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ABSTRACT

When working with radioactive sources in hospitals, nuclear power plants or research
facilities, in order to prevent individuals from being overexposed to radiation, a precise measurement
of radiation is of crucial importance. For this reason, there are a number of available dosimeters which
are regularly used in those facilities. Since these devices can differ in precision and in the way they
detect radiation, it is useful to compare the responses of different dosimeters when exposed to
radiation beams. In this paper, we present the results we obtained by testing the responses of several
commercially available dosimeters to different beams of X-ray radiation. For each dosimeter, we
performed two measurements. Firstly, we irradiated the 1 L spherical ionization chamber, located at
the distance of 2 meters from the radioactive source, with beams N-25, N-30, N-40, N-60, N-80, N-
100, N-120, N-150 and N-200, with the current being kept at 10 mA. For each beam, the ionization
chamber was irradiated until the measured H*(10) dose was approximately 1 mSv. After that, the
dosimeters were set at the same distance from the source as the ionization chamber and irradiated
with the same beams and for the same amount of time as the chamber. In the second set of
measurements, we measured the dependence of the dosimeter response on the dose rate. For this set,
the ionization chamber was irradiated by the RQR-8 beam at 100 kV tube potential, while the current
was varied, so that the dose rate would change. For each current, the chamber was irradiated until the
measured H*(10) dose was again approximately 1 mSv. The dosimeters were then irradiated for the
same set of currents and for the same amount of time for each current value. For each dosimeter, the
results of the first set of measurements were normalized with respect to the response obtained for the
N-100 beam and plotted as a function of the tube potential. For the second set of measurements, the
responses of dosimeters were plotted as a function of dose rates.
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1 INTRODUCTION

Radiation safety is one of the most important aspects when working in fields where exposure
is expected, e.g. nuclear energy, radiodiagnostics and radiotherapy in hospitals, research in
experimental nuclear physics etc. A general safety guide is given by the International Atomic Energy
Agency (IAEA) [1], and, in the European Union, there are regulations that proscribe the radiation
monitoring of different categories of radiation workers [2]. The International Commission on
Radiation Protection (ICRP) recommends the quantity called the ambient dose equivalent H*(10), as
an operational quantity to assess the effective dose in area monitoring [3, 4].

To measure the H*(10) doses, various dosimeters can be used, that are typically divided into 2
categories: active dosimeters (ADs) [5, 6] and passive dosimeters (PDs) [7]. The main difference
between the two categories is that ADs are able to also provide an in-real-time measurement of the
ambient equivalent dose rate H*(10)/t, while PDs can only measure the total accumulated H*(10)
dose. The most common types of detectors used by the ADs are the ionization chamber, the
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proportional counter and the Geiger-Miiller (GM) tube [8], while the most common PDs are the
thermoluminescent dosimeters (TLDs) and optically stimulated luminescent dosimeters (OSLDs) [9].
Due to the fact that dosimeters use different types of radiation detection mechanisms, it is expected
that their responses to different types of radiation will differ from one another. Because of this,
dosimeter responses need to be tested on various types of radiation, and the inter-comparisons of
dosimeter responses to different types of radiological beams are regularly performed in laboratories
all over the world [10, 11, 12]. In this paper, we present the results we obtained by testing the
responses of 5 different commercially available dosimeters at the Institute for Medical Research and
Occupational Health (IMI) to narrow protection beams (N-series) [13], defined by the International
Organization for Standardization (ISO). We also studied how the response of each dosimeter depends
on the H*(10)/t dose rate of the diagnostic beam of the RQR-series [14], defined by the International
Electrotechnical Commission (IEC). The obtained results were compared to the existing experimental
data and the available data from the dosimeter manufacturers’ instructions manuals.

2 EXPERIMENTAL SETUP AND METHODS

The experiment was carried out at the IMI’s Metrology X-ray irradiation laboratory, using a
modern X-ray generator, capable of producing various types of radiological beams [15]. The chosen
N-series beams were N-25, N-30, N-40, N-60, N-80, N-100, N-120, N-150 and N-200, with each
number in the name corresponding to the voltage U (kV) set on the X-ray generator tube. The chosen
beam of the RQR-series was RQR-8, corresponding to U = 100 kV . The RQR-8 beam was chosen
due to a large range of dose rates that can be generated with that beam. For a reference chamber, a
1L spherical ionization chamber from PTW was chosen [16]. This chamber was calibrated on N-40,
N-60, N-80, N-100, N-150 and N-200 beams.

