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ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This maintenance release of this document incorporates the improvements to high voltage generators
from 1996 to 2017 (e.g., the use of high frequency switching supplies providing nearly constant
potential), and the spectral measurements at irradiation facilities equipped with such generators
(e.g., the catalogue of X-ray spectra by Ankerhold[4]). It also incorporates all published information
with the aim to adjust the requirements for the technical parameters of the reference fields to the
targeted overall uncertainty of about 6 % to 10 % for the phantom related operational quantities of
the International Commission on Radiation Units and Measurements (ICRU)(2l. It does not change the
general concept of the existing ISO 4037.

ISO 4037 focusing on photon reference radiation fields is divided into four parts. ISO 4037-1 gives$ the
methods of| production and characterization of reference radiation fields in terms of the-quantities
spectral phpton fluence and air kerma free-in-air. ISO 4037-2 describes the dosimetry of the‘reference
radiation qualities in terms of air kerma and in terms of the phantom related operationat quantitiges of
the Internafional Commission on Radiation Units and Measurements (ICRU)[3]. ISO{4037-3 desctibes
the methodp for calibrating and determining the response of dosemeters and dosetate meters in t¢grms
of the phanftom related operational quantities of the ICRUI2]. ISO 4037-4 gives_special considerations
and additiohal requirements for calibration of area and personal dosemeters.ittlow energy X refergnce
radiation fi¢lds, which are reference fields with generating potential lower,dx equal to 30 kV.

The genera] procedures described in ISO 29661 are used as far as possible in this document. Alsq, the
symbols usgd are in line with ISO 29661.

vi © IS0 2019 - All rights reserved
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Radiological protection — X and gamma reference
radiation for calibrating dosemeters and doserate meters
and for determining their response as a function of photon
energy —

Pa
Radiation characteristics and production methods

+ 1.
L 1.

1 Bcope

This
radi
relat
(ICR
kern

document specifies the characteristics and production methods~of X and gamm
htion for calibrating protection-level dosemeters and doserate metérs'with respectto t
ed operational quantities of the International Commission on Radiation Units and Me

na rate the (natural) background radiation needs special gofisideration and this is not

U)[5]. The lowest air kerma rate for which this standard is applicable is 1 pGy h-1. Be

n reference
he phantom
hsurements
low this air
included in

this document.
available to
nce fields in
fom related
o C are not

For
speg
ords
oper]
desi

he radiation qualities specified in Clauses 4 to 6, sufficient published information is

ify the requirements for all relevant parameters_ofthe matched or characterized refere
r to achieve the targeted overall uncertainty (k'='2) of about 6 % to 10 % for the phan
ational quantities. The X ray radiation fields-described in the informative Annexes A

bnated as reference X-radiation fields.

NOTE

= The first edition of ISO 4037-1, issued in 1996, included some additional radiation
whic

h such published information is not available. These are fluorescent radiations, the gamma rag
radignuclide 241Am, S-Am, and the high/énergy photon radiations R-Ti and R-Ni, which have been r¢moved from
the thain part of this document. The most widely used radiations, the fluorescent radiations and the gamma
radi{;ion of the radionuclide 241Am,'S-Am, are included nearly unchanged in the informative Anngxes A and B.
The Informative Annex C gives addjtional X radiation fields, which are specified by the quality index,.

qualities for
liation of the

The
desa
refel

a)
b)
c)

The reference radiation field most suitable for the intended application can be selected from Table 1,
which gives an overview of all reference radiation qualities specified in Clauses 4 to 6. It does not
include the radiations specified in the Annexes A, B and C.

methods for producing-a group of reference radiations for a particular photon-energ
ribed in Clauses 4“0 6, which define the characteristics of these radiations. The thre
ence radiation.dre:

y range are
e groups of
n the energy<range from about 8 keV to 330 keV, continuous filtered X radiation;

n the energy range 600 keV to 1,3 MeV, gamma radiation emitted by radionuclides;

nrthe energy range 4 MeV to 9 MeV, photon radiation produced by accelerators.

The requirements and methods given in Clauses 4 to 6 are targeted at an overall uncertainty (k = 2) of
the dose(rate) value of about 6 % to 10 % for the phantom related operational quantities in the reference
fields. To achieve this, two production methods are proposed:

The first one is to produce “matched reference fields”, whose properties are sufficiently well-
characterized so as to allow the use of the conversion coefficients recommended in ISO 4037-3.
The existence of only a small difference in the spectral distribution of the “matched reference field”
compared to the nominal reference field is validated by procedures, which are given and described in
detail in ISO 4037-2. For matched reference radiation fields, recommended conversion coefficients are
given in ISO 4037-3 only for specified distances between source and dosemeter, e.g., 1,0 m and 2,5 m.

© IS0 2019 - All rights reserved 1
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For other distances, the user has to decide if these conversion coefficients can be used. If both values
are very similar, e.g., differ only by 2 % or less, then a linear interpolation may be used.

The second method is to produce “characterized reference fields”. Either this is done by determining
the conversion coefficients using spectrometry, or the required value is measured directly using
secondary standard dosimeters. This method applies to any radiation quality, for any measuring
quantity and, if applicable, for any phantom and angle of radiation incidence. In addition, the
requirements on the parameters specifying the reference radiations depend on the definition depth in
the phantom, i.e., 0,07 mm, 3 mm and 10 mm, therefore, the requirements are different for the different
depths. Thus, a given radiation field can be a "matched reference field" for the depth of 0,07 mm but
not for the depth of 10 mm, for which it can then be a “characterized reference field”. The conversion

coefficients

Both methd
established
at photon ¢
depends on

can be determined for any distance, provided the air kerma rate is not below 1 uGy/h,

ds need charged particle equilibrium for the reference field. However, this isa1ot aly
in the workplace field for which the dosemeter is calibrated. This is especially
nergies without inherent charged particle equilibrium at the reference/depth d, w
the actual combination of energy and reference depth d. Electrons of energies above 65

0,75 MeV anpd 2,1 MeV can just penetrate 0,07 mm, 3 mm and 10 mm of ICRU tissue; respectively,

the radiatid

n qualities with photon energies above these values are considered as radiation qual

without inherent charged particle equilibrium for the quantities defined at theSe depths.

To determi
measuring
national sta

he the dose(rate) value and the associated overall uncertainty of it, a calibration d
nstruments used for the determination of the quantity valtie is needed which is traceal
ndards.

vays
true
hich
keV,
and
ities

f all
le to

This document does not specify pulsed reference radiation fields.
Table 1 —|List of X and gamma reference radiation, their mean energies, E ((D ), for 1 m distance
and their shortmnames
o[ E0) N R o) R Fe)
keV keV. keV keV
L-10 9,0 N-10 8,5 W-30 22,9 H-10 8,0
L-20 17,3 N-15 12,4 W-40 29,8 H-20 13,1
L-30 26,7 N-20 16,3 W-60 44,8 H-30 19,7
L-35 30,4 N-25 20,3 W-80 56,5 H-40 25,4
L-55 47,8 N-30 24,6 W-110 79,1 H-60 38,0
L-70 60,6 N-40 33,3 W-150 104 H-80 48,8
L-100 86,8 N-60 479 W-200 138 H-100 57,3
L-125 109 N-80 65,2 W-250 172 H-150 78,0
L-170 149 N-100 83,3 W-300 205 H-200 99,3
L-210 185 N-1+26 106 H-256 122
L-240 211 N-150 118 H-280 145
N-200 165 H-300 143
N-250 207 H-350 167
N-300 248 H-400 190
N-350 288
N-400 328
2 © IS0 2019 - All rights reserved
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Radionuclides High energy photon radiations

Radiation
quality

Radiation Reaction

quality

Radionuclide B ( (D) . E

M

[#+(10)],

eV

S-Cs

137Cs 662 R-C 12C (p,p'y) 12C

4,2; 4,4

S-Co

60Co 1250 R-F 19F (p,ay) 160

4,4;

6,5

NOTE

a M

In the informative Annexes A to C, further radiation qualities are given. These cover the mean photon
energies from 8 keV up to 270 keV.

pan photon energy weighted by distribution of ambient dose equivalent, H*(10), with respect to,pho

onenergyE.

2
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cons
und{

ISO
ISO

and
for

ISO

dose
ared
incid

ISO

For

ISO

3.1
air
hg

Normative references

titutes requirements of this document. For dated references, only the edition cited

919, Radiological protection — Sealed radioactive sources — General requirements and

1037-2:2018, Radiological protection — X and gamma refefence radiation for calibrating
loserate meters and for determining their response as a funétion of photon energy — Part J
ndiological protection over the energy ranges 8 keV to.1,3*MeV and 4 MeV to 9 MeV

1037-3, Radiological protection — X and gamma-réference radiation for calibrating dos
rate meters and for determining their response as d function of photon energy — Part 3: C
and personal dosemeters and the measurement of their response as a function of energy
ence

9661, Reference radiation fields for rddiation protection — Definitions and fundamental

Terms and definitions
tthe purposes of this document, the terms and definitions given in ISO 29661 and the follg

ind [EC maintain terminological databases for use in standardization at the following a

SO Online browsing platform: available at https://www.iso.org/obp

EC Electropedia: available at http://www.electropedia.org/

following documents are referred to in the text in such a way that some or all of their content

hpplies. For

ited references, the latest edition of the referenced document (includinig any amendments) applies.

lassification

dosemeters
: Dosimetry

bmeters and
alibration of
ind angle of

roncepts

wing apply.

ddresses:

Terma-to-dose-equivalent conversion coefficient

quotient of the dose equivalent, H, and the air Kerma free-in-air, K, ata point in the photon ra

hy = —
K X,

diation field

Note 1 to entry: The unit of the air kerma-to-dose-equivalent conversion coefficient is sievert per gray (Sv-Gy-1).

Note 2 to entry: This definition differs from the one given by ISO 29661:2012, 3.2.4, as it uses the air kerma
instead of the air collision kerma. See also 4.1.2.

© IS0 2019 - All rights reserved
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Note 3 to entry: The full specification of an air kerma-to-dose-equivalent conversion coefficient includes the
specification of the type of dose equivalent, e.g. ambient, directional or personal. The conversion coefficient, hg,
depends on the energy and, for Hp(10), Hp(3), Hp(0,07), H'(3,T) and H'(0,07, T), also on the directional
distribution of the incident radiation. It is, therefore, useful to consider the conversion coefficient as a function,
hk(E, a), of the energy, E, of monoenergetic photons at several angles of incidence a.

Note 4 to entry: The conversion coefficients from the air kerma free-in-air, K, to H'(0,07), to H'(3), to H*(10),
to Hp (10), to Hp (3) or to Hp (0,07) for the radiation quality U and the angle of incidence a are indicated as
h'x(0,07; U, a), h'x(3; U, a), h*k(10; U), hpg(10; U, a), hpk (3; U, ), and hpk (0,07; U, a), respectively.

3.2

characterized reference radiation field
reference rgdiation field whose properties are not sufficiently well-characterized so as to allow thri use
of recommg¢nded conversion coefficients but the mean energy of which is close enough to thesnonpinal
value to be lised as a reference radiation field with the given designation

Note 1 to eftry: Either this is done by determining the conversion coefficients using spectrometry, of the
required valfie is measured directly using secondary standard dosimeters.

3.3
effective epergy (of radiation comprised of X-rays with a range of energies)

Eeff
energy of the monoenergetic photons which have the same first HVL

34
generating potential
Ugen
potential difference between positive and negative output of(the high voltage generator

3.5
half-value thickness
half-value layer

HVL
thickness of the attenuating layer that reduces the quantity of interest of a unidirectional beam of
infinitesimal width to half of its initial value

[SOURCE: 130 80000-10:—, 10.53]

Note 1 to ener: For this document, the quantity of interest is the air kerma.

