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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
liasison with 1SO, also take part in the work. ISO collaborates closely with the International Electrotechnical
Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3.
The main task of technical committees is to prepare International Standards. Draft International Standards adopted
by the technical committees are circulated to the member bodies for voting. Publication as an International

Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this International Standard may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 14152 was prepared by Technical Committee ISO/TC 85, Nuclear energy, Subcommittee SC 2, Radiation
protection.

Annexes A to F of this International Standard are for information only.
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Introduction

In its Publication 60 (1991), the International Commission on Radiological Protection (ICRP) recommended annual
limits in terms of effective dose and equivalent dose to the skin, to the lenses of eyes the and to extremities. Due to
the tissue weighting factors in its definitions, the effective dose is destined to be an instable quantity. In fact, its
values strongly depend on the geometrical conditions of irradiation and can only be determined using
anthropomorphic phantoms approaching the human body.

For monitoring purposes, the International Commission on Radiation Units and Measurements (ICRU) and the
ICRP recommended so-called operational quantities [ICRU Report 39 (1985), ICRU Report 51 (1993) and ICRP
Publication 74 (1996)][4l. The operational quantity recommended for area monitoring of strongly penetrating
radiation is the ambient dose equivalent.

Unfortunately the ambient dose equivalent does not give a conservative estimate of the effective dose for all the
energies of interest for neutron radiation [ICRP Publication 74 (1996)] 4! and, at high energies, both for neutron
and photon radiation. Moreover, the ambient dose equivalent has not been introduced for shielding purposes.

All the experimental data found in literature are expressed in terms of maximum dose equivalent, a quantity based
on superseded Q vs LET relationship [ICRP Publication 21 (1971)] [3l.

This International Standard makes use of the ambient dose equivalent as radiation protection quantity, based on
the new Q-L relation as recommended in ICRP Publication 60. Due to the above-mentioned limitation, the field of
application is restricted to neutrons of energy below 20 MeV.

For practical purposes, some data expressed in terms of maximum dose equivalent are also included in this
International Standard. It is recommended that these data be conservatively multiplied by a factor 2 if used for
purposes of shielding calculations [ICRU Publication 51 (1993)].

To establish an operational neutron radiation protection shielding system, several consecutive steps should be
performed:

— choice of the radiological objectives and other design criteria;

— characterization of the radiation sources;

— identification of the constraints on placement and construction;

— choice of the shielding materials and arrangement within the shielding;
— implementation of a calculation method;

— choice of the final solution;

— experimental verification.

This International Standard outlines, in the body of the text, the basic requirements and the general provisions for
the implementation of each of these previous steps.

© 1SO 2001 — All rights reserved \%
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Detailed annexes complete these general considerations, especially in the following fields:
— characterization of neutron sources;
— criteria for the choice of neutron shielding materials;

— review of shielding calculation methods (manual methods or computer codes).

NOTE The general principles provided in this International Standard are mainly applicable to simple slab geometries. For
neutron shielding of complex geometries, including local lessenings such as service penetrations, ducts, labyrinths, zigzag
mountings, the guidance given in this International Standard apply, but are generally not sufficient. For that purpose, special
calculation techniques and arrangement of the shielding materials are needed. These specific considerations are out of the
scope of this International Standard.

The same remark can be made for criticality shielding, for which the principles given in this International Standard apply, but are
generally not sufficient. In this case additional considerations should be taken into account.

For these two items (criticality shielding and neutron radiation protection shielding of complex geometries), further standards will
be studied in the near future.

Vi © ISO 2001 — Al rights reserved



INTERNATIONAL STANDARD 1ISO 14152:2001(E)

Neutron radiation protection shielding — Design principles and
considerations for the choice of appropriate materials

1 Scope

This International Standard presents the general methodology governing the design of neutron radiation protection
shielding and the choice of neutron radiation protection shielding materials.

This International Standard is applicable to facilities and operations where neutron sources are located and used,
and where workers are occupationally exposed. These operations and facilities vary considerably in design and
purpose. These facilities and operations include, but are not limited to:

— nuclear power plants;

— research reactors;

— particle accelerators and neutron generators;

— fusion research facilities;

— transportation packaging for radioactive materials operations;

— medical treatment and research facilities and applications;

— industrial applications such as use of devices for measuring and detecting moisture and density level;
— space applications;

— calibration facilities;

— radiographic installations;

— nuclear fuel cycle installations (reprocessing plants, plutonium solution handling facilities, shielded cells, waste
storage, etc.).

The criteria for the design of neutron shielding and the choice of shielding materials contained in this International
Standard should be applied to the design of neutron radiation protection shielding systems in such facilities.

© 1SO 2001 — All rights reserved 1
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2 Normative references

The following normative documents contain provisions which, through reference in this text, constitute provisions of
this International Standard. For dated references, subsequent amendments to, or revisions of, any of these
publications do not apply. However, parties to agreements based on this International Standard are encouraged to
investigate the possibility of applying the most recent editions of the normative documents indicated below. For
undated references, the latest edition of the normative document referred to applies. Members of ISO and IEC
maintain registers of currently valid International Standards.

ISO 921:1997, Nuclear energy — Vocabulary

ISO 7212, Enclosures for protection against ionizing radiation — Lead shielding units for 50 mm and 100 mm thick
walls

ISO 8529-1, Reference neutron radiations — Part 1: Characteristics and methods of production

ISO 8529-3, Reference neutron radiations — Part 3: Calibration of area and personal dosimeters and determination
of response as a function of energy and angle of incidence

ISO 9404-1, Enclosures for protection against ionizing radiation — Lead shielding units for 1560 mm, 200 mm and
250 mm thick walls — Part 1: Chevron units of 150 mm and 200 mm thickness

ISO 15080, Nuclear facilities — Ventilation penetrations for shielded enclosures

ICRP 60 (1991), 1990 Recommendations of the International Commission on Radiological Protection, ICRP
Publication 60, Annals of the ICRP, 21, (1-3), Pergamon Press, Oxford (1991)

ICRU 39 (1985), Determination of Dose Equivalents Resulting from External Radiation Sources, ICRU Report 39,
1985 (International Commission on Radiation Units and Measurements, Bethesda, MD)

ICRU 51 (1993), Quantities and Units in Radiation Protection Dosimetry, ICRU Report 51, 1993 (International
Commission on Radiation Units and Measurements, Bethesda, MD)

ICRU 57 (1998), Conversion Coefficients for use in Radiological Protection against External Radiation, ICRU
Report 57, 1998 (International Commission on Radiation Units and Measurements, Bethesda, MD)

ICRU 60 (1998), Fundamental Quantities and Units for lonizing Radiation, ICRU Report 60, 1998 (International
Commission on Radiation Units and Measurements, Bethesda, MD)

IAEA") (1986), Safety Guides, Safety Series No. 76, Radiation Protection Glossary, Vienna

IAEA (1996), Safety Guides, Safety Series No. 115, International Basic Safety Standards for Protection against
lonizing Radiation and for the Safety of Radiation Sources, Vienna

1) International Atomic Energy Agency.
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3 Terms and definitions

For the purposes of this International Standard, the following terms and definitions apply.

3.1 Quantities 2 and units

3.1.1

equivalent dose in a tissue or organ

Hy

absorbed dose in a tissue or organ T, weighted for the type of radiation R

HT = WR XDT,R

where Dy is the absorbed dose, averaged over tissue or organ T, due to the radiation R and iy is the radiation
weighting factor, which is dependent of the energy of the neutrons

[ICRP 60:1991, IAEA Safety Series No.115:1996]

NOTE 1 In the case of several radiation qualities, the equivalent dose in a tissue or organ, Hr, is the sum of the products of
the radiation weighting factor Wk and the mean absorbed dose, Dt R:

HTZZ WR XDT,R
R

NOTE 2  The Sl unit of the equivalent dose is the joule per kilogram (J-kg~"), with the special name sievert (Sv).

3.1.2

effective dose

E

sum of the weighted equivalent doses in all the tissues and organs of the body

E=> WrxHr
T

where Hy is the equivalent dose in tissue or organ T and w7 is the weighting factor for tissue T
[ICRP 60: 1991, ICRU 51:1993, IAEA Safety Series No.115:1996]

NOTE 1 These tissue weighting factors take into account the varying sensitivity of organs with respect to stochastic effects of
radiation. The weighting factor, W+, represents the part of the contribution of the tissue T to the total exposure of the whole body
when uniformly exposed (X7 = 1).

The effective dose can also be expressed as the sum of the doubly weighted absorbed dose in all the tissues and organs of the
body. The following applies based on the definition of A+:

E = % ; WTXWRXDT,R

NOTE 2  The Sl unit of the effective dose is the joule per kilogram (J-kg~—1), with the special name sievert (Sv).

2) According to ICRP Publication 74, “equivalent dose” and “effective dose” are “Radiation Protection Quantities”, while
“ambient dose equivalent”, e.g. is an “Operational Quantity”.
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313

dose equivalent

H

product of Q0 and D at a point in tissue

H=DxQ
where D is the absorbed dose and Q the quality factor at this point

[ICRU 51:1993]

NOTE The Sl unit of equivalent dose is the joule per kilogram (J-kg~"), with the special name sievert (Sv).
314

ambient dose equivalent

H*(d)

dose equivalent, at a point in a radiation field, that would be produced by the corresponding aligned and expanded
radiation field in the ICRU sphere at a depth d, on the radius opposing the direction of the aligned field

[ICRP 60:1991, ICRU 39:1985, ICRU 51:1993, IAEA Safety Series N0.115:1996]
NOTE 1 A depth d = 10 mm is recommended for strongly penetrating radiation.

NOTE 2  The Sl unit of ambient equivalent dose is the joule per kilogram (J-kg~"), with the special name sievert (Sv).

NOTE 3 In the aligned and expanded radiation field, the fluence and the energy distribution have the same value in all the
interested volume as at the measurement point in the real field; the field is called aligned.

3.1.5
ambient dose equivalent rate

H*(d)
quotient of dH*(d) per dt:

H*(d)= dH*(d)

ds
where dH*(d) is the variation of the ambient dose equivalent H*(d) in the time interval d¢
[ICRP 60:1991, IAEA Safety Series No. 76:1986]

NOTE The SI unit of ambient dose equivalent rate is the joule per kilogram and per second (J-kg=1-s~"), with the special
name sievert per second (Sv-s~1). A frequently used unit is sievert per hour (Sv-h~1).

3.2 Other definitions

3.21

neutron fluence

D

quotient of dN by da:

_dN

D= —"
da

where dN is the number of neutrons incident on a sphere of cross-sectional area da
[ICRU 51:1993, ISO 8529-1]

NOTE The Sl unit of the neutron fluence is m~2, a frequently used unit is cm 2.

4 © 1SO 2001 — Al rights reserved
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3.2.2
neutron fluence rate
neutron flux density

2
quotient of d@ by dr:
_do _ &N
dr  daxdr

where d @ is the increment of neutron fluence in the time interval d¢
[ICRU 51:1993, ISO 8529-1]

NOTE The Sl unit of the neutron fluence rate is m=2-s~1,

3.23
spectral neutron fluence
energy distribution of the neutron fluence

P
quotient of d@ by dE:
_4do
E T dE

where d@ is the increment of neutron fluence in the energy interval between E and E + dE
[ICRU 51:1993, ISO 8529-1]

NOTE The SI unit of the spectral neutron fluence is m=2-J=1; a frequently used unit is cm=2-eV~".

3.24
spectral neutron fluence rate
spectral neutron flux density

PE
quotient of d@; by dx.
_do,  do
PE T a7 dExar

where d @y is the increment of spectral neutron fluence in the time interval d¢

[ICRU 51:1993, ISO 8529-1, IAEA Safety Series No. 76:1986]

NOTE The Sl unit of the spectral neutron fluence rate is m=2-s~1-J=1: a frequently used unit is cm2-s~1-eV-1,

3.2.5
dose
measure of the radiation received or “absorbed” by a target

NOTE The quantities termed absorbed dose, organ dose, equivalent dose, effective dose, committed equivalent dose or
committed effective dose are used depending on the context. The modifying terms are often omitted when they are not
necessary for defining the quantity of interest.

[IAEA Safety Series N0.115:1996]

© 1SO 2001 — All rights reserved 5
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3.2.6
dose limit
value of the effective dose or the equivalent dose to individuals from controlled practices that shall not be exceeded

[IAEA Safety Series No.115:1996]

3.27

dose equivalent

quantity used by the International Commission on Radiation Units and Measurements (ICRU) in defining the
operational quantities ambient dose equivalent, directional dose equivalent and personal dose equivalent

NOTE The quantity dose equivalent has been superseded for radiation protection purposes by equivalent dose.

[IAEA Safety Series N0.115:1996]

3.28

neutron fluence-to-dose equivalent conversion coefficient

he

quotient of the neutron dose equivalent, H, and the neutron fluence, @, at a point in the radiation field, undisturbed
by the irradiated object:

[ICRU 57:1998, ICRU 60:1998, ISO 8529-1]

NOTE 1 The Sl unit of the neutron fluence-to-dose equivalent conversion coefficient is Sv-m?2.

NOTE 2 Any statement of a fluence-to-dose equivalent conversion coefficient requires the statement of the type of dose
equivalent, e.g. ambient dose equivalent, personal dose equivalent. The conversion coefficient, %, depends on the energy
spectra and the directional distribution of the incident radiation. Their specific definitions and the respective values of the
conversion coefficients are given in ISO 8529-3.

3.29

neutron source strength of a neutron source at a given time
B

quotient of dN* by dr:

dn*
dt

where dN* is the expectation value of the number of neutrons emitted by the source in the time interval d¢
[ISO 8529-1]

NOTE 1 The Sl unit of the neutron source strength is s~.

NOTE 2 In this International Standard, when the term “intensity of a neutron source” is used, it is equivalent to the term
“neutron source strength”.

6 © 1SO 2001 — Al rights reserved
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3.2.10

spectral neutron source strength

energy distribution of neutron source strength
Bg

quotient of dB by dE:

_dB
ETdE
where dB is the increment of neutron source strength in the energy interval between E and £ + dE
[ISO 8529-1]

NOTE The Sl unit of the spectral neutron source strength is s~'-J~'; a frequently used unit is cm2-s~1-eV-1,

3.2.11

neutron flux

N

quotient of dV by dr:

v 9V
dr

where dN is the increment of the number of neutrons in the time interval d¢

[IAEA Safety Series No. 76:1986]

NOTE The Sl unit of the neutron flux is s~7.

3.2.12
kerma
K
quotient of dEy, by dm:
Pl
dm

where dEy, is the sum of the initial kinetic energies of all the charged ionizing particles liberated by uncharged
ionizing particles in a material of mass dm

[1ISO 921]

NOTE 1 The Sl unit of kerma is the joule per kilogram (J-kg~"), with the special name gray (Gy).

NOTE 2 The name kerma is derived from kinetic energy released in matter.

3.2.13

controlled area

area in which specific protection measures and safety provisions are or could be required for:

a) controlling normal exposures or preventing the spread of contamination during normal working conditions;

b) preventing or limiting the extent of potential exposures.

[IAEA Safety Series No.115:1996]
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3.214

supervised area

any area not designated as a controlled area but for which occupational exposure conditions are kept under review
even though specific protective measures and safety provisions are not normally needed

[IAEA Safety Series No. 115:1996]

3.2.15
exposure
act or condition of being subject to irradiation

NOTE Exposure can be either external exposure (irradiation by sources outside of the body) or internal exposure
(irradiation by sources inside the body). Exposure can be classified as either normal exposure or potential exposure, either
occupational, medical or public exposure and, in intervention situations, either emergency exposure or chronic exposure.

[IAEA Safety Series No. 115:1996]

3.2.16

shield

material interposed between a source of radiation and persons, or equipment or other objects, in order to attenuate
the radiation

[IAEA Safety Series No. 76:1996]

3.2.17

shielding

action to calculate, design, select appropriate material, and verify the efficiency of a shield, in order to achieve the
required functions with regard to the radiation protection objectives

3.2.18

source

anything (apparatus, substance, installation) that may cause radiation exposure, such as by emitting ionizing
radiation or releasing radioactive substances or materials

[IAEA Safety Series No. 115:1996]

3.219

cross-section

probability of an interaction of a specified type between an incident particle, or an incident radiation, and a target
particle, which permit the evaluation of the number of interactions between a particle flux, or radiation, and a target
particles system

[IAEA Safety Series No. 76:1986, 1ISO 921:1997]

NOTE The SI unit of the cross-section is m2, the symbol denoting cross section is o. A frequently used unit is the barn:
1 barn = 10728 m2.

3.2.20

safety assessment

review of the aspects of design and operation of a source, which are relevant to the protection of persons or the
safety of the source, including the analysis of the safety and protection provision established in the design and
operation of the source and the analysis of risks associated with normal conditions and accident situations

[IAEA Safety Series No.115:1996]

8 © ISO 2001 — Al rights reserved
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4 Basic rules and principles for the definition of neutron shielding

4.1 Introduction

The purpose of neutron shielding is to protect workers and public from the ionizing radiation produced by neutron
sources. Neutron emission is always associated with the production of gamma radiation in fission and fusion and
some accelerator-produced reactions. Most neutron interactions within the shielding material also produce gamma
radiation. Shielding should be designed to protect occupationally exposed workers and the general public from
neutron and gamma radiations.

Gamma shielding unit design as defined in ISO 7212 and ISO 9404-1 may be integrated in the neutron shielding
design.

4.2 Basic principles

The basic principles of a neutron shielding design for neutrons are the same as those used in the development of
gamma radiation shielding. The use of time, distance and shielding apply, albeit differently. The overall approach
reduces the personal doses to workers and the collective doses to general public. In review, taking into account the
ALARA principle (see 5.5), these principles are applied as follows:

— Time of exposure: the time that areas adjacent to the shielding are occupied (time available for exposure)
should be carefully determined and minimized.

— Distance: the distance between the exposed person and the neutron source should be optimized (maximized).

— Shielding: must be provided to first moderate the neutron, second absorb as far as possible the residual
neutron flux and third minimize the gamma radiation originating from the neutron absorption process. Doses
due to neutrons depend on the neutron fluence and its spectral distribution.

NOTE In certain special uses, and in addition to the previous requirements, the neutron source strengths can be reduced
in order to allow intervention close to the radiation sources. It is the case of experimental reactors where the “neutron source”
can be driven and adapted to the required level.

In this International Standard radiological objectives are expressed in terms of ambient dose equivalent, H*(10),
which is considered to give a conservative estimate of effective dose.

When used without modifying quantity, the terms “dose” and “dose rate” will mean ambient dose equivalent and
ambient dose equivalent rate respectively.

The quantities used in making the calculation are the particle fluence and the energy distribution of the particle

fluence. The results are converted into ambient dose equivalent using a set of energy dependent conversion
coefficients.

4.3 Methodology

To determine an operational neutron radiation protection shielding system, an iterative process shall be
implemented, taking into account the following steps, considered in the given order:

—_

Choice of design criteria — choice of dose objectives and other design criteria.

N

Characterization of the radiation sources.

w

Identification of constraints on placement and construction.

o A

Choice of the calculation methods.

=)

)
)
)
) Choice of the shielding materials and arrangement within the shield.
)
) Choice of the final solution.

)

7) Experimental verification.

The general architecture of this iterative process is given in Figure 1.

© 1SO 2001 — Al rights reserved 9
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These steps are discussed in detail in clauses 5 to 11. It is further recommended that they be addressed in the
same order. The decisions made as a result of considering these criteria should be documented and retained as
permanent facility records and used as a basis for design control and for periodical safety reviews.

Lo R T T T o
SRR R R R T R R s

Specification of radiological 4

objectives and other
safety design criteria

Regulations and
Standards

Facility safety policy

N

Characterisation of the neutron
radiation sources:

- primary sources

- secondary sources

DRI AKRARR TR AR TR S TSRS AR AR R R AR

Identification of constraints of
placement and construction

Definition of the shielding system:
- Choice of shielding materials
- arrangement within the shield

implementation of the shielding
calculation method:

- manual method
- computer codes )

S asaee
AL s e

A

Experimental verification

and if needed,

additional shielding -

Figure 1 — General architecture of the methodology used to establish an operational neutron radiation
protection shielding system
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5 Choice of radiological objectives and other design criteria

5.1 General

The purpose of this step is to identify all the factors which have to be considered during the dimensioning of the
neutron shielding; at first the radiological objectives in terms of ambient dose and ambient dose rate limits and at
second all the additional architectural, mechanical, chemical and safety objectives that the shielding has to satisfy,
according to the general purpose of the nuclear plant or the operation.

