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1. Introduction

Tissue-equivalent (TE) ionisation chambers are widely used in the dosimetry of mixed radiation fields
as reliable instruments for the determination of the absorbed dose rate that is proportional to the satu-
ration current of the chamber. Usually, both volume and initial recombination of ions in the chamber
cavity are considered as unwanted effects that may influence the accuracy of measurements. In contrary
to this, the recombination methods make use of the dependence of the initial recombination on LET to
get some information on radiation quality of the investigated radiation fields. The specially designed
high-pressure TE ionisation chambers are called recombination chambers. They can be used for deter-
mination of the dose equivalent in practically all radiation fields even of unknown composition and en-
ergy spectrum.

Recombination chambers and first recombination methods were invented^ almost contemporane-
ously with the ICRU/ICRP concept of radiation quality factor, expressed in terms of LET. At that time,
the main goal for the development was to get a measurable quantity that could well approximate the
quality factor, as defined in ICRP Publication 21(3). Such a quantity was defined(4) in 1980 and called
the recombination index of radiation quality, Q4.

Since then the recombination methods have been considerably developed^5-1, mainly following devel-
opment and new concepts related to determination of the dose equivalent. Recent recommendations of
ICRU(6) and ICRP(7>8) created the need to modify the recombination methods, so that the response of
the recombination detector matches the ambient dose equivalent H*(10) with the Q(L) dependence
recommended in ICRP Publication 60(7). It was shown(9) that a large recombination chamber of REM-2
type can be successfully used.for the determination of H*(10). Two different methods were also pro-
posed for determination of the ICRP-60 quality factor. The first one was based on measuring the Q4
and calculation of the quality factor using a specially proposed function(10) . The accuracy of the
method was rather poor, so it was recommended only for fast crude estimation of the quality factor.
The second method*-11'12-1 involved a simple mathematical analysis of the saturation curve of a recombi-
nation chamber, resulting in determination of low-LET component of the radiation field and estimation
of the quality factor for the high-LET component. The energy dependence of the chamber response was
experimentally determined in radiation fields of monoenergetic neutrons in the energy range from
75 keV to 19 MeV, as well as for thermal and high energy neutrons. The obtained results showed that
the measured H*(10) value was between -25% and +55% relative to a reference (conventionally true)
value, for any neutron spectrum.

The results presented in this work were obtained using a more advanced recombination approach that
involves determination of dose distributions versus LET.

2. Measurements

The recombination chamber of REM-2 type(9>15) was irradiated in the low-scatter environment of the
PTB accelerator facility in 12 different, almost monoenergetic neutron fields ranging from 75 keV to
19 MeV(12). The chamber was positioned at a distance of 2.5 m from the target. The reading of the
chamber was normalised to the beam charge.
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The reference values of H*(10) were calculated from the measured neutron fluences using the fluence-
to-H*(10) conversion factors of Schuhmacher and Siebert(13), later included to the ICRP and ICRU
r ecommendations(8).

3. Experimental results

The output signal of the recombination chamber is the ionisation current as a function of collecting
voltage (the saturation curve). The ion collection efficiency, f, at given collecting voltage depends on
the absorbed dose distribution on local ion density(5), \i, scaled such that \i=l for reference gamma ra-
diation of 137Cs. The existing theoretical models of initial recombination and experimental results indi-
cate that the local ion density can be related to the restricted LET, LA, with cut-off A of about 500 eV
(for more detailed description see Ref. 5).
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where / is the ionisation current at given collecting voltage, z'o is the saturation current, F(X,p) is a
function of electrical field strength, X, and filling gas pressure in the chamber. Lo=3.5 keV |am" is a
scaling factor relating \i to LA.

Figure 1. Dose distributions versus r e . A special approach and unfolding procedure were devel-
stricted LET determined by REM- °Ped earlier1 ' ; in order to derive the dose distribution ot
2 chamber for monoenergetic neu- restricted LET, D(LA) by fitting the equation (1) to the ex-
trons of the energies indicated in perimentally determined saturation curve of a recombina-
the figure tion chamber. Since the saturation curves are smooth, the

procedure has rather poor resolution and the results are
usually plotted in form of histograms representing the dose
fractions associated with few compartments of restricted
LET.
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The distributions obtained for radiation fields of
monoenergetic neutrons are shown in Figure 1.

