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FOREWORD

Occupational radiation protection is a major component of the support for
radiation safety provided by the International Atomic Energy Agency to its Member
States. The objective of the IAEA Occupational Protection Programme is to promote
an internationally harmonized approach to optimizing occupational radiation
protection through the development and application of guidelines for restricting
radiation exposures in the workplace and for applying current occupational radiation
protection techniques.

Requirements for occupational radiation protection are presented in Appendix |
of the International Basic Safety Standards for Protection against lonizing Radiation
and for the Safety of Radiation Sources (BSS), co-sponsored by the Food and
Agriculture Organization of the United Nations (FAO), the IAEA, the International
Labour Organization (ILO), the Nuclear Energy Agency of the Organisation for
Economic Co-operation and Development (OECD/NEA), the Pan American Health
Organization (PAHO) and the World Health Organization (WHO).

Occupational exposure to ionizing radiation can occur in industry, medical
ingtitutions, research establishments, universities and nuclear fuel cycle facilities.
Adequate radiation protection for workersis an essential requirement for the safe and
acceptable use of radiation, radioactive materials and nuclear energy. Guidance on the
application of the requirements of the BSS to occupational protection isgiven in three
interrrelated Safety Guides: Occupational Radiation Protection (RS-G-1.1);
Assessment of Occupational Exposure due to External Sources of Radiation
(RS-G-1.3); Assessment of Occupational Exposure due to Intakes of Radionuclides
(RS-G-1.2).

This Safety Report provides guidance on the establishment and operation of
calibration facilities for radiation monitoring instruments. It reflects the current
internationally accepted principles and recommended practices in calibration
procedures, taking into account of the major changes and developments that have
occurred over the past decade.

This publication isthe result of the efforts of several experts who have provided
material and drafted and reviewed the text. The IAEA gratefully acknowledges the
assistance of all these contributors. The IAEA officers responsible for the preparation
of this report were R. Griffith and R. Ouvrard.
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1. INTRODUCTION

1.1. BACKGROUND

Since the publication of Technical Reports Series No. 133 [1] in 1971,
considerable progress in standardizing reference radiation fields and calibration
procedures has been made by the International Organization for Standardization
(1SO). In addition, the International Electrotechnical Commission (IEC) has produced
many standards on the performance specifications and type testing of radiation
protection monitoring instruments.

A network of secondary calibration laboratories has been set up by WHO/IAEA
in many countries. Although these laboratories were primarily concerned with
therapy standards they are increasingly becoming more concerned with calibrating
radiation protection instruments.

The change to Sl units in radiation monitoring as well as the introduction of
new operational quantities in ICRU Reports 39, 43, 47 and 51 [2-5] make it
additionally important that Ref. [1] be revised to reflect all these changes.

In assessing whether a particular radiation monitoring instrument is adequate
for its intended use, and before it is used for the first time, it is important to have
access to reliable type test data on this instrument. Often the instrument manufacturer
does not possess facilities for complete type testing and sometimes even cannot
calibrate the instrument over the complete dose equivalent range with a reference
rediation. There is a tendency for new users of radiation monitoring instrumentation
to overestimate the facilities of the manufacturers. Each individual instrument should
be calibrated before its first use and then should be recalibrated periodically, usually
every 12 to 14 months. In some countries, type test and period calibration are already
prescribed legally.

There were examples in the past of inadequate calibration procedures having
caused large errors in some dose estimates.

1.2. SCOPE

This report is intended to serve those who are establishing or operating
calibration facilities for radiation monitoring instruments. The sources of radiation
and associated apparatus and calibration techniques presented are examples of what
established calibration laboratories have deemed adequate. However, these are not to



be considered as the only suitable methods and instruments available for proper
calibration. The reader’s attention isdrawn to the bibliography for alist of documents,
which also covers other calibration techniques.

Because of the multitude of applications for radiation monitoring
instrumentation, e.g. in medicine, radiography or agriculture, it is impossible to
describe the complete calibration of al instruments in one report. However, the
considerations described here should serve as a basis for calibrating radiation
protection instruments.

In addition to presenting a description of calibration facilities and procedures,
this Safety Report includes appropriate definitions and describes appropriate methods
for the statement of uncertainties in measurements. An example of a calibration
record is provided.

1.3. PURPOSE OF CALIBRATION

The primary objectives of calibration are:

(1) To ensurethat an instrument is working properly and hence will be suitable for
its intended monitoring purpose.

(2) Todetermine, under acontrolled set of standard conditions, the indication of an
instrument as a function of the value of the measurand (the quantity intended to
be measured). This should be done over the complete range of indication of the
instrument.

(3) Toadjust theinstrument calibration, if possible, so that the overall measurement
accuracy of the instrument is optimized.

This Safety Report describes a comprehensive range of calibration equipment
and techniques. However, the scope of tasks performed by any particular facility will
depend on the types of instrument that must be calibrated, aswell as on the conditions
under which the instruments are likely to be used. The facilities may range from those
which perform routine calibration or checks using simple assemblies to highly
sophisticated laboratories where detailed energy response characteristics can be
determined. The more sophisticated of these facilities will have a range of reference
instruments and reference sources which, in general, will be compared with national
primary standards, which may themselves be subject to international
intercomparison.



2. TERMINOLOGY, QUANTITIESAND UNITS

2.1. TERMINOLOGY

Reference instruments

Reference instruments should be secondary standards calibrated with primary
standards by a national primary laboratory or at an acknowledged reference
laboratory which holds appropriate standards. Alternatively, the secondary standards,
if they are national standards, may be calibrated by the Bureau International des Poids
et Mesures (BIPM) in Paris.

Where the reference instrument is not a secondary standard it should be
calibrated against other secondary standards or against tertiary standards which have
been calibrated against secondary standards.

Reference source

A reference source should be a secondary standard source calibrated with
primary standards by a national primary laboratory or at an acknowledged reference
laboratory which holds appropriate standards. Alternatively, the secondary standard
source, if it is anational standard source, may be calibrated by the BIPM.

Where the reference source is not a secondary standard source it should be
calibrated against other secondary standards or against tertiary standards which have
been calibrated against secondary standards.

Primary standard

A standard with the highest metrological qualitiesin a specified field. Primary
standards are maintained at national laboratories that (a) perform research for the
purposes of metrology and (b) participate in recognized international inter-
comparisons of primary standards laboratories, co-ordinated, for example, by the
BIPM.

Secondary standard
A standard whose value is fixed by direct comparison with a primary standard

and which is accompanied by a certificate that documents this traceability. The
secondary standards maintained by the IAEA Secondary Standards Dosimetry



Laboratory (SSDL) network laboratories are intended to be recognized by an official
national decision as the basis for fixing the value, in the country in question, of al
other standards of the quantity concerned.

Tertiary standard
A standard whose value is fixed by comparisons with a secondary standard.
National standard

A standard recognized by an official national decision asthe basisfor fixing the
value, in a country, of al other standards of the given quantity.
In general, the national standard in a country is aso the primary standard.

Measuring instruments

A device intended to make a measurement, alone or in conjunction with other
equipment.

Within this report, measuring instruments are dosimeters, dose rate or
dose equivalent ratemeters and monitors, surface contamination meters and moni-
tors, etc.

Calibration factor

The calibration factor, N, is defined as the conventiona true value of the
quantity the instrument is intended to measure (the measurand), H, divided by the
indication, M (corrected, if necessary) given by the instrument, i.e.

N:i
M

The calibration factor is normally only quoted for one reference radiation, and
there may not be a unique factor applicable to the whole of an instrument’s
measurement range, in which case the instrument is said to have a non-linear
response.

The calibration factor N is dimensionless when the indicated value already has
the same units as the measurand; a perfectly accurate instrument should have a
calibration factor of one.

Thereciprocal of the calibration factor is equal to the response under reference
conditions. In contrast to the cdibration factor which refers to the reference
conditions only, the response is applicable to the conditions prevailing.



Response

Theresponse R of ameasuring instrument is the quotient of the indication M of
the instrument and the conventional true value of the measurand.

Note: The type of response should be specified, e.g. ‘fluence response’
(response with respect to fluence, @):

Ry =M@
or ‘dose equivalent response’ (response with respect to dose equivalent):
R,=MMH

Note: The response R (with respect to fluence or dose equivalent) usually varies
with the spectral and directional distribution of the incident radiation. It is, therefore,
useful to consider the response as a function R(E, Q) of the energy E of the incident
radiation and of the direction Q of the incident monodirectional radiation. R(E)
describes the ‘ energy dependence’ and R(Q) the ‘angle dependence’ of the response;
for the latter, Q is occasionally expressed by the angle a between the reference
orientation of the instrument and the axis of the incident monodirectional field.

Conventional true value (of a quantity)

The conventional true value of a quantity is the best estimate of the value,
determined by a primary or secondary standard or by a reference instrument that has
been calibrated against a primary or secondary standard.

Note: A conventional true value is, in general, regarded as sufficiently close to
the true value for the difference to be insignificant for the given purpose.

Conversion coefficient

Two types of conversion coefficient are of importance for this report, the
kerma-to-dose equivalent conversion coefficient for photon radiation and the fluence-
to-dose equivalent conversion coefficient for neutron radiation:

The kerma-to-dose equivalent conversion coefficient, h,, is the quotient of the
dose equivalent, H, and the kerma, K, at a point in the radiation field:

h = HIK,

The neutron fluence-to-dose equivalent conversion coefficient, hq, is the
quotient of the dose equivalent, H, and the fluence, ¢, at a point in the radiation field:



h(p: H/p

Any statement of these conversion coefficients requires the statement of the
type of dose equivalent, e.g. ambient, directional or persona dose equivalent. The
conversion coefficient depends on the spectral (and, for Hp(lo), Hp(0.07) and
H'(0.07), also on the directional) distribution of the incident radiation. It is, therefore,
useful to consider the conversion coefficient as a function of the energy E of
monoenergetic photons at several angles of incidence. This set of basic data is
frequently called the conversion function.

Relative intrinsic error, 1(%)

Therelativeintrinsic error is defined as the quotient, expressed as a percentage,
of the error of the indication, H — M, of a quantity by the conventional true value of
the measurand, H, when the measuring instrument is subjected to a specified
reference radiation under specified reference conditions, i.e.

H-M

1(%) = x 100

Response time

The time interval between the instant that an instrument is exposed to a
radiation source, and the instant that the instrument response reaches 90% of its
steady state value.
Instrument overload

Exposure of an instrument to aradiation field having adose rate in excess of its
intended upper limit of use.
Reference point of a measuring instrument

The reference point of a measuring instrument is the point to be used in order

to position the instrument at the point of test. The reference point should be marked
on the instrument by the manufacturer. If this proves impossible, the reference point



should be indicated in the accompanying documentation supplied with the
instrument.

Point of test

The point of test is the point at which the reference point of the instrument is
placed for purposes of calibration or type test and at which the conventionally true
value of the measurand is known.

Mean energy expended in a gas per ion pair formed, W

The mean energy expended in a gas per ion pair formed, W, is the quotient of
theinitial kinetic energy of acharged particle completely dissipated in the gas and the
mean number of ion pairs formed.

Unit: 1 joule (J)

W may be expressed in eV (1 eV = 1.602 x 101° J).

Half-value layer (air kerma), HVL

The half-value layer (air kerma) (HVL) is the thickness of specified material
attenuating the photon beam to an extent such that the air kermarateis reduced to one
half of its original value. In this definition, the contribution of all scattered photon
radiation other than any that might initially be present in the beam is thought to be
excluded. This definition is used in this report only in specifying the radiation quality
for photons under narrow beam conditions. The term half-value layer, in connection
with broad beam attenuation, which is aso used in certain radiation protection
applications, is not used in this report.

1 When calibrating or type testing a personal dosimeter, the dosimeter and the
recommended standard test phantom should be regarded as a unit. The reference point of this
unit by convention is the reference point of the dosimeter, and this should be positioned at the
point of test.



Effective energy, E4

The effective energy, E;, of radiation comprised of X rays with a range of
energies is the energy of those monoenergetic X rays the have the same HVL.

Residual maximum energy, E,

The residual maximum energy, E,, is the maximum energy of the beta
spectrum from all beta decay branches of a radionuclide at the calibration distance.
E,iSlessthan the corresponding E,,, as the spectrum is modified by absorption and
scattering in the source material itself, the source holder, the source encapsulation and
other media between the source and the calibration position.

2.2. OPERATIONAL QUANTITIES AND QUANTITIES USED FOR THE
CALIBRATION OF SURFACE CONTAMINATION MONITORING
INSTRUMENTS

22.1.  Adctivity

The activity, A, of an amount of radioactive nuclide in a particular energy state
at agiven timeisthe quotient of dN and dt, where dN is the expectation value of the
number of spontaneous nuclear transitions from that energy state in the time
interval dt:

dN

A=—
dt

Unit: s1. The special name for the unit of activity is becquerel (Bg). 1Bg=1s1.

2.2.2. Particle flux

The particle flux, N, isthe quotient of dN and dt, where dN is the increment of
particle number in the time interval dt:

N <IN
dt
Unit; st

For radiation protection purposes, the apha surface flux, B,, and the beta
surface flux, By, expressed in reciprocal seconds (s} are often of more importance
than the activity expressed in Bg. The numerical values of the particle flux of asource



and of its activity are usually different, because of self-absorption, scattering and
emission probabilities of the particles.

Although the surface contamination is usually referred to in terms of activity
per unit area, A, most instruments can only indicate the flux of alphaor beta particles
emitted from the face of a source — the surface flux B, or By (the ‘surface emission
rate’) [6]. Its unit is s,

The numerical values of A, B, and By are related by the following formulas:

B, = AP K, FL
- -1
By = APSKF

where P, and P; are the alpha and beta emission probabilities (e.g. 0.893
for 40K).

K, and K take into account self-absorption in the source and mounting,
backscatter from the source, and its mounting and backing material. (K, and K are
approximately 0.5 for thin sources with negligible mounting and backing material.)
F isthe area of the source.

2.3. OPERATIONAL QUANTITIES AND PHANTOMS FOR DOSIMETERS
AND DOSE RATE METERS

2.3.1. Genera

In 1991, the International Commission on Radiological Protection (ICRP) [7]
recommended a revised system of dose limitation, including specification of primary
limiting quantities for radiation protection purposes. The IAEA has incorporated the
recommendations of the ICRP in its Basic Safety Standards [8]. The dose limitation
system is based on the equivalent doses in various organs or tissues, H,, of an
individual and the weighted sum of the equivalent doses in some tissues and organs
— the effective dose, E. These protection quantities are essentially unmeasurable.
They must be estimated through the use of quantities that can be measured under
operational conditions — the operational quantities. They are defined under receptor
present conditions, i.e. in terms of a receptor which is (a) the ICRU sphere for area
monitoring (Section 2.3.2); or (b) the human body for individual monitoring
(Section 2.3.3).

Radiation can be characterized as either ‘weakly penetrating’ or ‘strongly
penetrating’, depending on which dose equivalent is closer to its limiting value. For
weakly penetrating radiation, either the dose equivalent in the lens of the eye or that
in the skin is relevant. For strongly penetrating radiation, the effective dose is



TABLE I. SUMMARY OF OPERATIONAL QUANTITIES

Operational quantity for

External radiation Limiting quantity
_ individual
area monitoring .
monitoring
Strongly penetrating Effective dose H* (10) H,(10)
radiation
Weakly penetrating Skin dose H'(0.07, a) Hp(0.07)
radiation
Dose to the lens H'(3, a) H,(3)
of the eye

appropriate. A summary of the operational quantities distinguished according to the
penetration is given in Table .

Figure 1 illustrates the relationship between the reference radiation fields, the
physical quantities that characterize the dosimetric properties of the reference

Reference radiation fields

A

Physical quantities that characterize the dosimetric properties of the reference
radiation fields:

Fluence, ¢(E, y);
tissue kerma, Ky; air kerma, Kj;
absorbed dose to tissue, Dy; absorbed dose to air, D,

A

Quantities used for calibrations and type tests
derived from the physical quantities:

Ambient dose equivalent, H*(d);
directional dose equivalent, H'(d, y);
personal dose equivalent, Hp(d), in a phantom
having the composition of the ICRU tissue

FIG. 1. Reference radiation fields, physical quantities that characterize the dosimetric
properties of the reference radiation fields, and quantities used for calibrations and type tests.

10



radiation fields, and the quantities used for calibrations and type tests. Reference
fields recommended by the 1SO are established in the calibration laboratory. The
basic radiation quantities that characterize the reference radiation field are measured
with reference instruments. Quantities related to calibrations and type tests are
derived from the basic radiation quantities by appropriate conversion coefficients.
Personal dosimeters designed to accurately measure the quantities defined in the slab,
pillar or rod phantom may be assumed to indicate the operationa quantity, Hp(d),
with good approximation.

2.3.2. Areamonitoring

For purposes of routine radiation protection, it is desirable to characterize the
potential irradiation of individuals in terms of a single dose equivalent quantity that
would exist in a phantom approximating the human body. The phantom selected is
called the ICRU sphere. The ICRU sphere [5] is a 30 cm diameter tissue equivalent
sphere consisting of a material with adensity of 1 g-cm3 and a mass composition of
76.2% oxygen, 11.1% carbon, 10.1% hydrogen and 2.6 % nitrogen. This material is
called ICRU tissue.

For area monitoring, it is useful to stipulate certain radiation fields that are
derived from the actual radiation field. The terms ‘expanded’ and ‘aligned’ are used
to characterize these derived radiation fields. In the expanded field, the fluence and its
directional and energy distributions have the same value throughout the volume of
interest as in the actual field at the point of reference. In the expanded and aligned
field, the fluence and its energy distribution are the same asin the expanded field, but
the fluence is unidirectional. A schematical presentation of an aligned and expanded
radiation field is given in Fig. 2 [9].

It is important to realize that the definition of expansion and alignment is only
needed for the definition of the quantity and is not relevant to measurements made
with the area monitors. Instruments designed to measure H*(10) should have an
isotropic response.

Area dosimeters should be calibrated and type tested free in air; preferably one
should aim at using expanded and aligned radiation fields.

2.3.2.1. Ambient dose equivalent, H* (d)

The ambient dose equivalent, H*(d), at a point in a radiation field, is the dose
equivalent that would be produced by the corresponding expanded and aligned field,
in the ICRU sphere at depth d, on the radius opposing the direction of the aligned
field.

Unit: Jkg?

11
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FIG. 2. Schematic representation of (a) areal radiation field, (b) an expanded radiation field,
and (c) an expanded and aligned radiation field [9]. (a) Actual radiation field at the point of
interest, P, consisting of three components of different directions, symbolized by three different
arrows. (b) Expanded radiation field belonging to point P. The dotted circle is drawn to
illustrate the required size for the expanded field. (c) Expanded and aligned field belonging to
point P. The circle is drawn to illustrate the required size for the expanded and aligned field.
In principle, the three arrows at each location are strictly coincident, but for reasons of clarity
are shown in succession.
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PLERLLRE

FIG. 3. Radiation geometries of the ICRU sphere at point P in the sphere in which the dose
equivalent is determined in (a) an expanded radiation field and in (b) an expanded and aligned
radiation field. The radiation may impinge on the ICRU sphere from different directionsin the
expanded field. H'(d, Q) is defined for the direction a of the radius vector. In an expanded and
aligned radiation field the radius vector for determining H*(d) always opposes the (single)
direction of the radiation field [9].

The special name for the unit of ambient dose equivalent is sievert (Sv).

Any statement of ambient dose equivalent should include a specification of the
reference depth, d. To simplify notation, d should be expressed in millimetres.

Theradiation geometry of the ICRU sphere in the case of H*(d) is shown in the
lower diagram of Fig. 3.
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For strongly penetrating radiation, adepth of 10 mm is currently recommended.
The ambient dose equivalent for this depth is then denoted by H*(10). For weakly
penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are
employed, with analogous notation.

2.3.2.2. Directional dose equivalent, H'(d, Q)

The directional dose equivalent, H'(d, Q), at a point in aradiation field, is the
dose equivalent that would be produced by the corresponding expanded field, in the
ICRU sphere at a depth d, on aradius in a specified direction Q.

Unit: Jkg?

The specia name for the unit of directional dose equivalent is sievert (Sv).

Any statement of directional dose equivalent should include a specification of
the reference depth d and the direction Q. To simplify notation, d should be expressed
in millimetres.

The radiation geometry of the ICRU sphere in the case of H'(d, Q) is shown in
the upper diagram of Fig. 3.

For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for
the eye are employed. The directional dose equivalent for these depthsis then denoted
by H'(0.07, Q) and H'(3, Q), respectively. In the particular case of a unidirectional
field, the direction can be specified in terms of the angle a between the radius
opposing the incident field and the specified radius.

2.3.3. Individual monitoring
2.3.3.1. Personal dose equivalent, Hp(d)

The personal dose equivalent, Hp(d), is the dose equivalent in ICRU tissue, at
an appropriate depth d below a specified point on the body.

Unit: Jkgt

The special name for the unit of personal dose equivalent is sievert (Sv).

Any statement of personal dose equivalent should include a specification of the
reference depth, d. To simplify notation, d should be expressed in millimetres.

For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for
the eye are employed. The persona dose equivalent for these depths is then denoted
by Hp(0.07) and Hp(3), respectively. For strongly penetrating radiation, a depth of
10 mm is frequently employed, with analogous notation.

14



Note: For the calibration of personal dosimeters, the definition of H(d) is
considered to include the following phantoms consisting of ICRU tissue:

— dlab phantom of 300 mm x 300 mm x 150 mm depth to represent the human
torso (for the calibration of whole body dosimeters);

— pillar phantom, a circular cylinder with a diameter of 73 mm and a length of
300 mm, to represent a lower arm or leg (for the calibration of wrist or ankle
dosimeters);

—rod phantom, a circular cylinder with a diameter of 19 mm and a length of
300 mm, to represent a finger (for the calibration of finger dosimeters).

Personal dosimeters should, in principle, be irradiated on standardized
phantoms. Three phantoms have been selected for calibrations and type tests with
photon, beta and neutron radiation [10]:

(@ SO water slab phantom

The phantom to represent the human torso with regard to backscattering of the
incident radiation is the 1SO water slab phantom of 30 cm x 30 cm x 15 cm depth.
The front face of the water phantom consists of a 2.5 mm thick PMMA?Z plate. The
other phantom sides are 10 mm thick PMMA.

(b) 1SO water pillar phantom

The phantom to represent a lower arm or leg with regard to backscattering of
the incident radiation to test wrist or ankle dosimeters is the water pillar phantom, a
right circular cylinder with a diameter of 73 mm and a length of 300 mm. The walls
of the phantom consist of PMMA; the circular walls are 2.5 mm thick, and the end
walls have a thickness of 10 mm.

(c) 1SO PMMA rod phantom

The phantom to represent a finger with regard to backscattering of the incident
radiation to test finger dosimetersisthe PMMA rod phantom, aright circular cylinder
with adiameter of 19 mm and alength of 300 mm. The phantom consists of PMMA.

It is obvious that these three types of phantom are only rough representations
of the respective parts of the body. They do, however, serve the purpose because

2 PMMA is polymethyl methacrylate with a density of 1.19 g-cm™ and a mass
composition of 8.05% H, 59.99% C and 31.96% O.
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FIG. 4. Phantoms for calibrating personal dosimeters. (a) 1SO water slab phantom, (b) 1SO
water pillar phantom, (c) 1ISO PMMA rod phantom. As an example, four dosimeters are
attached to each phantom[9].

— according to the definition of Hp(d), apersona dosimeter should be constructed
in such away that it is sensitive to radiation backscattered from the body; the
difference in backscatter between the standardized phantom and the actual part
of the body where the dosimeter is worn is thereby automatically measured;

— the three different shapes of phantom cover the needs of calibrations and type
testing

(1) of whole body dosimeters worn, for example, on the trunk to estimate the
effective dose, and

(2) of wrist or ankle dosimeters and of finger dosimeters to estimate the partia
body doses;

— reference phantoms in which Hp(d) is defined for calibration of persona
dosimeters are consistently composed of ICRU tissue and are the same shapes
as the phantoms actually used; the conversion coefficients given in the
standards only relate to the reference phantoms;
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— consistent use of the recommended phantoms makes it possible to compare the
calibrations and type testing at different laboratories.

When these phantoms are used, no correction factors should be applied to
correct for any differencesin backscatter relative to ICRU tissue. A schematic drawing
of the phantoms and of examples of attached personal dosimetersis shown in Fig. 4.

Routine calibrations of personal dosimeters may be done, sometimes more
simply, free in air or on a PMMA phantom, and even with a type of radiation other
than that which the instrument is intended to measure. Such simplifications can be
justified, provided the calibration procedure is checked during the type test so that the
difference in the responses of the dosimeter under both irradiation conditions is the
same for each dosimeter of the same type. Calibration on a phantom should be done
if the dosimeter is very sensitive to the radiation backscattered from the phantom,
such as the neutron albedo dosimeter, for example.

2.4, OTHER QUANTITIES
24.1. Fluence

The fluence, @, is the quotient of dN and da, where dN is the number of
particles incident on a sphere of cross-sectional area da; thus

(0] :d_N
da
Unit: m2

2.4.2. Energy imparted

The energy imparted, M, by ionizing radiation to matter in avolumeis given by

M= Rin_Rou’(-'-ZQ
where

R, is the radiant energy incident on the volume, i.e. the sum of the energies
(excluding rest energies) of all charged and uncharged ionizing particles
entering the volume,

R, is the radiant energy emerging from the volume, i.e. the sum of the
energies (excluding rest energies) of al charged and uncharged ionizing
particles leaving the volume, and
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> Q is the sum of the rest mass energies of nuclei and elementary particles
in any interactions occurring in the volume (decreases. positive sign;
increases. negative sign).
Unit: J

24.3. Absorbed dose

The absorbed dose, D, is the quotient of dM and dm, where dM is the mean
energy imparted by ionizing radiation to matter of mass dm, thus

D= d_M
dm
Unit: Jkg?t

The special name for the unit of absorbed dose is gray (Gy).
24.4. Absorbed doserate

The absorbed dose rate, D, is the quotient of dD and dt, where dD is the
increment of absorbed dose in the time interval dt. Hence,

n-db
dt
Unit: Jkgts?

