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Abstract. Concerning ionising radiation monitoring in the environment in areas which, by normal means, are
inaccessible, e.g. in contaminated areas after a nuclear or radiological incident, the use of highly mobile systems,
comprising of unmanned airborne vehicles equipped with ionising radiation detector, is advised in order to protect
the health and the life of first responders. As a promising candidate, the compact solid-state spectrometer based on
CdZnTe is characterised by performing irradiations in the reference radionuclide radiation fields of PTB. The energy-
dependent conversion coefficients are derived from recorded pulse-height spectra, and they enable calculation of the
operational radiation protection quantity, ambient dose equivalent rate, directly from the spectrum without
deconvolution. The validity of the conversion coefficients was evaluated by determining the deviation of the calculated
dose rate from the reference ambient dose equivalent rate for the 226Ra radionuclide, available at the Underground
Dosimetry Laboratory (UDO II) of PTB. By employing the derived conversion coefficients, the detector “linearity”
(dose rate dependence of the response) was checked in the 137Cs reference fields of different ambient dose equivalent
rates ranging from 25 nSv/h up to 1 uSv/h. The deviation of the calculated 226Ra dose rate from the achieved
reference value was +2%.
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1. INTRODUCTION

Recent nuclear accident occurrences have
accelerated the development of area dosemeter based
environmental radiation monitoring networks of both,
governmental and non-governmental origin which
perform automatic acquisition of the dosimetric data
and provide the community with prompt information
on radioactive contamination of the environment [1].
The governmental networks consist of more than 5000
stations providing dose rate data on an hourly basis to
the European Radiological Data Exchange Platform
(EURDEP) [2], operated by the European Commission
Joint Research Centre (EC JRC) in Ispra. The non-
governmental networks in most cases employ low-cost
Geiger-Miiller tube based measuring instruments,
whose acquired data may not be accurate enough [3].
For the monitoring of contaminated areas which are
not easily accessible by ground means, unmanned
airborne radiation monitoring systems (UAMS) are
being under development. These systems are
comprised of unmanned airborne vehicles (UAV) on
which compact ionising radiation detectors are
installed. Prior to its integration into the UAMS, the
radiation detector needs to be characterised. The
ionising radiation detector used in this research is a
compact 10x10x10 mm3 Cadmium Zinc Telluride
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(CdZnTe, or CZT) solid-state detector manufactured by
Kromek (detector model GR1-A+). This spectrometer
exhibits high energy resolution (< 2 % at 37Cs field) as
stated by the manufacturer [4]. The detector itself does
not require mandatory cooling due to its large energy
band gap of the CdZnTe semiconductor material
(approximately 1.57 eV, for 10% of Zn in the alloy) [5].
Firstly, the energy calibration of the spectrometer, i.e.
assignment of the spectrometer channel number to the
corresponding photon energy, is needed. The reference
radionuclide data is available from the Decay Data
Evaluation Project (DDEP) [6]. The 24'Am, 37Cs and
60Co radionuclide irradiation facilities available at
Physikalisch-Technische Bundesanstalt (PTB), the
national metrology institute of Germany, were used for
this purpose. In order to perform accurate
environmental monitoring of ionising radiation, the
CdZnTe based solid-state detector was characterised
for its use as a spectro-dosemeter which can be
integrated into UAMS.

2. PULSE-HEIGHT SPECTRA TO AMBIENT DOSE
EQUIVALENT RATE CONVERSION COEFFICIENT
CALCULATION

The CdZnTe spectro-dosemeter characterisation
suggests derivation of the energy-dependent
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conversion coefficients from the spectrometer recorded
pulse-height spectra to the adequate operational
radiation protection quantity, ambient dose equivalent
rate, H*(10). To determine the conversion coefficients,
a method which performs conversion of the complete
spectra without deconvolution has been used [7].
According to this method, energy-dependent
conversion coefficients are applied to the recorded
pulse-height spectra. The ambient dose equivalent rate
can be estimated as the inner product of the conversion
coefficient vector and the vector containing the
recorded pulse-height spectra values:

