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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
liaison with ISQ_also take part in the wark SO collaborates closely with the International Flectrotechnical
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 tagk of technical committees is to prepare International Standards. Draft International Standards adopted
by the techmical committees are circulated to the member bodies for voting. Publication as an Infernational
Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is dqrawn 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, Nucleaf)energy, Subcommittee SC 2,| Radiation
protection.

Annexes A t¢ 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
anthropomarphic phantoms approaching the human body

For monit
ICRP recd

pring purposes, the International Commission on Radiation Units and Measurements\(ICRU) and the
mmended so-called operational quantities [ICRU Report 39 (1985), ICRU Report 51,(1993) and ICRP

Publicatiofh 74 (1996)][4l. The operational quantity recommended for area monitoring6f sstrongly penetrating

radiation i

Unfortuna
energies ¢
and photo

All the exg
on supers

5 the ambient dose equivalent.

ely the ambient dose equivalent does not give a conservative estimateof the effective dose for all the
f interest for neutron radiation [ICRP Publication 74 (1996)] 4l and, at-high energies, both for neutron
n radiation. Moreover, the ambient dose equivalent has not been introduced for shielding pufposes.

erimental data found in literature are expressed in terms of maximum dose equivalent, a qliantity based
bded Q vs LET relationship [ICRP Publication 21 (1971)] [31.

This Interpational Standard makes use of the ambient dose equivalent as radiation protection quantty, based on

the new Q
application

For practi
Internatior
purposes

To establi

performed;

— choicg of the radiological objectives and other design criteria;

— chara

— identi

— choicg of the shielding materials and arrangement within the shielding;

— imple

-L relation as recommended in ICRP Publication 60.[Mue to the above-mentioned limitation, the field of
is restricted to neutrons of energy below 20 MeV,

cal purposes, some data expressed in terms~of maximum dose equivalent are also induded in this
al Standard. It is recommended that these data be conservatively multiplied by a factor|2 if used for
bf shielding calculations [ICRU Publication*51 (1993)].

5h an operational neutron radiation)protection shielding system, several consecutive steps should be

Cterization of the radiation sources;

ication of the constraints on placement and construction;

mentation of a calculation method;

— choic

OT the Tinal 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 teghrigues—and—arrangerment-of-tho—shiolding—materials—are—heeded—Fhese—spesific—considerations—are out of the

scope of this Ipternational Standard.

The same renjark can be made for criticality shielding, for which the principles given in this International Standard agply, but are
generally not gufficient. 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
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Neutron radiation protection shielding — Design principles and
considerations for the choice of appropriate materials

1 Scoie

This Interr]
shielding 4

This Intern
and wherg
purpose. T

— nucle
— resea
— partic
— fusion
— transy
— medid
— indus
— space
— calibr
— radiog

— nucle

br power plants;

rch reactors;

ational Standard presents the general methodology governing the design of neutron.radiatipn protection

nd the choice of neutron radiation protection shielding materials.

ational Standard is applicable to facilities and operations where neutron_sources are located and used,
workers are occupationally exposed. These operations and facilities-vary considerably if design and

hese facilities and operations include, but are not limited to:

e accelerators and neutron generators;
research facilities;
ortation packaging for radioactive materials operations;

al treatment and research facilities'and applications;

rial applications such as use_of devices for measuring and detecting moisture and density leyel;

applications;
ation facilities;
raphic_installations;

prfuel cycle installations (reprocessing plants, plutonium solution handling facilities, shieldec

storage;eter):

cells, waste

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
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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 regi

sters of currently valid International Standards.

ISO 921:1997, Nuclear energy — Vocabulary

ISO 7212, Ei
walls

ISO 8529-1,

ISO 8529-3,
of response

1ISO 9404-1,
250 mm thicl

ISO 15080,

ICRP 60 (19
Publication 6

ICRU 39 (19
1985 (Interng

ICRU 51 (19
Commission

ICRU 57 (19
Report 57, 1

ICRU 60 (19
Commission

IAEA") (1986

IAEA (1996)
lonizing Rad

nclosures for protection against ionizing radiation — Lead shielding units for 50 mm and 10

Reference neutron radiations — Part 1: Characteristics and methods of production

Reference neutron radiations — Part 3: Calibration of area and personal dosimeters and det
hs a function of energy and angle of incidence