The first criterion, consists of determining the maximal ambient dose equivalent and ambient dose equivalent rate
at the different working areas and on the factory boundary, with respect to the radiation protection regulation
concerning the exposure of workers and general public to ionizing radiation. In accordance with ICRP
recommendations and according to the ALARA principle, these values should be kept as far below the regulatory
limits as is reasonably achievable (see 5.4). Additional considerations for the selection of these radiological
objectives are given in 5.2 to 5.4.

The second series of criteria concerns all the additional safety requirements with which the shielding shall comply
with respect to the general purpose of the plant or the installation (e.g. participation to the containment wall, playing
a role of gamma radiation shielding, participation to the fire compartment, need for decontamination, necessity of
removable parts). In order to achieve complete implementation, all kinds of hazards or constraints such as
mechanical constraints, chemical constraints, fire constraints, thermal constraints, architectural constraints, general
safety constraints, shall, in addition, be considered.

Consequently, persons involved in shielding design should review the locally applicable radiation protection
regulations and requirements as well as regulations concerning building, fire protection, factory safety or other
regulations applicable at the facility or for the operation. Examples of items to be considered are discussed in 5.2.

5.2 Classification of work areas (based upon general occupancy, limited occupancy, etc. and
on specific protection requirements)

5.2.1 General

The control of radiation sources is helped by requiring that the workplaces containing exposure risk be formally
designated. The ICRP recommendations use two such official designations: controlled areas and supervised areas.
For practical reasons, some local regulations, have introduced a third category of designation, which is called
unrestricted areas.

5.2.2 Controlled areas and supervised areas

5.2.21 A controlled area is one in which normal working conditions, including the possible occurrence of minor
mishaps, require the workers to follow well-established procedures and practices aimed specifically at controlling
radiation exposure.

5.2.2.2 A supervised area is one in which the working conditions are kept under review but special procedures
are normally not required.

5.2.3 Unrestricted areas

An unrestricted area is a working area where it is not necessary to take any special health precautions. An
unrestricted area may be inside or outside a building or in part of a building, and shall be characterized by unlimited
access and egress by the general public.

5.2.4 Dose limits within these workplaces

NOTE 1 The dividing line between controlled areas and supervised areas, if the latter are used, has commonly been set with
the aim of ensuring that the doses to workers in the supervised areas can confidently be predicted to be less than 3/10 of the
occupational dose limits. ICRP now regards this definition as being too arbitrary and recommends, in its publication 60 (1991),
that the designation of controlled and supervised areas be decided either at the design stage or locally by the operating
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management on the basis of operational experience and judgement. This judgement has to take into account the expected level
on the likely variations of the doses and intakes, and the potential for accidents.

NOTE 2  As a consequence of the previous designations, an unrestricted area could be considered as an area where doses
do not exceed 1 mSv per year or a dose corresponding to 1/10 of the annual occupational dose limits fixed for workers exposed
to radiation and for whom it is not necessary to foresee any particular measures to afford protection from radiation.

National competent authorities shall elaborate criteria or orientation for the classification of areas taking into
account specific circumstances. The requirements stated in these national regulations shall be selected prior to
receiving the ICRP recommendations.

5.3 Determination of the occupancy and frequency of work

The total effective dose in a controlled or supervised area is the summation of the effective doses received as a
result of tasks conducted within the area. The effective dose for each single task is the product of the effective dose
rate and the exposure time. It is important for the shielding system designer to separate:

— persons for whom the shielded area is a permanent work place and for which the shielding is being designed;

— persons who have to work for a short duration with some frequency of occurrence (recurrence, cumulative total
duration, etc.);

and establish exposure times and exposure frequency for each.
5.4 Choice of design criteria in terms of radiological objectives

5.4.1 Specification for dose and dose rate limitation

For the purposes of this International Standard, the definitions of ICRU Report 51 and ICRP 60 shall be applied to
dosimetry terminology. The system for dose regulation recommended in this International Standard is based on
recommendations of the International Commission on Radiological Protection (ICRP 60). Users of this International
Standard should familiarize themselves with the applicable national or international systems for dose limitation in
use at the facility or in effect for the operation prior to selecting shielding materials and designing the protection
shield.

The recommended dose limits are stated in terms of the effective dose and the equivalent doses to the lenses of
the eyes, the skin and the extremities.

The radiological objectives are usually expressed as a percentage of the applicable occupational dose limit or the
dose limit for members of the general public.

— The currently recommended occupational dose limitation of the ICRP as stated in ICRP Report 60 (1991) is
20 mSy effective dose per year, averaged over five years (100 mSv in 5 a), with the further provision that the
effective dose should not exceed 50 mSv in any single year. The 5-year period shall be defined by the
regulatory authority, e.g. as discrete 5-year calendar periods. The annual equivalent dose to the lenses of the
eyes, the skin and the extremities are respectively 150 mSv, 500 mSv and 500 mSv. Therefore the protection
shield shall ensure that the ambient dose equivalent #*(10) does not exceed the previous values.

— According to the same ICRP recommendations, the dose limit for a member of the general public is 1 mSv
effective dose per year. Higher dose limits can be exceptionally authorized, but in no case shall the averaged
value over 5 years exceed 1 mSv a~'.

Where dose limitation systems are stated in national standards or regulations, the corresponding system
supersedes the ICRP recommendations listed above.
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5.4.2 Dose from mixed radiation sources and/or internal contamination
The effective total dose, resulting from combined external exposure to neutrons and gamma radiation and/or from

internal contamination due to inhaled or ingested contaminants shall be considered in the establishment of the
dose objectives.

5.4.3 Derived dose equivalent rate limits for shielding calculation

From a practical point of view, for determining the thickness of a protection shield against external exposure, it is
useful to consider, instead of the previous ambient dose limits, the ambient dose equivalent rate limits obtained
from these values, which take into account the exposure time.

E.g. these can be:

— an average of 400 pSv-week 1,

— an average of 10 uSv-h~1, for a 40-hour working week (or 2 000 h-a=1).

5.5 Application of the ALARA principle
For practical purposes, the dose constraint, which is a fractional quantity of the individual dose limit for radiation
workers, shall be selected in accordance with the ALARA (As Low As Reasonably Achievable) principle. The

ALARA principle specifies that exposure to ionizing radiation shall be kept as far below regulatory limits as is
reasonably achievable — social, environmental and economic impacts being taken into account.

5.6 Normal, off-normal and emergency operating requirements

Operating and emergency specifications shall be prepared to support normal, off-normal and emergency operating
conditions. These specifications should address, as a minimum, the following subjects.

a) Establishment of controlled, supervized and restricted areas.
b) Control of personnel access into the controlled, supervized and restricted areas.
c) Establishment of stay times under normal, off-normal and emergency conditions.

d) Requirements for the use of personal protective clothing, respiratory protective equipment, etc., for controlled,
supervized and restricted areas.

e) Maximal doses and dose rates for normal, off-normal and emergency conditions.

f)  Controls for inadvertent criticality for the sources of fissile material used or stored within the installation or
under the protection of shielding materials.

5.7 Other items to be considered

Considerations which should be taken into account in designing neutron shielding and selecting the shielding
material include, but are not restricted to, the items listed below.

a) Inventory of other sources of neutron and gamma radiation exposure which can contribute to the total dose.

b) Examination of possible increases in source strengths as a result of normal operations, or emergency
situations associated with accidents.

c) Possibility of internal exposure due to inhalation of airborne radioactivity or ingestion of surface contamination.

d) Dose and dose rate objectives for the work location.
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e) Dose and dose rate objectives at contact with the face of the protection shielding, if needed.
f) Dose and dose rate objectives at the boundary of the working or storage area.

g) Dose and dose rate objectives for the facility boundary.

h) The shielding geometry and the contribution of radiation leakages.

i)  The contribution of “skyshine” or scattered component of radiations to the dose and dose rate objectives at the
working place and at the facility boundary.

5.8 Special criteria or safety considerations

Numerous other factors may be considered, all of which may have impact on either the architectural or engineering
design of the neutron shielding. Criteria such as those shown in a) to €) shall be considered.

a) The potential contributions of gamma and other particles to the dose objective.

b) The effect or impact of introduced or surrounding objects (such as water tanks, containment walls, etc.).
c) Compliance with safety code regulations.

d) Resistance to radiation.

e) Resistance to fire, to pressure, to corrosion, to shocks, etc.

NOTE When water tanks or natural protection shields constitute a part of the protection against radiation, care should be
taken to keep these in operation during all stages of the life of the installation.

6 Characterization of neutron sources

6.1 Characteristics of the neutron sources
Neutron sources are characterized by:
— areaction that produces neutrons;

— source strength, which is the number of neutrons emitted per unit of time or specific source strength, which is
the specific source strength is the number of neutrons emitted per unit of time per unit of mass;

— neutron energy or neutron energy spectrum;
— time structure of neutron radiation: this concerns, e.g., accelerators;
— contributions of other kinds of radiation.

The principal neutron source strengths and typical neutron spectra are described in annex A. Annex B presents the
basic neutrons producing reactions.

6.2 Description of the source medium
The source medium is a specific part of the problem. Each source must be characterized by its:
— geometry (point source, linear, cylindrical spherical source or complex geometry);

— physical characteristics (bare or cladded source, equipment of different geometric form, surface deposit or
residues of radioactive particles, density);

14 © 1SO 2001 — Al rights reserved



ISO 14152:2001(E)

— physical state (solid, liquid or gas);

— chemical and isotopic composition and their variation with time (ageing, radioactive decay and increase of
activity due to decay products);

— energy and angular source strength distribution.
6.3 Nature of the source

6.3.1 General
Two kinds of radiation are emitted and are addressed in most shielding problems, these are neutrons and gamma
radiations. Sources of radiation that shall be addressed are primary or direct sources of radiation and secondary

sources of radiation that emit neutrons and/or gamma radiation as a consequence of reacting with the radiation
emitted by the primary sources of radiation.

6.3.2 Primary sources

These emit direct gamma as well as neutron radiation, e.g.:

— nuclides that decay by spontaneous fission;

— actinide solutions, which emit spontaneous neutrons due to (a, n) reactions;

— the core of a nuclear reactors;

— fresh or irradiated fuel assemblies;

— the plasma of a fusion reactor;

— deposits or residues of radioactive products in glove boxes, primary ducts, filters or ventilation ducts;

— the mixed material matrix of a neutron source such as Pu-Be sources;

— the targets for an accelerator.

6.3.3 Secondary sources or induced sources

These emit neutrons, gamma radiation and other radiations as a consequence of interaction of the radiations

emitted by the primary source with the structural materials or the materials constituting the shielding wall. These

sources include the following:

— production of secondary gamma radiation due to the interaction of neutrons with the shielding materials;

— various materials located in the exposure room or in the reactor vessels, etc., that can become activated when
submitted to neutron radiation. This includes structural frameworks, containment materials, shielding, walls,
coolants and atmosphere of the rooms;

— radiation created by neutron multiplication (induced fission);

— used accelerator targets.
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6.4 Relative importance of sources with mixed radiation fields

In the case of a mixed (neutron and gamma) field, which is the general case since gamma radiation is generally
more or less associated with neutrons, the following procedure may be followed:

— If the neutron and gamma radiation sources are of equal importance (similar contribution to the ambient dose
equivalent rate), the neutron and gamma protection shielding will be defined for both sources simultaneously.
The resulting shielding may be homogeneous or heterogeneous or a combination of materials.

— If one of the radiation sources is much more important than the other, the protection shielding will be defined

on the basis of the most important source, including scattered component of radiation, while ensuring that the
resulting shielding is also sufficient for the less important source. If not, the design shall be modified.

7 Identification of constraints on placement and construction

7.1 General

In the design of neutron shielding all the normal and accident constraints and load conditions to which the
protection materials may be submitted shall be examined. In case of a highly specific use, additional criteria and
qualification tests may be required, or some of the criteria listed in 5.8 may apply; e.g., highly portable sources of
neutrons used for construction or radiography apparatus shall withstand the rigors of transportation and be
resistant to external conditions, rather than will be the case in a permanent installation.

In addition, the following thermal, electrical, mechanical, physical, structural, architectural, chemical, safety, and
economic constraints and resistance to radiation, as defined in 7.2 to 7.10, should be considered as appropriate.

7.2 Thermal constraints

As appropriate, the shielding materials as well as their surface protection or casing, shall be able to withstand the
environmental temperatures associated with its location as well as any heat induced while performing its design function.
The protection shield shall e.g.:

— retain its tensile and other physical characteristics in its design environment;
— be fire resistant (reaction to fire);

— not add to the fire load at equal neutron shielding performance;

— dissipate heat easily or be easily cooled;

— not overheat as a result of nuclear interactions;

— retain intermolecular water.

7.3 Electrical constraints

The shielding materials shall not be subject to a build-up of free charge as a consequence of performing its
shielding function and shall possess adequate electrical earthing.
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7.4 Workability and other mechanical constraints

As appropriate, the shielding materials shall possess good material characteristics that permit it to be easily worked
and shaped. The shielding material shall be resistant to the normal wear and tear of the work place and to natural
phenomena such as tornados, earthquakes, floods, etc., which potentially could occur during the lifetime of the
shielding. The characteristics which could be required are e.g.:

— resistance to deformation or elongation;

— workability;

— resistance to impact;

— resistance to wear, crumbling, flaking;

— smooth, hard surfaces which are easily decontaminated;

— resistance to seismic action.

7.5 Physical constraints

The following physical characteristics (or physical constraints) of the shielding materials shall be available (or
specified):

a) mass;

b) density;

c) physical state (solid or liquid);

d) composition;

e) watertightness (resistance to the passage of water);

f)  surface conditioning.

7.6 Installation, structural and architectural constraints

The shielding design must fit into the facility. Fit is determined by the following factors:
a) permissible floor loading;

b) available space including elevation;

c) need for fixed or portable installation;

d) ease of assembly and disassembly;

e) necessity of vision through the shielding material;

f)  available routes for the movement of materials, availability of lifts;

g) requirements for support or self-supporting.

In addition, the shielding materials shall not constitute a potential source of aggression for the external environment
(e.g. missiles, in case of shocks).
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7.7 Chemical constraints

The shielding materials shall withstand the chemicals in the operating environment including cleaning and
decontamination agents. This shall include e.g.:

a) resistance to corrosion (acids, bases, solvents, salt mist, etc.);
b) resistance to thermal or oxidation ageing;

c) resistance to water;

d) resistance to decontamination agents and cleaners;

e) resistance to toxic vapours;

f)  resistance to visible and ultra violet light induced reactions;

g) resistance to the build-up of activation products (the shielding material shall be relatively free of trace
elements).

In addition, the shielding materials shall not constitute a potential source of aggression for the external environment
(e.g. emission of toxic substances, liquefaction).

7.8 Resistance to radiation
The shielding materials shall be able to withstand radiation during their time in service and conserve their efficiency

against gamma radiation and neutrons. When required, the resistance to radiation of the shielding material shall be
improved.

7.9 Constraints imposed by other safety considerations

As appropriate, the shielding design shall also address constraints imposed by safety requirements such as fire
resistance, prevention of criticality.

7.10 Economic constraints

The shielding design shall address certain economic and environmental issues such as the potential for re-use,
cost of construction and disposal, and material availability.

If required, appropriate regulatory requirements concerning the issues of neutron shielding at the end of their life
time (waste disposal, re-use), protection of the environment, shall be considered. These constraints shall be taken
into account during the design stage, when shielding materials are selected. Corresponding obligations can e.g.
concern decontamination behaviour, exemption of activation products and use of relevant surface protection.

In addition, the ALARA principle shall be followed in the management of the economic constraints encountered
during the development of the design of the shielding system.

8 Choice of materials
8.1 Recommended types of material

8.1.1 General

Materials used for the design of neutron radiation protection shielding shall have large cross-sections for neutron
moderation and capture. These factors permit the shielding to perform its two primary functions, moderate the
energy of the incident neutrons and reduce the neutron fluence. Three types of material, which may be used singly
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or combined in a composite shielding, are recommended for protection against the different types of radiation. They
are described in 8.1.2 to 8.1.4.

8.1.2 Hydrogenous materials

Low-density materials, containing hydrogen, will slow down, i.e., reduce the energy of the incident neutrons. The
material with the highest possible hydrogen content shall be selected. The greater the number of hydrogen atoms
present per cubic centimetre, the greater the moderating capability of the material. The following are particularly
suitable:

— water;

— hydrocarbon chain materials (such as polyethylene, polypropylene, etc.);

— paraffin;

— compressed wood;

— plasters;

— compounds of other mineral powders;

— hydrides;

— concretes.

8.1.3 Neutron absorbing materials

When the neutrons have been moderated or have been slowed down, they can more easily react with atoms in the
shielding or be captured. Gamma radiations are produced by these reactions. The most common suitable
materials, those with high reaction cross sections for thermal neutron capture (2 200 m-s=! or 0,025 3 eV) which

shall be used in conjunction with hydrogenated materials are:

— boron 10 [o, (n, o) =4 000 barn — o, (n, y) = 0,1 barn] — boron produces 558,8 keV and 657,3 keV gamma
radiation;

— natural boron [o (n, a) = 800 barn];

— cadmium 113 [o, (n, y) = 20 000 barn] — cadmium produces high energy gamma radiation in the range 4 MeV
to 7 MeV,

— natural cadmium [o, (n, y) = 2 500 barn];
— water [o, (N, y) = 4 barn] — hydrogen (in water) produces gamma radiation of 2,2 MeV.

NOTE 1 The cross sections depend on the energies of the incident neutrons. The values indicated above correspond to an
energy of 0,025 3 eV and are extracted from (6.

NOTE 2  When selecting the neutron absorbing material, care should be taken over the energy of the resulting gamma
radiation. Generally a compromise between the efficiency of the neutron capture and the quantity and energy of the secondary
gamma produced, shall be chosen.

NOTE 3 Boron also emits an energetic alpha particle following neutron capture. Since the range of alpha particles is short,

the resultant energy deposition following alpha slowing down can give rise to a very significant heat generation problem
(e.g. when control rods are introduced in the core of advanced gas-cooled reactors, in order to shut down the power rating).
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8.1.4 High density materials

Some high density materials, such as iron, shall be added to the neutron shielding because they help moderate the
fast neutrons by the inelastic scattering mechanism, which prevails for neutrons with energies greater than 1 MeV.
High density materials also attenuate gamma radiation.

Care should be exercised when using material with Z > 50 because they have significant cross sections (n, 2n or

greater) for reactions which could increase the neutron fluence. Annex B presents the energy thresholds for some
of the (n, 2n) and other nuclear reactions.

8.2 Relative efficiency of materials

Various shielding materials have different attenuating characteristics for neutrons and gamma radiation because of
the differences between neutron scattering and capture cross sections.

Depending on the relative importance of these two types of emission, as demonstrated by their relative contribution
to the dose objective or to the dose rate objective without the shielding, shielding materials shall be selected to
ensure that the resultant dose or dose rate, neutron plus gamma, is lower than the design specified dose objective.
The following properties shall be considered in making the choice of shielding materials.

— In general, materials containing light nuclei are more efficient in attenuating neutron energy.

— Materials containing heavy nuclei are more efficient in attenuating gamma radiation.

Typical material specifications that specify the number or hydrogen atoms contained in the material as well as the
percentage of certain absorbers are listed in annex C.

As an example, the curves shown in Figure 2 show the relative neutron and gamma contribution to the total dose
for a few commonly used materials according to the type of neutron source.

8.3 Arrangement of materials in the shielding

8.3.1 General
Source characteristics may have an impact on the order by which material is placed in the shielding.

When there are layers of different materials in a shielding, it may be important to arrange them in an order that
takes advantage of their attenuation characteristics.