The specia name for the unit of absorbed dose rate is gray per second
(Gy-s™).

245. Kerma
Thekerma, K, isthe quotient of dE;, and dm, where dE,; isthe sum of theinitial

kinetic energies of all the charged ionizing particles liberated by uncharged ionizing
particles in amaterial of mass dm; thus

- 98

dm
Unit: Jkgt

The special name for the unit of kermais gray (Gy).
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24.6. Kermarate

The kerma rate, K, is the quotient of dK and dt, where dK is the increment of
kermain the time interval dt; thus

Kk - 9K
dt
Unit: Jkgtls?

The special name for the unit of kerma rate is gray per second (Gy-s™).

24.7. Linear energy transfer
The linear energy transfer or linear collision stopping power, L, of a material,
for a charged particle, is the quotient of dE and dI, where dE is the mean energy lost

by the particle, due to collisions with electrons, in traversing a distance dl; thus

_dE

L=—
d

Unit: Jm?

E may be expressed in eV, and hence L may be expressed in eV-m or some
convenient submultiple or multiple, such as keV -um-.,

24.8. Lineal energy
Thelineal energy, v, isthe quotient of M by I, where M is the energy imparted

to the matter in a volume of interest by an energy deposition event and is the mean
chord length in that volume; thus

M

y= T

Unit: Jm?

M may be expressed in eV, and hence y may be expressed in eV-m or some
convenient submultiple or multiple, such as keV -pm2.
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An energy deposition event consists of statistically correlated depositions of
energy as, for example, those by high energy particles and/or their secondary
electrons.

2.4.9. Digtribution of absorbed dosein linear energy transfer
The distribution of absorbed dose in linear energy transfer, D, is the quotient

of dD and dL, where dD isthe absorbed dose contributed by primary charged particles
with linear energy transfer between L and L + dL; thus

db

D =—

LAl
Unit: mg™

2.4.10. Quality factor

The quality factor, Q, at a point in tissue, is given by

_1
—BJL.Q(L) DL

where D is the absorbed dose at that point, D, isthe distribution of D in linear energy
transfer L and Q(L) is the corresponding quality factor at the point of interest. The
integration is to be performed over the distribution D, due to al charged particles,
excluding their secondary electrons. Q(L) is specified as follows:

1 for L<10
Q(L) = 0.32L-22 for 10< L <100
300/L for L <100

where L is expressed in keV -pumL.
2.4.11. Dose equivalent

The dose equivalent, H, is the product of Q and D at a point in tissue, where D
is the absorbed dose and Q is the quality factor at that point; thus

H=QD

Unit: Jkg?
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The special name for the unit of dose equivalent is sievert (Sv).
For photons, electrons and muons of al energiesH = D is assumed.

2.4.12. Dose equivalent rate

The dose equivalent rate, H, is the quotient of dH by dt, where dH is the
increment of dose equivalent in the time interval dt; thus

g od
dt
Unit: Jkgtlst

The specia name for the unit of dose equivalent rate is sievert per second
(Sv-s™.

3. FUNDAMENTALS OF CALIBRATION

3.1. CALIBRATION AND TESTS

Calibration is defined as the quantitative determination, under a controlled set
of standard conditions, of the indication given by aradiation measuring instrument as
afunction of the value of the quantity the instrument is intended to measure.

Tests are measurements intended to confirm that an instrument is functioning
correctly, and/or the quantitative determination of the variations of the indication of
the instrument over a range of radiation, electrical and environmental conditions.

Four distinct categories of instrument testing, of which calibration isa part, are
generally recognized; these are:

(@ Typetests— Thesetestswill normally be carried out by National or Secondary
Standard Laboratories, which may make the information available to the
instrument user. The tests are intended to determine the characteristics of a
particular type or model of a production instrument. They involve extensive
testing over a wide range of quantities that may have a bearing on the result of
a measurement without being the objective of the measurement — the
‘influence quantities'. Such influence quantities are energy, angle of incidence,
dose or dose rate and radiation type, usually under a variety of environmental
conditions. A type test is normally performed on a prototype or on an
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(b)

(©

(d)

3.2.

instrument taken at random from a production batch and intended to be typical
of the instrument type.

Specific performance requirements for radiation monitoring equipment are
specified in various national and international standards.

Examples of some of the International Electrotechnical Commission (IEC)
standards on radiation monitoring equipment are listed in Table I1.

Tablelll gives, as an example, asummary of the range of testing required in the
IEC standard for electron personal dosimeters to measure Hp(lo) and
Hp(0.07, Q).

Special calibrations— In some special cases response measurements similar to
those of a type test are necessary in the course of specia calibrations. These
have to be performed, for example, if the dosimeter or dose ratemeter is
operated under abnormal circumstances or if the routine calibration or type
testing provides insufficient information.

Routine calibrations — These are intended to determine a calibration factor
appropriate to the routine application of the dosimeter or dose ratemeter. A
routine calibration may be of a confirmatory nature when it is either performed
to check the calibration carried out by the manufacturer together with a
dosimeter or dose ratemeter, or to check whether the calibration factor is
sufficiently stable during the continued long term use of a dosimeter or dose
ratemeter. When considering the most practical way to perform a routine
calibration, results obtained in atype test may turn out to be helpful, especially
in selecting the phantom for irradiating personal dosemeters.

Acceptance tests — These are contractual tests carried out on all instruments of
a particular type before being put into service for the first time; they are
intended to demonstrate that every instrument in a consignment conforms with
its specification.

REFERENCE CONDITIONSAND STANDARD TEST CONDITIONS

Under reference conditions, all influence quantities and instrument parameters

have values (‘ reference values') at which the correction factor for the dependence on
that influence quantity has the value 1.0. The calibration factor is only valid without
corrections for reference conditions.

Standard test conditions are the range of values of a set of influence quantities

under which a calibration or a determination of the response is carried out.

The deviations of the calibration factor from its value under reference

conditions caused by these deviations should in principle be corrected for. In practice,
the uncertainty aimed at serves as a criterion of which influence quantity has to be
taken into account by an explicit correction or whether its effect may be incorporated
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TABLE II. EXAMPLES OF IEC STANDARDS ON RADIATION MONITORING
EQUIPMENT

Publication Equipment

Photon and beta monitoring equipment

1018 High range beta and photon dose and dose rate portable instruments for
emergency radiation protection purposes

532 Installed dose ratemeters, warning assemblies and monitors for X or gamma
radiations of energies between 50 keV and 7 MeV

846 Beta, X and gamma radiation dose equivalent and dose equivalent ratemeters
for usein radiation protection

1017-1 Portable, transportable or installed X or gamma radiation ratemeters for

1017-2 environmental monitoring

Part 1: Ratemeters
Part 2: Integrating assemblies

Personal dosimetry

1283 Direct reading personal dose equivalent and/or dose equivalent rate monitors
for the measurement of personal dose equivaents Hp(lo) and Hp(0.07) for X,
gamma and beta radiations

1066 Thermoluminescence dosimetry systems for personal and environmental
monitoring

Neutron monitoring equipment

1005 Portable neutron ambient dose equivalent ratemeters for use in radiation
protection
1323 Direct reading personal dose equivalent and/or dose equivalent rate monitors

for neutron radiation

Monitoring of individual radioactive contamination

325 Alpha, beta and al pha—beta contamination meters and monitors
504 Hand and/or foot contamination monitors and warning assemblies
1098 Installed personnel surface contamination monitoring assemblies for apha

and beta emitters

Monitoring of airborne radioactive contamination

579 Radioactive aerosol contamination meters and monitors

710 Radiation protection equipment for the measuring and monitoring of
airborne tritium

1171 Monitoring eguipment — Atmospheric radioactive iodines in the environment

23



TABLE IIl. EXAMPLE OF TEST REQUIREMENTS FOR ELECTRONIC
PERSONAL DOSIMETERS

Characteristic under test Range of values of Limits of variation
or influence quantity influence quantity of indication
Relative intrinsic error Effectiverangeof  Dose equivalent £15%2
measurement
Dose equivalent rate
+20%2 b
Response time 5s <+10%
Accuracy of alarm levels All settings +15%2 ¢
+20%? ¢
Radiation energy Beta >E .« = 0.78 MeV +30%?
Photon 20 keV to 1.5 MeV +30%?
6 Mevd -50% to +100%?
Angle of incidence Beta 0° to +60° +30% for 90Sr/0y
Photon 0° to +60° +20% for 13'Cs
+50% for 22Am
Retention of reading Class1and 2 8h 2
monitors 24 h after loss of
Class 1 principal power supply +2
monitors only
Dose equivalent rate dependence Upto1Sv-ht <+20%
Overload 10 times range maxima Indication > full scale
Power supply Primary After 100 h continuous +15%®
voltage batteries use
Secondary After 10 h continuous +15%®
batteries use
Drop tests 15m +10%
Vibration test 2 g, over frequencies
10to 33 Hz +15%
Ambient —10°C to 40°C +20%?
Temperaturef —20°C to 50°C +50%2
Temperature shock -10°Cand 50°C  +15% relative to +20°C
Relative humidity 40% to 90% at +35°C +10%?
Atmospheric pressure see Footnoted see Footnoted
Electromagnetic field of external origin 100 V-m1 at 100 kHz +10%
t0 600 MHz and 1V -mt
at 500 MHz to 1 GHz
Magnetic field of external origin 60 A-ml +10%
at 50-60 Hz
Electrostatic field 6 kV,2mJ +10%
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a8 Of theindication under standard test conditions.

b For the lowest decade or scale of the dose equivalent rate, +30% is applicable.

¢ This error is additiona to the uncertainty associated with the determination of the
conventional true dose equivalent rate.

d This additional requirement is applicable only to monitors used for measuring doses in the
vicinity of power reactors producing 6 MeV gamma radiation from 16N.

€ Of theinitia indication.

f Monitors intended for use in temperate climates. In hotter or colder climates, other limits
may be specified. For monitors intended for operation at very low temperatures, means of
heating the batteries may be provided.

9 No genera specification. Range of values of influence quantities and limits of variation of
indication to be specified if required.

into the uncertainty. During type tests, all values of influence quantities not subject of
the test are fixed within the interval of the standard test conditions. The standard test
conditions together with the reference conditions are given in Table 1V.

To obtain (corrected) measured values M at standard test conditions, as may be
prescribed in the instrument’s instruction manual, it may be necessary, for example,
to correct the indicated value M, for the zero indication M, and other effects
represented by the appropriate correction factors k;:

M= (M~ My [Tk

The factor k; is unity for reference conditions.

3.3. TRACEABILITY

Measurements of the radiation characteristics of an instrument made as part of
the type, acceptance and routine tests need to be traceable to an appropriate national
standard. This means that:

(i) each reference instrument used for calibration purposes has itself been
calibrated against a reference instrument of higher quality, up to the level at
which the higher quality instrument is the accepted national standard;

(if) the frequency of such calibration, which is dependent on the type, quality,
stability, use and environment of the lower quality standard, is such as to
establish reasonable confidence that its value will not move outside the limits
of its specification between successive calibrations;
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TABLE IV. REFERENCE CONDITIONSAND STANDARD TEST CONDITIONS

1. Radiological parameters

Influence quantities

Reference conditions

Standard test conditions

(unless otherwise indicated)

Photon radiation
Neutron radiation
Beta radiation

Surface contamination
Betaradiation
Alpharadiation

Phantom (only in the case
of persona dosimeters)

Angle of radiation incidence?

Contamination by
radioactive elements

Radiation background

137
21Am/Be?
905r/%0ya

2047

241Am

30 cm x 30 cm x 15 cm slab of
ICRU tissue (for whole body
dosimeters)

Right circular cylinder of ICRU
tissue of 73 mm diameter and
300 mm length (for wrist or
ankle dosimeters)

Right circular cylinder of ICRU
tissue of 19 mm diameter and
300 mm length (for finger
dosimeters)
a=0°

Negligible

137cgd
21Am/Be?
90gy/Nya

2047

241Am

SO water slab phantom

1SO water pillar phantom

SO PMMA rod phantom

A=0°%5°

Negligible

Ambient dose equivalent rate Ambient dose equivalent rate

H*(10) 0.1 uSv-htor less
if practical

H*(10) less than
0.25 uSv-h?

(iii) the calibration of any instrument against a reference instrument is valid
in exact terms only at the time of calibration, and its performance
thereafter must be inferred from a knowledge of the factors mentioned in
(ii) above.
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TABLE IV. (cont.)

2. Other parameters

Influence quantities

Reference conditions

Standard test conditions
(unless otherwise indicated)

Ambient temperature
Relative humidity
Atmospheric pressure
Stabilization time

Power supply voltage

Freguency®
AC power supply

Electromagnetic field of
externa origin

Magnetic induction of
external origin

Assembly controls

20°C
65%
101.3 kPa
15 min

Nominal power supply
voltage

Nominal frequency
Sinusoidal

Negligible

Negligible

Set-up for normal operation

18-22°C¢d
50-75%¢ 9
86-106 kPec d
>15 min

Nominal power supply
voltage +3%

Nominal frequency +1%

Sinusoidal with total
wave form harmonic
distortion
less than 5%°®

Less than the lowest value
that causes interference

L ess than twice the value of
the induction due to the
earth’s magnetic field

Set-up for normal
operation

o o

Another radiation quality may be used if thisis more appropriate.
Angle, I, between the main direction of the incident radiation (axis of the radiation field)

and the reverse reference direction of the instrument as stated by the manufacturer.
¢ The actual values of these quantities at the time of test should be stated.

o

The values in the table are intended for calibrations performed in temperate climates. In
other climates, the actua values of the quantities at the time of calibration should be stated.
Similarly, alower limit of pressure of 70 kPamay be permitted where instruments are to be
used at higher altitudes.

Only for assemblies operated from the main voltage supply.

@
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3.4. DETERMINATION OF THE CALIBRATION FACTOR
AND OF THE RESPONSE BY A REFERENCE INSTRUMENT

34.1. Genera

In this report, calibrations are only considered in terms of the operational
quantities for area monitoring, H*(10) and H'(0.07, Q), and for individual
monitoring, Hp(lo) and Hp(0.07). The quantities H'(3, Q) and Hp(3), listed dlso in
Table |, are used very rarely and are often conservatively estimated by H'(0.07, Q) and
Hp(0.07). Therefore they are not dealt with in this report.

In general, reference instruments do not directly indicate the appropriate dose
equivalent quantity for calibrations or type tests. Instead, most frequently reference
instruments are used to characterize the reference radiation fields by other
measurands such as fluence for neutron radiation and air kerma for photon radiation
(Fig. 1). The dose equivalent quantity is derived from these basic radiation quantities
by appropriate conversion coefficients, h [11].

One has to distinguish between four methods of calibration that may be used
(Fig. 5). Sections 3.4.2 to 3.4.4 deal with the determination of the calibration factor
and of the response by means of areference instrument; in Section 3.5, it is assumed
that the basic radiation quantity characterizing the field is already known and no
reference instrument is needed. If areference instrument is used (denoted by subscript
Rin the following), its calibration factor, Ng, given in the calibration certificate, can
be used to determine the conventional true value of the appropriate dose equivalent
quantity H by means of the conversion coefficient h for the dose equivalent quantity
H and the measured (indicated) value Mg, of the reference instrument (corrected for
reference conditions; see Section 4.3.2):

H = hN;My
One has to consider two cases:

(@ wherethe reference instrument indicates the same measurand as the instrument
under calibration:

h=1
(b)  where the reference instrument indicates a measurand different from that of the
instrument under calibration. Here, the appropriate conversion coefficient, h,

should be applied. As an example, conversion coefficients from air kermaK, to
H*(10) and H'(0.07,0°) are given in Fig. 6 for monoenergetic photons.
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Method 1
i Instrument under calibration (reading M)

Source @------------------- @@ -----------------

Reference instrument (reading M)

Method 2
i Instrument under calibration (reading M)

Reference instrument (reading M)

Monitor (readings m,, m)

Method 3

i Instrument under calibration
Source @-------------—-ffocooooo (r_e.a.ql[].g_s. (.M/ iy (M/)Z)

Reference instrument (readings (Mg);, (Mg),)

Method 4

Source

FIG. 5. Four methods of calibration. Method 1: calibration with a reference instrument
without any monitor; method 2: calibration with a reference instrument and with a monitor;
method 3: calibration by simultaneous irradiation of reference instrument and instrument
under calibration; method 4: calibration in a known radiation field.
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FIG. 6. Conversion coefficient H from air kerma K, to H*(10) and to H'(0.07,0°) for
monoenergetic photon radiation of energy Eph.

Numerical values of conversion coefficients are given in Sections 4 and 6 for a
number of reference radiations.

The mode of operation of the reference instrument should be in accordance
with its calibration certificate and the instrument instruction manual, e.g. set zero
control, warm-up time, battery check, application of range or scale correction factors.
The time interval between periodic calibrations of the reference instrument should be
within the acceptable period defined by national regulations. Where no such
regulations exist, the time interval should not exceed three years.

Measurements should be made regularly, using either a radioactive check
source or a calibrated radiation field, to determine that the reproducibility of the
reference instrument is within 2% of the certificated value. Corrections should be
applied for the radioactive decay of the source and for changesin air density from the
reference conditions when applicable.

3.4.2. Measurements without a monitor
for the source output (calibration method 1)

3.4.2.1. Calibration
This procedure is appropriate if the value of the physical quantity

characterizing the radiation field (e.g. the air kerma rate) is stable over a time span
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corresponding to the duration of the calibration, to the extent that results of the
desired accuracy are achieved. The calibration is carried out at standard test
conditions close to the reference conditions. The reference points of the reference
instrument and the instrument under calibration are subsequently positioned at the
point of test in the radiation field for calibration in terms of the dose equivalent
quantity H. For the reference instrument (subscript R), one obtains (see
Section 3.4.1):

H
Np =———
R hMg 1)

and for the instrument under calibration (subscript 1), whose indication is directly
related to the dose eguivalent quantity H, we obtain:

H
N =M, )

A combination of Egs (1) and (2) results in the caibration factor N, deduced
from N,

hM g

N, = Ng (€)

where

Ng is the calibration factor of the reference instrument (under reference
conditions);

N, is the calibration factor of the instrument under calibration (under
reference conditions);

Mg is the measured (indicated) value of the reference instrument corrected
for reference conditions, i.e. indication multiplied with the applicable
correction factors (e.g. for differencesin air density);

M, is the measured (indicated) value of the instrument under calibration,
corrected for reference conditions, i.e. indication multiplied with the
applicable correction factors (e.g. for differencesin air density); and

h is the coefficient converting from the quantity measured by the
reference instrument to the dose equivalent quantity associated with the
instrument under calibration.
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3.4.2.2. Determination of response as a function of energy and angle of incidence

The reference points of the reference instrument and the instrument whose
response should be determined in terms of the dose equivalent quantity, H, are
subsequently positioned at the point of test in the radiation field. The reference
instrument is exposed in the reference direction, i.e. a = 0°, while the other
instrument under test may be exposed at a # 0°. The radiation field is characterized
by the radiation energy, E, and the angle of incidence, a. For the reference instrument,
one obtains

N = H(E,a)
R h(E,a)ken(E)MR(E)

(4)

The measured (indicated) value of the reference instrument, M(E), has to be
corrected as usua for deviations of the influence quantities, ambient temperature,
etc., from reference conditions; but as the irradiation conditions differ also from
reference conditions, eventualy a correction factor k. (E) has to be applied, in
addition, to correct for the imperfection of the reference instrument. The response
R(E,q) of the instrument under test is given by (compare Section 2.1):

M, (E,a)

R(E,a) = 5
(E.a1) H(E.o) (%)
A combination of Eqgs (4) and (5) results in the following relationship:
RE0) = 1 M, (E,o) ©)
Nr  h(E 0a)ken (E)MR(E)
where
Ng is the calibration factor of the reference instrument (under reference
conditions);

Mg(E) is the measured (indicated) value of the reference instrument
corrected for reference conditions except for the radiation quality
being used;

M, (E,a) isthe measured (indicated) value of the instrument whose response should
be determined, corrected for reference conditions except for the radiation
energy and angle of incidence being used;
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h(E,a) is the coefficient converting from the quantity measured by the
reference instrument to the dose equivalent quantity for the
radiation energy, E, and the angle of incidence, a, being used;

ky(E)  is the correction factor to take into account the difference between
the responses of the reference chamber at reference conditions and at
the energy where the energy response of the instrument is being
determined.

Often the response of the instrument is given as its relative response, r, with
respect to its response under reference conditions:

=R o

where R is the response under reference conditions.

Note: Therelative response can be a useful quantity for describing the variation
of response as a function of photon energy or angle of incidence, as it easily
visualizes such variation, because of its nature as a ratio.

3.4.3. Measurements with a monitor
for the source output (calibration method 2)

3.4.3.1. Calibration

Moderate variations in the physical quantities that characterize the dosimetric
properties of the radiation field (e.g. air kerma rate) in the course of time can be
corrected for by using a monitor and by irradiating the reference instrument and the
instrument under calibration sequentially. This technique is often employed with
X ray unitsin order to correct for variations in the air kermarate when alternately the
reference instrument and instrument under calibration are placed at the point of test.

The dose equivalent quantity H at the point of test is related to the calibration
factor of the monitor chamber, N,,, and its measured (indicated) value m by

Ny =2 ®

The corresponding equations for the reference instrument and the instrument
under calibration are (see Section 3.4.2.1):
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Ng = ——
R hMg (9)
and

H
N, =— 10
v (10)

The quantity H can be eliminated in Egs (9) and (10) by means of Eq. (8) if one
introduces the measured values mg and my of the monitor for the irradiation of the
reference instrument and the instrument under calibration:

= Numg (11)
hMp,
N m
N, =M1 12
I M| (12)

Dividing Eq. (12) by Eq. (11) makes the calibration factor N,, disappear, and
we obtain for N;:

2]

where

Ng is the calibration factor of the reference instrument (under reference
conditions);

N, is the calibration factor of the instrument under calibration (under
reference conditions);

My is the measured (indicated) value of the reference instrument corrected
for reference conditions, i.e. indication multiplied with applicable
correction factors (e.g. differences in air density);

M, is the measured (indicated) value of the instrument under calibration,
corrected for reference conditions, i.e. indication multiplied with
applicable correction factors (e.g. differencesin air density);

m, is the measured (indicated) value of the monitor for the irradiation of the
reference instrument, corrected for reference conditions, i.e. indication



multiplied with applicable correction factors (e.g. differences in air
density);

m, is the measured (indicated) value of the monitor for the irradiation of the
instrument under calibration, corrected for reference conditions, i.e.
indication multiplied with applicable correction factors (e.g. differences in
air density);

h is the coefficient converting from the quantity measured by the reference
instrument to the dose equivalent quantity associated with the instrument
under calibration.

Note: In cases where the monitor has agood long term stability it may serve as
the reference instrument after having been calibrated by another reference instrument.
This means that, by combining Eqgs (8) and (9), the calibration factor

hMg

Npm =N
M RmR

(14)

can then be used for the monitor.

3.4.3.2. Determination of response as a function of energy and angle
of incidence

The reference points of the reference instrument and the instrument whose
response should be determined in terms of the dose equivalent quantity, H, are
subsequently positioned at the point of test in the radiation field. The reference
instrument is exposed in the reference direction, i.e. a = 0°, while the other
instrument under test may be exposed at a # 0°. By means of the measured values mg
and m, of the monitor for the irradiation of the reference instrument and the
instrument under calibration, we obtain the response of the instrument:

R(E,(x):i[ mR(E) J(MI(E,(X)J (15)

Nr \ N(E,0) ken (E)MR(E) J)\ m (E)

where

Ng is the calibration factor of the reference instrument (under reference
conditions);

Mg(E) isthe measured (indicated) value of the reference instrument corrected for
reference conditions except for the radiation quality being used;
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M, (E,a) isthemeasured (indicated) value of the instrument whose response should
be determined, corrected for reference conditions except radiation energy
and angle of incidence being used;

Mg (E) is the measured (indicated) value of the monitor for the irradiation of the
reference instrument, corrected for reference conditions except for
radiation energy being used;

m, (E) is the measured (indicated) value of the monitor for the irradiation of the
instrument under calibration, corrected for reference conditions except for
radiation energy used;

h(E,a) is the coefficient converting from the quantity measured by the reference
instrument to the dose equivalent quantity for the radiation energy E and
the angle of incidence, a, being used;

Kern(E) is the correction factor taking into account the difference between the
responses of the reference chamber at reference conditions and at the
energy where the energy response of the instrument is being determined.

3.4.4. Measurements by simultaneousirradiation
of reference instrument and dosimeter (calibration method 3)

3.4.4.1. Calibration

In some cases calibrations may also be performed by simultaneous irradiation
of the detectors of the reference instrument and the instrument under test in afield by
locating them symmetrically to the axis of the radiation field at the same distance
from the source. The distance between the two detectors should be large enough for
the indication of either instrument not to be influenced by the presence of the other
one, to an extent exceeding 2%.

Primarily, this procedure will be applicable to those cases where no phantom
is required, i.e. for area monitoring dosimeters. This technique is used particularly
for reference radiations produced by accelerators or when using uncollimated
sources.

The dose equivalent quantity H at the two symmetrical points of test is related
to the calibration factor of the reference instrument at point of test No. 1 by (see
Section 3.4.2.1):

H
NR:(hMle (16)

and at point of test No. 2 of the instrument under calibration,
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H
A [M—.l &

To eliminate the influence of the radiation field asymmetry, the measurements
are repeated after exchanging the positions of the two instruments; we obtain

H
NR:["‘MR)Z (18)

and

H
N| = (M—I)l (19)

H, and H,, can be eliminated by combining Eqgs (16) and (19), and Eqs (17) and
(18), respectively:

N (Mg "
= (e @
N _[hMg

Ng (M| ]2 (21)

Multiplication of Eqgs (20) and (21) leads to

NN

Ny is the calibration factor of the reference instrument (under reference
conditions);
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N, is the calibration factor of the instrument under calibration (under
reference conditions);

(Mg/M)), isthe measured (indicated) value of the reference instrument divided by
the corresponding value of the instrument under calibration at test point
No. 1, both corrected for reference conditions, i.e. indication multiplied
with applicable correction factors (e.g. differences in air density);

(Mg/M)), isthe measured (indicated) value of the reference instrument divided by
the corresponding value of the instrument under calibration at test point
No. 2, both corrected for reference conditions, i.e. indication multiplied
with applicable correction factors (e.g. differencesin air density);

h is the coefficient to convert from the quantity measured by the reference
instrument to the dose equivalent quantity associated with the instrument
under calibration.