Enclosures for protection against ionizing radiation — Lead shieldjrig units for 150 mm, 20
walls — Part 1: Chevron units of 1560 mm and 200 mm thicknes$

Nuclear facilities — Ventilation penetrations for shielded enclosures

0, Annals of the ICRP, 21, (1-3), Pergamon Press, ‘Oxford (1991)

B5), Determination of Dose Equivalents Resulting from External Radiation Sources, ICRU
tional Commission on Radiation Units and-Measurements, Bethesda, MD)

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

98), Conversion Coefficients~for use in Radiological Protection against External Radiaf
D98 (International Commission on Radiation Units and Measurements, Bethesda, MD)

08), Fundamental Quantities and Units for lonizing Radiation, ICRU Report 60, 1998 (In
on Radiation Unitsand Measurements, Bethesda, MD)

), Safety Guides, Safety Series No. 76, Radiation Protection Glossary, Vienna

Safety»Guides, Safety Series No. 115, International Basic Safety Standards for Protecti
ation.and for the Safety of Radiation Sources, Vienna

) mm thick

ermination

0 mm and

91), 1990 Recommendations of the International Commission on Radiological Protecfon, ICRP

Report 39,

fernational

jon, ICRU

ternational

bn against

1)

International Atomic Energy Agency.
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3 Terms and definitions

For the pu

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

3.1 Quantities 2 and units

3.141

equivalent dose in a tissue or organ

Hy

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

Ht

where Dy
weighting

[ICRP 60:

NOTE 1
the radiatio

HT=

NOTE 2

3.1.2

effective fose

E
sum of theg

E =

4

where Hy
[ICRP 60:

NOTE 1

WR XDT,R

L is the absorbed dose, averaged over tissue or organ T, due to the radiation R and"g is
factor, which is dependent of the energy of the neutrons

991, IAEA Safety Series No.115:1996]

In the case of several radiation qualities, the equivalent dose in a tissue or, organ, Hr, is the sum of {
N weighting factor Wr and the mean absorbed dose, Dt R:

>_‘ WR XDT,R
R

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

s the equivalent dose in tissue-or organ T and W5 is the weighting factor for tissue T
1991, ICRU 51:1993, IAEA Safety Series N0.115:1996]

These tissue weighting factors take into account the varying sensitivity of organs with respect to stoch

radiation. T

when unifomly exposed (X1 = 1).

The effectiye dose can also be expressed as the sum of the doubly weighted absorbed dose in all the tissues ang

body. The

E =

he weighting factor) 71, represents the part of the contribution of the tissue T to the total exposure of {

llowing applies based on the definition of H+:

The Sl unit of the equivalent dose is the joule per kilogram (Jkg51), with the special name sievert (Sv)}

the radiation

he products of

astic effects of
he whole body

organs of the

z WTXWRXDT,R
Z

NOTE 2

The Sl unit of the effective dose is the joule per kilogram (J-kg~"), 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”.

© 1SO 2001 — All rights reserved
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2001(E)

dose equivalent

H
product of O

H=D X

and D at a point in tissue

0

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

[ICRU 51:1993]

ambient doge equivalent

NOTE Th
314
H*(d)
dose equival

radiation field

[ICRP 60:1991, ICRU 39:1985, ICRU 51:1993, IAEA Safety Series No.115:1996]

NOTE1 A
NOTE2  Th
NOTE3 In

interested voll

3.1.5

ambient doge equivalent rate

H*(d)
quotient of d|

H*(d) 4

where dH*(d

[ICRP 60:1991, IAEA Safety Seties No. 76:1986]

NOTE Th
name sievert |

3.2 Other

oSl unit of cauivalant daca ic tha inila nar kilaarar (Llea—1) \ith tho ononial namoe ciovart (Sy)
o -ET-8gU et SR8 Ot8-pP e KO g o Kkg— Wit 154 RS RE-SI8Ye oYy~

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

Hepth d = 10 mm is recommended for strongly penetrating radiation.

e Sl unit of ambient equivalent dose is the joule per kilogram (J-kg?), with the special name sievert (S

me as at the measurement point in the real field; the field iscalled aligned.

