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The value of the personal dose equivalent at a 10 mm depth is to characterize the energy depo-
sition of strong penetrating radiation in the human body and is derived by measurement of air
kerma and application of conversion coefficients from the ISO report. However, the conver-
sion coefficients depend strongly on the photon energy and angles of incidence for low-energy
photons. In order to overcome the problem that the conversion coefficient of low energy rays
changes greatly due to the small change of energy, a secondary standard ionization chamber
was used to measure the personal dose equivalent directly. A matched reference field was es-
tablished with 20-250 kV X-rays and correction factors with the H,(10) chamber were calcu-
lated under these radiation qualities with different angles of incidence. The results showed
that the differences were almost 22.7 % of correction factors for the low energy photons at
angles of incidence 0°. With the conversion coefficient recommended in ISO 4037-3-2019,
the performance of the chamber response with respect to H,,(10) in the energy range from
33 keV to 208 keV was within about £10 %, and in the energy range from 12 keV to 208 keV

and for angles of incidence between 0° and 75° was within about £19 %.
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INTRODUCTION

In the field of radiation protection, the biological
effect produced by a certain absorbed dose is related to
the type of radiation, irradiation conditions, radiation
dose, biological species, and individual differences.
Therefore, the same absorbed dose may not produce
the same degree of biological effect. In order to com-
pare the different biological effects caused by different
types of radiation and express the harmful effects of
radiation on the body, quality factors are introduced in
radiation protection. When the absorbed dose is multi-
plied by these coefficients, it becomes a new physical
quantity, called the dose equivalent, H[1, 2]. The dose
equivalent is used to compare the biological effects
caused by different types of radiation. According to
ICRU 57 [3] and ICRP 74 [4], the personal dose equiv-
alent at a 10 mm depth, H,(10) is used to express the
operational quantity for individual monitoring with
the strongly penetrating radiation. For occupational
exposure workers, ICRP has set the recommended
dose limit. The average effective dose is 20 mSva ™' in
a consecutive five-year period, and it is further stipu-
lated that the effective dose in any year should not ex-
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ceed 50 mSv. Occupational exposure workers usually
wear personal dosimeters to monitor the dose from ex-
ternal exposure. Therefore, it is important for these
personal dosimeters to monitor /,(10) accurately, and
they need to be calibrated regularly [5].

There are three methods for determining the
conventional true value of H,(10). The first method is
to calculate the conversion coefficients and apply to
the measured value of the air kerma with an ionization
chamber. The conversion coefficient is obtained by a
suitable spectrometer according to Annex B of ISO
4037-2 and calculated from the measurement of the
spectral distribution of the corresponding series [6].
For monoenergetic photon radiation of energy, E, the
conversion coefficients A (10; E, o) from K, to
H(10) for the slab phantom with different angles of
incidence, a, are listed in ICRP 74 and ICRU 57. The
second method is to measure the air kerma at each irra-
diation with the K, secondary standard chamber and
applying the recommended conversion coefficient.
However, this method requires the radiation field to
meet the requirements of matched reference fields.
The last method is using a secondary ionization cham-
ber to measure H(10) in a slab phantom directly
[7-11]. This ionization chamber has a flat energy and
angle dependence and also has a great linearity of the
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dose rate. The advantage of this method is that for the
ionization chamber once calibrated, spectrometric
measurements are unnecessary, and no conversion co-
efficients are needed.

In this work, some requirements and changes to
the new standard were considered. The matched refer-
ence fields were established and recommend conver-
sion coefficients were adopted for comparison [12, 13]
and correction factors were calculated with the energy
from 16 keV to 208 keV. The H,(10) ionization cham-
ber will be used to directly measure the H(10) and it
will provide calibration for more personal dosimeters
in this photon energy.

