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ABSTRACT 
 
The demand for calibration services and quality control in diagnostic radiology has grown in the country since 
the publication of the governmental regulation 453, issued by the Brazilian Ministry of Health in 1998. At that 
time, to produce results facing the new legislation, many laboratories used different standards and radiation 
qualities, some of which could be inadequate. The international standards neither supplied consistent radiation 
qualities and standardization for the different types of equipments available. This situation changed with the 
publication of the new edition of the IEC 61267 standard, published in 2005.  
The objective of this work was to implement the standardization of the air kerma for the unatenuated qualities 
(RQR) of IEC 61267 in the National Laboratory of Metrology of the Ionizing Radiations (LNMRI) of the 
Institute of Radiation Protection and Dosimetry (IRD). Technical procedures were developed together with 
uncertainty budget. Results of interlaboratory comparisons demonstrate that the quantity is standardized and 
internationally traceable. 
 
 

1. INTRODUCTION 
 

The sources of ionizing radiation for medical use are known for the largest contribution to 

population dose from sources created by man, and most of this contribution comes from 

X ray diagnosis (over 90%). One reason for this is the large number of X ray examinations 

performed each year. The report of the United Nations Scientific Committee on Effects of 

Atomic Radiation, UNSCEAR [1], estimated that the annual number of all types of X ray 

medical examinations in the world was around 2.1 billion in 2000, corresponding to a annual 

frequency of 360 examinations per 1000 inhabitants of the world. This frequency was around 

10% higher than the previous estimate of 330 per 1000 in the period 1991-95 [2], indicating 

an increase in practice. Subsequently, the need to control these dose levels was recognized 

and consequently the design and use of systems for X-ray images were optimized.  
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Due to increasing demand for dosimetric measurements in diagnostic radiology, it has 

become important to provide traceability of measurements in this field. The ways in which 

the calibrations of various diagnostic quantities were made in the last decade were not 

properly coordinated. Many laboratories used different standards and radiation qualities, 

some of which could be inadequate. Programs of quality control could only function 

satisfactorily if correct measurements and calibrations were made [3]. 

National and international standards and directives were published to meet the need for 

regulation in the field of diagnostic radiology, such as the ICRP 73, "Radiological Protection 

and Safety in Medicine", 1996 [4], the governmental regulation 453, issued by the Brazilian 

Ministry of Health in 1998 [5], that established the basic guidelines for radiological 

protection in medical and dental radiology; and more recently, the ICRU 74 [6], the IEC 

61267 [7] and the IAEA Code of Practice [8], among others. 

Contributing to the research line of the National Laboratory of Ionizing Radiation Metrology, 

LNMRI/IRD, in diagnostic radiology, this study aims to:  

• Standardize the air kerma quantity to the field of diagnostic radiology, for the non 

attenuated qualities (RQR) defined according to the latest version of IEC 

61267 [7] and supplemented with the conditions for secondary standard 

laboratories from the International Code of Practice for Dosimetry in Diagnostic 

Radiology, TRS 457 [8], issued by the International Atomic Energy Agency, 

IAEA;  

• Participate in international laboratory comparisons to validate the dosimetric and 

metrological measurements undertaken. 

 

 

2. MATERIALS AND METHODS 
 

The X ray equipments and dosimetric systems described bellow were used to develop this 

work.  

2.1. X Ray Machines  
The low energy X rays laboratory from LNMRI/IRD has an industrial X-ray equipment, 

shown in figure 1, manufactured by Pantak Inc., USA, model HF 160, 160 kV, with a 

constant potential generator system. It has an X-ray tube model MXR-160 manufactured by 
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Comet, Lindenfeld, Bern, Switzerland. This tube has fixed tungsten anode with 20 degrees 

angle and a beryllium window of 1mm.  