[*(d) per dt:

dH*(d)
de

is the variation of the ambient dose equivalent H*(d) in the time interval d¢

e Sl unit of anibient dose equivalent rate is the joule per kilogram and per second (J-kg="s~"), with
er second (Sws™1). A frequently used unit is sievert per hour (Sv-h~1).

definitions

expanded

V).

the aligned and expanded radiation field, the fluence and thé.energy distribution have the same vallie in all the

the special

3.21
neutron flue
D

nce

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.

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

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

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

ISO 14152:2001(E)

[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
@g
quotient of d@ by dE:

do

0. =|==
EldE

where d@jis 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 reutron flux density

PE
quotient of d@;; by dr.

do,  d’0
dt dE xdt

PE F

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 Stunitof the Spectral neutron fluence Tate 15 M 25 +J— 3 frequently Used Unit s e =5 gV

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
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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

3.27
dose equiva

Series N0.115:1996]

lent

quantity used by the International Commission on Radiation Units and Measurements (ICRU) in defining the

operational q

uantities ambient dose equivalent, directional dose equivalent and personal dose equivalent

NOTE TH
[IAEA Safety
3.2.8

neutron flugnce-to-dose equivalent conversion coefficient

he
quotient of th

by the irradigted object:

o=
[ICRU 57:19
NOTE 1 TH
NOTE 2 An

equivalent, e.
spectra and t
conversion co

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

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

Series N0.115:1996]

e neutron dose equivalent, H, and the neutron fluence, @, at a point in-the radiation field, u

b8, ICRU 60:1998, ISO 8529-1]

e Sl unit of the neutron fluence-to-dose equivalent conversion coefficient is Sv-mZ.

y statement of a fluence-to-dose equivalent conversion coefficient requires the statement of the ty
j. ambient dose equivalent, personal dose eduivalent. The conversion coefficient, 44, depends on
ne directional distribution of the incident radiation. Their specific definitions and the respective vg
bfficients are given in ISO 8529-3.

V* by dr:

J*

t

the expegtation value of the number of neutrons emitted by the source in the time interval ds

3.29

B

quotient of dj
B = d]

g

where dN*is

[ISO 8529-1]

NOTE 1

NOTE 2

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

“neutron source strength”.

hdisturbed

pe of dose
the energy
lues of the

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

© 1SO 2001 — All rights reserved


https://standardsiso.com/api/?name=f1f7fc9509dca7702d503013b31da814

ISO 14152:2001(E)

3.2.10

spectral neutron source strength

energy distribution of neutron source strength
Bg

quotient of dB by dE:

_dB
T

where dB is the increment of neutron source strength in the energy interval between E and £ + dE

[1SO 8529[]

NOTE The Sl unit of the spectral neutron source strength is s~'-J~'; a frequently used unit is cm2-s5%.eV1]

3.2.11
neutron flux
N
quotient of dN by dr:

N=PN
dr

where dN |s the increment of the number of neutrons in the time interyal d¢
[IAEA Safe¢ty Series No. 76:1986]

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

3.2.12
kerma
K

quotient of d£}, by dm:

dEtr
dm

K =1

where dEj is the sum of the initial kinetic energies of all the charged ionizing particles liberated Ry uncharged
ionizing particles in a material of mass dm

[1ISO 921]

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

NOTE 2 Tla 1 R P ol £ Lei 4 Il o 44
Fc TIarnic RTITTHa 1o UTTIVOU TTUNTT ATTTCUL TIHICTYY TTITasTU I ITiaticr.

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]

© 1SO 2001 — All rights reserved 7
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3.2.14

supervised area
any area not designated as a controlled area but for which occupational exposure conditions are kept under review

even though

[IAEA Safety

3.215
exposure

specific protective measures and safety provisions are not normally needed

Series No. 115:1996]

act or condition of being subject to irradiation

NOTE E
(irradiation by
occupational,

[IAEA Safetyj

3.2.16
shield

sources inside the body). Exposure can be classified as either normal exposure or potential €xpo
medical or public exposure and, in intervention situations, either emergency exposure or chronic\expos

Series No. 115:1996]

material inteffposed between a source of radiation and persons, or equipment or other objects, in order tg

the radiation

[IAEA Safety

3.217
shielding
action to calq
required fund

3.2.18
source
anything (ap
radiation or r

[IAEA Safety

3.2.19

cross-sectid
probability of
particle, whid
particles sysf

[IAEA Safety

Series No. 76:1996]

ulate, design, select appropriate material, and verify the efficiency of a shield, in order to al
tions with regard to the radiation protection objectives

paratus, substance, installation) that may cause radiation exposure, such as by emittir
bleasing radioactive substances or materials