THEORY AND METHODS
Correction factors

For filtered X-ray reference radiation quality, R,
the conventionally true value of the personal dose
equivalent on the slab phantom, #,(10; R, ), at the an-
gle of incidence, a, is given by

H,(10;R,a)=Ny k(R,a)Op ykrp (1)

where Qg is charge measured by the chamber in radi-
ation quality, R, with angle of incidence o, Ny — the
calibration factor corresponding to the radiation qual-
ity N-60 and the angle of incidence o = 0°, k(R, ) — the
correction factor, and krp — the correction factor for
temperature and pressure, is given by

T+27315 Py

T, P
where T [K] is the temperature of measurement, P
[kPa]—the pressure, T(is 293.15 K, Pyis 101.325 kPa.

Furthermore, Ny is also given by the following for-
mula

)

kT,P =

Ny =h, (16N —60,0° )m 3)
N -60,0°

where K, n_6o 1S the value of air kerma corresponding to
the radiation quality N-60; /,k(10; N — 60,0°) — the
conversion coefficient from K, to H,(10) for the slab
phantom at the reference radiation quality N-60 and
the reference angle of radiation incidence a = 0°.
On0.0° — the charge measured with correction by the
chamber in radiation quality N-60 with an angle of in-
cidence, 0°. With egs. (1) and (2), the correction factor
k(R, o) for the radiation quality R and the angle of inci-
dence, a, is also given by

K 1
k(Raa):[h K(lO;Raa)a] (4)
g R,akT,P NH

where A,k(10; R, ) is the conversion coefficient from
K, to H,(10) for the slab phantom at the reference radi-
ation quality, R, and the reference angle of radiation in-
cidence, a, and K, — the value of air kerma at the refer-
ence radiation quality, R.

Experimental equipment

The H,,(10) ionization chamber used to measure
the H,(10) directly, on a slab phantom, is shown in fig.
1. The model of the H(10) ionization chamber is
TW34035, made in PTW-Freiburg, Germany. The
chamber consists of a measuring part and a backscatter
part which are combined [14]. The outside dimensions
of the measuring part are 300 mm x 300 mm with a to-
tal thickness 31 mm. The active volume is 10 cm?
which is covered in layers made of polymethil
methacrylate (PMMA). The high voltage electrode is
made of graphite with 100 mm in diameter and 40 pm
in thickness. The back end of the active volume of the
ionization chamber is the zero potential. The backscat-
ter part is made of PMMA with a slab of the dimen-
sions 300 mm x 300 mm x 120 mm. A sketch of the
H,(10) ionization chamber with the backscatter part is
shown in fig. 2.

The irradiation facility in this study is based on
two different X-ray units made by Yxlon. For the radi-
ation qualities N-20 to N-60, the MG165 tube was
used. For the radiation qualities N-60 to N-250, the
MG325 tube was used. Both X-ray tubes have a tung-
sten target with a target angle of 20°. The X-ray beams
were collimated by a tungsten alloy diaphragm and the
beam diameter was 40 cm at 2.5 m for low energy and
60 cm at 2.5 m for medium energy. The angle control
ofthe ionization chamber for measuring was through a
rotating platform, using a stepper motor to complete
the adjustment of the positive and negative direction
angle. The adjustment accuracy is 0.05°. The direction
of 0° is that the X-ray beam was directly incident on
the plane of the ionization chamber. Starting from 0°,
the clockwise rotation is defined as the positive direc-
tion, +a. And conversely, the anti-clockwise direction
is defined as a negative direction, -c.

Measurement procedure

The reference measurement point was 2.5 m
from the focal spot. The air kerma was measured by a

Figure 1. The simulation structure of the H,(10)
ionization chamber
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spherical ionization chamber for medium-energy. Two
chambers were traceable to the primary standard of
X-ray air kerma in the National Institute of Metrology,
China (NIM). The potential voltage of the #,(10) ion-
ization chamber was set to +400 V. The leakage cur-
rent of the chamber was about 4-10'° A. For radiation
quality, R, and each angle of incidence, with a charge
collecting time of 100 seconds were performed. The
conversion coefficient hpK(IO; R, ), was taken from
ISO 4037-3. The calibration factor Ny and the correc-
tion factors &k (R, a) were valid for the reference condi-
tions.

