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Abstract 
 
In radiation metrology, pressurized ionization chambers are essential tools in 
secondary standard laboratories as relative calibration instruments. 
Calculations of the calibration figures for different radionuclides are very 
important parameters for radioactivity measurements.  The calibration 
figures for the ISOCAL IV pressurized re-entrant ionization chamber (also 
called well-type ionisation chamber) are calculated here using the PENELOPE-
2003 Monte-Carlo Code. In order to test and validate the Monte – Carlo 
simulation, calculated and experimental calibration figures are compared. The 
task of this work was to calculate the activity of a radioactive solution when 
no experimental calibration figures are available as well as to improve the 
accuracy of activity measurements. The chamber is filled with nitrogen gas at 
1 MPa pressure. The simulated models of the chamber are designed by means 
of reduced quadric equation applying the appropriate transformations 
including: a rotation defined through the Euler angles, an expansion along the 
directions of the axes and a translation defined by the components of the 
displacement vector t. The simulated geometries are defined for the cases: 
without shielding; lead shielding and lead and copper shielding. The effect of 
density variations of the nitrogen gas on the sensitivity of such ionization 
chambers has been investigated. The Penelope Monte-Carlo code is also used 
to examine the effects of using lead and copper shields. The sensitivity to 
electrons is evaluated as well.  
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1. Introduction 
 
Activity measurements with an ionization chamber (IC) play an important role 
in the preparation of activity standards. The ISOCAL IV pressurized re-entrant 
ionization chambers are widely used in many national metrology laboratories 
around the world. Such chambers are used to maintain measurement 
consistency checks and to assure the quality of standards disseminated to user 
for a wide range of radionuclides where many of them play a key role in 
nuclear medicine as well as in different applications on metrology of ionizing 
radiation. For a specific ionization chamber, the calibration figures of 
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radionuclides for this type of chamber under study are deduced by the 
experiment evaluations. The calibration figure of IC is dependent of chamber 
filling gas, the shielding of the ionization chamber and the density of the gas.  
The purpose of this work was to investigate the ability of the PENELOPE Monte 
Carlo code in producing reasonable results for our ISOCAL IV ionization 
chamber. From this point of view the calibration figures for some 
radionuclides are pointed out applying the PENELOPE (version 2003) computer 
programme code. The simulated radionuclides include gamma and beta 
emitters where for some of them the ISOCAL IV was not calibrated. Due to 
possibilities offered by Penelope code system photons with energy down to 
100 eV have been included during the simulation process. As the mean energy 
deposited in the gas of ISOCAL IV ionization chamber depends on the shielding 
of the IC chamber the calibration figures are calculated for cases: i) without 
shielding, ii) lead shielding, iii) lead and copper shielding. The effect of 
variation of calibration figure versus the gas pressure was investigated. The 
first attempts are done on studying the chamber response to � emitters.   
In the following the method to determine the calibration figures and the 
calibration figures for some radionuclides on 5ml PTB ampoule geometry are 
given. 
 
2. Method used in determination of the calibration figures for the ISOCAL IV 
Ionization chamber. 
 
The Penelope (version 2003) code system for Monte Carlo simulation of 
electron and photon transport was used to calculate the calibration factors 
(pA/MBq) of radionuclides on ISOCAL IV pressurized re-entrant ionization 
chamber. The Penelope code was installed on two computers using Windows® 
as operating system. The chamber is re-entrant well type pressurised to 
approximately 1 MPa filled with nitrogen gas. The sectional view of ISOCAL IV 
ionization chamber from Centronic Ltd, and the dimensions of this IC are 
shown in Fig.1  

 

 
Fig.1 The sectional view of the ISOCAL IV pressurized re-entrant ionization 

chamber 
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(Centronic Limited, Centronic House Henry’s Drive, Croydon CR9 OBG, England) 
 

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 1. 
 
Table.1. Dimensions of ISOCAL IV, well type ionization chamber. 
 
 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 

 
The composition of the electrode/wall of the IC is aluminium alloy based on 
British Standard (BS) specifications for aluminium alloys BS 1470:1972 (plate, 
sheet and strip) and BS 1471:1972 (drawn tube). 
The 5 ml PTB (Physikalisch - Technische Bundesanstalt, Braunschweig) glass 
ampoule (trade name: FIOLAX® - klar ampoule) with 15.2 mm in diameter 
about 60 mm in height and wall thickness 0.5 mm is located at the centre of 
the re-entrant well using the appropriate ampoule holder. The necessary 
nuclear data for running the Monte Carlo simulation programme were provided 
by the PTB radionuclide certificates.  
Related with shielding of IC in case of lead shielding 5 cm lead is used and in 
the case of lead and copper shielding respectively 5 cm lead and 0.3 cm 
copper is used in constructing the geometry input data files.  
Using the Penelope code the mean energy deposited in the sensitive volume of 
the gas of the IC for a series of mono-energetic photons as well as from beta 
emitters, emitted from the aqueous solution in the 5ml PTB ampoule are 
calculated.  
The chamber ionization current I (A) is calculated (assuming the charge 
collection in the sensitive volume to be 100%) by the following formula, 

