0.013492 

  (a); (b); (c); (d); (e);(f): see explanations given at volume correction factors for 177Lu, section 11.2. 
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Fig. 11.77a  Calibration factor of 99mTc for the ISOCAL IV ionization chamber 

without shielding versus mass of solution in a 10R Schott Type 1+ vial for density of nitrogen 
gas 1.1900E-02 g/cm3. 
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Fig. 11.77b  “Cfo/Cfm” of 99mTc versus “m-mo” for the ISOCAL IV ionization 

chamber without shielding for mass of solution in a 10R Schott Type 1+ vial and density of  
nitrogen gas 1.1900E-02 g/cm3. 

 
Table 11.75  10R Schott Type 1+ vial calibration figure (for a mass of 4g) and volume 
correction factors coefficients of a second order polynomial (normalising mass 4g) for the 
ISOCAL IV ionization chamber for 99mTc radionuclide. Nitrogen gas density 1.1900E-02 
g/cm3. 
 

Radionuclide Calibration 
figure (pA/MBq)

Calibration figure 
uncertainty % 

(k =1) 

Volume 
correction factor 

(a1) 

Volume 
correction factor 

(a2) 
Lead and Copper Shielding 

99mTc 1.24374 0.876 0.003824 -0.000196 
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Yttrium – 90 
 
Table 11.76 MC calculated calibration figures of Y-90 
 

Radionuclide  
 

Density of 
Nitrogen 

Gas (g/cm3) 

Type of 
Shielding 

Calibration 
Figure 

Cf (pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k = 1) 
1.1653E-02 0.07106 2.477 
1.1900E-02 0.07281 2.323 
1.2025E-02 0.07337 2.430 
1.2492E-02 0.07503 2.407 

Y-90 

1.2813E-02 

50 mm thick 
of lead and 3 
mm thick of 

copper 
shielding 0.07682 2.320 

y = 4,646257x + 0,017248
R2 = 0,983651
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Fig. 11.78  Calibration figure of 90Y versus nitrogen gas density of ISOCAL IV IC. 

 
 
11.3.1 Energy Response Simulation of ISOCAL IV Ionization Chamber. 
Sensitivity Function, S(E), for Solution on 10R Schott Type 1+ vial 
 
About 6 gamma emitting radionuclides are simulated for 4 g of standard radioactive 
solution available on 10 R Schott Typer 1+ vial. The Monte-Carlo simulation covered 
a wide photon energy range starting from 14.41 keV (corresponding to 57Co 
radionuclide) till up to 1332.5 keV (corresponding to the gamma line of 60Co 
radionuclide).  
 
The calculations of the gamma ray energy deposition carried out for all radionuclides 
mentioned above offer the possibility to plot the chamber response versus the photon 
energy, Figure 11.79, emitted from the volume of radioactive solution filling the 10 R 
Schott Type 1+ vial. In each case a number of 107 histories is simulated and the 
estimated standard deviation of the calculated values (deposited energy) remains 
between 0.62 % and 1.02%. In the Figure 11.65 no error bars are shown because the 
standard errors are less than the size of the plotted points. 
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Fig. 11.79  The sensitivity function S(E), the current in pA produced by a simulated 
photon source emitting 106 photons of energy E per second emitted from 4 g of radioactive 
solution filling the 10R Schott Type 1+ vial. The sensitivity function presented here 
corresponds to case of lead and copper shielding and density of nitrogen filling gas d = 
1.1900E-02 g/cm3 
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11.4 Estimation of Uncertainties 
 
The uncertainties of the radionuclide calibration factors for the ISOCAL IV ionization 
chamber have been carried out in accordance with the recommendations of the “Guide 
to the expression of the uncertainty in measurement” /GUM 95/ which is accepted 
worldwide as the master document for the evaluation of uncertainty. The estimated 
uncertainty are obtained by combining both Type A and Type B uncertainties.  
 
Type A uncertainties are those evaluated by the statistical method (obtained from a 
probability density function derived from an observe frequency distribution) and are 
calculated as standard deviations of the mean from a series of response measurements 
under similar measuring conditions. Type B uncertainties are those which are 
evaluated (obtained from an assumed probability density function) by other means 
usually based on a pool of comparatively reliable information. They are associated 
with the values of influencing quantities, which are not measured in a given 
measurement but, taken from: a) previous measurement data; b) experience related 
with the behaviour of the instrument; c) manufacturer’s specifications; d) uncertainties 
assigned to reference data taken from handbooks as well as data provided in the 
calibration- or testing certificates and other important technical notes.  
 
The overall uncertainty value of the calibration figure is calculated by applying the law 
of uncertainty propagation formula. This is done by determining the combined 
standard uncertainty of calibration factor. The combined uncertainty σ(Cf) of the 
calibration factor “Cf” is calculated as the positive square root of the sum of the 
squares of the individual uncertainty, σ(xi) (Type A and Type B) of the input 
components, weighted with the partial derivates (sensitivity coefficients) of the 
function giving “Cf”.  

                                             σ2(Cf) = ( )i
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                                       (11.3) 

 
The combined standard uncertainty “σ2(Cf)” is an estimated standard deviation and 
characterizes the dispersion of the values that could reasonably be attributed to the 
Monte-Carlo calculated calibration figure “Cf”. 
 
When the calibration factors are derived by means of experimental mesurements the 
individual components depend on the particular procedure used in evaluation of the 
calibration factor “Cf”. In our case the calibration factors are calculated based on 
Monte-Carlo simulation method which are evaluated by using the equation (10.5) 
expressed as, 
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In equation (11.4), “Cf” is the output quantity and Ei , pi and W are the input 
quantities. The standard deviation of Ei is a Type A uncertainty and the standard 
deviations of the input quantities pi and W-value are of Type B uncertainties.  
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The standard deviation of the energy deposited on the nitrogen gas is calculated by 
Monte-Carlo simulation method. The uncertainty values of the energy deposited are 
standard deviation derived from a large number of simulation histories. A normal 
(Gaussian) distribution of the computed value is assumed. Regarding the standard 
uncertainties of the emission probabilities, pi and of W-value they are interrogated 
from literature.  
 
The standard uncertainty of electron charge which is in the order of 10-5 % was not 
taken into account. For Be-7 radionuclide (for 4g of solution in P6 vial and density of 
nitrogen gas 1.1900E-02 g/cm3) a typical uncertainty budget is shown below on Table 
11.77. 
 
Table 11.77  Uncertainty components in Monte-Carlo calculated calibration factor for Be-7 
 

Component 

Uncertainty (%) 
(k =1, corresponding to 68 % 

confidence level) 
 

Deposited energy 
 

Emission probability 
 

W- value  
 

Combined uncertainty 
 

0.364 
 

0.383 
 

0.574 
 

0.780 

 
As it was mentioned on Section 9. the kernel of the Monte-Carlo program is Fortran 77 
which stands for FORmula TRANslation. The Fortran programming language /Page 
95; Metcalf 96; Willé 95/ is particularly good at numerical problems and for such 
reasons the Fortran’s superiority are always shown in the area of numerical, scientific, 
enginering and technical applications. The data types of the main simulation programs 
are specified as “DOUBLE PRECISION” and “INTEGER”.  In minimizing the 
possible error coming from the input data files prepared by the user all the real 
constants (incorporated into the input data file for running) are declared by typing at 
least sixs decimal digits (see. Tables 9.3; 9.5; 9.6; 9.7).  
 
The presentation of the calculated radionuclide calibration factors is based on the 
following justification. While the standard uncertainty of the emission probability, pi 
of the “i-th” gamma ray (depending on radionuclide but not less than 0.01 %) and of 
the W-value (in the order of 0.574 %) are taken from the literature the standard 
uncertainty (and the energy itself) of the deposited energy in the nitrogen gas of 
ISOCAL IC ionization chamber is depending on the number of the shower histories 
simulated (simulation time, see Section 9.6) as well as geometrical and chemical 
factors. The relative magnitude of these uncertainties and their source of origine are 
listed below on Table 11.78. 
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Table 11.78  Relative magnitude of the uncertainty components for the ISOCAL IV 
ionization chamber. 
 