3.4.4.2. Determination of response as a function of energy and angle of incidence

The reference points of the reference instrument and of the instrument whose
response should be determined in terms of the dose equivalent quantity, H, are
positioned simultaneously at the two symmetrical points of test in the radiation field.
The reference instrument is exposed in the reference direction, i.e. a = 0°, while the
other instrument under test may be exposed at o # 0°. We obtain the response of the
instrument:

M, (E M, (E
RE.0) = 1 ( 1 ( ,oc)] [ \( ,oc)] 23
Nrh(E, 0t)ken (E) Mr(E) ), \\ Mr(B) ),
where
Ng is the calibration factor of the reference instrument (under reference
conditions);

(M, (E,a)/ isthe measured (indicated) value of the instrument whose response

ML(E)); should be determined, divided by the corresponding value of the
reference instrument at test point No. 1, both corrected for reference
conditions except radiation energy and angle of incidence being used;

(M, (E,a)/ isthe measured (indicated) value of the instrument whose response

Mg(E)), should be determined, divided by the corresponding value of the
reference instrument at test point No. 2, both corrected for reference
conditions except radiation energy and angle of incidence being
used;
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h(E,a) is the coefficient converting from the quantity measured by the reference
instrument to the dose equivalent quantity for the radiation energy E and
the angle of incidence being used;

Ken(E) correction factor taking into account the difference between the responses
of the reference chamber at reference conditions and at the energy where
the energy response of the instrument is being determined.

3.5. DETERMINATION OF THE CALIBRATION FACTOR
AND THE RESPONSE IN A KNOWN RADIATION FIELD
(CALIBRATION METHQOD 4)

3.5.1. Calibration

For aradiation field in which the dose equivalent quantity H of the field at the
point of test is known, the calibration factor of an instrument N, is obtained by

N, =H/M, (24)
where

N, is the calibration factor of the instrument under calibration (under reference
conditions);

M, is the measured vaue of the instrument under calibration, corrected for
reference conditions, i.e. multiplication by appropriate correction factors
(e.g. differencesin air density);

H is the conventional true value of the dose equivalent quantity to be
measured.

3.5.2. Determination of response as a function of energy and angle of incidence
The reference point of the instrument whose response should be determined in
terms of the dose equivalent quantity, H, is positioned at the point of test in the

radiation field. The instrument may be exposed at o # 0°. The response of the
instrument is obtained by

M, (E,o) (25)

RE.®)= H(E, o)

where
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M (E,a) is the measured (indicated) value of the instrument whose response should
be determined, corrected for reference conditions except radiation energy
and angle of incidence being used;

H(E,a) isthe dose equivalent quantity for the radiation energy, E, and the angle of
incidence, a, being used.

3.6. ADDITIONAL CONSIDERATIONS FOR CALIBRATIONS

Misplacement of detector

All distances between the reference source and the instrument should be taken
as the distance between the source and the reference point of the instrument.
Misplacement of the detector in the beam by the amount of AR in the direction of
the main beam will lead to arelative error in the measurement of 2AR/R at adistance
R. Misalignment perpendicular to the beam axis by AR causes a relative error of
(AR/R)2.

Instrument and source supports

The supports used for the reference and measuring instruments, and the
calibration source should introduce as little scattered radiation as possible. The effects
of such scattered radiation on the indication of the instruments should be taken into
account.

Corrections for decay of radionuclide sources

For calibrations with radiation from radionuclide reference sources with a
sufficiently long half-life, the determination of the dose equivalent rate with the
reference instrument is only necessary once within a comparably long period. The
source decay with its half-life, t,,, has to be taken into account with the following
correction:

H(t) = H(0) exp (-0.693t/t,,) (26)
where
H(t) is the dose equivalent rate after timet, of the measurement H(0);

H(0) isthe dose equivalent rate at time of measurement with the reference instrument.

In applying these corrections, it is important to remember that any radioactive
impurities will have half-lives that are different from the reference radionuclide. For
example, a 137Cs source whose half-life is 29.5 years may contain 134Cs with a half-
life of 2.1 years.
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Background radiation

The background reading of the measuring instrument in the absence of any
reference sources should be recorded and corrected for if necessary. For the
calibration of high sensitivity measuring instruments intended to measure dose rates
of the same order of magnitude as the natural background, the corrections to be
applied may depend on the relative contributions of environmental background
rediation and the intrinsic background of the instrument. This is a complex matter
beyond the scope of this document; advice is given in Refs[12, 13].

Number of readings required

An adequate number of measurements should be taken to reduce the random
uncertainty (typeA) to the appropriate level. Sufficient amounts of time should elapse
between the individual measurements to ensure that they are statistically independent.

Linearity test

Calibration of the measuring instrument should be carried out on at least one
point on each measuring range of the instrument or in each decade for an instrument
with alogarithmic scale or with digital indication. If there are significant differences
in the calibration factors at different measured values, the calibrator should carefully
examine the data to see whether the measuring instrument is faulty or whether there
isapossibility that an error was made in the calibration itself. If thisis not the case it
can be assumed that the instrument is non-linear, and it may be necessary to repeat
one or two points of measurement or make more measurements over the range.
Alternatively, if the instrument is fitted with calibration controls these should be
adjusted to bring the calibration factor nearer to unity and make it more constant over
the ranges or decades.

Overload checks

For certain types of instrument it is important that the overload characteristics
are tested and checks are made to assure that the instrument functions correctly after
such atest. Most relevant |EC standards specify the requirements and method of test
for determining the overload characteristics. Usually this involves exposing the
instrument to a dose equivalent rate greater than ten times the maximum value of the
upper scale or decade and ensuring that the indication of the instrument is off-scale at
the high end of the scale. This is followed by checking that the instrument
performance is still within the specification at dose rates within its lowest range or
decade.
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Response to mixed radiation fields

If ameasuring instrument is calibrated in a mixed radiation field (for example,
photons accompanying neutrons), the calibration may have to be corrected for the
influence of the accompanying radiation component.

3.7. INTERCOMPARISON PROGRAMMES

Laboratories are encouraged to participate in national and international
intercomparisons of monitoring equipment and persona dosimeters to provide
independent checks of their quality assurance. Dosimetry intercomparisons offer
participating dosimetry services the opportunity to compare the performance of their
systems with colleagues who use widely different dosimeters and techniques,
particularly on the international level. Intercomparisons may provide participants
access to radiation fields that they do not have in their own facilities, aswell as giving
the opportunity for contact with other dosimetry specialists. This can be particularly
valuable for those in smaller countries with limited resources and/or dosimetry
specidlists. In the following, examples of current intercomparison programmes are
given.

3.7.1. International environmental dosimeter intercomparison programme

Starting in 1974, the Environmental Measurements Laboratory, US Department
of Energy, has periodically organized intercomparisons [14]. Sets of environmental
dosimeters in the complete package as used by the participants are exposed under
field conditions for a period of severa months under varying climatic and exposure
conditions. The organizer determines the nominal exposure by various methods.
Additional sets of control dosimeters are exposed under well defined laboratory
conditions. Further details can be obtained from:

Environmental Measurements L aboratory,
US Department of Energy,

376 Hudson Street,

New York, N.Y. 10014,

c/o Dr. G. Klemic,

Radiation Physics Division,

USA
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3.7.2. Personnel dosimetry intercomparison (neutron dosimetry)

The Oak Ridge National Laboratory organized personnel dosimetry
intercomparison programmes including neutron radiation. The irradiations contained
mixed neutron/gamma fields from a specia reactor for radiation protection physics
with various shieldings. The dosimeters were irradiated on a phantom. The participant
had to specify the evaluated gamma and neutron dose. The radiation field parameters
were specified by the organizing laboratory after the results had been submitted [15].
Further details can be obtained from:

Oak Ridge National Laboratory,
c/o Dr. James S. Bogard,
Building 7710,

PO. Box X,

Oak Ridge, Tennessee 37831,
USA

3.7.3. European intercomparison of environmental gamma dose ratemeters

This programme was organized during 1984 and 1985 by the European
Commission [16]. It included calibration of the instruments by different techniques as
well asfield measurements with the participating instruments at |ocations where there
are different ratios of cosmic to terrestrial radiation. The energy dependence, the
linearity at very low air kermarates and the determination of the inherent response of
the instruments were also investigated.

During the period 1987 to 1989 further intercomparisons were made, and experi-
ments were also conducted, investigating the response of instrumentsto additional expo-
sures above normal environmental levels [17-19]. Further details can be obtained from:

Health & Safety Directorate,

Commission of the European Communities,
Building Jean Monnet,

Avenue de Gasperi,

L-2920 Luxembourg

3.7.4. IAEA intercomparisons for individual monitoring
The IAEA conducts intercomparisons both at the regional and interregional

levels. Regional programmes provide the opportunity for participants with similar
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problems and common languages to exchange information and develop co-operative
relationships.

In the period of 1988 to 1991, the IAEA initiated a Co-ordinated Research
Program (CRP) on Intercomparison for Individual Monitoring. The programme is
intended ultimately to implement an international intercomparison of individual
dosimeters that could initiate a regular broad scale performance test programme for
the IAEA Member States. Associated programme objectives include:

— Assistance to monitoring services of Members States, particularly in
developing countries, in carrying out routine individual monitoring on an
internationally agreed basis and with an assured quality in order to guarantee
comparability of results;

— Test of the applicability of phantom related dose equivalent quantities to
individual monitoring;

— Helping to develop an internationally agreed concept of individual moni
toring.

The programme involved exposure of dosimeters from more than 21 dosimetry
laboratories in Member States to photons in the range 15 keV to 1.3 MeV. The
irradiations were provided by three standards laboratories in Austria, the former
German Democratic Republic and the United Kingdom [20]. The second
intercomparison in this series was initiated in 1996.

The lAEA has aso organized regional intercomparisonsin the Asian and Latin
American regions. The Asian intercomparisons have been organized through the
support of the IAEA Regional Co-operation Agreement, which has 17 Member States
in Asia and Oceania. The first was conducted in the period 1990 to 1992 [21]. The
second was initiated in 1995, with completion in 1997. The first 1AEA
intercomparison in the Latin American region began in 1996, following a similar
intercomparison initiated and conducted by the regional participants [22]. Further
details can be obtained from:

International Atomic Energy Agency,
Wagramer Strasse 5, PO.B. 100
A-1400 Vienna, Austria

RCA

Radiation Dosimetry Division,
Department of Health Physics,

Tokai Research Institute,

Japan Atomic Energy Research Institute,



c/o Dr. Hiroyuki Murakami,
Tokai, Ibaraki-Ken 319-11, Japan

LATIN AMERICA

Ente Nacional Regulador Nuclear,
Avenida del Libertador 8250,
1429 Buenos Aires,

Argentina

3.8. RECORDSAND CERTIFICATES

National regulations often specify details and formats of both calibration

records and certificates as well as the frequency of calibration and the length of time
for which calibration records should be kept.

@
(b)
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(h)

4.1.

The records or certificates should at least include:

Date and place of calibration;

Description of instrument, its type and serial humber;;
Owner of the instrument;

Details of reference sources and reference instruments used;
Standard test conditions, reference conditions;

Results;

Name of person carrying out the calibration;

Any specia observations.

4. CALIBRATION OF PHOTON MEASURING
INSTRUMENTS

GENERAL

The quantity air kerma should be used for calibrating the reference photon

radiation fields and reference instruments. Radiation protection monitoring
instruments should be calibrated in terms of dose equivalent quantities. Area
dosimeters or dose ratemeters should be calibrated in terms of the ambient dose
equivalent, H*(10), or the directional dose equivalent, H’(0.07), without any phantom
present, i.e. freein air. The calibration of individual dosimeters or dose ratemetersis,
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however, performed on the | SO water slab phantom, the SO water pillar phantom or
the ISO PMMA rod phantom without applying corrections for any differences in
backscatter relative to ICRU tissue. The different backscatter properties of these
phantoms and the ICRU sphere can be seenin Fig. 7.

Reference photon radiations selected from 1SO Standard 4037-1 [23] should be
used for calibration. This standard gives details of the methods for producing
reference X and gamma radiations for the calibration of dosimeters and dose
ratemeters and for the determination of their energy response. The radiation qualities
covered in this report are given in Table V.

For reasons of brevity, short names are introduced. For X radiation the |etters F,
L, N, W or H denote the radiation quality, i.e. the fluorescence, the low air kermarate,
the narrow, the wide and the high air kerma rate series, respectively followed by the
chemical symbol of the radiator for the fluorescence radiation and the generating

15—

K(0.07), 0y
Kall’
I

051l Lol Ll j
0.002 0.01 0.1 1 2
E (MeV)

FIG. 7. Ratio of ICRU tissue kermaintheslab (+), pillar (¢), rod (o) and sphere (A) phantoms
of ICRU tissue at a depth of 0.07 mm and the air kerma free in air as a function of photon
energy [10].
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TABLEV. RADIATION QUALITIES COVERED IN THIS REPORT

Radiation E Radiation E  Radiation E  Radiaion E  Radiation E
quality (keV) quality (kev) quaity (keV) quality (keV)  quality (keV)
F-Zn 8.6 L-10 85 N-10 8 W-60 45 H-10 7.5
F-Ge 9.9 L-20 17 N-15 12 W-80 57 H-20 12.9
F-Zr 15.8 L-30 26 N-20 16 W-110 79 H-30 19.7
F-Mo 175 L-35 30 N-25 20 W-150 104 H-60 37.3
F-Cd 23.2 L-55 48 N-30 24 W-200 137 H-100 574
F-Sn 25.3 L-70 60 N-40 33 W-250 173 H-200 102
F-Cs 31.0 L-100 87 N-60 48 W-300 208 H-250 122
F-Nd 374 L-125 109 N-80 65 H-280 146
F-Sm 40.1 L-170 149 N-100 83 H-300 147
F-Er 49.1 L-210 185 N-120 100

F-W 50.3 L-240 211 N-150 118

F-Au 68.8 N-200 164
F-Pb 75.0 N-250 208
F-U 98.4 N-300 250
Radionuclides High energy photon radiations
Radiation Radio-  E - - -
quality isotope  (keV) Radiation quality Reaction E (MeV)
SAm  2Am 59.5 -12C 2C(p, py)tC 4.362
SCs 137Cs 662 —19F 19F(p,ay)160 6.612
S-Co 60Co 1250 R-Ti (N,K) (n,y) capturein Ti 5.142
R—Ni (n,K) (n,y) capture in Ni 6.262
R-160 160(n, p)16N 6.612

@ Mean energy averaged over photon fluence spectrum.

potential for filtered X radiation. Reference radiations produced by 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 a symbol indicating the kind of interaction.

Electrons above about 66 keV and above about 2 MeV can penetrate 0.07 mm
and 10 mm of ICRU tissue, respectively. This is of importance for all reference
radiations in which secondary electrons with energies above these values may be
generated. The conversion coefficients, h, given in the following sections are only
valid for the conditions of secondary electronic equilibrium at the point of test. For
energies up to 400 keV, free air ionization chambers are used as primary standard
measuring devices, and the calibration factors of reference instruments are obtained
under the conditions of secondary electronic equilibrium.
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For higher photon energies, secondary electronic equilibrium is no longer
obtained free in air because of the large range of the electrons. For example, the range
of the maximum energy electron in air which is produced by Compton scattering of
60Co photon radiation is about 4 m. The measurement of air kermais done in primary
laboratories by graphite cavity chambers whose wall thicknesses are sufficient to
generate dose buildup, and thereby secondary electronic equilibrium. This is
applicable to photon energies of up to 6 MeV.

For instruments being calibrated one does not have secondary electronic
equilibrium within the sensitive volume of their detectors. In some cases the detector
window or encapsulation is not sufficiently thick for dose buildup, one of the
premises for secondary electronic equilibrium. For these instruments one would
obtain different indications in photon radiation fields having differing electronic
equilibrium. By placing a layer in front of the detector which, together with the wall
material and the cover of the detector, gives a combined layer of a thickness larger
than the range of the most energetic secondary electrons, one can obtain reproducible
results. By experience, no additional layers for photon energies below 250 keV are
required; up to 0.66 MeV, a 1.5 mm thick layer of polymethyl methacrylate (PMMA)
is sufficient. For energies up to 1.33 MeV, a4 mm PMMA layer is sufficient.

For calibrations performed with the SO reference radiations having energies
above 1.33 MeV, guidance on the layer thickness required is given in ISO 4037,
Parts 2 and 3 [24, 25].

It is only by using these additional layers that calibrations carried out in
different laboratories can be compared.

The additiona PMMA layer should have a 30 cm x 30 cm square cross-
sectional area and should be located with its rear side at a distance of 15 cm from the
reference point of the dosimeter.

Note: During operational measurements such a calibration does not secure the
correct measurement of the quantity to be measured in all mixed photon and 3 fields;
additional investigations of the device under test may hence be needed.

4.2. CONVERSION COEFFICIENTS FOR
SO REFERENCE PHOTON RADIATIONS
42.1. X radiation
4.2.1.1. Filtered X rays
Details of the operational conditions required to produce the filtered

X radiations as specified in 1SO Standard 4037-1 [23] are given in Tables V1, VIII, X,
X1l and X1V [26]. Tables VII, IX, XI and XIII give the recommended conversion
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TABLEVI. CHARACTERISTICS OF LOW AIR KERMA RATES SERIES

Radiation Mean Resolution poTtl(;:’:? a Adeitiond filtration (mm)® First HVL
aaity  =iey RO Ty R s cu Al (mm)°®
L-10 85 10 03 0.058 Al
L-20 17 21 20 20 0.42 Al
L-30 26 21 30 018 40 L46 Al
L-35 30 21 35 0.25 220 Al
L-55 48 22 55 12 0.25 Cu
L-70 60 22 70 25 0.49 Cu
L-100 87 22 100 20 05 1.24 Cu
L-125 109 21 125 40 10 2,04 Cu
L-170 149 18 170 15 30 10 3.47 Cu
L-210 185 18 210 35 20 05 454 Cu
L-240 211 18 240 55 20 05 5.26 Cu

a8  The tube potential is measured under load.

b Except for the three lowest energies where the recommended inherent filtration is 1 mm Be,
the total filtration consists of the additional filtration adjusted to 4 mm of auminium.
For the three lowest energies the recommended inherent filtration is 1 mm Be but other
values may be used provided that the mean energy is within +5% and the resolution within
+15% of the values given in the table.

¢ The HVLs (haf-value layers) are measured at a distance of 1 m from the foca spot. The
second HVL isnot included for this series sinceit is not significantly different from the first
HVL.

coefficients from air kerma to the dose equivalent quantities for the four filtered X
radiation series [25]. These conversion coefficients are stated for a calibration
distance of 2 m. The range of calibration distances for which these coefficients are
applicable are listed in 1SO Standard 4037-3 [25]. Each series produces spectra of
different resolutions and air kermarates. The resolution, Re, is the ratio expressed as
a percentage (AE/E) x 100, where AE represents the spectrum width corresponding
to half the maximum ordinate of the energy fluence spectrum and E is the energy
averaged over this spectrum. The ‘low air kermarate’ series has the narrowest spectra
and the lowest air kerma rates. The ‘high air kerma rat€’ series produces very wide
spectra and the highest air kerma rates. The narrowest spectra should be used
measuring the variation of response of a detector with photon energy, provided that
the dose equivalent rates of this series are consistent with the dose equivalent rate
range of the instrument under test. The ‘high air kerma rate’ series is suitable for
determining the overload characteristics of some instruments.
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TABLE VII. 1SO X RAY REFERENCE RADIATION (LOW AIR KERMA RATE
SERIES) CONVERSION COEFFICIENTS FOR RADIATION OF NORMAL
INCIDENCE

Conversion coefficient, h

Mean
Radiation ener H'(0.07)/K, H*(10)/K, Slab phantom Pillar phantom Rod phantom
ity : 1 . 1
quality E (kev) (Sv-Gy™)  (Sv-Gy™)

H(0.07)/K, H(10)/K, H(0.07)/K, H 0.07)/K,
(Sveyd  (sveyh  (SvGyh  (SvGy D

L-10 85 0.93 0.93 0.91 0.91
L-20 17 101 0.37! 1.00 0.37! 1.00 0.99
L-30 26 113 0.90! 114 0.91! 1.08 1.03
L-35 30 1.22 1.08 1.22 1.09 117 1.06
L-55 48 1.50 161 157 167 134 111
L-70 60 1.59 173 171 1.87 1.39 114
L-100 87 1.59 1.69 171 1.87 1.37 1.17
L-125 109 152 161 164 177 134 1.17
L-170 149 1.42 1.50 1.53 1.62 1.29 116
L-210 185 1.36 1.42 1.45 152 1.26 115
L-240 211 1.33 1.38 1.42 1.47 124 115

2 With these radiation qualities, care needs to be taken as variations in energy distribution
may have a substantial influence on the numerical values of conversion coefficients.

A summary of the spectral data and air kerma rates produced by these seriesis
given in Table V. In Section 4.4, an example is given of a calibration set-up for
producing filtered X ray spectra.

For the high air kerma rate series, the quality of the reference radiation is
specified in terms of the X ray tube potential and the first HVL.

Spectra obtained with the reference radiation are published in Ref. [27]. This
reference also contains information on the measurement of spectra by Ge(Li)
detectors. Figure 8 shows a comparison of ameasured, unfolded, spectrum for the low
air kermarate series, having a mean energy of 47.8 keV, and that for a fluorescent X
radiation having aK line energy of 49.1 keV [28].

For low photon energies, small differencesin the spectral distribution can result
in significant changes in the numerical values of these conversion coefficients as the
majority contribution to the air kerma originates from the low energy part of the
spectrum, while the majority contribution to H* (10) and Hp(10; ) originates from the
high energy part of the spectrum. Differences in spectral distribution from one
experimental arrangement to another may occur as a result of a great number of
factors, e.g. anode angle, anode roughening, tungsten evaporated on the tube window,
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FIG. 8. Comparison of spectra of 1SO low air kerma rate filtered reference radiation and 1SO
fluorescence reference radiation.

presence of a transmission monitor chamber in the beam, deviation of the thickness
of filters from nominal values, length of the air path between focal spot and point of
test and atmospheric pressure at the time of- measurement. For fluorescence
radiations it may be necessary to carry out an optimization in order to bring the
contribution from scattered radiation down to an acceptable level. This may be
achieved by using a thinner radiator and/or by lowering the tube voltage.

For tube voltages below about 30 kV, and especially for the wide and high air
kerma rate series, the numerical values of the conversion coefficients h*(10;E) and
hp(lO; E,a) actualy applicable to a given experimental set-up may differ by
substantially more than 2% from the nominal values given in the tables.
Combinations of radiation qualities and conversion coefficients which are sensitive to
small variations in spectral distribution are provided with pertinent footnotes in the
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TABLEVIII. CHARACTERISTICS OF NARROW SPECTRUM SERIES

Radigion V'  Resolution ' UP%° Additional filtration (Mm)® 1 Second HL
quality = Re (%) potential (mm)°¢ (mm)°
E (keV) (kv)2 Pb  Sn  Cu Al
N-10 8 28 10 0.1 0.047 Al 0.052 Al
N-15 12 33 15 05  0.14Al 0.16 Al
N-20 16 34 20 10  032Al 0.37 Al
N-25 20 33 25 20  066Al 0.73Al
N-30 24 32 30 40  115Al 1.30Al
N-40 33 30 40 0.21 0.084 Cu  0.091Cu
N-60 48 36 60 0.6 0.24 Cu 0.26 Cu
N-80 65 32 80 20 0.58 Cu 0.62 Cu
N-100 83 28 100 5.0 1.11Cu 1.17Cu
N-120 100 27 120 10 50 171 Cu 1.77Cu
N-150 118 37 150 25 2.36Cu 2.47Cu
N-200 164 30 200 1.0 30 20 3.99 Cu 4.05Cu
N-250 208 28 250 30 20 519 Cu 5.23Cu
N-300 250 27 300 50 30 6.12 Cu 6.15 Cu
2 The tube potential is measured under load.
b

Except for the five lowest energies, where the recommended inherent filtration is 1 mm Be,
the total filtration consists of the additional filtration plus the inherent filtration adjusted to
4 mm aluminium.

For these five slowest energies the recommended inherent filtration is 1 mm Be but other
values may be used provided that the mean energy is within +5% and the resolution within
+15% of the values given in the table.

¢ TheHVLsare measured at a distance of 1 m from the focal spot.

tables in question. In this case the 2% uncertainty may not be sufficient, and a proper
estimate of the uncertainty or of a more reliable value of the conversion coefficient
may be required. If aradiation quality listed in TableV is not contained in one of the
tables for the conversion coefficients h*(10;E) and hp(lo; E), this means that no
reliable values may be given.