2.1 Dosimeters

The selected dosimeters were ADs Thermo FH 40G-L10 [17], Thermo FHZ 312A [18], Mirion
SPIR-Ace [19], STEP OD-02 [20] and a passive Mirion Area BeOSL dosimeter (BeOSLD) [21]. The
specifications for each dosimeter, including the manufacturer, the detector type and the minimum and
maximum dose rates that can be measured by each dosimeter are given in Table 1.

Table 1: Specifications of studied dosimeters

Dosimeter Manufacturer Detector type Min. dose rate Max. dose rate
(uSv/h) (mSv/h)
Thermo FH 40G-L10 Thermo Fisher Proportional 0.01 100
Scientific counter
Thermo FHZ 312A Thermo Fisher Proportional 10 10000
Scientific counter
Mirion SPIR-Ace Mirion Technologies GM tube 100 100
STEP OD-02 STEP Ionization 20 2000
chamber
Mirion Area BeOSL Mirion Technologies BeO OSLD no limit no limit

It is important to mention that the SPIR-Ace dosimeter consists of two detectors; the LaBr3
scintillation detector, capable of identifying the type of radiation, and a GM tube [19], however, due
to the fact that the LaBr3 detector can only measure radiations with dose rates up to 100 uSv/h, this
detector was not suitable for testing at the X-ray generator, which is not able to produce stable
radiological beams with dose rates less than ~1 mSv/h.
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2.2 Measuring the relative response of dosimeters to beams of different photon energies

The study of the dependence of dosimeter responses to beams of different nominal photon
energies was performed by measuring the relative dosimeter responses to beams of the N-series, listed
above. Each beam corresponds to a particular nominal photon energy, which can be found in Ref.
[13]. The experiment was carried out in the following way; firstly, a reference chamber was fixed at
a distance d. = 2 m from the radiation source, and positioned in a way so that the incident angle of
the radiation beam is @ = 0°. The current on the cathode of the X-ray generator was set to 10 mA.
For each N-series beam, the chamber was irradiated until the accumulated dose was measured to be
~1 mSv. After each irradiation, the values that were recorded were: H*(10). dose, the irradiation
time t., temperature T and pressure p. of the room and the monitor chamber, and the accumulated
charge on the monitor chamber M., measured by the electrometer in the control room.

After the irradiation of the reference chamber was completed, each dosimeter was positioned
at a distance dp = d. = 2 m from the source, and fixed, so that @ = 0°. Each dosimeter was then
irradiated with each of the N-series beams for the same time t;, = t.. The recorded values for each
irradiation were: H*(10), dose measured by the dosimeter, irradiation time tj,, temperature Tp and
pressure pp and the charge M, accumulated on the monitor chamber during the irradiation of the
dosimeter. In the case of Area BeOSLDs, for each irradiation, 3 separate BeOSLDs were positioned
next to each other, and irradiated together. The chosen beams for BeOSLDs were: N-25, N-40, N-60,
N-80, N-100, N-150 and N-200.

23 Measuring the dependence of relative dosimeter responses on varying dose rates

The dependence of the relative response on H*(10)/t dose rates was tested on the RQR-8
beam. The voltage was set to U = 100 kV, and the current I on the cathode of the X-ray generator
was varied in order to achieve different average dose rate values. The values of I and the average
dose rates measured on the reference chamber are shown in Table 2.

Table 2: Currents on the X-ray generator and corresponding dose rates measured by the
reference chamber

I(mA) Approximate average H*(10)./t, (mSv/h)
0.3 30
0.4 40
0.5 60
0.6 70
0.7 85
0.9 100
1.1 125
1.4 155
2.2 315
3.6 500

This part of the experiment was carried out similarly to the first part. Firstly, the reference
chamber was positioned so that d. = 2 m and @ = 0°. The chamber was then irradiated for each
value of I and the same values were recorded as in the first part of the experiment.

After the irradiation of the reference chamber was completed, each dosimeter was irradiated in
the same way as in the first part of the experiment, with the same values being recorded. In the case
of BeOSLDs, each measurement was performed on 3 BeOSLDs simultaneously, and the chosen
currents for BeOSLDs were 0.3 mA, 0.4 mA, 0.6 mA, 0.7 mA, 1.4 mA, 2.2 mA and 3.6 mA.
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24 Calculating the relative response and estimating the uncertainty budget

The relative dosimeter response is given by the relation:

R _ H*(lo)D . Mc.kaC . tC . d% (1)
b H*(10)c'kprk(Q,0°) Mpkpry tp dZ’
where
poT; .
k,r. = i=¢C,D 2
PTi ™ piTy’ ’ &

is the correction factor for temperature and pressure, that were measured during the irradiation
of the reference chamber or a dosimeter, with T, = 20°C = 293.15K and p, = 1013.25 hPa
representing the reference temperature and pressure values. In the case of the STEP OD-02 dosimeter,
the instruction manual states that a measured H*(10) dose should also be multiplied by a correction
factor kpr, [20]. The k(Q, 0°) factor is called the quality factor of the reference chamber for an
incident irradiation angle @ = 0°, and is obtained by calibrating the reference chamber on a particular
radiological beam. The values of k(Q, 0°) are shown in Table 3.