8.3.2 Neutron shielding for fast neutron sources

For a fast neutron source, it is particularly recommended to install moderating materials as the first part of the
shield in order to bring the neutron beam rapidly (after a few impacts) to the thermal or epithermal state. The
recommended moderating materials are compounds rich in hydrogen, carbon or oxygen.

High density materials, such as iron or cast iron, used for gamma shielding or for structural materials with a large
inelastic scattering cross section, also contribute to degrading the energy of fast neutrons.

Following the moderating material, or possibly integrated in the same compound as the moderating material shall

be materials with a large capture cross section for thermal neutrons. A material containing boron is ideal for this
purpose.
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8.3.3 Slow and thermal neutrons
Materials with a large capture cross section for thermal neutrons shall be selected as the prime component of the

shielding. A material containing boron, which has the advantage of generating low energy capture gamma radiation
(0,5 MeV), is ideal for this purpose.

8.3.4 Neutron and gamma mixed sources

It is usual to design the shielding in order to attenuate a mixed field of neutrons plus gamma radiation as in the
case of a nuclear reactor. For this case, the shielding material used can be high density concrete, which has good
moderating characteristics as well as providing good gamma radiation shielding.

For other cases, it may be desirable to place a layer of high Z material before the moderator to absorb the gamma

radiation and moderate the neutrons through inelastic scattering. That may be reinforced with a layer of material
with good moderating characteristics with an outer layer of material with high neutron capture cross sections.

8.3.5 Arrangement of shielding material

The arrangement of the shielding material shall take into account the following considerations.

— If the source has a large proportion of gamma radiation, the largest part of the gamma radiation should be
absorbed in the first layer of the shielding. The following layers, containing neutron absorbers, are thus

protected against gamma radiation damage and will have a longer life span.

— In case of cylindrical geometry (transportation cask), the material of highest density shall be installed on the
smallest diameter thus achieving a considerable saving in weight.

— When a large amount of capture gamma radiation is produced inside the shielding, protection can be achieved
by placing high density layers (lead, depleted uranium, iron, etc.) on the outside of the shielding. Iron, however,
will generate high energy capture gamma radiation in the presence of the remaining neutrons.

— The arrangement of the shielding layers or the composition of the shielding material can be redefined during
the calculation process.

8.4 Special considerations for complex shielding including weak points

When weak points of the current shielding are unavoidable (service penetrations, ducts, labyrinths, zigzag
mountings, local lessenings), additional shielding shall be placed on the radiation leakage lines, inside of the main
shielding layer, outside of the shielding layer or directly included in the shielding layer.

For the design of the additional shielding, the following guidance shall be taken into account (see also ISO 15080).
The additional shielding shall ensure that the shielding efficiency of the considered lessening, taken in all
directions, provides the same level of the shielding as the current shielding layer.

The design of the additional shielding is dependent upon:

— the intensity and the position of the source (or sources) of radiation;

— the geometry of the weak points;

— the thickness of the current shielding layer.

The design of the additional shielding shall be conducted on a case by case basis. Care shall be taken to include in
the total ambient dose equivalent the contribution of the scattered component of neutron sources through the

shielding lessenings, which can rise to a very significant level compared to the direct contribution.

For the calculation of radiation leakages, the following special computer codes are appropriate: ALBATROS,
NARCISSE, MERCURE, MCNP, TRIPOLI, MCBEND.
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8.5 Choice of appropriate neutron shielding material

Annex C presents summarized tables giving the main characteristics of the most commonly used neutron shielding
materials.

9 Choice of the calculation method

The choice of the method of calculation depends on the complexities faced in the shielding design. The design of
simple shielding that is relatively uncomplicated shall be performed using simple straightforward methods. The
more complex the designs, the more complex the method of analysis.

Manual calculation methods like those detailed in annexes E and F can be used for the definition of the preliminary
design.

Detailed transport calculations shall be required for the development of the final design. Only those codes that are
internationally recognized by shielding design specialists shall be used for final design calculations. Other codes
shall only be used after their performance has been validated by comparison with reference codes that are
internationally accepted or by comparison with experimental measurements.

Sometimes, the use of experimental models, in addition to theoretical calculation, can be helpful (see Note 2 of
clause 11).

A list of computer codes that are available at the date of publication of this International Standard is given in
annex D.

10 Choice of the final solution

Final shielding choice is usually a compromise taking into account environmental constraints and other safety
considerations, the relative efficiency of the available shielding materials and their arrangement within the shielding,
and cost constraints.

The process often involves successive steps or iterations:

— initial selection of shielding materials, after the constraints study;

— preliminary calculations on these series of materials;

— a second selection of shielding materials, in order to choose the final materials with which the final calculations
are achieved and the final geometry established.

It should be noted however that no single method or solution is universal and no material is ideal. It is always the
result of a compromise and depends on the order of priority of the criteria.

11 Experimental verification

After shielding has been installed, a check shall be made to ensure that it does indeed perform the required
function, taking into account the different uncertainties (calculation, measurement). This check can be the following:

a) Compliance with code calculations: in this test, a comparison between the ambient dose equivalent rates
behind the shielding and the specifications is achieved.

b) Verification at special points: this verification consists of the measurements of ambient dose equivalent rates at
singular points behind the shielding which could not be simulated in the design calculations or on the
verification of the homogeneity of the efficiency of the shielding materials which are not easily workable (lead
or resin casting in a metallic casing of special profile, casting of concrete in cavities, etc.).
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Should verification fail to establish that dose objectives have been met, additional shielding may be needed to
provide adequate levels of protection.

NOTE 1 The previous tests are independent from the verifications tests implemented during the fabrication phases or the in-
site mounting phases, which are done in compliance with the quality assurance procedures set by the project manager or the
engineering companies in charge of the design of the shielding system.

NOTE 2 For certain special applications, namely for complex shielding geometry, experimental models reproducing partly or

fully the real shielding system, are necessary to confirm the validation of the shielding design before the choice of the final
solution. The use of these experimental models can allow, at the same time, the validation of the calculation methods used.
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Annex A
(informative)

Considerations on neutron sources

A.1 Basic neutron producing reactions

A.1.1 (a, n) reactions

Some alpha-emitting radionuclides such as radium, radon, polonium and the transuranium isotopes can trigger
(o, n) reactions in the light elements such as lithium, beryllium, boron, fluorine, oxygen or aluminium. Typical
portable neutron sources are made of inter-metallic compounds of Pu, Am or Cm and Be.

The characteristics of the neutron source depend on the intensity and spectrum of the o source, the stopping
power of the medium and the effective (a, n) reaction cross section of the neutron emitting nuclides.

An example of a neutron spectrum obtained by an (o, n) reaction is shown in Figure A.1.

E (s)
"

B, -

10

n n n 1 T ol
107 10! 10° 10'
E, (MeV)

Figure A.1 — Neutron spectrum from an 241Am-B(a, n) source

A.1.2 (y, n) reactions

Some light elements have a loosely bound neutron, which can be emitted after photon excitation. The most
common reactions are D(y, n)H and 9Be(y, n)8Be. These reactions may be very important in a fission reactor when
heavy water or beryllium is used as moderator. Portable neutron sources are usually combinations of emitters like
24Na, 56Mn, 72Ga, 88Y, 116|n, 1245p, 226Ra, 238py or 239Py associated with Be, B, Li or D,0.

The energy spectrum can be approximated to fission neutrons spectrum (see clause A.3).

© 1SO 2001 — All rights reserved 25



ISO 14152:2001(E)

A.1.3 Neutrons generated by accelerators

The production of neutrons with low energy accelerators results mostly from the nuclear reactions, (p, n), (d, n),
and (o, n) between the accelerated particles or nuclei, alpha particles, and the atoms in the targets. When the
accelerated particles are electrons, their deceleration in the target produces bremsstrahlung which triggers (y, n)
reactions.

The angular and energy distributions of the emitted neutrons are strongly dependent on the type and energy of the
projectile as well as on the type of reaction.

A.1.4 Nuclear fusion

In thermonuclear fusion machines the main reactions are D(D, n)3He and D(T, n)*He. Therefore, fusion neutrons
have a typical line spectrum. The neutron spectrum is peaked around 2,45 MeV and 14,1 MeV. The width of the
peaks depends on the plasma temperature and on the possible additional heating on the plasma.

Figure A.2 shows the neutron spectrum obtained in fusion machines.

Source strength

1
i
i

2,45 14,1 E (MeV)

Figure A.2 — Neutron spectrum from neutron sources obtained in fusion machines

A.1.5 Nuclear fission

Fission neutron sources can be spontaneous or induced. The spectra of both fission sources are similar, but their
intensities must be calculated differently. Primary sources, which emit direct radiation are listed below:

— actinide solutions;
— the core of a nuclear reactor;
— fresh or irradiated fuel assemblies.

Tables B.1 to B.4 in annex B show some of the neutron-producing reactions.

A.2 Neutron source strength

A.2.1 Fusion neutrons

The emission rate for fusion neutrons emitted by fusion machines is difficult to calculate. It depends on the density
of deuterium and tritium atoms as well as on the temperature and density of the resultant plasma. For a high
neutron yield the plasma temperature has to be 100 K or more.
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D-D reactions have a threshold of about 1,2 MeV. An energy of 1,2MeV is equivalent to 1,16 x 1010 K.
D-T reactions take place at about 1,7 x 109 K.

The production of fusion neutrons by neutron generators and other accelerators are described in A.2.2.

A.2.2 Radionuclide-based neutron sources

Source strength for commercial radionuclide-based neutron sources is usually quoted in terms of the activity of the
radionuclide that produces the radiation that interacts to produce the neutron.

The most commonly used sources are 252Cf, 241Am-B(a, n) and 24TAm-Be(a, n). Their main characteristics are
listed in Table A.1. The emitted neutron spectra are given in clause A.3.

Table A.1 — Reference radionuclides neutron sources

Fluence Dpse Specific | Ratio of “photon” Spectrum averaged
. equivalent « ’ fluence-to-dose
Source Half-life average source to “neutron” dose . .
average ) equivalent conversion
energy energy strength equivalent rates coefficient
a MeV MeV s Tkg™! pSv-cm?
252¢f - D,O 2,65 0,55 2,1 2,1 %1015 0,18 105
moderated
252¢f 2,65 3,13 2,3 2,4x10% 0,05 385
s1Bqg!
24 Am-B(a, n) 432 2,72 2,8 1,6 x 1075 <0,20 408
241 Am-Be(a, N) 432 416 4.4 6,6 x10°° <0,05 391

A.2.3 Spontaneous fission neutron sources

Some heavy actinide isotopes (with atomic numbers greater than 90) split spontaneously producing an average
number (v) of neutrons per spontaneous fission. The associated spontaneous fission half-lives are generally longer
than those of radioactive decay through o or § emissions for these nuclides except in the case of some very heavy
actinides, 248Cm to 254Cf, where they are of the same order of magnitude.

When there is no self-absorption, the source strength B and specific source strength By are given by the following
formulae:

(In 2)xvx N _(In 2)xvx4

Tgp XM

B= and Bg

TSp
where
v is the average number of neutrons per spontaneous fission;
N is the number of atoms in the source;
T, is the spontaneous fission half life, expressed in seconds;
A is Avogadro's number;

M is the atomic mass of the nuclide.
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A.2.4 Accelerator produced neutrons

The source strength for accelerator produced neutrons depends on the number of incident particles per unit time,
the number of target atoms, the reaction cross section (per type of atom at the energy of the incident particles) and
the thickness of the target.

A.2.5 Induced fission neutron sources

In a sub-critical assembly, where k; < 1, the source strength B of the induced fission source, is represented by the
following formula:

b
i

B:
1= ket

where

b, represents the source strengths of the different neutron sources described above;

ke is the effective multiplication factor of the assembly, representing the balance between production and
consumption of neutrons.

A.3 Emission spectrum of neutron sources

A.3.1 Fusion neutrons

Nuclear fusion reactions produce neutrons with characteristic energies, 2,45 MeV for D-D reactions and 14,1 MeV
for D-T reactions. Such fusion reactions can be produced in accelerator targets and fusion machines.

A.3.2 Spontaneous 2%2Cf fission source

Figure A.3 shows the neutron energy spectrum of a spontaneous 292Cf fission source (see ISO 8529-1).

0,5

04 |

03 +

Bg .E(s™
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0,0 rriil Ll N
107 10! 10° 10
E.,(MeV)

Figure A.3 — Neutron energy spectrum from a 252Cf spontaneous fission source
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A.3.3 Accelerator produced neutrons

The average neutron energies for selected accelerator produced neutrons are shown in Tables B.1 and B.2.

A.3.4 Fission neutrons

The emission spectrum of spontaneous or induced fission neutrons is well represented by the Watt—Cranberg
formula shown below 3):

N(E)=2xe 8% x 4

—Z xexEx sinh(\/B ><E)

X B

where
N(E) represents the neutron energy distribution function, expressed in MeV~;
A4 and B are two parameters, expressed in MeV—";
E is the energy, expressed in MeV.

For the fissile isotopes 235U, 238U, 239pPy, the values of 4 and B are as follows:

235 238 239py,

(thermal fission) (fast neutron fission) (fast neutron fission)
1,036 3 1,02 1,02
2,29 2,12 2,495

Figure A.4 presents an example of such neutron energy distribution, calculated for a fission neutron source of 235U.

—
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7
103 F
10-4 ; 1 1 1! t 1l L L1 L1l i Ll L1l 1l Lt Ll L1 11 L1l
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(MeV)

Figure A.4 — Neutron energy distribution for a typical fission neutron source (235U)

3) Reactor Handbook, Vol. lll, part A, H. Soodak.
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A.3.5 Neutron sources produced by (o, n) reactions

The reaction of an alpha particle with a light nucleus is employed to provide neutron sources for industrial
applications. The average neutron energy for typical sources is shown in Tables B.1 and B.2. The most commonly
used sources, whose spectra are given below, are:

— actinium—beryllium

— americium-beryllium

— curium-beryllium

— plutonium—beryllium

— radium—beryllium

— thorium—beryllium

The emission of neutrons is due to the reaction:

Be + o —» n + C (o being emitted by the heavy element associated with the beryllium).

|
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Figure A.5 — Energy spectra of some neutron sources produced by (a, n) reactions
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A.4 Energy losses of the emitted neutrons

Collisions of the neutrons emitted by the source with the surrounding matter results in energy losses. Because the
probability of the interactions of neutrons with matter (inelastic and elastic scattering, nuclear reactions and
radiative captures) varies with their energy (energetic neutrons have longer free paths), the neutron spectrum will
be degraded, and will differ from the emission spectrum.

The degrading of the energy spectrum is an important function of the neutron shielding. Reducing neutron energy
significantly reduces the dose produced by a given unit of neutron fluence.
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Annex B
(informative)

Neutron sources and threshold reactions

B.1 Main (y, n) reactions

Table B.1 lists the characteristics of the main (y, n) reactions.

Table B.1 — Characteristics of some important (y, n) reaction sources

. Principal photons Average neutron
Source .Half-llfe E Number energy ° Sta_nltiagd
(nuclide produced) MeV per decay MeV yie
24Na + Be 15,6 h 2,754 1,00 0,967 3,5
24Na + D,O 15,6 h 2,754 1,00 0,262 7,3
2401 + Be 2,34 min 1,779 1,00 0,100
56Mn + Be 2,58 h 1,810 0,272 0,128 0,78
2,113 0,143 0,397
2,522 0,010 0,761
56Mn + D,0 2,58 h 2,522 0,010 0,146 0,08
2,657 0,007 0,214
72Ga + Be 14,1h 1,861 0,053 0,173 1,4
2,202 0,259 0,746
2,491 0,077 0,733
2,508 0,128 0,748
2Ga + D,0 14,1h 2,491 0,077 0,131 1,6
2,508 0,128 0,139
6As + Be 26,3 h 1,788 0,003 0,108 1,9
2,096 0,007 0,382
88y 1 Be 107 d 1,836 0,993 0,151 2,7
2,734 0,006 0,949
88y + D,O 107 d 2.734 0,006 0,252 0,08
116M|n + Be 54,2 min 2,112 0,154 0,396 0,22
1243p 4 Be 60,2 d 1,691 0,490 0,022 5,1
2,091 0,057 0,378
140 5 4+ Be 40,4 h 2,522 0,034 0,761 0,08
140 3 + D,O 40,4 h 2,522 0,034 0,146 0,2
226Ra + Be 1622 a many 0,68 max. 0,8
226Ra + D,O 1622 a many 0,11 max. 0,03
228Ra + Be 6,7 a 2,620 0,848 0,95
1,800 0,119
228Ra + D,O 6,7 a 2,620 0,195 2,6
NOTE Sources: Blizard and Abott [1962] and Shlein [1992].

@  According to reference, assuming isotropic photoneutron emission.

b Number of neutrons emitted from 1 g of Be or D,0 per 10° disintegrations of the radionuclides placed 1 cm away. Yield is for all photons
emitted.
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B.2 Main (a, n) reactions

Table B.2. lists the characteristics of the main (o, n) reactions.

ISO 14152:2001(E)

Table B.2 — Characteristics of some important (o, n) reaction sources

S . Principal alpha energies Average neutron Optimum neutron yield
ource Half-life energy per 106 primary alpha @
MeV MeV
210po/Lj 138,4d 3,305 0,48 1,3
23%pu/Be 24100 a 3,155; 5,143; 5,105 4,6 60
210pPo/Be 138,4d 5,305 4,5 70
238pu/Be 87,8 a 5499; 5457, 5,358 4,5 80
241Am/Be 432 a 5,486; 5,443; 5,388 4.4 75
244Cm/Be 18,1a 5,805; 5,763 4,3 100 b
242Cm/Be 163 d 6,113; 6,070 4,1 110
226Ra/Be 1600 a 7,687; 6,003; 5,490 3.9 500 ¢
+ daughters 5,304; 4,785; 4,602
22TAc + Be 21,8a 7,386; 6,819; 6,623 3.9 700 ¢
+ daughters 6,038; 5,960; 5,715
241Am/B 432a 5486; 5,443, 5,388 3 13
210po/C 138,4d 5,305 0,10
24 Am/F 432a 5486; 5,443, 5,388 1,5 4,1
210po/F 138,4d 5,305 5
210Po/Na 138,4d 5,305 1
NOTE Sources: Jaeger (1968), GPO (1970) and Knoll (1989).
2 Yield for alpha particles incident on a target thicker than the alpha-particle range.
b Does not include a 4 % contribution from the spontaneous fission of 244Cm.
:Or 21:;;5?)? are dependent on the proportion of daughters present. Value for 226Ra corresponds to a 22 year old source (50 % contribution
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B.3 Neutron production by nuclear reaction involving light nuclei 4)

Table B.3 lists the characteristics of the neutrons produced by typical nuclear reactions involving light nuclei.

Table B.3 — Energy of neutrons produced by different nuclear reactions involving light nuclei

Energy of bombarding particle
MeV
Target B°|$?tai£f;"9 0 1 2 5 10
Neutron energy at 0°
MeV
12C d — 0,69 1,68 4,64 9,57
3H p — — 1,20 4,22 9,23
7Li p — — 0,23 3,33 8,35
13C o 2,07 3,20 4,16 7,00 11,68
2H d 2,45 4,14 5,24 8,24 13,02
9Be o 5,27 6,68 7,71 10,60 15,23
3H d 14,05 16,75 18,26 21,98 27,42
B.4 Fast neutron threshold reactions 5
Table B.4 lists the main neutron threshold reactions.
Table B.4 — Some important neutron threshold reactions
Target Reaction Energy threshold E, o (nuc|il<-jlgl:)-rlci)f:uced)
MeV MeV mb

B 0B (n, o) “Li exoth @ th 3,84 x 108 stable

N 14N (n, 2n) 13N 11,31 (p, n) P 2,5 10,1 min

N 14N (n, p) 14C exoth @ th 1830 5730 a

0 160 (n, 2n) 1°0 16,65 (p,n) P 1,3 2,1 min

0 160 (n, p) "®N 10,24 (p,n) P 6,2 73s

F 19F (n, 2n) 18F 12,10¢ 110 min
Na 23Na (n, y) %*Na exoth @ th 530 15h

Mg 24Mg (n, p) *Na 7,00¢/4,932 6 2 15h

Mg 26Mg (n, y) 2"Mg exoth @ th 38,2 9,46 min
Al 27A1 (n, y) 28Al exoth @ th 231 2,3 min

Al 27Al (n, p) 2"Mg 450°/1,902 5 25 9,46 min
Al 27Al (n, o) 2*Na 7,10¢/3,252 6 1,5 15h

4)
5)

ICRP publication 21 (1971).