4.2.1.2. Fluorescent X rays

The fluorescence source of radiation® has been used by many authors as
reference radiation below 100 keV. In Section 4.4, an exampleis given of a schematic

3 Filtered X raysyield as smoother energy dependence than fluorescent X rays. This may
be more redlistic from the point of view of operational radiation protecton because at most
workplaces scattered radiation predominates.
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TABLE IX. ISO X RAY REFERENCE RADIATION (NARROW SPECTRUM
SERIES) CONVERSION COEFFICIENTS FOR RADIATION OF NORMAL
INCIDENCE

Conversion coefficient, h

Mean
Radiation energy H(0.07)/K, H*(10)/K, Slab phantom Pillar phantom Rod phantom

uality® =y (SvGy™  (svGyd

H,(0.07)/K, H,(10)/K, H,(0.07)/K, H(007)/K,
(Sveyd  (sveyl)  (SvGy ) (SvGy)

N-10 8 0.91 0.91 0.91 0.91
N-15 12 0.96 0.96 0.06! 0.96 0.95
N-20 16 1.00 0.98 0.27! 0.99 0.98
N-25 20 1.03 0.52! 1.03 0.55! 1.02 1.00
N-30 24 1.10 0.80! 1.10 0.79 1.08 1.03
N-40 33 1.25 118 1.27 117 1.20 1.07
N-60 48 1.48 1.59 155 1.65 1.33 111
N-80 65 1.60 173 1.72 1.88 1.39 115
N-100 83 1.60 171 1.72 1.88 1.38 117
N-120 100 1.55 164 1.67 181 1.35 117
N-150 118 1.50 1.58 161 173 1.32 117
N-200 164 1.39 1.46 1.49 157 1.27 116
N-250 208 134 1.39 1.42 1.48 1.24 1.15
N-300 250 131 135 1.38 1.42 1.22 114

a With these radiation qualities, care needs to be taken as variations in energy distribution may
have a substantial influence on the numerical values of conversion coefficients.

diagram of a typical calibration set-up for the fluorescence technique. The foil
(radiator) used to produce the K fluorescence is placed at 45° to the primary beam,
and the resulting fluorescent radiation is measured at 45° to this foil; the total angle
between the primary and the secondary beam is therefore 90°, which minimizes the
scattered radiation. The technique is a little more complex than the heavy filtration
method, and the air kerma rates obtained for similar source—detector distances are
lower. A list of the complete 1SO fluorescent radiations, together with radiators and
filters, is shown in Table XV.

Fluorescent sources may be of value for calibration at low photon energies.
However, some of the radiators and secondary filters are expensive and/or difficult to
produce. Conversion coefficients from air kermato H*(10) and H’(0.07) for the K,
line energies are listed in Table XV, together with conversion coefficients in Sv-Gy
for normal incidence for the slab phantom at depths of 0.07 mm and 10 mm, and at a
depth of 0.07 mm for both the pillar and the rod phantoms.
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TABLE X. CHARACTERISTICS OF WIDE SPECTRUM SERIES

Additional .

Radiation Mean Resolution potT;wt:? a8 filtration® Fléztpsgr”_ Sec::;p;VL
quaity — Re (%) _ . c
E (keV) (kV) Tin Copper (mm) (mm)
W-60 45 48 60 0.3 0.18 0.21
W-80 57 55 80 0.5 0.35 0.44
W-110 79 51 110 2.0 0.96 111
W-150 104 56 150 1.0 1.86 2.10
W-200 137 57 200 2.0 3.08 331
W-250 173 56 250 4.0 4,22 4.40
W-300 208 57 300 6.5 5.20 5.34

2 The tube potential is measured under load.

b Thetotal filtration consists, in each case, of the additional filtration plus inherent filtration,
adjusted to 4 mm of aluminium.

¢ The HVLsare measured at a distance of 1 m from the focal spot.

TABLE XI. 1SO X RAY REFERENCE RADIATION (WIDE SPECTRUM SERIES)
CONVERSION COEFFICIENTS FOR RADIATION OF NORMAL INCIDENCE

Conversion coefficient, h

Radiation el\r/]I:ran H'(0.07)/K, H*(10)/K, Slab phantom Pillar phantom Rod phantom
quality* = (keV) (SvGy™  (svey

Hy(0.07) /K, Hy(10)/K, H(0.07)/K, H(0.07)/K,

(SvGy™h  (SvGy)  (SvGy)  (SvGy
W-60 45 143 1.49 1.49 155 1.30 1.10
W-80 58 154 1.66 1.64 177 1.36 113
W-110 79 1.59 171 171 1.87 1.38 1.16
W-150 104 153 1.62 1.64 177 134 117
W-200 134 144 152 155 1.65 1.30 1.16
W-250 169 1.37 144 147 154 1.26 115
W-300 202 134 1.39 142 147 124 115

For quantities that refer to the measurement at a depth in a material where the
attenuation of the fluorescent X ray lines may be significant, the spectral distribution
of the Compton scattered impurities may have a dominant response on the device
being calibrated. As a consequence of such spectral impurities, it will be extremely



TABLE XII. APPROXIMATE®2 CHARACTERISTICS OF THE HIGH AIR
KERMA RATE SERIES

Additional filtrationP Half-value [ayer
. Tube (mm) (mm) e
Radl_anon potential _ photon
quality (kV) First Second energy
E (keV)
Aluminium Copper Air Aluminium Copper Aluminium Copper
H-10 10 750 0.036 0.010 0.041 0.011 7.5
H-20 20 0.15 750 0.12 0.007 0.16 0.009 129
H-30 30 0.52 750 0.38 0.013 0.60 0.018 19.7
H-60 60 3.2 750 242 0.079 3.25 0.11 37.3
H-100 100 39 015 750 6.56 0.30 8.05 0.47 574
H-200 200 115 2250 14.7 1.70 155 240 102
H-250 250 16 2250 16.6 247 17.3 3.29 122
H-280 280 3.0 2250 18.6 3.37 19.0 3.99 146
H-300 300 25 2250 18.7 3.40 19.2 415 147

a8 The values listed in this table have been taken from Seelentag et al. [26]. The length of air
path employed, which has been included in the additional filtration, is significant for the
lower energy radiations. The actual spectral distributions obtained for agiven X ray facility
will be significantly dependent upon the target angle and the roughness.

b For tube potentials above 100 kV the total filtration consists, in each case, of the additional
filtration plus the inherent filtration adjusted to 4 mm of aluminium. For tube potentials of
100 kV and below, the examples given above refer to an inherent filtration of approximately
4 mm Be.

difficult to quantify the dose and effective mean energy of penetrating quantities, and
precise spectral information on the radiation beams weighted in terms of the
appropriate dosimetric quantity would be needed. Also, for purposes of comparison
measurements performed with different tube potentials would produce ambiguous
results. Therefore the radiation qualities F-Ge and F-Zn in Table XV should not be
used to determine an instrument's or a dosimeter’'s response with respect to a
dosimetric quantity at depths of 0.07 and 10 mm, and for the same reason caution
should be exercised in using the other low energy fluorescence radiations.

4.2.2. Photon radiation from radionuclide sources and high energy
radiations produced by nuclear reactions

Calibration should be carried out by using the ISO photon reference radiations
listed in Table XVII [23]. Table XVII aso lists the recommended conversion
coefficients from air kerma to ambient and directional dose equivalent together with
conversion coefficients in Sv-Gy for normal incidence for the slab phantom at
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TABLE XIIl. 1SO X RAY REFERENCE RADIATION (HIGH AIR KERMA RATE
SERIES) CONVERSION COEFFICIENTS FOR RADIATION OF NORMAL
INCIDENCE

Conversion coefficient, h

Mean
Radiation ener H'(0.07)/K, H*(10)/K, Slab phantom Pillar phantom Rod phantom
ity : 1 . 1
quality E (keV) (Sv-Gy™)  (Sv-Gy™)

H(0.07)/K, H(10)/K, H(0.07)/K, H 0.07)/K,
(Sveyd  (sveyh  (SvGyh  (SvGy D

H-10 75 0.89 0.89 0.89 0.89
H-20 12.9 0.96 0.95 0.96 0.95
H-30 19.7 1.02 1.01 0.39! 1.00 0.99
H-60 37.3 1.26 115 1.29 119 1.20 1.07
H-100 57.4 1.49 157 1.58 1.68 1.33 112
H-200 102 151 161 1.62 175 1.33 1.16
H-250 122 1.45 154 1.56 1.67 131 1.16
H-280 146 141 1.49 151 1.60 1.28 1.16
H-300 147 1.40 1.48 151 1.59 1.28 1.16

& With these radiation qualities, care needs to be taken as variationsin energy distribution may
have a substantial influence on the numerical values of conversion coefficients.

TABLE XIV. 1SO FILTERED X RADIATIONS

. Resolution  Ratio first HVL/second HVL Typical air kerma rates?
Name of series

Re (%) (using Cu absorbers) (Gy-h™?
Low air kermarate 18-22 1.0 3x104¢
Narrow spectrum 27-36 0.75-1.0 103-1072¢
Wide spectrum 4857 0.67-0.98 102-101¢
High air kermarate not specified 0.64-0.86 1005

a8 At 1 mfromthe X ray focal spot with the tube operating at 1 mA (distance not applicable
to all high air kerma rate series).

b Under conditions of charged particle equilibrium, the value of air kerma is approximately
equal to the absorbed dose to air.

¢ At mean energies of less than 30 keV, other values may apply.

depths of 0.07 mm and 10 mm, and at a depth of 0.07 mm for both the pillar and the
rod phantoms.

Reference radiations in the energy range between 4 MeV and 9 MeV are
provided by 1SO because of the 6 MeV photon fields produced by many nuclear
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power stations and by other nuclear reactor systems as well as for other high energy
photon sources. Further energies are not specified since the variation in response of
most dosimeters and dose ratemeters with photon energy shows no discontinuities
over this energy range.

The 1SO photon reference radiations are produced by one of the following
reactions:

— de-excitation of 160 in the 19F(p, 1K)160 reaction;
— de-excitation of 12C;

— thermal neutron capture gamma radiation;

— decay of 16N.

The facilities required to produce these reference radiations are complex and
expensive so it is not envisaged that many laboratories will wish to use these
radiations. Detailed descriptions of SO high energy radiations are contained in 1SO
Standards 4037-1 [23] and 4037-2 [24].

The source should not contain radioactive impurities that contribute more
than 1% to the air kerma rate at the point of test. Table XVIII gives examples of
specific activities and recommended chemical forms of the specified radioactive
nuclides.

I SO has specified recommendations for proper source encapsulation [29]. The
capsules should have a mass per unit area of 0.2 g-cm2 for 8°Co and 0.5 g-cm for
137Cs. For 21Am the capsule should have a mass per unit area of 0.32 g-cm2 of
stainless stedl to attenuate the 26 keV K radiation to less than 1.0% of the 59.5 keV
K emission.

At the points of test the air kerma rate due to the radiation scattered by the
environment, including instrument and support stands, should not exceed 5% of that
due to the direct radiation. Calibrations can be performed by either using collimated
beams or uncollimated geometry with the source mounted free in the room, e.g. for
routine calibration of personnel dosimeters (Section 4.4.2).

A second method can be used for both collimated and uncollimated calibration
geometries. At each point of test, the air kermarates on the central axis of the beam
should be measured. After correcting for air attenuation, they should be proportional,
within = 5%, to the inverse square of the distance from the centre of the reference
source to the reference point of the detector. It is considered acceptable practice to
perform radiation scatter measurements at the closest and furthest test points, as well
as at several intermediate points.

For uncollimated irradiations, a shielded room of at least 4 m x4 m x 3 mis
required to ensure that the scattered radiation is kept to less then 5% of the direct
radiation. Theinverse square law tests, described in the previous paragraph, should be
used to verify that the scatter is less than 5%.
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TABLE XV. RADIATORS USED FOR I1SO K FLUORESCENCE REFERENCE RADIATIONS
(8) For this series, the radiators and filters consist of either metallic foils or suitable chemical compounds

Radiator Totfail | t?;?;iry Secondary filtration
Rgg:ﬂ;” Theoretical Recommended mass ngh(l\(/\(;l; age _ Minimum Materia and M?nimum mass per
. Recommended  of relevant chemical thickness mass per recommended unit area of relevant

energy Koy Materid®  cponica form  form per unit area unitareaof Al chemical form  chemical form
line (keV) (gem?) (gem?) (gem?)

F-Ge 9.89 Germanium GeO, 0.180 60 0.135 GaO 0.020°

F-Zr 15.8 Zirconium Zr 0.180 80 0.27 SrCoy 0.053

F-Cd 232 Cadmium Cd 0.150 100 0.27 Ag 0.053

F-Cs 31.0 Caesium Cs,S0, 0.190 100 0.27 TeO, 0.132

F-Sm 40.1 Samarium Sm,0, 0.175 120 0.27 CeO, 0.195

F-Er 49.1 Erbium Er,0,4 0.230 120 0.27 Gd, 0,4 0.263

F-w 59.3 Tungsten w 0.600 170 0.27 Yb,0, 0.358

F-Au 68.8 Gold Au 0.600 170 0.27 w 0.433

F-Pb 75.0 Lead Pb 0.700 190 0.27 Au 0.476

F-U 98.4 Uranium U 0.800 210 0.27 Th 0.776




6S

(b) An alternative series covering the same energy region but consisting solely of metallic radiators and filters can be used and isformed
by replacing the radiation qualities F-Ge to F-W with the following radiators and filters

Radiator TOtfi‘l | t[:;ltirgﬁry Secondary filtration
Rgﬂ;aﬂ;n Theoretical Recommended mass ngh(l\(/\c;l)t 2 _ Minimum Material and M?nimum mass per
.o Recommended of relevant chemical thickness mass per recommended unit area of relevant
m‘z%e@)l Materid®  nemical form  form per unit area unitareaof Al chemical form  chemical form
(gem™) (gem™) (gem™)
F-Zn 8.64 Zinc Zn 0.180 50 0.135 Cu 0.020
F-Mo 175 Molybdenum Mo 0.150 80 0.27 Zr 0.035
F-Sn 253 Tin Sn 0.150 100 0.27 Ag 0.071
F-Nd 374 Neodymium® Nd 0.150 110 0.27 Ce* 0.132
F-Er 49.1 Erbium Er 0.200 120 0.27 Gd 0.233
F-w 59.3 Tungsten w 0.600 170 0.27 Yb 0.322
F-Au 68.8 Gold Au 0.600 170 0.27 w 0.422
F-Pb 75.0 Lead Pb 0.700 190 0.27 Au 0.476
F-U 98.4 Uranium U 0.800 210 0.27 Th 0.776

2 The optimum tube potential for maximum purity of the reference radiation is approximately twice the K absorption edge energy for the relevant radiator.
If higher air kerma rates are required, it is possible to use higher values of high voltage, but this will result in alower purity of radiation.

b The 0.020 g/cm? applies to gadolinium only.

¢ These foils should be properly scaled to prevent oxidation.



TABLE XVI. I1SO FLUORESCENCE REFERENCE RADIATION CONVERSION
COEFFICIENTS FOR RADIATION OF NORMAL INCIDENCE

Conversion coefficient, h

Theoreti-
Radiation enceé:l H’(0.07)/K, H*(10)/K, Slab phantom Pillar phantom Rod phantom
quaity* L (SvGyY)  (SvGy )
(IZeV) Hp(0.07)/Ka Hp(10)/Ka Hp(0.07)/Ka Hp(0.07)/Ka
(SvGy™  (SvGyh)  (SvGyh)  (SvGy)

F-Zn 8.64 0.94 0.93 0.93 0.93
F-Ge 9.89 0.95 0.95 0.95 0.95
F-zr 15.8 1.00 0.32! 0.99 0.32! 0.99 0.98
F-Mo 175 1.02 0.44! 1.01 0.44! 1.01 0.99
F-Cd 232 1.09 0.80 1.09 0.79 1.08 1.03
F-Sn 25.3 113 0.91 114 0.89 1.10 1.04
F-Cs 31.0 124 114 1.25 115 1.19 1.06
F-Nd 374 1.36 1.39 1.39 1.40 1.27 1.08
F-Sm 40.1 141 147 144 1.49 1.29 1.09
F-Er 49.1 1.52 1.65 1.62 175 1.36 1.13
F-w 59.3 1.59 174 1.72 1.89 1.39 114
F-Au 68.8 161 175 1.73 1.90 1.39 1.15
F-Pb 75.0 161 174 1.73 1.90 1.39 1.16
F-U 98.4 1.56 1.65 1.68 1.82 1.35 117

2 With these radiation qualities, care needs to be taken as variations in energy distribution
may have a substantial influence on the numerical values of conversion coefficients.

An example of a calibration set-up suitable for personal dosimeters uses a
circular arc of alow scatter materia (plastics) with 1 m radius for the positioning of
the dosimeters. This allows simultaneous irradiation of many dosimeters. However,
the homogeneity of the air kermarate around the arc has to be checked. If dosimeters
or integrating instruments are being calibrated, the irradiation time should be
sufficiently long in relation to the transit time of the source. If a shutter is used, the
irradiation time should be long enough for the air kerma from the source during the
transit of the shutter to be negligible.

4.3. REFERENCE INSTRUMENTS
4.3.1. Requirementsfor referenceinstruments

The reference instrument is normally an ionization chamber and a measuring
assembly. In some applications, for example the determination of low kerma rates,
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TABLE XVII. RADIONUCLIDE SOURCESAND HIGH ENERGY PHOTON RADIATIONS

. . - Conversion coefficient for Convgrg on
Air kerma Conversion coefficient for the slab phantom coefficient
. Energy of Half- rate normal incidence L H_(0.07)/K
Radiation o . a (normal incidence) P e
quality radiation life consxjwt , (Sv-Gy™)
(MeV) (d) (HGy-h—m*.
MBqY He(0.07)/K,  H*(10)/K,  H(0.07)/K,  H,(10)/K, Pillar Rod
(Sv-Gy™D) (Sv-Gy? (Sv-Gy? (Sv-Gy? phantom  phantom
S-Co 11733 19255 0.31 1.16 115
1.3325
SCs 0.6616 11 050 0.079 1.20 1.25 121
S-Am 0.05954 157 788 0.003 1.59 1.74 1.89 1.39 114
R-12C 4.44 112 111
R-19F 6.13-7.12 111 112
R-Ti(nK) 514 1.11 1.11
R-Ni(nK)  6.26 1.11 111
R-160 6.13-7.12 111 112

a8 Thevalue of the air kermarate constant is only valid for an unshielded point radionuclide source. It is given only as a guide. Air kermarates at the
exposure positions should be measured by using a secondary ionization chamber.



TABLE XVIII. SPECIFIC ACTIVITY AND RECOMMENDED CHEMICAL
FORM OF RADIONUCLIDES

Radionuclide Specific activity (Bg- kg™ Recommended chemical form
60co 3.7 x 101 Metal

137cs 8.51 x 1014 Chloride

2IAm 1.11 x 1014 Oxide

other types of instrument, e.g. scintillation counters, may be used provided that the
requirements of 1SO 4037-2 [24] are met. The general requirements for reference
instruments were listed in Section 3.

The reference instrument must be calibrated for the range of energies and air
kerma and/or air kerma rates that are intended to be used. The reference radiations
used to calibrate the reference instrument should, if possible, be the same as those
used for the calibration of radiation protection monitoring instruments. The
calibration factors for the reference instrument refer to specific calibration energies
and spectraand are given for a specified polarizing voltage. This voltage must always
be used.

The orientation of the ionization chamber with respect to the incident radiation
may have an influence on the result of the measurement. It is, therefore, important
that the reference orientation of the chamber be used for both the calibration of the
reference instrument and during its use for calibrating other instruments.

If an ionization chamber is not calibrated with the complete measurement
system, the calibration of the associated charge or current measuring assembly should
be traceable to an appropriate standard current source.

4.3.2. Correction for the reference instrument
4.3.2.1. General

In order to obtain the conventional true value of the quantity to be measured, H,
it is necessary to correct the reading of the reference instrument by various factors
which arise from differences between the standard test conditions and the reference
conditions (Table V), as well as from other conditions as prescribed for using the
reference instrument. The dose equivalent quantity H is obtained from:

H = hN, My, (27)
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where

h is the conversion coefficient used to obtain the dose equivalent quantity H from
the physical quantity measured by the reference instrument, in general air kerma
or air kermarate (Section 3.4.1);

N isthe calibration factor of the reference chamber under reference conditions;
and

Mg is the measured (indicated) value of the reference instrument corrected for
reference conditions.

According to Section 3.2, Mg can be substituted, and we obtain:

H= hNR(MRI - MRO) Korkrkokk: (28)

where

Mg, isthe mean value of the indication of the instrument at the time of calibration;

My, is the mean value of the indication of the instrument when the source is
removed (background);

kpr is the correction factor for air pressure;

k;  isthe correction factor for temperature;

is the correction factor for the chamber size (field inhomogeneity over the

chamber volume);

is the correction factor for scattered radiation; and

is the correction factor for range or scale, usually contained in the measuring

instrument’s calibration certificate.

Ro

S S

The dose equivalent quantity H may be determined for another radiation
quantity by means of an additional correction factor, k,,, for energy dependence.
Values of k,, are often supplied with the calibration certificate.

The reference instrument must be calibrated up to the maximum kerma rate to
be measured. If electrical signals have been used to calibrate the higher ranges of the
measuring assembly, a correction for incomplete ion collection of the ionization
chamber assembly is often necessary for these ranges [24]%.

In the following sections, some information on the necessary corrections is
given.

4 It is preferable to calibrate the complete instrument by the use of ionizing radiation
since this method tests the complete measuring system.
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4.3.2.2. Zero indication (background)

The leakage current in the absence of any irradiation, other than natural
background, should be equivalent to less than £2% of the maximum indication for the
most sensitive scale range of the assembly. For integrating instruments, the
accumulated leakage indication should correspond to less than 2% of the indication
produced by the reference radiation over the time of measurement. It may be
necessary to correct for the effect of leakage currents.

There can be a number of leakage current sources, or errors that produce
effects similar to leakage currents. A fuller description of effects such as
post-irradiation leakage, insulator leakage in the absence of radiation, cable
microphony and pre-amplifier induced signal is given in Ref. [23]. It should be noted
that in some instruments the signal from the chamber may not indicate leakage
currents that have a polarity opposite to that produced by ionization within the
chamber.

A charge measuring instrument may produce a change of scale indication when
the setting control is changed from the zero mode to the measurement mode; this
charge may be of either polarity. This effect may be significant in the more sensitive
measurement ranges. It may be necessary to correct for this effect. It is preferable to
exclude this effect by appropriate measurement techniques.

4.3.2.3. Pressure

For an unsealed ionization chamber, the deviation of the actual air pressure p
from the reference pressure p, = 101.3 kPais corrected by

kpr =p/p (29)
4.3.2.4. Temperature

For an unsealed ionization chamber, the deviation of the actual air tempera-
ture T from the reference temperature T, = 293.15 K (20°C) has to be corrected for
by

k= TIT, (30)
4.3.2.5. Chamber size

The finite size of the chamber may affect the measurement of the radiation at

small source—chamber distances [30]. For spherical detectors, correction factors are
givenin Ref. [31].



4.3.2.6. Scattered radiation

The structure supporting the reference instrument’s detector in the beam should
be designed to contribute a minimum of scattered radiation. It should be made of low
density, low atomic number materia (e.g. polymethyl methacrylate).

No correction for radiation scattered by the ionization chamber’'s stem is
necessary unless the beam areais significantly different from that used to calibrate the
reference instrument. In this case the effect of stem scatter may be found from
measurements with and without a replicate stem in appropriate geometric conditions.

4.4. MEASUREMENTS OF THE CHARACTERISTICS AND CALIBRATION
OF RADIATION FIELDS

44.1. X radiation

A monitor chamber should be used for the X radiationsto allow for fluctuations
in the photon fluence due to possible variation in the output of the X ray set (Section
3.4.3). An unsealed transmission ionization chamber should be used as the monitor.
For the filtered X radiations, it should be positioned after and close to the added
filtration (Fig. 9). The filtration by the monitor should be insignificant compared to
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FIG. 9. Xray radiation measurement.
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FIG. 10. Fluorescence X radiation measurement.

the additional filtration. For the fluorescence X radiations the monitor should be
positioned after the additional filtration for the K, radiation (Fig. 10) and should not
modify the spectrum. The ionization collection efficiency of the monitor chamber
should be at least 99% for all air kerma rates to be used, and the leakage current
should be less than 2% of the lowest current to be measured.

It is necessary to correct the indication of the monitor chamber instrument for
any changes in the temperature and pressure of the air that may occur during
measurements. It is important to remember that the temperature of the air in the
monitor may be different to the temperature at the test point so the correction factors
to be applied at these two locations may be different.

The X ray unit should be of the ‘constant potential’ type [23] (the maximum
ripple of the high voltage should not exceed 10%). For measurements in the low
energy X ray range, the tube high voltage should be continuously adjustable at |east
between 10 kV and 60 kV, with a current range from 0.1 mA to 30 mA.

In the higher energy range the tube high voltage should be continuously
adjustable between 30 kV and 300 kV and with a current range from 0.1 mA to
10 mA. In both ranges, a tungsten anode should be used.

For the low energy range, a beryllium window tube is required. Special X ray
units for dosimetry purposes contain metal ceramic Be window tubes for a wide
energy range (20 to 320 kV), afeedback stabilizing high voltage circuitry with +1 kV

66



TABLE XIX. METAL PROPERTIES REQUIRED FOR X RAY FILTERS

Metal Quality Nominal density (g-cm)
Aluminium Minimum purity 99.9% 2.70
Copper Minimum purity 99.9% 8.94
Tin Minimum purity 99.9% 7.28
Lead Extra fine minimum purity 99.9% 11.3

stability and a wide current range from 10 pA to 20 mA. The extremely low current
makes it possible to obtain low air kermarates in the direct beam.

The shielding achieved by the shutter should be sufficient to reduce the air
kermarate in the direct beam by afactor of 10-3. If theirradiation is controlled by the
use of ashutter, the irradiation times should be longer than 1000 times the transit time
of the shutter, or a correction should be made for the shutter transit time. The
requirements for the filter materials are summarized in Table X1X [23].

If no additional beam limiting diaphragm is used, the input diaphragm of the
monitor chamber on the side directed towards the X ray tube can be used to define the
beam profile.

The alignment of X ray tube, diaphragms and monitor chamber should be
checked by a photographic X ray film. Accurate alignment is obtained using a
‘pinhole’ diaphragm of 0.075 mm diameter, which produces a photographic picture
of the focus on the film. Rapid alignment can be provided by use of alaser beam in
the main axis of the X ray beam.

The calibration set-up should include mechanical means to ensure that the
reproducibility of the distance between the X ray tube focus and the detector iswithin
+1 mm.

It is recommended that regular checks be made of the high voltage calibration,
either by using a calibrated resistor chain or by spectrometric measurement of the
maximum photon energy. In the latter case the voltage should be determined from the
intersection of the extrapolated linear high energy part of the spectrum with the
energy axis.

Suitable absorbers for the measurement of the half-value layer are aluminium
above 10 kV and copper above 35 kV. The method for the determination of the HVL
is explained in detail in Ref. [32].