Source of uncertainty Standard Uncertainty (%) (k=1) 
Geometry of 5 ml PTB standard ampoule 

height of the ampoule 1.00  
outer diameter 1.00  
inner diameter 0.70  
wall thickness 1.00  

Geometry of P6 vial 
height of the ampoule 1.30  

outer diameter 1.10  
max volume 0.30  
wall thickness 8.00  

Geometry of the components composing the ISOCAL IV IC 
length of outer tube 0.08  
length of inner tube 0.08  
length of collector 0.16  

outer diameter of the outer tube 0.13  
inner diameter of the outer tube 0.02  
outer diameter of the inner tube 0.30  
inner diameter of the collector 0.39  
wall thickness of the inner tube 4.00 
wall thickness of the collector 4.00  

base plate thickness 1.40  
top plate thickness 1.40  

diameter of the base plate thickness 0.05  
diameter of the top plate thickness 0.05  

Density of the chemical solution and presence of different impurities 
density of radioactive solution  0.10  

presence of impurities 0.05  
Simulation time 

Relative uncertainty for the simulated gamma 
rays 

0.1 ÷ 0.5  
(depending on energy of the  

gamma ray simulated) 
 
Based on these data of uncertainties we rounded the calculated radionuclides 
calibration factors is such a way that not to introduce an error more than 0.01%.  
 
In calculation of the overall uncertainty of the radionuclide activity measured at the 
LLC-Laboratory Arsenal the law of uncertainty propagation formula is applied. For 
calculation of the combined uncertainty the individual uncertainty components shown 
on Table 11.79 are used. 
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Table 11.79  Uncertainty components in radionuclide activity measurement. 
 
Component Uncertainty (%) (k =1) 
Radionuclidic impurities from radionuclide certificate 
Current measurement 0.10 
Background 1.00 
Determination of solution mass1 0.05 

Ionization Chamber 
(Temperature + Humidity + Stability) 0.10 

Uncertainty of capacitor2 0.10 

Calibration factor3 depending on radionuclide 

 

1, 2 details how such value are derived are given on references /Calib. Certificate BEV 06; 
/Calib. Certificate BEV 03/ 
3  standard uncertainties for the calibration figures are provided directly from the technical 
note of NPL laboratory or in case of calculation by Monte-Carlo method, the uncertianties are 
determined (depending on radionuclide) in the same way as for Be-7, Table 11.77. 
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12 Remarks and Outlooks 
 

The objective of this work was to test and validate the Monte-Carlo simulation 
in improving the activity measurements by means of calculating the radionuclide 
calibration factors for the ISOCAL IV well-type pressurized ionization chamber 
widely used in many metrology laboratories around the world. The flexibility of the 
PENGEOM package used in the PENELOPE Monte-Carlo simulation code makes it 
easy to model complex ionization chambers. 
 

This work confirmed that once the  simulation parameters are determined the 
Monte-Carlo ionization chamber simulation method allows us to calculate the 
calibration factors for ISOCAL IV well-type pressurized ionization chamber for 
photon, electron and positron emmiting radionuclides.  
 

We simulated the energy response of the ISOCAL IV IC for the standard 
solutions  contained on: a) sealed Jena glass 5 ml PTB standard ampoule, b) 10 ml 
(P6) and c) 10 R Schott Type 1 + vials. The response functions of the ISOCAL IV IC 
for different values of the nitrogen gas density for the studied radionuclides are 
calculated. All simulations were performed for values of the nitrogen gas density 
1.1653E-02E-02 g/cm3, 1.1900E-02E-02 g/cm3, 1.2025E-02E-02 g/cm3, 1.2492E-02E-
02 g/cm3 and 1.2813E-02E-02 g/cm3 respectively. The variations of the chamber 
response to the nitrogen gas density  shown linearity in the range from 1.1653E-08 
g/cm3 (1.0000E-6 MPa) up to 1.5000E-02 g/cm3 (1.2872E-02 MPa) for different 
values of photon energy. Small deviation from the linearity are observed at the lower 
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part of gas density region for low energy photons. Based on the simulated results the 
radionuclides calibration factors as well as the volume correction factors for some of 
them are pointed out.  

 
While the density of the nitrogen filling gas given by the manufacture is 

approximately 1.1653E-02 g/cm3 (1.0000 MPa) the best ratios of calculated to 
experimental calibration figures were obtained for a density of nitrogen gas 1.1900E-
02 g/cm3 (1.0212 MPa).  

 
We can say that radionuclides calibration factors calculated by the Monte-Carlo 

simulation of the national secondary standard measuring system used as a reference of 
activity, ISOCAL IV IC, were in good agreement with the experimental values 
deduced by absolute activity measurement.  
 

All the calculated results demonstrate enhancement in the radionuclide activity 
measurement. The calibration figures of many radionuclides with no available 
experimental calibration figures are pointed out. These become important especially in 
the case of 10 R Schott Type 1+ vial which as new vial recently introduced has no 
experimental calibration factors available. Related to this new vial, new calibration 
factors and volume correction factors for a number of radionuclides including some of 
the most relevant medical radionuclides are derived.  

 
Attention is paid in dealing with the 177mLu isomer which is always 

accompanying the 177Lu radionuclide. To correct for the presence of this impurity, the 
calibration factor and the volume correction factors for 177mLu are reported. Activity 
measurement of some radionuclide using the MC calculated calibration factors were 
obtained with standard deviation less the 1%. The Monte-Carlo determined energy-
dependent photon efficiency curve, so called the sensitivity function, S(E), and the 
theoretical curve show very good conformity. 
 

For many radionuclide the responses for different volumes of the sample filling 
the 5 ml PTB standard ampoule, P6 vial and 10 R Schott Type 1+ vial were calculated. 
We saw that chamber response is sensitive to changes in the volume of the sample and 
this become a very important factor specialy in case of dealing with pure beta emitting 
radionuclides. The variations of the calibration factor versus the mass of solution show 
that for high accuracy of the activity measurements the samples should contain always 
the “same” volume of the sample being as close as possible to the normalising masses 
which correspond to 3 g of solution for 5 ml PTB ampoule and 4 g of solution for P6 
and 10R Schott Type 1+ vials.  
 

Results of simulation regarding beta emitters suggested that such a process can 
be succesfully extended to other beta radionuclides with interest in metrology of 
ionizing radiation, nuclear medicine as well as in many other applications. Due to 
detection of the backscattered radiation in the lead shielding of the chamber, including 
the copper shield is a necessity in dealing with activity measurements using such 
chamber, Figure 12.1 
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Fig. 12.1  Calibration figure of Co-57 radionuclide for the ISOCAL IV IC. Density of 
nitrogen gas d = 1.1900E-02 g/cm3. 
 

The established sensitivity curves, Figures 11.42, 11.65, 11.79, can be 
succesfully used to calculate the calibration factors for radionuclide (to which the 
ISOCAL IV IC is not calibrated) emitting n photons of different energies and of known 
probabilities per decay. This can be done by directly interpolating the values from the 
established curves and multiplying them by the appropriate probability per decay. In 
such a case special attention must be paid for the radionuclides emmiting photons in 
the lower energy region (below 100 keV) because the monotonical shape of the curve 
is incorrect due to the presence of a peak. This is because the shape of energy response 
curve in the lower energy region is dependent on the thickness of the well’s wall, its 
material as well as on the chamber filling gas. 
 

As the accuracy is a measure of the agreement between the result of a 
measurement and the true value of the measurand the accuracy of our simulated 
calibration factors are checked by comparing them with the “true” (reference) value 
reported from NPL laboratory. The NPL secondary standard radionuclide calibrator 
provides highly stable, sensitive and accurate facility for the assay of radionuclides. Its 
calibration factors are directly traceable to national primary activity standard. 
 

We must note here that the accuracy cannot be directly estimated by the Monte-
Carlo codes, because the accuracy of the result depends on the accuracy of the code, 
especially its physics, how well the problem is modelled e.g. in its geometry source, on 
the user errors or abuse of the tools available and also depends on the available atomic 
cross section data. Once the accuracy of the PENELOPE computer code system was 
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proved by the authorized organisation and institutions we did our best in minimizing 
all the possible error in modelling the well-type ISOCAL IV IC.  
 

The standard deviations of the MC calculation calibration factors to the 
reference values were: about 27 % of the MC calculated results are determined with 
uncertainty less than ± 0.5 %; 47 % with uncertainty in the range of 0.5 ÷ 1.5 %; 20 % 
in the range of 1.5 ÷ 2 % and only 6 % of them show an uncertainty in the range of 2 ÷ 
5 %. The biggest deviation is found to be for pure beta emitters and for radionuclide 
emitting low energy photons.  
 

In contrast to the accuracy the precision (relative error) of the calculated 
calibration figures which is the resolution to which the value of the calibration factor 
can be specified, are estimated directly by the MC computer code. This is done by 
controlling a series of parameters and factors which plays a decisive role on the 
simulation process. The outputs of the simulated process (energy deposited on the 
sensitive volume of the IC) are reported with a relative error in the range from 0.1 % up 
to 0.5 %. The lower relative errors correspond to simulated photons of high energy and 
the higher errors correspond to lower photon energy as well as to beta emitting 
radionuclides.   
 