Radiation qualities of the X-ray
and energy spectra

According to ISO 4037-1-2019, the narrow
spectrum series of the X-ray matched reference fields
were established. The half value layer (HVL) of radia-
tion qualities were measured with a transfer ionization
chamber at 2.5 m and the characteristics were listed in
tab. 1. The results of all measured HVL values met the
specification requirements except for N-250. There

Table 1. Radiation qualities of the X-ray narrow series from 20 kV to 250 kV
o . Additional filter [mm] S'HVL [mm]
Radiation quality | Tube voltage [kV] b Sn Cu Al This work 1SO IADivL. oo
N-20 20 - - - 0.99 0.365 Al | 0.362 Al 0.003
N-25 25 - - - 1.98 0.679 Al | 0.677 Al 0.002
N-30 30 - - - 4 1.190 Al 1.17 Al 0.020
N-40 40 - - 0.21 4 2.68 Al 2.65 Al 0.030
N-60 60 - - 0.60 4 0.238 Cu | 0.235Cu 0.003
N-80 80 - - 1.99 4 0.590 Cu | 0.580 Cu 0.010
N-100 100 - - 4.98 4 1.128 Cu 1.09 Cu 0.038
N-120 120 - 1.00 4.97 4 1.739 Cu 1.67 Cu 0.069
N-150 150 - 2.49 - 4 2424 Cu 2.30 Cu 0.124
N-200 200 1.03 2.97 2.01 4 4.097Cu | 391Cu 0.187
N-250 250 3.00 1.99 - 4 5316 Cu 5.08 Cu 0.236
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Table 2. Correction factors k(R, o) for the radiation qualities of the narrow spectrum (ISO 4037-3-2019)

Radiation | Epn [keV] according to O kR, a)
. : Ny [Sv-pC]
quality | This paper | ISO 4037 0° 15° 30° 45° 60° 75°
N-20 16.1 16.3 0.81 0.82 0.84 0.87 0.92 1.04
N-25 20.0 20.3 0.84 0.84 0.86 0.88 0.93 1.08
N-30 24.3 24.6 0.87 0.87 0.89 0.90 0.94 1.10
N-40 33.0 333 0.95 0.95 0.96 0.98 1.01 1.15
N-60 47.6 47.9 1.00 1.00 1.01 1.01 1.04 1.14
N-80 64.8 65.2 3.55 0.97 0.97 0.98 0.98 1.01 1.08
N-100 82.7 83.3 0.95 0.95 0.95 0.97 0.98 1.06
N-120 99.8 100 0.93 0.93 0.93 0.94 0.97 1.02
N-150 117.5 118 0.92 0.92 0.92 0.93 0.95 1.01
N-200 164.4 165 0.90 0.90 0.90 091 0.93 0.99
N-250 207.8 207 0.91 0.90 0.90 0.91 0.94 1.01

were larger than recommended values due to the influ-
ence of two factors. The one is that the probability of
the Compton Effect increases with the increase of en-
ergy. For the measurement of high energy X-ray HVL,
it is important to limit the beam and control the effect
of scattered radiation. The photons irradiating the ion-
ization chamber rods and other supports objects will
cause more scattering. The greater the scattering, the
larger the measured half-value layer. The other is the
fact that HVL values determined using dosimetry are
about 2.5 % larger than the values determined from the
spectra by calculation, and the recommended HVL
values are taken from Physicalisch-Technische
Bundesanstalt (PTB) calculated results with the spec-
tra [15]. The mean energy was calculated by energy
spectra with the EGSnrc Monte Carlo simulation pro-
gram [ 16]. The results of the energy spectra of the nar-
row spectrum series of filtered X-ray were shown in
fig. 3. A good agreement for the mean energy was
found between the calculated values and those given
by ISO for which the maximum deviation is 1.5 % in
tab. 2, respectively.