Note 2 to erftry: In this definjtion; the contribution of all scattered radiation, other than any which might be
present initiflly in the beamvcencerned, is deemed to be excluded.

3.6
homogeneity coefficient
h
ratio of the firsthalf-value layer (3.5) to the second half-value layer (air kerma)

o 1 HVL
20d gy,

3.7

matched reference radiation field

reference radiation field whose properties are sufficiently well-characterized so as to allow the use of
the recommended conversion coefficients

4 © IS0 2019 - All rights reserved
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3.8
mean photon energy
mean energy

E(®)

ratio defined by the formula:
E

[ ™o EdE

E(@)="——
J‘O max (DE dE

whefe @ is the spectral fluence (3.14)

3.9
mornlitor
instfument used to monitor the stability of the air kerma rate during irradiation or to comjpare values
of aifr kerma after successive irradiations

3.10
primary radiation
priﬂ:ary beam

radigtion or beam emitted by the X-ray tube or the radionuclide or theé target of the acceleratpr including
scatfered radiation inherently present in the beam, which cannotberemoved from the beam by any means

3.11
pulde height spectrum
distribution of number of pulses N with respect to chatge Q generated in the detector, dN/df)

3.1

relative tube potential deviation
AUrd
ratiq defined for a given nominal tube potential by the formula:

U U

tube,meas ~ “ tube,nom |

U

AU ¢ =

tube,nom ‘

whele

[Utube, meas 1S the'measured value

Utube, nom iS:the nominal value of the tube potential

3.13
spe¢tral ait kerma
distfibution of air kerma K, with respect to photon energy E

dK,
dE

Ka(E)=

3.14
spectral fluence
distribution of fluence @ with respect to photon energy E

_do

O =——
E=4E

© IS0 2019 - All rights reserved 5
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3.15
spectral re
resolution
(full width
RE

ratio define

Rg

E

where AE is

solution
at half maximum)

d by the formula:

_AE

the width of the spectrum at half maximum

Note 1 to ellltry: In the case where fluorescence radiation is present in the spectrum, the spectrumy

measured is

3.16
tube pote

Utube

3.17
unfolding
determinat

3.18

value of pe
ripple
ratio defing

U

max

U

mdg

where

Umax

Umin

3.19

X-ray tube
vacuum tul
accelerated

3.20
X-ray tube
fixed or mo

based upon the continuum only.

ial

potential dr:[ference between cathode and anode of the X-ray tube

ak-to-peak voltage

d for a fixed current value by the formula:
Umin

X

is the maximum value

the minimum value betweén which the voltage oscillates

pe designed tQ ‘produce X-rays by bombardment of the anode by a beam of elect
through a poetential difference

shielding
bile panel intended to reduce the contribution of scattered X-radiation to the primary b

ridth

on of the spectral fluence (3.14), @, from the (measured) puise height spectrum (3.11), dN/dQ

rons

£am

3.21
X-ray unit

assembly comprising a high-voltage supply, an X-ray tube (3.19) with its protective housing and high-
voltage electrical connections

© ISO 2019 - All rights res
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4 Continuous reference filtered X radiation
4.1 General

4.1.1 Realisation of reference radiation fields

Clause 4 specifies the characteristics of the reference filtered X radiation and the method and
requirements by which a laboratory can produce a reference radiation field for a selected radiation
quality with target value of the expanded overall uncertainty (k = 2) of the dose(rate) value of about

6 % to 10 %.

The
the
radi
with
used

requirements depend on the way the specified reference radiation field is realized. ‘Fo,
tame reference radiation quality, e.g., N-20, two realizations are possible, a “mfatche
htion field” and a “characterized reference radiation field”. The aim is that, for both

in the stated uncertainty of 6 % to 10 % (k = 2), see Clause 1, the same result is achieve
to determine the response of a dosemeter.

For {
shal
the s
dist1
abbr
requ
actu

he “matched reference radiation field” all the quite strict requirements‘as summarized
be fulfilled for the radiation quality and the phantom definition dépth under considera
trictness of the requirements, no characterization of the field parameters, e.g., regard
ibution, is required and the air kerma-to-dose-equivalent cenversion coefficients
eviated as “conversion coefficients”) recommended in ISO~4037-3 shall be used. T
ires a validation of the "matched reference radiation field" to assure that the devia
nl parameters from their nominal values are within aceeptable limits.

For {
shal
requ
Cong
no a
phantom related quantity under consideration using a secondary standard is required or sp
and [determination of the respectiveseonversion coefficient shall be performed. For I
mea
dosd
requ
to fl
may

he “characterized reference radiation field” all thé/given requirements as summarized,
be fulfilled for the radiation quality and the phantom definition depth under considers
irements are for some parameters more relaxed than for “matched reference radi
equently, a characterization of all the field parameters as summarized in Table 13 is

(rate) value of about 6 % t0:.10 % for the phantom related quantity shall not be ex(
irements for “characterizedreference radiation fields” assure that the mean energies y
ience do not differ by more than about 2 % from the nominal values. The conversion
differ much more fregm the nominal values, especially for low tube voltages, see I[SO 40

p

4.1.2 Basis of conversion coefficients

surement or spectrometry, the targeted limits for the expanded overall uncertainty (k

r nominally
d reference
realizations
1, e.g., when

in Table 13
tion. Due to
ng spectral
hereinafter
his method
tions of the

in Table 13
hition. These
ion fields”.

i{qulred and
dditional validation is necessary. For this characterization, either the direct measurement of each

ectrometry
oth, direct
= 2) of the
eeded. The
vith respect
coefficients
B7-4.,

The |air kermatjis*given by the sum of the air collision kerma, K, o1, and the air radia

ive kerma,

Kardd: Ka = Kadoll + Karad. The air collision kerma, Kj col), is related to the air kerma by the equation
Kacdi = Kan(1 - ga), where g, is the fraction of the energy of the electrons liberated by photons that
is 1d st. by radiative processes (bremsstrahlung, fluorescence radiation or annihilation radiation

of p

described in Reference [7D and are given in ISO 4037-2, upper part of Table 2. In the lower part of that
Table 2 values for the reference radiations S-Cs, S-Co, R-C and R-F are given. Values are interpolated or
taken from Roos and Grosswendt[11] for S-Co and from PTB-Dos-32[12] for R-C and R-F. For water or air
and for energies lower than 1,3 MeV, g, is less than 0,003 and below 1,5 MeV the values of (1 - g5) can be
considered to be unity, see ICRU 47, A.2.1.

The air collision kerma is the part that leads to the production of electrons that dissipate their energy
as ionization in or near the electron tracks in the medium - and is obtained in some Monte Carlo
calculations as the energy deposited. The interpretation that was made in ISO 29661:2012 was that the
original conversion coefficients which were derived from ICRU Report 57 actually refer to air collision
kerma. This approach is adopted in ISO 4037 in the following way: for energies up to and including that
of the S-Co reference field the original values are used, as the application of the factor (1 - g;) does not
change numerical values truncated to three significant digits. Conversion coefficients for the R-C and
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R-F reference fields given in ISO 4037-3 differ from those given in ICRU and the previous edition of
4037-3 by the factor (1 - g5) = 0,987 and (1 - ga) = 0,978, respectively.

4.1.3 Radiation quality

The radiation quality, U, of a filtered X radiation is characterized in ISO 4037 by the following

parameters

a) mean energy, E(CD) of a beam, expressed in kiloelectronvolts (keV);

b)

resolution, Rg;

) half-va]ue layer with respect to air kerma, HVL, expressed in millimetres of Al or Cu;

d) homoge
In practice,
— thetub
the thig
the pro

(especi
the poi

Inorderto €
the installa

4.1.4 Chg

neity coefficient, h.

the quality of the radiation obtained depends primarily on:

e potential, the high-voltage across the X-ray tube;

kness and nature of the total filtration;

perties of the target, i.e., the anode material and angle of the/X-ray tube; and

hlly for mean energies below 25 keV) the thickness of thedirlayer between the focal spot
1t of test.

nsure the production of the reference radiation in conformance with the given specificat
fion shall comply with certain technical conditions. These are described in 4.2.

ice of reference radiation

This document specifies four series of continuous reference filtered X radiation (see Table 2)

series being
fluence spe
the same t
of the large

characterized by the resolution of\the spectrum. As an example, Figure 1 shows the ph
ctra with their different resolutions of the four series for a generating potential of 30 }
be current and distance. The differences of the areas under the curves are an indicg
y varying values of the kerma(rate) of these radiation qualities. The upper part a) sho

linear fluenjce scale and the lower partb) a logarithmic scale. As a further example, Figure 2 show

the normal
are, in orde

a) the hig

zed fluence spectra ofijthe N-series to show the completeness of the series. The four s
F of increasing filtration:

1 air kerma ragte series: H-series;

b) the wide-spectrunyseries: W-series;

the nar

<)

row-Spéctrum series: N-series; and

d) thelow

air’kerma rate series: L-series.

and

ons,

each
pton
(V at
ition
WS a
s all
bries

For reasons of brevity, short names are introduced in this document for the radiation qualities.
For X radiation the letters L, N, W or H denote the radiation quality, i. e., the low air kerma rate, the
narrow, the wide, the high air kerma rate series, respectively, followed by the generating potential
in kiloelectronvolt for filtered X radiation. Reference radiations produced by using radioactive
sources are denoted by the letter S combined with the chemical symbol of the radionuclide; reference
radiations produced by nuclear reactions are denoted by the letter R followed by the chemical symbol
of the element of the target responsible for the emission of the radiation and fluorescence radiation are
denoted by the letter F combined with the chemical symbol of the element of the fluorescence target

responsible

for the emission of the radiation.
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b) With logarithmic fluence axis

Figure 1 — Fluence spectra for a generating voltage of 30 kV with increasing filtration
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Figure 2 — Normalized fluence spectra of the N-series

The spectrq shown in Figures 1 and 2 are'taken from the catalogue of X-ray spectra by Ankerhold[4| and
are only gijen as examples. Examples of measurements of spectra are also given in References [8]}, [9],
[10], [11], [42] and [13].

The narrowest spectra, i.e. those with the smallest value of spectral resolution, Rg, should be usef for
measurements of the variation of the response of an instrument with photon energy, provided thaf the
air kerma rptes of that series are consistent with the range of the instrument under test. The high air
kerma rate geries is suitable for determining the overload characteristics of some instruments.

Details of the nomital operating conditions for each of the four series are given in Tables 3, 4, 5 and 6.

NOTE Thé-values for mean energy, resolution and HVL are taken from the catalogue of X-ray spectra
by Ankerhol . i ‘a by
calculation. Published HVL values measured using dosimetry and determined at X-ray units with high-voltage
generators using high frequency switching supplies are not available. First measurements of such HVL values for
the N-series by the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig and the Auswertungsstelle
fir Strahlendosimeter (AWST) in Munich, both in Germany, indicate that the HVL values determined using
dosimetry are about 2,5 % larger than the values determined from the spectra by calculation.

For reference radiation of these four series with X-ray tubes potential of 30 kV or less, ISO 4037-4
specifies specially determined narrower limits, which consider, in addition to 4.2, also the air pressure
and the angle of radiation incidence as influence quantities. For reference radiation using additional
filtration of 1 mm Al or less, the target angle, target condition and air path strongly influence the values
of the mean energies, resolutions and HVLs.

