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Introduction 

Recombination chambers were initially defined 
[1–3] as tissue-equivalent high-pressure ioniza-
tion chambers, operating under the conditions 
of the initial recombination of ions in the fi lling gas. 
Their unique features and usefulness as mixed-fi eld 
dose-equivalent meters are based on the exploitation 
of initial recombination phenomena. As charged 
particles interact in such a chamber and the gas is 
ionized, the ions left behind in this process can be 
collected by the electrodes with the exception of the 
extent to which they recombine. Initial recombina-
tion will depend upon the distance between the 
ions within the tracks of single particles, as well 
as upon the applied voltage (which sets the time 
at which the ions migrate to the electrodes). Thus, 
for a given voltage, a chamber exhibits more severe 
recombination in terms of high levels of LET radia-
tion, e.g. neutrons, heavy ions, etc., than for those 
having low levels of LET radiation, namely electrons, 
photons, muons and primary high-energy protons, 
and measuring the amount of recombination (from a 
saturation curve) makes it possible to experimentally 
determine a number of LET-dependent parameters of 
mixed radiation fi elds [4–7]. An important feature is 
also that the initial recombination does not depend 
on the dose rate. 

The most common applications of recombination 
chambers involve the determination of absorbed 
dose rate, D

.
, from the value of the saturation current 

and the so-called recombination index of radiation 
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quality (RIQ, Q4 – see the description in the next sec-
tion), which serves as a measurable approximation 
of the radiation quality factor. Then, the equivalent 
dose rate, H

.
, can be calculated as a product of these 

two quantities: 

(1) 

Problems associated with the determination of 
RIQ were described in several earlier papers, e.g. 
[4, 7–10]. Much less attention has been paid to the 
specifi c aspects of the determination of absorbed 
dose when using recombination chambers. 

Recently, the interest in such measurements has 
increased, mainly because of the attention paid to 
neutron doses (and equivalent doses) in terms of 
X-ray radiotherapy [11–20]. It is also associated 
with the broader use of proton therapy [21–25] and 
renewed interest in boron neutron capture therapy 
(BNCT) [26–29], thus, in the treatment modalities 
where the recombination chambers can be used for 
the characterization and monitoring of the beam 
for quality assurance purposes.

Measurements of the absorbed dose using any 
ionization chamber start from the experimental 
determination of the calibration factor which relates 
the measured saturation current to dosimetric quan-
tities (usually to air kerma in a referenced radiation 
fi eld). Then, the measurements are performed in 
a radiation fi eld, which is generally different from the 
referenced one. Calculation of the absorbed dose in 
this fi eld involves the use of the earlier determined 
calibration factor and application of correction fac-
tors, which depend on the components and energy 
of the investigated radiation fi eld. Obviously, such 
a procedure may introduce a considerable degree 
of uncertainty in mixed radiation fi elds of poorly 
known physical parameters. 

The unique features of recombination chambers 
make it possible to override such a problem, at least 
partly, taking into account that the sensitivity of the 
chamber depends on the LET of charged particles 
that ionize the fi lling gas. Therefore, some of the cor-
rection factors can be estimated from the measured 
values of RIQ. Such an approach can be especially 
important in the case of in-phantom ionization cham-
bers, which are mainly used to take measurements 
where the precise determination of the absorbed dose 
is required, e.g. in terms of beam dosimetry [30], 
dosimetric measurements at medical and research 
facilities [31, 32], or for radiobiological studies [33].

Measurements of RIQ

The method of determining the recombination index 
of the radiation quality, denoted by Q4, has been 
broadly discussed in our earlier papers [4, 5, 7]. The 
main points of the method are:
1) A special voltage, UR, that ensures 96% satura-

tion in the reference fi eld of gamma radiation, 
has to be determined in the calibration procedure 
for a certain chamber. Usually, a 137Cs radiation 
source is used for this purpose. 

2) The saturation current and ionization current 
at the voltage UR should be determined in terms 
of the radiation fi eld under investigation.

3) Q4 is derived from the measured values as: 

(2)

where f(UR) and fc(UR) are the ion collection ef-
fi ciencies at voltage UR for the investigated type of 
radiation and for the gamma reference radiation, 
respectively.

Q4 can be evaluated according to the following 
formula: 

(3)

where n and  are the relative contributions of 
high-LET and low-LET components of the radiation 
fi eld in terms of the saturation current. In neutron 
radiation fi elds where the neutron energy is below 
20 MeV, the contributions n and  can be roughly 
considered as the neutron and gamma contributions 
to the total (n+) kerma in tissue-equivalent (TE) 
material. Q4n and Q4 are the values of the recombi-
nation index of radiation quality for neutrons and 
gamma radiation alone. Q4 = 1 by defi nition. 

