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Evaluation of the non-invasive X-ray spectrometry
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Abstract—Calibration of radiation protection dosimeters is
performed in reference fields (radiation qualities) realized in
accordance with 1SO 4037-1:2019. This standard specifies the
requirements for parameters influencing these radiation qualities,
including the X-ray tube voltage, which defines the maximum
photon energy of the beam. The recommended method for
determining the X-ray tube voltage is invasive, using a voltage
divider. However, alternative approaches are being explored,
such as X-ray spectrometry methods, where the tube voltage is
derived from the recorded X-ray spectrum. One such approach,
the linear extrapolation method, determines the spectral end-
point by applying a linear fit to the high-energy region of the
spectrum. In this study, the linear extrapolation spectrometry
method for X-ray tube voltage determination was evaluated and
compared with the invasive method using a voltage divider.
Deviations of less than 0.5% were observed in the tube voltage
range of 60-120 kV, while at lower and higher energies, larger
deviations were observed, reaching up to 1.2%. The
spectrometry-based linear extrapolation method is an
appropriate alternative to invasive voltage divider measurements;
however, further improvements are needed to enhance its
accuracy.

Keywords—ISO 4037-1, X-ray tube voltage, X-ray spectrometry,
Voltage Divider, Radiation Protection

I. INTRODUCTION

The I1SO 4037-1:2019 [1] standard defines the
photon reference radiation fields which are wused for
calibration and testing of active and passive radiation
protection dosimeters, which are utilized in individual and
ambient monitoring. The radiation fields of known
properties are termed radiation qualities, and are divided
into several categories covering the radionuclide-based
radiation qualities, abbreviated as S-series (e.g., S-Cs being
the radiation quality which is based on Cs-137); the R-
series high-energy radiation quality series; and the low- and
medium-energy X-ray radiation quality series. The ISO
standard defines four different X-ray radiation quality
series for the X-ray tube voltages below 400 kV: H-series,
which pertains to the high-air kerma rate radiation qualities, W-
series, being the wide spectrum radiation qualities, L-series, the
low-air kerma rate radiation qualities, and the N-series, which
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are the narrow spectrum radiation qualities. Each of these four
series has specific applications in dosimeter calibration or
testing procedures. N-series radiation qualities are of special
interest to the standard dosimetry laboratories as these radiation
qualities have a narrow photon energy spectral distribution,
which makes them suitable for dosimeter calibration. The
narrow spectrum is achieved by applying the total filtration of
the primary X-ray beam which consists of different thickness of
aluminium, copper, and for higher energies, also tin and lead.
The ISO standard [1] sets the reference values of the parameters
which define these radiation qualities, the X-ray tube voltage
and the first and second half-value layer of the primary beam.
The standard also sets the requirements which need to be
fulfilled to achieve compliance and establish these radiation
qualities. The method which is recommended by the standard to
determine the X-ray tube voltage is by using a voltage divider.
In the standard it is stated that the requirement on the measured
tube voltage is the 5 % maximum relative deviation from the
nominal value. For lower energy radiation qualities (such as
N40) the maximum deviation of 1.5 % is allowed. Independent
X-ray tube voltage measurement method is necessary since in
the X-ray generators which are used in the standard dosimetry
laboratories, the indicated voltage on the control unit of the
generator does not always correspond well to the true value of
the voltage. This is usually caused by the presence of the
internal resistor of the generator which results in a drop in
voltage, reducing the output voltage. Consequently, the
produced radiation quality has altered properties, and the
reference radiation field is not properly established. While
voltage dividers have their advantages, their use is expensive
and they are difficult to maintain (e.g., its recalibration). The
requirement in 1SO 4037 on the use of voltage dividers has led
to the situation where many standard dosimetry laboratories are
unable to fulfil the requirements of the standard. Alternative
means of X-ray tube voltage measurement have been explored.
A method which utilizes non-invasive voltage measurement
devices (X-ray multimeters, XMM), while not being applicable
for the highly filtered N-series radiation qualities, could also be
used in the case a radiation quality series with lower total
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filtration is already established (e.g., the RQR-series used for
diagnostic radiology calibrations). XMMs are specifically
designed for clinical diagnostic applications [2]. Alternatively,
in the research by Solc et al. [3], the spectrometry-based
practical endpoint (SPE) peak voltage estimation from the
recorded pulse-height spectra has been presented. Namely, the
X-ray spectrometer can be used to determine the maximum
peak X-ray tube voltage (kVp) which corresponds to the
endpoint of the recorded pulse-height spectrum, as the X-ray
tube voltage corresponds to the maximum photon energy. A
simpler method which does not require full knowledge of the
recorded spectra, utilizes the linear extrapolation method near
the endpoint of the spectra [4].