 

 

 

 

 

 

 

Figure 1: Pantak model HF 160 X-ray tube and the control panel 

 

To complement the work started at LNMRI/IRD the interlaboratory comparison part of the 

measurements were performed with the X ray tube installed at the Dosimeter Calibration 

Laboratory (LCD) of Center of Nuclear Technology Development – CDTN, in Belo 

Horizonte. Their’s X ray equipment is similar to LNMRI/IRD, it has also a tungsten targeted 

tube. It differs from that of LNMRI/IRD by achieving higher operating voltage, i.e., 320 kV, 

and for having a tube window of 7 mmBe and not 1 mmBe. Nevertheless, none of these 

differences affect their ability to implement the X ray qualities or the performance of 

dosimetric measurements. Table 1 presents a summary of its technical characteristics.  

 

Table 1 − Summarized characteristics of LCD/CDTN X-ray equipment 

Generator ripple Less Than 1% 

Electric Power 4.2 kW 

kV (kVp) range 10 to 320 

Current range (mA) 0.1 to 45 (limited to 13 mA @ 320 kVp) 

Tube inherent filtration 7mm Beryllium 

Inherent filtration HVL 0.18  mm Al  @      60  kVp 

 

2.2. Measuring System and Auxiliary Equipment 
The measuring system used was composed of two cylindrical ion chambers manufactured by 

Radcal Corporation, models 20x5-3 and 10x-6, with 3 cm3 and 6 cm3, respectively, as 

presented in figure 2. The first one is a secondary standard chamber calibrated at the 
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Physicalisch-Technische Busdesanstalt (PTB), Germany, and the second one is a working 

standard. 

 

 

 

 

 

 

 

 

 

 

Figure 2: Radcal Corporation Ionization chambers for conventional radiology  

 

The chambers were connected to a Keithley Instruments electrometer, model 6517A, which 

has IEEE 488 interface for link to a personal computer. A software developed in LabView 

was used to make the automatic data acquisition of charge or current readings, together with 

temperature and pressure for air density corrections. 

In order to measure the X ray equipment generator potential, a PTW Diavolt Universal non-

invasive high voltage meter was used. The Diavolt Universal, presented in figure 3, is a high 

voltage microprocessor controlled meter that uses the two filters method, ie, two solid-state 

detectors with different filtrations, to determine the voltage of the tube. It was tested against 

the IEC standard 61676 (2002) [9] and was approved by PTB for measurements of practical 

peak voltage (PPV).  

 

 

 

 

 

 

 

 

 

 

Figure 3: PTW Diavolt Universal non-invasive high voltage meter 

Mod 10x5-6  #16175 

Mod 20x5-3  #20647 
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2.3. Procedure to Establish the RQR Radiation Qualities 
The RQR radiation qualities are originated from the unatenuated beam emerging from the X 

ray assembly. These radiation qualities represent the beam incident on the patient in general 

radiography, fluoroscopy and dental applications. They can be realized by means of a 

tungsten anode X ray tube, as those described in item 2.1. The characteristics of the radiation 

qualities of the RQR series are given in Table 2. 

 

Table 2:  Characterization of radiation quality series RQR 

Radiation quality  X ray tube voltage 

(kV) 

First HVL 

(mm Al) 

Homogeneity 

Coefficient (h) 

RQR 2 40 1.42 0.81 
RQR 3 50 1.78 0.76 
RQR 4 60 2.19 0.74 
RQR 5 70 2.58 0.71 
RQR 6 80 3.01 0.69 
RQR 7 90 3.48 0.68 
RQR 8 100 3.97 0.68 
RQR 9 120 5.00 0.68 
RQR 10 150 6.57 0.72 

 

The first step to establish the RQR radiation qualities according to TRS457 [8] is to start by 

measuring the voltage of the X-ray tube specified in terms of practical peak voltage [10]. If 

an invasive system for measuring the voltage is not available, a non-invasive device can be 

used, since it does not interfere with the goal of accuracy and uncertainty balance of the 

laboratory [8]. The other steps to establish the radiation qualities are: determination and 

confirmation of additional filtration. 