Determination of the absorbed dose – theoretical 
considerations

Determination of the absorbed dose using an ion-
ization chamber always involves calculations of the 
dose with regard to a medium of interest from the 
measured value of the dose the gas in the cavity 
chamber is exposed to. 

Theoretical considerations start by fi rst simplify-
ing the assumption that the gas cavity of the chamber 
is surrounded by material m and the phantom is also 
composed of a material with an atomic composition 
and density equal to those of material m.

The absorbed dose in the gas in the chamber 
cavity, Dg, is by defi nition expressed as: 

(4) 

where: q is the electrical charge of one sign, gen-
erated in the gas cavity of volume V;  is the gas 
density, so V is the mass of the gas in the chamber 
cavity under the conditions the measurements were 
actually made; W is the mean energy expended on 
the creation of an ion pair; e is the electron charge.

The electrical charge q can be expressed by the 
charge qS, measured at high polarizing voltage US 
(close to saturation for  radiation), and multiplied 
by appropriate corrections: 

(5)

where fS = f(US) is the ion collection effi ciency at 
the polarizing voltage US and kq is the product 
of correction factors which take into account the 
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polarization effect, possible lack of linearity of the 
electrometer, leakage current, and normalization of 
the recorded fi gures in terms of the reference moni-
tor values in the case of radiation fi elds that change 
over time, etc. 

The absorbed dose in terms of the material of the 
electrodes, Dm, is: 

(6) 

where rmg is the conversion factor. 
The value of rmg depends on the size of the cavity 

and radiation energy (or radiation quality). According 
to the Bragg-Gray cavity theory there are two extreme 
cases with regard to “small” and “large” detectors. 

The most common approach for the determina-
tion of the absorbed dose of a medium using in-
-phantom ionization chambers, also recombination 
ones, involves the assumption that the gas cavity ful-
fi ls the conditions of the so-called Bragg-Gray small 
detector. A cavity is regarded to be so small that: 
 – the energy imparted to the cavity from electrons 

released by photons in the cavity is negligible 
compared to the energy imparted from elec-
trons released by photons in the surrounding 
medium that pass through the cavity, 

 – the cavity should not disturb the fluence of 
electrons in the medium, i.e. the fl uence of elec-
trons traversing the cavity is assumed to be iden-
tical to that existing at the point of interest in the 
medium in the absence of the cavity.
The practical argument made by Gray in the 

early development of the theory was that as long 
as the ionization in the gas of the cavity increased 
linearly with the size of the cavity, the cavity could 
be considered to fulfi l the requirements of a Bragg-
-Gray detector. 

Under such conditions, the ratio of the dose in 
the medium to dose in the detector (gas) can be 
expressed as: 

(7)

where: Smg is the ratio of the mean mass collision 
stopping power, (S–/)med, of the secondary charged 
particles in the material, m, to those in the gas. 

While many ionization chambers can be consid-
ered as being Bragg-Gray detectors, the experimental 
data showed that the measured ionization current 
was signifi cantly different from the one calculated 
according to Eq. (7) when the material of the wall 
possessed a high atomic number for small cavities. 
The deviation from Bragg-Gray cavity theory was 
explained by Spencer and Attix [34], who extended 
the Bragg-Gray cavity theory taking into consider-
ation the delta particles. All electrons, including 
delta electrons with energies above a cut-off energy, 
, were included in the fl uence spectrum, while 
electrons with energies below  were assumed to be 
locally absorbed in the cavity. A new expression for 
the conversion factor Dmed/Dgas was formulated as: 

(8)

The electron fl uence, 
E, in Eq. (8) now includes 

primary electrons, as well as knock-on electrons 
with energies above . The integrals go from  to 
the maximum energy value and the restricted mass 
stopping powers, (S/), are used instead of the 
unrestricted ones. The terms TEmed and TEgas are the 
so-called track-ends terms [35], which correct for 
the energy deposition of the electrons that possess 
energies less than . 

The value of the restriction  is correlated with 
the mean chord length of the gas cavity and tradi-
tionally regarded as the energy of an electron whose 
range is equal to the mean path length in the cav-
ity. In planar chambers the range of energies of the 
electrons in the gas is twice the distance between 
the electrodes (2d, where d is the distance between 
the electrodes expressed in units of mass per unit 
area). For typical ionization chambers, with a cav-
ity of a few millimetres, the value of  is often set 
arbitrarily at 10 keV. Fortunately, Dmed/Dgas is a slowly 
changing function of  and in practical situations 
the theory is relatively insensitive to changes in . 