Table 3: Values of the quality factor k(Q, 0°) for the reference chamber

Beam k(Q, 00
N-25 0.468
N-30 0.561
N-40 0.746
N-60 0.934
N-80 1.007
N-100 1.000
N-120 0.975
N-150 0.931
N-200 0.862
RQR-8 1.000

In the case of the 1L PTW spherical chamber, k(Q, 0°) was determined for beams N-40, N-
60, N-80, N-100, N-150 and N-200. For N-25 and N-30 beams, we obtained the k(Q, 0°) from
extrapolation, and, in the case of the N-120 beam, from interpolation. Both the interpolation and the
extrapolation were performed using a cubic spline method [22]. Since the reference chamber was not
calibrated on any beam of the RQR-series, the factor was assumed to be k(Q, 0°) = 1.0 for the RQR-
8 beam, because the goal of that part of the experiment was to study how the measured relative
response changes when the dose rate is varied, rather than to precisely measure the relative response.

What can be noticed in Eq. (1) is that the two k. factors cancel each other out, and also,

2
factors z—; = Z—g = 1 do not contribute to the resulting relative response Rp. For the STEP OD-02
dosimeter, factors k,r, also cancel each other out. While these factors do not contribute to the value
of Rp, their uncertainties contribute to the total uncertainty of the relative response u(Rp), and for
that reason, they are included in Eq. (1).

The uncertainty budget is estimated in the following way; firstly, for some dosimeters, e.g.
STEP OD-02, the instructions manual gives an uncertainty error of the measured H*(10), dose [20].
Secondly, the uncertainties and distribution types of temperature T, pressure p and the accumulated
charge M were obtained from the calibration certificates of measuring devices, while the uncertainties
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of the quality factor k(Q, 0°) were obtained from the calibration certificate of the reference chamber.
The uncertainties of the measured time and distance were estimated to be u(t) = 0.1 s and u(d) =
0.1 cm, and the B-type rectangular distribution was assumed for those uncertainties following the
Guide to the expression of uncertainty in measurement (GUM) [23] and the recommendations relating
to estimating the uncertainties in dosimetry [24]. Finally, in the case of BeOSLDs, an additional A-
type uncertainty was present due to the fact that the measured H*(10), dose for every beam was
taken to be the arithmetic mean of the doses measured by each of the 3 dosimeters. The calculation
of doses and the estimation of the uncertainty budget was done using the Python GUM tree calculator
(GTC) package [25].

3 RESULTS
3.1 Relative responses of dosimeters to beams of different photon energies
The budget uncertainty calculation was performed only for beams on which the reference

chamber was calibrated. The graphs of relative responses of selected dosimeters, plotted as a function
of the X-ray tube voltage, are shown in Fig. 1.
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Figure 1: Relative responses of: (a) Thermo FH 40G-L10 and Thermo FHZ 312A, (b) SPIR-
Ace, (c) STEP OD-02 and (d) Area BeOSLD. The dotted line represents the relative response Rp =
1.0.

Fig. 1(a) shows the relative responses of Thermo FH 40G-L10 and Thermo FHZ 312A
dosimeters. The FH 40G-L10 has a satisfying response for beams of N-40 and above, while for beams
of lower nominal photon energy, i.e. N-25 and N-30, it is not able to properly detect low-energy
photons. The FHZ 312A, on the other hand, shows a significant insensitivity to photons below E), =
100 keV (N-120 beam). This can be explained by the fact that the stainless-steel coat, that covers the
surface of the dosimeter, can block low energy photons before they reach the proportional counter
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detector inside. A similar behaviour to FH 40G-L10 can also be observed for the SPIR-Ace dosimeter
(Fig. 1(b)). This dosimeter has a satisfying relative response for beams N-80 and above, while not
being able to properly detect beams of lower nominal photon energies. A potential explanation for
this behaviour is that the walls of the proportional counter of FH 40G-L10 and of the GM tube of
SPIR-Ace block photons of lower energies before they are able to reach the detectors. The STEP OD-
02 (Fig. 1(c)) and Area BeOSLD (Fig. 1(d)), on the other hand, show a different behaviour of relative
responses. The OD-02 dosimeter is very sensitive to low-energy radiation, while for beams N-60 and
above, it shows a relatively stable response with values slightly increasing from R, = 0.7 for the N-
60 beam to Rp = 0.8 for the N-200 beam. The BeOSLD shows an even stronger sensitivity to low-
energy beams, with a response of R, = 2.3 for the N-25 beam. The response decreases to Rp = 0.95
for the N-80 beam, and then increases again to Rp = 1.45 for the N-200 beam.