10 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=43699e12b0c55ec19907e7ee4274f7d6

ISO 4037-1:2019(E)

Table 2 — Specifications of filtered X radiation

Name of series

Resolution at
2,5 m distance, Rg

Homogeneity coefficient at
2,5 m distance, h

Low air kerma rate (L-series) 0,11 to 0,23 0,91 to 0,99
Narrow spectrum (N-series) 0,27 to 0,37 0,88to 1,0
Wide spectrum (W-series) 0,48 to 0,57 0,81t0 0,97
High air kerma rate (H-series) 0,35 to 0,69 0,64 to 0,89

Table 3 — Characteristics of low air kerma rate series (L-series)

Mean | Reso- Recom- 1st HVL at a dis- 2nd[HVL at a
. mended . tance from the [distanfe from the
energy, | lution| Tube | . Additional )
inherent . P focal spot of focql spot of
poten- filtrationb filtrationb,
Shart E((D) tiala thickness, D, in 1,0m | 2,5m | 1,0m | 2,5m
name Rg
mm | mm | mm | mm
keV % kV Pb | Sn | Cu | Al mnt mm mm mm
L-10 9,0 10 1 mm Be 0,3 | 0;068 Al | 0,073 Al | 0,071 Al| 0,076 Al
L-2d 17,3 21 20 1 mm Be 2,004 0,446 Al | 0,446 Al | 0,486 Al | 0,489 Al
L-3d 26,7 21 30 1 mm Be 0,18 |<4,00 | 1,56 Al | 1,56 Al | 1,62 Al | 1,63 Al
L-35 30,4 21 35 4 mm Al 0,25 2,18 Al | 2,18 Al | 2,29 Al | 2,30 Al
L-59 47,8 22 55 4 mm Al 1,2 0,248 Cu | 0,249 Cu {0,261 (u| 0,261 Cu
L-70 60,6 22 70 4 mm Al 2,5 0,483 Cu {0,484 Cu|0,505 du| 0,506 Cu
L-100 86,8 22 100 4 mm Al 2,0 | 0,5 1,22Cu | 1,22Cu | 1,25Cy | 1,26 Cu
L-125 109 21 125 4 mm Al 4,0 | 1,0 1,98Cu | 1,98 Cu | 2,02 Ch | 2,02 Cu
L-170 149 18 170 4mmAl, [M,5| 3,0 | 1,0 3,40Cu | 3,40Cu | 3,46 Cph | 3,47 Cu
L-210 185 18 210 4mmAV [ 35| 2,0 0,5 4,52 Cu | 4,50Cu | 4,55Cp | 4,55 Cu
L-240 211 18 240 4mmAl | 55| 2,0 0,5 519 Cu | 5,18 Cu | 5,22Ch | 5,21 Cu
a  The tube potential is measured under load.
b The total filtration consists of the inherent filtration plus the additional filtration. The inherent filtratipn shall be in
line with the requirements given ir4.2.3.1 to 4.2.3.5, and shall, if necessary, be adjusted accordingly by addinf appropriate
filteys.
TFable 4 — Characteristics of narrow-spectrum series (N-series)
Mean Rés- 1st HVL at a dis- 2ndHVL ata
ener-\ olu- Tube tance from the |distange from the
gy, | tion, poten- Recom- |Additional filtrationb, focal spot ofc focal spot ofc
Short] ~ . mended thickness, D, in 1.0 25 1.0 25
nai_e E(@) RE tiala inherent ,Um yom ,U I o m
filtrationb
mm | mm | mm | mm
keV % kv Pb | Sn | Cu | Al mm mm mm mm
N-10 8,5 28 10 1 mm Be 0,1 | 0,055Al| 0,065 Al | 0,060 Al | 0,068 Al
N-15 12,4 | 33 15 1 mm Be 0,5 | 0,157 Al | 0,173 Al | 0,177 Al | 0,197 Al
N-20 16,3 34 20 1 mm Be 1,0 | 0,344 Al| 0,362 Al | 0,396 Al | 0,412 Al

filters.

isonly 2,5 m.

a  The tube potential is measured under load.

b The total filtration consists of the inherent filtration plus the additional filtration. The inherent filtration shall be in
line with the requirements given in 4.2.3.1 to 4.2.3.5, and shall, if necessary, be adjusted accordingly by adding appropriate

¢ The HVLs are measured at 1 m and 2,5 m distance from the focal spot, except for N-350 and N-400, where the distance
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Table 4 (continued)
Mean | Res- 1stHVL at a dis- 2nd HVL ata
ener- qlu- Tube o _ _ tance from the |distance from the
gy, | tion, poten- Recom- Addltgonal flltraglonb, focal spot ofc focal spot ofc
Short | — tiala mended thickness, D, in 1.0 m 25m 1.0m 25m
name | £ (CD) RE inherent ' ’ ’ '
filtrationb
mm | mm | mm | mm
keV % kV Pb | Sn | Cu | Al mm mm mm mm

N-25 20,3 33 25 1 mm Be 2,0 [ 0,662 Al1]|0,677 Al | 0,746 Al | 0,760 Al
N-30 2416 32 30 1 mm Be 4,0 | 1,16 Al | 1,17 Al | 1,28A1 | 1,29 Al
N-40 333 30 40 4 mm Al 0,21 2,63 Al | 2,65Al | 2,83 Al (\2;84 Al
N-60 47pP 36 60 4 mm Al 0,6 0,234 Cu | 0,235 Cu | 0,263 €u 0,264 Cu
N-80 652 32 80 4 mm Al 2,0 0,578 Cu | 0,580 Cu| 0,622 Cu | 0,628 Cu
N-100 | 83)3 28 100 4 mm Al 5,0 1,09 Cu | 1,09 Cu ("1;15Cu | 1,1§Cu
N-120 | 10p 27 120 4 mm Al 1,0 | 50 1,67 Cu | 1,67€u"| 1,73 Cu | 1,74Cu
N-150 | 11B 37 150 4 mm Al 2,5 2,30Cu | 230Cu | 2,41Cu | 2,41 Cu
N-200 | 16p 30 200 4 mm Al 1,0 | 3,0 | 2,0 3,92 Cu (3,91 Cu | 399 Cu | 3,99Cu
N-250 | 20y 28 250 4 mm Al 3,0 | 20 5,10-Ca | 5,08Cu | 514 Cu | 5,14Cu
N-300 | 24B 27 300 4 mm Al 50 | 3,0 5,96'Cu | 5,94 Cu | 6,00 Cu | 5,99 Cu
N-350 | 28B 29 350 4 mm Al 70 | 4,5 — 6,69 Cu — 6,74 Cu
N-400 | 32B 27 400 4 mm Al 10,0 | 6,0 — 7,31 Cu — 7,34 Cu
a  The tube|potential is measured under load.
b The tota] filtration consists of the inherent filtration plus the;additional filtration. The inherent filtration shall pe in
lfii?t(z:\slith the Fequirements given in 4.2.3.1 to 4.2.3.5, and shall, ifinecessary, be adjusted accordingly by adding appropfiate
c '{‘he l;VL; are measured at 1 m and 2,5 m distance froi the focal spot, except for N-350 and N-400, where the distfance
isonly 2,5 m.

Table 5 — Characteristics of wide-spectrum series (W-series)

Mdan | Res- | Tube 1stHVL at a dis- 2nd HVL at a djs-
enpr- | olu- | poten- Additional tance from the tance from the
gy, |tion,| tiala Recom- filtrationb focal spot of focal spot of]
Short (o mended thickness, D, in 1,0 m 2,5m 1,0 m 2,5m
name ( ) Rg inherent
filtrationb
mm | mm | mm
keV % kv Sn Cu Al mm mm mm mm

W-30 23,9 30 1 mm Be 2,0 | 0,863 Al | 0,886Al1 | 1,02 Al 1,04|Al
W-40 29,8 40 1 mm Be 40 1,72 Al 1,75 Al 2,03 Al 2.06{A1
W-60 44,8 48 60 4 mm Al 0,3 0,180 Cu | 0,181 Cu | 0,215 Cu | 0,216 Cu
W-80 56,5 55 80 4 mm Al 0,5 0,349 Cu | 0,350 Cu | 0,433 Cu | 0,434 Cu
W-110 | 791 51 110 4 mm Al 2,0 0,933 Cu | 0934 Cu | 1,08 Cu 1,08 Cu
W-150 104 56 150 4 mm Al 1,0 1,78Cu | 1,79Cu | 2,03 Cu 2,04 Cu
W-200 | 138 57 200 4 mm Al 2,0 3,00Cu | 3,01Cu | 3,24 Cu 3,25 Cu
W-250 | 172 56 250 4 mm Al 4,0 414Cu | 4,14Cu | 434Cu | 4,34Cu
W-300 | 205 57 300 4 mm Al 6,5 5,03Cu | 502Cu | 518Cu 5,18 Cu
a  The tube potential is measured under load.
b The total filtration consists of the inherent filtration plus the additional filtration. The inherent filtration shall be in
line with the requirements given in 4.2.3.1 to 4.2.3.5, and shall, if necessary, be adjusted accordingly by adding appropriate
filters.
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Table 6 — Characteristics of high air kerma rate series (H-series)

Mean 1stHVL at a distance | 2nd HVL at a distance
energy . vovo- Additional from the focal spot ofc|from the focal spot ofc
_ P A Recom- filtrationb, 1.0 25 1.0 25
Short | £(o) tential? | mended thickness, D, in om > o >
name inherent
filtrationb
keV kV mm mm mm mm mm mm
Al Cu
H-10 8,0 10 1 mm Be 0,044 Al 0,059 Al | 0,050 Al 0,063 Al
H-Z(I) 13.1 20 1 mm Be 0.15 0.128 Al 0.169 Al 0172 Al 0,228 Al
H-3¢ 19,5 30 1 mm Be 0,50 0,364 Al 0,441 Al | 0,563 Al 0,636 Al
H-4{) 25,4 40 1 mm Be 1,0 0,815 Al 0,884 Al 1A7.Al1 1,24 Al
H—61) 38,0 60 1 mm Be 39 2,53 Al 2,61 Al 3,38 Al 3,44 Al
H-8(|) 48,8 80 4 mm Al 3,2 0,176 Cu | 0,181 Cwy./\ 0,268 Cu | 0,268 Cu
H-1Q0 57,3 100 4 mm Al 0,15 0,294 Cu | 0,2996u | 0,462 Cu | 0,466 Cu
H-130 78,0 150 4 mm Al 0,5 0,808 Cu | 0/811 Cu 1,21 Cu 1,21 Cu
H-2(00 99,3 200 4 mm Al 1,0 1,54 Cu 1,55 Cu 2,28 Cu 2,28 Cu
H-230 122 250 4 mm Al 1,6 2,42 Cu 2,42 Cu 3,24 Cu 3,23 Cu
H-ZEISOd 145 280 4 mm Al 3,0 3,26\Cu 3,28 Cu 3,88 Cu 3,89 Cu
H-300 143 300 4 mm Al 2,2 3522 Cu 3,22 Cu 4,00 Cu 3,98 Cu
H-3%0 167 350 4 mm Al 3,4 — 4,01 Cu — 4,65 Cu
H-400 190 400 4 mm Al 4,7 — 4,65 Cu — 5,22 Cu
NOTE The distance between the focal spot and the point‘of test, which has been included in the additiopal filtration,
is significant for the lower energy radiation. The actual spectral distributions obtained for a given X-ray fdcility depend
significantly upon the target angle and roughness.
a  The tube potential is measured under load.
b The total filtration consists of the inherent filtration plus the additional filtration. The inherent filtratipn shall be in
line with the requirements given in 4.2.3.1 to 4.2.3.5, and shall, if necessary, be adjusted accordingly by adding appropriate
filters.
c 'he HVLs are measured at 1 m and2;5 m distance from the focal spot, except for H-350 and H-400, wher¢ the distance
is onlly 2,5 m.
d  This reference radiation has been introduced as an alternative to that generated at 300 keV, for use when 300 keV
canrot be attained under condition of maximum load.