In the low energy range the filtration inherent in the X ray tube is a significant
part of the total filtration. The inherent filtration should be determined from a
measurement of the HVL with the X ray set operated at 60 kV and without any
additional filtration present [23]. The aluminium absorbers should be located in an
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TABLE XX. VARIATION IN HVL AT 60 kV WITH INHERENT FILTRATION
(mm ALUMINIUM EQUIVALENT) [33]

First HVL mm of aluminium at 60 kV Inherent filtration mm of aluminium
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 1.0
1.54 1.5
1.83 2
2.11 25
2.35 3
2.56 35
2.75 4
2.94 4.5
3.08 5
3.35 6
3.56 7

equidistant arrangement from the X ray tube focus and the detector. The diameter of
the beam at the detector position should just be sufficient to irradiate it completely
and uniformly. The distance from the aluminium absorbers to the detector should be
at least five times the diameter of the beam at the detector. After plotting the
attenuation curve in auminium, the first HVL must be determined. The value of the
inherent filtration can then be determined from the data in Table XX. The results
should be rounded to the nearest tenth of a millimetre.

The inherent filtration value, expressed in millimetres of aluminium, varies as
a function of the photon energy in a manner which depends upon the constituent
elements of the inherent filtration. In the case of filtered X radiation, the values
determined on the basis of Table XX at 60 kV may be used for other high voltage
values since changes in the inherent filtration, expressed in millimetres of aluminium,
are small compared with the added filtration [33].

4.4.2. Photon radiation of radionuclide sources

The reference instrument should be used for the calibration of the radiation
field. A sufficient number of measurements at each point of the test should be made
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to ensure that the experimental standard deviation of the group of measurements is
consistent with the expected performance of the reference instrument. When
measuring air kerma rates to ensure that the readings are statistically independent, it
is necessary to leave sufficient time between successive readings (Section 3.4).

The air kermarate at all the calibration distances to be used from a reference
source should be determined by using a reference instrument. However, more than
one source may be required in order to cover the complete range of air kerma rates
needed for calibration. In this case, if the sources are of the same radionuclide and
have identical construction (i.e. dimensions of source and encapsulation), then for one
fixed calibration distance, |, the air kerma rate may be measured for each source by
the reference instrument. Then one source is designated as the ‘reference’ source.

Using the reference source, the air kerma rate is measured at each calibration
distance with the reference instrument. The air kermarate from the other sources can
then be calculated by multiplying the ‘reference’ source air kerma rate for the
distances by theratio of the air kermarate for the other ‘ non-reference’ sources at the
distance, |, to the ‘reference’ air kermarate at distance .

Examples of suitable collimator systems for use with °Co or 137Cs sources are
shownin Figs11 and 12. The collimator in Fig. 11 isconical in shape, with the source
at the apex. The collimator consists of at least six rings with conical holes
(diaphragms) made of tungsten alloy or lead, having atotal thickness of about 90 mm
and separated from each other by 20 mm thick spacers. The collimator has nine
diaphragms. The diaphragm farthest from the source should have athickness of 3 mm
and an aperture sightly greater than the cross-section of the beam at that point.

Outer lead shield

Removable collimator
insert

Lead ring with
conical hole

Pneumatically operated
tungsten shutter

Spacer

FIG. 11. Example of ring collimator and shutter assembly of a collimated source system.
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FIG. 12. Example of a collimated irradiation system with conical ring collimator.

The safety shielding should be of sufficient thickness to attenuate the radiation
from the source by a factor of approximately 1000. For 89Co, the minimum thickness
is12.5 cm of lead; for 137Cs, it is 6.5 cm of lead. Greater thickness may be required
to reduce the radiation exposure of personnel to acceptable levels.

Instead of using sources with different activities, the air kerma rate may aso be
varied by means of lead attenuators for collimated beams of 137Cs and 8°Co. The
attenuators should be placed in close vicinity to the diaphragm. A sequence of lead
attenuators with thicknesses of about 20, 40, 60 mm etc., and 38, 76, 114 mm etc.,
leads to a reduction of the air kerma rate by successive orders of magnitude for Cs
and Co, respectively. The above figures merely serve asaguideline. The exact amount
of attenuation depends on geometrical parameters such as the field size. Therefore,
the value of the air kermarate at the point of test should be determined by dosimetric
measurements. The range of attenuation may cover six orders of magnitude or more.
In spite of an increased fraction of photons having undergone a scattering event with
increasing attenuator thickness, the spectral purity of the radiation is maintained as
the fluence spectra of al photons become progressively narrow, i.e. the mean energy
approaches more and more that of the emission line(s) (Fig. 13 [34, 35]).

During calibration the detector should be placed at a minimum distance of
30 cm from the front of the collimator and at least 1 m from the back wall of the
calibration room.
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FIG. 13. Spectral photon fluence distributions for beam without absorber (1), and for beam
with lead absorbers of different thicknesses, (2)—(6) [0.693, 1.100, 1.609, 2.203 and 4.605 cm].
A@AE is the spectral fluence (quotient of the fluence Apand the energy interval AE; AE=5
keV) and (A(;lAE)p is the spectral fluence of the primary photons [ 34].

To estimate the influence of scattered radiation at the points of test in a
collimated beam, the air kerma rate should be measured after displacing the detector
of the reference instrument in a plane perpendicular to the beam axis, by a distance
equal to twice the sum of the radius of the beam plus its penumbra. The air kerma
rates at each of two diametrically opposed positions should be less than 5% of the
corresponding air kerma rates on the central axis.

44.3. High energy photon radiation produced by nuclear reactions

The production of reference radiations at high energies, 4 MeV to 10 MeV,
requires the use of specia facilities that are not always available in most countries.
Detailed information is therefore not given for these reference radiations but this can
be obtained from Refs [23, 24]. The reference radiations are produced either by de-
excitation using positive ion accelerators or by therma neutron capture using
reactors.
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FIG. 14. Counting set-up for alpha particle measurements.

4.4.3.1. Photon reference radiations from the de-excitation of 160 in the
19¢ (p,ay)160 reaction

These radiations are produced by using a particle accelerator to bombard a
fluorine target (usually CaF,) with protons using the °F(p,ay)'®O reaction. The
proton energy should be either one of the resonance energies (340.5 or 872.1 keV) or
a convenient energy between 2 and 3 MeV. For high photon yields, protons of an
energy close to 2.7 MeV incident on a target of about 6 mg-cm2 thickness produce
2 x 108 photons's™ for a1 TA proton current. At this energy, there is about 4% of the
air kermaproduced by non-reference radiation having energies between 0.1 to 1.5 MeV.
For the purest reference radiation, 340.5 keV protons should be used; 97% of the
photon emission is at 6.13 MeV but only 105 photonsiS™ are produced for a 1 TA
proton current. When this low proton resonance energy is used the air kermarate can
be evaluated by means of associated alpha particle counting. The apha particle
emission is essentialy isotropic, and the counting set-up consists of a collimated
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alpha particle detector (e.g. a silicon detector) at the end of a tube mounted opposite
the target of the proton accelerator tube and evacuated to the same pressure
(Fig. 14). The air kermarate at a distance d from the target is given by the following
equation:

(Ka)r = naEr(IJtr/p)r (de)_l (31)

where n, isthe associated particle counting rate, Q isthe solid angle of the collimator
at the alpha particle detector subtended at the centre of the CaF, target, E =
6.13 MeV and p,/p is the mass energy transfer coefficient for air at energy E,.

4.4.3.2. Photon reference radiations from the de-excitation of 12C

These radiations are produced by using a particle accel erator to bombard a high
purity carbon target with protons, resulting in the lowest excited level of 12C at
4.44 MeV, followed by a de-excitation using the 12C(p, p'y)*2C reaction. If natural
carbon is used as the target there are 3.09 MeV photons and 0.511 MeV photons
produced by two competing reactions in 13C. For a proton energy of 5.5 MeV and
a current of 1 pA at 1 m from the target, an air kerma rate of 85 pGy-h= is
produced.

4.4.3.3. Reference radiations produced by the internal neutron capture gamma
reactions in titanium or nickel

These radiations are produced by the (n,y) capture reaction in atitanium target
which produces 6 MeV photons or a nickel target for 8.5 MeV photons, using a
reactor as the neutron source. Low energy photons, having energies down to about
300 keV, are produced by both of these targets and are reduced or eliminated by
appropriate added filtration. Examples of air kerma rates and energies obtained are
given in Table XXI.

4.4.3.4. Photon reference radiations from the decay of 16N

These reference radiations are produced by activation of water in areactor core
by fast neutrons using the 160(n, p)16N reaction. The subsequent R decay of 16N with
ahalf-lifeof 7.1 sleadsto the excited states of 160, yielding 6.13 MeV and 7.12 MeV
photons, with relative emission probabilities of 68% and 5%, respectively, and
10.4 MeV Rradiation. An air kermarate of 50 uGy-h1 per kilogram of water can be
produced at 1 m from water pumped through the reactor core per 1 MW of thermal
power. Low energy photons can also be produced for contaminants in the cooling
medium, e.g. 2*Na produces 2.75 MeV and 1.37 MeV photons.
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TABLE XXI. CAPTURE GAMMA RADIATIONS: EXAMPLES OF TARGET
MATERIALS AND DIMENSIONS, AND ASSOCIATED REFERENCE
ENERGIESAND AIR KERMA RATES

Target Reference Air kermarate?
hvd (Gyh)
Material Dimensions (mm) Mass (kg)  Purity (%)  (MeV)
Titanium 550 x 100 x 15 3.7 98 6.0+ 0.5 0.8
Nickel 550 x 100 x 10 4.9 98 85+ 05 1.2

a  Air kerma rate at a distance of 5 m for a thermal neutron fluence rate of 1.5 x 1013.s1,
These values are given only as a guide; they were obtained by using beam filtration
comprising 102 g-cm2 of polyethylene plus 14 g-cm™ of aluminium. Different filtrations
will produce different air kerma rates.

4.4.3.5. Contamination of the 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 any filter materials used.

(b) Beta particles are created in the target from nuclear reactions or from secondary
electrons.

(c) Scattering of reference photons in the target and any nearby material produce
lower energy photons, which contribute about 1% to the air kermarate.

4.4.3.6. Dosimetry of high energy photon radiations

The quantity used to characterize the radiation fields at the point of test should
be either:

(@) The air kerma rate measured directly with a reference ionization chamber or
derived from measurement of the photon fluence or from the emission rate of the
associated alpha particles for the 19F(p,ay)10 reaction, or

(b) The absorbed dose rate to a specified tissue equivalent material, measured at the
depths of interest in areference phantom. This can be measured directly by using
a reference ionization chamber calibrated in terms of absorbed dose to tissue or
can be derived indirectly from a measurement of the photon fluence rate or of the
air kermarate.
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4.4.3.7. Calibration of radiation protection instruments in the high energy photon
reference radiation fields

At photon energies of 4 to 10 MeV, it is only the strongly penetrating radiation
that contributes to the dose. For measurements of the personal dose equivalent the
depth of 10 mm, Hp(lo), is applicable, whilst for area monitoring only the ambient
dose equivalent, H* (10), should be measured.

The high energy photon reference radiation fields do, however, have widely
differing amounts of electron contamination, depending upon the method of
production, namely, a collimated or an uncollimated source. This is illustrated in
Fig. 15, which is a plot of the current of an ionization chamber as a function of the
chamber depth in a water phantom for the nickel 9 MeV capture gamma radiation
(upper curve) and the corresponding plot in a PMMA phantom for a 6 MeV,
19F(p,ay) 180 reference radiation (lower curve). If the radiation field were calibrated
corresponding to a depth of 10 mm (1 g-cm2), the measured value would be either
too low or too high.

To ensure that the correct measurement for the reference photon radiation
energy is obtained and consistent calibrations are made between different
laboratories, the method to be described in the following section should be used.

45. FACILITIES
451. Generd

A calibrating laboratory for photon radiation should at least consist of two
separated irradiation rooms, one for X rays and one for gamma radiation, possibly
with a common measurement and control room. The minimum dimensions of the
irradiation rooms should be about 4 m length, 4 m width and 3 m height. If possible,
the room should be larger to obtain a sufficient useful range of distances from the
source over which departures for the inverse square law are kept sufficiently small,
i.e. < 5%. Sufficient shielding of the irradiation rooms is required. When gamma
radiation sources are used concrete walls of about 90 cm thickness with a roof of
40 cm concrete will normally be adequate. Additional space should be available for
auxiliary laboratories and for a small workshop to be used for electronic testing and
repair facilities.

The facility (Fig. 16), shown only as an example, includes, for gamma
radiation, a calibrated collimated beam system with low scatter geometry and an
uncollimated irradiation system for simultaneous irradiation of large numbers of
small personal dosimeters such as thermoluminescence detectors or photographic
films. It should be noted that the facility also has aCo source and an X ray machine
for therapy level calibrations.
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The irradiation rooms should have suitable track and carriage systems to move
the reference instruments and the measuring instruments to be calibrated accurately
along the beam axis. The maximum deviation of the effective point of test from the
beam axis should be lessthan 1 mm in each direction in the distance range to be used.
An aigning instrument, preferably including a laser beam, should be used.

The concrete walls should have special penetrations for cables or other services
(according to the services for hot cells [36]) with a cross-section alowing for
additional installations. Air conditioning of the laboratory space to decrease short
term room temperature and humidity fluctuations may be necessary in many
countries. Adequate el ectrical mains power supply with regulated voltage is required
for the operation of the X ray system and electronic instruments. It should be noted,
however, that stabilized transformer supplies may under some circumstances
influence the spectrum produced by the X ray set.

45.2. Examplesof irradiation systems
45.2.1. Collimated beam system with 1SO ring collimator

A collimated beam system with low scatter geometry using a conical ring
collimator as recommended in SO 4037-1 [23] should be used. It may consist of an
underground storage container with six gammaray sources, e.g. %0Co and 13’Cs from
50 MBgto 1 TBag.

The source is selected for irradiation by rotating a revolving container. It is
situated in front of a pneumatically activated tungsten shutter. The opposite side has
an opening in order to reduce 180° backscatter. If the sources are in the storage
position, a mechanical stop can be inserted into the exact position of the source to
provide accurate distance measurement through the ring collimator. The design of the
collimated beam system is shown schematically in Figs 11 and 12 [23]. An example
of a collimated beam system is presented in Fig. 17.

4.5.2.2. Uncollimated irradiation system

An automated calibration device consisting of a pneumatic rabbit system with
circular irradiation geometry is shown schematically in Fig. 18 and as a photograph
inFig. 1937, 38].

Four gamma radiation sources, e.g 13’Cswith 1 TBg and 0.1 TBq and $°Co with
50 GBg and 0.5 GBq activities, are contained in cylindrical rabbits and stored in a
shielded revolving container. The selected rabbit is moved through PMMA tubing to
the irradiation position 1 m above floor level. The dosimeters to be calibrated are
fixed on the rear side of 3 mm thick PMMA holders providing fast and accurate
positioning, as well as secondary electron equilibrium.
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FIG. 17. Example of a collimated gamma irradiation facility.
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FIG. 18. Schematic design of an example of an uncollimated irradiation system[37].

FIG. 19. Uncollimated gamma irradiation system.
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FIG. 20. Computer controlled combined X ray filtered and fluorescent irradiation system.

4.5.2.3. Xray irradiation system

An X ray filtered and fluorescent irradiation system is shown in Fig. 20. The
added filters for the filtered reference radiation and the secondary filtration for the
fluorescent reference radiations are mounted in computer controlled wheels.

45.3. Auxiliary calibration equipment

Apart from the installed irradiation facilities, e.g. X ray and filters, the
following is a list of some of the associated equipment that may be required by a
photon calibration laboratory:

— two precision thermometers (at least, one mercury thermometer)

— hygrometer

— precision devices for measuring calibration distances, for example, calibrated
steel tapes (1 mm divisions)

— precision electronic timers (quartz)
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— main power stabilizer
— aluminium and copper foils for half-value layer measurements
— closed circuit television consisting of controlled camera and monitor
— water slab phantom according to 1SO specification
— 1SO water pillar phantom
— SO PMMA rod phantom
— radiation protection instrumentation:
— photon air kerma rate or dose equivalent ratemeters
— contamination monitors
— personnel alarm dosimeters
— area monitors (gamma radiation) to be installed in irradiation rooms with
visual indication of dose rate level (red/green lights) and with remote
indication to be mounted outside the calibration room at the entrance doors
(audible aarm indication may also be required).

5. CALIBRATION OF BETA MEASURING INSTRUMENTS

5.1. CALIBRATION QUANTITIESAND CONVERSION COEFFICIENTS

The following two calibration quantities have most often been used up to now
for calibrating reference standard beta sources:

— Surface absorbed dose rate, D,(d). The absorbed dose rate to tissue at a
specified depth d on the slab phantom of ICRU tissue.

— Absorbed dose rate free in air, D,. The absorbed dose rate to air under
conditions of air scatter only (i.e. for receptor free conditions).

Hp(0.07) in the slab phantom is approximated by H'(0.07), which is calculated
from D,(d) or D, by

H'(0.07) =D(0.07) (32)
and

H'(0.07) =D,T(0.07) 5 ,B (33)
where
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T(0.07) isthetransmission factor, defined as absorbed dose rate to tissue D,(0.07) on
the beam axis at a depth d, 0.07 mm, below the surface of a semi-infinite

phantom of tissue substitute divided by D,(0).

B is the backscatter factor taking into account the backscattering of the
phantom.

Sa is the ratio of the average mass collision stopping powers for tissue
and air.

Values of T(0.07), 5, , and B are given in the literature [39-43].

Values for directional dose equivalent H'(0.07), personal dose equivalent in the
slab phantom (depths. 0.07 mm, 3 mm and 10 mm), the pillar phantom (depth:
0.07 mm) and the rod phantom (depth: 0.07 mm) for the 1SO beta reference
radiations should in future be directly given in calibration certificates of secondary
standard beta sources. Figure 21 shows the variation of conversion coefficients
relating personal dose equivaent in the slab phantom (depths. 0.07 mm, 3 mm and
10 mm) to fluence for monoenergetic electrons impinging on the slab phantom at

normal incidence.

H,(0.07) g

H,(3)l
H(10) i

Hy(d) i (nSv-cm?)

0.31 [ |

Electron energy (MeV)

FIG. 21. Conversion coefficients relating personal dose equivalent in the slab phantom
(depths: 0.07, 3 and 10 mm) to fluence for monoenergetic electrons impinging on the slab

phantom at normal incidence.
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TABLE XXII. CHARACTERISTICS OF BETA RAY SOURCES SPECIFIED IN
1SO 69801984 [46]

Photon energies

Radionudlides  t,, ()2 E e (kEV) Eres (keV)© (keV)

1c 2093 000 156 90

147Pm 957 225 130 K 121 (0.013%)
Sm X rays
5.6-7.2
39.5-46.6

2047 1381 763 530 Hg X rays
9.9-13.8
68.9-82.5

90gr + Ny 10 483 2274 1800 —

106Ry + 106RN 372.6 3541 2800 106RN-K , 512 (21%)

616/622—(11%
doublet)
1050 (1.5%)
1130 (0.5%)
1550 (0.2%)
and others

a t,,, isthe half-life.

b E,rux 1S the maximum energy of the beta ray flux density of the radionuclide.

¢ E, is the maximum energy of the beta flux density at the calibration distance which must
at least be attained (residual maximum energy).

5.2. REFERENCE BETA RADIATIONS

The I SO has specified [46] requirements for reference beta radiations produced
by radionuclide sources to be used for the calibration of protection level dosimeters
and dose ratemeters, and for the determination of their response as a function of beta
ray energy.

Five betaray emitting radionuclides are specified; their characteristics are given
in Table XXII. The beta radiation fields produced by al these radionuclides except
106Ru + 106Rh are practically free of photon radiation, apart from bremsstrahlung
generated in the surrounding materials or in the beta ray source itself. 19Ru + 106Rnh
is used because of its high maximum energy of the beta ray flux density. Only beta
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FIG. 22. Calibration stand with beam flattening filter.

ray sources with small self-absorption and thin encapsulation can fulfil the 1SO
specifications, since the maximum energy of the beta ray flux density at the
calibration distance E, (residual maximum energy) must be higher than a specified
E, value [46].

The last column of Table XXII contains the energies of the principa photon
radiations emitted; the emission probability is given in brackets.

Two series of reference radiations are specified by 1SO:

— Series 1 reference radiations are produced by beta ray sources used with beam
flattening filters designed to give uniform dose rates over a large area at a
specified distance (Fig. 22). As examples of Series 1 reference radiations, Table
XXI1I gives details of calibration distances and filter construction. Approximate
values of H'(0.07)divided by the activity A are given in the last column. The
effect of the beam flattening filters in homogenizing the dose rate of the four
sources specified in Table XXII1 is demonstrated by the measurements shown
in Fig. 23. The remaining asymmetry of the curves is believed to be due to an
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TABLE XXIIl. EXAMPLES OF CALIBRATION DISTANCE, BEAM
FLATTENING FILTERS AND APPROPRIATE CONVERSION COEFFICIENTS
H’(0.07)/Afor Series 1 reference beta radiations (A is the source activity) [46]

Maximum .
energy of  MCUVe  qipaion  Source . _ H'(0.07)/A
Radionucide  beta Source - jigance  tofilter  Filtermaeria and g 1 gy
spectrum encapsulaté on (cm) distance dimensions
(keV) (mg-cm—) (cm)
147pm 225 5 20 10 One disc of poly- 6
(silver) ethylene terephthal ate,
of radius 5 cm and
mass per area of
14 mg-cm2, with hole
of radius 0.975 cm at
the centre
2047) 763 20 30 10 Two concentric discs, 68
(silver) one disc of polyethylene
terephthalate, of 4 cm
radius and mass per
area of 7 mg-cm2, plus
one disc of polyethy-
lene terephthal ate, of
2.75 cm radius and
mass per area of
25 mg-cm 2
90gy + Y 2274 50 (silver) 30 10 Three concentric discs
or of polyethylene 65
50 (silver) terephthalate, each
plus 80 with mass per area of
(stesl) 25 mg-cm2, and of 40

radii 2, 3and 5 cm

inhomogeneous activity distribution in the beta source, and/or a dlight
misadjustment of the beam flattening filter, or scattering from the shutter.
Series 1 reference radiations are advantageous if uniform dose rates over an
area of about 15 cm in diameter are needed, e.g. for the calibration of an area
monitor or a number of individual dosimeters simultaneously.

— Series 2 reference radiations are produced without the use of beam flattening
filters and have the advantage of extending the energy and dose rate beyond
those of Series 1. For example, dose equivalent rate monitors of small
dimensions used for the measurement of H’(0.07)at short distances from beta
ray sources often cannot be calibrated with Series 1 reference radiations as the
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FIG. 23. Variation of dose rate in the circular area used for calibration (see Fig. 24), along
the 20 cm diameter, compared with the dose rate in the centre [47]. The solid lines represent
the measurement values with the beam flattening filter, the dashed lines those without filter.
The curves are normalized for the midpoint of the radiation field.
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relatively low dose rates possible for Series 1 often do not lie within the range
of measurement for these monitors.
Examples of betaray spectrafor Series 1 and 2 are shown in Fig. 23.

5.3. REFERENCE STANDARDSAND
CALIBRATION OF RADIATION FIELDS

In principle, extrapolation chambers are best suited to calibrate betaray sources
[47-50]. However, relatively large effort is involved in making such measurements,
i.e. a suitable extrapolation chamber, a sensitive current measuring system and a
sophisticated evaluation procedure have to be used. Details of such a calibration are
beyond the scope of this report and can be found in other detailed references[51, 52].

Asasimpler dternative, a set of calibrated betaray sources (Table XXII1) may
be obtained, together with calibration certificates, from aprimary standard laboratory.

1000 T T T T T T T T T T T TTTT T

Detector: A: 240 mg-cm2, 0.9 mm LiF ]
:100mg-cm2, 0.4 mm LiF —
44 mg-cm2, 0.2 mm LiF-Teflon
28 mg-cm2, 0.13 mm LiF-Teflon|
15mg-cm?, LiF

5mg-cm?, LiF

T T

ETmMoOw

8 1mg-cm?, LiF

S 100 B —
b C Filter: 7 mg-cm™ tissue
S C ]
5 u C

o i D g
5 [ ]
o
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n
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1 | Lo gl
0.01 Yor 1t
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FIG. 24. Dependence of skin dose correction factor on maximum beta ray energy for different
LiF detector thicknesses [53].
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It is possible to calibrate thermoluminescence detectors by means of these beta
sources and to use these detectors for a rough calibration of other unknown beta ray
sources. The thickness of the detectors should be small compared with the mean
range of the beta rays emitted from the source. In the case of LiF detectors, the
influence of the thickness can be seen from Fig. 24 [53]. Assume that a 0.4 mm thick
thermoluminescence detector, curve B, is calibrated below alayer of tissue equivalent
material 7 mg-cm2 in thickness by a ®0Sr + Y beta ray source (Table XXIII, third
row). Then the indicated val ue obtained after the irradiation of the detector by another
beta ray source (for example, 147Pm) has to be multiplied by the skin dose correction
factor of 18 taken from Fig. 25 to obtain H'(0.07). A precise calibration for sources
of lower maximum energies than 14’Pm is not possible with a detector of this
thickness since the skin dose correction factor appreciably exceeds unity. If calibrated
flat ionization chambers with thin windows are available, they could be used for a
rough calibration of other unknown beta ray sources as well.

When calibrating dose equivalent rate monitors or individual dosimeters with
beta ray sources with radionuclides of low E, values (eg. #/Pm or 14C), the
dependence of the dose rate on the air density between the source and the instrument
to be calibrated may be significant. This has to be considered since for laboratories

lOGRu/ 106Rh

| | I ! J
0 500 1000 1500 2000 2500 3000
Beta particle energy (keV)

FIG. 25. Examples of beta particle spectra for Series 1 and 2 reference beta radiations
measured at the calibration distances with effectively windowless uncooled Si(Li)
semiconductor detectors. The measured flux densities @ are normalized to the same
maximumvalue @, but not corrected for instrumental resolution or detector backscattering
loss.
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located at sealevel [54] the air density is several per cent higher than at alaboratory
located at high altitudes.