Electric field distribution of the
H,(10) ionization chamber

In order to study the radiation characteristics of
the chamber, it is necessary to form a region in the in-
ner space of the ionization chamber with the condition
of the charged particle equilibrium, the total energy
and energy spectrum distribution of the charged parti-
cles entering the region and leaving the region are bal-
anced. In order to ensure the uniformity of the electric
field distribution, the electric field distribution be-
tween the high voltage plate and the collector plate in
the ionization chamber was studied. The finite element
method (FEM) was used to simulate the calculation.
Electric field distribution was calculated through the
ANSOFT MAXWELL 2-D software. The high volt-
age electrode and collector in the ionization chamber
were all composed of graphite. The result of the elec-
tric field distribution of the /(10) ionization chamber
was shown in fig. 4. It showed that the potential distri-
bution was uniform in the collection area.
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Figure 4. Electric field
distribution of H(10)

Radiation | Epn [keV] according to o k(R, o)
h - Ny [SvuC ]
quality | This paper | ISO 4037 0° 15° 30° 45° 60° 75°
N-20 16.1 16 0.66 0.68 0.68 0.68 0.68 0.80
N-25 20.0 20 0.79 0.80 0.82 0.82 0.85 0.91
N-30 243 24 0.85 0.85 0.87 0.88 0.90 1.00
N-40 33.0 33 0.93 0.93 0.94 0.94 0.98 1.17
N-60 47.6 48 1.00 1.00 1.00 1.00 1.03 1.09
N-80 64.8 65 3.53 0.97 0.97 0.98 0.98 1.01 1.05
N-100 82.7 83 0.96 0.96 0.96 0.97 0.99 1.03
N-120 99.8 100 0.95 0.93 0.94 0.95 0.97 1.00
N-150 117.5 118 0.93 0.92 0.93 0.94 0.96 0.98
N-200 164.4 164 0.90 0.90 0.91 0.91 0.94 0.97
N-250 207.8 208 0.91 091 0.92 0.92 0.94 0.98
The results of k(R, o) calculated o ! T :
from old and new ISO 4037
1.10- ]
The 7, (10;R, ) was used based on old and new & 1.05-
ISO 4037-3 recommendations. In ISO 4037-3-1999, = -
data for the angle of incidence a = 15° and 75° are not N
given [17]. Therefore, the respective mean value of the 0.95 - :
hyk(10;R, @) values given for o =10° and & =20° was -
used as the conversion coefficient for these radiation i ¥
qualities. Also, the respective mean value of the 0857 % 1
hyk(10;R, o) values given for o =70° and o = 80° was 0.801 B
used as the conversion coefficient. Although the ioniza- T T 17 T T
. . . . 0 25 50 75 100 125 150 175 200 225
tion chamber was designed symmetrically with a com- £, V]
pl

bination of multiple PMMA parts, the small difference
of the thickness of the PMMA and graphite layers of the
chamber may lead to different measuring results. To
verify and reduce this influence for each radiation qual-
ity, the correction factors A(R, or) were each determined
at the angle +a and —«, and the mean value of these two
values were calculated. The calibration factor Ny; and
the correction factors (R, ) with respect to H(10) for
the radiation qualities of the narrow spectrum are listed
in tabs. 2 and 3 and figs. 5 and 6.

For filtered X radiation, the recommend conver-
sion coefficients are listed in ISO 4307-3. Although
the X-ray radiation quality established by different
X-ray facilities meets the standard requirements, the
spectral distributions will be a little different, espe-

Figure 5. Correction factors k(R, o) for the ISO radiation
qualities N-20 to N-250 at the angles of incidence, «, 0of 0°,
15°, 30°, 45°, 60° and 75° (h,k(10;R, o) taken from ISO
4037-3-2019)

cially for low energy photons [18]. Because the
change of energy distribution may have a great influ-
ence on the value ofthe conversion coefficient, it is the
best way to measure the personal dose equivalent di-
rectly with a secondary standard ionization chamber
which is calibrated without considering the influence
of the low-energy photon spectrum in the range of un-
certainty. The measurement results were shown in tab.
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Figure 6. Correction factors k(R, o) for the ISO radiation
qualities N-20 to N-250 at the angles of incidence, o, of 0°,
15°, 30°, 45°, 60° and 75°(hyk(10;R, o) taken from ISO
4037-3-1999)