     
W
AEe

I =           

(1) 
where A is the total gamma emission rate, E is the average energy deposited 
in the sensitive volume of the chamber per a single gamma emission (gamma 
photons/s) W is the mean energy (eV) required to produce one ion pair in the 
gas and e is the electron charge 1.6021892x10-19 C. In our case we are dealing 
with nitrogen gas and the W takes the value of 34.8 eV. 
Another equivalent expression for the chamber ionization current will be 

    fCAI *=            
(2) 

where the fC is so called the calibration factor (pA/MBq).  
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The relation of fC (A/Bq) with the total energy deposited in the gas of IC is 
given by the formula, 
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(3) 
In units of pA/MBq the calibration figure fC  can be expressed as 

fC = 4.60379 x 10-3 * E,         
(4) 

where the total energy deposited on the gas of the IC, E is the sum of the 
product of energy deposited per emitted photon Ei  of the i-th gamma line with 
the emission probability ip  per decay of this gamma ray of the radionuclide 
under consideration. That is to say, for a given radionuclide we have 
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(5) 
 
The simulated models of the ISOCAL IV ionization chamber are constructed by 
means of reduced quadric equation (Penelope 2003 code system) 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, Fig.2. The coded 
model of IC has been constructed using detailed drawings from the 
manufacture and pictures obtained by means of X-ray radiograph done at the 
BEV Dosimetry Laboratory, Seibersdorf, Austria. 
The material data file in the simulated model involves lead, copper, air, 
bakelite, aluminium alloy, nitrogen (in different gas pressure), PVC, 
plexiglass, FIOLAX glass and the material of radioactive solution in 5 ml PTB 
ampoule (0.1M HCl). 
In carrying out the objectives of our work two main programs were used 
respectively a) PENCYL, b) penEasy © (© 2004, 2005.Universitat Politecnica de 
Catalunya, Barcelona). 
The first one offer the possibility to simulate the radiation transport on 
cylindrical geometry Fig .2a and it is used for the case without shielding. 
Regarding the second main program due to the variety of source models it is 
used when the shielding of IC is considered Fig. 2b and it is not cylindrical one. 
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  a)                                                                                   b)  

 Fig.2 a) 2D view of ISOCAL IV IC, No Shielding; b) 3D view of ISOCAL IV IC, Pb & Cu 
shielding 
 
In selecting the simulation parameters for Monte Carlo simulation the 
following values has been applied during our simulation work on IC. The elastic 
scattering parameters C1 and C2 were 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 for both of them. About the cut-off energy for positrons, 
photons and electron they were assumed to be 1.0E4 eV; 1.0 E4 eV; 1.0E4 eV.  
In case of studying the energy response to �-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 electron 
were assumed to be 1.0 E4 eV. The simulations in all cases was performed for 
107 histories and the reported uncertainty values of the calibration figures are 
standard uncertainty with a coverage factor k = 1.  
Different radionuclides are studied and the ionization current is measured on 
the ISOCAL IC ionization chamber at the Low-Level Counting laboratory 
Arsenal, Vienna/Austria. Once this current is measured, applying the 
calibration factors reported by NPL (National Physical Laboratory) we end up 
with the calculation of activities for all these radionuclides. Meantime in 
calculating the activity for the radionuclides under studies we used the 
calibration figures calculated by method of Monte-Carlo simulation using the 
main programs mentioned above. The simulated radionuclides are: Am-241, 
Ba-133, Co-60, Co-57, Cs-137, Na-22, Y-88, Mn-54, Lu-177, Y-90, Be-7, F-18 
and Pb-210. 
 
3. Results and discussion.  
 
We have tested and verified the application of PENELOPE computer code 
system in calculation of calibration figures for ISOCAL IV ionization chamber. 
In fulfilling this requirement the data from Monte-Carlo simulation are 
compared with the calibration figures data available from NPL. In our Monte-
Carlo simulation work the total decay scheme of each radionuclide under study 
is taken into account.  
As it’s given on the instruction manual of the ISOCAL IV ionization chamber, 
the nitrogen gas filling chamber is approximately at 1MPa pressure. Running 
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short simulation for a series of radionuclides we found that the best results of 
calibration figures were for nitrogen gas pressure 1.1900E-02 g/cm3 (1.0211 
MPa). Once this value for nitrogen gas density was established the calibration 
figures for 10 photon emitting radionuclides and one for Y-90 pure beta 
emitting radionuclide are calculated and compared with NPL data Fig.3, Fig. 4 
and Fig.5.  
In studying the calibration figures versus the density of nitrogen gas they were 
calculated for three values of gas pressure respectively, 1.1653E-02 g/cm3, 
1.1900E-02 g/cm3 and 1.2025E-02 g/cm3.  