Attention must be paid if sources, beam flattening filters or jigs of secondary
standards are exchanged [55]. It has been shown that calibrations of replacement
sources performed in ajig can be transferred to another jig of the same type without
significant increase of the calibration factor uncertainty (=1%).

The effect of the source—detector distance is quite important, particularly if the
detector has alarge volume. Figure 26 shows the dependence of the calibration factor

10~

Series 2 sources Series 1 sources

Calibration factor
[6)]
T

0 T I I I IR IR MR |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Calibration distance (cm)

FIG. 26. Calibration factors of a portable dose rate instrument with a thin walled ionization
chamber as a function of calibration distance for Series 1 and 2 sources. The reference point
has been taken to be the entrance window.
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on the distance for a large volume measuring instrument with an ionization chamber
[28]. Appendix | gives an example of a field instrument calibration using beta ray
sources.

5.4. FACILITIES

An example of a calibration set-up with beta sources is shown in Fig. 27
[41, 56]. Irradiations should be performed in a separate room, with a wall separating

Beam Fflattening filter

Jig

Spacing bars

Beta sources

FIG. 27. Calibration stand for Series 1 and 2 reference beta radiations [41] . Left: control unit
for the remote control of the shutter with digital preselection of its opening time; middle: jig
for the beta ray source support with the shutter and beam flattening filter; right: container for
storing the four beta sources; spacing bars and handling tool for manipulating the beta ray
SOUrCes.
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FIG. 28. Variation of quotient Hp(lo)ltb with energy E, of monodirectional and
monoenergetic neutron radiation.

the beta sources from the person operating the shutter control unit. The wall should
consist of at least 20 mm wood. An area monitor should be present in the room with
a remote readout at the operator’s location. The beta sources and the holders for the
detectors should be mounted on an optical bench in order to ensure defined
geometrical conditions.

6. CALIBRATION OF NEUTRON MEASURING
INSTRUMENTS

6.1. CALIBRATION QUANTITIESAND CONVERSION COEFFICIENTS

The quantity ‘fluence’ should be used to calibrate the reference neutron
radiation fields and the reference instruments.

The recommended conversion coefficients from fluence to ambient dose
equivalent, H*(10), and personal dose equivalent in the slab phantom (depth: 10 mm)
for the I SO neutron reference radiations are given later in this section.

As was already discussed in Section 2.2, the calibration of area dosimeters or
dose ratemeters in terms of the ambient dose equivalent, H*(10), is performed
without any phantom free in air. The calibration of individual dosimeters or dose
ratemeters is, however, performed on the 1SO water slab phantom, without applying
corrections for any differences in backscatter relative to ICRU tissue. The
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FIG. 29. Variation of quotient Hp(lo, a)/Hp(lo, 0°) with angle of incidence of
monodirectional and monoenergetic neutron radiation on the slab phantom. The neutron
energy is the parameter of the different curves.

recommended distance, |, of the source centre to the dosimeter reference point is
75 cm. Within a local or national group it may, however, be felt necessary to use a
smaller distance in order to minimize room scatter. In these cases, smaller | values,
but not less than 50 cm, may be used. In any case, within aparticular local or national
group, everyone should use the same value of |, and this value should be clearly
specified. If the dosimeter is not placed at the centre of the phantom surface, the
inverse square law correction should be applied. No neutron sensitive part of the
dosimeter should be closer than 10 cm to an edge of the phantom. The conversion
coefficient, Hp(10)/d> for monoenergetic neutrons can be seen in Fig. 28 for normal
incidence [57, 58]. The relative variation of the conversion coefficient with the angle
of incidence, a, isshown in Fig. 29. Conversion coefficients from fluence to personal
dose equivalent in the slab, pillar and rod phantoms for a depth of 10 mm have been
calculated by Siebert [59].

6.2. REFERENCE NEUTRON RADIATIONS

All dosimeters and dose ratemeters for neutron radiation have a relatively high
energy dependence of the dose equivalent response. Therefore, calibration neutron
fields have been developed, with spectral properties that correspond to the spectral
characteristics of some of the fields encountered under operational survey conditions.
For example, use of a2>2Cf source with a 15 cm thick D,O moderator was developed
[60] to provide a calibration field with an enhanced intermediate energy contribution
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for calibration of instruments to be used in nuclear power reactors. Although
duplication of operational spectrais generally not practical in the calibration facility,
it isimportant to be aware of the dependence of the dose equivalent response on the
energy and the direction of incident neutrons. The IAEA has produced two
compilations of neutron spectra and detector energy responses that may be useful for
addressing this question in greater detail [61, 62].

Neutron calibrations can be performed with isotopic sources, reactor neutrons
or accelerators. 1SO has recommended reference radiations that are suitable for
calibration purposes [63]. These recommendations include details of source
characteristics, such as shape, encapsulation and spectral distribution.

6.2.1. Isotopic sources

Isotopic sources provide the most convenient neutron fields for calibration
purposes. Neutrons are produced by spontaneous fission (222Cf) or by (a, n) reactions
(®*1Am-Be, 21Am-B, 239Pu-Be, etc.). The fluence rate for isotopic sources is
calculated from the angular source emission rate, B,

_B
By = (34

where df3 is the number of neutrons per unit time propagating in a specified direction
within the solid angle dQ. B, is expressed in s1-sr2,

The general properties of isotopic sources suggested for routine calibration are
presented in Table XXIV [63]. Spectrum weighted fluence-to-dose-equivalent
conversion coefficients for these sources are shown in Table XXV [64].

Neutron source strengths and neutron and photon dose equivalent rate constants
depend on the source construction. They vary because of scattering and absorption of
neutrons and gamma rays within the source itself and within its encapsulating
material. Emission rates are also affected by radioisotopic impurities in the source.
For 252Cf, the specific photon dose equivalent rate depends on the age of the source,
because of buildup of fission products. However, the increase is less than 5% in the
first 20 years. 252Cf sources have a high specific activity and are, therefore,
comparatively small. The 2 Am-Be(a,n) sources consist of homogeneous,
compressed mixtures of 24!AmO, and beryllium.

Cadlibrations with isotopic sources have the advantages that (1) the sources are
physicaly small and relatively easy to use, and (2) the source intensity is constant
(except for radioactive decay, which is easily determined). The spectra are distributed
rather than monoenergetic. As a result, they have limited value for energy response
measurements. However, the distribution can be useful in simulating distributed
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TABLE XXIV. RADIONUCLIDE SOURCES OF NEUTRONS [63]

Neutron dose Photon dose

Source? Half-life  Energy? Neutronyield equivalent rate equivalent rate

(d) MeV) (sTMBg?h constant constant

(Sv-h tm2MBqg?) (Sv-h m2MBg?)

2Cf+D,0 968 054 2 x 1012¢d 5.2¢ 0.9
Moderator
(diameter 30 cm)
252Cf 968 24 2.3 x 1012¢ 22¢ 11
2Am-B (y,n) 157,788 2.8 16 1.8 x 10710 7 x 10710
21Am-Be(y,n) 157,788 4.4 66 7 x 10710 7 x 10710

a |n addition to the sources listed, 2°Pu-Be(l,n) is in use. It is not recommended that
laboratories start using this source if they are not aready doing so.
b The energy is the dose equivalent average energy, E, for a neutron source; it is the energy
averaged over the dose equivalent spectrum.

¢ Instg?for 252Cf.

4 Yield of neutrons for a source in a moderating sphere, shielded with 1 mm Cd.

€ InSv-hlg?for 252Ct.

TABLE XXV. FLUENCE-TO-DOSE EQUIVALENT CONVERSION

COEFFICIENT FOR THE 1SO RADIONUCLIDE SOURCES [64]

Radionuclide source

Conversion coefficient

H* (10)/® (pSv-cm™2)

Slab phantom H,(10)/® (pSv-cm™2)

252Cf + 15 cm D,O moderator
252
21Am-B (y,n)

21Am-Be (y,n)

105
385
408
391

110
400
426
411
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operational spectra. The spectra can aso be altered by placing the source in
moderators such as water or DO, or metal shields [60, 65, 66].

6.2.2. Accelerator produced neutrons

Although it is generally more difficult to obtain access to accelerator produced
neutrons than to radionuclide neutron sources, they have the advantage that they are
usualy nearly monoenergetic. This makes them very useful for determining the
energy response of an instrument or dosimeter. The neutron energy and flux are
determined by the energy and type of the charged particle beam, target material and
thickness, and the position of measurement in relation to the target and charged
particle beam direction. Table XXV1 lists the SO recommended neutron energies
that can be obtained with accelerators and reactors together with conversion
coefficients. Although most of the indicated accelerator reactions use proton and
deuteron beams of high energies up to 3.5 MeV, 2.8 and 14.8 MeV neutrons can be
obtained from a small accelerator (neutron generator) with a potential of a few
hundred kilovolts. Details of the kinematics of charged particle reactions are readily
available [67, 68].

6.2.3. Reactor produced neutrons

Reactors primarily produce neutrons with modified fission spectra. However, a
few reactors have facilities that are designed specifically to provide low and
intermediate energy neutrons for calibration purposes. Therma neutrons, with a
spectral distribution having an average energy of 0.025 eV, are available at a number
of reactor locations. A few locations have design filtered beam facilities capable of
producing nearly monoenergetic neutrons with energies of 2, 24 and 144 keV
(Table XV1). These energies are particularly useful to determine the intermediate
energy response of instruments and dosimeters [63, 69].

However, because of the very limited number of these facilities, they will not
be considered here.

6.3. FACILITIES
6.3.1. Physical facility

The facility should consist of at least one irradiation room, and suitable storage,
set-up and office space, al designed to meet local safety codes and regulations. It

should be sufficiently shielded from extraneous radiation sources so that the neutron
background is negligible. In some countries it may be necessary to provide air
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TABLE XXVI. FLUENCE TO DOSE EQUIVALENT CONVERSION
COEFFICIENTS FOR ACCELERATOR AND REACTOR PRODUCED
MONOENERGETIC NEUTRONS [64]

Accelerator produced neutrons

I(E'\:ir\%/ Resction Conversion coefficient
H*(10)/@ (pSv-cm™)  Slab phantom H,(10)/® (pSv-cm?)

0.144 T(p.n)*He; 127 134
“Li(pn)’Be 127 134
0.25 T(p,n)3He; 203 215
7Li(p,n)7Be 203 215
0.565 T(p,n)3He; 343 355
"Li(p.n)’Be 343 355
12 T(pxn)SHe 425 433
25 T(pxn)SHe 416 437
28 D(d,n)3He 413 433
5.0 D(d,n)3He 405 420
14.8 T(d,n)*He 536 561
19.0 T(d,n)4He 584 600

Reactor beams

I(E'\r;eer\%/ Filter Conversion coefficient
H* (10)/® (pSv-cm™)  Slab phantom H,(10)/® (PSv-cm)
2.5x 108 Graphite 10.6 11.4
(thermal)
0.002 Scandium 7.7 8.72
0.024 Iron 19.3 20.2
0.144 Silicon 127 134

Neutron energies and intensities are sensitive functions of deuteron or proton energy and angle
relative to deuteron or proton beam at the exposure position as well as target thickness and
construction. Normal incidence.

conditioning and a heating system adequate to keep the temperature in the range
20 * 4°C and the relative humidity between 20 and 65%.

The irradiation room may be either ‘open’ or ‘enclosed’. An open room is one
in which the walls and ceiling are generally of low mass, non-hydrogenous material
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essentially transparent to neutrons. Radiation protection is provided by means of a
sufficiently large exclusion area. An enclosed room is one in which the walls and
ceiling are sufficiently massive (usually concrete) to provide adequate shielding. An
enclosed room should be as large as possible to minimize the room scattered neutron
contribution. The smallest inside linear dimensions should be >6 m.

Sources and detectors or phantom arrangements should be placed on suitable
low scatter supportsin an open room and should be at least 2 m above the floor. In an
enclosed room, the optimum height is in the central plane between the floor and the
ceiling. In larger laboratories, it may be advisable to erect specia lightweight
intermediate floors for the calibration arrangement. The source should be positioned
near the centre of the room. Special emphasis must be given to minimizing the
amount of scatter material near the source. The whole irradiation set-up should, on
the other hand, be sufficiently rigid to assure reproducible alignment of source and
detectors at various source—detector distances.

The data taking area must be completely shielded from the irradiation area.
However, it is necessary to have a means of viewing the irradiation set-up, either
directly or by closed circuit television.

6.3.2.  Shielding and radiation protection

It is not possible to provide complete guidance on this topic within the scope of
this document. For many facilities, the largest sources of neutrons will be 252Cf
sources, which often exceed emission rates of 5 x 10° neutrons per second. A source
of this magnitude will require as much as 100 cm of concrete to reduce the dose
equivalent rate outside of the source room to acceptable levels. It is aso important to
consider the effects of skyshine (air scatter of radiation passing through the roof),
since it is often expedient to modify a pre-existing facility, developed for another
purpose, as a calibration facility. Such rooms may not have adequate roof shielding.
Additional guidance on calibration facility shielding is found in Ref. [70], and
specific technical information for shielding 252Cf is given by Stoddard and Hootman
[71]. General texts on radiation shielding, including skyshine, are readily available.

6.3.3. Source storage and transfer

Radionuclide sources must be stored when not in use. Storage is usually ahole
in the floor or a shielded enclosure on the floor. Figure 30 provides an example of a
calibration room. At the US National Institute for Standards and Technology (NIST,
formerly NBS), for example, sources are kept in a hole 1.4 m deep and 8 cm in
diameter. The hole may be closed with a plastic plug having a lead cap. Other
laboratories use water filled holes in the floor, water filled boxes on the floor or
elaborate shielding arrangements. It must be pointed out, however, that, while water
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is quite effective for removing neutrons, at 40 cm depth the dose equivalent rates due
to primary and capture gammarays are each greater than that due to the neutrons, and
that gammarays are only gradually attenuated with increasing water thickness.

The source must be removed from storage into the position for calibration. This
can be done with a simple line and pulley arrangement or by more elaborate means
such as pneumatic systems or mechanical arrangements. Care should be taken in the
design of the source movement system since a malfunction which leaves the source
stuck in place, particularly in an exposed position, can be a very serious problem. It
is important that the source positioning device does not introduce any appreciable
scattering mass into the vicinity of the source. Such scattering effects could be
difficult to evaluate and could seriously affect the accuracy of the calibrations.

It is generally important to have a shielded cask for moving the source or for
providing temporary storage. A possible design for such a cask consists of an inner
lead cylinder with 8 cm thick walls surrounded by 60 cm of lithium loaded paraffin
(30 mg of normal lithium per cubic centimetre of paraffin).

6.4. REFERENCE INSTRUMENTS
The neutron fields used for calibration must be measured with suitable
reference instruments. Examples of such instruments are presented in Table XX VI

[72]. Additional information is provided in other IAEA publications[70, 73, 74]. The
reference instrument must have long term stability, adequate sensitivity, and well
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FIG. 31. Support system for neutron reference instrument (precision long counter) and for
neutron measuring instrument (rem counter) used during calibration with a neutron generator
(accelerator).

known energy response characteristics for the spectral distribution to be measured.
The most common primary instruments are the De Pangher long counter [75] and the
tissue equivalent ion chamber [76, 77]. The long counter provides an accurate
measurement of fluence over the energy range, thermal to 7 MeV, while the tissue
equivalent ion chamber can provide an accurate measurement of tissue kerma
Figure 31 illustrates the calibration of a neutron survey instrument, using a long
counter as a reference instrument; the rigid support systems produce only a small
amount of scatter.
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For radiation protection purposes, stable instruments designed to determine
dose equivalent are also suitable monitors. These include moderated counters such as
the Andersson-Braun cylindrical rem counter [78], the 12 inch spherical moderated
counter developed by Bonner [79] and the spherical rem counter designed by Leake
[80]. Tissue equivalent proportional counters [81, 82] are also designed to determine
dose equivalent through measurement of absorbed dose and lineal energy distribution,
and may be used as reference instruments.

Since many neutron instruments are sensitive to photons, it is also important to
have gamma monitors that are essentially neutron insensitive. The two most common
detectors for this purpose are energy compensated Geiger—Mller counters [83] and
neutron insensitive TLDs, such as TLD 700, enriched in 7Li. Care should be taken in
the use of Geiger—Miiller counters to avoid significant activation of the detector
material, causing an increase in gamma background. For radiation protection level
calibrations, however, thisis not likely to be a problem.

6.5. RADIATION FIELD CALIBRATIONS

The neutron fluence rate and spectrum should not vary significantly over an
areajust sufficient to completely irradiate the instrument being calibrated. If the beam
is smaller than the detector, such as those from filtered reactor beam facilities, the
beam may be scanned over the surface of the detector. In the case of individual
dosimeters, the phantom is considered part of the detector so that the scan must cover
an area of the phantom large enough to simulate uniform irradiation of the phantom.

If the neutron fields are likely to have significant time variation, such as those
from an accelerator or neutron generator, an additional monitoring instrument may be
necessary to normalize the fluence values from measurement to measurement. The
primary requirements for such an instrument is that its response be linear with fluence
rate, stable, and have adequate sensitivity.

6.5.1. Radionuclide sources

The radionuclide source should be placed at or near the centre of theirradiation
room on a rigid support that gives insignificant scatter. A detailed description of a
radionuclide source calibration facility and the calibration procedures used is given in
Ref. [84].

The neutron source emission rate B should be determined by a measurement
that is directly traceable to a primary standard. The angular source emission rate, B,
has to be determined as the emission is rarely isotropic [72].

The unscattered fluence rate, ¢ (1), at the point of test at a distance | from the
centre of the source is then calculated by
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Values of F,(l), the correction for air attenuation and scatter, can be calculated
from Ref. [72]. The value of ¢(I) has to be multiplied by the appropriate
fluence-to-dose-equivalent conversion coefficient (Table XXV) to obtain the desired
calibration quantity. The response of the instrument to scattered neutrons must be
measured using the shadow cone for each calibration distance, |, used (Section 6.5.4).
The response of the instrument is then obtained by subtracting the cone measurement
from a measurement made without the cone present.

Any photon emission associated with the neutron source may influence the
response of the instrument. This should be checked, and, if necessary, a correction
should be applied to the calibration.

6.5.2. Accelerator neutrons

When an accelerator is used as the source of neutrons, the neutron fluence at
the point of measurement at distance | from the centre of the target, ®(6,l), is
determined from measurements made by a reference instrument (Table XXVII)
[72].

The reference instrument and the measuring instrument requiring calibration
are placed alternately in the same position of test, and their readings are normalized
viathe reading from amonitor instrument. The readings or response of the measuring
instrument and those of the reference instrument should both be corrected for the
effects due to the scattered neutrons, by use of a shadow cone.

Any neutrons scattered from the monitor instrument to the point of
measurement will be corrected for by the shadow cone measurement. However, the
shadow cone, the measuring instrument or the reference instrument may scatter
neutrons into the detector of the monitor instrument and cause its reading to change.
If the monitor instrument is insensitive to neutrons (e.g. an associated particle
counting system), such scattered neutrons will not influence its response. To
determine if the monitor instrument is responding to these scattered neutrons, the
cone, the measuring instrument and the reference instrument should be removed and
any change in the monitor instrument reading be noted.

As with the radionuclide source calibration, it may be necessary to correct for
the effects of any associated photon radiation produced.

Secondary targets can be produced by the accelerated proton or deuteron beam
striking objects along the flight tube. The effects of such secondary sources of
neutrons should be investigated and corrected for.
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TABLE XXVII. TYPICAL INSTRUMENTS THAT MAY BE USED AS

REFERENCE INSTRUMENTS

Reference ) Neutron detector
instrument Measured quantity Energy range or reaction References
Long counter Fluence Thermal to 7 MeV  B19(n,a) proportional [75]
counter
Tissue equivalent Tissue kerman +y All energies H+n,C+n, [76]
ionization chamber O+n,N+n
Geiger—M{ller Photon dose low [77]
counter neutron sensitivity
12 in. Bonner sphere  (Max.) dose equivalent All energies BLi(n,a) (scintillator [79]
or 3He proportional
counter)
Spherical dose (Max.) dose equivalent All energies SHe (proportional [80]
equivalent rate meter counter)
Cylindrical dose (Max.) dose equivalent All energies 10B(n,a) (proportional [78]
equivalent rate meter counter)
239y, 239py, 21He Weighted fluence Thermal or fast, Fission ionization
fission detectors depending on chamber
reaction type
SHe proportional Weighted fluence Thermal and fast SHe(n,0) y
counter
10BP, proportional Thermal fluence Thermal 10Be(n,0)
counter
Activation Thermal fluence Thermal 198Au(n,y)
detectors (Au, Fe, S )
( ) Weighted fluence Fast 323(n,p)
Weighted fluence Fast SFe(n,p)
Tissue equivalent Linea energy All energies (H,n), (C,n) and (N,n) [81, 82]
proportional distribution dose nandy (proportional counter)
counter equivalent
6.5.3. Thermal neutrons

The thermal neutron fluence rate below the cadmium cut-off (0.51 eV) should
be measured over the area to be occupied by the instrument to be calibrated, to
determine the mean value to be used for the calibration. Fission chambers and BF; or
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3He proportional counters may be used for this purpose provided that they have
been calibrated by techniques that are traceable to primary thermal neutron
standards.

The thermal neutron fluence rate may also be determined by measuring the
activation of gold foils. Corrections to the foil measurements should include those for
self-shielding, fluence depression and absorption of resonance neutrons in cadmium
aswell asthose for departures of the neutron cross-section from the 1/v law in the low
energy region. Traceability may be achieved by sending the activated foils to a
primary laboratory for counting. Alternatively, thefoilsmay beirradiated in a primary
reference thermal neutron calibration facility and returned for calibration of the
counting equipment. Identical foils can then be irradiated in the field to be calibrated
and then counted with the foil counting equipment.

With a 1/v detector the ‘ conventional’ fluence rate, ¢, = [ \/EOIE ¢ (E) dE, is
determined; the cross-section of this detector is taken as that at E; = 0.0253 eV.
Assuming a certain spectral distribution we can calculate the ‘true’ fluence rate
¢ = ¢ (E) dE. For a Maxwellian neutron velocity distribution, ¢, at a thermo-
dynamic temperature of 293.6 K with the energy parameter E; = 0.0253 eV the
conventional true fluence rate ¢, is obtained by multiplying the measured
conventional true flux density by a factor of 1.13. Conversion factors from the
Maxwellian fluence-to-dose equivalent are given in Table XX V1.

The gamma radiation field at the point of measurement should be measured so
that its effect on the calibration of the measuring instrument can be corrected for.

A monitoring instrument should be used to detect any variations in the fluence
rate with time when using a reactor or an accelerator.

The neutron fluence will be perturbed when the measuring instrument is placed
in the field, and corrections may have to be applied for this perturbation, but no
perturbation occurs in a thermal neutron beam.

6.5.4. Correctionsfor neutron scatter

In addition to the direct neutrons from the source, the radiation field used for
calibration includes neutrons that have been scattered from the walls of the room,
from support stands and from the surrounding air. The scattered neutrons at the
point of measurement will have an energy spectrum different from that of the direct
source neutrons. Unless the detector of the instrument has a constant energy
response, its response to scattered neutrons will be different from that to the direct
neutrons.

It is, therefore, necessary to measure the scatter contribution for al the
reference radiations and calibration distances that are to be used, so that the correction
for their influence on the calibration can be applied. If areference instrument is used,
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the influence of scattered neutrons on its response will be different from that on the
measuring instrument to be calibrated, and so both effects will have to be determined.
In some special situations the scattered neutrons may be included with direct neutrons
in the reference neutron field, i.e.

GD(E)ref = qO(E)direct + ¢(E)scatter (36)

Sources of scatter

Neutrons are scattered, in a complex way, from walls, floor and ceiling of the
irradiation room, as well as from other objects within the room. Calculations suggest
that, on average, each neutron makes about 2¥2 traverses of the measurement room
before being captured by the walls [85]. In most cases, thisis the largest contribution
to the scattered neutrons at the point of test. It has been shown that, for the ideal case
of asource at the centre of a spherical room, the scattered neutron fluence is uniform
and isotopic over the room volume [86].

Air within the irradiation room causes two scattering effects. Air within the
direct path between the detector and the source scatters neutrons away from the point
of measurement. This effect is sometimes called air attenuation or air outscatter. Its
magnitude is approximately proportional to the distance between the source and the
point of measurement, and depends on the energy distribution of the neutrons emitted
by the source. As a guide for a calibration distance of 100 cm, the attenuation in
fluence is approximately 3% for the 252Cf-D,0 moderated source and about 1% for
252¢f, 2Am-B and 2*IAm-Be sources.

Air outside the direct irradiation path can also scatter neutrons into the point of
test. This is called inscatter. As with the outscatter, the magnitude of this effect is
proportional to the distance between the source and the point of test. However, the
outscatter and its effect on the calibration will depend on the energy response of the
instrument being calibrated. As a guide for a calibration distance of 100 cm, the
increase in fluence is approximately 2% for 252Cf, 2! Am-B and 2*!Am-Be sources
and about 2% on the response of many types of detectors. For a 2°2Cf source
moderated by 15 cm of D,O (in a 30 cm diameter sphere), the increase in fluence at
100 cm is about 7%, and the increase in response for different types of detectors
varies between 4 and 6% [72].

It is also necessary to determine the effect of neutrons scattered from supports
used to hold the measuring or reference instrument, and from the support which holds
the radionuclide source. These effects can be determined through the use of replicate
support stands placed above the sources or instruments. The difference between
measurements with and without replicate stands is equivalent to the contribution from
the stands themselves.
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FIG. 32. Dimensions and construction of shadow cone.

Measurement of scattered neutrons

Although computational and semi-empirical methods of determining the
contribution of scattered neutrons exist and may be used [70, 72, 86], it is
recommended that the room and air scatter corrections should be determined
experimentally by means of a shadow cone technique. Recommendations on the
required cone construction and the method of measurement are published by SO [72]
Fig. 32. The diameter, B, of the front end of the cone will depend on the size of the
source or target while the size of the cone angle and rear diameter, A, (i.e. that facing
the detector) should be sufficient to shadow the detector completely. The height or
depth of the cone should be sufficient to completely absorb the direct neutrons
incident upon its front face. It should be noted that where the dimensions of the
source exceed those of the detector the front diameter will exceed the rear diameter.
The experimental shadow cone technique may be used for large irradiation rooms and
large calibration distances, I.