For determination of the additional filtration, an attenuation curve has to be built for each 

radiation quality. The curve shall be plotted following the instructions of the IEC 61267 [7], 

in order to place a rectangular template that will help obtain the additional filtration. This is 

reached by the difference between the position of the left edge of the template and the 

ordinate axis, as shown in figure 4 for RQR 6 quality.  

The next step is the confirmation of the additional filtration. This consists in adding the 

values determined previously into the beam and to measure the air kerma with and without an 

aluminum attenuation layer of the thickness given in column 3 of table 2. If the ratio of air 

kerma values lies between 0.485 and 0.515 the desired radiation quality is established. if the 

ratio of air kerma lies slightly outside the range 0.485–0.515, the required filtration can be 
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determined through trial and error measurements. If the ratio of the air kerma is below 0.485, 

the additional filtration needs to be increased and vice versa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Attenuation curve expressed as the ratio of air kerma, Ka, behind a filter of 
thickness d, and the air kerma of the unattenuated beam, Ka0. 

 

The homogeneity coefficient is a secondary beam specifying quantity. The actual value of the 

homogeneity coefficient associated with the appropriate radiation quality RQR should lie 

within 0.03 of the value given in column 4 of table 2. 

 
 

3. RESULTS AND DISCUSSIONS 
 

3.1. PPV Measurements at LNMRI/IRD 
The PTW Diavolt voltage meter was used for the measurements of the PPV of the 

LNMRI/IRD X ray equipment. Before that the unit was taken for a verification of its 

calibration situation at the Institute of Electrotechnic and Energy from the São Paulo 

University (IEE/USP). There the calibration certificate from PTW could be compared against 

IEE/USP standards and the results were considered adequate. Detailed calibration factors for 

each voltage and current measured were delivered with their report.  

The total uncertainty associated with calibration factors reported by the IEE/USP was 1%. As 

the uncertainty of the PTW Diavolt Universal calibration certificate is 2%, we chose to use 

this value to calculate the uncertainty in the PPV measurements in order to be more 
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conservative. The results of measurements of PPV for the LNMRI/IRD x-ray equipment are 

shown in table 3 with the estimated uncertainties. 

 

Table 3: PPV measurements for the LNMRI/IRD x-ray equipment 

RQR 
Quality 

Nominal  
voltage 

PPV 
(kV) 

2 40 40.9 ± 0.8 
3 50 50.5 ± 1.0 
4 60 60.1 ± 1.2 
5 70 69.7 ± 1.4 
6 80 79.9 ± 1.6 
7 90 90.3 ± 1.8 
8 100 100.2 ± 2.0 
9  120 118.5 ± 2.4 
10 150 146.2 ± 2.9 

 

The PTW Diavolt present some limitations at higher voltages because of its solid state 

detectors. Nevertheless, this did not disturb the measurements as it was within the rated 

uncertainties. According to TRS457 this could be within 5% of the voltage reading.  

3.2. Establishing the RQR Radiation Qualities 
The air kerma measurements, Kar, were carried out with the X-ray beam without attenuation 

filter, Kar,0, and with aluminum filters progressively thicker. Attenuation curves were plotted, 

similar to that presented in figure 4 and a rectangular model was positioned as instructed in 

item 2.3. Continuing this procedure, the values for the additional filtration were found. The 

numbers obtained were only a first approximation of the additional filtration. The additional 

filtration was further confirmed by trial and error and there was a need for adjustments to 

meet the tolerances specified in IEC 61267. The results obtained are shown in table 4. 