H*(10) = W(E)* N(E) €Y

The conversion coefficients are determined by
irradiating the spectro-dosemeter in the reference
radionuclide radiation fields which have sufficient
gamma photon emission probabilities so that they
cause prominent photoelectric absorption peaks in the
recorded pulse-height spectra. In order to calculate the
ambient dose equivalent rate, the total recorded pulse-
height spectrum is divided into energy regions, where
each of the regions contains one prominent
photoelectric absorption peak:

H*(10) =Y wE;-n; (2)

where w; are the energy-dependent pulse-height

spectra to ambient dose equivalent rate conversion
coefficients, E; are the photon energies, and »; are the

number of counts (intensity) assigned to i different
energy regions (bins) of the spectra [8], [9]. For all the
conversion coefficient estimation measurements, the
detector was placed at a 2 m distance from the
radiation source, at the gamma radionuclide reference
irradiation facility available at the Underground
Dosimetry Laboratory (UDO II) which is maintained
by PTB. UDO II is installed in a pure rock salt mine
430 m below ground level, where the background
radiation level is in the order of 1 nSv/h [1]. Owing to
the fact that the large contributor to the total
background radiation is the natural terrestrial
radiation and that the terrestrial radiation spectra is
mostly influenced by the presence of 226Ra and its
progenies as well as that the spectro-dosemeter would
be used for environmental monitoring, the conversion
coefficient estimated ambient dose equivalent rate was
compared to the reference value of the 226Ra ambient
dose equivalent rate available at UDO II. The reference
value of the 226Ra ambient dose equivalent rate at UDO
11 was 282.6 nSv/h.

2.1. Three-bin conversion coefficient calculation

In order to determine the ambient dose equivalent
rate from the recorded pulse-height spectrum, the total
spectrum can be divided into three energy regions.
Therefore, the detector was irradiated at the UDO II
reference fields of 242Am, 137Cs and ¢°Co, all of which
exhibit prominent photopeaks in a wide energy range.
The deviation of the calculated 22°Ra ambient dose
equivalent rate from the reference value when three
energy regions are employed is +23%.
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2.2. Four-bin conversion coefficient calculation

The three-bin conversion coefficients’ values greatly
overestimate the Ra-226 dose rate compared to the
reference value measured with a standard ionisation
chamber. In order to have more reliable information
regarding the interactions of the low-energy photons
with the detector active volume, 57Co radionuclide was
introduced to the experiment. The total pulse-height
spectrum has been divided into four energy regions.
The overestimation of the 226Ra dose rate for the four-
bin conversion coefficients has been reduced down to
+13%.

2.3. Optimisation of the dose rate calculation by
using 22°Ra dose rate as reference

If the recorded pulse-height spectrum is divided
into four energy regions, the 226Ra calculated ambient
dose equivalent rate deviation from the reference value
can be minimised by varying the bin sizes. The
achieved deviation from the reference UDO II value
after performing the minimisation is +2%. In Fig. 1 and
Table 1, the conversion coefficient values are displayed
for the three-bin, four-bin, and 226Ra optimisation.

Table 1. Derived conversion coefficient values from the
recorded pulse-height spectra to the ambient dose equivalent

rate
.. w [fSv/keV]
Rggﬁg:n E [keV]| Three Four Ra-226
bins bins min
241Am 59.54 9.4 9.4 9.-44
57Co 122.06 / 5.6 5.51
137Cs 661.65 30.5 32.2 34.35
60 1173.23
Co 1332.49 48.3 40.9 38.88
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Figure 1. The energy-dependent conversion coefficients from
pulse-height spectra to the ambient dose equivalent rate

2.4. Conversion function

The further step in the ambient dose equivalent
rate calculation is the derivation of the continuous
energy-dependent conversion function from the
recorded pulse-height spectra to the ambient dose
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equivalent rate, instead of the discrete conversion
coefficient values assigned to each of the energy
regions. The conversion function h(E) was derived by
fitting the model function to the previously acquired
experimental conversion coefficient data. According to
the four-bin calculation, the conversion function
should firstly be monotonously decreasing due to the
high probability of photon detection in the active
volume and the high interaction probability with the
detector housing up to the energy of 57Co. Secondly, it
should be monotonously increasing to the energy of
137Cs with a saturation for the photon energies higher
than %Co due to the detection efficiency falloff for
high-energy photons [8]. Therefore, the proposed
model function consists of two exponential saturation
functions [10]:

f(E)=a-eF (3)
g(B)=c-(1—e ") @)
h(E) = f(E)+g(E) (5)

where a, b, ¢, d are the fit parameters, and E is the
recorded photon energy. The discrete values of
conversion coefficients optimised for 226Ra dose rate
calculation were used for the experimental data
analysis. In order to increase the stability of the
conversion function (h(E)) fitting procedure, an
additional value of the conversion coefficient was
fabricated and added to the experimental data, since
the fit function has four parameters. The deviation of
the calculated 226Ra ambient dose equivalent rate
determined with the conversion function from the
reference value was -14%. Opposing to the discrete
conversion coefficient binning methods, the ambient
dose equivalent rate is underestimated when using the
conversion function for the calculation. The conversion
function and the discrete conversion coefficient values
are displayed in Fig. 2.
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Figure 2. Energy-dependent conversion function from the
pulse-height spectra to the ambient dose equivalent rate with
the conversion coefficient values optimised for 226Ra dose rate
calculation

3. DOSE RATE DEPENDENCE OF THE SPECTRO-
DOSEMETER RESPONSE

Linearity of the CdZnTe detector was tested in the
reference fields produced by 37Cs radionuclide sources
of different dose rates. Irradiation values in the
ambient dose equivalent rate range from 25 nSv/h up
to 178.6 nSv/h were performed at the UDO II
laboratory, and the higher dose rate values were
achieved in the 137Cs irradiation facility of PTB for the
dose rate range from 300 nSv/h to 1 uSv/h. Linearity of
the 137Cs dose rates was tested for all of the pulse-
height spectrum to ambient dose equivalent rate
conversion methods presented in Section 2. Respective
background radiation levels at UDO II and the PTB
137Cs irradiation facility were subtracted from the
measured values. Linearity results are presented as the
deviations from the reference 37Cs dose rate values in
Table 2.

Table 2. Dose rate dependence of the spectro-dosemeter
response in the 137Cs radiation fields for different pulse-height
spectrum to ambient dose equivalent rate conversion

methods
Deviation from the ref. value
Reference value [%]
[nSv/h] w(E) | w(E) w(E)

3-bin | 4-bin | Ra-min h(E)

25 15.8 14.5 14.1 -4.6
48.3 7.4 6.3 6.5 -10.5
102.2 1.4 1.1 3.4 -13.1
178.6 0.4 0.3 0.5 -16.1

297.0 24.9 22.9 22.2 0.5
594.5 13.6 12.7 12.8 -7.0
991.0 14.8 12.2 12.1 -7.8

Determined 37Cs ambient dose equivalent rates are
overestimated for all the calculations where conversion
coefficients are being utilized. In case of the conversion
function, similarly to the 226Ra dose rate estimation,
137Cs dose rates are underestimated.

4. CONCLUSION

The CdZnTe based solid-state detector was
characterised to be used for the precise airborne
environmental monitoring of ionising radiation. The
conversion coefficients and the conversion function
from recorded pulse-height spectra to the operational
dosimetric  quantity used for environmental
monitoring, ambient dose equivalent rate, were
estimated by using radionuclide sources available at
UDO II laboratory of PTB. The accuracy of this
estimation was tested against the reference 226Ra dose
rate value measured with a Reuter-Stokes high-
pressure ionisation chamber. The calculated dose rate
values for the 226Ra dose rate and the 37Cs linearity test
were an overestimation for all the derived conversion
coefficient values, while the calculated dose rate for the
conversion function was an underestimation compared
to the mentioned reference dose rate values. With the
226Ra deviation optimisation for the four energy region
calculation, the deviation of +2% is achieved which is
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satisfactory for the environmental monitoring purpose.
The underresponse of -14% achieved with the
conversion function could be improved by adding more
radionuclide sources in the energy ranges between 57Co
and 7Cs and the high photon energies above ¢Co by
either performing further experiments or Monte Carlo
simulations of the detection process in the CdZnTe
solid-state detector.
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