Series No. 115:1996]

n
an interaction, of a specified type between an incident particle, or an incident radiation, ar

em

Series No. 76:1986, 1SO 921:1997]

posure can be either external exposure (irradiation by sources outside of the body) or internal exposure

sure, either
ure.

attenuate

chieve the

g ionizing

d a target

h permit the-evaluation of the number of interactions between a particle flux, or radiation, apd a target

NOTE

1 barn = 1028 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 N0.115:1996]

The ST unit of the cross-section is m#, the symbol denofing cross section is o. A frequently used unit is the barn:

© 1SO 2001 — All 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 Basgic principles

The basic
gamma ra
reduces th
ALARA pr

— Time
shoul

— Distance: the distance between the exposed person and the neutron‘source should be optimized

— Shield
neutrq
due tdq

NOTE
in order to
can be driv

principles of a neutron shielding design for neutrons are the same as those used. in the de
diation shielding. The use of time, distance and shielding apply, albeit differently. The ove

velopment of
rall approach

e personal doses to workers and the collective doses to general public. In review, taking int¢ account the

nciple (see 5.5), these principles are applied as follows:

of exposure: the time that areas adjacent to the shielding are ocecupied (time available f
j be carefully determined and minimized.

ing: must be provided to first moderate the neutron,«second absorb as far as possible
n flux and third minimize the gamma radiation originating from the neutron absorption prd
neutrons depend on the neutron fluence and its spéctral distribution.

In certain special uses, and in addition to the previous requirements, the neutron source strengths c|
bllow intervention close to the radiation sources. li\is the case of experimental reactors where the “n
bn and adapted to the required level.

or exposure)

maximized).
the residual
cess. Doses

An be reduced
Butron source”

rnational Standard radiological objectives are expressed in terms of ambient dose equivalent, £*(10),

uivalent and

f the particle
t conversion

ss shall be

Choice of design criteria — choice of dose objectives and other design criteria.
Characterization of the radiation sources.

Identification of constraints on placement and construction.

Choice of the calculation methods.

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

)

Experimental verification.

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

© 1SO 2001 — All rights reserved
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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
- arrangemént within the shield

implementation of the shielding
calculation method:

- manual method
- computer codes

agssLaLe,

a5
AL s e

R

Experimental verification
and if needed,

additional shielding -

Figure 1 — General architecture of the methodology used to establish an operational neutron radiation
protection shielding system

10 © 1SO 2001 — Al rights reserved
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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
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are givenin 5.2t0 5.4.
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shall comply
wall, playing
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nts such as

| constraints, chemical constraints, fire constraints, thermal constraints, architectural constraints, general

straints, shall, in addition, be considered.

htly, persons involved in shielding design should review “the locally applicable radiatiq

n protection

5 and requirements as well as regulations concerning. building, fire protection, factory sdfety or other

5 applicable at the facility or for the operation. Examples of items to be considered are discus
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on specific protection requirements)
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d areas.

A controlledrarea is one in which normal working conditions, including the possible occurré
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Xposure.

A'supervised area is one in which the working conditions are kept under review but specia

sed in 5.2.
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| procedures
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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 an

d 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

5.3 Deter

ICRP recommendations.

ination of t! g £ worh

The total eff¢ctive dose in a controlled or supervised area is the summation of the effective doses\rec
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e of design criteria in terms of radiological objectives

fication for dose and dose rate limitation

pses of this International Standard, the definitions of ICRU Report 51 and ICRP 60 shall be
minology. The system for dose regulationsrecommended in this International Standard is
tions of the International Commission on Radiological Protection (ICRP 60). Users of this In
buld familiarize themselves with the -applicable national or international systems for dose li
cility or in effect for the operation prior to selecting shielding materials and designing the

ended dose limits are stated.in terms of the effective dose and the equivalent doses to theg
skin and the extremities.

cal objectives are-usually expressed as a percentage of the applicable occupational dose
members of the"general public.