 

Table 4: RQR qualities established at LNMRI/IRD 

RQR Qualities 
PPV 
(kV) 

Addit. Filtration 
(mm Al) 

 
1st HVL 

 
2nd HVL 

 
h 

2 40.9 ± 0.8 2.36 1.43 1.81 0.79 
3 50.5 ± 1.0 2.41 1.80 2.46 0.73 
4 60.1 ± 1.2 2.60 2.20 3.10 0.71 
5 69.7 ± 1.4 2.66 2.54 3.63 0.70 
6 79.9 ± 1.6 2.81 2.94 4.47 0.66 
7 90.3 ± 1.8 3.01 3.49 5.30 0.66 
8 100.2 ± 2.0 3.32 4.04 6.17 0.65 
9  118.5 ± 2.4 3.61 5.09 7.45 0.68 
10 146.2 ± 2.9 4.11 6.56 9.44 0.70 
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The table above confirms the RQR diagnostic radiation qualities were established at 

LNMRI/IRD. 

3.3. Interlaboratory Comparisons 
The laboratory comparisons was performed with IAEA coordination and participation of 

eleven countries. This was designed to assess the diagnostic radiology calibration ability of 

the participating laboratories. 

This part of the work was performed at CDTN X ray equipment due to a temporary defect in 

LNMRI/IRD equipment. The main differences between them are the inherent filtration of the 

X ray tube and the capability of the first to reach a higher voltage. These characteristics did 

not impose any restriction to the establishment of the radiations qualities or their equivalence. 

This, specifically, was the aim of Kramer and others [10] in defining the PPV quantity and 

the radiation qualities released by the new version of IEC 61267 [7]. 

The additional filtrations of both equipment were measured according to the procedures of 

the IEC 61267 standard and resulted in slightly different values, which reflect the inherent 

filtration difference of the X ray tubes. Table 5 show a comparison between the additional 

filtrations as found by LNMRI/IRD and LCD/CDTN. The biggest difference in the value of 

the additional filtration of the two laboratories was 0.36 mm for the quality RQR 2, 40 kV. 

This difference, however, can be neglected, because both laboratories agree with the HVL 

values within the tolerances set out in IEC 61627, i.e. 3%. 

 

Table 5: Comparison of the RQR qualities established 

 at LNMRI/IRD and LCD/CDTN 

 
LNMRI/IRD 

 
LCD/CDTN RQR 

Qualities 
 

Additional 
filtration 
 (mm Al) 

 
1st HVL 

Additional 
filtration 
 (mm Al) 

 
1st HVL 

2 2.36 1.43 2.0 1.40 
3 2.41 1.80 2.1 1.77 
4 2.60 2.20 2.5 2.19 
5 2.66 2.54 2.6 2.60 
6 2.81 2.94 2.7 2.98 
7 3.01 3.49 2.9 3.47 
8 3.32 4.04 3.1 3.96 
9  3.61 5.09 3.5 5.05 
10 4.11 6.56 3.8 6.48 
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To perform the laboratory comparison it was requested the calibration of two Exradin 

chambers in three different qualities, i.e., RQR 3, RQR 5 and RQR 9. The results are 

presented in tables 6 and 7 together with the beams characteristics. The uncertainty, U, shown 

in the tables were calculated as detailed in item 3.4. 

 

Table 6: Calibration results for Exradin A3/XR071832 chamber 

Quality 
Voltage 

(kV) 
Current 
(mA) 

additional 
Filtratin  
(mmAl) 

1stHVL 
(mm Al) 

Kar rate 
mGy/min 

NK 
(Gy/C) 

U 
(%) 

RQR3 50 12 2.1 1.77 25.94 8.144x10+06 1.7 

RQR5 70 7 2.6 2.60 23.90 8.083x10+06 1.7 

RQR9 120 3 3.5 5.05 22.46 8.080x10+06 1.7 

NK = Chamber calibration factor 

U = Total uncertainty (k=2) 

 

Table 7: Calibration results for Exradin A3/XR072321 chamber 

Quality 
Voltage 

(kV) 
Current 
(mA) 

additional 
Filtration  
(mmAl) 

1stHVL 
(mm Al) 

Kar rate 
mGy/min 

NK 
(Gy/C) 

U 
(%) 