Cf/Ce for ISOCAL IV Ionization Chamber, No Shielding
Cf - Calibration figure calculated by Monte - Carlo Simulation

Ce - Experimental calibration figure available from NPL
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Fig.3. The ratio of calibration factor (Cf) calculated by Penelope Monte-Carlo code 
with the experimental calibration factor (Ce) available from National Physical 
Laboratory (NPL) for ISOCAL IV IC in case of no shielding (the density of nitrogen gas 
used in the simulations was 1.1900E-02 g/cm3). 

Cf/Ce for ISOCAL IV Ionization Chamber, Pb Shielding
Cf - Calibration figure calculated by Monte - Carlo Simulation

Ce - Experimental calibration figure available from NPL
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Fig.4. The ratio of calibration factor (Cf) calculated by Penelope Monte-Carlo code 
with the experimental calibration factor (Ce) available from National Physical 
Laboratory (NPL) for ISOCAL IV IC  in case of Pb shielding (the density of nitrogen gas 
used in the simulations was 1.1900E-02 g/cm3). 



 7

Cf/Ce for ISOCAL IV Ionization Chamber, Pb & Cu Shielding
Cf - Calibration figure calculated by Monte - Carlo Simulation

Ce - Experimental calibration figure available from NPL
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Fig.5. The ratio of calibration factor (Cf) calculated by Penelope Monte-Carlo code 
with the experimental calibration factor (Ce) available from National Physical 
Laboratory (NPL) for ISOCAL IV IC in case of Pb & Cu shielding (the density of nitrogen 
gas used in the simulations was 1.1900E-02 g/cm3). 
 
Due to the detection of backscattered radiation in the lead shielding of IC an 
extra contribution on the mean energy deposited on the sensitive volume of IC 
is investigated. In minimizing this energy coming from backscattered radiation 
we run the simulation for the IC when not only 5 cm lead but additionally 0.3 
cm copper shielding is used. This effect is quite clear when we focus our 
attention in calculating the calibration factor for Co-57 radionuclide Fig.6. 
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Fig.6.Calibration figure of Co-57 radionuclide, for the ISOCAL IV IC and density of 
nitrogen gas 
used in the simulation was 1.1900E-02 g/cm3. 
 
From the series of the calculated data for the radionuclides under study, the 
detailed data of calibration figures, for Lu-177 and Pb-210 are given on 
Table.2 below.  
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Table.2 Calibration figures for Lu-177 and Pb-210. 
 

Radionuclide & 
(simulated 

gamma lines) 

Density of 
Nitrogen Gas 

(g/cm3) 

Type of 
Shielding 

Calibration Figure
(pA/MBq) 

Calibration Figure 
Uncertainty  % 

(coverage factor k =1) 
1,1653E-02 Without 338,63457E-03 0,1261 % 
1,1900E-02 Without 345,57780E-03 0,1224 % 
1,2025E-02 Without 349,17909E-03 0,1271 % 
1,1653E-02 Pb 339,03542E-03 0,3481 % 
1,1900E-02 Pb 346,14053E-03 0,3614 % 
1,2025E-02 Pb 350,03189E-03 0,3376 % 
1,1653E-02 Pb & Cu 338,81211E-03 0,3188% 
1,1900E-02 Pb & Cu 346,06548E-03 0,3242 % 

 
Lu-177 

(52,97 keV, 
54,07 keV; 61,03 

keV, 71,6418 
keV, 112,9498 
keV, 136,7245 
keV, 208,3662 
keV, 249,6742 
keV, 321,3159 

keV)  
1,2025E-02 Pb & Cu 349,76372E-03 0,3682 % 

1,1653E-02 Without 231,75974E-04 0,2894 % 
1,1900E-02 Without 235,97197E-04 0,2898 % 
1,2025E-02 Without 238,05451E-04 0,2882 % 
1,1653E-02 Pb 231,66067E-04 0,2217 % 
1,1900E-02 Pb 235,84663E-04 0,2183 % 
1,2025E-02 Pb 237,88101E-04 0,2173 % 
1,1653E-02 Pb & Cu 231,15142E-04 0,2621 % 
1,1900E-02 Pb & Cu 235,43495E-04 0,2600 % 

 
 
 
 

Pb-210 
 

(46,52 keV) 

1,2025E-02 Pb & Cu 237,51398E-04 0,2584 % 
 
4. Conclusions  
 
The simulation code PENELOPE appears to be a powerful tool in modelling 
complex ionization chamber as well as to provide reliable results when no 
experimental data exists. This computer simulation code allows us to 
calculate the calibration factors for ISOCAL IV IC for photons emitting 
radionuclides. Results of simulation regarding beta emitters suggested that 
such process can be extended to other beta radionuclides with interest in 
metrology of ionizing radiation. Due to the detection of backscattered 
radiation in the lead shielding of ISOCAL IV ionization chamber, including the 
copper shield is a necessity in dealing with such measurements. Such Monte-
Carlo techniques can be used for supporting the work in designing and 
manufacturing the standard instruments for metrology laboratories, industry 
etc. 
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