The detector is exposed to the source at a number of distances, I, and the
instrument’s reading M+ (1) is noted; then the readings M (1) at the same distances are
taken with the shadow cone placed between the source and the detector. These
measurements are fitted to the following equation using a weighted least squares
technique:

[Mr (1) = M(D] FA() = k12 (37)
where F (1) corrects for air attenuation (air outscatter), which can be calculated from

ISO [72]. The distance | can be taken as that between the centre of the source and the
reference point of the detector. In selecting the values of |, account should be taken of
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the depth of the cone. As a guide, the minimum distance between the cone rear face
and the detector should be at least equal to the cone’'s overall length.

If the distances are measured to the detector’s reference point (or effective
centre), then

l=r+ a,tag (38)
where

r isthe distance between the front surface of the source to the front surface of the
detector;

a, isthe radius of the source (for the reference source 252Cf-D,0, a = 15 cm); and

a, is the distance from the front surface of the detector to either the reference point
of the instrument if this has been specified by the manufacturer or to the effective
centre of the detector.

For spherical detectors, the effective centre should be taken as the geometrical
centre.

For a cylindrically shaped detector irradiated perpendicularly to its axis, the
effective centre should be at the midpoint of this axis. For irradiation parallel to the
axis, the position of the effective centre will be along the axis but will vary with the
incident neutron energy.

The position of the effective centre, a,, is obtained from solution of Eq. (37),
which will also yield the value of N, the neutron fluence calibration factor.

6.6. ADDITIONAL RECOMMENDATIONS FOR CALIBRATING
SURVEY METERS

The most common neutron survey meters used in radiation protection are
moderator based instruments. These measuring instruments have been designed to
measure the dose equivalent rate over a range, usually from about 10 pSv-ht to
50 mSv-h1, from neutrons having energies from 0.025 eV to about 10 MeV. Detailed
information on the electrical, mechanical, environmental and radiation specifications
is contained in the IEC Standard for such instruments [87].

The range of fluence rates required to calibrate an instrument over its effective
range is obtained by either using different radionuclide source strengths, by varying
the accelerator current or by varying the reactor power, and/or by using different
source-to-detector distances.

Since the neutron calibration field will also have photon radiation present, tests
should be made to check if the neutron response of the measuring instrument is
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influenced by these photons. It is important to ensure that, where applicable, the
designed gamma.di scrimination of the measuring instrument isworking satisfactorily,
by exposing the measuring instrument to the photon radiation field from a 137Cs
source. Details of the required photon discrimination tests are given in Ref. [87].

For type testing the effect of photon radiation, the neutron response of the
measuring instrument should be tested. The measuring instrument is first irradiated
by an 2! Am-Be neutron source to give areading of approximately 1 mSv-h=1. Then,
without removing the neutron field, a 13/Cs source is used to expose the instrument
to photons at a dose equivalent rate of 10 mSv-h1, and the neutron response of the
instrument should not change by more than +10%.

Where measuring instruments may be used in radiation fields containing
6 MeV photon radiation, the measuring instrument should be exposed to a 6 MeV
photon reference radiation, and the manufacturer should state the response of the
measuring instrument.

The final |EC type test which can also be used during routine neutron
calibrations for checking the photon discrimination involves irradiating the
instrument to a dose equivalent rate of 10 mSv-h from the photon radiation of a
137Cs source. The reading of the measuring instrument should be less than
0.1 mSv-h™L. This test will enable the calibrator to estimate the effect on the
calibration of any photon radiation present with the neutron calibration field.

7. CALIBRATION OF SURFACE
CONTAMINATION MONITORING INSTRUMENTS

7.1. GENERAL

The calibration factor of a surface contamination instrument is given by the
ratio of the certified surface emission rate of the source (particles or photons emitted
per unit time; see Section 2.2) divided by the area of the source and the instrument
net reading (counts per unit time).

Contamination monitoring instruments are used to detect the presence of apha
and/or beta and/or photon emitting radioactive material on the surfaces of equipment,
or on the clothes and skin of personnel. These instruments consist of (Fig. 33):

— a detection subassembly (comprising proportional or Geiger—Mller counter
tube, scintillation detector, semiconductor detector, etc.), which may be
connected either rigidly or by means of aflexible cable or may be incorporated
into asingle assembly with
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FIG. 33. Surface contamination meter with various detectors.

— ameasuring subassembly (amplifier, discriminator, etc.).

The difference between surface contamination meters and surface
contamination monitors is defined as described in the following subsections [88].

7.1.1. Surface contamination meter

A surface contamination meter is an assembly including one or more radiation
detectors and associated electronics, designed to measure surface contamination in
terms of activity per unit area.

7.1.2. Surface contamination monitor

A surface contamination monitor is a monitor provided with means for giving
audible or visual warning (alarm) if the contamination of a particular surface exceeds
a predetermined level or if the measured value is not within some adjustable
predetermined limits.

More specific definitions and general requirements for surface contamination
monitoring instruments are available from the |EC [88].
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Reference radiations are specified for the calibration of surface contamination
monitors which take the form of adequately characterized large area sources specified
in terms of alpha, beta or photon surface emission rates. The measurement of these
guantities should be traceable to national standards. Since some of the sources
proposed include filters, they are to be regarded as sources of photons or electrons of
aparticular energy range and not as sources of a particular radionuclide. For example,
a2 Am source with the recommended filtration does not emit the alpha particles or
the low energy L characteristic X rays that are associated with the decay of the
nuclide.

7.2. REFERENCE STANDARD SOURCES
Reference standard sources should be of two types:

Class 1: Reference standard sources which should have been calibrated directly
in terms of surface emission rate at a national standards laboratory.

Class 2: Reference standard sources which should have been calibrated at an
approved laboratory in terms of the surface emission rate on a reference instrument
the efficiency of which has been measured by calibration with a Class 1 reference
standard source of the same radionuclide and of the same general construction using
the same geometry.

National standards laboratories should at their discretion provide the means
whereby Class 1 reference standard sources of a specified range of radionuclides may
be certified by them. The surface emission rate of Class 1 reference standard sources
would be measured by absolute methods or by utilizing an instrument that has been
calibrated by using sources that have been measured absolutely. The activity of a
Class 1 reference standard source will have been measured by the manufacturer in a
manner acceptable to the national standards laboratory.

Organizations with a requirement to type test surface contamination
instruments need to have access to suitable Class 1 or 2 reference standard sources.
Those with a requirement to calibrate such instruments will need to have access to
similar reference standard sources or to working sources. The purpose of a working
source is to calibrate surface contamination monitors in the field; they are not to be
confused with check sources, which are only intended to test whether a monitor is
operating. Organizations with a requirement to provide working sources for the
routine calibration of their surface contamination monitoring instruments require
access to a reference instrument with which to calibrate such sources in terms of
surface emission rate against a Class 1 or 2 reference standard source. Where the
working source will be used either in a jig or under a particular geometry, the
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FIG. 34. St of reference standard sources for calibration of surface contamination meters and
monitors.

reference instrument on which its emission rate is measured should have been
calibrated by using a reference standard source under identical conditions and
geometry; aternatively, the working source should be removable from the jig so that
it can be measured in the usual way. If only afew monitors need calibration of ahigh
degree of accuracy, Class 1 or 2 reference sources may be used as working sources.

For calibration purposes, reference standard sources are planar sources of
alpha, beta or photon emitting radionuclides.

Reference standard sources are mounted on a material with alow coefficient of
backscatter, e.g. plastic or duminium (Fig. 34). The surface flux specific to each
source should be known within 10% in absolute terms and within 5% rel ative to other
source activities of the sametest set. 1SO has devel oped specific recommendations on
the design and construction of surface contamination calibration sources [89].

The following radionuclides are recommended for routine calibration:

(@) For alpha emitters:

The reference radionuclides are 2Am or 23%Pu.
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TABLE XXVIII. BETA RADIONUCLIDES FOR TYPE TESTING

Radionuclide Maximum beta energy (keV) Half-life (d)
3H 19 4493
63N 66 36 500
ac 156 2 093 000
35s 167 87.44
147pm 225 957
185y 433 75.1
36C 709 1.099.108
2047 763 1381
210B;j 1162 5.01
89gy 1492 50.5
90g; + 90y 2274 10 483
106Ry * 106RA 3541 373

TABLE XXIX. PHOTON EMITTING SOURCES

Approximate mean photon energy

Half-life (d) (+1%)

Radionuclide and filter2

(keV)

5.9 986 55Fe (none)

16 3.203 x 104 238p with a 32.5 mg-cm2
zirconium filter

32 5.73 x 10° 1291 with a 40.5 mg-cm2
aluminium filter

60 1.57788 x 10° 241Am with a 200 mg-cm2

stainless steel filter
124 270.3 57Co with a 200 mg-cm2

stainless stedl filter

@ Mass per unit area tolerance £10%.

(b) For beta emitters:

The reference radionuclide is 24T| or sometimes 36Cl. If the probe is designed
to be used for the measurement of beta particles with a maximum energy of less than
250 keV, 14C should be used as the reference.
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The following beta radionuclides are recommended for type testing
(Table XXVIII). Three radionuclide sources having at least three different maximum
energies should be used, i.e. one from each of the following broad groups: energies
lower than 400 keV, between 400 keV and 1000 keV, and higher than 1000 keV.

(c) For photon emitters:

The radionuclides recommended (Table XXIX) have been chosen in order to
provide sources that produce arange of photon energies suitable for the calibration of
the types of instrument most commonly used for the measurement of nuclides
decaying by the processes of electron capture and isometric transition. It should be
noted that, with the exception of >°Fe, all photon emitting reference standard sources
proposed have filters over the face of the active materia of the source. The purpose
of these filters is to eliminate unwanted radiations from the nuclides and thus to
provide sources that emit photons within limited ranges. The eliminated radiations
include:

129) — betaradiation and other low energy radiations;

21Am — apharadiation and characteristic L X rays;

5’"Co — characteristic K X radiation and lower energy photons and
electrons,

238py —  reduction of the relative intensity of the characteristic L X rays

above the K absorption edge of zirconium.

7.3. INSTRUMENT CALIBRATION PROCEDURES

It isimportant to carry out calibrations with a precisely reproducible geometry.
This can be achieved by using a source holder designed to fit the detector probe. The
distance between the front face of the detector and the active surface of the source
should be as recommended by the manufacturer.

Care must be taken to properly correct for the radioactive decay of the source,
especialy for radionuclides with a short half-life.

An uncollimated source with an area larger than that of the detector should be
used. An example is given in Fig. 35. In the absence of a source with an area larger
than that of the detector, a smaller source may be used. In this case, measurements
must be taken at a sufficient number of source positions to provide calibration of
equivalent accuracy.

For assemblies with linear scales, the calibrations should be performed at |east
at one point in each range between 50% and 75% of the scale maximum. For
assemblies with logarithmic graduation or digital presentation, the calibration should
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FIG. 35. Calibration set-up for surface contamination meters. (1) Source holder for standard
geometry; (2) reference standard source; (3) instrument.

be performed for one value in each decade of the effective range of measurement.
These measurements are achieved by using sources with a range of activities.

Some alpha surface contamination monitor designs respond to beta and photon
radiation. When they are calibrated with alpha sources, the response to beta and
photon radiation should be considered. Particularly, one should confirm that the
response of an apha surface contamination meter to beta radiation is less than 1/100
of its alpha response.

When using beta calibration sources that also emit photon radiation (e.g. 1%Ru
+ 106Rn), allowance should be made for the response of the instrument to the photons
emitted. The photon response may be adequately determined by simply inverting the
source such that the active surface is facing away from the window of the instrument.
This eliminates the beta radiation emitted by the source in the direction of the
instrument detector, and the resulting response is only due to photons.

The calibration certificates for surface contamination monitors normally give a
calibration factor CF, in terms of the calibration source's certificated surface
emission rate per unit area:

CFp = A (39)
M —Mb
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where S, is the certificated surface emission rate per unit area for the radionuclide
source (in units of s cm2), M is the monitor count rate (s™) when exposed to the
calibration source at a specified distance, and Mb is the monitor background count
rate (s1). The calibration distance, from the surface of the source to the detector
window, is small and usually chosen to be equal to, or very close to, the distance that
will be used for subsegquent measurements of contaminated surfaces.

Following the calibration of a beta surface contamination meter, checks should
be made to ensure that the response of the meter to ambient background is
correct [90].

8. MEASUREMENT UNCERTAINTIES

8.1. INTRODUCTION

The method used in this report for estimating the uncertainty pertaining to the
result of a measurement is that outlined in BIPM Recommendation INC-1 [91],
approved by the Comité international des poids et mesures (CIPM) in 1981. The task
of developing a detailed guide based on this unified approach was transferred to the
ISO in 1986. This resulted in the issuance, in 1993, of the ISO document entitled
‘Guide to the Expression of Uncertainty in Measurement’ [92], which should be
consulted for further details. Readers interested in an elementary presentation of the
new approach can find a summary in Appendix A of IAEA Technical Reports Series
No. 277 [93].

8.2. GENERAL CONSIDERATIONS ON ERRORS AND UNCERTAINTIES

Contrary to previous practice, when the terms ‘error’ and ‘uncertainty’ were
used interchangeably, the modern approach, initiated by the CIPM, distinguishes
between these two concepts. This can probably best be seen from a schematic
representation (Fig. 36). It may be useful to distinguish between an idea and a
practical situation. Note that the concepts ‘true value’ and ‘error’ no longer appear in
the practical evaluation.

An error has both a numerical value and a sign. In contrast, the uncertainty
associated with a measurement is a parameter that characterizes the dispersion of the
values ‘that could reasonably be attributed to the measurand’ [92]. This parameter is
normally an estimated standard deviation. An uncertainty, therefore, has no known
sign and is usually assumed to be symmetrical. It is a measure of our lack of exact
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FIG. 36. Schematic representation of some basic concepts related to measurement
uncertainties.

knowledge after all recognized ‘ systematic’ effects have been eliminated by applying
appropriate corrections.

If errors were exactly known, the true value could be determined and there
would be no problem Ieft. In reality, errors are estimated in the best possible way and
corrected for. Therefore, after application of al known corrections, errors do not have
to be considered any longer (their expectation value being zero), and the only
quantities of interest are uncertainties. According to present definitions, an error isthe
difference between a measured value and the true value.

An uncertainty may be estimated by some known statistical method
(Type A) or otherwise (Type B). This distinction is mainly of pedagogical relevance
and can be dropped once the numerical values for the uncertainties have been
chosen.

In traditional categorization, it was usual to distinguish between ‘random’ and
‘systematic’ contributions. However, one should redlize that this classification
depends on how an uncertainty is used in a given physical context. Occasionaly, it
may still be quite useful, but one must not think that such a classification requires
different propagation laws.
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8.3. TYPE'A’ STANDARD UNCERTAINTIES

In aseries of n measurements, with observed values x,, the best estimate of the
quantity x is usually given by the arithmetic mean value:

X=2x (40)

The scatter of the measured values around their mean x can be characterized,
for an individual result x;, by the standard deviation:

/1 C =
s(x) = E;(Xi—x)z (41)

and the quantity sz(xi) is called the empirical variance of a single measurement, based
on asample of sizen.

We are often interested in the standard deviation of the mean value, written as
S(x), for which the general relation

S(%) = %s(xi) (42)

applies. An alternative way of estimating s(x) would be based on the outcome of
several groups of measurements. If they are all of the same size, the formulas given
above can till be used, provided that x; is now taken as the mean of group i and is
the overall mean (or mean of the means) of the n groups. For groups of different size,
‘statistical weights' would have to be used. This second approach may often be
preferable, but is usually requires alarger number of measurements. A discussion of
how much the two results of s(x) may differ from each other isbeyond this elementary
presentation.

The standard uncertainty of Type A, denoted here by u,, will be identified with
the standard deviation of the mean value, i.e.

U, = S(X) (43)

Obviously, an empirical determination of an uncertainty cannot be expected to
giveits‘true’ value; it isby necessity only an estimate. Thisis so for both Type A and
Type B uncertainties. It will be noted from Eq. (42) that a Type A uncertainty on the
measurement of a quantity can, in principle, always be reduced by increasing the
number n of individual readings. If several measurement techniques are available, the
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preference will go to that which yields the least scatter of the results, i.e. which has
the smallest standard deviation s(x;), but in practice the possibilities for reduction are
often limited. One example is the measurement of a background radiation which
varies over the time intervals of interest. Another example is when a very low dose
rate produces ionization currents that are of the same order as the leakage currents,
which may also be variable. In order to arrive at an acceptable uncertainty of the
result, it isthen necessary to take many more readings than would normally be needed
inatypical X ray or K ray beam.

In the past, uncertainties due to random effects have often been evaluated in the
form of confidence limits, commonly at the 95% confidence level. This approach is
not used in the CIPM scheme presented here, because there is no statistical basis for
combining confidence limits. The theory of the propagation of uncertainties requires
combination in terms of variances.

The Type A standard uncertainty is obtained by the usual statistical analysis of
repeated measurements. It is not expected that a Type A standard uncertainty will be
determined individually for each instrument calibrated, but rather that representative
values will be obtained from a number of typical calibrations. It is normally found
that the reproducibility of each dosimeter model is essentialy the same from one
instrument to the next. Thus, if the Type A standard uncertainty of an air kerma rate
measurement is determined for one kind of dosimeter, the same value can generally
be used for other instruments of that same model, measured under the same
conditions.

8.4. TYPE ‘B’ STANDARD UNCERTAINTIES

There are many sources of measurement uncertainty that cannot be estimated
by repeated measurements. These are called Type B uncertainties. These include not
only unknown, athough suspected, influences on the measurement process, but aso
little known effects of influence quantities (pressure, temperature, etc.), application of
correction factors or physical data taken from literature, etc.

In the CIPM method of characterizing uncertainties, the Type B uncertainties
must be estimated so that they correspond to standard deviations; they are called
Type B standard uncertainties. Some experimenters claim that they can directly
estimate this type of uncertainty, while others prefer to use, as an intermediate step,
some type of limit. It is often helpful to assume that these uncertainties have a
probability distribution that corresponds to some easily recognizable shape. Perhaps
the most common assumption is that Type B uncertainties have a distribution that is
approximately Gaussian (normal). On this assumption, the Type B standard
uncertainty can be derived by first estimating some limits £L and then dividing that
limit by a suitable number.
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FIG. 37. Two simple probability density functions, rf(x) and tf(x), with a rectangular or
triangular shape; they may be useful models for unknown distributions.

If, for example, the experimenter is ‘fairly sure’ of this limit, L, it can be
considered to correspond approximately to a 95% confidence limit, whereas, if the
experimenter is ‘almost certain’, it may be taken to correspond approximately to a
99% confidence limit. Thus, the Type B standard uncertainty ug can be obtained from
the following equation:

_L 44

o=t (44)

where k = 2 if the experimenter isfairly certain, and k = 3 if the person is quite certain

of the estimated limits £L. These relations correspond to the properties of a Gaussian

distribution, and it is usually not worthwhile to apply divisors other than 2 or 3,
because of the approximate nature of the estimation.

It is sometimes assumed (Fig. 37) — mainly for the sake of simplicity — that

Type B uncertainties can be described by a rectangular probability density, i.e. that

they have equal probability anywhere within the given maximum limits —-M and +M.

It can be shown that with this assumption the Type B standard uncertainty ug is

given by

Ug = % (45)

Alternatively, if the assumed distribution istriangular (with the same limits), we
are led to the relation

Ug = % (46)
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There are thus no rigid rules for estimating Type B standard uncertainties. The
experimenters should then use their best knowledge and experience and, whatever
method is applied, provide estimates that can be used as if they were standard
deviations. It is hardly ever meaningful to estimate Type B uncertainties to more than
one significant figure, and certainly never to more than two.

8.5. COMBINED UNCERTAINTIESAND EXPANDED UNCERTAINTIES

Since Type A and Type B uncertainties are both estimated standard deviations,
they are combined by using the statistical rules for combining variances (which are
squares of standard deviations). If u, and ug are Type A and Type B standard
uncertainties of a quantity, respectively, the combined standard uncertainty of that
quantity is

— (112 = 212
U, = (U3 = ug)

The combined standard uncertainty thus still has the character of a standard
deviation. If, in addition, it is believed to have a Gaussian probability density, then the
standard deviation corresponds to a confidence limit of about 66%. Therefore, it is
often felt desirable to multiply the combined standard uncertainty by a suitable factor,
called the coverage factor k, to yield an expanded uncertainty. Suitable values of the
coverage factor would again be k = 2 or 3, corresponding to confidence limits of about
95% or 99%. The approximate nature of uncertainty estimates, in particular for Type
B, makesit doubtful that more than one significant figure is ever justified in choosing
the coverage factor. In any case, the numerical value taken for the coverage factor
should be clearly indicated. The expanded uncertainty is also known under the name
‘overall uncertainty’.

8.6. PROPAGATION OF UNCERTAINTIES

The term ‘propagation of errors was part of statistical terminology before it
became customary to distinguish between errors and uncertainties, and it is still
occasionally used. To be consistent with present terminology, it is preferable to use
the term ‘ propagation of uncertainties' in what follows.

Let us first consider a practical example. The calibration factor determined by
agiven calibration laboratory is not only based on various measurements performed
at the laboratory but also on correction factors and physical constants, aswell ason a
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beam calibration traceable to a secondary laboratory and, ultimately, to a primary
laboratory. All these numerical values contain uncertainties, and they combine to a
given final uncertainty in the calibration factor. This situation can be represented in
more general terms by considering a variable y which is a function f of a number of
variables a, b, ¢, ... This can be written in the form

y=f(abc, ..) (48)

It is assumed that all known corrections have already been applied to the
variables and that the remaining uncertainties are small. In many practical cases, the
influence quantities a, b, ... are independent of each other. Then u(y) can be calculated
by the simple formula

2 2 2 )
u(Y)E{(%) u?(a) + (%J u?(b) + (%) u?(c) +... (49)

Two special cases should be mentioned in particular since they are of great
practical importance and cover most of the usua situations:
If the functional dependence s linear, i.e. for sums (or differences), we have

y=Aa+Bb+ Cc+ .. (50)
where the coefficients A, B, C, ... are constants and the partial derivatives are simply

I’ _ A B e (51)
oa ob

Then, the uncertainty ony is
u(y) = {A2u(a) + B2u3(b) + C)2)u)2)(c) + ..} 12 (52)

Thus, if independent variables are added (or subtracted), the variances also add.
In other words, the uncertainty of the sum is obtained by adding in quadrature the
‘weighted’ uncertainties of the independent variables, where the ‘weights are the
squares of the coefficients A, B, ... (‘adding in quadrature’ means taking the square
root of the sum of the squares).

The other special case concerns a product (or ratio) of independent variables.
The functional dependence thenis

yOa%bPcey.. (53)
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wherethe exponentsa, 3, v,... are constants. In this case, from Eqg. (49) we obtain the
following expression for the relative uncertainty ony:

) = [%%a) + Gr2(D) + KA Q) + .1 (54

wherer(a) = u(a)/|a| is the relative uncertainty of a, etc.

Thus, for a product (or ratio) of independent variables, the relative weighted
variances add, where the weights are the sguares of the exponentsa, f3 ... .

A very common case is that of aratio, y = a/b, where the quantities a and b
contain measurements and correction factors. From Eq. (53), the relative variance on
y is equal to the quadratic sum of the relative uncertainties on a and b.

The foregoing discussion applies to Type A, Type B and combined standard
uncertainties, all of which are estimated so as to correspond to standard deviations.
The rules for propagation of uncertainties also apply to expanded uncertainties,
provided that everywhere the same coverage factor k has been used. The uncertainty
on published data is generaly in terms of an expanded uncertainty, or some
equivalent terminology. This must then be converted into a standard deviation, before
it isused to calculate an uncertainty. If no coverage factor is stated, it may be assumed
to have the value k = 2.

Both Type A and Type B standard uncertainties should be tabulated separately.
This will make a possible later change easier to perform.

8.7. DEFINITIONS
8.7.1. Uncertainty of measurement

The limits within which the error of measurement is estimated to lie.
8.7.1.1. Type A standard uncertainty

A quantity estimated, in the 1SO [92] method of uncertainty assignment, by
statistical methods.®

5 TypeA standard uncertainties are stated as standard deviations of means.
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8.7.1.2. Type B standard uncertainty

A quantity estimated, in the 1ISO method of uncertainty assignment, by a
method other than statistical .

8.7.1.3. Combined standard uncertainty

A quantity obtained, in the 1SO method of uncertainty assignment, by
combining in quadrature Type A and Type B standard uncertainties.

8.7.1.4. Coverage factor

A factor, usually denoted by k, by which a standard uncertainty is multiplied. If
k differs from unity, its value must be stated.

8.7.1.5. Expanded uncertainty
A quantity obtained, in the 1SO method of uncertainty assignment, by

multiplying the combined standard uncertainty by a coverage factor k (usually k = 2
or 3).

6 Type B standard uncertainties are estimated or derived as quantities equivalent to
standard deviations of means.
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Appendix |

AN EXAMPLE OF DETERMINING THE OVERALL
UNCERTAINTIES FOR THE CALIBRATION OF AN INSTRUMENT

* A measuring instrument is going to be calibrated in terms of the directional

dose equivalent rate H¢(0.07) with a beta ray reference source containing the
radionuclides °Sr + 20Y. The reference source has been calibrated on 1 January
1992 in a national standard laboratory at a distance of 30 cm. H¢(0.07) is
2.13 mSv-hl. The relative combined uncertainty of the source calibration is
1%.

e The measuring instrument is going to be calibrated under the following

conditions:

Date: 20 January 1993
Air pressure: p =95.0 kPa
Air temperature; T =294.5K

e The calibration factor N (Section 3.2) is obtained from

___ H(0.07)k (1-2)
(Mg —Mg)Kp krkg

where

k. correctsfor the decay of the source. 385 days have elapsed since the calibration
of the source, and the half-life of 0Sr + 9Y s 10 483 days.

k= exp{-385In2/10483} = 0.975.

kpr correctsfor the deviation of the actual air pressure p from the reference pressure
P = 101.3 kPa.