4.2 | Conditions‘and methods for producing reference X radiation

4.2.]1 Charagteristics of the high voltage generator

The [folleawing requirements are valid for both matched and characterized reference radiption fields.
Datq afe taken from Behnke et al.[14] for mean energies greater and including 12 keV and angles of
radiation incidence of 0° to 90°. For lower mean energies and the definition phantom depths of 10 mm
and 3 mm, data were estimated by combining the data given in References [14], [15] and ISO 4037-4,
see Note 1 to 4.2.1 for details. For the definition phantom depth of 0,07 mm the influence of the angle of
radiation incidence on the requirements on the high-voltage is considered to be negligible.

NOTE1 For the phantom definition depth of 10 mm the requirements on the high voltage are, according to
Reference [15] and ISO 4037-4:2018, Table 2, by a factor of less than 2 stricter for N-10 than for N-15, for the
phantom definition depth of 3 mm the respective factor is up to about 3. The factors 2 and 3, respectively, are
used to extrapolate the data of Reference [14] to the data given in Table 7.

X radiation shall be produced by an X-ray unit whose generator produces nearly constant generating
potential. During irradiation, the mean value of the tube potential, Utybe, meas, shall be traceably
measured with a relative uncertainty (k = 2) not larger than the limits given for the relative tube
potential deviation AUre by Table 7. The limits depend on the definition phantom depth, d. For the
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quantity air kerma free-in-air the limits for the definition phantom depth of 0,07 mm apply. During
irradiation, the tube potential shall be stable to within the limits given for AUy by Table 7; this includes
the (temperature) stability of a protective resistor, if installed. It shall be possible to display the value of
the tube or generating potential, Utybe, meas OF Ugen, meas, to within +0,01 %.

Table 7 — Requirements on tube potential

Maximum relative deviation of measured tube potential, AUy}, from nominal

.. . value for the conversion coefficient and angle of radiation incidence
Radiation quality

hpk(0,07) hpk(3) hpk(10) h'k(0,07) | h*k(10)
Short name o L . R . N P o
U U AV U OV /o) U U OV 79 U U AV -1
75° 75°
% % % % % % % % % % %, %
L-10, N-10, H-10 5 0,1 0,3 | 0,15 | 0,15 | 0,03 | 0,25 | 0,05 | 0,05 5 1 0,25
N-15, N-20, H-20, 5 0,1 1 0,5 0,5 0,1 0,5 01 | 0,1 5 1 0)5
L-20, H-30, §i-40 5 0,1 3 1 1 0,5 1 0,5 | 0,2 5 2 ]
L-35, N-25, llI-30, N-40, 5 0,1 3 1,5 1,2 0,5 1,5 1 0,5 5 3 1)5
W-30, W-40| H-40, H-60
L-55, N-60, W-60, H-80 5 0,5 5 3 2,5 1,5 f
All other 5 1,5 5 5 5 5 5 5 5 5 5 i

The generating potential shall have a value of peak-to-peak voltageor'ripple of less than twice the limits
given for Al/re) by Table 7. It is preferable to use an X-ray unit Having a ripple as low as possible. X-ray
units with a ripple of less than 0,001 = 0,1 % are commercially available. For low energy X refergnce
fields with tube potential of 30 kV or less details are given'in ISO 4037-4. In case the generator caphnot
deliver the fequired stability at all voltages, the range of-yoltages where the requirements are fulffilled
limit the popsible range of reference radiation qualities:

The target ¢f the X-ray tube shall be made of tungsten and shall be of the “reflection” type. For matthed
reference fields, it shall be orientated at an angle of 20° to the direction of the bombarding electrons
for generating potentials up to and including 30 kV and for higher generating potentials (above 3(Q kV)
between 15° and 30°. For characterized reference fields, the angle shall be equal or larger than 7°| The
limits may falso depend on the definition phantom depth, d, but that is not considered here. For the
quantity aif kerma free-in-air and-fer characterized reference fields the mean photon energy ghall
be determiped and the value stated”in the calibration certificate of any instrument calibrated in|that
reference fipld. In the range of@ngles from 7° to 20° the anode heel effect[16][17] shall be consideredl.

NOTE 2  Alwell-proven gefierdtor technology to produce nearly constant generating potentials is the ujse of
high frequerfcy switching€eehniques.

4.2.2 Tube potential and protective resistor

The reference laboratory shall Callbrate at several points and under operatmg cond1t1ons the
equipment tsed-te-indicate-the-tubepotentialThe bestmethod Hploy
an appropriately callbrated resistive voltage d1v1der e.g., reahsed by a re51stor chain, see ISO 16526-1.
The overall uncertainty of the voltage divider, which is given in ISO 16526-1 as 1 % for dosimetry, is
not always sufficient, see Table 7. The measurement of the maximum photon energy by high resolution
spectrometry is not recommended, as it is not as precise as the use of a resistive voltage divider. The
conventional quantity value of the tube potential shall be known to within the limits given in Table 7.

The tube potential is the potential difference between cathode and anode of the X-ray tube and is not
always equal to the generating potential, the potential difference between the high-voltage electrical
connections of the protective tube housing. The latter can be larger if a protective resistor is built into
the protective tube housing, e.g., for reducing the current in case of failure of the X-ray tube to prevent
the generator from being short-circuited. In addition, the difference between these two voltages would
then also depend on the tube current. It is important to know from the manufacturer of the protective
tube housing, whether such a protective resistor is installed in the protective tube housing. The voltage
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drop across this resistor shall then be determined and subtracted from the generating potential, the
high voltage attached to the voltage circuit points of the protective tube housing, to calculate the correct
tube voltage. The best solution is to short-circuit the resistor. The second-best solution is to get full
information on this resistor concerning traceably measured value, long term stability and temperature
dependence and to measure (traceably) the tube current, e.g., subtract from the generator current any
current not going through the tube, e.g., due to voltage measurement by a voltage divider, and to correct
the tube voltage for the voltage across the resistor.

NOTE1 Most modern high-voltage generators use high frequency switching supplies which need a regulation
of the output voltage by means of a feedback loop. In that case, the protective resistor may be moved into the

generator before the hlgh voltage output If the feedback 1oop regulates the output, then the negative effects of

ple test to determine whether or not a protective resistor is built-in shall be perform
ir kerma rate for the radiation quantity L-55 or N-60 at two different tube currents of

bd. Measure
about 3 mA
e two ratios
ild-in.

otential at a

tubelcurrent of 20 mA by 2 kV as compared to the generating potential, the difference between the el¢ctrical high-

volta
field
by u
thus
thet

in two ways. Firstly, the air kerma rate is no longer proportional to the'tube current. This can

1ibe voltage needs to be corrected, as described above.

EXA
conn
the
of 7 o 21 mA leads to an increase of the air kerma rate'by a factor of only 5,1. Thus, the air kerma
low by 27 %. It turned out that a protective resistorof 136 k() was built-in. After the manufacturer
the protective resistor and replaced it by a wire, the measurement was repeated and the air kerma r3
by a factor of 6,98. This is, considering the uncertainty, the same factor as for the increase of the tub|

MPLE

4.2, Filtration

4.2.3.1 Filtration for X radiation qualities with 1 mm Be nominal inherent filtration

The |total filtration comprises the inherent filtration and the additional filtration. For th
qualiities L-10 to L-30,N510 to N-30, W-30, W-40 and H-10 to H-60 the nominal inherent
the fube is 1 mm Bé~The total inherent filtration comprises the fixed filtration of the tuh
caused by the monitor ionization chamber, if applicable, plus the beryllium filters which m
to obtain a totalinherent filtration equivalent to that of 1 mm Be. For matched referenc
requirements.on the total inherent filtration are given in Table 8, data are taken from Behn
To athieve. these requirements for matched reference fields, the tube shall be of the metal-c
and fitsfixed filtration shall not exceed 1 mm Be. According to 4.2.4, for all matched fields

ge connections of the protective tube housing. This reduction, if not.corrected, would affect he reference

considered

ing a monitor ionization chamber. Secondly, it changes the spectral distribution of the referepce field and
the value of the appropriate conversion coefficient. To considef\this change is nearly impossible. Therefore,

At a radiation quality N-60 (high voltage meaSured as generating potential, i.e., at the electrical
ections of the protective tube housing, the only points’that were accessible) and a tube currnent of 3 mA,
ir kerma rate was measured using a secondary ionization chamber. Increasing the tube current by a factor

rate was too
has removed
Ite increased
e current.

e radiation
filtration of
e, plus that
hy be added
b fields, the
ke et al.[15].
bramic type
considered

to b¢ achievable, a deviation of the fixed filtration of £0,3 mm Be or more is allowed. For ch

aracterized

reference fields, the tube shall be of the metal-ceramic type and its fixed filtration shall
4 mm Be.
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Table 8 — Requirements on total inherent filtration for X radiation qualities with 1 mm Be

nominal inherent filtration for matched reference fields

4232 D
nominal in

The manuf

the fixed filtration of the tube. This value is usually given with an uncértainty of 0,1 mm. Also fo

monitor ion
windows sh

NOTE F
window. The

4.2.3.3 Fj

The total fj
qualities LA
comprises
applicable, |
that of 4 mn
The alumin
window) in

The fixed fi
etc.) and is
of the const
reference fi
For charact
window ma|
exceeds 1,5

Maximum absolute deviation of total inherent
L. . filtration, |Adge|, from nominal value for definition
Radiation quality phantom depth d of
Short name 0,07 mm 3 mm 10 mm

mm mm mm
H-10 0,1a 0,1a
L-10, N-10, H-20 0,3 0,3
N-15, W-30, H-30 10 1,5 0,7
L-20, N-20, W-40, H-40, 10 4 2
L-30, N-25, N-30, H-60 10 10 10
a  Considered as not achievable, see 4.2.4.

termination of the total inherent filtration for X radiation qualities’with 1 mm Be
erent filtration

hcturer's specification of the beryllium window thickness shall be used as the valy

ization chamber, if used, the manufacture’s specification-of the thicknesses of the char
all be used.

br metal-ceramic tubes, the fixed filtration of the tubg,is given by the thickness of the bery
validation according to 4.5 includes also the validatigh-of the manufacture's specification.

Itration for X radiation qualities with 4 mim Al nominal inherent filtration

Itration comprises the inherent filtratien and the additional filtration. For the radiz
40 to L-240, N-40 to N-400, W-60-to W-300 and H-80 to H-400 the inherent filtrg
the fixed filtration of the tube;~plus that caused by the monitor ionization chamb
plus the aluminium filters, whichare added to obtain a total inherent filtration equivale
n Al. This inherent filtrationshall be adjusted at a high voltage of 60 kV, see 4.2.3.4 or 4.7

le of
" the
nber

lium

ition
ition
br, if
nt to
.3.5.

ium filters shall be placed behind the additional filtration (i.e. furthest from the }
order to reduce fluoreseence radiation from the additional filtration.

tration of the tube is’due to the various constituent elements (glass of the bulb, oil, win
expressed, for agiven voltage, as the thickness of an aluminium filter, which, in the abs
tuent elemernts-of the tube, would supply a radiation having the same first HVL. For mat
elds, the tube'window shall be made of beryllium and its thickness shall not exceed 10
erized reference fields, the thickness of the beryllium window shall not exceed 10 mm

(-ray

dow,
ence
rhed
mim.
, the

y alsa’be made of aluminium of maximum thickness of 1,5 mm. A tube whose fixed filtrg
mitaluminium should not be used. The inherent filtration shall be checked periodica

order to ens
of the fixed

NOTE 1

filtration to 4 mm of aluminium is still valid.

on the emitted photon fluence spectra can be neglected.