Measurements, Report No. 79, 1984.
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Table B.4 (continued)

ISO 14152:2001(E)

Target Reaction Energy threshold E, o (nucli::I;-rlci)?uced)
MeV MeV mb
Si 283j (n, p) 28Al 4,002 5 20 2,3 min
31P (n, y) 32P exoth @ th 172 14,3d
31P (n, p) 3'Si 2,40¢/0,732 2 20 2,62 h
323 (n, p) 32P 2,70¢/0,96 2 2 18 14,3d
Ar 40Ar (n, ) 4TAr exoth @ th 660 110 min
Ti 46Ti (n, p) 46Sc 3,80¢ 88,3d
Ca 48Ca (n, y) 4°Ca exoth 2 th 1090 8,7 min
Fe 54Fe (n, p) ®*Mn 3,30¢ 5 1 313d
Fe 56Fe (n, p) ®Mn 6,10¢/2,972 th 1280 2,59 h
Fe 58Fe (n, y) %9Fe exoth © 445d
Mn 55Mn (n, 2n) %4Mn 11,50 ¢ th 13 300 313d
Mn 55Mn (n, y) %6Mn 4,00° 2,59 h
Ni 58Ni (n, p) %8Co, 8MCo 2,80°¢ 71,3d-9,15h
Ni 58Ni (n, 2n) ®Ni 12,30 ¢ 36 h
Co 59Co (n, y)89mCo exoth @ th 20 000 10,5 min
Co 59Co (n, y)8%Co exoth 2 th 17 000 527 a
Cu 63Cu (n, y) %4Cu exoth @ th 4 500 12,7 h
Cu 63Cu(n, 2n) 82Cuy 12,40°/10,032 11,5 10 9,76 min
Cu 65Cu (n, y) 86Cu exoth @ th 2170 5,1 min
Cu 85Cu (n, 2n) ®4Cu 11,20¢/10,06 2 11 35 12,7 h
Zn 64Zn (n, p) %4Cu exoth @ 12,7 h
Rh 103Rh (n, n') 193mRK 0,70 ¢ 56,1 min
Ag 107Ag (n, 2n) 198Ag 10,70 ¢ 24,1 min
Cd 113¢Cd (n, y) 114Cd exoth @ th 2,06 x 107
In 510 (n, n') 115m|n 1,40°¢ 4,50 h
| 127 (n, 2n) 29| 11,50 ¢ 12,8d
Au 197Au (n, y) 198Au exoth @ th 9,86 x 104 2,7d
Th 232Th(n, f) fission products 1,40¢
Np 237TNp(n, f) fission products 0,70 ¢
u 238(n, f) fission products 1,40 ¢
@  Extracted from “Schultz H., Voght H., Grundziige des Praktischen Strahlenschutzses, 2., Auflage; Hanser, Miinchen-Wien”.
b Neutron produced by (p, n) reactions, with protons of 35 MeV.
€ Extracted from “Neutron Contamination from Medical Electron Accelerators, National Council on Radiation Protection and
Measurements”, Report No. 79, 1984.
o Reaction cross-section with neutrons of energy £y,
th: Thermal energy of neutrons
exoth: Exothermic reaction
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Annex C
(informative)

Characteristics of the most common neutron shielding materials

This annex presents summarized tables listing the main characteristics of the most common neutron shielding

materials. These materials are classified into organic and mineral materials.

Organic materials (see Table C.1).

Polyethylenes
Silicones
Polyethylene/polypropylene resins

Various organic materials

Mineral materials (see Table C.2).

Concretes
Mineral powders
Water

Mineral glasses
Metallic alloys
Hydrides

Metal/resin compounds

The characteristics given in these tables concern the following information.

36

Designation of material, with possibly the most common trade ® name.
Description of the material.
Relative density.

The main atomic contents, expressed in atoms/m3.

Percentage of principal additives, regarding the neutron and/or gamma absorption or attenuation.

The main mechanical characteristics.
Chemical resistance.

Ease of decontamination.

The maximal permissible temperature.

The burning behaviour.

Others characteristics, such as available forms of material, its workability, its fire load, the possible need for a

casing, the resistance to radiation, etc.
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NOTE 1 The information given in this annex concerns material that was commercially available at the time of writing this
International Standard. For this reason, trade names ® are included. Inclusion of a specific material in this annex does not
constitute an ISO approval or recommendation for its use. Similarly, the fact that a specific trade marked material is not
included, shall not be interpreted as an ISO disapproval of its use. Manufacturers wishing to have materials included in the next
revision of this International Standard should contact ISO.

NOTE 2 The information given in annex C is extracted from the manufacturers' technical files and is only given on their
responsibility. End users who intend to use these materials shall verify for themselves, either by requesting the appropriate
certificates proving the claimed performances or characteristics and delivered by independent test houses or by making their
own approval tests before use.

NOTE 3  The nuclide contents that are underlined in Tables C.1 and C.2 correspond to an element playing a major role in the

attenuation or absorption of neutrons (hydrogenous component, boron, cadmium) or in the attenuation of gamma radiation
(lead, uranium, gadolinium).

© 1SO 2001 — All rights reserved 37



:2001(E)

ISO 14152

‘g|gexyiom Ajiseq

‘Buipieiys
a|geAowal Jo} 9|qe)ns
‘uoneIpel . uonosyoud
0] 99UB)SISal WNIPS|\ SoBUNS z-01 xG¢'1:ad uonelpel
. pajosyjoud 0L X89'V O uoJinau pue
peoj-auy ybiy Asop uou uo sjeu €= M Lpaxiw ioy|  ® 6cz 0dh
19)00d DA € AQ palanod |euajew -lweyuoosap oy | ausjAyiahjod a|qeiee| (% ¢'06)| z-0F 0¥} O ausjAyiaAjod [ ausjAyiahiod
‘s|lo} o|gixayy Ul B|qe|ieAy | s|qeuing| O, G8 | Ases AlenjoN aind a1 19K 10N peaq| 0L Xx8S¢C H| 9L'S pepeo| pes | pspeo| pesT
‘Buises e Aq pajosjoud
pue sjuswsjd buyoo.d
aJiy yum pablieyd aq ueo |
‘uonelpel uonosjoud
0} @oue}sisal WnIpa|Al {deluns d|gejieAe jou uoneipel
. ~ pajosjoud :(uoissaidwod) . uoJinau pue
peol-a14 ybly A1a uou uo ajeu ediN 90 g-0b X mv.m.nn_ L paxiw Jo}| @ 90z 9dAL
‘g|geylom Ajisea pue |euajew -lweyuoosap oy | ausjAyiahjod ‘(uonoen)| (% G'9z)| 20 *¢6¢ O ausjAyiaAjod [ ausjAyiahiod
$)00|q JO sqge|s ul d|qejileAy | ojgeuing| 0. 68 | Ases Alen joN aind a1 | ssals Bunyeaig peal| 0L X16G H| 6T papeo|-peaT | pepeol-pesT
‘Buiseo
e Aq paosyold aq ueos
‘uonelpel
0} 9oue)sIsal Wnipa .
. PN BedIN 9L 2-01L X261 0 ausjAyjef|od
aouejsisal allf Jus||eox3 [eusjew :(uoissaidwog) 0L XZ¥'Z D Ayisusp
‘peo| a1y ybiy Asap a|qe uopeu BdIN €°C ¢ ) ubly Bur|  ® Loz odAy
‘a|qexJom Ajises pue | “Usinbuixe -IWwejuodsp Jo | susjhyyakiod (uonoen)| (% 20)| v-OF*S¥S 4 -ysinbunxe-jjas | susihyreAiod
S$300|q 10 SQB|S Ul B|qe|ieAY Jes| 2. 06 9sea poo9) aind a1 | ssals Bunjeaig uolog| 0L X199 H| 0¥l ‘pajelog pajelog
‘Buises e Aq pajosjoud
pue sjuswsjs Buyooud
ally yym pabieys aq ued
‘uonelpel mEm>_Mm ureys \MN_.POV
0} 90UB)SISAI WNIPS pue sjuabe a|gejieAe jou JawAjod e
. Buizipixo | :(uoissaidwod)| |eusyew 0 Bupsisuod @ ousleus
peoj iy ybiy Aiap uoI}IpPUoY ‘spioe 0] edWN zv| eind oy o ‘susjAyieAlod adfy
‘a]ge)Iom |eusjew aoepNs ay}| oouejsisal :(uonoen)| seanppe| z-0}*80Y O Aususp | ausjAyieAjod
Alisea pue sge|s ul |qejleAy [  ojqeuing| O, 08 uo spuadaq ajelopoy | ssalis Bujealg ON| -0F X818 H| S6'0 ybiy aind aind
amed sseuw Jo w/swoje K
soljsiia)oeIRYD 4D anoineyaq | -oduwal JMWM“_EMU\ oouessisal mowom__“mmuowmwzso % ,_ ¢ \or cﬂ uwwhwt uonduosa |Etisjew Jo
HSUSOBIEYD 13O Buiuing | °lgemojje P3 jeolwayy | I1%°MUEY ° ogvk = B HAUDSeA |\ oneubisaq
Jewixep ase3 urepy SOAIIppPY | sjusjuod ureyy | “BISY

(Alwey auajhyjyaljod) sjesajew sluebio Jo solsiajorIRYD UlR|N — W'D dlgeL

© 1SO 2001 — All rights reserved

38



2001(E)

ISO 14152

‘uonelpel
0} 8oue)sIsal WNIPs|

‘@oue)sisal allj poo

‘peoj-a1y YbiH
augjAyieA|od SJUBA|OS Jawoise|d
JO U0JOg ‘ped| YjIm papeo| pue sjusbe a|gejieAe jou auoal|Is
aq ue) "Buipjnow Jo Buyno Buizipixo | :(uoissaisdwoo)| |eusjew o e)sisal ® piebjAs
J A : ‘ . d z-0L X /8L O ax
g a|gexiom Ajise3 "als |euajew uoijeu spioe 0} edn £2| @ind Joy o aJy pue adAy
UO JSBD 9q OS|E UED S|I0} s|qew -lweuod9p Jo|  eoue)sIsal :(uonoeny)| seamppe| z-0L X611 -O ainjesedwa) Jowojseo
8[qIx8]} 10 SX00|q Ul 8|qe|leAy | -Welj UON| O, 05} 8ses poo9 moT | ssaus Bupjesig ON| z-0F XGG€ H| 8¢l ubiH 8uoal|Ig
‘a]ge)Iom
Ajisea si pue pan|b aq ueo j
‘uonelped lswolse|d
0} aoue}sisal WnIpa|A| SJUBA|OS auoaljis
*90UE)SISaI 811} JUS||99XT pue sjuebe BdN 20 z-0Lx6¥'L 0 JUELSISal
|eusjew Buizipixo | :(uoissaidwoo) 0LXGS9'L D ainjeladwa}| @ gz 2dhy
‘peoj-a1y ybiH a|qe uolneu ‘spioe 0] a|qejieAe jou [ ybiy pue bui Jawojse|o
‘81104 | -ysinBunxe -lwejuodep Jo|  eoue)sIsal :(uonoeuy) (% 20)| z-O0t*x1E€¢C -4 -ysinbunxe-jjos auo9l|Is
a|qIxal4 Ul ajgejiene AjuQ J9s| 2. 502 9sea poo9) ajelapoy | ssaus Bupjealg uolog| 0L X2ZC H| +9'l ‘pajelog pajelog
‘a]ge)Iom
Alise pan|b aq ueo
‘uoneipel mEo>_Mm . .mu_xm
0} soue)sISal WNIPS pue sjusbe ¢-0L X 0.9 ‘0 wnjuijope ® 690¢ A1
. Buizipixo OTX 0SSP0 UM papeoj| adfy
peol-a1 ybiH uoIIpPUo? ‘spioe 0} (% z9)| € o ‘susjAyeAlod apIX0
‘sjo)|  JeusjeW eoeuns ayy| eouejsisal s|qejeAe wniu| z-0L X9% ¢ -0 pajeuoyns| wniujopeb
a|qixal} ul djqelieae Aluo | s|qeuing| O, 06 uo spuadaq pooo 19K 10N -llopeo | - 0L X 06 ‘H| SLC -040[yQ | yum uojedAy
‘Buises e Aq pajosjoud
pue sjuswsjs buyooud uonoeoid
aJiy yum pablieyd aq ued | < OTXEVTZ ‘g c.o_um_vm;
‘uonelpel soeuns a|qejieAe jou . 01 X266:0d uoJinau pue
0} dduejsisal wnipa pajosjoud :(uoissaidwod) Anxucwmormv_ € 0L X 69G O Lpaxiw ioy| @ zog 2dhy
‘peoj a.i uou uo ajeu edIN S0 €= . ’ augjAylaAjod | ausjAyjeAlod
ybiy Aiap "sigexiom Ajises |euajew -lweyuoosap oy | susjAyiahjod :(uonoen) | (% eg'18)| 20+ >4k ¢ O papeol-pes|| papeol-pes|
pue s)300|q Ul 8|qejleAy | ojqeuing| 9,68 | Asesa AiaA JON aind a1 | ssals Bunjeaig peal| 0l X85 H| 0% pue pajeiog| pue pajelog
amed sseuw Jo w/swoje K
sojjsiia)oeIRYD 49 anoineyaq | -oduwel JMWM“_EMU\ souessisal mowom__“mmuowmwzso % ,_ ¢ \or cﬂ uwwhwt uonduosa |EtIsjew Jo
HSUSJOBIEYD IO Buiuing | °lgemojje P3 jeolwayy | I1%°MUEY ° ogvk = B HAUDSeA |\ oneubisaq
Jewixep ese3 urepy SaARIppY | sjuajuod ureyy | “BISY

(panunuog) (Ajjwey ausjAyjaAjod) sjeniajew o1uebio Jo soisualoeIRYD UIR\ — V) dlqel

39

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

‘uoneipels
0} 90UE)}SISaJ WNIPS
"peoj-aly ybIH
‘(1) ausjfyreAjod SJUBA|OS
10 U0JOq ‘pes| yim aoeuns| pue sjuabe ediN £2°0 (1) Jawoise|d
papeo| aq ue) ‘Buipjnow pajosjoud Buizipixo | :(uoissaidwod)| |eusyew 0L X80 ‘0 QuUOII|IS JO
Jo Bumno Aq a|qexiom uou uo ajeu ‘spioe 0} s|gejierejou| aunduoy| € e weoy jueisisal | @ £0S4 odA
Alise3 "ayis uo jseo aq |eusjew -lwejuoosp 0|  doue)sisal :(uonoen)| seanppe| ¢-0b*8L'SG O ainjesadwa} Jswojseld
OS|e ued {s)00|q ul d|gejileAy |  ajqeuing| 9O, 0SL Asea Aion JoN MO | ssadis Bupjealg ON| ¢-0F X798 H| %20 -ybiH auo2I|IS
‘uoneipel
0} 90oUe)SISal WNIPaN|
‘PEOI-314 YOIH SJUBA|OS Jawojsed
"9duElsisal il JuL||90x3 soeuns| pue syusbe BdN SL'E ,OL X956 @ 8uo2l|IS JO
Japmod auoaljis yym Buiseo |eusjew pajosjoud Buizipixo | :(uoissaidwoo) 0L X082 ‘0 weoyjueisisal | @ 2gz odAy
Buipy Jo Bumno Aq sjgexiom a|qe uou uo ajeu ‘spioe 0} ediN 70 [ . ally pue Jawojse|d
AjiIseg "eys uo jse2 9q | -ysinbunxe -lWeuUodep 0}  @ouB)sISal (uonoen)| (% 90‘L)| ¢-0F <098 -O ainjesedwa) auo9l|Is
0S|e Ued ‘S)00|q Ul d|qe[leAy J9s| 2.0z | Ases Aian JoN Mo | ssaujs Bupyealg uoiog| ;0L XgGv ‘H| 6L -ybiy ‘pajelog pajelog
‘uoneipels
0} 90UB}SISaJ WNIPB
‘peoj-au1 YbiH Jowoisef
(1) SJUBA|OS (1) auo9l|Is
a|qejsnipe si Jusjuoo pes| Jo pue sjuabe elqeller Jou | e 50| 20T X007 g juejsisal| @ LSN 2dAy
uoJog ‘Buipjnow Jo Bupno Buizipixo | :(uoissaidwio) o alnjelodwa) Jawoise|d
: ‘ | Ueoped( - 0L X061 ‘0O
Aq sjgesiom Ajise3 “eyis uolreu spioe 0} BdiN '€ o ubiy yum auool|is
uo Jsed 9q osje ued ‘sjioy|  [euslew -lWeuUodep Jo|  eoue)sisal (uonoen)| (% o0o‘g)| z-0F <0€L -O ‘popeo|-pes|| pepeol-pes)
a[qIxa)} 10 SY00|q Ul S|gejieAy |  oigeuing| D, 002 9sea pooo) ajelopoly | ssalis Buyealg uoiog| ;0L X09'€ ‘H| €¥'lL |4o/puepajeiog| Jo pajeiog
‘uonelpel
0} 9oUe)sISal WNIPaN|
‘Peot-ay YOI SJUSA|0S Jawojse|d
"8ouEjsIsal allj pooY pue syuabe a|qejieAe jou - 0L X867 '@ suoolis| @ xajelOg
‘Buipinow Buizipixo | :(uoissaidwod) 0L X 0b'L O e)sisal adfy
Jo Bumno Aq ‘s|gexiom [euajew uoneu ‘spioe 0} ediN 'L € o aJy pue Jawojse|d
Alise3 "oys uo jseod aq osje| ojgeuing -lweyuoosp Jo| souelsisal (uonoen)| (% gre)| z0Lx191L O ainjesadwa} auooI|IS
ued ‘s|104 8|qIXa}4 Ul S|ge|leAY UoN| D.0.L asea poo9n) Mo | ssauis Bupyealg uoiog| ;0L XGO€ ‘H| 0L ybiy ‘perelog pajelog
amed ssew Jo w/swoje K
sojjsiia)oeIRYD 49 anoineyaq | -oduwal JMWM“_EMU\ douessisal mowom__“mmuowmwzso % ' ¢ \or cﬂ uwwhwt uonduosa |EtIsjew Jo
HSUSJOBIEYD 13O Buiuing | °lgemojje P3 jeolwayq | I1%°MUEY ° ogvk = B HAUDSeA | \\oneubisaq
Jewixep ase3 urepy SaAlIppY | sjuajuod ureyy | “BISY

(panunuog) (Ajjwey ausjAyjaAjod) sjeliajew o1uebio Jo sosualoeIRYD UIR\ — V') dlqel

© 1SO 2001 — All rights reserved

40



2001(E)