A more qualifi ed way of choosing the energy 
limit was discussed by Spencer [36]. Some of the  
electrons generated in the cavity of energies below 
 will deposit part of their energy outside of the 
cavity. Similarly, some of the  electrons generated 
in the cavity with energies larger than  will deposit 
part of their energies inside the cavity although they 
are considered not to contribute to the “locally” 
absorbed energy. By choosing the appropriate , 
the energy carried out of the cavity by  electrons 
generated with energies larger than  could be ex-
actly compensated for by the energy deposited in 
the cavity from  electrons generated outside of the 
cavity with energies larger than . 

To calculate the stopping power ratios from 
Eq. (8), Monte Carlo methods are typically used. 
However, in many situations where the difference 
in the atomic compositions of the medium and 
gas inside the cavity is small, mean values of the 
restricted stopping power can be used as a good 
approximation. Then, 

(9)

Practically, the approximation of Eq. (9) can be 
used for most in-phantom tissue-equivalent recom-
bination chambers over a broad energy range, even 
for chambers fi lled with a gas with an atomic com-
position that slightly differs from those of the walls. 

The absorbed dose in the material, t, is differ-
ent to that of material, m, (e.g. water, or tissues 
with atomic compositions considerably different 
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from the TE material of the electrodes) and can be 
expressed as: 

(10)

where rtm is the conversion factor from material m 
to material t.

Finally, by taking into account Eqs. (4), (5) and 
(6), the absorbed dose in the material of the phan-
tom is given by Eq. (11): 

(11) 

For the situations when the approximation of 
Eq. (9) is valid, the above equation can be written as: 

(12)

If the composition of material t is (dosimetri-
cally) not very different from material m, then the 
approximation: 

(13)

can be used and Eq. (12) transformed into the form: 

(14) 

where 

(15)

is the ratio of the mean restricted mass stopping 
powers of the charged particles in material t and in 
the gas. Again, the value of the restriction  is not 
crucial and can be related to the thickness of the 
material layer in which the absorbed dose is aver-
aged. Usually, the ratio of unrestricted stopping 
power values can be used for this purpose. The pos-
sible impact of approximations (9) and (13) can be 
included in the production of correction factors kq. 

The second extreme case, in relation to the 
“small” gas cavity, is the situation of the chambers 
with large cavities, when the gas is ionized by sec-
ondary charged particles generated in the cavity and 
the contribution from the particles generated in the 
walls is negligibly small. Then, rmg is expressed as:

(16)

where (en)m and (en)g are photon mass energy 
transfer coeffi cients in material m and in the gas, re-
spectively. Km and Kg are the values of specifi c kerma. 

In all intermediate situations, when neither the 
conditions of small nor large detectors are appli-
cable, the combination of the values of Smg and Kmg 

should be applied. For fast neutrons with energies 
below 20 MeV and planar chambers, rmg can be ap-
proximated by Eq. (17) [37] 

(17)

where, d is the distance between the electrodes (in 
units of mass per unit area) and R is the mean (dose 
averaged) range of the secondary charged particles 
(in units of mass per unit area). 

The above considerations concern the situation 
when the gas cavity, fi lled with TE gas, is surrounded 
by one type of material m. In practice, there are al-
ways a few layers. In TE chambers, the fi rst layer is 
made of tissue equivalent material, then there is an 
insulation layer (usually polytetrafl uoroethylene or 
polyethylene) and fi nally the housing (usually alu-
minium but also other materials have been recently 
used, e.g. titanium). In such cases, calculating rmg 
would require all the layers and their atomic com-
positions to be taken into account. The possible 
solution to this problem is numerical modelling of 
the radiation transport. Another approach is based 
on the experimental determination of the so-called 
wall coeffi cients for a particular detector [37]. In the 
case of organic materials, even when surrounded by 
reasonably thick aluminium housing, the wall coef-
fi cients are usually very similar, especially in the case 
of high energy radiation [38]. Therefore, Eq. (14) 
can be usually used in practice with the product of 
correction factors being very similar. 