NOTE 2

ition
ly in
ent

Experience shows that for non-medical metal-ceramic tubes with tungsten anode, effects of the ageing

An inherent filtration of 1,5 mm aluminium is at 60 kV equivalent to about 30 mm beryllium. Such

a 30 mm Be window would cause too much scatter, therefore, the window thickness is limited to 10 mm beryllium.

4.2.3.4 Determination of the inherent filtration for X radiation qualities with 4 mm Al nominal
inherent filtration by HVL measurement

The first method for the determination of the inherent filtration is by measuring, with aluminium
absorbers of at least 99,98 % purity, the first HVL of the beam produced by the tube at 60 kV tube
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potential with the monitor ionization chamber present, if applicable, and without additional filtration
in the following way:

a) The method of measurement of the HVL shall be in accordance with ICRU Report 10b[18] and

b)

Reference [19].

If a monitor ionization chamber is used during the measurement of inherent filtration, it shall be
placed between the two sets of beam collimators and be followed by the aluminium absorbers in

such a manner that it does not respond to radiation backscattered from the absorbers.

c) The first HVL shall be determined using an ionization chamber with a small dependence of the

acnmanca 0 ot lonpn s (o) Avgns thn A nsegyy o gn Af Tt avact A g 1 Tian it 1CN 4 37_2-2018
\fleUllJ\' LU A1l IZANCUII1IIId Ll (—IL\./J AA A2 Y CIIC CIICT 5] lulls\/ UVITIIILCI COL, b-su' I IT1IIIC  VVILILD 1OV X . )
1.3. Corrections shall be applied for any variation in detector response due to changes-in the photon
kpectrum as the thickness of the aluminium absorber is increased.

d) [The inherent filtration measurements shall be made in a manner such that hegligible scattered
radiation from the aluminium absorbers reaches the detector, since such radiation woyld increase
the measured HVL.

e) [The aluminium absorbers shall be located equidistant from the X-ray tube focus and from the
detector. The diameter of the beam at the detector location shalV’be just sufficient fo irradiate
t completely and uniformly. The diameter of the detector shall'be less than 3 cm. The distance
between the aluminium absorbers and the detector shall bé<at least ten times the diameter of the
beam at the detector.

f) [The attenuation curve in aluminium shall be plotted;ythe first HVL shall be determined and the
value of the inherent filtration shall be deduced uging Table 9. The results shall be rounded to the
hearest 0,05 mm by interpolation of the values given in Table 9. For HVL values below|0,33 mm Al
hn extrapolation of the values given in Table 9unay be performed.

g) [Che thickness of the additional aluminium-filter needed to attain an inherent filtration of 4 mm Al
Khall be calculated as the difference between 4 mm and the result of the calculation of point f).

NOTE1 Therequirement of point d) is'(isually) met when point e) is followed.

In the case of filtered X radiationy, the values determined on the basis of Table 9 at 60 kV may be used

forIIther high voltage values;~since changes in the inherent filtration, expressed in millimetres of

alunpinium, are small compared with the added filtration. It is strongly recommended to pse also for
charfacterized reference fields X-ray tubes with beryllium windows.

NOTE 2  The inherent{filtration value, expressed in millimetres of aluminium, varies as a functior of energy in

a mapner, which depends upon the constituent elements of the inherent filtration.

Table 9 — Inherent filtration
First HVL Inherent filtration
mm Al at 60 kV mm Al
0,33 0,25
0,38 0,3
0,54 0,4
0,67 0,5
0,82 0,6
1,02 0,8
1,15 1
1,54 1,5
1,82 2
NOTE Results used were obtained from Reference [20].
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Table 9 (continued)

First HVL Inherent filtration
mm Al at 60 kV mm Al
2,11 2,5
2,35 3
2,56 3,5
2,75 4
2,94 4,5
3,08 5
3,35 6
3,56 7
NOTE Results used were obtained from Reference [20].

4.2.3.5 Determination of the inherent filtration for X radiation qualities with,/4“mm Al nominal
inherent filtration by spectrometry

The second method for the determination of the inherent filtration is by spectrometry, but this is
not recommended. The spectral fluence of the unfiltered tube with the monitor ionization chamber
present, if dpplicable, shall be measured at 60 kV tube potential and the HVL for Al shall be calculated.
The inherent filtration shall then be determined using Table 9. The results shall be rounded tq the
nearest 0,05 mm by interpolation of the values given in Table 9.

4.2.3.6 Specification of the additional filtration
The additiopal filtration comprises:

a) forthe L-series, the N-series and the W-series:léad, tin, copper and/or aluminium filters as specified
in Tabl¢s 3, 4 and 5;

b) for the H- series: aluminium and/or coppér filters as specified in Table 6.

The metal groperties of the additionalfilters for matched and characterized reference fields are given
in Table 10,|data are taken from Behnke et al.[13].

Tablgd 10 — Metal properties of filters for matched and characterized reference fields

Surface density of |mppurities, upper limit

Additiongl filtration;material single filter for surface density Remark
gcm-2 contribution

<3 0,3% For heavy metals, the

Only aluminfium, 3 to <20 0,5 % upper limit ofsurfacg

density contribution is

220 1% 0,1 %a

Mixed metals including aluminium, <20 1%

copper, tin and lead >20 504

a  Thisis usually the case due to the production process.

For matched reference fields and for each adopted metal, the used filters shall have a mean thickness,
which is in accordance with the nominal values given in Tables 3 to 6 within less than the limits, ADr),
given in Table 11, data are taken from Behnke et al.[13]. For characterized reference fields, the limit
is ADrel = 10 %. In addition, the filters shall be as homogeneous as possible (without air-holes, flaws,
cracks and macroscopic grains) and the metals should have the purities shown in Table 10. The limits
given in Table 11 depend on the definition phantom depth, d. For the quantity air kerma free-in-air the
limits for the definition phantom depth of 0,07 mm apply.
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In order to absorb fluorescence radiation from filter material of higher atomic number, the individual
elements of the additional filtration shall be arranged, starting closest to the X-ray tube window, in
decreasing order of atomic number.

Table 11 — Requirements on filter thickness for matched reference fields

Maximum relative deviation of measured mean filter
Filter thickness, AD;¢], from the nominal value for definition
Additional filtration, material thickness phantom depth d of
0,07 mm 3 mm 10 mm
T O O %
<0,8 10 4 2a
Only aluminium 0,8 to <1,5 10 4 3
>1,5 10 7
Mix ’q rpetals 1nclud1_ng all 10 10 10
aluminium, copper, tin and lead
a  fonsidered as not always achievable, see 4.2.4.

4.2.5

The
requ
with
can
larg
for X
tota
with
with
addi
avai
The
be a

absd

I Limitations concerning matched fields

requirements for matched fields given from 4.2.1 to 4.2.3 dre/very stringent. At the time
irements on the tube voltage (see 4.2.1) and on the protective resistor (see 4.2.2) can
commercially available voltage generators, but for the filtration (see 4.2.3) not all re
be met with commercially available equipment. In-addition, the measurement uncerta
e due to variations of the thickness of the filter materials within the filter diameter. For t
[ radiation qualities with 1 mm Be nominal inherent filtration a maximum absolute

inherent filtration, |[ADge|, from the nomindlvalue (see 4.2.3.1) of |[ADge| = 0,2 mm can
commercially available equipment, smaller values cannot be achieved. For X radiati
4 mm Al nominal inherent filtration“{(see 4.2.3.3) the requirements can easily be n
kional filtration (see 4.2.3.6) the reguirements on the impurities are achievable by cd
able metal foils but the requirements on the thickness of the filtration cannot be met
smallest deviation, ADfj¢, of the measured mean filter thickness from its nominal val
Chieved with reasonable effort, is given either by the relative deviation of ADFjt rel = 3
lute deviation of ADgjt ap5'="10 um, whatever is the greatest. Smaller values cannot be a

This
def

no
defi

time

Ta

iJ.%ition phantom dépth d as given in Table 12 cannot be produced as matched fields. Cd

leads to the conclusion that, at the time of 2017, the radiation qualities in combinati

commended «conversion coefficients are given in ISO 4037-3 for these radiation q;
ition phantém-depth d. As any variation of the inherent and additional filtration is co
, all these-radiation qualities can be realised as characterized fields.

of 2017, the
be fulfilled
quirements
nty is quite
he filtration
leviation of
be achieved
bn qualities
het. For the
mmercially
in all cases.
e, that can
06 or by the

chieved.

pn with the
nsequently,
halities and
nstant with

bled2— Radiation qualities and definition phantom depth d for which, at the time of 2017,

matched reference fields are considered to be impossible

Matched fields are impossible for the radiation qualities and for the definition
phantom depth d of
0,07 mm 3 mm 10 mm
All fields possible H-10 L-10
N-10
N-15
H-10
H-20
H-30
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4.2.5 Xradiation shutter

A shutter shall be installed between the X-ray tube and the monitor chamber. The shutter shall be thick
enough to reduce the transmitted air kerma rate to at least 0,1 % for the highest-energy reference
radiation to be used. For measuring the dose, the shutter transit time (see ISO 4037-2:2018, A.2.8)
shall be considered and the reading shall be taken as soon as practicable after irradiation has been

completed.

4.2.6 Beam aperture

A beam aperture (collimator) shall be placed behind and close to the added filtration to limit the beam

area to the
contributio
chamber an
are irradiat
support areg

4.3 Field

4.3.1 Fie

The diamet
necessary, {
The field m
sufficient tq
diameter of]
a nearly pat

4.3.2 Fie

required size. The beam aperture design shall be such that it introduces a minimum s¢
h at the point of test. The beam area shall be large enough to ensure that both the-stan
d the instrument or device to be calibrated including the complete phantom, it requ
ed completely, and should be small enough so that a minimum of the chamberstem an|
irradiated. The beam size shall remain constant during the calibration.

uniformity and scattered radiation

d diameter

he required phantom at the point of test closest to the focus, usually not closer than 5(
hy remain unchanged for all other experimental points-of test or may be reduced to be

irradiate the detector uniformly. For the slab phantom with a diagonal of 42,4 cm, a
45 cmisrecommended and a typical irradiation:distance is of the order of 250 cm to acH
allel irradiation of the phantom.

d uniformity

htter
Hard
ired,
d its

er of the field shall be sufficient to completely and uniformly irradiate the detector and, if

cm.
just
field
ieve

The air kerina rate at each point of test shall not;vary by more than 5 % over the entire cross-sectjonal

area of the

4.3.3 Scafttered radiation

4331 G

Both the fol
due to scatt]
aid of a sec
to air kerm
considered

ensitive volume of the detector under test or over the entire area of the phantom.

eneral

owing tests shall’be carried out to check that, at the experimental distances, the contribt
ered radiationtis)less than 5 % of the air kerma rate. These tests shall be carried out wit]
bndary standard ionization chamber of adequate sensitivity whose variations in resp
h as a fufiction of photon energy and direction of radiation incidence are small withiy
range ofthe spectrum, e.g., in accordance with ISO 4037-2:2018, 4.3.