ISO 14152

‘uonelpel
0} 80UBj}SISal WNIPS

‘Buises e Buisn Jo Bunuied

A SJUBA|OS
. onQo._a. g ueodl pue sjusbe 20l x0cc¢ 4
< o|gex.om Buizipixo ediN 02 0L X 00'6 O uisal
ISEe® 84 YdIym 's¥00Iq ‘spioe 01| :(uoissaidwon) 0L X 00°€ N uoloq| eplweAlod
ul 9|qe|ieAE S| [BLSiew 8y | uoneu| aouejsisal a|qejieAe jou (4 o yum apiweAjod yIm
‘Buissaidwos [eusiew -IWBJUOJSpP JO poob 0} :(uonoeuy) (% 0‘c)| z-0t*x0L¢C O uo peseq| punodwod
Aq paumpoeinuepy |  eiqeuing| 9. 08l asea poos) |  ejesapoly | ssans Buyealg uolog| z—0F X0L'Z H| 9€'l punodwo) oluonaN
‘uonelpel
0] 8oUE)sISal WnIpajy SJUOA|OS
soeuns| pue sjusbe edi\ 82 - OV XIZT g uoJog pue
‘Buised e Buisn 4o Bunured pajosjoud Buizipixo | :(uoisseidwoo) OLX 1L O wniuiwne yum | susjhyieiiod
Aq peyosjoid aq ued | uou uo sjeu ‘spioe 0} ediN |1 [ L sus|Ayiek|od YyIm
"s|qeyIom Ajises [eusiew -lWeuUodep 0}  @ouB)sIsal :(uonoeuy) (% 0'2)| z-0L* 196 IV uo peseq| punodwod
pue syo0|q ul a|gejieny | sjqeuing| O, 08 | Ases Aten 0N pooo) | ssans Bunyeaig uolog| , OF X109 H| ¥l punodwo) oluonaN
‘uoneipel
0] 8ouE)sISal WnIpajy |eusjew
. SJUBA|0S pajeloq e
Buiseo e Buisn Jo Bupuied aoeuns| pue sjuebe edi 02 ,OLX0LG 9 pue eulwne ® zz odfy
Aq pajosjoid oq ueo y pajoajoid Buizipxo | :(uoisseidwos) 0L X9Z'L O ‘uisal Joysahjod | uisal susjAd
‘g|geylom Ajises uou uo ajeu ‘spioe 0} ediN €9 - ) .. ‘ausjAdoidA|od | -oudAjod yym
KI9A J0U BJB UY2IyMm ‘S390|q [eusiew -lwejuUodep 0}  @ouB)sIsal (uoixap)| (9% gg0)| ¢-0 *L6¢C IV uo peseq| ‘punodwod
ul s|gejieAe si jeusjew ayy | sjqeuing| 0. 0¢lL |Ases AleajoN|  ejesepol | ssans Buieaig uolog| z_0F X0¥'G H| 0Z'L punodwo) oluonaN
‘uoneipel
0] 8ouE)sISal WnIpajy |eusjew
) SJUBA|OS pajeloq e ® Lz 2dhy
mc_mmm Momw%m_m”._momwcumwmm aoeLINs ucm sjuabe A edinN wmv ,-0F X26G 'd pue mc_c\ms_m Fun_woh
A pajosjoud uizipixo | :(uoissaidwod o . ‘uisal Jeysahjod aus|Ayle
. h ; 2-0L X 82'L ‘0 , )
a|gexJom Ajisea|  umouun uou uo sjeu sploe 0} B4 €9 o ausjAyreAjod Ajod yum
K1aA J0u ale yaiym ‘syoolq| Inoireysq -lWeuUodep 0}  @ouB)sIsal (uoixap)| (9 cg0)| ¢-0l X86¢C IV uo peseq| ‘punodwod
ul 9|ge|ieAe SI |eLlew ay | Bulwing| 9,001 |Asesa AianloN ajesapol | ssalys Bunealg uolog| > 0F X0LG ‘H| S¢'l punodwo) oluoJINaN
oamed ssew Jo wy/swoje K
soljsi9)oeIRYD JI9Y}0 noiaeysq -aduie) —“”www_ﬂﬁwﬁ 9oUE}sisal wnnww__“omu.w“w::u % ’ ¢ \or cﬂ u_mw\“w : uonduasag |e1s3ew Jo
A Buluing | °lgemojje |eoiwayn : © () : : U uoneubisag
lewixey éseq uren SeAlIppY | sjusjuod urey | “BISY

(suisaa auajAyjahjod/auajAyjahjod) sjeriajew oluebio jJo soisualoeIeyd UlR) — g1°D 3dlqel

41

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

"peoj-aly ybIH
‘uoneipel 0] 80UB)SISal MO
-paLOIEIoS SJUSA|0S
"panib aq uojjeu .wv_n.um. 0} mn__.>_ 6¥ z-0b X mm.r 0 onsejdowsayy | ayejlioeyiaw
ueo pue a|gexiom Ajises si | |euajew -lWeuoosp Jo| eouelsisal :(uonoeu) (% og)| z-0b X 8g'¢ O aledsuel |AyrawA|od
"$)00|q JO sqe|s ul a|qejieAy | ejqeuing| 9, 08 asea poo9) |  ejesepoly | ssens Bunyeaig pes| ;0L X6GG H| 09l pepeo|-pea| papeo|-pes
"peoj-aly ybIH
‘uoljelpel 0} 8dUe)sISal MO SJUBA|OS
peyDIRIOS pue sjusbe
Kjisea pue spjliq 8q ued Buizipixo Slqe|Iene Jou
: o ‘spioe 01| :(uoissaidwiod)| [eusjew 0L XZb'L O (@ se|bixald
pani6 aq uoneu| eouelsisal edN 69| eindioy| € o ‘® seibnyy)
ueo pue ajqesiom Ajises si 3| |eusjew -IWBIUO2SpP JO poob 0} :(uonoeny)| seamppe| z-0L XG5€ -O JowAjod | eejfioeyiow
"$)00|q JO sqge|s ul s|qejieay | ejqeuing| 9. 001 asea poo9) |  ejesepoly | ssens Bunyeaig ON| z-0PXZZ'G H| 8L'} |onsedowusyr| KAuylewhiod
"peoj-aly ybIH
‘uonelpe. SJUBA|OS
0] 8oue)sisal WnIpa pue sjusbe
-paLoIEIos Buizipixo s|qe|ieAe jou
A ‘spioe 01| :(uoisseidwos)| |euwsiew “ - (® uojouep
IIsee vcm. omHq eq ueay uonjeu| aouejsisal ediN 02 aind .oy g-0b X vm_w .O ‘@ uexa)
a|qesiom Ajise3 = -IWBIUO2SpP JO poob 0} :(uonoeny)| seamppe| z-0L XG&S5¥ -O JawAjod 8jeuUOq B
‘sqejs ul ajgejieae Aluo |  ejqeuing| 9. 021 asea poo9) |  ejesepopy | ssans Buyeaig ON| z-0L X86°€ ‘H| 0Z'} | onsedowisyy -Alod
amed sseuw Jo w/swoje s
noiAeyaq -adway uoljeujwe) soue}sisol soljsuv)oeIRYD A 4 gW/ } JjIsuap [eLsjew jo
soljsusjorIRY9 JBYI0 Buiing | S1gemole | ~U03P Jo AN |esiueydsaw % g0l Ul oAl uonduosaqg uoneuBiseq
) |lewixey osegy ) urein SeAlIppPY | sjusjuod ueyy | “BISY ) )

(sjeuajew ojuehio Juasedsued) sjeajew ojuebio jo sonsLIv)oRIRYD UIRIN — DL°D dlgel

© 1SO 2001 — All rights reserved

42



2001(E)

ISO 14152

‘peo-a.l} WNIpa
‘uonelpel
0} 80UBj}SISal WNIPS

"uoljeulweuod8p
JO 8ses pue soue)sisal

SJUBA|0S
[eoIwayo aAoidwl 0} J8pJo pue sjusbe
ul Buiseo e Aq payosyoud BuIZIpIXO a|qe|iene 1ou
pue sjuswsa|e Buyooid ‘spioe 0} | :(uoissaidwod)| |eusyew 0L X 6.1 O suisal ojjouayd
8l Um pabieyo aq ueo | uonipuos | eoue)sisal edW 02| eindioy| ¢ o Buluigjuod |  ® N3 odfy
"a|qexJom |euajew aoeuNs ay) MOJ| 0} :(uonoen)| seanppe| z-0k *SG¥€ O ‘poom ITYWY3d
Allse3 s)oo0|q ul 8|gejileAy | sjgeuing| D, 06 uo spuada( ajelsapol | ssadis Bunjeaig ON| z-0l X68% H| &Z'l passaldwo) | pajeloq UON
‘peoj-aliy ybiH SJUBA|OS
"uoljeipel 0} 80UB}SISal MO edeyns| pue sjuebe
. pajosyjoud Buizipixo |leuajew
Buiseo e spesu )| uou uo sjeu ‘spioe 0] aind Joy . sapiqJeooipAy
‘Buipjnow Aq 8)Is uo }seD |jeusjew -lWeuooap 0} 8ouelsisal s|qeieae| sannppe| -0 X L¢v O paxiw yum
aq Ajuo ued [eusjlew ay] | 9|qeuing| D, 0S5 | Ases Aian JoN MO 194K 10N ON| z-0F X209 H| 00 punodwo) Jeydsy
‘peoj-aay ybiy Aisp SJUSA|0S
"uoljeipel 0} 80UB}SISal MO soeuns|  pue sjusbe
. pajosjoud Buizipixo |leuajew
Buiseo e speau | uou uo ejeu ‘spioe 0} aind 1o} o
-Buino Jo Buipinow Aq ays |euajew -lweodap 0} |  @oue)sisal s|qejiene| seanppe| z-0} X 88¢€ O (Ag-X9)
uo Jseo aq ued |eusjew ay] | s|geulng| D, GG Asea fuan 10N MO 19A 10N ON| z-0L X6GZ H| 060 ureyo JawAjod @® uiered
amed ssew Jo w/swoje K
soljsiiajoeIRYD 4D anoineyaq | -oduwl JMWM“_EMU\ souessisal moWom__“mmuoom“w::o % ’ ¢ \or cﬂ uwmhwv uonduosa |etisjew o
}su9} yds 19yj0 Buiuing | elaemoje P} [es1wayo |edluey o 0¢ : i} hat a uoneuBisaq
Jewixepy ese3 ule SOAIPPY | sjusjuod ueyy | “BISYH

(sjerajew o1uebio snouea) sjeudjew siuebio Jo sonsidloeIRYd Uley — dL'D dlgel

43

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

: } SJUSA|0S
peo|-ally ybiH puE Sjuebe
‘Uonelped Buizipixo ediN 0L 1 apixo
0} souejsisal Wwnipsiy ‘spioe 0} | :(uoisseidwos) 0L X JZ'L O wniuljopeb
‘Bunuied Aq paidde si | uonipuod | oouelsisal edi\ 6S (% s ¢ . ’ yum |  wnjuijopeb
‘Buneoo se pasn |euslew 20BLINS 3y} poob o} :(uonoeun) wniu| z-0L X2€€ D papeo] uisal UM uisal
9q Aluo ueo |eusjew ayyl | 9|qeuing| D, 0ZL uo spuadaq a)jelapoly | ssauis Bunjeaig -llope | 0L X8¥'G H| 0¢€'l aueyjainh|od | sueylainhjod
‘uonelpel
0} 80UBj}SISa) WNIPS
"goue)sisal
.1} JUs||90X "peO| 8I} MO
‘lesyew Buong
"uoljeulweIuU0I9p S)UBA|OS
JO 9SES pue soue)sisal pue sjuabe suisaJ alousyd
leoluayo anoudu ol Jopio Buizpixo ediN 051 ¢ OTX6ZT g Butuiejuoo
ul bul g pajosjold pu |euslew ‘spioe 0}| :(uoissaidwoo) 0L X ¥8'Z 0 ‘poom
uoioq ypm pabieyo aq ueo y s|qe ‘uoIpuos | eoue)siIsal ediN 02 - o pessaidwod| @ gH adA
‘a|gesiom | -ysinBuixe a0BlNS 8y} Mo 0} ‘(uonoen)| (% g'g)| 0t *16¢C -0 BuysinBunxe | [ TVINY3d
Ajiseg "s)00iq Ul a|gejieAy eS| 2,09 uo spuadaq ajesapol\ | ssauis Buiyes.g uolog| ;0L X0ZG ‘H| Ge'l -J|os ‘pajelog pejelog
oamed ssew Jo wy/swoje Jy
noineysq -adway uoljeulwe) souejsisal soljsuv)oeIRYD A 4 gW/ } JjIsuap [eLsjew Jo
soljsu9joeIeYd I3Y)}0 Buluing | elgemoje -uod29p jo [esiway s |esiueyosw % ocOb Ul aAn uonduasaqg uoneubiseq
’ |lewixey éseq ) urein SeAlIppY | sjusjuod urey | “BISY ) )

(panunuoo) (sjeliayew sluebio snolieA) sjeliayew oiuebio Jo sonsivoeIeyd UlRN — d°D dl9el

© 1SO 2001 — All rights reserved

44



2001(E)

ISO 14152

"80Ue)SISal [eolwayd

pUE UONBUIWEILUOJSP . (snuowi))
Jo asea anosdwi ¢-0L X0C€¢ O co__.c_ r_m_._
0} Japio ul Buises e Buisn Jo SJUSA|OS ¢-0L X008 IS SBANIppE J8Y10
Bunured Aq pejosyoid aq uep aoeuns| pue sjuebe ediN 6€ -0l X 0y O pue Jajem
"I0OM 0} }NoIYIp pajosyjoud Buizipixo | :(uoissaidwod)| |eusyew X 0p'S:e0 ‘pues ‘Juawad
INq ‘eouejsisal [eoluByoSW [eusjew uou uo sjeu ‘spioe 0} edN 6‘'€| @ind oy g-0b X 0ov's: uo paseq
poo9) "els uojses aq| e|qeuing -lWeuoosp 0} |  souelsisal ‘(uonoen) | seamppe| g0l X €€¥ 04 ‘punodwiod 8)9IoU09
0s[e UBD 'SY90|q Ul 8|qe|leAy uoN| 0.08 |Asee AienioN Mo | ssens Bunyeaig ON| z-OLX¥V'T H| 1¥'C EIENIY ajuowI
"80UE)SISal |BDIWaYD
pUE uOoljeUIWEBIUODBP (smaubeuw)
10 ases anosdw oI Ul Yyou
0} JopJo ul Buises e Buisn Jo SJUBA|0S wm>:__u_u.m L.mE.o
Bunuied Aq pajosyoid oq ued aoeuns| pue sjuebe edi SE e-0L X Z9°L IV pue Jojem
“YIOM O] }NSIYIP pajosjoud Buizipxo | :(uoisseidwod)| |eusiew . ‘pues UBWSI (s1210U00
Inq ‘eoue)sisal [eslueyosw [eusjew uou uo sjeu ‘spioe 0} BdN 0‘c| eind oy -0 x ow. L:€0 uo paseq Aneay)
poos5) “a)Is Uo }sed 8q| ejgeuing -lWeuodep 0}|  @ouB)sIsal :(uonoeny)| seamppe| z-01 X291 -ed ‘punodwod 9]2J0U09
os|e ue) "S)20|J Ul d|ge|leAy uoN| 90,08 |Asea AianioN MOT | ssadis Bupjealg ON| z-0F X8Z€ H| €g'e |eJauln aaubey
"80UEB)SISal |BDIWaYD
pUE UONEUIWEILODSP (aNU-eWs|09)
J0 ases anosdwl SOANIPPE Jayl0
0} JopJo uj Buises e Buisn Jo sjuan|os ¢-0L X ¥0°C IV puE Iajem
Bunuied Aq pajosyoid oq ued aoeuns| pue sjuebe edi 61 20l XGZ'y 0 ‘pues ‘JusWwad
"IOM O} }NIYIp pajosyjoud Buizipixo | :(uoissaidwod) % bR B uo paseq
Inq ‘eouE)sisal [edlueyosW [eusjew uou uo sjeu ‘spioe 0} BdN Z'S ¢-0b X¥8¥:€0 ‘punodwiod
poo9) "els uojses aq| e|qeuing -lWeuoosp 0} |  souelsisal (uonoen)| (% gz'g)| ¢-O0Lx8L6 -8 [eJauiw 8)910U09
0s[e ued 'sy20|q Ul 3|ge|ieAy uoN| 0,08 |Asee AisAiloN Mo | sseuns Bupjeaig uolog| ;0L X 19€ H| 88l pajeiog| ejuews|on
‘aAIsuadxau|
"80UEB)SISal |BOIWBYD
puUE uoljeUIWEIUODSP
1o asea anoidwil
0} JopJo uy buiseo e Buisn 1o SJUSA|OS ¢-0L X 96°} IV SOAlIppE J8Y10
Bunuied Aq pajosyoid oq ued aoeuns| pue sjuebe edi 0€ 2 0L XGEY ‘O pue Jojem
“YIOM 0] JNSILIP pajosjoud Buizipxo | :(uoisseidwod)| |eusiew . ‘pues UBWSI
Inq ‘eoue)sisal [eslueyosW [eusjew uou uo sjeu ‘spioe 0} BedN €2| eind .oy g-0b X om_m.mo uo paseq
poos5) “a)Is U0 }sed 8q|  8jgeuing -lweuodep 0}  @oue)sIsal :(uonoeny)| seamppe| z-0L X2€'L IS ‘punodwod 8]210U09
os|e ue) "S)20|q Ul 3|ge|leAy uoN| 90,08 |Asea AianioN MOT | ssadis Bunjealg ON| ¢-0F X269 H| 0€C |eJaullp Aeuipio
oamed sseuw Jo w/swoje s
soljsua)oeIRyD I3 anoneyaq | -eduw) JMWM“_EM sauejsisal wuww__u_wuowhw::u % ’ ¢ \or cd u_om\“w_c uonduosa [ELISjEW JO
HSHS} 4 w0 Buluing | °lgemojje P3 |eoiwayn [eatuey © 0¢ : B e a uoneubisag
lewixep eseq uley SOAIPPY | sjusjuod urepy | “BISY

(s@3240u09 JO Ajiwey) S|elIdjew [eJaulW JO SoISLI9)ORIRYD UlR|N — VZ'D dlgel

45

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

‘anIsuadxg
"90UE)SISal |BDIWaYD
pue uoljeulwejuod9ap e-0L X9€¢ ‘9
1o asea anoidwil 01 X 2°Z:B
0} JopJo ul Buises e Buisn Jo vmr X042 IV Sennippe LoEM
Bunured Aq pejosjoid aq uen SJUBA|0S , e : _ buesajqge
momt:m vcm sjuebe A mn__p_ P mwv - 0L X 96'€ 0 Jejem pajeloq
"YIOM 0] }NSILIP pa}o8)ol uizipixo | :(uoissaidwod . “uswe9
INq ‘eouejsisal [eoluByoSW | |eusiew uou uo sjeu ‘spioe 0} s|qe|ieae jou g0 omhm.mo uo paseq
pooo) "els uojses aq| e|qeuing -lWeuoosp 0} |  souelsisal (uonoeny)| (% 0'¢)| z-0L*x0C8 IS ‘punodwod 8)9IoU09
0S[e UBD 'SY20|q Ul 8|qe|IeAy uoN| 0D, 0Sy |Asee AienioN Mo | ssens Bupyeaig uolog| ,OFX2eT H| 02 esouiy | eunuadieg
"80UEB)SISal [BDIWBYD
pUE uOoljeUIWEBIUODBP
Jo ases anoldwil jonesb
0} JopJo uy buiseo e Buisn Jo SJUSA|OS ¢-01 X089 S sunhieq pue
Bunuied Ag vo.BQo._a aq ue) momt:m vcm sjusbe . mms_ 62 0L X 1578 .__ocmw __wc_tcmn
1nq “souEisise [oUBLOSW | [ewoiew wono o sppecr| oaemeasiou| simd soy| -0 X 0¥ O " 10 paseq
poo5) “a)Is Uo }sed 8q| ejgqeuing -lwejuodep 0}|  @ouB)sIsal :(uonoeny)| seamppe| ¢-0l X089-ed ‘punodwod 8]210U09
0s[e UBD 'SY90|q Ul 3|qe|leAy uoN| 0.08 |Asee AisnioN Mo | ssens Buyeaig ON| z-0LX9V'T H| og's [eJBuIN aunfieg
[eusIEW mEo>_Mm .
Bunino a1y Joy pue BuipjaIys ucMcm_HN,_B_xM — z-0L X 10'l 'S
SlqeAouisl 10} S19BinS [eusjew hmv_ww 0] _mz.:m 10} g0 X €0 ‘0
‘Buisea|  ejqeuing souB}SISel soApppe | z-0b X 101 eg (45 sjo|jed pues
e speaN ‘sja|jed ul o|qejieAy UN| 0,06, | IueasjesloN pooS |  juers|al JON ON| 20T X202 :H|(ew)z'y| ereyns wnueg sunkieg
ainjel
inoiaeyaq | -edway uoneuiuey aouejsisal sopspisjoeleys | SSEUJO gli/swoe Aysusp |elajew jo
H - H 0, H
salsua)oRIRY9 J3YJ0 Buiing | 2ldemoyie | -UO23P o o L % g0l Ul oAl uonduosaq uoneubisaq
lewixep ose3 ute SaARIppY | sjusjuod ureyy | “BI%Y