2 and tab. 3 when different /1, (10;R,cr) were consid-
ered. In tab. 2, the ISO 4037-3-2019 recommended
conversion coefficient was used. These data were ob-
tained from the PTB measurement and calculation
with the unfolding spectrum. Compared to results in
tab. 2, the conversion coefficients were taken from
ISO 4037-3-1999 and the results are listed in tab. 3.
These conversion coefficients were obtained by aver-
aging the spectrum distribution based on the
monoenergetic data reported in ICRP 74. In tab. 4, the
calculated & (R, ) values at angles of incidence from
0° to 75° show a mean deviation from the ISO values
of no more than 5 % when the photon mean energy is
more than 33 keV. When the photon mean energy is
within 20 keV-33 keV, the calculated k& (R, ) values
show a mean deviation no more than 10 % except for
angles of incidence 75° in N-20. In fig. 7, itis indicated
that the correction factors & (R,&) were changed a lot
especially in the low-energy photons. The deviation
would be almost 35.3 % if the mean energy is less than
20 keV. If we established the matched reference fields,
it is necessary to adopt a new standard to calculate the
personal dose equivalent accurately especially in the
low energy photon range.

Table 4. The deviation of correction factors & (R, @)

200
Egh [keV]

Figure 7. Comparison of correction factors k (R, o) for
the ISO radiation qualities N-15 to N-250 at the angles of
0°, (hpk(10;R, o) taken from ISO 4037)

The dose rate dependence for
the H,(10) chamber

The dose rate dependence of the H,(10) chamber
was examined by using three radiation qualities of the
X-ray and changing the tube current to get different
dose rates. The different values of K, were measured
by the secondary standard ionization chamber. For the
very low dose rate, the response of the ionization
chamber will be very weak. From fig. 8, it was indi-
cated that the linearity of the dose rate conformed to
the general law.

The uncertainty of correction factors

The maximum expanded uncertainty of the cor-
rection factors k(R, a) was calculated to be 5.3 % (k=
2) depending on the radiation quality and angle of the
irradiation direction, which were calculated in accor-
dance with the Guide to the Expression of Uncertainty
in Measurement (GUM) [19]. The results of the uncer-
tainty were listed in tab. 5. The expanded standard un-
certainty (k = 2) of the conventionally true values in-
creased with the decrease of photon energy and the

Radiation qualities 0° 15° 30° 45° 60° 75°
N-20 22.7% 20.6 % 23.5% 27.9 % 353 % 30.0 %
N-25 6.3 % 5.0% 4.9 % 73 % 9.4 % 18.7 %
N-30 24 % 2.4 % 23 % 23 % 4.4 % 10.0 %
N-40 22 % 22% 2.1% 43 % 3.1% -1.7%
N-60 0.0 % 0.0% 1.0 % 1.0 % 1.0 % 4.6 %
N-80 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 29 %
N-100 -1.0 % -1.0% -1.0% 0.0 % -1.0 % 2.9%
N-120 2.1% 0.0 % -1.1% -1.1% 0.0 % 2.0 %
N-150 -1.1% 0.0 % -1.1% -1.1% -1.0% 3.1%
N-200 -1.1% 0.0 % -1.1% 0.0 % -1.1% 2.1%
N-250 0.0 % -1.1% 22% -1.1% 0.0 % 3.1%
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rate after calibration. The expanded uncertainty of the
correction factor k is 5.3 % (k= 2). It is convenient to
measure the personal dose equivalent directly for
more dosimeters calibration and no conversion coeffi-
cients are needed. Also, the calibrated /,(10) chamber
will be used directly to establish the matched reference
radiation field for more secondary standard laborato-
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Figure 8. Dose rate dependence for the H,(10) chamber
under N-80 to N-120

Table 5. Uncertainty of the correction factors
of the H"(10) ionization chamber

Source ua [%0] ug [%0]
Air kerma 1.5
Current 0.5
Temperature 0.1 0.05
Pressure 0.1 0.05
Position 0.2 0.1
Iy (10;R, o) 2
Long term stability 0.5
Uncertagllgo(r)iC t?;’c‘;l;lbratlon 5.3 % [k=2]

increase of angle. In fact, the biggest influence is the
uncertainty introduced by the conversion coefficient.
It could be more accurate to use the spectra measured
by the spectrometer in order to calculate new standard
conversion coefficients and measure the true value of
air kerma with the primary standard directly.