4.3.3.2 T

ition
h the
bnse
1 the

pst 1

Measure the air kerma rates on the central axis of the beam at the various points of test. The air kerma
rates, after corrections for air attenuation and for chamber size, if applicable, shall be proportional
within 5 % to the inverse square of the focus to detector distance. For corrections of air density,
see [SO 4037-4.

4.3.3.3 Test2

At each distance employed in test 1, measure the air kerma rate after displacing the chamber, in a plane
perpendicular to the axis of the beam, by a distance, which is equal to twice the radius of the beam plus
its penumbra at that distance. The air kerma rates of the scattered radiation outside the direct beam
shall be less than or equal to 5 % of the corresponding air kerma rates on the central axis.
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4.4 Summary of the requirements for reference X radiation fields

In Table 13 the requirements on both matched and characterized reference X radiation fields are
summarised.

Table 13 — Summary of the requirements for reference X radiation fields

Limit of variation of characteristic for

characterized ref. radiation
field

Characteristic matched ref. radiation field

Iprama i £ 1
154

Men PN
dpoartmtrcorTo

P
P
P

0 Q or measured and considered for tube potential measurement,

Profective resistor in tube housing see 4.2

Devjation of mean value of the tube
potdntial during irradiation from nom-
inalfvalue

Uncertainty (k = 2) of the tube potential
Staljility of the tube potential, U

0,2 % to 5 %, see values in‘Table 7

0,2 % to 5 %, see values‘of Table 7
0,2 % to 5 %, seecvaldes of Table 7
0,4 % to 10 %, see twice the values of Table 7
Tungsten (W)

>7°, for angles from 7° to below
20°, the heel effect{ shall be
considered

(@]

Ripple of the generating potential, U

Material of X-ray tube anode

20° for U < 30 kV and 15° to 40°

Angle of target of the X-ray tube for U> 30 R\

Material of X-ray tube window for refer-
encq X radiation qualities with 1 mm Be
nomjinal inherent filtration

Beryllium (Be) Beryllium (He)

Thidkness of X-ray tube window for ref-
erer]ce X radiation qualities with 1 mm
Be nominal inherent filtration

<1 mm;see 4.2.3, for deviations
see Table 8

<4 mm, see 4)2.3

Matgrial of X-ray tube window for refer-
encg X radiation qualities with 4 mm Al
nontinal inherent filtration

Preferably Beryllium (Be) or

Beryllium (Be) aluminium (Al)

erer
Aln

Thidkness of X-ray tube window(for ref-

ce X radiation qualities with 4 mm
bminal inherent filtration

<10 mm,
see 4.2.3

<10 mm Be or <1,
see 4.2.3

mm Al,

Inhd

rent filtration

Adjusted to 1 mm Be or 4 mm Al,
see 4.2.3

Adjusted as far as ppssible to
1 mm Be or 4 mm Al, see 4.2.3

Filty

ation, matenial purity

See Table 10, upper limit for surface density of impurjties be-
tween 0,3 % and 1 % for aluminium of thickness up to
between 1 % and 5 % for tin and lead of all thickn¢sses

8 mm and

Dev
nom

ation‘ef'mean filter thickness from
imal value

<2 % to <10 %, see Table 11

<10 %

Field diameter

Sulficient to 1rradiate the complete dosemeter or phantom,

see 4.3.1
Better than 5 %, see 4.3.2

Less than 5 %, see 4.3.3

Field uniformity

Scattered radiation

4.5 Validation of reference X radiation

4.5.1 General

An X radiation field produced according to the requirements given from 4.1 to 4.3, which are
summarised in 4.4, is considered a reference radiation field.
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For matched reference radiation fields, a validation is required for any radiation quality in order to use
the recommended conversion coefficients given in ISO 4037-3. The following methods for a validation
are possible:

a) Dosimetry, see ISO 4037-2:2018, 5.3;

b) Measurement of HVLs of the reference fields, see from 4.5.2 to 4.5.4;

c) Spectrometry, see ISO 4037-2:2018, 5.3 and Annex B.

A validation by measuring the HVLs cannot be performed for all matched reference radiation qualities,

for details

ee4 52

If a validat

of 10 mm the validation is also valid for the depths 3 mm and 0,07 mm. If a validation is performe

the depth o
validation if

For charact
of radiation
be used. Th

a) Spectrg

f 3 mm the validation is also valid for the depth 0,07 mm but not for the depth, 10 mm|
performed for the depth 0,07 mm the validation is not valid for the depths 3'mm and 10

erized reference radiation fields, no validation is required as any radiatipin field at any 4
incidence used shall be calibrated for each phantom related quantity)and each phanto
e following calibration methods are possible:

metry, see ISO 4037-2:2018, 5.3 and Annex B, and calculation of'the conversion coeffic

for eaclh phantom related quantity and each phantom to be used; 6r

b) Dosimg
quantit]

It is possibl
may not fu
10 mm, e.g.
matched re
the require

4.5.2 Cri

The first HV
The deviati
than the Al
conversion
each phantg
Tables 2 to
the allowed
Zutz et al.[2
reference X
uncertainty

try, see 1SO 4037-2:2018, Clause 6. This shall be performed for each phantom rel
y and each phantom to be used.

e to have, for the same X-ray unit, both types 6f'reference radiation fields. The X-ray
fil the requirements for a matched referenceradiation for the definition phantom d
due to enhanced deviations for the filter\thickness, but may fulfil the requirements
ference radiation for the definition phantom depths 3 mm and 0,07 mm, as for these d¢

ments for filter thickness are less stringént.

feria for validation by HVL determination

Ls for aluminium or coppershall be determined according to the method described in 4
bn of the measured HVL values from the nominal values given in Tables 3 to 6 shall be
HVL, abs Values specified in Table 14. These values limit the uncertainty of the respe
roefficients for the'specified phantom definition depths to 2 %. The values are calculate
m definition depth using the dependence of the conversion coefficients, see ISO 4037-3:]

change ofithe HVL value that leads to a 2 % change in the conversion coefficient. See
1], If, censidering the uncertainties, the requirements on the HVLs are fulfilled, ther

of'the measured HVL values (k = 2) shall be less than the values specified in Table 1

ADHVL, abs:

on of a matched reference radiation field is performed for the definition phantoin deth

d for
L If a
mm.

ngle
m to

ents

ated

unit
epth
for a
pths

.5.4.
less
Ctive
d for
018

b0 , on the HVhwalues, see the Tables 3 to 6. The slope of these curves is used to deterimine

also
the

radiatien fields are validated for the respective definition phantom depth, d. The combjined

1 for

Fortube potentials greater than 100 kV, the HVL shall be obtained from the extrapolati¢n to

infinitely small field size, see 4.5.4.

NOTE

The nominal values for HVL are taken from the catalogue of X-ray spectra by Ankerhold[4] or from

Ankerhold[13]. They are determined from the spectra by calculation. Published HVL values measured using
dosimetry and determined at X-ray units with high-voltage generators using high frequency switching supplies
are not available. First measurements of such HVL values for the N-series by the Physikalisch-Technische
Bundesanstalt (PTB) in Braunschweig and the Auswertungsstelle fiir Strahlendosimeter (AWST) in Munich, both
in Germany, indicate that the HVL values determined using dosimetry are about 2,5 % larger than the values
determined from the spectra by calculation.

According to 4.2.4, the smallest deviation, ADp); , of the measured mean filter thickness from its
nominal value, that can be achieved with reasonable effort, is given either by the relative deviation of
ADFit, rel = 3 % or by the absolute deviation of ADFjt, aps = 10 um, whatever is the greatest. This is also
true for the filters used for the HVL measurement. Therefore, all requirements on ADyyy, re] values of
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less than 3 % or ADyyL, abs vValues of less than 10 pm, whatever is the greatest, are considered to be not
achievable. In addition, ADyyL, abs values of more than 500 pm for aluminium or 200 um for copper are
set to 500 pm or 200 pum, respectively. These values are considered easily achievable.

Table 14 — Requirements on HVL determination for matched reference fields

Maximum absolute deviation of meas- Maximum absolute deviation of meas-
Radiation quality | it 0 tan and definition phan-| value for copper and definition phantom
tom depth d of depth d of
Short name 0,07 mm 3 mm 10 mm 0,07 mm 3 mm 10 mm
um um um um um um
L-10 100 2b —a
L-20 200 10 10
L-30 500 50 50
L-35 500 200 100
L-55 100 20 10
L-70 200 100 100
L1100 to L-240 200 200 200
N-10 50 0,5b —a
N-15 50 2b —b
N-20 100 10 5b
N-25 300 30 10
N-30 500 50 30
N-40 500 200 100
N-60 100 20 20
N-80 200 200 100
NF100 to N400 200 200 200
W-30 500 50 30
W-40 500 100 50
W-60 50 10 10
W-80 100 50 50
WH110 to W300 200 200 200
H-10 20 —a —a
H-20 50 2b —a
H-30 100 10 —a
H-40 300 50 20
H-60 500 100 100
H-80 50 20 10
H-100 100 50 50
H-150 to H400 200 200 200
a  No matched field possible, see 4.2.4.
b Considered as not achievable, see 4.5.2.

4.5.3 Apparatus for HVL measurement

The apparatus for the measurement of HVLs of the reference fields consists of the detector itself and
the measuring equipment, permitting a reproducibility (95 % confidence) of at least one third of the
value required by Table 14, in accordance with ISO 3534-1. The detector shall be an ionization chamber
and in line with the requirements given in ISO 4037-2:2018, 4.3 and shall have a diameter of less than
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3 cm. If the dose rate of some radiation qualities, e.g., for low energy radiations of the L- or N-series, is
too low to give a sufficient indication, then a larger diameter may be used.

A monitor chamber shall be used in order to permit application of corrections for fluctuations in the air
kerma rate.

4.5.4 HVL measurement procedure

The metal absorbers shall have a purity of at least 99,98 % with the exception of Cu absorbers
thicker than 2 mm, which shall have a purity of at least 99,95 %. For the selected reference radiation,
corresponding to the conditions specified in Tables 3, 4, 5, and 6, the following procedure shall be
carried outfto measure the HVL.

a) The mg¢thod of measurement of the HVL shall be in accordance with ICRU Report 20b[18]f and
Refererjce [19].

b) Ifa monitor ionization chamber is used during the measurement, it shall be placed between thegtwo
sets of peam collimators and be followed by the metal absorbers in such a manher that it doe$ not
respond to radiation backscattered from the absorbers.

c¢) The HVLs shall be determined using an ionization chamber with a sSmall dependence of the
responge to air kerma (rate) over the energy range of interest, e.g,; iivline with 1SO 4037-2:2018,
4.3. Corfrections shall be applied for any variation in detector respgn$e due to changes in the phpton
spectrym as the thickness of the aluminium absorber is increaséd.

d) The mgasurements shall be made in a manner such that hegligible scattered radiation from the
absorbérs reaches the detector, since such radiation would @hcrease the measured HVL. For radigtion
produced at potentials above 100 kV, extrapolation to infinitely small field size should be made.

e) The mdtal absorbers shall be located equidistant ftom the X-ray tube focus and from the detejctor.
The digmeter of the beam at the detector location shall be just sufficient to irradiate it completely
and uniformly. The diameter of the detector.shall be less than 3 cm. The distance between the njetal
absorbérs and the detector shall be at leastten times the diameter of the beam at the detector.

f) Plot thg attenuation curve f(D) = loge(l'(a,D) where Ka,D is the value of the air kerma rate whigh is

transm[[tted through a filter havinga thickness D.

g) From the attenuation curve determine the first and second HVLs.