(panunuog) (s93a40uo0d jo Ajiwey) sjeriajew

|eJauiw jo soisLIdjoeIRYD UIRIN — VZ'D d|gel

© 1SO 2001 — All rights reserved

46



2001(E)

ISO 14152

-anisuadxau| ‘pajsnipe

8Q UEd JuLjUOD UoIoyg - - pioe ouoq
-onse|d ul Jo |98]s ssa|ule)s Buises z-0L x6c€ -0 Buiuiejuoo
ul Ajjesousb s yoiym ayj uo (% 02| ¢0F>xLLL -8 is)em Js)em
Buiseo e saseo |le ul speaN | spusdeq| 9. 00l JueA8|a1 JON | JuBABjal JON JueAs|al JON uosog| ;0L XZ€9 H| 00 pazijelsuiwa( psjelog
“aAIsuadxau| |eusjew
-onse|d ul Jo [98]s Ssa|ule)s Buises aind 1o} . aAlIppe Aue
ul Ajlessusb si yoiym 8y} uo sonyppe| z-0L Xv€€ O INOYUM JoJEM
Buiseo e saseo |le ul speaN | spusdeq| 9. 00l JUeA8|a1 JON | JuBABIl JON JueAsjal JON ON| -0F X699 ‘H| 00t paziesouiwaq| Joyem aing
aamed sseuw Jo w/swoje A
saljsia)oeIRyd JI9Y}0 noiAeysq -aduie) JMMMMM.HM# 9ouE}sisal wn”WM__“MuMM“w::o % ’ ¢ \or cd u_wm\“w : uonduasag e1s3ew Jo
e Buluing | °lgemojje |eoiwayn : ° () ’ ; U uoneubisag
lewixe oseq uley SOAIPPY | sjusjuod utepy | “BISYH

(493em) sjeliajew [esaulw Jo solysiIv)oRIRYD UlRN — 9Z°D dlqel

47

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

(1)

% 06 0} % ¢ J0 abues ayy

u1 paisnipe pue pappe aq
UBD JUsju0d pes| o uoiog
"90UE]SISal [BDIWayD

pue uoljeuIwRIu0I3P

Jo @sea anoidwi 0} Japlo

ul Buiseo e Buisn Jo Bunuied

uisal oljAioe
Aq parosjoid aq ueo aoeuns SJUBA|OS ¢-0L x92'8 0 ue pue
oM pejosjoid| pue sjuebe ediAl '0€ (1) _0L X8/ O siopmod
O} INOYIP Inq ‘SouE)sISal uou uo ajeu Buizipxo | :(uoisseidwos)| |eusjew ¢ X B L [eJauiw
[edlueydswW pooy |eLislew -lwejuoosp ‘spioe 0} a|gejieae Jou| aind 1oy -0} mv. L-€0 Buiuirejuoo | @ €SN odA)
"SlS UOSed 8q 0S|e UBD | g|qeuunq o) Asea| oougjsISol :(uonoeny)| seamppe| ¢-0bXxX€0L IV ‘punodwod|  punodwod
"SpOJ 1O S)20|q Ul 8|qB|IBAY uwN| 2,06 INEIRTIN mo| ssans Buyeaig ON| z-0FX¥LG H 9/l Aiopoeljey [eJBuIN
"80UEB)SISal [BolWayD
puUB UOHBUIWEIUODSP
10 asea anoiduwi 0} Jap.o spinby)
ul Buiseo e Buisn Jo Bunuied SE—— jusidylp pue
£q pa1si01d 8q ue) aoeuns SJUBA|0S ¢-0L XSGyl 9 siapmod
. pajosjoud | pue sjusbe ediN 0L z-0L X 04'€ ‘0 |elauiw
(leusrew uou uo sjeu Buizipixo| :(uoisseidwos) - Buiuiejuoo
PIey) om0} JnowId | |epsjew -lWeuoo8ep ‘spioe 0} ediNl 20 g-0b X €C¢-BD ‘punodwod | @ 22z 8dAy
"OlIS UO JSED 8q OS|e UBD | 5|qeuunq o} Asea| oouejsIsal ‘(uonoen)| (% 9g‘1)| -0l *x96'8 IV fiopoeyal|  punodwod
"$)00|q IO Sge|S Ul 8|qe|ieAy uwN| 2. 051 A1an JON Mo| ssans Buyeaig uolog| ZOFXI¥E H 891 ‘pajelog |eJBUIN
aimjel ssew 10
inoineyaq | -edwaey | UOHBUIWEY 1 o 0 cisey | SOBSHOIORBIELD Aysua elivjew Jo
saljsusjoeIRY9 JBY}0 m:._Eum_n ajgemojje| -uod9p jo _mu_hw.so |eslueydsaw % cW/swole 5e0l ul ww,.:m_w_“_ uonduosaq :_o._umwm_mwo
Jewixepy oseg uley SoARIPPY | Sjusu0d ulep

(s1apmod Jeiauiw) sjeriajew jeiauiw Jo solIsLId}oRIRYD UlRN — DZ'D dlgel

© 1SO 2001 — All rights reserved

48



2001(E)

ISO 14152

‘peor-auy UbIH (a)1uEWS|0)

‘Aiessaosu . seAlIppe

s Buised e uoneuIweuoo9p cm.:on
JO 8sea pue aoue)sisal SJUBA|OS aJayIp [ @01 "ON odA}
|eolwayd pue |esjueyosw aoeyNns| pue sjusbe z-0L X /6L 0 pue o ausajAdoid
aAoidwi 0} JepJo ul pue pajosyoid Buizipixo 2-0LX L'} 0 uajAdoidAjod | -Ajod pajeioq
[elsew spliq Jo esnedsq uou uo ajeu ‘spioe BedIN S‘v 0L X /618D upm ueiseld | yum Jeyserd
“MI0M 0} noiia -lwejuooap ‘Joyem 0} | :(uoissaidwioo) €= ’ Buiureyuod uo paseq
‘9]IS UO }SED 9q OS|e Ue) o) Asea| oouejsisal| egiy | ((uonoen)| (% e11)| #O0L><0c9 -4 ‘punodwoa|  punodwod
"SpOJ JO SY00|q Ul d|gejieAy | umouun| D, 08 AJoA JON mo| ssauqs Bupjealg uolog| L0l Xel¥ H 660 |essuly oluUoJNaN

"peol-auly YbiH

‘Aiessaosu (eyuews|oo)

s Buised e uoeuIweuooap seAlIppe
JO 9sea pue aouelsisal SJUBA|OS uolog| @6 ON adAy
[EOIWAYD PUE [EDJUBYOSW aoeuns| pue syusbe z-0LX11C 0 Juasayip pue | ausjAuyeAjod
anoidwi 0} Japlo ul pue pajosyoid Burzipixo 2-0LX €Ll 0 ausjAyiaf|od pajeioq
[elsew spliq Jo ssnedsq uou uo ajeu ‘spioe BedIN S‘v 0L X 1J1€D upm seiseld | yum Jeyseld
“MI0M 0} }NoIIq -lwejuoosp ‘Joyem 0}| :(uoissaidwod) € ' Buiureyuod uo psseq
"9)IS U0 }SeD 8q os|e ue) o) Asea| soueisisal|ediy | ((uonoen)| (% eLL)| #OLx4v9 -8 ‘punodwos| punodwod
"SpOJ JO SY00|q Ul 8|gejieAy | umouun| D, 02 AJan JON Mo | ssauqs Bupyealg uolog| L 0L X10G H €0‘lL |eJauly olUoANSN

ainjel ssew 10
. uoljeujwe} soljsuajoeIRYD
inoiaeyaq | -odway i aouejsisal o Swole Aysuap |eliajew jo
soljsi9)oeIRYD JI3YJO Buluing | elgemojie uoo29p jo [esiwayn |eoslueyodaw % gW/swole 401 ul annejoy uonduosaq uoneubisaq
|lewixe ase3 urepy SOAIIPPY | SIUBIUO0ID ule

(panunuod) (siopmod [esaujw) sjeld}ew [eJduiw Jo SIIIsLdORIRYD UIRN — D7) dlqel

49

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

"all} pue s|eslwayo

0) 90UE)SISaJ pue uoljeu
-lWwejuo9ap Jo ases anoldul
0} JopJo ul Buised e spaau |

[

‘g|gexylom Ajises s| [elsyew -0l xX¢G6 'd
pajosjold UoON ‘peo| ally aoeuNs ediN 0L€ -0k X €9° LB uoioq
ybiy A1\ 'sioulejuoo pajess pajosyo.d :(uoissaidwo9) X 7010 yym apupAy
Ajleonswuay ul payoed ale uou uo sjeu s|qe|ieAe jou 7O Nm.v. d wniuey uoJoq
UoIyMm Wwiw 0G X 00Z X 00L |  leusiew -lWejuod8p 0} | 8|qejieAe (uonoen) | (% 0'¢)| -0k *48¢€ L jo Jepmod | yym spupAy
o1 dn sqejs ul s|gejieAy | ejqeuing| 9D, 05z | Ases Aisa 10N 19K 10N | ssans Bunpjeaig uosogd| 0L X699 ‘H| 0g'c passaldwo) wnuey |
"all} pue s|esiwsyo
0] @oue)sISal pue ‘uoleu
-lWeJUO2ap JO asea anoidwl
0} JapJo Ui Buises e spasau }| SJUBA|OS
"a|gexJom Ajises s| [eus)ew pue sjuabe
paj0sj01d UON "PEO] Bl Buizipixo edN 0L€ 0L X Lt'8 IV
ybiy A1sy\ 'sioulejuod pajesas ‘spioe| :(uoissaidwod)| |eusjew X900
Ajjeanawiay ui payoed ase uoneu ‘191em 0} a|qejieAe jou aind ul 01 X82°0-94 apupAy
USIUM W 0S X 00Z X 001 [eusjew -lWwejuodap Jo|  soue)sisal ‘(uonoen) | seamppe| z-0b X 29 1L wniuey apLIpAY
o1 dn sqejs ul s|gejieAy | ejqeuing| 9D, 00¥ asea poo9) MO | ssauis Bupjeslg ON| z-0L X6€7Z ‘H| 08¢ pejoedwo) wniuey |
"90UE)SISal
a1} pue [ealwayd aaoidul
0] JapJo Ui Buiseo e spasu }|
‘s|qexiom SJUSA|OS
Ajises si [eusjew psajosjo.d pue sjusbe
uou ay] "peoj aJy ybiy Aiop BuIZIpIXO ediN 0SS
"slaulejuoo pajess ‘spioe | :(uoissaidwod) —_— e . uoJoq
Ajjeanawiay ul payoed ase uoneu ‘191em 0] edIN S¥L ¢-0bxcle d pue apupAy uoJoq
UoIyM W 0G X 00Z X 001 [eusiew -lweuodep Jo|  eoue)sisal :(uonoeuy) (% 0°1)| -0} x29'c ¥z WwiNIUodIZ | ypm apupAy
o1 dn sqejs ul s|gejieAy | ejqeuing| 9, 0SS asea poon) MO | ssauis Bupjealg uosogd| 0L X€ZZ H| 09'G paJeuIs winiuooUIZ
amed Ssew Jo w/swoje K
soljsiia)oeIRYD 1D nolaeyaq -aduie) JWWM“_E% dauejsisal quuw__“mmuuMM”w::u % ' ¢ \or cd uww\“wu uonduosa |Etisjew Jo
HSHejORIEYD SO Buiuing | ®laemojje P3 jeonwayg | 1EMUEY ° ogvk = B BAWISAA | oneubiseq
Jewixep eseq uley SOAIPPY | sjusjuod utepy | “BISY

(sapupAy) sjeliajew jeiauiw Jo solsIId)oRIRYD UIRN — dZ'D dl9eLl

© 1SO 2001 — All rights reserved

50



2001(E)

ISO 14152

"8ll} pue s|es|wayo
0} @oue)sISal pue ‘uoleu
-lWejuoosp Jo ases anoidull

0} JopJio ul Buises e spaau } SJUSA|0S
‘g|gexylom Ajises s| [elsyew pue sjuabe
pajoajoid UON "peoj-ally aoepns Buizipixo edIN 0S¢ 20l X91'Z ‘9
ybiy A1a/\ 'sisuleluod pojess pajosjoud ‘spioe| :(uoissaidwos) o .
Ajjleansuuay ui payoed aie uou uo sjeu ‘Jaj1em 0} ediNl OE) -0 x o#.r 0 wniuey ouoqIp
UoIyM W 0S X 00Z X 001 [eusiew -lWeuUodep 0}|  @ouB)sIsal :(uoixayy) y-0l xZe¥-ed Jo Jopmod wniue)n
o1 dn sqejs ul g|gejieay | ajqeuing| 9, 00, | Asea Aian JoN poo9) | ssaujs Bupjealg uolog| -0l X8G'€ IIL| 00% passaidwo) au0qIq
Jle piwny pue JIE piuny
Ja1em yum aanoeal AlybiH pue Jsjem
UNM BAjOED) ediN G2
"peoj-aiy ybiy Aiap Ayby| :(uoissaidwod)| jeusiew
"SI9UIBJUOD [99]S pajeu |eusiew ediNl OL L aind ul » apupAy
sso|uie)s pojess Ajjeonawisy [eusiew -IweIo28p pajosjoid (uoixapy) | seamppe| z-0L X 9¥'S N wniyy| 1ses apupAy
ur Kjuo igejieay | sjgeuing| o, 065 aq jouue) uoN | ssans Bupjealg ON| z0FX9V'G ‘H| 2.0 |[Jopassaidwo) wniyn
aamed sseuw Jo w/swoje s
soljsua)oeIRYD I3 anoneyaq | -eduw) JMWM“_EM sauejsisal woww__u_wuu“w::o % ’ ¢ \or cd :wm\“w_c uonduosa [ELISjEW JO
HSHe} 4 w0 Buluing | °lgemojje PJ |esiwayn [eatuey ° () : B e a uoneubisag
lewixe oseq uley SOAIPPY | sjuajuod utepy | “BISYH

(poanunuog) (seplpAy) sjeliajew jedaulw Jo SII3SLId)ORIRYD UIRN — AZ'D 2l9el

51

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

‘seipadoud |eondo jus||9ox3

‘aJnjeladwa)
0] pue uoneipe.l
0] 8oue)sIsal WNIpa

SJUBA|0S edo z < 0L X007:9d
‘pPaydlelos pue syuabe | :(uoissaidwod) ¢ 0L XZ9'9 M
Ajises pue spjq 8q ued | Buizipixo ediN 9 < v o apIxo
"90uUE)sIsal [eolueyosw |elsjew uoneu ‘spioe 0} :(yibusass y—0b X €0'G:EN pes| yIm | @ 0zZS SY 2dA
MO "a|geyJom Ajiseq | sjgqewwe)} -lwejuodap Jo| ooue)sisal ajisual) | (% G‘'99)| z-0} X 98°€ O papeo) ‘sse|b sse|b
'$300]q JO Sge|S Ul d|qe|leAy uoN| 9. 082 asea poos) pooo | ssaJis Bujealg pea| 0L X6E'L US| 8L'G Jaledsuel] | papeol-peaT
‘soladoud |eondo pooo)
‘alnjeladwa)
0} pue uopelpel
0} 90UE]}SISal WNIP3 SIUBA0S
‘pPaydlelos pue sjuabe
Aises pue spg aq ueo Buizipixo ] apIxo
‘90UB)SISal [BOIUBYDSW | [eusjew uoneu ‘spioe 0} ¢-01 x€59:4d pes|yum| @ L'y g odhk
MO "9|gextom Ajiseg | sjgewwel) -lWBeJUOd8p JO| doue)sisal (% 2'pS)| z=0L X ¥L€ O papeo| ‘sse|b sse|b
'$300]( JO Sge|S Ul 8|qe|leAy UON | umouyun 2sea pooo) pooo umoudun pea| ;0L X8F¥'L US| €Z'v Jualedsuel] | pepeol-pesT
‘saipadoud |eondo Jus|eax3
‘alnjeladwa)
0} pue uoneipel
0} 90UE)}SISal WNIP3a
. SjusA|os BdO ¢ < ¢-0l X 1¥¥:ad
payoje.os pue sjuabe| :(uoissaidwoo) 0L XGe'Z
Anises pue apuq oq ueo BuIZIpIXO BdIN 9 < g-0bx5€C A apIX0
‘90UB)SISal [BOIUBYDSW | [eusjew uoneu ‘spioe 0} ‘(yBuans ¢-0L XB6G ¢:BN pes| yim | @ 09¢ SY a2dAy
MO "8|gexJom Allse] | ajgqewwe)) -lwejuodap Jo| aouejsisal aysua)) | (% L'zy)| z-0} X 66°€ O papeo| ‘sse|b sse|b
'$300]q JO Sge|S Ul 9|qe|leAy UoN| 9. 052 2sea pooo) pooo | ssaJis Bujealg pea| 0L XG9'L US| 09°€ Jualedsuel] | psepeol-pesT
‘saiadoud |eondo Jua|eox3
‘alnjeladwsa} 0} doue)SISal
wnipa\ “(Jueysisal
abieyosip pue Buiumoliq)
uonelpel 0} asuejsisal ybiH SIUBA(OS edo z < BIREEZaq
. €
paydjelos pue sjuabe | :(uoissaidwoo) 0L X60'2:9D apIXo pes|
Aisee pue eLq eq ued y| Buizipixo Bd 9 < v " UHMm pepeo|| @619 £2€ S
‘90UB)SISal [BOIUBYDSW | [eusjew uoneu ‘spioe 0} ‘(yBuans ¢-0L <691 4 ‘pIXO WN1IBD adf)
MO "9|gexJom Alise] | ajgqewwe)) -lwejuodsp Jo| aouejsisal aysua)) | (% 6'0¢)| z-0} X €8°€ O yum ‘sse|b sse|b
'$)00]q 10 sge|s Ul 8|qejleny UON| O, 0S¢ 9Ses pooY pooo | ssaus Buyesig pesT| 0L X €Y'l US| 9Z°E paziiqels| pspeo|-pesT
amed ssew Jo wy/swoje A
soljsia)oeIRYD 49 anoineyaq | -oduwe) JWWM“_EM oouejsisal mowom__“mmuowmwzso % ' ¢ \or cﬂ U\_wm>_“ﬂ.;v uonduosa [etIgjEw 0
Hslsjoeleyd 19Uo Bujuing | °lgemojje P jeoiwayg | 1B2MUEY ° ogvr = B BAWISAA | opeubiseq
Jewixey oseg ule soAIPPY | sjusjuos ueyy | “BISY

(sesse|b |esaulw papeo| pes|) s|elajew [eidulw o solsLdjorIeyd ulejy — 3z'9 ajgel

© 1SO 2001 — All rights reserved

52



2001(E)