CONCLUSIONS

The X-ray personal dose equivalent was mea-
sured and calibrated. The reference radiation qualities
of the X-ray from 20 kV-250 kV were established and
the HVL were measured by a dosimeter. The energy
spectra were simulated and the mean energy with each
radiation quality was calculated with energy spectrum
distribution. A H,(10) chamber was used as a transfer
secondary standard chamber. The FEM was used to
simulate the electric field distribution and the result in-
dicated that the electric field distribution was uniform.
When the new standard was adopted, the performance
of the chamber response with respect to H(10) in the
energy range from 33 keV to 208 keV was within
+10 %, and in the energy range from 16.1 keV to
208 keV and for angles of incidence between 0° and
75° was within £19 %. It is pointed out that the /(10)
chamber can directly measure the conventional true
value of H|,(10) in the large range of energy and dose

(1]

(2]

(3]

[4]

(7]

[10]

ries and it can quickly test the radiation field changes.
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KA/IMBPUCABE U MEPEILE JIMYHOI' EKBUBAJIIEHTA TO3A
X-3PAYEBA Hp (10) JOHU3AIIMOHOM KOMOPOM

BpenHOoCT MuYHOT €KBUBANICHTa T03¢ Ha AYOMHN off 10 MM KapaKTepuIlle CTIOHOBAhE EHEPTHje
MIPOIOPHOT 3paveha y JbYJCKO TEI0, a M3BEICHA je MEPEHEeM KepMe Y Ba3yXy U IPUMEHOM KoepHIjeHaTa
koHBep3uje u3 ISO usBemraja. MebyTum, KoeuijeHTH KOHBEP3Uje BeoMa 3aBUce Off eHepruje (hoToHa U
yIagHuX yriosa 3a (pOTOHE HUCKUX eHepruyja. [Ja Ou ce mpeBa3uiliao NpoOiieM 3HATHE IIPOMEHE Koe-
(punmjeHTa KOHBEP3MUje HICKOSHEPTeTCKOT 3padueha YClle Majie IpoMeHe eHeprije, KopulrheHa je CeKyH-
IapHa CTaHAapfiHA jOHU3a[HOHA KOMOpA 3a MUPEKTHO MEpEHhe JIMYHOT eKBUBaJIeHTa o3e. [lomymapHo
pedepeHTHO Mmoske yenocTaBbeHo je ca X-3pauewmeM of 20-250 kV, a kopekiuonu gaktopu Komope Hp
(10) u3pauyHatu cy ca OBMM KBaJUTEeTHMa 3paueka IpU pa3inuuTHM YIJIOBHMa ymaja. Pesdynaratu cy
TOKa3alld Jia Cy pa3iinke KOPeKIMOHNX (pakTopa 6mite ckopo 22.7 % 3a OTOHE HUCKUX €HEepruja Moy
ynagauM yrioM off 0°. Ca koedunujeHToM KoHBep3uje npenopydenum y ISO 4037-3-2019, nepcopmanca
on3uBa komope y onrocy Ha Hp (10) y eneprerckom omncery o 33 keB o 208 keB 6uia je y rpanumiaMa oko
+10 %, ay eneprerckom omcery ofg 12 keV mo 208 ke V u 3a ymague yraose usamehy 0°u 75°, 6uina je y pacnony
0K0 £19 %.

Kmwyune peuu: X-3pauverve, auqnu exeusanenitl 0oze, Hp (10) jonusayuona komopa, paxitiop xopexuyuje