ently recommended occupational dose limitation of the ICRP as stated in ICRP Report 6(
effectivendose per year, averaged over five years (100 mSv in 5 a), with the further provisi
dosé>should not exceed 50 mSv in any single year. The 5-year period shall be defin
[y-authority, e.g. as discrete 5-year calendar periods. The annual equivalent dose to the ler
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bn that the
ed by the
ses of the
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p skin and the exiremities are respectively 150 mSv, 500 mSv and 500 mSv. Therefare the

shield shall ensure that the ambient dose equivalent #*(10) does not exceed the previous values.

protection

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 avgrage of 400 pSv-week 1,

— an avgrage 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 practi¢al purposes, the dose constraint, which is a fractional quantity ofithe individual dose limif| for radiation
workers, ghall be selected in accordance with the ALARA (As Low As Reasonably Achievable) grinciple. The

ALARA piinciple 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 Nommal, off-normal and emergency operating requirements

Operatingland 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 réstricted areas.
b) Contrpl of personnel access into the controlled, supervized and restricted areas.
c) Estabjishment of stay times under-nermal, off-normal and emergency conditions.

d) Requjrements for the use of personal protective clothing, respiratory protective equipment, etc., fpr controlled,
superyized and restricted @reas.

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

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

5.7 Otheritems 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 Speci]al criteria or safety considerations

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

a) The poté¢ntial contributions of gamma and other particles to the dose objective.
b) The effect or impact of introduced or surrounding objects (such as water tanks, eontainment walls, efc.).
c) Compliahce with safety code regulations.

d) Resistarjce to radiation.

e) Resistarce 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, carg should be
taken to keep these in operation during all stages of the life of the installation.

6 Characterization of neutron sources

6.1 Chargcteristics of the neutron sources
Neutron sources are characterized by:
— areactign that produces neutrons;

— source dtrength, which is ¢he' number of neutrons emitted per unit of time or specific source strength, which is
the spedific source strefigth is the number of neutrons emitted per unit of time per unit of mass;

— neutron energy or'heutron energy spectrum;

— time strycture ‘of neutron radiation: this concerns, e.g., accelerators;

H H £ lo Lot al £ ol
— contributionsofotlrerkindsof 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);
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physical state (solid, liquid or gas);

activity due to decay products);

energy and angular source strength distribution.

6.3 Nature of the source
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chemical and isotopic composition and their variation with time (ageing, radioactive decay and increase of

and gamma
d secondary
the radiation

its or residues of radioactive productscn-glove boxes, primary ducts, filters or ventilation dudts;

ne radiations
wall. These
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tivated when

submitted to neutron radiation. This includes structural frameworks, containment materials, shielding, walls,
coolants and atmosphere of the rooms;
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ion 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

resultin
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xternal conditions, rather than will be the case in a permanent installation.

nstraints and resistance to radiation, as defined in 7.2%0 7.10, should be considered as appr

e, the shielding materials as well as their\surface protection or casing, shall be able to wit
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The protection shield shall e.g.:

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;

— resist

— resist

—  SMOOo

— resist
7.5 Phy
The follow
specified);
a) mass
b) densi
c) physi
d) comp
e) water
f)  surfaq
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Y
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e conditioning.
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ing design must-itinto the facility. Fit is determined by the following factors:
5sible floor loading;

ble space including elevation;

c) need

forfixed or portable installation;

d) ease of assembly and disassembly;

e) necessity of vision through the shielding material;

f) availa

g) requir

ble routes for the movement of materials, availability of lifts;

ements for support or self-supporting.

available (or

In addition, the shielding materials shall not constitute a potential source of aggression for the external environment

(e.g. missi

les, 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) resistangeto decontamination agents and cleaners;
e) resistange to toxic vapours;
f)  resistange to visible and ultra violet light induced reactions;

g) resistange to the build-up of activation products (the shielding material shall be. relatively freg¢ 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 theif efficiency
against gamma radiation and neutrons. When required, the resistance to radiation of the shielding materfal shall be
improved.

7.9 Constraints imposed by other safety considerations

As approprigte, the shielding design shall also_address constraints imposed by safety requirements suich as fire
resistance, pfevention of criticality.

7.10 Economic constraints

The shielding design shall addres§ ¢ertain economic and environmental issues such as the potential for re-use,
cost of constfuction and disposal;-and material availability.