ISO 14152

‘saiuadoud |eondo jJus|@ox3

‘ainjeladwa)
0] pue (juejsisal

ab.ieyosip pue Bulumolq) ¢-0L X 99 M
uonelpel 0} soue)sisal ybiH SJUBA(OS o 0L X L9'piEeN
"Paydjelos pue sjusbe BdIA 000 L p—0L X 651190
Alises pue spig 99 ueod y Buizipixo | :(uoisseidwod)| [eusjew OIXEES g ® 8l SZSV
"@ouejs|sal |esjueydsw |leusjew uoneu ‘spioe 0} a|qejieAe jou aind joy| € _ ' 9pIXO WNdY adfy
MO "a|gedJom Ajiseq | s|qewweyy -lwejuoosp Jo| aouelsisal :(uonoen)| seanppe| z-0b X65Y -O yum ‘sse|b sse|b
'$)00]q 10 sge|s ul 8|qejleAy UON| O, 009 9Sed Po0YH pooo | ssans Buyesig ON| z-0L X L.} US| 2S¢ paziiqels paziiqels
‘saiuadoud |eondo Jus|eox3
‘uonelpel
0} 90UE)}SISaJ WNIP3aA
"Juelsisal ainjeladwsa | SJUBAIOS edD z < o 0 X ZJveN
‘PaYdIEIDS pue sjuebe| :(uoissaidwion) 0L XEET
Alises pue apjliq 8q ueo | Buizipixo edN 9<| |eusjew € AT -
"90UB)SISal |eolueydoaw |leusjew uoneu ‘spioe 0} ((y1buanys aind Joy -0} No_m & sse|b
MO "a|gedlom Ajiseq | s|qewweyy -lwejuoosp Jo| aouelsisal ojisuay) | seanppe| z-0k X€9¥ O a)eal|Isoloq | ® €62 SY 2dA)
'sqels ul a|gejieae AjluQ UoN| 9. 00% asea pooo) pooo) | ssaJjs Buijealg ON| z-0L X G/'L S| 0§'C aalj-peaT | sse|b Aieuipi0
‘saiuadoud |eondo Jus|@ox3
‘uoljeiped 0} 80Ue}SISal MO
‘juejsisal m‘_:ﬁm‘_mac._w._. SJUSA|OS ~mUIO_\ X /€1 eN
‘payolelos pue sjuabe edN 09¢€ 0L X 96'G IV
Alises pue apuq 89 ued Buizipixo | :(uoissaidwod)| |eusjew 0L <00S g |eusjew
}| "9oUE}SISal [BOlUBYDBW |euslew uoneu ‘spioe 0} edn Gl aind Joy| € o a)eal|isoloq
Mo "e|gexlom Ajiseg | sjqewwey -lwejuoosp Jo| eoue)sisal :(uonoeny)| seamppe| z-0L 0S¥ -O 10 apew ® ze/ 0dfy
'sge|s ul a|gejieae AjluQ UoN| 9. 00v asea pooo) pooo | ssaJis Bujealg ON| z-0L X 6.} IS| €€'C ‘sse|b xalhd | sse|b AreuiplO
amed sseuw Jo wy/swoje A
solsiIa)oeIeyd 19 nolaeyaq -aduie) JMWM“_EM oouejsisal quuw__“mmuuMMW::o % ' ¢ \or cﬂ ﬂww\“mv uonduose |Etisjew Jo
l}su9joRIRYD J3YI0 Buiuing | 2l9emoyje P3 [eonweyo | 821U o oebk = B BAUS3A | yopeubisag
lewixep oseq uley soAIppY | sjusjuos uleyy | “BISY

(s1ayjo pue sasse|b |esduiw Aleuipio) sjelIdjew [elaujw JO SoIIsUdjoRIRYD UlRN — 4Z°0 dlgel

53

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

"peoj-aly ybIH
‘uonelpe. SJUOA|OS z-0L x08'L 0 opIXo
0} ®OUE]SISal WNIpsiy pue sjuabe BediN SZ€ -0l X 0€'9 IS wniuijopeb
"@oue)sIsal [eolueyosw Buizipixo | :(uoisseidwoo) OLXOrLPO UM uisal
peg ‘[eudjew ajpuq Jo uopeu ‘spioe o} ediN 02€| (% 8¥'vL)| € o Axods/sse|b
9sNB2aq YIOM 0] JNauQ I -lwejuooep Jo| eouejsisel :(uoixayy) wniu| ¢-0L X€5¢C O pejeulwe] ® JN odfy
"wJioy sqels ul ajgejieae AlUuQ | ejgeuing| . GSL ases poon) pooo) | ssauys Bupjesig -llopen | > 0L X2 H| 10T xa|dwo) se|Bewlsd
‘saiuadoud |eondo jJus|@ox3
‘ainjeladwa)
0] pue (juejsisal
abieyosip pue Buiumolq) -0l X€ET M
Hohelpel o} mocﬂ.m_mm: UbIH SJUBA|0S edo z < ¢-0l X 9Z'v:eN
PR Uwcohmm_vom pue sjuabe| :(uoissaidwoo) 0L X 661D
|ISES pue S[liq oq Uea j| Buizipixo BdN 9 <| [euejew : ®819 €52 SY
. . . ¢-01 X20S ‘9
aouejsisal [edlueyosw |leusjew uoneu spioe 0} ((y1buanys aind Joy _ 9pIXO WNdd adfy
Mo "a|gedlom Ajise | sjgewweyy -lwejuoosp Jo| 8oue)sisal ojisuay) | seanppe| z-0k X297V O ypm ‘sse|b sse|b
"$300]q 10 SqE|S Ul 9|qelieAy UoN| 9. 00% ases poo9 poog | ssals Bunyesig ON| z-0L X VL) S| 25T paziiqe)s pazijiqels
amed ssew Jo wy/swoye K
soljsia)oeIRYD 19 anoineyaq | -oduwe) .“”_MM“_EM“ oouejsisal mowom__“mmuoom“w::o % ’ ¢ \or cﬂ U\._H.,m>r__ﬂ.5 uonduosa |Etisjew Jo
BslsjoelEyd 19UI0 Bujuing | °lgemojje P jeoiwayqy | 1B21UEY ° ogvr = B HAUSeA | oneubiseg
Jewixepy oseg ule soAIPPY | sjusjuos uieyy | “BI9Y

(panunuo) (siayjo pue sasse|b [eiauiw Aleuipio) S|eLId)ew [eidulW JO SOIISLId)oRIRYD UIRN — 4279 dlqel

© 1SO 2001 — All rights reserved

54



2001(E)

ISO 14152

"Jojesspowl
B UM pajeloosse ‘|elajew
Ayjeonuo ue se pasn AjuQ

gel=Th} 2oBLuNs Jie ul ediN 061
aq 1snw ‘Buizipixo Jo asead pajoajoud | pazipixo pue| :(uoissaidwod)| |eusjew
S}l JO asneoag "9|qe)Iom uou uo 8jeu | sploe ouU ediN 008 03| @aind Jo} wnjueln
Aliseq ‘spod 10 s300|q |eLsjew -lweuooep o} | Aq penjossip| 006 :(uonoen)| seamppe |g0b X €96 ‘Ngez paje|dap wnjueln
pibu ‘sqels ul s|qelieAy | BuizipixO | O, 00§ | Ases AieajoN| sl wniueln | ssaus Bupesig ON|[Z0L X¥.7 Ngez| 82'8L Aysusp ybiH pajeldeQ
"aAIsuadx3
‘Asea A1aA jou si Buipjo
"0, 00Z 0} dn je panaiyoe SJUBA|0S
89 ued Bujuiyoew |euy pue syuabe BdN 0SL | uiod uoisny
‘sa0a1d paysiul urejqo o Buizipixo | :(uoisseidwos) ybiy Ao
‘Buneuiwe| Jo Buibioy Aq |eusiew ‘spioe 0} edIN 000 | yum ‘Aojie
|elajew mel uo ainjesadwa}|  o|qeunq aouejsisal :(uonoen) | (% 86°‘66) uajsbuny 1o
ybiy e a|qexIoNn uoN| 2. 000 € umoudun pooo | ssaus Bunjeasg| ussbuny| , 0L X¢€9 M| €6l |eLiajew aind uajsbuny
‘(1) @oue)sisal |esjueyoaw
ul esealoul ue sapiroid
Auownuy "pejo aq o} sey
pea) ‘A)101x0} s}I Jo asnedaq SJUBA|OS (1)
pue aoue)sisal [eoIWayd aoepns| pue sjuabe edIN ‘L (% b)
pue |esjueyosaw arosdwi pajoajoud Buizipixo | :(uoissaidwiod) >coE_Mc< (1) Aoje
0} JopJo U] a|gesJom |euslew uou uo ajeu ‘spioe 0} ed €1 : _ Auowijue-pea|
Ajiseg 'spou Jo seqn) ‘sqejs| o|qeuing -lWeUoo9p 0}|  @ouB)sISal (uonoen)| (% g‘ce)| ¢-0l*xSC¢C-AS 10 (pes| pjiw)
‘S04 ‘S400|q Ul B|qe|IeAY UoN| 9.0zl |Asea AianioN Mo | ssaujs Bupyealg peal| 0L XGL'€:dd| 00'LL |elajew aind peaT
"JO}eIapOoW B Y}IM pajeloosse
‘leusjew Ayjeonuo Z0L X €L POy,
ue se pasn >_c.O ‘pelo . a|gejieAe uou 0L X9 :PDg, |
2Q 1Shw wniwpeo ‘AJ0Ix0)} (uoissaidwod) | |eusieW ATXOT
SJ JO puB SpIoe 0} 8oUE)sIsal |eusjew uoneu pioe Aue B4 000 | @ind oy 0L X0k :POzy,
peq sy Jo esnesdag| s|qeuinq -1wejuo29p Jo | Aq penjossip :(uonoeny)| seamppe| g0l X09:PO ;)
"SI0} UIY} Ul d|ge|ieAe AjluQ UoN| 9. 02Z¢ asea pooo) | sI wniwpe) | ssals Buesig ON|¢0F X6G:POg; | 98 |wniwped aind wniwpen
aamed ssew Jo w/swoje K
solsiIa)oeIRYD 19 nolaeyaq -aduie) JMWM“_EM saugjsisal quuw__“mmuuMMW::o % ' ¢ \or cd u_ww>—“w_u uonduose [Etisjew o
BsHejoRlEYD 1SHO Buiuing | @lgemojje P jeonwayg | 1EMUEY 0 ogvk = B BAWISRA | opeubisag
Jewixep oseq uley SoAlIppY | sjusjuoo uep | “BISY

(sjeyow aund) sjelajew jeiaujw Jo solISIId}ORIRYD UIR|N — ©Z') d|qel

55

© 1SO 2001 — All rights reserved



:2001(E)

ISO 14152

"9oue)sIsal

[eolwayo aAoldu

0} JapJo ul Buiseo e Buisn
Jo Bupuied Aq pajosioud

8Q pINoys |eusiew sy SJUBA|OS 0L X0L'6 d
"Asea AJan jou si Buipjapn aoepns| pue syuabe | ediN 006 O 009 0L X 26'G:UN % Gy
‘panalyoe aq ued Bujuiyoew pajosyjoud Buizipixo | :(uoissaidwod)| |eusyew % e ] 0} % G'Z Jo
|eul ‘saoa1d paysiul uie}qo |eusjew uou uo ajeu ‘spioe 0} | BdIN 00% 03 001 aind 10y g-0b X L¥e 1S JUBJUOD UoQgJIed
o] ‘Buipjnow Aq jeusjew | 8|geulnq -lweyuoosp 0}|  soue)sisal ‘(uonoen)| seamppe| z-0b X<CL'L O e yum ‘Aoje
MEJ UO 3[gexiom Ajise] UoN| D, 000 | | Asea Aian JON MOT | ssadis Bupjealg ON| z-OL X ¥l°L:2d 'l uogJeo-uol| uodl }sen
‘(1) (ISIV) 1 v0€ 10 (IN)
0L-81 ND ZZ 0} spuodsauiod
wioy Jussald "panaiyoe
aq ued Buipjam Jo Bujuiyoew SJUSA|0S a|gejieAe jou (1)
|eul ‘saoaid paysiul pue syjuabe| :(uoissaidwoo) (% g1) | z-0b % 620 :IN JUSJU0D [9)OIU
ureqo o “Buime.p pjod Buizipixo edI\ 059 E:_EmEo 0L X 9% 1D -wnjwouyo
Jo joy Jo ‘Buneulwe| ‘Buibioy |eusjew uoijeu ‘spioe 0} 0} edIA 0S : [ ’ Jo |9¥o1u
‘Buipjnow Aqg |eusjew | 8jqeulng -lwejuoosp Jo| souessisal :(uonoen) (% 01)| +0} % 8.0 0 ‘wniwouyd ybiy 19918
MEJ UO 3|gexlom Ajise] UuoN| D, 00% L 9sea poo9) pooo | ssass Bunjealg [OYOIN | 70l X €0'9:04| 08'L | unm [98)s Aojly ssajulels
"9ouE)sisal
[eolwayo aAoidu
0} JapJo ul Buiseo e Buisn
Jo Bunuied Aq peajosjoud
aq p|noys |euajew ay |
‘panalyoe
aq ued Buipjam Jo Buiuiyoew SJUBA|OS a|qejieAe jou
|euy ‘saoaid paysiuly aoepns| pue sjuebe | :(uoissaidwoo) »-0L X 699 IS % G‘L
ulejqo o] ‘Buimelp pjod pajosjoud Buizipixo edN 009| |eusiew . 0} % GO0 J0
Jojoy ‘Buneuiwe| ‘buibioy |euajew uou uo ajeu ‘spioe 0} o} edIN 00§ aind .oy -0 X GG'8-UN JUSJU0D UoQJed
‘Buipjnow Aq [eusjew |  sjqeuinq -lwejuodep 0}  @oue)sIsal :(uonoen)| seamppe| -0} X282 O e yum ‘Aojje
MEJ UO a|gexlom Ajise] UoN| D, 00G L | Asea Auan JoN Mo | ssaujs Bupyealg ON| z-0L X /Z'8:®4| 08'L uogJeo-uol| | |98)s uogie)
"Jojesapowl
B YIM paleloosse ‘|eusjew
Ajjeonuo nue se pasn AluQ SJUBA|OS
. _ aoepns| pue syuabe a|gejieAe jou (peseuIs)
Pe|d 8g Jsnw 'ssauslq pajosyo.d Buizipixo | :(uoissaidwio) o
Jo asneoeg "s|qesiom Ajise3 [eusiew uou uo sjeu ‘spioe 0] ediN 97€ _ ¢se
'SpoJ Jo sge|s| e|geuinq -lweyuooop 0)| souelsisal (qeays)| (% 9'22)| -0} X 62} O] (sepmod) aplgqJeo apiqled
‘s)o0|q pibu Ul a|qe|ieAy UoN| D, 0S¢ Z | Asea Aian JoN pooo | ssals Bujealg uoiog| ;0L X02'G d| 02'L uolog palajuls uolog
amed ssew Jo w/swoje K
soljsiia)oeIRYD D nolaeyaq -aduie) JWWM“_E% saugjsisal quuw__“wmuuMMW::u % ' ¢ \or cd uww>—“wu uonduose |etisjew Jo
HSHLIOEIEYD SO Buiuing | ®laemojje P3 jeonwayg | 1EMUEY 0 ogvk = B BAWISAA | oneubiseq
Jewixe eseq uley SOAIPPY | sjusjuod utepy | “BISY

(sAojje o1jjejow) sjelajew [elauiw Jo SOIIsLId)ORIRYD UIR|N — HZ D 2lqel

© 1SO 2001 — All rights reserved

56



2001(E)

ISO 14152

(1) s|qelsnipe aq ued

JUSJUOD UOJOQ pUB Pes| ‘Uol| ¢-0L X057 D BuIpuIg
..ﬂcwct_m_m Bumyno-auy Jo} pue (1) ¢-0L % 08‘c ‘IS ajeol|Is
coonoMa uojeipes uojnau 20BLINS poppe g z-01 X GG'Z 94 pajesoq pue| @ ZdA @dA;
pue 4 psxiw Joj s|qe)ns pejosjoid | ulsas ay) Jo ueopes| (. OTX0ZT ‘g sBuijy pes) sBuiy
‘g|geyom |  jeusjew uou uo 8jeu| ainjeu ay) - . Jo uodi yum|  pes| Jo uodl
Ajiseg "ayis uo 1se0 8q| s|qewwel) -lwejuo2ap 01| uo spuadaq olqeene | (% 99'0)| zO0kx1i81 0O ‘punodwiod | yum ‘[eusiew
0s|e ue) "S)20|q Ul 8|qe|ieAy UON| 9,00z |Ases fienloN| -umounun 194 10N uolog| L DOFXZZT H| 0Z'¢ Aneay Aneay
"s|qelsnipe aq ueo Jusjuoo ¢-01X209:ad
com_oQ pue toll ‘peen z-0L x8L°L 0 Buipuiq uisal
*uo0l11098]04d uoljeiped uoJinau aoeuns ediN 021 . _0lL X 10'2:94 paleloq pue| @ LdIN ®Q>u
pue A paxiw Joj} 8|qe)ns pajosjoud | uisas ayy jo| :(uoissaidwiod) (% Nw%mww ¢ 0TX99% g sbuljy pes) sbuijy
"3|qeyIoM uou uo ajeu| aimeu ay) ediN 02 €= 7 pue uoll Yjm | pes| pue uou
Ajlseg "eys uo jse2 9q |eusjew -1wejuo29p 01| uo spuadaq (uonoen)| (% 9z2)| ¢-0b*6¥G O ‘punodwiod | yum ‘[eusiew
os|e ue) "sY20|q Ul |gejieAy [ ajqeuing| O, Gzl | Asea Aian JoN ‘umouyun | ssadis bunjealg uoJog z-01 X081 H| 0S¥ AneaH AneaH
‘uonoajold uonelpel uoJinau
pue A paxiw Joj 9|qeyns - 0L X29'L D
oys pes| Aq aoepNs BdN L°€1 2-0L X 10'G 04 pLoe
peoedes og ueo sbully uoJ| pajosjoud | uisas sy} jo| :(uoissaidwoo) oIX07s g pajeloq pue
. » g- : 6 6
a|qeyIom uou uo ajeu| aimeu ay) ediN G9'C e sbuiy uoar|  sBuiy uodl
Ajiseg "eys uo jsed 9q -1wejuo29p 01| uo spuadaq (uonoen)| (% zz‘0)| ¢-0bx¥¥P8 O YuMm ‘uisal | yum ‘[eusiew
os|e ue) "sY20|q Ul d|gejieAy [ umouqun| O, 00Z | Ases Aian JoN ‘umouyun | ssadis bunjealg uoJog 20l X¥ST H| 22's J8)1s9Aj0d AneaH
InoiAeya -M._o_:&mhﬁ UOHBUIIEY | ) sisa) | SOHSLIGIOBIBYD | SSEWO Aysusp eLvjeW JOo
sansue)orIeyd 19Yj0 m:._:._um_n sjqemoye | -uo29p Jo _mo_cuhw.so [esiueyosw % gw/swole o0l Ul | aAl | uonduasaq :_o._umﬂ_m_wwo
' Jewixep ose3 ) ute saAnIppY | sjuajuod urely | “EIRY T

(spunodwo9 uisai/jejaw) sjelIajew [elauiw Jo sosLId)oRIRYD UlRN — 27D 9.l

57

© 1SO 2001 — All rights reserved



ISO 14152:2001(E)

Annex D
(informative)

Available computer codes for determination of neutron radiation
protection shielding

D.1 Introduction

D.1.1 General

For the design of neutron shielding, the neutron radiation protection calculations described in D.1.2 to D.1.4 are to
be considered.

D.1.2 Source evaluation codes

Here the following feature prominently:

a) source software that calculates the production of neutrons from specific nuclear reactions;
b) decay software that calculates the natural evolution in time of a population of radionuclides;

c) depletion software that calculates the transformation in time of a population of radionuclides subject to a
particular flux.

Categories b) and c) draw on nuclear data libraries that enable them to calculate, as a function of time among other
things, the activity and/or source strengths of these populations.

D.1.3 Transport calculations

Here the aim is to evaluate a response in a point of the phase space, following the emission of particles in other
points of this space.

Through evaluating particle flux of external exposure, among other things, these programs are used to design
equipment and facilities, with regard to radiation protection.

D.1.4 Dose management software

Here the objective is to optimize the radiation protection of the workers as well as of the general public, with regard
to the risk of exposure to ionizing radiation. The codes use databases that combine (measured or calculated)
exposures with basic parameterized tasks or workplaces.

This software is used by the management to forecast evaluations of the external exposure of workers, and to
calculate the dosimetric advantages gained by the installation when comparing different operating modes and
considering different design options for the radiation protection shielding.

NOTE 1 End users may often use simplified software for calculating radiological impact. These programs (migration into
geosphere, releases by facilities, individual and collective detriment) are based on methods that differ greatly from those of the
radiation protection shielding calculations; therefore they are treated in detail in this International Standard.