It was assumed in calculations that the dose distribution
within the LET compartments is flat. Therefore, an average
value of LET has to be attributed to each compartment in
order to calculate the quality factor. There is no possibility
to account for details of the real shape of the distributions.

The resulting values of the quality factor, are shown in Fig-
ure 2 (open circles). There are, however, serious doubts
concerning the properties of the averaging procedure. Be-
cause of the shape of the Q(L) relation and the histogram
representation of the distributions the ,,average" quality
factor is overestimated when the distribution is peaked
around lOOkeViam"1. The formally calculated average
quality factor values for the LET-compartments from 50 to
100 keV iim"1 and from 100 to 200 keV (im"1 are equal to
21 and 24, respectively, though they are higher than the

maximum Q*(10) values for neutrons. In order to avoid this effect the quality factors attributed to these
two LET-compartments were arbitrary lowered to the values of 16.5 and 19.5. Such corrected quality
factor values (solid triangles in Figure 2) were used in this work for calculation of the REM-2 chamber
response to H*(10). The results are shown in Figure 3.
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Figure 2. Comparison of the quality factor values, Figure 3. Energy dependence of the REM-2 cham-
determined by the REM-2 recombination
chamber, with wR values*7' (solid lines) and
with the mean quality factor for the ambi-
ent dose equivalent*8* (dashed line).
°-,,uncorrected" results, V -,,corrected re-
sults" (see text for further discussion)

ber response to H*(10) for monoenergetic
neutrons with energies between 75 keV and
19 MeV. Dashed line represents the calcu-
lated values of H*(10) per unit fluence(8)

0.1

4. Discussion

1 10
Neutron energy, MeV Neutron energy, MeV

The results from Figure 1 show that the procedure presented here reproduces the value of the low LET
dose component (photon contamination in case of fields of the energies 75 keV - 0.5 MeV), indicates
the position of the high LET peak and provides some information on the width of the distribution. For
the neutrons of energies from 0.5 to 5 MeV a gradual shift of the high LET peak towards lower LA val-
ues is observed with increasing neutron energies what obviously reflects a decrease in LA of recoil
protons. Starting from the neutron energy of 14 MeV the spectra exhibit the significant low LET com-
ponent which is mainly caused by fast recoil protons. The dose contributions from a-particles and
heavy recoils results in some shift of the high LET peak towards higher LA values.

The resulting relative H*(10) value (related to a reference value) is between -20% and +40% for
monoenergetic neutrons. However, in practical conditions of radiation protection, one usually deals
with mixed radiation of broad neutron energy spectrum and some photon contamination. The earlier
results of measurements performed in radiation fields of isotopic neutron sources(5) (see Fig. 4) and in
fields of neutron sources placed in filters (with photon component ranging from 10% to 72%)(12'14)

showed that in such conditions the H*(10) response of the REM-2 chamber is within few percent from
the reference value. This is partly because the H*(10) response of the REM-2 chamber to photons is
about 15% to 30% lower comparing with the response to 241Arn-Be neutrons used for calibration
(Fig. 4)(5).

For completeness, also the results obtained(5>1$) for high energy neutrons are shown in Fig. 4 (CERN-
CEC calibration field and in therapeutic neutron beam of 350 MeV in Dubna).
It should be underlined, however, that accuracy of these results is poor, mainly because the reference
H*(10) value was not well known.

5. Conclusions

The main advantages of the recombination chambers are their high reliability during many years(5'I2)

easy handling with no need of any service and similar response to all kinds of penetrating radiation.
The results presented here were obtained by the REM-2 chamber that was not specially designed for
the purpose of ambient dose determination. Despite of this, the detector characteristics can already sat-
isfy the requirements of radiation protection.
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Figure 4. Relative response of the REM-2 chamber to H*(10). The points for isotopic sources were placed
at mean radiation energy. Neutron sources: 1- 241Am-Li, 2- 2S2Cf in D2O, 3- 252Cf, 4- 23SPu-Be, 5-
241Am-Be. Photon sources: 6- Z41Am, 7- X-rays, 8- 137Cs and 9- 6UCo
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