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Abstract:

The Rigaku-200EGM X-ray generator works in the high-voltage range of 70-200 kV. The generator
includes a tungsten (W) anode, an irradiation angle of 40°, and filters of Be and Al with thicknesses of 1 mm
and 2 mm, respectively. In this paper, we present the calculation of the equivalent dose rate at 60 cm from
the focus of the generator, produced by the continuous spectra. According to the calculation results,
Bremsstrahlung X-rays mainly contribute to the equivalent dose of the Rigaku-200EGM generator.
According to the calculation results, Bremsstrahlung X-rays mainly contribute to the equivalent dose of the
Rigaku-200EGM generator. At the same time, the results show that the equivalent dose rate generated by
the generator does not increase proportionally to the square of the high voltage but rather is a parabolic

function of the high voltage, which agrees with the experimental data of Rigaku.
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1. INTRODUCTION

Equivalent dose rate is the product of the radiation
weighting factor and the amount of radiation energy
absorbed per unit time, measured in (uGy/h) or (Sv/h)
[1]. Assessing the equivalent dose rate from a
radiation source, such as an isotope source or X-ray
generator, is essential for radiation protection,
medical imaging, and industrial applications that
require safe exposure settings [2]. For X-rays, the
radiation weighting factor is one [1]. The equivalent
dose rate (dose rate) from the X-ray generator
depends on several parameters, including high
voltage (in kV), current (in mA), exposure time (in
s), and the distance from the focus of the anode
(target) (in cm) [3]. The X-ray generator dose rate
has two components: Bremsstrahlung and
characteristic X-rays. For a tungsten target operated
at 70-200 kV, Bremsstrahlung X-rays contribute
over 80% of the dose rate [4-5]. The computation
begins with determining the energy spectrum of the
X-rays produced [3]; the X-ray spectrum represents
the distribution of the number of photons created as
a function of their energy E. The shape of the emitted
X-ray spectrum will depend upon the anode material,

the high voltage applied, and the effects of any filters
placed in the X-ray beam [6]. Once the spectrum is
established, the average energy of the X-ray
spectrum can be determined using the integral ratio
method described in reference [7].

The Rigaku-200EGM X-ray generator was installed
at the Training Center of the Dalat Nuclear Research
Institute in Vietnam for training purposes. The focus
was on optimizing high voltage, current, irradiation
time, and distance from the focus to the object to
examine for defects in welded joints. The goal of this
study is to offer calculations of the equivalent dose
rate of continuous spectra generated by the Rigaku-
200EGM X-ray generator in the high-voltage range
of 70-200 kV.

2. MATERIALS AND METHODS
2.1. Materials

In this study, we used the Rigaku-200GM X-ray
generator donated by Rigaku Corporation to
generate the X-ray beam. The generator employs a
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tungsten (W) target with a target angle of 45° to
optimize the geometry for effective X-ray emission
while minimizing self-absorption. An X-ray
exposure field of 40° is used to concentrate the X-
ray beam for a thorough inspection of materials [8].
In addition, this device has Be and Al filters with
thicknesses of 1 mm and 2 mm, respectively. The Be
filter is widely used, mainly as the material for the
X-ray tube window to maximize transmission of the
X-ray beam, while the Al filters are placed at or near
the X-ray port, sometimes in thin sheets. They
primarily absorb soft X-rays up to around 10-15
keV—those that add dose but little imaging

X

—ray Inspection
Apparatus

RF-Z00EGM

a)
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information. Al filters harden the beam by removing
low-energy photons, increasing the average photon
energy. These filtration layers ensure that emitted X-
rays have the necessary quality and intensity for
precise measurements. These filtration layers
collectively ensure that emitted X-rays possess the
desired quality and intensity for precise

measurements. Figure 1 illustrates the two primary
components of the Rigaku X-ray generator used in
this study.

ke
b)

Fig. 1. Rigaku-200EGM X-ray generator: a) controller, b) X-ray tube

2.2. Theoretical calculation for the X-ray dose rate

The X-ray dose rate due to a X-ray generator
produces at a interested point [9] is calculated
according to the following formula:

4.77x10° xixT, xnx(‘u”’j

= P

1
PE M

where H is the X-ray dose rate (in mSv/min), i is the
current (in mA), Te is the electron energy (in keV),
is N the Bremsstrahlung radiation yield, (Men/p)air 1S
the mass energy absorption coefficient of the air
corresponding to X-rays with energy E, (in cm?¥/g),
and d is the distance from the focus of the generator
to the interested point (in cm).

3. RESULTS AND DISCUSSION

3.1. Calculation  of  average
Bremsstrahlung radiation spectrum

energy  of

To obtain the average value of the bremsstrahlung
X-ray spectra, we first determine the mass
attenuation coefficients of the X-ray energy levels
for the Be and Al filters. Next, we calculate the
attenuation coefficients of Be and Al for thicknesses
of 1 mm and 2 mm, respectively, using the
exponential decay law. Table 1 displays the
corresponding X-ray energy levels in the machine's
high-voltage operating range (70-200 kV), as well as
the X-ray attenuation coefficients for Be and Al
filters with thicknesses of 1 mm and 2 mm,
respectively. Figure 2 depicts the Rigaku-200EGM's
X-ray spectra at 60 cm (from the generator focus) for
high voltages of 70, 80, 100, 150, and 200 kV, using
Be (1 mm) and Al (2 mm) filters.
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Table 1. Attenuation coefficients of Be and Al filters for X-
ray energy levels.