In accordance with the GUM (Guide to the Expression of Uncertainty in 
Measurement) on the uncertainty budget of the calculated calibration figures the 
standard uncertainty of input quantities, pi (emission probability) and of W-value 
(required energy to create an ion pair in the nitrogen gas) have been taken into 
account. With such calculations the calibration figures of the studied radionuclides for 
the ISOCAL IV IC are found to have a relative uncertainty in the range of 0.59 % ÷ 
1.96 %. These uncertainties  are reported for a coverage factor k = 1 which correspond 
to a 68 % confidence level.  
 

The new determined calibration factors for the 5 ml PTB standard ampoule and 
P6 vial as well as those for the new container configuration must be validated against 
real measurements of calibration factors that are in turn traceable to the key 
comparison reference value (KCRV). This is achieved by the determination of the 
equivalent activity of the radionuclide and by comparison of the result with the KCRV 
determined from the results of the primary realisation. For such reason ampoule and 
vial containing radioactive solution must be sent to Bureau International des Poids et 
Measures (BIPM), in the frame of the International Reference System (SIR). In such a 
way not only the calculated results are validated but also the national secondary 
measuring system is checked for consistency. 
 

Therefore, the “PENELOPE” MC simulation code appears to be a powerful tool 
in modelling very complex ionization chamber as well as to provide reliable results 
when no or not sufficient experimental data exists. The information given in the thesis 
could be possible used in the future to extent the process of deriving the calibration 
figure and the volume correction factors to other radionuclide with interest in radiation 
metrology. It will be also useful to simulate the chamber response for different type of 
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filling gas. Special attention one must pay to beta spectrum when dealing with pure 
beta emitters. The shape of beta spectrum is a key parameter in preparing the input 
data file for such radinuclides.  

 
This work also demonstrate that the flexibility of Monte-Carlo techniques offer 

the possibilities to use such methods in supporting the work for designing and 
manufacturing of standard instruments for metrology laboratories, industry etc.  
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Appendix A 
 
A.1 Computer Hardware and Software Requirements. Installation of the 
Penelope Code.  
 
The Penelope computer Monte-Carlo simulation code was provided by the Nuclear 
Energy Agency (NEA), Data Bank Computer Program Services, Paris France. The 
directory tree of the Penelope code is shown on Figure A..1 
 

 
 

Fig. A.1  Directory tree of the Penelope Monte-Carlo simulation code 
 
“PENELOPE” computer code system runs on workstation and personal computers. 
Regarding the software requirements, a Fortran compiler is required on all systems to 
build problem-specific executables; therefore, no executables are included in the 
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package. Penelope can be run on almost any operating system (Unix, MS-DOS, 
Windows95, Windows NT etc) supporting a Fortran 77 or Fortran 90/95 compiler.  
Our work was carried out by running simulations under Windows by using GNU 
Fortran G77 v0.5.25 for Win32 provided from the Free Software Foundation available 
at “http://www.geocities.com/Athens/Olympus/5564”.   
The minimal set of G77 v0.5.25 for Win32 consists of the Fortran-specific executables 
and libraries of the Experimental/Enhanced GNU Compiler System (EGCS) project 
and contains the following files: 
 

 g77exe.zip (1.54Mb)  The main executables 

 g77lib.zip (208Kb)   The G77 libraries 

 g77doc.zip (301Kb)  G77 documentation in HTML format. 

 
At least a 6.5 MB free space on the hard disc is required for installation of the Fortran 
77 which is done by unzipping the files in one of the computer’s drive. Once the file 
are installed the executation of the short batch file G77SETUP.BAT set up the G77 
working environment.  
For plotting the results of Monte-Carlo simulation a Windows version of GNUPLOT© 
program is used. This program is free distributed and is downloaded from 
http://www.gnuplot.info.  When the program is installed it run directly from the 
explorer windows by clicking on its icon. 
 
 
A.2 Material Data File 
 
To create the auxiliary program “material.exe” the files “material.f” and “penelope.f” 
on the subfolder “FSOURCE” (see Figure A.1) of the PENELOPE code are compliled 
and linked together. This is done on G77 environment by typing: 
 
> g77 –O material.f penelope.f –o material.exe 
 
Moving the produced executable file “material.exe” to the directory “PENDBASE” 
and running it from this directory the material data files can be created for different 
elements or chemical compositions. The material data files, “.mat” are created by 
extracting atomic interaction data from the code’s database which includes tables of 
physical properties, interaction cross section, relaxation data etc.  
Generation of the material data files for our simulated models of ISOCAL IV 
ionization chamber are explained in details on chapter 8. After the creation of the 
material data files composing the simulated models they are concatenated in a single 
one which is then incorporated in the input data file for running the MC simulation.  
For example, the input data file to run simulation for 60Co radioactive solution in 5 ml 
PTB standard ampoule (see Table 8.8) for ISOCAL IC ionization chamber shielding 
with lead and copper shielding and nitrogen gas density 1.1900 g/cm3 is created by 
typing: 
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> copy  Fiolaxglass.mat + Cobalt60AmpouleSolution.mat + Air.mat + Plexiglass.mat 
+ AluminiumAlloys.mat + Bakelite.mat + PVC.mat + Nitrogen.mat + Lead.mat + 
Copper.mat  Co60Standard.mat.  
 
 
A.3 Running the Pencyl Program 
 
As it was mentioned above the Penelope simulation computer code runs in many 
oprating system but for the sake of concreteness, in this section it will be assumed that 
the code has been installed on a Windows system with the GNU Fortran g77 compiler.  
The installation is accomplished following these steps. 
 

1. copy the files “pencyl.f”, “pencyl.in”, “timer.f” from the subdirectory 
“EXAMPLE” and the source files “penelope.f” and “penvared.f” from the 
subdirectory “FSOURCE” in the same working directory.  

 
2. create the executable file by compiling and linking the code “pency.f” with 

“penelope.f”, “penvared.f” and “timer.f” by typing (executing in G77 
environment) the following: 

 
> g77 –O pencyl.f penelope.f penvared.f timer.f –o pencyl.exe 

 
3. Monte-Carlo simulation runs by executing pencyl using “pencyl.in” (see 

Table.10.1) as input file, i.e. 
 

> pencyl<pencyl.in 
 
When the simulation is done all results are written in a set of output files named 
“*.dat” which are used by the gnuplot scripts mentioned above for plotting the 
simulation results. 
All uncertainties reported by pencyl programm, and indicated by '+-', are three    
standard deviations (3 sigma rule). 
 
 
A.4 Running the Penmain Program 
 
As in the case of pencyl program for the sake of concreteness will be assumed that the 
code has been installed on a Windows system with the GNU Fortran g77 compiler.  
The installation is accomplished following these steps. 
 

1. copy all the penEasy files and the files penelope.f, pengeom.f and penvared.f 
from the “FSOURCE” directory in the same working directory. In this directory 
is added also the file layout.geo from the GVIEW directory (see Figue A.1) 
which contains the layout for the PENELOPE geometry files. 
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2. generate the executable file “penmain.exe” and finish the installation by 
compiling and linking penmain.f, as following, 

 
> g77 penmain.f –o penmain.exe -O 

 
3. Monte-Carlo simulation runs by executing “penmain.exe” using “penmain.in” 

(see Table.10.2) as input file, i.e. 
     > penmain.exe < penmain.in > penmain.out 
 
In order to be able to visualize the results in graphic format, penEasy includes a set of 
gnuplot scripts. The course of the simulation can be controlled by sending commands 
to the program while it is running. This is accomplished by editing and modifying    
the file command.in. When the simulation is done all results are written to the output 
file “*.dat” which can be used by the gnuplot scripts mentioned above for plotting the 
results. All uncertainties reported by penEasy, and indicated by '+-', are two standard 
deviations (2 sigma rule). 
 
Note: The max number of different materials that Penelope can handle simultanously 
is fixed by the parameter MAXMAT, which in the 2003 and 2005 code versions is set 
equal to 10. For running simulation of geometries composed of more than 10 different 
materials before starting the process of generation of the executables files the user 
must increase the parameter MAXMAT by editing the source files. Such changes must 
be done in all subprograms and the value of MAXMAT must be the same in all of 
them.  
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Appendix B 
 
B.1 Beta Spectrum Specifications 
 
To run the Monte-Carlo simulation for beta spectrum the analytical beta spectra have 
been coded in the Fortran function Fermi (see Section 9.4) which offer the possibility 
to make random sampling of the initial energy of a beta ray acording to the theoretical 
Fermi distribution. The output file “spectrum.dat” of such sampling gives the 
requested information to be used in preparing the input data file for running Monte-
Carlo simulation of beta emitters.  
The beta spectrum is divided in 200 bins and for each one the energy bin of the beta 
spectrum and the associated relative probability integrated over the bin is reported.  
The numerical values of the mean energy bin and the associated probability integrated 
over the bin for 90Y, 90Y and 18F radionuclides are given in Tables I, II and III.  
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Table I.  Energy bin and the associated relative probability for 90Y beta spectrum. 
 