If required, gppropriate regulatory requirements concerning the issues of neutron shielding at the end ¢f their life
time (waste dlisposal, resuse), 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 declntamination 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 erlcountered
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;

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

— compfessed wood;

— plastgrs;

— comppunds of other mineral powders;

— hydrides;

— concrgtes.

8.1.3 Nejutron absorbing materials

When the [neutrons have been moderated or have beenislowed down, they can more easily react with|atoms in the
shielding pr be captured. Gamma radiations are'produced by these reactions. The most cominon suitable
materials, |those with high reaction cross sections-for thermal neutron capture (2 200 m-s=! or 0,024 3 eV) which

shall be uged in conjunction with hydrogenated-niaterials are:

— boron[ 10 [o, (n, o) = 4 000 barn —.g3\(n, y) = 0,1 barn] — boron produces 558,8 keV and 657,3|keV gamma
radiatjon;

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

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

— natural cadmium/f o, (n, y) = 2 500 barn];

— water|[ g5 (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 ecause of
the differencgs between neutron scattering and capture cross sections.

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

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

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

Typical matefrial specifications that specify the number or hydrogemn,atoms contained in the material as yell as the
percentage df certain absorbers are listed in annex C.

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

8.3 Arrangement of materials in the shielding

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

When there fre layers of differenrtymaterials in a shielding, it may be important to arrange them in an|order that
takes advantage of their attentation 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
recommendgd-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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b) Case of a source spectrum constituted by vitrified waste fission products

NOTE In the present calculation, the considered sources are spherical sources, of respective diameter of 14 cm [case a)]
and 20 cm [case b)], while the shields are of plane geometry, placed at 20 cm from the source.

Figure 2 — Relative compared neutron and gamma contribution to the total dose, for some usual materials
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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.
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For the design of the additional shielding, the following guidance shall be taken into account (see also I3
The additiorjal shielding' shall ensure that the shielding efficiency of the considered lessening, ta
directions, providesthe 'same level of the shielding as the current shielding layer.

The design

es, it may be desirable to place a layer of high Z material before the moderator to absorbt
moderate the neutrons through inelastic scattering. That may be reinforced with a-layer
derating characteristics with an outer layer of material with high neutron capture cress’sectiq

urce has a large proportion of gamma radiation, the largest part ©f the gamma radiation
d in the first layer of the shielding. The following layers, cenfaining neutron absorbers
H against gamma radiation damage and will have a longer life)span.

of cylindrical geometry (transportation cask), the matefial’of highest density shall be instal
diameter thus achieving a considerable saving in weight.

g high density layers (lead, depleted uraniumy\iron, etc.) on the outside of the shielding. Iron

rate high energy capture gamma radiationin the presence of the remaining neutrons.

ngement of the shielding layers or thescomposition of the shielding material can be redefi

pl considerations for complex shielding including weak points

cal lessenings), additional shielding shall be placed on the radiation leakage lines, inside d

ne gamma
bf material
ns.

should be
are thus

ed on the

large amount of capture gamma radiation is produced inside the shielding, protection can b¢ achieved

. however,

ned during

points of the current™shielding are unavoidable (service penetrations, ducts, labyrintls, zigzag

f the main

O 15080).
ken in all

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,

22

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 cglculation methods like those detailed in annexes E and F can be used for the definition_ Of,the preliminary
design.

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

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

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

10 Choice of the final solution
Final shie|ding choice is usually a compromise taking into account environmental constraints and|other safety
considerafions, the relative efficiency of the available“shielding materials and their arrangement within the shielding,
and cost cpnstraints.

The proceps often involves successive steps or iterations:

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

— prelinjinary calculations or’these series of materials;

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

It should Re noted-however that no single method or solution is universal and no material is ideal. It [s always the
result of alcompromise 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.

24 © 1SO 2001 — Al rights reserved


https://standardsiso.com/api/?name=f1f7fc9509dca7702d503013b31da814

A.1 Basi

A.1.1 (a,m)reactions

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

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

An examp

ISO 141

Annex A
(informative)

Considerations on neutron sources

ic neutron producing reactions

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

E (s)
"

B, -

10

0,0 il
107 10! 10° 10!

E, (MeV)

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

52:2001(E)

5 can trigger

ium. Typical

the stopping

A1.2 (v,

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)®Be. 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, %Mn, 72Ga, 88y, 116|n, 124gp, 226Ra, 238py or 239Pu associated with Be, B, Li or D,0.