Calibration of the chambers and correlations 
between chamber sensitivity and RIQ 

Equation (14) includes the mass of the gas in the 
chamber cavity (V). The direct determination of the 
cavity volume and gas density is always associated 
with relatively large uncertainties, so it is deter-
mined indirectly in the process of calibration with 
regard to a reference gamma radiation fi eld. In our 
measurements, the 137Cs isotopic radiation source 
is used and calibration is performed free-in-air. 
The thickness of the chamber wall is suffi cient to 
achieve a charged-particle equilibrium, so there is no 
need to use any special cups. The reference quantity, 
in most cases, is air kerma, Ka. In order to determine 
the absorbed dose in material m, the attenuation 
of the primary radiation in the chamber’s wall and 
also scattering by the elements of the chamber in 
the layer directly adjacent to the gas cavity should 
be taken into account. Other relationships between 
the collected charge and absorbed dose for the 
reference radiation are the same as was generally 
considered in the previous chapter. Therefore, the 
sensitivity of the chamber to the reference radia-
tion, A, defi ned as the ratio of the electrical charge 
generated in the gas cavity to the absorbed dose 
in the material adjacent to the gas cavity, can 
be expressed as: 

(18)
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where: Km is the kerma of the reference radiation 
in material m, introduced here in order to show the 
transformation of the formula; ma is the ratio of mass 
energy transfer coeffi cients in material m and in air; 
ka,r is a coeffi cient which accounts for attenuation and 
scattering; index c indicates that the equation con-
cerns calibration in the fi eld of the reference radiation. 

The mass (V) of the gas can be derived from the 
experimentally measured sensitivity, using relation-
ship (19): 

(19)

By combining Eqs. (14) and (19), the absorbed 
dose in phantom material t can be expressed as: 

(20)

It is worth underlining that two fi nal factors in 
Eq. (20), i.e. W/Wc and (Smg)/(Smg)c, depend on 
the energy of the charged particles and can be cor-
related with the recombination index of radiation 
quality Q4. The correlation in terms of W/Wc can be 
expressed as [8]: 

(21)

where, W = 0.008 [8] for practically the entire 
energy range of charged particles and over a broad 
range of neutron energies (with the exception of 
epithermal neutrons, if the chamber is irradiated 
without phantom). 

For high energy neutrons, there are also two other 
approximate correlations [39]: 

(22)

where kS = 1.137 and S = 0.006 [39], and: 

(23)

where Q4n is the recombination index of radiation 
quality for neutrons alone. 

Discussion and summary 

The approximate value of the total absorbed dose 
measured by an ionization chamber (also by a re-
combination one) is given by the ratio qs/A. The 
values of other factors of Eq. (18) are included as 
the ratios of similar quantities, so their values are 
almost identical. By taking into account Eq. (18), 
one can also see that the fi rst term in Eq. (20) con-
tains the ratios of (fS)c/fS and kq/(kq)c, which 
can usually be estimated more accurately than the 
absolute values of corresponding physical quantities. 
Some of the correction factors, kq, may be reduced, 
since they are the same in the numerator and denom-

inator of the fraction (see the description of Eq. (5) 
and Eqs. (18) and (19)). This concerns, for example, 
the absolute values of the electrometer readings and 
other factors dependent on the measuring system. 

In terms of neutron radiation, the ratio St/Sm can 
be correlated over a rather broad energy range with 
the content of hydrogen in materials t and m. The 
ratio (V)c/V can be infl uenced by possible leak-
age of the gas during the period between calibration 
and the recording of measurements and by gas ad-
sorpti on/desorption in the elements of the chamber 
due to changes in temperature. 

It should also be kept in mind that the assump-
tions of Eq. (20) are not always fulfilled. This 
concerns, for example, fast neutrons with energies 
below a few MeV. In this case, the ratio of stopping 
powers should be replaced by the conversion factor 
rmg, which strongly depends on the percentage of 
hydrogen in the gas of the chamber. Some of the 
recombination chambers are intentionally fi lled with 
a gas containing more hydrogen rather than with the 
standard TE material. For such chambers, which 
are used in mixed gamma-neutron radiation fi elds, 
it is often more accurate to determine the absorbed 
dose simply from the ratio qS/A than to use Eq. (20) 
which requires the complex calculation of the ratios 
of correction factors that by and large compensate 
each other. 

The relationships presented in this paper are use-
ful in most cases, but such measuring conditions can 
also exist where additional corrections are needed. 
An example of such a case, which is not considered 
here, is the situation when the radiation fi eld in the 
phantom possesses a large gradient in terms of the 
dose and is considerably distorted by the gas cavity. 
The displacement factor should then be introduced, 
which accounts for the shift of the measuring point 
from the geometrical centre of the chamber in the 
direction of the gradient of radiation intensity. 

Generally, recombination methods allow for the 
determination of the absorbed dose and dose equiva-
lents in phantoms irradiated in mixed radiation 
fi elds of non-limited composition and energy range. 
Nevertheless, to obtain precise measurements the 
correction factors and uncertainty of the absorbed 
dose have to be specifi cally taken into consideration 
under all measuring conditions. 
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