NOTE Ifla validation is performed for the definition phantom depth of 10 mm, the validation is also alid
for the deptlls 3 mm and 0,07 wrim. If a validation is performed for the depth of 3 mm, the validation is also falid
for the depthl 0,07 mm butnet for the depth 10 mm, and if a validation is performed for the depth 0,07 mny, the
validation is|not valid fonthe depths 3 mm and 10 mm.

4.5.5 Criferia for validation by dosimetry

The secondarsz ctandard for tha nhantony ralatad auantity chall bhao tracaahly oo liheatad nn-'f] an
ay—Stahedra—o—ne—p € thot y—Earbiatea—wit

o rreorrr—reroree o TICICy —Oot DT traceoot

uncertainty (k = 2) of less than 4 % and the expanded overall uncertainty (k = 2) of the air kerma (rate)
value of the reference field shall be less than 6 %. For details and the numerical values of the criteria,
see ISO 4037-2:2018, 5.3.

4.5.6 Criteria for validation by spectrometry

The apparatus for the measurement of the fluence spectra shall be such that the conversion coefficients
determined according to ISO 4037-2:2018, 5.2 are determined with an uncertainty (k = 2) of less than
4 %, see e.g. ISO 4037-2:2018, Annex B.
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5 Gamma radiation emitted by radionuclides

5.1 General

Clause 5 specifies the characteristics of the reference Gamma radiation emitted by radionuclides and
the method and requirements by which a laboratory can produce a reference radiation field for a
selected radiation quality with target value of the expanded overall uncertainty (k = 2) of the dose(rate)
value of about 6 % to 10 %.

For all reference fields realized by means of gamma radiation emitted by radionuclides no distinction is
madge hetween matched reference fields and characterized reference fields This is due to the fact that
all the conversion coefficients from air kerma to the phantom related quantities vary onlyweakly with
photlon energy in the range from 600 keV to 1 400 keV. They are in the range from 1;06°to 1,22 for all
phamtom related quantities and, if applicable, for all phantoms. All reference radiation fields according
to tHis document shall be based on collimated sources.

5.2 | Radionuclides used for the production of gamma radiation

Calibrations of dosemeters and doserate meters by means of gamma radigtion emitted by rddionuclides
shal| be carried out with radiation from the radionuclides listed in Table 15.

Table 15 — Radionuclide properties

Radiation . Air kerma rate con-
. . Half-life a
Short name |Radionuclide energy stant
keV a uGy - h-1-m2 - MBq-1
S-Cs 137Cs 661,7 30,05 + 0,08[22] 0,079
1173,3
S-Co 60Co 5,271 1+ 0,000 8[22] 0,31
13325
a  The air kerma rate constant (see IERU Report 85al23]) is valid only in the case of an unshielded point
source. It is therefore given only as-a'guide and not as a means of determining the air kerma rates.

5.3 | Specification of radiatien sources

5.3.1 Sources

Sincg the source shaild be as small as possible, it is essential to use sources made of a|radioactive
subdtance having Sufficient mass related specific activity. The air kerma rate due to the principal
radipactive impu¥ity shall be less than 1 % of the air kerma rate due to the radiation of the igotope to be
utilized.

Table 16 \gives examples of specific activities and recommended chemical forms of tHe specified
radipactive nuclides. These examples are only given as a guide and not as a means of detefmining the

air Kermarates:

Table 16 — Specific activity and recommended chemical form of radioactive nuclides

. . . Specific activity .
Radioactive nuclide Bake-l Recommended chemical form
q-kg
137Cs 8,51 - 1014 Chloride
60Co 3,7 - 1015 Metal

NOTE 60Co is particularly suitable for providing sources having high mass related specific activity.

Since newly made sources of 137Cs may contain a significant amount of 134Cs, decay corrections should allow for the different
half-lives of these two caesium isotopes. The use of aged 137Cs sources is therefore recommended, but specifications of the
impurities shall be given by the source manufacturer.
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5.3.2 Encapsulation
The encapsulation of the sources shall comply with the requirements of ISO 2919.

The capsules shall be sufficiently thick to absorb the beta radiation from the sources, i.e., they shall
have a surface density of 0,2 g cm2 in the case of 60Co and 0,5 g cm-2 for 137Cs.

5.4 Irradiation facility and influence of scattered radiation

5.4.1 General requirements

The secondary standard ionization chamber used for all measurements shall be of adequate sensitivity.
Its variatiof in response to air kerma as a function of the energy and direction of radiationshould be
small and khown for the energy range of interest, e.g., as specified in [SO 4037-2:2018, 4.3.

The air kergna rate outside the collimated beam shall not exceed 5 % of that inside the collimated beam.
The radiatipn outside the collimated beam can be due to radiation scattered by thesenvironment and
due to leaklage radiation of the source safety enclosure and collimator scatter. The radiation inside
the collimafed beam includes that scattered from the source capsule, the source shielding and the
collimator.

5.4.2 Collimated geometry installation

The princippl characteristics and a schematic diagram of an example of an acceptable collimator deyice,
particularly applicable in the case of 60Co and 137Cs1) are shownin Figure 3.

Dimensions in millimetres

I

.\_\~\~\~\ 15
— ] 20
[ 3
151 213

Key

1 Co-60 source

2 beam axis

3  inner diameter

4 outer diameter

Figure 3 — Example of a collimator device

1) This kind of installation produces at most 5 % scattered photons for 137Cs and less for 60Co.
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The safety enclosure shall be made of lead or other high Z materials of sufficient thickness to reduce
the air kerma rate of the unwanted radiation passing through the enclosure to one-thousandth of the
primary beam. For 60Co, this thickness is 12,5 cm lead and for 137Cs, it is 6,5 cm lead. These values may
have to be increased in order to limit radiation exposure of users to acceptable levels.

A collimator shall be employed to define the shape and size of the primary photon beam. The collimated
installation shown in Figure 3 has a collimator that is conical in shape with the source at the apex. It
consists of a succession of at least six apertures, with a total thickness of about 90 mm and separated
from each other by 20 mm interstices, which serve as traps for the photons scattered by the edges of
the preceding aperture. The final aperture has a thickness of 3 mm and a diameter which is slightly
greater than the cross-section of the beam at that point. These apertures are made of tungsten alloy. An

exarhple for the composition of such an alloy is given in Table 17.
Table 17 — Example of composition of aperture alloy used in the collimator of Figure 3
Content by mass
Element
%
Tungsten 89
Nickel 7
Copper 4
The [beam cross-section shall be larger than that of the detectors and phantoms to be irrddiated. The
distgnce from the final aperture to the detector shall be gredter than or equal to 30 cm. The distance,

mea
cont
with

5.4

Inst
attel
to th
etc.

mag

ext
the

The

sured in beam direction, from the detector to the wall'of the room shall be sufficiently |
ribution to the air kerma rate of photons backscattered by the walls of the room to be
the requirements given in 5.5.

3
.

Variation of air kerma rate by means of lead attenuators

pad of using sources with different activities, the air kerma rate may also be varied by m|
uators for collimated beams of 137Cs and 60Co. The attenuators shall be placed in cl

and 38 mm, 76 mm, 114 mm etc. leads to a reduction in air kerma rate by successiy
hitude for 137Cs and 60Co,1fespectively. The stated numbers serve merely as a guidelin
ht of the attenuation depends on geometrical parameters such as field size. Therefore,
ir kerma rate at the paint of test shall be determined by dosimetric measurements.

€

g

range of attenuation’ may cover six orders of magnitude or more. Despite an increaseq

photfons which haveyundergone a scattering event with increasing attenuator thickness {

puri
nary

Usi
the

Ly of the radiation is maintained as the fluence spectra of all photons become pfi
ower, i. e-thé mean energy approaches more and more that of the emission line(s)[241[2

thistechnique requires an enhanced shielding of the source container to ensure the f]

arge for the
compatible

eans of lead
pse vicinity

e diaphragm. A sequence of leddjattenuators with thicknesses of about 20 mm, 40 npm, 60 mm,

re orders of
0. The exact
the value of

| fraction of
he spectral

ogressively
b,

ulfilment of

r:Fequirement of 5.4.1 and 5.5 for the attenuated collimated beam.

5.5 Checking installation conformity

The following test shall be carried out in order to check that, at the various experimental distances, the
air kerma rate outside the collimated beam shall not exceed 5 % of that inside the collimated beam.

The air kerma rates shall be measured on the axis of the beam at the various points of test. After
correcting for air attenuation, the air kerma rates shall be proportional within 5 % to the inverse
square of the distance from the source centre to the detector centre.
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6 Photon radiation with energies between 4 MeV and 9 MeV

6.1 General

Clause 6 specifies the characteristics of the reference radiation and the method and requirements
by which a laboratory can produce a reference radiation field for a selected radiation quality with an
expanded overall uncertainty (k = 2) of the dose(rate) value of less than 10 %, see Reference [26].

To provide reference radiation in the energy range between 4 MeV and 9 MeV is important because of
the 6 MeV photon fields produced by many nuclear power stations and other nuclear reactor systems,

aswellasb

v other high-PnPrgv photon sources Further energies are nat QpP(‘ifiPd since the variation

in response
this energy

6.2 Production of reference radiation

6.2.1 General

Photon refe
a) R-F:def
b) R-C:de

Examples df photon fluence spectra for these reference radiations are shown in Figures 3 and

Reference [

of most dosemeters and doserate meters with photon energy shows no discontinuity;
range.

rence radiation shall be produced by one of the following reactions
excitation of 160 in the 19F(p, ay)160 reaction, (see 6.2.2)[27){28}{29][30][31];

excitation of 12C (see 6.2.3)[30];

B2].

6.2.2 Ph

The reference radiation R-F shall be produced usinga particle accelerator to bombard a fluorine t3
(usually CaF;) with protons using the 19F(p, ay)}1£Oreaction.

The energ

protons incfdent on a thin target are shown in Figure 4. At this proton energy, the probability fo
decay of th¢ excited 160 state by emjsSion of 6,13 MeV photons is 97 %, 2,5 % for the 7,117 MeV
and 0,5 % for the 6,917 MeV level,-while the 6,05 MeV photon emission is negligible. The devis

from isotro
contributio
increase in

ton reference radiation from de-excitation-of 160 in the 19F(p, ay)160 reaction

levels and the relative emission jprobabilities resulting from this reaction for 340,5

ic emission of these-photons is less than 3,5 %. At the higher proton energies, the rel
h of the 6,13 MeV phatons decreases in favour of the higher energy photons, and there
the contributiondy contaminant reactions, for example (p, p'y) and pair production.

over
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rget
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160

Figure 4 — Energy levels and emission probabilities of photon radiation from th¢
of 16N (left) and from the de-excitation of 160 fer; an incident proton energy of 34
on 19F (right)[33]

ive photon emission rate (yield) as a function of proton energy is illustrated in Figure

targpt to be considered negligible.

Depé¢nding on the required gyield, the proton energy chosen for the production of th
radiation shall be either on€ of the resonance energies (340,5 keV or 872,1 keV) or a conver]
between 2 MeV and 3 MeV.If a high yield is required and a contamination contribution with
gampmas (110 keV and“197 keV) to the air kerma of approximately 4 % can be tolerated
energy close to 2,7, M€V, incident on a target of approximately 6 mg-cm~2 in surface densit
used (see also 64.3). For the purest possible reference radiation, 340,5 keV protons shot
proviided that thelower air kerma rates are acceptable. For the 340,5 keV proton resonance
shal| be carried out both on-resonance and off-resonance by -10 keV in order to allow for
any low-energy and non-resonant radiation originating from the accelerator. The differen
the ¢n-resonance and the off-resonance calibrations shall be taken as due only to the 6,13

p decay
0,5 keV

5. As target
the photon

ation in the

e reference
ient energy
low energy
protons of
y, should be
1ld be used,
calibration
he effect of
ce between
MeV photon

radiftioh and to associated knock-on electrons.