Energy  
(eV) 

Relative 
Probability 

Energy  
(eV) 

Relative 
Probability 

Energy 
 (eV) 

Relative 
Probability 

Energy  
(eV) 

Relative 
Probability 

Energy 
 (eV) 

Relative 
Probability 

 
0.00000E+00 
1.14200E+04 
2.28400E+04 
3.42600E+04 
4.56800E+04 
5.71000E+04 
6.85200E+04 
7.99400E+04 
9.13600E+04 
1.02780E+05 
1.14200E+05 
1.25620E+05 
1.37040E+05 
1.48460E+05 
1.59880E+05 
1.71300E+05 
1.82720E+05 
1.94140E+05 
2.05560E+05 
2.16980E+05 
2.28400E+05 
2.39820E+05 
2.51240E+05 
2.62660E+05 
2.74080E+05 
2.85500E+05 
2.96920E+05 
3.08340E+05 
3.19760E+05 
3.31180E+05 
3.42600E+05 
3.54020E+05 
3.65440E+05 
3.76860E+05 
3.88280E+05 
3.99700E+05 
4.11120E+05 
4.22540E+05 
4.33960E+05 
4.45380E+05 

 
3.25323E-07 
3.32244E-07 
3.39582E-07 
3.47375E-07 
3.55476E-07 
3.63749E-07 
3.72092E-07 
3.80440E-07 
3.88742E-07 
3.96965E-07 
4.05085E-07 
4.13082E-07 
4.20945E-07 
4.28665E-07 
4.36231E-07 
4.43642E-07 
4.50891E-07 
4.57977E-07 
4.64896E-07 
4.71649E-07 
4.78233E-07 
4.84649E-07 
4.90896E-07 
4.96975E-07 
5.02889E-07 
5.08634E-07 
5.14215E-07 
5.19632E-07 
5.24886E-07 
5.29980E-07 
5.34914E-07 
5.39691E-07 
5.44311E-07 
5.48780E-07 
5.53095E-07 
5.57262E-07 
5.61282E-07 
5.65156E-07 
5.68888E-07 
5.72479E-07 

 

 
4.56800E+05 
4.68220E+05 
4.79640E+05 
4.91060E+05 
5.02480E+05 
5.13900E+05 
5.25320E+05 
5.36740E+05 
5.48160E+05 
5.59580E+05 
5.71000E+05 
5.82420E+05 
5.93840E+05 
6.05260E+05 
6.16680E+05 
6.28100E+05 
6.39520E+05 
6.50940E+05 
6.62360E+05 
6.73780E+05 
6.85200E+05 
6.96620E+05 
7.08040E+05 
7.19460E+05 
7.30880E+05 
7.42300E+05 
7.53720E+05 
7.65140E+05 
7.76560E+05 
7.87980E+05 
7.99400E+05 
8.10820E+05 
8.22240E+05 
8.33660E+05 
8.45080E+05 
8.56500E+05 
8.67920E+05 
8.79340E+05 
8.90760E+05 
9.02180E+05 

 

 
5.75932E-07 
5.79248E-07 
5.82432E-07 
5.85483E-07 
5.88406E-07 
5.91202E-07 
5.93873E-07 
5.96422E-07 
5.98851E-07 
6.01163E-07 
6.03357E-07 
6.05440E-07 
6.07413E-07 
6.09274E-07 
6.11027E-07 
6.12677E-07 
6.14223E-07 
6.15666E-07 
6.17010E-07 
6.18258E-07 
6.19407E-07 
6.20462E-07 
6.21424E-07 
6.22296E-07 
6.23075E-07 
6.23766E-07 
6.24370E-07 
6.24887E-07 
6.25317E-07 
6.25665E-07 
6.25929E-07 
6.26110E-07 
6.26209E-07 
6.26227E-07 
6.26165E-07 
6.26022E-07 
6.25800E-07 
6.25499E-07 
6.25119E-07 
6.24661E-07 

 

 
9.13600E+05 
9.25020E+05 
9.36440E+05 
9.47860E+05 
9.59280E+05 
9.70700E+05 
9.82120E+05 
9.93540E+05 
1.00496E+06 
1.01638E+06 
1.02780E+06 
1.03922E+06 
1.05064E+06 
1.06206E+06 
1.07348E+06 
1.08490E+06 
1.09632E+06 
1.10774E+06 
1.11916E+06 
1.13058E+06 
1.14200E+06 
1.15342E+06 
1.16484E+06 
1.17626E+06 
1.18768E+06 
1.19910E+06 
1.21052E+06 
1.22194E+06 
1.23336E+06 
1.24478E+06 
1.25620E+06 
1.26762E+06 
1.27904E+06 
1.29046E+06 
1.30188E+06 
1.31330E+06 
1.32472E+06 
1.33614E+06 
1.34756E+06 
1.35898E+06 

 

 
6.24124E-07 
6.23509E-07 
6.22815E-07 
6.22043E-07 
6.21191E-07 
6.20261E-07 
6.19252E-07 
6.18162E-07 
6.16992E-07 
6.15743E-07 
6.14411E-07 
6.12996E-07 
6.11499E-07 
6.09920E-07 
6.08254E-07 
6.06503E-07 
6.04666E-07 
6.02742E-07 
6.00728E-07 
5.98624E-07 
5.96431E-07 
5.94144E-07 
5.91763E-07 
5.89289E-07 
5.86719E-07 
5.84049E-07 
5.81281E-07 
5.78415E-07 
5.75445E-07 
5.72373E-07 
5.69196E-07 
5.65913E-07 
5.62522E-07 
5.59023E-07 
5.55414E-07 
5.51693E-07 
5.47859E-07 
5.43910E-07 
5.39846E-07 
5.35665E-07 

 

 
1.37040E+06 
1.38182E+06 
1.39324E+06 
1.40466E+06 
1.41608E+06 
1.42750E+06 
1.43892E+06 
1.45034E+06 
1.46176E+06 
1.47318E+06 
1.48460E+06 
1.49602E+06 
1.50744E+06 
1.51886E+06 
1.53028E+06 
1.54170E+06 
1.55312E+06 
1.56454E+06 
1.57596E+06 
1.58738E+06 
1.59880E+06 
1.61022E+06 
1.62164E+06 
1.63306E+06 
1.64448E+06 
1.65590E+06 
1.66732E+06 
1.67874E+06 
1.69016E+06 
1.70158E+06 
1.71300E+06 
1.72442E+06 
1.73584E+06 
1.74726E+06 
1.75868E+06 
1.77010E+06 
1.78152E+06 
1.79294E+06 
1.80436E+06 
1.81578E+06 

 

 
5.31366E-07 
5.26948E-07 
5.22408E-07 
5.17748E-07 
5.12965E-07 
5.08059E-07 
5.03028E-07 
4.97873E-07 
4.92592E-07 
4.87184E-07 
4.81650E-07 
4.75989E-07 
4.70201E-07 
4.64285E-07 
4.58243E-07 
4.52072E-07 
4.45776E-07 
4.39352E-07 
4.32804E-07 
4.26131E-07 
4.19333E-07 
4.12414E-07 
4.05372E-07 
3.98213E-07 
3.90934E-07 
3.83540E-07 
3.76033E-07 
3.68414E-07 
3.60688E-07 
3.52855E-07 
3.44923E-07 
3.36889E-07 
3.28764E-07 
3.20546E-07 
3.12243E-07 
3.03859E-07 
2.95397E-07 
2.86868E-07 
2.78268E-07 
2.69616E-07 

 

 
1.82720E+06 
1.83862E+06 
1.85004E+06 
1.86146E+06 
1.87288E+06 
1.88430E+06 
1.89572E+06 
1.90714E+06 
1.91856E+06 
1.92998E+06 
1.94140E+06 
1.95282E+06 
1.96424E+06 
1.97566E+06 
1.98708E+06 
1.99850E+06 
2.00992E+06 
2.02134E+06 
2.03276E+06 
2.04418E+06 
2.05560E+06 
2.06702E+06 
2.07844E+06 
2.08986E+06 
2.10128E+06 
2.11270E+06 
2.12412E+06 
2.13554E+06 
2.14696E+06 
2.15838E+06 
2.16980E+06 
2.18122E+06 
2.19264E+06 
2.20406E+06 
2.21548E+06 
2.22690E+06 
2.23832E+06 
2.24974E+06 
2.26116E+06 
2.28400E+06 

 

 
2.60905E-07 
2.52153E-07 
2.43360E-07 
2.34536E-07 
2.25690E-07 
2.16830E-07 
2.07964E-07 
1.99101E-07 
1.90252E-07 
1.81426E-07 
1.72635E-07 
1.63888E-07 
1.55199E-07 
1.46579E-07 
1.38040E-07 
1.29597E-07 
1.21262E-07 
1.13049E-07 
1.04975E-07 
9.70533E-08 
8.93008E-08 
8.17340E-08 
7.43701E-08 
6.72269E-08 
6.03229E-08 
5.36770E-08 
4.73090E-08 
4.12394E-08 
3.54893E-08 
3.00806E-08 
2.50360E-08 
2.03789E-08 
1.61334E-08 
1.23226E-08 
8.97454E-09 
6.11411E-09 
3.76896E-09 
1.96661E-09 
7.35730E-10 
-1.0000E+00 
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Table II.  Energy bin and the associated relative probability for 90Sr beta spectrum. 
 