Since the dosimeter responses are typically presented normalized to the response for a particular
radiological beam, we are showing the relative responses of selected dosimeters normalized to their
responses at N-100, and compared to the results that can be found in the instructions manuals. That
data is available for all of the dosimeters, except for the SPIR-Ace. In Fig. 2 we show the normalized
relative dosimeter responses compared to the data from instructions manuals.
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Figure 2: Relative responses of dosimeters, normalized to the response for the N-100 beam,
plotted as a function of the X-ray tube voltage and compared to the available data from instruction
manuals: (a) Thermo FH 40G-L10, (b) Thermo FHZ 312A, (c) STEP OD-02 and (d) Area BeOSLD.
The data for (b), (c) and (d) can be found in Refs. [18, 20, 21], respectively.

Fig. 2(a) shows the normalized response of the FH 40G-L10, which is in good agreement with
the data from the instruction manual. On the other hand, it can be seen from Fig. 2(b) that our
experiment shows a significantly more sensitive response of the FHZ 312A dosimeter to beams above
N-100, compared to the instructions manual results. The results for the OD-02 from Fig. 2(c) show a
good agreement with the data from the manual, with the exception of beams N-40 and below, for
which our experiment predicts a significantly more sensitive response. Our measurements of the
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responses of the BeOSLD (Fig. 2(d)) are also in good agreement with the manual data, the exception
being the response for the N-25 beam. The disagreement between our and manufacturers’
measurement results in Figs. 2(c) and (d) could potentially be explained by the fact that for N-25 and
N-30 beams, the factor k(Q, 0°) was obtained by the extrapolation method, which is not always
reliable. However, that still cannot explain the differences for the N-40 beam in Fig. 2(c). Since the
experimental method for obtaining the results in the instructions manual is not known, we cannot be
certain where those differences arise from.

3.2 Dependence of dosimeter responses on varying dose rates

The graphs of relative dosimeter responses, plotted as a function of the measured dose rates on
the reference chamber, are shown in Fig. 3.
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Figure 3: Relative response of dosimeters as a function of the measured dose rate on the
reference chamber: (a) Thermo FH 40G-L10, (b) SPIR-Ace, (c) STEP OD-02 and (d) Area BeOSLD.

Fig. 3(a) shows the response of the FH 40G-L10 dosimeter, which seems to increase after the
measured dose rate on the dosimeter crosses the 100 mSv/h threshold. This is not expected for a
dosimeter with a proportional counter detector, which implies that there are compensation factors
included in the detection system, with which the measured H*(10), dose is multiplied after the
aforementioned threshold is crossed. This kind of behaviour for FH 40G-L10 was also observed in a
different experiment [12]. The GM detector of SPIR-Ace in Fig. 3(b), on the other hand shows the
opposite behaviour, with the response sensitivity decreasing after the detector threshold is crossed.
This kind of behaviour is expected for the GM tube, primarily due to the time between different
ionizing events being shorter than the dead time of the detector [8]. The OD-02 and the BeOSLD
from Figs. 3(c) and (d), respectively, show no dependence of the relative response on the varying
dose rate. The FHZ 312A dosimeter response is not shown due to the fact that this dosimeter is not
sensitive to photons of the RQR-8 beam.
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4 CONCLUSION

The selected dosimeters show a good relative response to different beams of photon energies.
The dosimeters using a proportional counter or a GM tube are not sensitive to low-energy photons,
with the FHZ 312A device being unable to properly detect photons below approximately 100 keV.
On the other hand, the ionization chamber dosimeter STEP OD-02 and the Area BeOSLD show a
good response for all of the selected radiological beams. The proportional counter FH 40G-L10 and
the GM tube SPIR-Ace dosimeters show a change in the measured responses after a 100 mSv/h
threshold is crossed, with the former’s response increasing, and the latter’s response decreasing. The
responses of OD-02 and BeOSLD show no dependence on the varying dose rate.

A planned continuation of this research is the measurement of the dependence of the dosimeter
responses on the incident angle of radiation beams. This will be performed on all of the selected
dosimeters for all of the beams the reference chamber was calibrated on. Furthermore, the reference
chamber could be calibrated on the N-25 and N-30 beams, as well as on the diagnostic beams of the
RQR-series, in order to properly measure the relative responses.
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