In this study the non-invasive extrapolation method to
determine the X-ray tube voltage by using the X-ray
spectrometry system was evaluated and compared to the
voltage divider invasive measurement method.

Il. MATERIALS AND METHODS

The measurements of the X-ray tube voltage were done at
the X-ray facility of the Institute for Medical Research and
Occupational Health in Zagreb, Croatia. The X-ray generator
used was Waygate Technologies ISOVOLT Titan NEO, with
the X-ray tube insert Waygate Technologies ISOVOLT 225 M2
[5]. Inherent filtration was 0.8 (+0.1) mm Be, and the anode
angle was .The X-ray tube voltage indication was calibrated
with a traceable voltage divider Waygate Technologies HV
Divider for the Titan Generator, previously calibrated at the
FGH Engineering & Test GmbH laboratory, with an expanded
uncertainty of 0.77%.

The pulse-height spectra of the N-series radiation qualities
were recorded by using the Amptek X-123 CdTe spectrometer.
In front of the active volume of the detector a brass cylinder
collimator of 36 mm length with the diameter of 5 mm was
placed, followed by a set of collimators with the increasing
diameter in the direction from the detector towards the X-ray
tube focal spot. The collimator diameters used were 200 pm,
1000 um and 2000 pm. The source-to-detector distance and the
X-ray tube current were varied to achieve acceptable dead time
of the spectrometer. The spectrometer with the collimators is
presented in Fig. 1. The spectrometry system was calibrated by
using the following radioisotopes: Fe-55 (5.9 keV), Am-241
(59.5 keV), Ba-133 (80,9 keV) and Eu-152 (39.5 keV / 40.1
keV and 121.8 keV). A linear calibration curve y = ax + b
was determined, where y represents the photon energy in keV,
x the spectrometer channel, and a = 0.1011, b = -0.2861
represent the linear function parameters.

[\

Fig. 1. The Amptek X-123 CdTe spectrometer, the brass cyllinder collimator
and the added collimators of 200 pm, 1000 um and 2000 pm diameter.
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The narrow-beam series radiation qualities selected for this
study were in the range of X-ray tube voltages from 25 kV to
200 kV, covering a wide range of radiation fields which can be
used for calibration and performance testing of radiation
protection dosimeters. The nominal properties of these radiation
qualities, their mean photon energy, first half-value layer and
coefficient of homogeneity are presented in Table 1. Detailed
properties of these radiation fields are given in 1SO 4037-
1:2019 [1].

It can be observed that the homogeneity coefficient of these
radiation qualities is close to unity, meaning that their first and
second half-value layer values are similar, and that these
radiation fields have a narrow energy spectrum. Therefore,
these radiation fields can be considered nearly monoenergetic
(in comparison with the regular X-ray radiation fields).

TABLE I. PROPERTIES OF THE N-SERIES RADIATION QUALITIES [1].
Raciaion | Mg | B VL0 ooy
quality [keV] [mm] coefficient
N-25 20.3 0.677 Al 0.89
N-30 24.6 1.17 Al 0.91
N-40 333 2.65 Al 0.93
N-60 47.9 0.235Cu 0.89
N-80 65.2 0.580 Cu 0.93
N-100 83.3 1.09 Cu 0.95
N-120 100 1.67Cu 0.96
N-150 118 2.30Cu 0.95
N-200 165 391Cu 0.98

The comparison of the voltage measurement methods was
done by determining the response of the spectrometer, which is
defined as the ratio of the X-ray tube voltage determined by the
linear extrapolation method (the measured value) and the value
measured with the voltage divider (the reference value).

I11. RESULTS AND DISCUSSION

The comparison of the voltage determination via the linear
extrapolation method with the voltage divider as the reference,
is presented in Fig. 2.
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Fig. 2. The comparison of the X-ray tube voltage determination
methods, non-invasive spectrometry-based method of linear extrapolation
with the voltage divider in the N-series radiation qualities.




It can be observed that the deviation of the estimated X-ray
tube voltage determined with linear extrapolation from the
nominal voltage varies within the N-series radiation qualities.
Minimal variations were recorded for the tube voltage range
between 60 kV and 120 kV, where the deviations were less than
0.5 % from the nominal voltage. Larger variations exhibited at
lower and higher energies can be explained by the limitations of
the employed spectrometry system. The determined voltage
was overestimated for the lower-energy radiation qualities
mainly due to the energy resolution of the spectrometer, while
for the higher-energy radiation qualities primary beam photon
scattering becomes more prominent and the recorded pulse
height spectra does not contain only incident X-ray beam.
Consequently, the shape of the recorded spectra is influenced
by the detector response and therefore differs from the real
incident X-ray beam spectra. This limitation could be addressed
by performing full characterization of the spectrometer,
followed by the deconvolution of the acquired spectra in order
to obtain the real incident X-ray beam spectra at the position of
the detector. Spectral deconvolution refers to the reconstruction
of the original spectrum from the recorded signal, which can be
performed by comparing the measured spectrum with Monte
Carlo simulated detector spectrum that include the detector
response [3].