Energy  
(eV) 

Relative 
Probability 

Energy  
(eV) 

Relative 
Probability 

Energy 
 (eV) 

Relative 
Probability 

Energy  
(eV) 

Relative 
Probability 

Energy 
 (eV) 

Relative 
Probability 

 
0.00000E+00 
2.73000E+03 
5.46000E+03 
8.19000E+03 
1.09200E+04 
1.36500E+04 
1.63800E+04 
1.91100E+04 
2.18400E+04 
2.45700E+04 
2.73000E+04 
3.00300E+04 
3.27600E+04 
3.54900E+04 
3.82200E+04 
4.09500E+04 
4.36800E+04 
4.64100E+04 
4.91400E+04 
5.18700E+04 
5.46000E+04 
5.73300E+04 
6.00600E+04 
6.27900E+04 
6.55200E+04 
6.82500E+04 
7.09800E+04 
7.37100E+04 
7.64400E+04 
7.91700E+04 
8.19000E+04 
8.46300E+04 
8.73600E+04 
9.00900E+04 
9.28200E+04 
9.55500E+04 
9.82800E+04 
1.01010E+05 
1.03740E+05 
1.06470E+05 

 

 
2.64464E-06 
2.64136E-06 
2.63805E-06 
2.63481E-06 
2.63174E-06 
2.62894E-06 
2.62644E-06 
2.62428E-06 
2.62244E-06 
2.62091E-06 
2.61967E-06 
2.61870E-06 
2.61796E-06 
2.61745E-06 
2.61712E-06 
2.61696E-06 
2.61695E-06 
2.61707E-06 
2.61729E-06 
2.61761E-06 
2.61800E-06 
2.61846E-06 
2.61896E-06 
2.61949E-06 
2.62006E-06 
2.62064E-06 
2.62123E-06 
2.62181E-06 
2.62238E-06 
2.62294E-06 
2.62346E-06 
2.62395E-06 
2.62441E-06 
2.62481E-06 
2.62515E-06 
2.62545E-06 
2.62567E-06 
2.62582E-06 
2.62590E-06 
2.62589E-06 

 
1.09200E+05 
1.11930E+05 
1.14660E+05 
1.17390E+05 
1.20120E+05 
1.22850E+05 
1.25580E+05 
1.28310E+05 
1.31040E+05 
1.33770E+05 
1.36500E+05 
1.39230E+05 
1.41960E+05 
1.44690E+05 
1.47420E+05 
1.50150E+05 
1.52880E+05 
1.55610E+05 
1.58340E+05 
1.61070E+05 
1.63800E+05 
1.66530E+05 
1.69260E+05 
1.71990E+05 
1.74720E+05 
1.77450E+05 
1.80180E+05 
1.82910E+05 
1.85640E+05 
1.88370E+05 
1.91100E+05 
1.93830E+05 
1.96560E+05 
1.99290E+05 
2.02020E+05 
2.04750E+05 
2.07480E+05 
2.10210E+05 
2.12940E+05 
2.15670E+05 

 

 
2.62580E-06 
2.62561E-06 
2.62532E-06 
2.62494E-06 
2.62444E-06 
2.62382E-06 
2.62309E-06 
2.62224E-06 
2.62125E-06 
2.62013E-06 
2.61888E-06 
2.61747E-06 
2.61592E-06 
2.61422E-06 
2.61235E-06 
2.61032E-06 
2.60812E-06 
2.60575E-06 
2.60320E-06 
2.60045E-06 
2.59753E-06 
2.59440E-06 
2.59108E-06 
2.58754E-06 
2.58381E-06 
2.57985E-06 
2.57567E-06 
2.57127E-06 
2.56663E-06 
2.56176E-06 
2.55665E-06 
2.55129E-06 
2.54568E-06 
2.53981E-06 
2.53368E-06 
2.52729E-06 
2.52062E-06 
2.51368E-06 
2.50645E-06 
2.49895E-06 

 

 
2.18400E+05 
2.21130E+05 
2.23860E+05 
2.26590E+05 
2.29320E+05 
2.32050E+05 
2.34780E+05 
2.37510E+05 
2.40240E+05 
2.42970E+05 
2.45700E+05 
2.48430E+05 
2.51160E+05 
2.53890E+05 
2.56620E+05 
2.59350E+05 
2.62080E+05 
2.64810E+05 
2.67540E+05 
2.70270E+05 
2.73000E+05 
2.75730E+05 
2.78460E+05 
2.81190E+05 
2.83920E+05 
2.86650E+05 
2.89380E+05 
2.92110E+05 
2.94840E+05 
2.97570E+05 
3.00300E+05 
3.03030E+05 
3.05760E+05 
3.08490E+05 
3.11220E+05 
3.13950E+05 
3.16680E+05 
3.19410E+05 
3.22140E+05 
3.24870E+05 

 
2.49114E-06 
2.48305E-06 
2.47466E-06 
2.46596E-06 
2.45695E-06 
2.44763E-06 
2.43799E-06 
2.42803E-06 
2.41774E-06 
2.40713E-06 
2.39618E-06 
2.38490E-06 
2.37327E-06 
2.36130E-06 
2.34898E-06 
2.33632E-06 
2.32329E-06 
2.30991E-06 
2.29618E-06 
2.28207E-06 
2.26761E-06 
2.25278E-06 
2.23757E-06 
2.22200E-06 
2.20606E-06 
2.18974E-06 
2.17304E-06 
2.15597E-06 
2.13852E-06 
2.12070E-06 
2.10249E-06 
2.08391E-06 
2.06495E-06 
2.04560E-06 
2.02589E-06 
2.00579E-06 
1.98533E-06 
1.96448E-06 
1.94327E-06 
1.92168E-06 

 

 
3.27600E+05 
3.30330E+05 
3.33060E+05 
3.35790E+05 
3.38520E+05 
3.41250E+05 
3.43980E+05 
3.46710E+05 
3.49440E+05 
3.52170E+05 
3.54900E+05 
3.57630E+05 
3.60360E+05 
3.63090E+05 
3.65820E+05 
3.68550E+05 
3.71280E+05 
3.74010E+05 
3.76740E+05 
3.79470E+05 
3.82200E+05 
3.84930E+05 
3.87660E+05 
3.90390E+05 
3.93120E+05 
3.95850E+05 
3.98580E+05 
4.01310E+05 
4.04040E+05 
4.06770E+05 
4.09500E+05 
4.12230E+05 
4.14960E+05 
4.17690E+05 
4.20420E+05 
4.23150E+05 
4.25880E+05 
4.28610E+05 
4.31340E+05 
4.34070E+05 

 

 
1.89973E-06 
1.87741E-06 
1.85473E-06 
1.83169E-06 
1.80830E-06 
1.78456E-06 
1.76046E-06 
1.73603E-06 
1.71126E-06 
1.68616E-06 
1.66074E-06 
1.63500E-06 
1.60894E-06 
1.58258E-06 
1.55593E-06 
1.52898E-06 
1.50175E-06 
1.47425E-06 
1.44649E-06 
1.41848E-06 
1.39022E-06 
1.36174E-06 
1.33302E-06 
1.30411E-06 
1.27500E-06 
1.24570E-06 
1.21624E-06 
1.18661E-06 
1.15685E-06 
1.12696E-06 
1.09697E-06 
1.06687E-06 
1.03670E-06 
1.00646E-06 
9.76187E-07 
9.45891E-07 
9.15582E-07 
8.85297E-07 
8.55045E-07 
8.24850E-07 