Us (WP)se (Wp)ar
No.  [kv] [cm¥g], Wae [cm¥g], War
[10] [10]
1 1 6.04x102  29Ix10%  1.19x10°  1.24x102%
2 5 437x10° 44610 1.93x102  4.41x10%
3 10 6.47x10"  887x107  2.62x10'  7.06x107
4 20 225x101  9.59x10  3.44x10°  1.56x10"
5 30 179x101  9.67x10! L13x10°  5.44x10"
6 40 164107 9.70x107  5.69x107  7.36x10"
750 1.55x100  9.72x101  3.68x107  8.20x10"
8 60 149107 9.73x107  278x10"  8.61x10"
9 70 145x107  9.74x107  2.06x107  8.95x10!
10 80 140x100  9.74x100  2.02x107  8.97x10"!
1 9 135x100  9.75x101  1.76x10"  9.09x10!
12 100 133x100  9.76x107  1.70x10"  9.12x10"!
13 150  L19x100  9.78x100  1.38x10"  9.28x10"
14 200  1.09x100  9.80x100  1.22x10"  9.36x10"

Note: Wg. and W are the attenuation coefficients of Be and Al, respectively

Karamer describes the expression for determining
the spectrum intensity of Bremsstrahlung X-rays
[11], combining this expression with the attenuation
coefficients of Be and Al, as given in Table 1. Figure
2 displays the computed Bremsstrahlung X-ray
spectra for the Rigaku-200EGM X-ray generator.
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—+*— 150 kV|
—®— 200 kV]|
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Fig. 2. X-ray spectra at 60 cm produced by the Rigaku-
200EGM with filters of Be (1 mm) and Al (2 mm)

The Bremsstrahlung radiation spectrum is
continuous spectrum, so we used the integral ratio
method described in reference [7] to calculate its
average energy. Table 2 displays the results of
calculating the average energy of the X-ray spectra.
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Table 2. Calculated average energy of Bremsstrahlung
radiation spectrum at 60 cm from focus of Rigaku-200EGM

generator
Te
70 80 100 150 200
[keV]
EX 33.62 36.71 42.15 54.59 63.65
[keV]

Calculation of X-ray dose rate of Rigaku-200EGM
generator. By using Eq. (1), the equivalent dose rates
of the Rigaku-200EGM X-ray generator's
continuous spectra at 60 cm from the generator's
focus are calculated and listed in Table 3.

Table 3. Calculated X-ray dose rate at 60 cm from focus of
Rigaku-200EGM generator

e H H _cor.

No- kev] " 2l [C?I‘X]g]’ [mSv/min]  [mSv/min]
1 70 745x10°  11.26x102 389 115%
2 80  843x10°  8.81x102 394 116
3 100 1.03x102  6.02x102 412 122
4 150  147x102  3.38x102 493 146
5 200 1.87x102  2.77x102 684 202

Note: H _cor. and * are the corrected equivalent dose rate and the value
provided by Rigaku

In the last column of Table 3, we corrected the
computed results by a factor of 0.3 to compare them
with the results provided by Rigaku (115 and 250
mSv/min for 70 and 200 kV, respectively). This
factor is contributed by the correction factors,
including single-phase voltage [13], node angle,
take-off angle, and X-ray absorption coefficient by
the W target [ 14].

Figure 3, we assumed that if the dose rate increases
proportionally with the square of the high-voltage
(black line, square item), it is seen that, although
with the same value (115 mSv/min) at the starting
point of 70 kV, the values of the dose rate assumed
to increase proportionally with the square of the
high-voltage increase more rapidly even at the end
point of 200 kV, this value increases almost four
times compared to the data provided by Rigaku as
well as the data calculated by us. As a result, it can
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be confirmed that the dose rate generated by the
Rigaku-200EGM X-ray generator does not increase
proportionally with the square of the high voltage.
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B Data according to square of high voltage
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Fig. 3. Dose rate generated by the Rigaku-200EGM X-ray generator as a parabolic function of high
voltage

As shown in Figure 3, the equivalent dose at a
position 60 cm from the focal point of the Rigaku-
200EGM X-ray generator is a parabola function of
the high voltage. This result is in good agreement
with the result provided by Rigaku; the dose rate
value at 200 kV calculated by us is slightly smaller
than the value provided by Rigaku, which can be
explained by the contribution of characteristic
radiations (Ko = 59 keV) of the W target, which has
not been calculated in our study.

4. CONCLUSION

The dependence of the X-ray equivalent dose rate on
the high voltage of the Rigaku-200EGM X-ray
generator was studied, and the calculated results
were in good agreement with the values provided by
Rigaku. The dose rate does not increase in
proportion to the square of the high voltage. This

study will be useful in training students and
personnel in the field of nuclear radiation. However,
further studies are also needed to clarify the
contributions of components such as anode angle,
take-off angle, X-ray absorption coefficient, and
characteristic X-rays in the target of the generator.
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