Care should be taken to prevent fluorine other than that of the target from being introduced into the
accelerator.

Typical yields and air kerma rates are given in Table 18 for four different incident proton energies, for a
proton current of 1 pA and a target surface density of approximately 6 mg-cm-2. As an example, a target
of (6 to 7) mg-cm-2 CaF2 on a 2 mm carbon backing is used.

NOTE The proton energy loss in such a target is approximately 600 keV for a 2,7 MeV incident proton.

Detailed characteristics of a R-F reference radiation field produced with 2,7 MeV protons bombarding
a target of (6 - 8) mg-cm-2 CaF, on 2 mm carbon are given in Table A.1 of Reference [32], including a
list of the contributions of Photons, Electrons and Neutrons. Typical photon fluence and ambient dose
equivalent spectra are given in Figure 3 of Reference [32].
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Key
X  proton gnergy, MeV
Y thin-target relative yield

Figure|5 — Thin-target photon yield as a function of proton energy for the 19F(p, ay)160|
reaction (R-F field)

Table 18 — Typical photon yields and air kerma rates for characterized proton energies
and 1 pA proton current

Proton energy Photon yield Typical afi:cl:llgllifte atlm
MeV s71 uGy-h-1
0,340 5 (resonance) 105 0,05
0,872 1 (resonance) 106 0,5
2,05 6-107 30
2,7 2-108 100

6.2.3 Photon reference radiation from de-excitation of 12C

The reference radiation R-C shall be produced by using a particle accelerator to bombard a carbon
target with protons, resulting in the population of the lowest excited level of 12C at 4,44 MeV followed
by a de-excitation using the 12C(p, p'y)12C reaction.
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The target shall consist of a layer of high-purity carbon. If natural carbon is used, two further reactions

com

a)
b)

At a

pete with the 12C(p, p'y)12C reaction:
13C(p, p'y)13C, resulting in 3,09 MeV photon radiation;

13C(p, n)13N, resulting in 0,511 MeV annihilation photons, stemming from the pos

itron decay

of 13N which has a half-life of 9,96 min. A steady state between production and decay of 13N is
reached about 20 min after the reaction is started (i.e. after the proton beam is switched on).
During this period, the reference radiation shall not be used. At steady state a significant amount of
neutrons with Ey < 2,65 MeV are produced. In terms of H*(10) this is about 36 % for natural carbon,

see Table A.2 in Reference [32].

proton current of 1 pA, a proton energy of 5,5 MeV and at a distance of 1 m from thg

photon fluence rates are about 160 cm=2-s-1, 12 cm=2-s-1 and 1 800 cm~2-s-1, and the coxres

kern

4,44

Detd
a tai

ha rates are about 1,4 pGy-h-1, 0,046 pGy-h-1 and 85 puGy-h-1 for the lines at 0,511 MeV, 3
MeV respectively.

get of 2 mm carbon are given in Table A.2 of Reference [32] including a list of the cd

of Photons, Electrons and Neutrons. Typical photon fluence and ambient’dose equivalent

give

6.3
The

sped

h in Figure 4 of Reference [32].

Beam diameter and uniformity of radiation field

requirements on beam diameter and uniformity ofradiation field shall be identid
ified in 4.3, except that the term “focus” shall be replaced by “target”. If the area of thg

sufficient to irradiate the dosemeter or phantom cenipletely and uniformly, they should

acro|

ss the beam. This technique is not always applicable to dose rate instruments.

To fylfil the requirements on beam diameter afid uniformity of radiation a distance of at le

reqy

6.4

6.4.]

Cont
the 1
infly

shal

Both
from
Refe
ener

by p

ired, see ISO 4037-2:2018, 10.3.
Contamination of photon reference radiation

|  General

amination of the reference radiation by neutrons, electrons and by photons of energy

ence of the contamination on the readings of the dosemeters and doserate meters bein
be determined:

the photen reference radiation and the associated photon contamination may
photon.and neutron fluence and ambient dose equivalent spectra given in Figures 1
rence[32]. Since the variation in response of most dosemeters and doserate meters ¥
gy iSssmall and shows no discontinuities over the energy range from 4 MeV to 9 MeV, cof

eference energy shall.be assessed, for typical values see Tables A.1 and A.2 of Referengce

target, the
ponding air
09 MeV and

iled characteristics of a R-C reference radiation field produced with 5,7\MeV protons hombarding

ntributions
spectra are

al to those
field is not
be scanned

hst 95 cm is

other than
[32]. The
b calibrated

e assessed
3 and 4 of
vith photon
itamination

oton r:-nprgipc r‘]ifﬁ:ring hy up-to around 1 MeV from the reference beam energy may L

e tolerated.

In addition, also 110 keV and 197 keV photons are present in R-F, see Reference [32]. In instruments
containing beryllium, tin or lead, the effects caused by photonuclear reactions in these materials
are negligible. Methods of reducing the contamination of the reference radiation are described in
References [27], [28], [34], [35], [36], [37] and [38]. The most prevalent forms of contamination of the
reference radiation produced by the specified methods are given in 6.4.2 to 6.4.3.
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6.4.2 Contamination of reference radiation common to all methods of production of reference
radiation

The following sources of contamination in reference radiation fields are common to all production
methods of high energy photon reference radiations:

a) photons with energies of 0,511 MeV are produced by positron annihilation after pair production
events in the target chamber and in the walls of the calibration room and in filter materials, if used;

b) beta particles created in the target as a consequence of a nuclear reaction, or electrons created by
photons at or near the target and in the intervening air space, cause considerable contamination of
the ref’ Fernce< ad;atiuu. Ful thcn \,Uutaluiuatiuu catrat ;oc fl Ot aooupiatcd bl emsstt ahluus,

c) scattering of photons of the reference radiation in the target and any material in its vicinity) e.g.,
metal ¢f the pipe vacuum chamber or the base material of the target, produces lower-energy
photonp contributing at least 1 % to the air kerma rate.

6.4.3 Additional contamination of accelerator produced reference radiationfrom de-

excitation ¢f 160

In addition
chamber
reference r
energies b
increasing
air kermar

o the forms of contamination listed in 6.4.2, which can be reduced*by decreasing the tdrget
ss, discrete gamma radiations from nuclear reactions are induced in the target foq R-F
diation by the proton beam. At proton energies between2*'MeV and 3 MeV, photons with
ween about 0,1 MeV and 1,5 MeV are produced by the®F(p, p'y)19F reaction, with yjelds
ith proton energy. At a proton energy of 2,7 MeV, thisreaction contributes about 4 % off the
te from the 6 MeV to 7 MeV reference radiation. In ¢ase the target is made of CaFy, a small

contributiof of about 0,2 % neutrons from (p, n)-reactions in\€a is present to ambient dose equiva
see Referer]ce [32]. The use of a filter made of a high atomic-number material, e.g. lead, around
target to eliminate the low-energy photon contamination increases contamination by electrons
annihilation radiation[38].

lent,
the
and
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calibration of dosemeters and doserate meters by means of fluorescence radiation m
( fluorescence lines of certain materials having energies between 8,6 keV and*100 ke\
riven, as a first approximation, by that of their Ky line (see Figure A.1). The ‘contributi
is made negligible with the aid of secondary filters whose K-absorption-edges lie bety
(s lines (see Table A.1).

General

Lhe reference fluorescence radiation fields sufficient information on the fluence spe
requirements for all relevant parameters for the matched or characterized reference
able to achieve the targeted overall uncertainty of:about 6 % to 10 % for the phan
ational quantities. There is a paper of Behrens efal.[32] on fluorescence radiation f
Vs some deficiencies of the fields specified by Table A.1, but there is no practical exp¢
e fields. Therefore, the reference fluorescence'radiation fields as specified by ISO 4037
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ronversion coefficients given in ISO 403%-3 are only given as estimated values. For an
escence radiation field, the conversion coefficients and the achieved overall uncert
idual determination.
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Figure'A.1 — Uranium spectrum

A.3 Fluorescence X-ray.installation

A.3.1 General

The installation comiprises an X-ray unit and a fluorescence device made up of a radiator, filters, a
primary digphragm, a secondary diaphragm and a trap (see Figure A.2).

A.3.2 X-ray-tunit

The material of the anode of the X-ray tube shall be tungsten. The same X-ray unit as that described
in 4.2 may be used. The high voltage shall be stabilized so that variations do not exceed +5 % of the pre-
set voltage.

In order to take account of possible fluctuations in the air-kerma rate, use shall be made of a monitor
chamber irradiated by the secondary radiation beam, the chamber being constructed or placed so that
it does not increase the secondary filtration significantly.
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Figure A.2 — Schematic diagram of a K-fluorescence X-ray installation
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A3.3 Fluorescence device (see Figure A.2)

A.3.3.1 Radiators

The radiators shall be chosen from among those listed in Table A.1. The radiator materials shall have
a minimum purity of 99,9 %. The radiators may be in the form of thin metal foils or in the form of a
powdered compound (oxide, carbonate or sulphate) dispersed in a plastic binder which contains only
materials having atomic numbers low compared with those of the fluorescence elements (i.e. Zgff < 8).
The radiator support should also be constructed from materials having atomic numbers low compared
with those of the radiator element.

A.3.8.2 Filters

A primary filter (or filters) shall be used to limit the low-energy components of the primary beam that
do njot contribute to the production of fluorescence radiation. A filter (or filters), shall beused in the
secondary beam to eliminate the L lines and reduce the intensity of the Kz lines.relative to the Ky lines.
Theilr characteristics are given in Table A.1.

A.3.3.3 Primary diaphragm

A prjmary diaphragm, situated at the output of the X-ray tube, shalHimit the area of the exfiting beam
to that of the radiator, in order to minimize any extraneous scatter from the radiator supporjts and from
the yvalls of the fluorescence device.

A.3.3.4 Secondary diaphragm

This|diaphragm limits the angle of the beam of fluoréscence radiation and thus reduces thg magnitude
of the radiation scattered by the environment?),

A.3.8.5 Trap

A trap shall be placed in the path of the'primary radiation to prevent any scattered radiatign produced
by the primary radiation from contaminating the fluorescence radiation. It may consist of a room
having large dimensions, if possible, into which the primary beam is released.

A.3.3.6  X-ray shielding

The[zone reserved for“experiments shall be isolated with the aid of an X-ray scre¢n or other
protlective device.

A.4| Operating conditions

A4.1 Geometry

The radiator shall be angled at 45° £ 5° relative to the axis ol the primary X-ray beam, and fluorescence
radiation whose direction forms an angle of 90° with that of the primary beam shall be used

(see Figure A.2).

To provide sufficiently high air-kerma rates in the secondary beam, the tube should be brought as close
as possible to the radiator and the primary beam should irradiate the greatest possible area of the
radiator.

The point of test should be at a distance from the radiator compatible with the air-kerma rate desired,
and the variation in the air-kerma rate of the secondary beam over the area of the detector employed
shall not be greater than 5 %. The beam cross-section at the point of test shall always be greater than
the cross-sectional area of the instrument being calibrated.

2) Here the environment is taken to consist of the walls, the supports and other accessories of the installation.
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