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The correction factor kii kW for free-air chambers
D Burns (BIPM)
1  Introduction
The new ICRU Report 90 on Key Data for Ionizing Radiation Dosimetry (ICRU 2016) provides values for a combined correction factor kii kW that applies to air-filled ionization chambers. This correction factor is non-negligible for photon energies below around 300 keV and is therefore relevant to free-air chamber standards for air kerma. The present report evaluates the correction factor for the reference radiation qualities recommended by the CCRI in the low- and medium-energy x-ray ranges, including selected mammography qualities.
2  Brief review of the correction factors
Detailed information on the correction factors kW and kii is given in ICRU Report 90 and the references therein. For incident electrons with energies much greater than the ionization potential of the target atoms or molecules, ionization is the dominant process and the total charge produced (on average) by each incident electron is proportional to its incident energy. This proportionality is characterized in dry air by Wair, the mean energy required to produce an ion pair. However, for incident electrons much lower in energy this proportionality does not persist because of the increased fraction of their energy expended in non-ionizing processes (such as excitation and elastic scattering) and the consequent reduction in charge production. It follows from the definition of Wair that this reduction in the charge results in an increase in the value for Wair. The measured increase is shown in Figure 5.3 of ICRU Report 90, reproduced here as Figure 1. 
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Figure 1. Low-energy data for Wair of Combecher (1980), Waibel and Grosswendt (1978), and Büermann et al (2006). The uncertainties for the data of Waibel and Grosswendt and of Büermann et al. are smaller than the symbols. (Reproduced from Figure 5.3 of ICRU Report 90.)
The solution proposed by the ICRU is to continue to use the value Wair = 33.97 eV and to correct for the increase shown in Figure 1 using a new correction factor kW (>1).
A second effect arises from the fact that Wair is defined and measured by considering only the charge produced by an electron as it slows to rest. It does not include the charge of the initial electron itself, although this charge is collected by the measuring system. The same effect arises in photon beams, where the ‘excess’ charge produced by the initial ionization event is also measured. However, in this case a single photon interaction can give rise to multiple charges, for example Auger electrons, during the relaxation of excited atoms. During the preparation of its Report 90, the ICRU made Monte Carlo calculations of the corresponding correction factor kii (<1).
Although numerically independent, the correction factors kW and kii are conceptually related and act in opposite senses. For these reasons their effect was combined by the ICRU and by previous authors. The results for monoenergetic photon beams were presented in Figure 5.8 of ICRU Report 90, reproduced here as Figure 2, which also shows the results of two previous works. The ICRU results for kii kW(E) represented by the solid curve are considered the best estimates because of the use of better atomic data for the relaxation process and a treatment of the constituents of air as molecules rather than as single atoms. Nevertheless, the other results shown are useful in assessing the uncertainty. In this respect, it is important to note that for a 10 kV spectrum filtered only by a 1 mm beryllium window and 500 mm of air, there is no significant fluence below 4 keV. Consequently, the region of Figure 2 in which the discrepancies are largest is not relevant.
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Figure 2. Combined value for the correction factors kii and kW for monoenergetic photon beams, comparing the results of Takata and Begum (2008), Buhr et al (2012) and the work of ICRU Report 90. (Reproduced from Figure 5.8 of ICRU Report 90.)

3  Spectral averaging
To obtain spectral values, the different photon energies must be appropriately weighted. Clearly there must be a weighting according to the photon fluence spectrum (E). However, we are concerned with the charge measured at each photon energy, which is proportional to the corresponding air kerma, that is, proportional to (E) E (µen(E)/)air, where (µen(E)/)air is the mass energy-absorption coefficient for air at energy E. Recalling that it is the inverse of kii kW(E) that is proportional to the measured charge (their product appearing in the kerma equation), the spectrally-weighted values are given by

For the present evaluation, the (µen(E)/)air values used are those labelled ‘PENELOPE renormalized’ in Table 6.6a of ICRU Report 90, although choosing these rather than those, for example, from the NIST XCOM database does not change kii kW at the 0.001 %  level. Two sources were used for the fluence spectra (E) for the CCRI W/Al qualities, those measured by spectrometry at the BIPM and those calculated using the SpekCalk software (Poludnioski 2009). It was shown that making different (reasonable) choices for the spectrum does not change the kii kW values by more than 0.01 %.
4  Results and uncertainty analysis
The results for the CCRI W/Al reference qualities and for selected Mo/Mo and W/Mo mammography qualities are given in Tables 1 and 2, respectively. For the qualities from 50 kV(a) to 180 kV, the mean photon energies fall around the ‘kink’ in the solid curve of Figure 2 and the corrections are very close to 0.20 %. For the low energies, the correction rises steadily to around 0.5 %.
Table 1. The combined correction factor kii kW evaluated for the CCRI W/Al reference radiation qualities.
	Radiation
Quality

	kii kW
	Standard uncertainty


	
	
	

	10 kV
	0.9953
	0.14 %

	30 kV
	0.9968
	0.11 %

	25 kV
	0.9969
	0.11 %

	50 kV(b)
	0.9977
	0.09 %

	50 kV(a)
	0.9980
	0.08 %

	100 kV
	0.9980
	0.07 %

	135 kV
	0.9980
	0.05 %

	180 kV
	0.9981
	0.04 %

	250 kV
	0.9986
	0.02 %



Table 2. The combined correction factor kii kW evaluated for selected CCRI reference radiation qualities for mammography.
	Target/filter combination
	Generating
potential / kV

	kii kW
	Standard uncertainty


	
	
	
	

	Mo/Mo 1
	25
	0.9968
	0.11 %

	
	30
	0.9969
	0.11 %

	W/Mo 1
	25
	0.9971
	0.10 %

	
	30
	0.9971
	0.10 %

	
	50
	0.9973
	0.10 %


1 The Mo filter for the Mo-tube qualities is 30 m thick, while that for the W tube is 60 m.
Also given in the tables are the estimates for the standard uncertainties. In evaluating these, the correction factor kw is first considered separately. At the (dose-weighted) mean photon energy of around 7 keV for the 10 kV spectrum, photons interact predominantly by the photoeffect and produce photoelectrons close to 7 keV. At this energy, the value for Wair (using the simple model E/(E-U) associated with Figure 1 and with U = 20 eV) is increased by 0.3 % and the uncertainty of this value is not likely to be more than one fifth, say, 0.06 %. This is significantly smaller than the uncertainty for kii presented below, increasing the final uncertainty by only 0.01 % at 10 kV and negligibly for the other qualities. In other words, the uncertainties are dominated by kii.
We can estimate the uncertainty of kii from Figure 2. As noted above, there is good reason to believe that the solid curve is the best estimate. If we take the dashed curve of Buhr et al (2012) at 4 keV to represent the uncertainty at the level of two standard uncertainties, we obtain a standard uncertainty of 0.0015 at 4 keV. If we adopt a model that decreases this uncertainty linearly, with increasing log(E), to a negligible value at 250 keV, we obtain an uncertainty estimate for each monoenergetic value that can be spectrally averaged in the same way as the kii kW values. It is these uncertainties (combined with the small uncertainty for kw) that are given in Tables 1 and 2. To simplify the analysis for comparisons, it is reasonable to take a typical uncertainty for each range in Table 1 as 0.12 % for 10 kV to 50 kV(a) and 0.05 % for 100 kV to 250 kV. 
We note in concluding that the uncertainty for kii kW does not include the uncertainty for Wair itself, which is increased significantly in ICRU Report 90 to 0.35 % from the present value of 0.15 %.
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