Also, it should be noted that alterations in the setup would
be required to further improve the quality of the acquired
spectra, e.g., the use of lead collimators of sufficient thickness
and small diameter in order to minimize the contribution of the
scattered radiation in the recorded spectra, as the ideal spectrum
would consist solely of the photons from the primary beam
which had undergone full photopeak absorption in the
spectrometer. Furthermore, if the spectrometry method is used
only to determine the peak tube voltage from the endpoint of
the spectrum, the definition of the radiation quality does not
need to be strictly followed. For example, by increasing the
amount of filtration of the primary beam one can increase the
X-ray tube current without significantly worsening the dead
time of the detector. Similarly, by utilizing an increased
primary beam filtration it is possible to reduce the distance
between the detector and the focal spot, consequently reducing
the amount of scattered radiation at the position of the detector.
Finally, since the selection of the starting and ending bin which
are used to determine the linear extrapolation curve is arbitrary,
this can also affect the estimate of the X-ray tube voltage. A
method to select the bins of interest is proposed by [4] where
these bins are determined iteratively starting from the endpoint
bin and a bin positioned at least 10 channels lower. The fitting
interval is then progressively adjusted, and for each interval a
linear regression is performed. The optimal interval is selected
as the one providing the maximum R?, thereby minimizing
deviations from linearity in the extrapolation region.

During the development of the method several measurement
uncertainty components were identified and estimated.
Important contributions are related to the energy calibration of
the spectrometer, the full width half maximum (FWHM) which
can lead to the widening of the endpoint, the influence of air
kerma rate (the X-ray tube current), the influence of the
variation in added filtration, the influence of the selection of the

174

bins used for extrapolation, long-term stability of the X-ray
generator, resolution of the X-ray tube voltage indication,
voltage ripple, the choice of the set of collimators used at the
side of the spectrometer, and the influence of ambient
temperature. The relative standard uncertainty of the energy
resolution decreases with the increase of photon energy. It was
determined that this uncertainty component decreases from 0.69
% (k = 1) at 25 kV to 0.30 % (k = 1) at 150 kV. An uncertainty
of 0.26 % (k = 1) due to the bin selection was estimated by
performing a series of extrapolations with different bin
positions, as the difference between the maximum estimated
voltage and the minimum estimated voltage. A uniform
distribution was attributed to this effect. By performing several
energy calibrations of the spectrometer, a conservative estimate
of the uncertainty related to the energy calibration of the
spectrometer of 0.1 % (k = 1) was determined. The combined
measurement uncertainty achieved by the presented linear
extrapolation method ranges from 0.97% (k = 1) at 25 kV to
0.61% (k = 1) at 150 kV. The largest uncertainty, observed for
N-25, fulfils the standard criteria for 3 mm and 0.07 mm depth
operational quantities, whereas for photon energies of N-60 and
larger, the criteria are fulfilled for all operational quantities.
The 1SO 4037 uncertainty requirements depend on the tube
voltage, radiation quality series, reference depth, and angle of
incidence, and the complete table of requirements is provided in

[1].

Although the present work focuses on ISO 4037 N-series
radiation qualities, the method is in principle also applicable to
other X-ray spectra, such as the RQR series defined in IEC
61267 [6]. Since the tube voltage is determined by the generator
high voltage and does not directly depend on the additional
filtration used to establish a specific radiation quality,
measurements performed for one radiation quality are generally
valid for other radiation qualities generated at the same nominal
tube voltage, provided that the generator is stable. For example,
a tube voltage measurement performed for RQR 6 at 80 kV is
also applicable to N-80, W-80, and H-80 radiation qualities.
Compared with other non-invasive techniques, such as kVp
meters integrated in XMMs, the presented method is more
readily applicable to radiation qualities used in radiation
protection dosimetry, as XMMs are primarily designed and
calibrated for diagnostic radiology radiation qualities (RQR
series), and their response strongly depends on radiation quality
and other influence quantities.

IV. CONCLUSION

The spectrometry-based determination of the X-ray tube
voltage proves to be an appropriate alternative to the standard
recommended invasive measurements with voltage dividers.
Further improvements in the method such as a better method of
determining the energy bins used for extrapolation and
spectrometry system characterization would improve the
method and reduce the associated measurement uncertainty
components. A comparison of the extrapolation-based method
and the spectrometry practical endpoint estimation with
deconvolution, with the voltage divider and the XMMs will be
done in the future research.
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