 

 
4.36800E+05 
4.39530E+05 
4.42260E+05 
4.44990E+05 
4.47720E+05 
4.50450E+05 
4.53180E+05 
4.55910E+05 
4.58640E+05 
4.61370E+05 
4.64100E+05 
4.66830E+05 
4.69560E+05 
4.72290E+05 
4.75020E+05 
4.77750E+05 
4.80480E+05 
4.83210E+05 
4.85940E+05 
4.88670E+05 
4.91400E+05 
4.94130E+05 
4.96860E+05 
4.99590E+05 
5.02320E+05 
5.05050E+05 
5.07780E+05 
5.10510E+05 
5.13240E+05 
5.15970E+05 
5.18700E+05 
5.21430E+05 
5.24160E+05 
5.26890E+05 
5.29620E+05 
5.32350E+05 
5.35080E+05 
5.37810E+05 
5.40540E+05 
5.46000E+05 

 

 
7.94733E-07 
7.64718E-07 
7.34828E-07 
7.05086E-07 
6.75518E-07 
6.46148E-07 
6.17004E-07 
5.88111E-07 
5.59497E-07 
5.31191E-07 
5.03222E-07 
4.75619E-07 
4.48414E-07 
4.21639E-07 
3.95324E-07 
3.69505E-07 
3.44214E-07 
3.19487E-07 
2.95359E-07 
2.71866E-07 
2.49048E-07 
2.26941E-07 
2.05586E-07 
1.85023E-07 
1.65292E-07 
1.46437E-07 
1.28499E-07 
1.11522E-07 
9.55534E-08 
8.06375E-08 
6.68223E-08 
5.41560E-08 
4.26880E-08 
3.24636E-08 
2.35414E-08 
1.59692E-08 
9.80200E-09 
5.09300E-09 
1.89749E-09 
-1.0000E+00 
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Table III.  Energy bin and the associated relative probability for 18F beta spectrum. 
 

Energy  
(eV) 

Relative 
Probability 

Energy  
(eV) 

Relative 
Probability 

Energy 
 (eV) 

Relative 
Probability 

Energy  
(eV) 

Relative 
Probability 

Energy 
 (eV) 

Relative 
Probability 

 
0.00000E+00 
3.16750E+03 
6.33500E+03 
9.50250E+03 
1.26700E+04 
1.58375E+04 
1.90050E+04 
2.21725E+04 
2.53400E+04 
2.85075E+04 
3.16750E+04 
3.48425E+04 
3.80100E+04 
4.11775E+04 
4.43450E+04 
4.75125E+04 
5.06800E+04 
5.38475E+04 
5.70150E+04 
6.01825E+04 
6.33500E+04 
6.65175E+04 
6.96850E+04 
7.28525E+04 
7.60200E+04 
7.91875E+04 
8.23550E+04 
8.55225E+04 
8.86900E+04 
9.18575E+04 
9.50250E+04 
9.81925E+04 
1.01360E+05 
1.04528E+05 
1.07695E+05 
1.10862E+05 
1.14030E+05 
1.17198E+05 
1.20365E+05 
1.23532E+05 

 

 
2.66205E-08 
1.49672E-07 
2.89728E-07 
4.20922E-07 
5.41814E-07 
6.53598E-07 
7.57552E-07 
8.54763E-07 
9.46112E-07 
1.03230E-06 
1.11391E-06 
1.19140E-06 
1.26516E-06 
1.33551E-06 
1.40271E-06 
1.46701E-06 
1.52860E-06 
1.58766E-06 
1.64433E-06 
1.69875E-06 
1.75105E-06 
1.80133E-06 
1.84967E-06 
1.89614E-06 
1.94088E-06 
1.98387E-06 
2.02526E-06 
2.06504E-06 
2.10330E-06 
2.14007E-06 
2.17540E-06 
2.20933E-06 
2.24190E-06 
2.27315E-06 
2.30310E-06 
2.33179E-06 
2.35925E-06 
2.38550E-06 
2.41057E-06 
2.43448E-06 

 

 
1.26700E+05 
1.29868E+05 
1.33035E+05 
1.36202E+05 
1.39370E+05 
1.42538E+05 
1.45705E+05 
1.48872E+05 
1.52040E+05 
1.55208E+05 
1.58375E+05 
1.61542E+05 
1.64710E+05 
1.67878E+05 
1.71045E+05 
1.74212E+05 
1.77380E+05 
1.80548E+05 
1.83715E+05 
1.86882E+05 
1.90050E+05 
1.93218E+05 
1.96385E+05 
1.99552E+05 
2.02720E+05 
2.05888E+05 
2.09055E+05 
2.12222E+05 
2.15390E+05 
2.18558E+05 
2.21725E+05 
2.24892E+05 
2.28060E+05 
2.31228E+05 
2.34395E+05 
2.37562E+05 
2.40730E+05 
2.43898E+05 
2.47065E+05 
2.50232E+05 

 

 
2.45727E-06 
2.47893E-06 
2.49951E-06 
2.51901E-06 
2.53746E-06 
2.55487E-06 
2.57126E-06 
2.58664E-06 
2.60107E-06 
2.61450E-06 
2.62696E-06 
2.63849E-06 
2.64911E-06 
2.65879E-06 
2.66756E-06 
2.67546E-06 
2.68247E-06 
2.68861E-06 
2.69390E-06 
2.69835E-06 
2.70196E-06 
2.70474E-06 
2.70673E-06 
2.70791E-06 
2.70830E-06 
2.70791E-06 
2.70675E-06 
2.70483E-06 
2.70216E-06 
2.69876E-06 
2.69462E-06 
2.68977E-06 
2.68421E-06 
2.67794E-06 
2.67098E-06 
2.66334E-06 
2.65503E-06 
2.64605E-06 
2.63644E-06 
2.62617E-06 

 

 
2.53400E+05 
2.56568E+05 
2.59735E+05 
2.62902E+05 
2.66070E+05 
2.69238E+05 
2.72405E+05 
2.75572E+05 
2.78740E+05 
2.81908E+05 
2.85075E+05 
2.88242E+05 
2.91410E+05 
2.94578E+05 
2.97745E+05 
3.00912E+05 
3.04080E+05 
3.07248E+05 
3.10415E+05 
3.13582E+05 
3.16750E+05 
3.19918E+05 
3.23085E+05 
3.26252E+05 
3.29420E+05 
3.32588E+05 
3.35755E+05 
3.38922E+05 
3.42090E+05 
3.45258E+05 
3.48425E+05 
3.51592E+05 
3.54760E+05 
3.57928E+05 
3.61095E+05 
3.64262E+05 
3.67430E+05 
3.70598E+05 
3.73765E+05 
3.76932E+05 

 

 
2.61527E-06 
2.60374E-06 
2.59161E-06 
2.57886E-06 
2.56552E-06 
2.55159E-06 
2.53709E-06 
2.52202E-06 
2.50638E-06 
2.49021E-06 
2.47350E-06 
2.45625E-06 
2.43849E-06 
2.42022E-06 
2.40145E-06 
2.38218E-06 
2.36245E-06 
2.34224E-06 
2.32156E-06 
2.30044E-06 
2.27889E-06 
2.25690E-06 
2.23448E-06 
2.21168E-06 
2.18847E-06 
2.16486E-06 
2.14087E-06 
2.11654E-06 
2.09184E-06 
2.06678E-06 
2.04140E-06 
2.01572E-06 
1.98968E-06 
1.96335E-06 
1.93676E-06 
1.90988E-06 
1.88270E-06 
1.85529E-06 
1.82765E-06 
1.79975E-06 

 

 
3.80100E+05 
3.83268E+05 
3.86435E+05 
3.89602E+05 
3.92770E+05 
3.95938E+05 
3.99105E+05 
4.02272E+05 
4.05440E+05 
4.08608E+05 
4.11775E+05 
4.14942E+05 
4.18110E+05 
4.21278E+05 
4.24445E+05 
4.27612E+05 
4.30780E+05 
4.33948E+05 
4.37115E+05 
4.40282E+05 
4.43450E+05 
4.46618E+05 
4.49785E+05 
4.52952E+05 
4.56120E+05 
4.59288E+05 
4.62455E+05 
4.65622E+05 
4.68790E+05 
4.71958E+05 
4.75125E+05 
4.78292E+05 
4.81460E+05 
4.84628E+05 
4.87795E+05 
4.90962E+05 
4.94130E+05 
4.97298E+05 
5.00465E+05 
5.03632E+05 

 