NOTE 2 The information given in this annex concerns computer codes that were available at the time of writing this
International Standard. The mention of these codes should not conclude that only those described can be used. Organizations
in charge of the development of codes wishing have their codes included in the next revision of thls International Standard
should contact ISO.

58 © 1SO 2001 — Al rights reserved



ISO 14152:2001(E)

D.2 Lists of the protection calculation codes, classified in alphabetical order and by type

D.2.1 Computer codes inventoried

See Table D.1.
Table D.1 — Codes inventoried
a
Ne:)rpe moY;ar:ezrant Tygf Purpose ? 5::;?;::; to ?afeh:;::::ji:;d
code update code upline or downline
ACORA 1993 G D, P Y, N MERCURE, ANISN, INTERPOL
ALPHAN 1982 S R,D,P cp No
ANISN 1994 T D, P Y, N TAPEMA, PRESOU, MERCURE
CESAR 1993 S R,D,P n, e No
DANTSYS 3.0 T R,D,P
DARWIN - 1997 S R,D, P Y, N, e a APOLLO, PHADO, SN 1D, TRIPOLI,
PEPIN 2 TWODANT, MERCURE
DOT/DORT 1994 R Y, N GIP, GRTUNEL
EFLUVE 1993 R n APOLLO
FAKIR 1993 R,D,P activation No
FLUKA 1996 T,G R, D, P Y, N, e, cp No
HETC T,G R,D,P Y, N No
KAFKA 1993 S P n, e INTERPOL
R,D,P
MCBEND T R,D,P Y, N
MCNP 1997 T R,D, P Y, N, e
MERCURE 1995 T R,D,P Y, N No
MORSE T R,D,P Y, N
NARCISSE 1992 T D, P Y, N No
ORIGEN 1991 S R Y, N, e, cp No
SN 1D 1991 T R,D, P Y, N No
TRABET A 1986 T D, P e No
TRIPOLI 1997 T R, D Y, N DARWIN, PEPIN 2, HETC
TWODANT 1990 T D Y, N No

a
b

¢

S = Source; T = Transport; G = Dose Management.
P = Basic design; D = Design; R = Research.

Y = gamma; n = neutrons; e = electrons; p = protons; a = helium nuclei; cp = other charged particles.
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D.2.2 Source evaluation codes

See Table D.2.
Table D.2 — Source evaluation codes
Decay/Depletion
Name of Reaction Calculated
code Type of b _.c Results source values ©
nuclide 2 Method =tz by d
ALPHAN AC NI Other (o, N) E,
DARWIN - 9
PEPIN 2 AC, PF, PA NI, AN, DE 0,1sto10%a I, E All Types C, S, P A, E,
FAKIR AC, PF Other 0,5sto10a Other P, A
KAFKA AC, PF, PA NI 0,5st010a I E 4, @
) ) ) ) C E, P
ORIGEN AC, PF, PA DE 0,1sto10%a I, E All types C, S, P, A, E,
@  AC = Actinides; PF = Fission Products; PA = Activation Products.
b NI= Numerical; AN = Analytical; DE = Exponential Decomposition.
€ Time interval for which the code is used.
d = Isotope; E = Element.
€ @ is the fluence; 4 is the activity; S is the energy spectra; C is the composition (concentration, mass); P is the thermal decay heat (a, B, ¥,
total); E, is the neutron production.

D.2.3 Transport calculation codes

Because of the considerable number of technical parameters used in this type of code, the presentation has been
divided into three separate tables.

Table D.3 lists the calculated values and the theories and methods used for the calculation.
Table D.4 lists the sources and shielding used by each code.

Table D.5 lists the possibilities for analysing the contributions of certain parameters to the calculation results.
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Table D.3 — Transport (values, theories and methods)

Name of Calculated Theory ? Method °© of Dimensions of Time
code values 2 used calculation resolution dependent

ALBATROS D o S 3 no
ANISN o, D, S Bi 3, Y 1 no
DOT/DORT @D, J, S B 3, Y 2 no
EFLUVE D, E, Ag 3 3 no
FLUKA @,J,D, S B MC 3 yes
MCBEND @,J,D, S B MC 3 yes
MCNP @,J,D, S, E, B, B; MC 3 yes
MERCURE @, D R, Ay MC 3 no
MORSE @,J,D, S, E, B, B MC 3 yes
NARCISSE D a ) 3 no
SN 1D @, D, S B 3, Y 1 no
TRABETA D dE/dx 3 1 no
TRIPOLI @,J,D, S, E, B, B; MC 3 yes
TWODANT @,J,D, S, E, A B 3, Y 1,2 no

b
power.

¢ & = numerical discrete; Y = spherical harmonics; MC = Monte Carlo.

a @ is the fluence; J is the current; S is the energy spectra; D is the absorbed dose, dose rate, dose equivalent rate, LET, kerma, kerma
rate, energy deposited, damage; E,, is the neutron production; 4 is the activity.

B = Boltzmann integral-differential; B; = Boltzmann integral; A = point kernel attenuation; o = reflection by albedo; dE/dx = stopping

Table D.4 — Transport (sources and shielding)

Source term Library Shielding
Name
of G Transport Number of Multi- Parameter-
Number eometry materials Geometry layer ization
code imposed Auto Shadow imposed ‘
absorption or elements (number) | (thickness)
ALBATROS single imposed no no materials (4) imposed yes no
DOT/DORT multiple any yes yes materials + any yes yes
elements
EFLUVE multiple any yes no elements imposed no no
FLUKA multiple any yes no elements (25) any yes no
MCBEND multiple any yes yes elements (50) any yes no
MERCURE multiple any yes yes elements (50) any yes yes
NARCISSE multiple imposed no no elements (50) imposed no no
SN 1D multiple any yes yes elements (50) any yes no
TRABETA single imposed no no elements imposed no no
TRIPOLI multiple any yes yes elements (50) any yes no
TWODANT multiple any no no elements (50) any yes no
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Table D.5 — Transport (analysis of contributions)

Name of Contributions by
code Source Group Shielding
ALBATROS yes yes no
ANISN no yes no
DOT/DORT yes yes no
EFLUVE yes no no
FLUKA no no no
MERCURE yes yes yes
NARCISSE yes no no
SN 1D no yes no
TRABETA yes no no
TRIPOLI no yes yes
TWODANT no yes no

D.3 Dose management codes
The main characteristics of these codes are given in Tables D.6 and D.7.
Table D.6 lists the types of calculation and a description of the operational parameters studied.

Table D.7 lists the parameters analysed and the protection options used.

Table D.6 — Dose management (calculation, description of operations)

Name of Analysed Origin of Flowrate ° Description of
code doses 2@ flow rates P 1) operations 9
ACORA DI, DC cC no LZ, TT, TE, CA
CERISE DI cC SM, CD Lz, TT, TE, SP, DE
DOSIANA DC SM SM Lz, TT, TE, SP

a
b

DI = individual doses; DC = collective doses.
SM = manual keying-in; CC = transport and attenuation code coupling.
¢ SM = manual keying-in; CD = heat decay calculation.

d gsp= speciality; TT = total time period; TE = time of exposure; LZ = location/zoning;
DE = wastes/effluents produced; CA = associated cost.

Table D.7 — Dose management (parameters analysed, protection options)

Parameters analysed 2 Protection options
Name of o )
code Contribution | Sensitivity Description Comparison | Chosen
of options criteria criteria
ACORA OP, LZ no PS, LZ DD, DI, DC, CA yes
CERISE OP,LZ,SP, TT no PS, DE, LZ, SP, TT | DD no

a

b PS=source protection; SP = speciality; TT = total time period; DE = wastes/effluents produced;
LZ = location/zoning; SP = speciality.
Cc

OP = operation; LZ = location/zoning; SP = speciality; TT = Total time period.

DD = dose equivalent rates; DI = individual dose; DC = collective doses; CA = associated cost.
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Annex E
(informative)

Simplified shielding calculation method for neutrons produced by
D-T reactions

E.1 Introduction
The purpose of this annex is to present a simplified method for the calculation of neutron shielding. This method is

taken from NCRP Report N° 72. This approach could be followed for a mono-energetic source of neutrons provided
attenuation curves were available for the desired material and the neutron energy.

E.2 Calculation

E.2.1 General

Simplified shielding calculations for D-T reactions are accomplished in three steps as described in E.2.2 to E.2.4.
1) calculation of the neutron fluence rate;

2) calculation of the ambient dose equivalent rate using the conversion coefficients /#*(10);

3) calculation of the effect of the shielding upon the dose.

E.2.2 Neutron fluence rate, ¢

The neutron fluence rate ¢, for a neutron point source with an isotropic source strength B, in a vacuum, at a
distance d from the source, is given by the following equation:

B
p=——7
4dxmxd

E.2.3 Converting neutron fluence to ambient dose equivalent rate, 4 *(10)

The ambient dose equivalent rate H *(10), is given by:

. B
H*(10) = ——— x he*(10)
4xmxd? ¢

The conversion coefficients 4 ;*(10), according to the neutron energy, are given in Table E.1.
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Table E.1 — Conversion coefficients 7 ,"(10), from neutron fluence to ambient dose equivalent H*(10)
as a function of energy, in accordance with ICRP publication 74

Neutron energy Conversion coefficient /5 (10)
MeV pSv-cm?
0,001 7,9
0,01 10,5
0,05 411
0,1 88
0,5 322

1 416
2 420
3 412
5 405
7 405
10 440
12 480
14 520
20 600

E.2.4 Accounting for the effect of shielding

It is convenient to represent the effect of shielding by a transmission factor 4 in the above equation to give:

H*(10) = 4 x
4dxnxd

5 % hg* (10)

The advanced calculating programs that are listed in annex D are required to determine the effects of absorption,
scattering and energy degradation for neutrons in the calculation of the transmission factor. For large shielding, the
transmission factor approaches the exponential form:

A— Byxe /A

where B, is a constant called the build-up factor, x is the shielding thickness and A is a constant called the
relaxation length.

Table E.2 lists the approximate ambient dose equivalent transmission factors 4, for 14 MeV neutrons, in ordinary
concrete and water.

64 © 1SO 2001 — Al rights reserved



ISO 14152:2001(E)

Table E.2 — Ambient dose equivalent transmission factors 4, for neutrons of 14 MeV,
in ordinary concrete and water ©)

Transmission factor Thickness
cm
Ordinary concrete Water

0,1 55 61

0,05 64 71

0,02 76 84

0,01 84 94
5x 1073 94 104
2x1073 105 118
1x1073 114 128
5x 1074 123 137
2x 1074 135 150
1x104 143 161
5x107° 152 171
2x107° 165 184
1x107° 174 195
5x 106 184 —
2x10°6 197 —

6) Radiation Protection Dosimetry, Vol. 58, No. 3, pp. 177-183 (1995).
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Annex F
(informative)

Simplified neutron shielding calculation method

F.1 Introduction

The purpose of this annex is to describe the methodology for use of a simplified design method for a neutron
protection shielding. Two methods are suitable:

— use of manual method (see clause F.2);

— use of abacuses (see clause F3).

F.2 Manual method

F.2.1 General
The following method is based on the point kernel method. It is applicable:
— for a point source;

— for a neutron emission spectrum identical to that used for the calculation of the coefficients xand 7, (see F.2.3).
This spectrum can be a fission spectrum, an (a, n) reaction spectrum or any other spectrum as defined in
annex B;

— for homogeneous shielding, constituted from one single material.

NOTE According to the conversion coefficients used, this method permits the calculating of either the dose equivalent rates
or the ambient dose equivalent rates. Nevertheless, in this annex, the results are expressed in terms of dose equivalent rates.

This method is entitled semi-manual because it needs either the use of an attenuation coefficient x and a
conversion coefficient n extracted from pre-established data bases or abacuses, or the determination, prior to the
calculation, of these coefficients, according to the method presented in F.2.3, for the chosen neutron-protection
shielding material (ordinary concrete, iron) and the considered neutron emission spectrum. The determination of
the necessary coefficients for the manual calculation method is achieved using computer codes such as ANISN or
SN 1D (see annex D).
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F.2.2 Principle

See Figure F.1.
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Figure F.1 — Principle of manual calculation method

A point source B, placed at a distance d from the calculation point gives a dose equivalent rate, H, of following
form through a protection shielding of thickness x:

. —pux
goBxe ™
4xmxd?

n

B is the neutron source strength in neutrons per second,;

u is the linear attenuation coefficient expressed as per metre;

x  is the thickness of shielding material crossed in metres;

d is the distance between the point source and the calculation point in metres;

n is the coefficient taking into account the neutron fluence-to-dose equivalent conversion coefficient and the
contribution of the diffused neutrons through the crossed shielding material in sieverts per hour per
neutron per metre squared per second.

F.2.3 Calculation of xzand 7

The coefficients 1 and 7 are determined using a neutron transport code, for a specified neutron spectrum emission
and for a given shielding material. The calculation is realized in two steps:

— calculation of average g, in the range of the chosen thicknesses of the neutron shielding material;

— calculation of average 7, from the previous calculation of the average x value.
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The calculation of the average attenuation is determined after achieving the calculation of three dose equivalent
rates Hq, H,, H3, for three thicknesses of shielding material x4, x, and x;.

The distance d between the source and the calculation point is constant. According to the indications given in
Figure F.1, this distance d is equal to the sum of the distances (a + x; + b); it is higher than x5 in any case.

The distances x4, x, and x5 are chosen (see Figure F.2) in such a way that:
— they are greater than the distances found in the typical application;

— the variations of H1 , H2 , H3 , according to the thicknesses of the protection material are as near as possible
an exponential function.

1079 =
10710 ¢
10"11 f’

10-12 3

Dose equivalent rate (Sv.h-1)

10-13 3

10'14 4 t 1 + + t t t + t T
20 40 60 80 100 120

Thickness of shielding (cm)

140 160 180
Key

1 Real curve, obtained using ANISN code

2 Theoretical exponential curve, determined from the previous real curve, which permits the calculation of the coefficients
taken into account in the semi-manual calculation method

Figure F.2 — Relative variation of the dose equivalent rates, as a function of the thicknesses
of the shielding material

The average y value is calculated as follows:

Hi2 + Ho3 + H43

H= 3

where

i)
Hio = xIn| —

.X,'2 —Xq

1 i,
= X In| =%
- 2]

X3 —X2

= 1 ><Inﬂ
H13 X3 — X ]_']3
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The average 7 value is calculated as follows:

7= n1t+n2+13
3
where
4ﬂid2XH1 Iix
=————— xe"M
1 B
2 .
Ny = 4nd XH2 xeﬁxz
B
2 .
Ny = 4nd BX H3 Xeﬁxs

Table F.1 gives an example of calculation of the coefficients ¢ and 7 for several types of shielding material. These
coefficients are determined:

— using SN 1D code;
— for a fission neutron source (235U);
— with adistance d =2 m;

— using neutron fluence-to-dose equivalent conversion coefficients issued from ANS 6.1.1 [1997].

Table F.1 — Determination of the coefficients x and n

Shielding material 72,73 # 7
m m-1 Sv-h~1, n-m2-s~1
Iron 0,1,0,2,0,3 4,764 1,47 x 10710
PMMA 0,1,02,0,3 12,05 1,01 x 10710
Ordinary concrete 0,5, 1,00, 1,50 33,39 1,47 x 10-10
NOTE The coefficients i and 7 take into account the capture of the gamma radiation due to the (n, y) reaction in the

presence of the remaining neutrons in the shielding material.

F.2.4 Field of application

This method applies to any kind of shielding material (polyethylene, organic glasses, mineral powders, plasters,
concrete, metallic alloys), on condition that pre-established data bases of 7 and u exist (or that these coefficients
can be determined during the calculation), and for any shielding thickness.

It can nevertheless only be used:

a) for the predetermination of neutron shielding or for the comparison of relative efficiency of different neutron
shielding;

b) for homogeneous shielding, constituted by one single material;

c) for sources assimilated to point sources;
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d) when the shielding thicknesses are comprised in the range of the thicknesses chosen for determining the
u and n coefficients;

e) for neutron spectrum emissions similar to those chosen for determining x and 7 coefficients.

NOTE A point source in general gives higher dose equivalent rates than those from any other kind of geometry of sources,
so this semi-manual method gives mostly excessively results.

F.2.5 Qualification of the method

The validation of the present method was done by the comparison of SN 1D code results and the results obtained
with the manual method under the following conditions:

— point source of 1,00 x 1012 neutrons-s—1;

— fission spectrum of 235U;

— material of shielding protection: ordinary concrete;

— distance between the source and the calculation point: 2 m;

— taking into account the gamma produced by the (n, y) reaction;

— neutron fluence to dose equivalent conversion coefficients issued by ANS 6.1.1 [1997].

Table F.2 gives the results of this comparative study.

Table F.2 — Comparison between the results of SN 1D code and the results of the manual calculation

x4 =50 cm, x3=150cm xq=20cm, x3=180cm
Thickness of concrete SN 1D Manual method SN 1D Manual method
m pSv-h~1 uSv-h" uSv-h" uSv-h"
0,5 444 432 444 451
0,9 28,6 29,9 28,6 34,0

F.3 Abacuses

F.3.1 Principle

The abacuses are a set of graphs which gives the dose equivalent rates for different thicknesses of shielding
system in a simplified situation, drawn up with SN 1D code.

The simplified situations are the following:
— Source geometry:  point source
linear infinite source

massive semi-infinite medium

— Nature of source: fast neutron
(a, n) reaction with 180

— Source medium (for semi-infinite medium only): uranyl nitrate of a concentration of 256 g-1-"
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— Shielding medium:

ordinary concrete

heavy concrete

cast iron

PMMA

water

stainless steel

lead glass

borated polyethylene plaster No. 9
borated polyethylene plaster No. 10
polyethylene resin RP21
polyethylene resin RP22

— Shielding geometry: plane

(d = 2,30)
(d = 3,30)
(d = 7,20)
(d=1,19)
(d = 1,00)
(d=17,85)
(d =4,23)
(d=1,03)
(d = 0,99)
(d=1,25)
(d=1,20)

L A R

30 cm
30 cm
10 cm
0,2cm
10 cm
0,2cm
1cm
5cm
5cm
5cm
5cm

— Distance between the calculation point and the source: 200 cm

— Neutron emission (B):

1 neutron-s~* if point source

1 neutron-s~1-cm="1 if linear infinite source

1 neutron-s~1-cm=3 if massive semi-infinite medium

Figures F.3, F.4. and F.5 illustrate examples of such abacuses.

F.3.2 Method used

160 cm
120 cm
50 cm
20 cm
400 cm
50 cm
50 cm
30cm
30cm
30cm
30cm
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The abacuses are used as follows. Each abacus gives, for a thickness of shielding material and a given source,
four terms that contribute to the dose equivalent rate:

— the contribution of spontaneous fission neutrons: H, (fs);

— the contribution of secondary gamma issuing from the spontaneous fission neutrons: I—'IYs (fs);

— the contribution of reaction neutrons (a, n): Hp, (o, n);

— the contribution of secondary gamma issuing from reaction neutrons (o, n): HYS (at, n).

The four contributions should be added after having been multiplied by the source strength of the neutron source.
However the greatest contribution of neutrons and secondary gamma could be used.

The dose equivalent rate due to the neutrons is then as follows:

H = 5% (Fy + Hys)

where

S is the source strength of the neutron source (in n-s~! for a point source; n's~1-cm=! for a linear infinite
source and n-s~!-cm=3 for a massive semi-infinite medium);

H, = H,(fs)+ H,, (a, n), or the greatest value between H,(fs) and H,(a, n);

H.g
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= H,s(fs) + H,s (o, n), or the greatest value between H,(fs) and H.s(a, n).
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Figure F.3 — Abacus giving the respective contributions to the total dose equivalent rate,
according to the thickness of the shielding (ordinary concrete) for a point source
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Figure F.4 — Abacus giving the respective contributions to the total dose equivalent rate,
according to the thickness of the shielding (ordinary concrete) for a linear infinite source
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Figure F.5 — Abacus giving the respective contributions to the total dose equivalent rate,
according to the thickness of the shielding (ordinary concrete) for a massive semi-infinite source
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