RQR3 50 12 2.1 1.77 25.94 8.252x10+06 1.7 

RQR5 70 7 2.6 2.60 23.90 8.186x10+06 1.7 

RQR9 120 3 3.5 5.05 22.46 8.167x10+06 1.7 

NK = Chamber calibration factor 

U = Total uncertainty (k=2) 

 

The IAEA laboratory comparison has not finished yet, but partial results obtained for four 

participants are shown in figures 5 and 6.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Partial results for Exradin A3/XR71832 chamber 
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Figure 6: Partial results for Exradin A3/XR712321 chamber 

 

The uncertainties presented in figures 5 and 6 ranged from 1.7% to 2.6%. Brazil's 

participation in the comparison had the lowest uncertainty, since the chambers calibration 

method employed was the most direct, i.e., a direct comparison with the standard chamber 

was used. Among other countries, some calibrated by means of beam monitor chambers other 

through the calibration of working standard chambers. In both cases the calibration 

uncertainties are larger than a direct comparison with the standard. 

Of the four participants who presented results of the comparison, all were consistent with 

each other. The results of the calibration factors of the chambers are within the uncertainty 

established and showed no significant effect due to any HVL differences between the 

participating laboratories. 

 

3.4. Uncertainty Evaluation 
The uncertainty components considered in the uncertainty evaluation for the calibrations 

performed with the IAEA Exradin chambers are in table 8. They were based on the IAEA 

TRS 457. As the values of the uncertainty components resulted in equal values of total 

uncertainty to both chambers and radiation qualities, the results shown are for one chamber 

and one radiation quality. 
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Table 8: Exradin chambers calibration uncertainty budget 

Uncertainty component   
Symbol Name Type Value Distr. Divisor ui 

Factors that affect the reference chamber (%)   (%) 

NK Ref. Chamber cal. factor B 0.770 normal 2 0.385 
kstab Chamber stability  B 0.180 rect. 1.73 0.104 
Mraw Repeatability A 0.044 normal 1 0.044 
ks Saturation and recombination 

correction. 
B 0.080 rect. 1.73 0.046 

kleak Leakage current  B 0.054 normal 1 0.054 
Kpol Polarization B 0.143 normal 1 0.143 

0,QQk  Radiation beam quality difference  B 0.086 rect. 1.73 0.049 

kt Temperature oscillation A 0.320 normal 1 0.320 
kp Pressure oscillation A 0.002 normal 1 0.002 

Factors that affect user chamber 

Mraw Repeatability A 0.039 normal 1 0.039 
kleak Leakage current B 0.016 normal 1 0.016 
kt Temperature oscillation A 0.288 normal 1 0.288 
kp Pressure oscillation A 0.001 normal 1 0.001 
Factors that affect both chambers 

kdist Chamber Positioning B 0.039 normal 1 0.039 
kelec Electrometer calibration B 0.300 rect. 1.73 0.173 
kelec-res Electrometer resolution B 0.0001 rect. 1.73 0 

Thermometer calibration  B 0.500 normal 2 0.250 kt 
Thermometer resolution B 0.0005 rect. 1.73 0 
Barometer calibration  B 1.300 normal 2.87 0.453 kp 
Barometer resolution B 0.001 rect. 1.73 0.001 

uc Combined standard uncertainty   0.820 

U Expanded uncertainty (95,45%) k= 2.0 1.7 

 
 
 

4. CONCLUSIONS 
 

The standardization of air kerma quantity was achieved by LNMRI/IRD with the 

establishment of the IEC 61267 standard RQR radiation qualities [7], considering the 

conditions recommended in TRS 457 [8]. The uncertainties associated with the measurement 

process were assessed as well as the contributions of its various components. As immediate 

result of this work, the air kerma quantity can be disseminated to the diagnostic radiology 

laboratories, and reach the clinics and hospitals within the country which seek calibrations of 

their working standards. 
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One laboratory comparison was coordinated by the IAEA that show the standardization of air 

kerma is consistent and internationally traceable. 
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