Ko = Po/P = 101.3/95.0 = 1.066.

k;  corrects for the deviation of the actual air temperature T from the reference

temperature T, = 293.15 K.

k= T/T, = 294.5/293.15 = 1.005.
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corrects for the possible deviation of the actual distance of the reference
source to the measuring instrument from the nominal calibration
distance.

1.000.

is the mean value of the indication of the measuring instrument at the time of
calibration.

is the mean value of the indication of the measuring instrument when the
reference source is removed (background).

Summary of determination of the standard deviation of the mean s(M,)

Indicated values m in mSv-h~1: 1.92, 1.99, 1.95, 2.00, 1.94, 1.91, 1.94, 1.92,

1.96,1.99. The mean M, value is obtained from:
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M, = —2 m =195 mSv-h1 (1-2)

The standard deviation of the mean s(M,) is given by:

(M = (10 QZ(m My) ] = 0.01 mSv-ht (1-3)

Ten measurements of instrument background were made without the reference
source. The mean value was M, = 0.11 mSv-h, and its standard deviation was
s(M,) = 0.01 mSv-hL.

The calibration factor N is given by:

B 213 x 0.975
(1L95-0.11) x 1066 x 1005 x 100

= 1053 (1-4)

Cdlculation of the relative combined uncertainty of the calibration factor,
S(N)/N:



. 2 —  — N2 2 2 2 2
SN) _ [fuH©07) | [SM-Mo) | (ulle) | [ UKee) | (utke) | [ utks) (1-5)
N H’(0.07) M — M, ki Kor kr Ky
u(H¢(0.07))/H¢(0.07) = 1% as given in the calibration certificate of the primary
|aboratory.
The Type A uncertainty of (M, — M) is calculated according to:
S(M]_ - Mo) = [SZ(M)]_ + SZ(MO)]JJZ (|'6)

=[0.012 + 0.012]Y2 - 0.014 mSv-h2 (1-7)

=——=0.08 (1-8)

u(k)/k; is below 0.1% and can be neglected.

Theair pressure p varied between 92 and 98 kPa during the calibration, but was
not measured separately for every valueindicated. The extreme deviations from
the mean pressure, £3 kPa, have been divided by the conventional factor 2.5 to

obtain u(k,, )k,

(3/25)/95
UKy )/ Ky = 2222 = 0,012 1-9
( pr) pr 106 (1-9)

The air temperature varied between 293.5 and 295.5 K during the calibration,
and u(KT)/KT was obtained from

1/22.5)/ 294.
u(k )/ ky :% = 0.001 (1-10)

The distance between the reference source and the reference point of the
measuring instrument was positioned at a nomina distance of 30 cm
(kg = 1.000). The technician estimates that he sets the distance to the nominal
value within 0.5 mm in two cases out of three. Therefore, u(d)/d = 0.5/300 =
0.002. Assuming k varies with d? (Section 3), we have
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u(ky)/k, = 0.004 (1-12)

e The separate Type A and B uncertainties are summarized in Table I-1. In this
example the degrees of freedom are the number of measurements minus one.
The combined uncertainty, or standard deviation, is 1.8%. An overall estimated
uncertainty of 5% is then obtained by multiplying the overall combined
uncertainty by the factor of 2.5 introduced in Section 8.4 for Type B
uncertainties.

TABLE I-1. SUMMARY OF THE TYPE A AND B UNCERTAINTIES

. Relative standard deviation Type of Degrees of
Quantity (%) uncertainty freedom
H¢(0.07) 1.0 B —
ki 0.1 B _
(M;=My) 0.8 A 9
Ky 12 B —
ke B —

Ky 0.1 B .
04
N 18
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Appendix Il

AN EXAMPLE OF DETERMINING THE CALIBRATION FACTOR, N,
OF AN AMBIENT DOSE EQUIVALENT RATE METER —
CALIBRATION WITH REFERENCE INSTRUMENT
WITHOUT MONITOR (CALIBRATION METHOD 1)

(@) Specification of instrument (as stated by the manufacturer in the manual)

— Measurement quantity: ambient dose equivalent rate in mSv-h?t

— Detector: Geiger—Mller counter

— Photon energy range: 30 keV to 1.3 MeV

— Reference point: cross-point between GM counter axis and line mark
— Reference direction: perpendicular to GM counter axis

— Warm-up time: 50 s

— Measuring range: 1 mSv-h~1 to 30 mSv-h! (logarithmic scale)

(b) Measurement conditions

— Reference radiation: 137Cs collimated source

— Distance from source to point of test; 2.45m

— Environmental conditions: 23°C, 102 kPa, 65% RH

— Reference instrument, ionization chamber, unsealed, calibrated at a primary
laboratory with 137Cs

— Reference instrument, 13’Cs calibration factor, Ny = 0.952 (from primary
calibration certificate)

— Reference instrument, correction factor for 10 mGy-h1 range, k. =0.992 (from
primary calibration certificate)

— Reference instrument warm-up time: 2 min

(c) Procedure for determining conventional time value of
ambient dose equivalent rate

Place the ionization chamber, and its appropriate buildup cap, with its reference
point at the point of test and in its reference orientation relative to the reference
source. Switch the reference instrument on and wait at least two minutes for the
instrument to warm up. Perform the setting-up procedures given in the manufacturer’s
manual, e.g. electrical zero test, battery and polarity tests. Switch the instrument to its
appropriate measurement range (0-10 mGy-h1) and take the background reading,
Mgo = 0.04 mG-h~L. Expose the 13’Cs source and take ten readings, separated by
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sufficient time to be independent of each other and exceeding the time constant for
the instrument. Readings, Mg,: 8.17, 8.21, 8.22, 8.13, 8.15, 8.23, 8.17, 8.20, 8.19,
8.21 mGy-h1.

Mean value Mg, = 8.19 mGy-ht
Standard deviation of the mean = 0.03 mGy-hL.

Stop the source exposure and check the background reading: Mg, =
0.02 mGy-h1.

Mean background reading Mg, = 0.03 mGy-h%.

The conventional true value f of the ambient dose equivalent rate, H, is given
by the following equation (see Section 4.3.2 for identification of symbols):

H=h Ng (Mg, — Mgo) ki, KoK, (11-2)

where h is the conversion coefficient: H*(10)/Ka = 1.20 Sv-Gy (see Table X1V) so
that

H =1.2.0.952 (8.19 — 0.03)
x 101.3/102 x 296.15 /293.15 x 0.992 = 9.27 uSv-h- (11-2)

Remove the standard instrument’s ionization chamber and replace with the
instrument’s GM counter. The GM counter should have its reference point at the point
of test and be in its reference orientation.

(d)  Procedure of calibration

— Battery test after warming-up time

— Background reading of instrument (without beam): M = 0 (as expected in high
measurement range). Note: possible leakage radiation of the source through to
the closed shutter is not part of the background. In this case, the background is
determined with the source in its safe storage position.

— Radiation source exposed and five readings taken, equilibrium time of
instrument due to integration has to be shorter than waiting time between
subseguent readings.

— In this measurement range around 10 mSv-h1, the instrument scale is divided
in 0.1 mSv-h! per division below 10 mSv-h1 and in 0.2 mSv-h1 per division
above 10 mSv-hL.

— Readings: 9.5, 11.0, 9.0, 9.0, 9.0.

130



— Stop the source exposure and take instrument background reading: M, = 0.
Mean value: M, = 9.5 mSv-ht
Standard deviation of the mean = 0.4 mSv-h!
Corrections: according to the manual, no other corrections necessary.
The instruments calibration, N,, factor is given by

_ NemMg _ H _927uSv-h™

L -098 (11-3)

N

Note: The same procedures have to be applied if other ambient dose equivalent
rates are used for the calibration.
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Appendix I11

AN EXAMPLE OF DETERMINING THE
CALIBRATION FACTOR OF A PHOTON MEASURING
INSTRUMENT BY MEANS OF A MONITOR
(CALIBRATION METHOD 2)

Problem

A measuring instrument with Geiger—Mller tubes as the radiation sensitive
detectors designed to measure the ambient equivalent rate H*(10) for photon
radiation in the energy range of 20 to 200 keV shall be calibrated for the radiation
quality N-60 (see Table VI of main text) by means of an X ray unit operated with a
monitor chamber (see Fig. 7 of main text). A reference instrument with an ion
chamber of 30 cm? chamber volume is available for the calibration. In addition to the
calibration, the energy dependence of the response of the measuring instrument shall
be determined between 30 and 100 keV by using the radiation qualities N-40, N-80
and N-120 (see Table VIII of main text).

The calibration factor Ny of the air kerma reference chamber is given in a
calibration certificate of a national standard laboratory for N-60 by:

Ng(N-60) = 1.05E + 09 mGy-C*

The relative combined standard uncertainty r(Ng(N-60)) is stated:

r(Ng(N-60)) = 0.7%
TABLE I11-1. ENERGY CORRECTION FACTOR k,(E) OF AIR KERMA
REFERENCE CHAMBER AND CONVERSION COEFFICIENT h FROM AIR

KERMA TO AMBIENT EQUIVALENT RATE H*(10) FOR THE RADIATION
QUALITIES USED.

Radiation quality K (E) h (Sv-Gy™)
N-40 1.006 1.18
N-60 1.000 1.59
N-80 1.030 1.73
N-120 1.026 1.64
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The reference conditions are those given in Table [11-3, except for the radiation
quality, which is N-60. The correction factor k,, (E) to take into account the difference
between the response at the radiation quality N-60 and the other radiation qualitiesis
givenin Table I11-1, together with the coefficient h to convert air kermaK,, freein air
to H*(10) (compare Table IX of main text).

The conversion coefficients for monoenergetic radiation are treated as if they
were not affected by any uncertainty. The conversion coefficients for the narrow
spectrum series of Table I11-1 are considered as being affected by a relative standard
uncertainty r(h) = 2%. This uncertainty of 2% takes into account differences between
the spectrum used for the calculation of the conversion coefficient and the spectrum
prevailing at the point of test.

Solution

1. Calibration of the monitor chamber by the reference instrument for
radiation quality N-60

The reference instrument is irradiated at a distance of 2 m from the focus ten
timesfor t = 100 shy X rays of radiation quality N-60. The values of charge collected
during this time by the integrators connected to the monitor and the reference

TABLE I11-2. CHARGE VALUES, AIR PRESSURES AND TEMPERATURES
FOR CASE 1

Qn(©@)  T,(C) p,(kPa) Mg (C) QRO TR(CQ)  Mg(O Mg/mg

5.91E-09 20.5 101.32 5.919E-09 2.16E-10 203 2.162E-10  3.652E-02
5.90E-09 20.5 101.33 5.908E-09 2.16E-10 20.3 2.162E-10  3.659E-02
5.92E-09 20.6 101.33 5.930E-09 217E-10 203 2.172E-10  3.662E-02
5.91E-09 20.6 101.34 5.920E-09 2.15E-10 204 2.152E-10  3.635E-02
5.89E-09 20.6 101.34 5.900E-09 2.14E-10 204 2.142E-10  3.631E-02
5.90E-09 20.6 101.34 5.910E-09 2.15E-10 204 2.152E-10  3.642E-02
5.88E-09 20.7 101.34 5.892E-09 2.13E-10 204 2.132E-10  3.619E-02
5.89E-09 20.7 101.35 5.901E-09 2.14E-10 205 2.143E-10  3.631E-02
5.87E-09 20.8 101.36 5.883E-09 2.13E-10 205 2.132E-10  3.625E-02
5.86E-09 20.8 101.36 5.873E-09 2.12E-10 205 2.122E-10  3.614E-02

Mean value Mg/mg 3.637E-02
Standard deviation of the mean value, S,(Mgz/mg) 5.18E-05
Relative standard deviation of the mean value, r,(Mg/mg) 0.14%
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chamber, Q,,and Qg, are given in Table I11-2 together with the air pressure, p,, and
the monitor and the reference chamber temperatures, T, and T,

It can be assumed for this example that the air pressure, p,, is the same for the
monitor and for the reference chamber. The readings of both the monitor and the
reference chamber depend on the air density in the instruments. The measured value
my, of the monitor (corrected for reference conditions) is the charge Q,,, corrected for
reference conditions, (compare Eq. (28) in Section 4.3.2), i.e.:

T, +27315 1013
29315  p,

Mg = Qmkrky = Qn (111-1)
where T isin °C and p, isin kPa.

Similarly, we obtain the measured value Mg, also corrected for the reference
conditions:

Tr+27315 1013
29315  p,

Mg = Qrkrky = Qr (111-2)

where T isin °C and p, isin kPa.

The quotient Mg/my, is calculated in the last column of Table 111-2; its mean
value and the standard deviation of the mean are:

Mg/m, = 3637E—02;  (Mg/my) = 5.18E — 05

The standard uncertainty of Type A, here denoted by u,, can be equated with
the standard deviation of the mean in this example (compare Eqg. (43) in Section 8.3),
i.e.

Ua(Mz/my) = S(Mg/mg) = 5.18E - 0.5

The relative standard uncertainty r,(Mg/mg) is given by

ra(Mg/mg) = s(Mz/mg)/(Mg/mg) = 0.14%

2. Calibration of the measuring instrument by the monitor chamber at
radiation quality N-60

The measuring instrument under calibration isirradiated at the same calibration
distance (2 m) ten times for t = 100 s by X rays of radiation quality N-60. Similarly
as before, the experimentally determined values of charge collected during this time
by the integrator connected to the monitor, Q,,, divided by t and multiplied by 36 to
giveQ,/tin C-h™® and the readings of the instrument under calibration, M,, are given
in Table I11-3 together with the air pressure, p,, and the temperatures of the monitor
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TABLE 111-3. CHARGES, AIR PRESSURES AND TEMPERATURES FOR
CASE 2

Q. /t(Csh T,(°C) p,(kPa) m (CsY) M, (mSvs? T, (°C) m/M,(CmSv?)

9.56E-08 20.2 102.43 9.461E-08 5.6 20.1 1.689E-08
9.57E-08 20.2 102.43 9.471E-08 5.7 20.1 1.662E-08
9.58E-08 20.2 102.43 9.481E-08 55 20.1 1.724E-08
9.56E-08 20.2 102.44 9.460E-08 55 20.0 1.720E-08
9.56E-08 20.1 102.44 9.457E-08 5.7 20.0 1.659E-08
9.59E-08 20.1 102.44 9.487E-08 5.8 20.0 1.636E-08
9.58E-08 20.1 102.44 9.477E-08 5.8 20.0 1.634E-08
9.59E-08 20.1 102.45 9.486E-08 55 20.0 1.725E-08
9.58E-08 20.1 102.46 9.4475E-08 5.6 199 1.692E-08
9.58E-08 20.0 102.46 9.472E-08 55 19.9 1.722E-08

Mean value m /M, 1.686E-08

Standard deviation of the mean value, SA(W) 1.15E-10
Relative standard deviation of the mean value, r,(m, /M, ) 0.68%

and the measuring instrument, T and T,. The reading M, does not depend on air
pressure p, or temperature T, .

The measured value m; of the monitor corrected for reference conditionsis the
charge Q,, divided by the irradiation time t corrected for reference conditions, i.e.

my = Qi ke, = O T+ 273151013
t t 29315 p,

(111-3)

where T isin °C and p, isin kPa.
The quotient m,/M, is calculated in the last column of Table I11-3; its mean
value and the standard deviation of the mean are;

m, /M, = 1.686E —08 C-mSv'; s(m/M,) = 1.15E — 10 C-mSv'!

The standard uncertainty of Type A, here denoted by u,, can be equated to the
standard deviation of the mean in this example (compare Eq. (43) in Section 8.3), i.e.

ux(m/M,) = s(m/M,) = 1.15E — 10 C:mSv!

The relative standard uncertainty r,(m, /M, ) is given by
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rA(M/M,) = S(M /M, )/m M, = 0.68%

The cdibration factor of the instrument (under reference conditions) is
calculated by means of the following eguation (see Section 3.4.3.1):

N, = Ny h Mg/mp, m/Mm, (11-4)

Ng is known from the measurements of the standard laboratory (Ng =
1.05E + 09 mGy-C1) and h from Table I11-1. Therefore, N, is obtained by:

N, (N-60) = 1.05E + 09 x 1.59 x 3.637E — 02 x 1.686E — 08
N, (N-60) = 1.024
Calculation of the relative combined standard uncertainty
The relative combined standard uncertainty of N, (N-60), r(N,(N-60)) is

obtained by the sguare root of the squares of the relative component standard
uncertainties (Section 8.6), i.e. by using Eq. (I11-4):

r(N;(N-60)) = r%(Ng) + r2(h) + r2(Mg/mg) + r2 (m /M) (111-5)

It has to be considered that, by experience, the measured values Mg, mg and m,
have a relative Type B uncertainty of 0.5% due to the performance of the charge
measuring systems coupled to the monitor chamber and the reference chamber.
Therefore, a relative Type B uncertainty of  0.52 + 0.5°% has to be considered for
Mg/m, and arelative Type B uncertainty of 0.5% for m, /M, . The relative component
standard uncertainties contributing to the relative combined standard uncertainty of
N,, r(N,(N-60)), are summarized in Table I11-4. One obtains:

r(N,(N-60)) = 2.4%

3. Determination of the response of the measuring instrument

The determination of the response of the measuring instrument as a function of
energy and angle of incidence, a, is described here only for one energy (N-40) and
for one angle (a = 0°). The determination of the response for other radiation qualities
and angles of incidence can be done analogously.

The procedure consists of two steps. The first step, the calibration of the
monitor chamber, needs not to be repeated for every calibration of a measuring
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TABLE I11-4. UNCERTAINTIES CONTRIBUTING TO RELATIVE COMBINED
STANDARD UNCERTAINTY

. Type of - . Relative
Quantity uncertainty Origin of uncertainty uncertainty (%)
Ng C Combined standard uncertainty stated 0.7

in calibration certificate of

national standard laboratory
h B Stated in 1SO 4037-3 2.0
Mg/mg A Calculated from values of Table I11-2 0.14
Mg/mg B By experience (see text) 0.71
m /M, A Calculated from values of Table I11-3 0.68
m /M, B By experience (see text) 0.5

Relative combined standard uncertainty r(N, (N-60)) 24

instrument if the same irradiation conditions are used and if it has been proven that
the experimental set-up has sufficient long term stability.

3.1. Calibration of the monitor chamber by the reference instrument at
radiation quality N-40

The calibration is performed in the same way as described in Section 1. The
reference instrument is irradiated at a distance of 2 m from the focus ten times for
t =100 s by X rays of radiation quality N-40. The values of charge collected during
this time by the integrators connected to the monitor and the reference chamber, Q,,,
and Qg ae given in Table I1I-5, together with the air pressure, p,, and the
temperatures of the monitor and the reference chamber, T, and T. It can be assumed
for this example that the air pressure p, is the same for the monitor and the reference
chamber. The readings of both the monitor and the reference chamber depend on the
density of the air in the instruments. The measured values mg, of the monitor and Mg
of the reference instrument are calculated by means of Egs (111-1) and (111-2).

The quotient mg/Mg, is calculated in the last column of Table 111-5; its mean
value and the standard deviation of the mean are:

(M/Mp) = 2010E+01;  s(Mp/Mp) = 2.68E — 02
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TABLE 111-5. CHARGES, AIR PRESSURES AND TEMPERATURES FOR

CASE 3

Qn(€) Ty (C)  p,(kPa) mg (C) (@) TR(C)  Mg(C) Me/Mg
6.53E-09 205 101.32  6540E-09 326E-10 203  3.263E-10  2.004E+01
6.50E-09 205 101.33  6.509E-09 3.25E-10 203  3.252E-10 2.001E+01
6.51E-09 20.6 10133  6.521E-09 3.26E-10 203  3.262E-10  1.999E+01
6.49E-09  20.6 101.34  6.501E-09 3.24E-10 204  3.243E-10  2.004E+01
6.49E-09  20.6 10134  6501E-09 3.23E-10 204  3.233E-10 2011E+01
6.48E-09  20.6 101.34 6.491E-09  3.22E-10 204  3.223E-10  2.014E+01
6.50E-09  20.7 101.34  6513E-09 324E-10 204  3.243E-10  2.008E+01
6.49E-09 207 101.35  6.502E-09 3.21E-10 205  3.214E-10 2.023E+01
6.48E-09 208 101.36  6.494E-09 3.23E-10 205  3.234E-10 2.008E+01
6.47E-09  20.8 101.36  6.484E-09 3.20E-10 205  3.204E-10  2.024E+01
Mean value my/Mg 2.010E+01
Standard deviation of the mean value, S,(my/Mg) 2.680E-02

Relative standard deviation of the mean value, r,(my/Mg) 0.13%

The standard uncertainty of Type A, here denoted by u,, can be equated to the
standard deviation of the mean in this example (compare Eq. (43) in Section 8.3), i.e.

Up(M/Mg) = s(mx/Mg) = 2.68E — 02

The relative standard uncertainty r,(my/Mg) is

I A(Mr/Mg) = S(Mr/Mg)/mk/Mg = 0.13%

3.2. Determination of the response of the measuring instrument at

radiation quality N-40 for a = 0 by means of the monitor chamber

This procedure is performed in a way similar to that described in Part 2. The
measuring instrument is irradiated at the same distance as used in part 3.1 (2 m) ten
times for t = 100 s by X rays of the radiation quality N-40. The instrument is
positioned at o = 0°. Similarly as before, the experimentally determined values of
charge collected during this time by the integrator connected to the monitor, Q,,
divided by t and multiplied by 36 to give Q. /t in C-h1, and the readings of the
instrument under calibration, M,, are given in Table I11-6, together with the air
pressure, p,, and the temperatures of the monitor and the measuring instrument, T,
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TABLE I11-6. CHARGES, AIR PRESSURES AND TEMPERATURES

Q. /t(Csh  T,(°C) p, (kPa) m, (C-sY) M, (mSv s1) T, (°C) M/m (mSv-C?

3.06E-08 20.2 102.43 3.028E-08 19 20.1 6.274E+07
3.00E-08 20.2 102.43 2.969E-08 18 20.1 6.063E+07
3.01E-08 20.2 102.43 2.979E-08 18 20.1 6.043E+07
3.05E-08 20.2 102.44 3.018E-08 17 20.0 5.633E+07
2.99E-08 20.1 102.44 2.958E-08 18 20.0 6.086E+07
3.00E-08 20.1 102.44 2.968E-08 17 20.0 5.728E+07
2.98E-08 20.1 102.44 2.948E-08 19 20.0 6.445E+07
3.00E-08 20.1 102.45 2.967E-08 18 20.0 6.066E+07
2.97E-08 20.1 102.46 2.937E-08 18 19.9 6.128E+07
2.96E-08 20.0 102.46 2.926E-08 19 19.9 6.492E+07
Mean value M, /m, 6.096E+07
Standard deviation of the mean value, SA(M,/m, ) 8.61E+05
Relative standard deviation of the mean value, rA(M,/m, ) 1.41%

and T,. The reading M, does not depend on the air pressure, p,, and temperature, T,.
The measured value m, of the monitor is calculated by means of Eq. (111-3).

The quotient M, /m, is calculated in the last column of Table I11-6; its mean
value and the standard deviation of the mean are:

M,/m, =6.096E + 0.7 mSv-CY;  s(M,/m)= 8.61E + 05 mSv-C

The standard uncertainty of Type A, here denoted by u,, can be equated to the
standard deviation of the mean in this example (compare Eq. (43) in Section 8.3), i.e.

u,(M,/m;) = s(M,/m,) = 8.61E + 0.5 mSv-C*

The relative standard uncertainty r,(M, /m, ) is

ra(M,/m) =s(M,/m)IM,/my = 1.41%

The response of the instrument for the energy E and the angle of incidence, a,
is calculated from of the following equation (Section 3.4.3.2):
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R (E,0) = mMg(E)/ Mg(E) M, (E,a)/ m; (E) (111-6)

1
NRN(E, ot )ken (E)

In general, the conversion coefficient h depends on the angle of incidence, a. In
this example, the conversion coefficient from air kerma to ambient equivalent rate,
H*(10), has to be used which does not depend on the angle of incidence, a. Values of
h and the k,, for the radiation quality N-40 are taken from Table I11-1. N is known
from the measurements of the standard laboratory (Ng = 1.05E + 09 mGy ch.
R,(N-40, 0°) is obtained by

R (N—40,0°) = 1
105E + 0.91181006

R (N —40,0°) = 0.98

20106.096E + 07

Calculation of the relative combined standard uncertainty

The relative combined standard uncertainty of R (N-40, 0°), r(R, (N-40, 0°)), is
obtained by the sguare root of the sguares of the relative component standard
uncertainties (see Section 8.6), i.e. using Eq. (111-6):

r(R (N -40,0%)

=\/r2(NR(N — 60) kg, (N — 40)) + r2(h) + r2(mg / Mg) + r2(M, 7m,)
(111-8)

As before, it hasto be considered that, by experience, the measured values Mg,
mg, and m, have arelative Type B uncertainty of 0.5% due to the performance of the
charge measuring system coupled to the monitor chamber and the reference chamber.
Therefore, a relative Type B uncertainty of  0.52 + 0.5%% has to be considered for
(my/Mg), and a relative Type B uncertainty of 0.5% for (M,/m). The relative
combined standard uncertainty of the product k,(N-40) N(N-60) can be assumed to
be the same as that of NL(N-60). The relative component standard uncertainties
contributing to the relative combined uncertainty are summarized in Table I11-7.
We obtain:

r(R (N-40, 0°)) = 2.7%
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TABLE I11-7. RELATIVE COMPONENT STANDARD UNCERTAINTIES

. Type of - ) Relative
) f :
Quantity uncertainty Origin of uncertainty uncertainty
Ke,Ng(N —60) C  Combined standard uncertainty stated in calibration ~ 0.7%
certificate of nationa standard |aboratory
h B Stated in SO 4037-3 2.0%
(M/MR) A Calculated from values of Table I11-5 0.13%
(M/Mg) B By experience (see text) 0.71%
M, /m, A Calculated from values of table 111-6 1.41%
M, /m, B By experience (see text) 0.5%
Relative combined standard uncertainty r(R,(N — 40, 0°)) 2.7%
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