 
1.77162E-06 
1.74330E-06 
1.71478E-06 
1.68607E-06 
1.65719E-06 
1.62814E-06 
1.59894E-06 
1.56961E-06 
1.54014E-06 
1.51057E-06 
1.48089E-06 
1.45112E-06 
1.42128E-06 
1.39137E-06 
1.36142E-06 
1.33142E-06 
1.30141E-06 
1.27138E-06 
1.24135E-06 
1.21134E-06 
1.18135E-06 
1.15141E-06 
1.12152E-06 
1.09171E-06 
1.06197E-06 
1.03234E-06 
1.00281E-06 
9.73408E-07 
9.44152E-07 
9.15039E-07 
8.86106E-07 
8.57342E-07 
8.28787E-07 
8.00436E-07 
7.72314E-07 
7.44436E-07 
7.16806E-07 
6.89460E-07 
6.62385E-07 
6.35629E-07 

 

 
5.06800E+05 
5.09968E+05 
5.13135E+05 
5.16302E+05 
5.19470E+05 
5.22638E+05 
5.25805E+05 
5.28972E+05 
5.32140E+05 
5.35308E+05 
5.38475E+05 
5.41642E+05 
5.44810E+05 
5.47978E+05 
5.51145E+05 
5.54312E+05 
5.57480E+05 
5.60648E+05 
5.63815E+05 
5.66982E+05 
5.70150E+05 
5.73318E+05 
5.76485E+05 
5.79652E+05 
5.82820E+05 
5.85988E+05 
5.89155E+05 
5.92322E+05 
5.95490E+05 
5.98658E+05 
6.01825E+05 
6.04992E+05 
6.08160E+05 
6.11328E+05 
6.14495E+05 
6.17662E+05 
6.20830E+05 
6.23998E+05 
6.27165E+05 
6.33500E+05 

 

 
6.09173E-07 
5.83063E-07 
5.57294E-07 
5.31888E-07 
5.06871E-07 
4.82232E-07 
4.58027E-07 
4.34225E-07 
4.10891E-07 
3.87996E-07 
3.65590E-07 
3.43675E-07 
3.22259E-07 
3.01391E-07 
2.81035E-07 
2.61275E-07 
2.42054E-07 
2.23459E-07 
2.05454E-07 
1.88083E-07 
1.71369E-07 
1.55289E-07 
1.39935E-07 
1.25223E-07 
1.11289E-07 
9.80317E-08 
8.55687E-08 
7.38418E-08 
6.29330E-08 
5.28193E-08 
4.35311E-08 
3.50873E-08 
2.75064E-08 
2.08064E-08 
1.50060E-08 
1.01241E-08 
6.17973E-09 
3.19223E-09 
1.18131E-09 
-1.0000E+00 
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Appendix C Decay Schemes of Monte-Carlo Simulated Radionuclides 
 
This Appendix contains the decay schemes and the main production modes of the 
Monte-Carlo simulated radionuclides. The radionuclides are listed in order of 
increasing atomic number. A short comment on the radionuclides widely used in 
industry and nuclear medicine is provided. The information given here was taken from 
the following sources:  
 

- Monographie BIPM-5, Table of Radionuclides. Vol.1 & Vol.2. Bureau 

International des Poids et Mesures. Pavillon de Breteuil, F-92310, Sèvres, 

France. 2004. 

- IAEA official website at: http://www-nds.iaea.org/nudat2/index.jsp 

- Website: http://nucleardata.nuclear.lu.se/nucleardata/index.asp? 

- Table of Isotopes. Seventh Edition. 1978  

- BNM-LNHB official website:  

http://www.nucleide.org/DDEP_WG/DDEPdata.htm.  
 

The artificial radionuclides are produced by a wide variety of particle accelerators 
(cyclotron) and nuclear reactors by disturbing the balance between neutrons and 
protons in the atomic nucleus. Production of the radionuclides in the reactor is done by 
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adding a neutron or removing a proton from the nucleus giving rise to a family of 
radionuclides described as neutron rich. On the other hand production of radionuclides 
in cyclotron is done by removing a neutron or adding a proton to the nuclues. This is 
realised when charged particle such as protons, deuterons or α - particle bombard the 
target nuclei. Radionuclide production (depending on starting material) gives rise to 
impurities and other contaminants by impurities as parasitary reaction. On following 
only the main produced radionuclides are considered and production of possible 
contaminants are not taken into account. 
 
 
Be-7  
 
Main production modes:  

- Li-6 (d,n) Be-7 
- B-10 (p,α) Be-7 
- C-12 (He-3,2α) 

 
 

Fig. C.1  Decay scheme of Be-7 
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F-18 
 
Fluorine-18 is used as  fluorodeoxyglucose (FDG) tracer for Positron Emission 
Tomography (PET) in nuclear medicine. 
 
Main production modes:  

- O-18 (p,n) F-18:  Possible impurities: None 

 
Fig. C.2  Decay scheme of F-18 

 
Na-22  
 
Main production modes:  

- Fe-19 (α,n) Na-22 
- Mg-24 (d,α) Na-22  

 
Fig. C.3  Decay scheme of Na-22 
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Na-24  
 
Na-24 radionuclide is used in location of leaks in industrial pipelines and in oil well 
studies. In nuclear medicine is used for studies of electrolytes within the body. 
 
Main production modes:  
 

- Na-23 (n,γ) Na-24 
 

 
 

Fig. C.4  Decay scheme of Na-24 
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Mn-54  
 
 
Main production modes:  
 

- Fe-54 (n,p) Mn-54 
- Cr-53 (d,n) Mn-54 
- V-51 (α,n) Mn-54 
- Cr-52 (t,n) Mn-54 
- Cr-52 (α,d) Mn-54 
- Cr-53 (d,n) Mn-54 
- Cr-54 (p,n) Mn-54 
- Cr-54 (t,He-3) Mn-54 
- Fe-54 (n,p) Mn-54 

 
Fig. C.5  Decay scheme of Mn-54 
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Fe-59  
 
Used in nuclear medicine in studies of iron metabolism. 
 
Main production modes:  
 

- Fe-58 (n,γ) Fe-59 
- Co-59 (n,p) Fe-59 
 

 
Fig. C.6  Decay scheme of Fe-59 
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Co-57  
 
The main application of Co-57 in nuclear medicine as a marker to estimate organ size 
and for in-vitro diagnostic. 
 
Main production modes:  
 

- Ni-60 (p,α) Co-57 
- Ni-58 (p,2p) Co-57 
- Fe-56 (d,n) Co-57 
 

 
 

Fig. C.7  Decay scheme of Co-57 
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Co-60  
 
60Co radionuclide is used in nuclear medicine for external beam (gamma knife) 
radiotherapy. 
 
Main production modes: 
 

- Co-59 (n,γ) Co-60 
 

 
 

Fig. C.8  Decay scheme of Co-60 
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Zn-65  
 
Zn-65 is used as a tracer in biological studies. 
 
Main production modes:  
 

- Zn-64 (n,γ) Zn-65 
- Cu-65 (p,n) Zn-65 

 
 

Fig. C.9  Decay scheme of Co-60 
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Sr-85  
 
Sr-85 radionuclide is used in nuclear medicine to study bone formation and 
metabolism.  
 
Main production modes: 
 

- Sr-84 (n,γ) Sr-85 
- Sr-85 (n,γ) Sr-85m 

- Sr-85m (n,γ) Sr-85 
 

 
 

Fig. C.10  Decay scheme of Sr-85 
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Sr-90  
 
Strontium-90 sealed sources are used for instrument check sources. 
 
Main production modes:  

Fission product 

 
Fig. C.11  Decay scheme of Sr-90 

Y-88  
 
Y-88 radionuclide is used to study bone formation and metabolism.  
 
Main production modes: 

- Sr-88 (p,n) Y-88 
- Sr-88 (d,2n) Y-88 

 
Fig. C.12  Decay scheme of Y-88 
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Y-90  
 
Being a pure beta emitter it is used in nuclear medicine for cancer brachytherapy and 
as silicate colloid for the relieving the pain of arthritis in larger synovial joints 
 
Main production modes:  
 

- Sr-90 (β-) Y-90 and chemical separation 
- Y-89 (d,p) Y-90m (I.T.) Y-90 
- Rb-87 (α,n) Y-90m (I.T.) Y-90 
 
The chemical separation is done as following. After isolation of radiostrontium it is 
remained without treatment for a period of two weeks to allow ingrowth of 90Y. Y-
90 radionuclide grows to 97.4 % of its original level in within two weeks. By 
adding carrier yttrium to the dissolved radiostrontium yttrium is precipitated 
resulting in the separation of 90Y from the radiostrontium. 

 

 
 

Fig. C.13  Decay scheme of Y-90 
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Tc-99m  
 
Tc-99m is one of the most used radionuclide in nuclear medicine for  different 
diagnostic studies. Different chemical forms are used for brain, bone, liver, spleen, 
heart muscle and kidney imaging and also for blood flow studies.  
 
Main production modes:  
 

- Mo-99 Separation from Mo-99 + Tc-99m 

 
 

Fig. C.14  Decay scheme of Tc-99m 
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Cd-109  
 
The isotope of Cd-109 is used to analyze metal alloys for checking stock, sorting 
scrap. 
 
Main production modes:  

- Cd-108 (n,γ) Cd-109 
- Ag-109 (p,n) Cd-109 
 
 

 
 

Fig. C.15  Decay scheme of Cd-109 
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I-125  
 
Iodine-125 is used in cancer brachytherapy (prostate and brain), and diagnostically to 
evaluate the filtration rate of kidneys and to diagnose deep vein thrombosis in the leg. 
It is also widely used in radioimmuno-assays to show the presence of hormones. 
 
Main production modes:  
 

- Xe-124 (n,γ) Xe-125 (EC) I-125  
- Te-125 (d,2n) I-125 
 

 

 
 

Fig. C.16  Decay scheme of I-125 
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I-129  
 
I-129 is used as a reference source to monitor the performance of a counting system in 
vitro diagnostic testing laboratories.  
 
Main production modes:  
 

- Fission product 
 

 
 

 
 

Fig. C.17  Decay scheme of I-129 
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I-131  
 
I-131 radioisotope is widely used in treating thyroid cancer and in imaging the thyroid; 
also in diagnosis of abnormal liver function, renal (kidney) blood flow and urinary 
tract obstruction. On the other hand it is used for beta therapy. 
 
Main production modes: 
  

- Fission product 
- Te-130 (n,γ) Te-131m 

- Te-131m (β-) I-131 
- Te-130 (n,γ) Te-131 

- Te-131 (β-) I-131 
 

 
 

Fig. C.18  Decay scheme of I-131 
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Ba-133  
 
Ba-133 is used as a tracer in micro-determination (precipitation) of inorganic sulfate in 
biological studies. 
 
Main production modes:  
 

- Ba-132 (n,γ) Ba-133 
- Ba-132 (n,γ) Ba-133m 
- Cs-133 (p,n) Ba-133 
 

 
 

Fig. C.20  Decay scheme of Ba-133 
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Cs-137  
 
Cesium-137 is used in many field of applications including: nuclear medicine for 
treating cancers and to measure correct patient dosages of radioactive pharmaceuticals; 
in oil industry for measuring and controling the liquid flow in oil pipelines as well as 
to give the proper indications whether oil wells are plugged by sand; in food industy in 
insuring the right fill level for packages of food, drugs and other products.  
 
Main production modes:  
 

- Fission products 
 

 
 

Fig. C.19  Decay scheme of Cs-137 
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Lu-177 
 
It is an ideal therapeutic radionuclide. Lu-177 is a strong beta emitter used for therapy 
on small (endocrine) tumors to enable imaging.  
 
Main production modes:  
 

- Lu-176 (n,γ) Lu-177   Possible impurities : Lu-177m 
- Yb-176 (n,γ) Yb-177 (β-) Lu-177.  

 
This is to say that Lu-177 can be produced directly by irradiating the Lu-176 or 
indirectly by irradiating Yb-176. Indirect production requires a chemical separation, 
but produce Lu-177 which is approaches “carrier free”. 
 

 
 

Fig. C.21  Decay scheme of Lu-177 
 
 
 
 
 
 
 
 



Appendix C 
 

 275

Pb-210  
 
Pb-210 is used a tracer in environmental research. 
 
Main production modes:  
 

- Daughter of Tl-210 
 

 

 
 
 

Fig. C.22  Decay scheme of Pb-210 
 
 
 
 
 
Am-241  
 
The main applications of Americium -241 are: smoke detectors (its alpha decay is 
used) for homes and business;  to measure levels of toxic lead in dried paint samples; 
to ensure uniform thickness in rolling processes like steel and paper production; to 
measure the density of liquids ( its gamma line is used) in different industrial processes 
etc. 
 
Main production modes:  
 

- Daughter of Pu-241 
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Fig. C.23  Decay scheme of Am-24
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Summary of Terms  
 
 
A primary standard is a standard that is designated or widely acknowledged as 
having the highest metrological qualities and whose value is accepted without 
reference to other standards of the same quantity. 
 
A radioctivity standard is a suitable piece of radioactive material, the quantity of any 
given radionuclide which is certified in terms of average numbers of decays in unit of 
time, to within stated limits of uncertainty. 
 
A random number generator (RNG) is an algorithm that generates a sequence of 
numbers which are not truly random (pseudo-random). They are very important in 
practice for simulations of physical and mathmatical system by means of Monte-Carlo 
methods. 
 
A reference standard is a standard generally having the highest metrological quality 
available at a given location or in a given organization from which the measurements 
made at the location are derived. 
 
Accuracy of measurement is a qualitative concept referring to the closeness of 
aggrement between the results of measurement and a true value of the measurand.  
 
Activity of an amount of radioactive nuclide in a particular energy state at a given 
time is the number of spontaneous nuclear transitions in unit time from that energy 
state” /ICRU 98/. 
 
Calibration factor Cfi (pA/MBq) of the “i-th” radionuclide for a given ionization 
chamber is a quantity equal to ratio of chamber current (pA) produced by the 
radionuclide under question to its activity (MBq).  
 
Carrier-free radionuclide sample is a solution in which all of the atoms of a 
particular element consists of the radioactice isotope; that is, no stable isotope of that 
element is present. A stable isotope of the particulae element is referred as carrier. 
 
Combined standard uncertainty, uc, of a measured (calculated) result is such 
uncertainty obtained from the individual standard uncertainties of both Type A and 
Type B evaluations. 

Compiling is the process of translation of the text written in a computer programming 
language (source language) into another computer language (target language). 

Efficieny of a Monte-Carlo algorithm is a measure of how quickly a desired 
precision of the measurement is achieved. 
 



 
 

 278

Expanded uncertainty, U, is the uncertainty obtained by multiplying the combined 
standard uncetainty, uc, with a given factor, k, so called coverage factor. Generally the 
value of the coverage factor is chosen so that we select a confidence level associated 
with the interval defined by U = k∗  uc. 

Fermi spectrum refers to the β-particle energy distribution p(Z,E) for a given 
radionuclide.  

FORTRAN which stands for Formula Translator is a programming language 
commonly used for numerical analysis. It can be found in different versions including 
Fortran 66, Fortran 77 and Fortran 90. 

G77 v0.5.25 for Win32 is an application written for 32-bit Windows operating 
system.  
 
Metrology is the science of measurement, embracing both experimental and 
theoretical determinations at any level of uncertainty in any field of science and 
technology. 

Monte-Carlo methods are computational algorithms (computer models) for 
simulating the behavior of various physical and mathematical systems based on 
“chance”. Since it is a statistical process a very large number of events is requested to 
be simulated in manner to have better results.  

PENELOPE is a Monte-Carlo computer simulation code developed at Facultat de 
Física (ECM), Universitat de Barcelona, Spain which is intended for simulation of 
electron and photon transport. 
 
Precision or the relative error represent the resolution to which the value of a quantity 
can be specified or in other words the uncertainty in the final result due to the 
fluctuation in the individual samples. 
 
Probability density function for a variable X is a function f(x) such that the 
probability of any event a ≤ X ≤ b is equal to the value of the integral ∫

b

a

dxxf .)(  The pdf, 

when it exists, equals the derivative of the distribution function. 
 
Quadric surfaces are graph surfaces of the equations of second order degree in three-
dimensional cartesian coordinates. 
 
Radionuclidic impurities are potential radionuclide contaminants that may be present 
in the produced radionuclide. 
 
Random variable is the numerical outcome of an experiment or calculation.  
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Secondary standard are standards whose value is assigned by comparison to a 
primary standard of the same quantity, usually calibrated by the primary standard.  
 
Standard deviation of a random variable X, denoted by σx, is a measure of the width 
of its distribution and is defined as the square root of the variance of X. 
 
Traceability is the “property of the result of a measurement or the value of a standard 
references, usually national or international standards, through an unbroken chain of 
comparisons all having stated uncertainties.  
 
Well-type ionization chambers are instruments for detecting ionizing radiation by 
measuring the amount of charge liberated by the interaction of ionizing radiation with 
the gas filling the sensitive volume of the chamber. Usually they are sealed and 
pressurized up to some atmospheres. 
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