The energ

y spectrum can be approximated to fission neutrons spectrum (see clause A.3).
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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 thermonug
have a typic

peaks depends on the plasma temperature and on the possible additional heating on the plasma.

Figure A.2 sk

A.1.5 Nucl

ows 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

par fission

lear fusion machines the main reactions are D(D, n)3He and D(T, n)*He. Therefore, flusio
bl line spectrum. The neutron spectrum is peaked around 2,45 MeV and 14,1 MeV( The width of the

\ neutrons

Fission neution sources can be spontaneous or induced. The spectra of both fission sources are similaf, but their

intensities m

actinide

the core

fresh or

st be calculated differently. Primary sources, which emit direct radiation are listed below:
solutions;
of a nuclearreactor;

rradiated fuel assembilies.

Tables B.1 ta-B

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

26

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 24'Am-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 « ’ fluencefto-dose
Source Half-life average source to “neutron” dose . .
average . equwalent conversion
energy strength equivalent rates -
energy coefficient
a MeV MeV s Tkg™! pSvlcm?
252¢f - p,0 2,65 0,55 2,1 2,1x10"° 0,18 105
moderafed
252(f 2,65 3,13 2,3 2,4x1012 0,05 385
s LBg™"
24 Am-B(fx, n) 432 2,72 2,8 1,6 % 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 hedvy actinide isotopes (with atomic- numbers greater than 90) split spontaneously producing an average

number (1)) of neutrons per spontaneous:fission. The associated spontaneous fission half-lives are genqerally longer
than thosq of radioactive decay thrgugh o or B emissions for these nuclides except in the case of some very heavy
actinides, F48Cm to 254Cf, wheresthey are of the same order of magnitude.
When thefe is no self-absofption, the source strength B and specific source strength By are given by|the following
formulae:
n 2)xvXN In 2)xvxA4
B = L)—V and BS — %
TS Typ XM

where

v is the average number of neutrons per spontaneous fission;

N is the number of atoms in the source;

Tsp s 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:

2

B=—1]
—

—_

where

1

b

1

eff

b. repiesents the source strengths of the different neutron sources described abiove;

ke is the effective multiplication factor of the assembly, representing the: balance between prod

con

sumption of neutrons.

A.3 Emission spectrum of neutron sources

A.3.1 Fusi

Nuclear fusig
for D-T react

A.3.2 Spor

Figure A.3 sk

bn neutrons

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

taneous 2%2Cf fission source

ows the neutron energy spectfum of a spontaneous 252Cf fission source (see ISO 8529-1).

0,5

04 -

03 +

iction and

14,1 MeV

Be .E(s™
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Figure A.3 — Neutron energy spectrum from a 252Cf spontaneous fission source
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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 844 « A\{in x e A%E « sinh(\/B ><E)

\ BRI R 4

N(E) represents the neutron energy distribution function, expressed in MeV~;

A and B are two parameters, expressed in MeV—1;

E is the energy, expressed in MeV.

For the fisgile isotopes 235U, 238U, 239Py, the values of 4 and B are as follaWws:

235

(thermal fission)

238y

(fast neutron fission)

239p,

(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 ehergy distribution, calculated for a fission neutron so

urce of 235U.

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

— plutoniuln—beryllium
— radium—peryllium
— 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).
[] g 3 _‘
g E 3 c
§ g 3
2 £ | 241 pm
£ 27pyBe § 28R4Be 5 Be
(] g -é 2
§° g 2
: £ £
2 -
1+ 17
1 —
0 T T T T T T ] T L T T T T T L T 0 T T T T \ T
0 2 4 6 8 10 12 0o 2 4 [} 8 10 12 ] 2 4 6 8 10 12
Energy (M&V) Energy (MeV) Energy (MeV)
8 8, g,
Ss § 8
.8 g 238 8 242Cm/Bﬂ
5 228Th/Be § Pu/Be 5
]
: f:l 1o T g
£ 2 |]_| A 2
1] 1—_ 1
° o 2 4 &8 8 10 12 e T2 "4 & " & 1o °c 2 4 & 8 10 1
Energy (MeV) Energy (MeV) Energy (MeV)

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 (v, n) reactions
Table B.1 — Characteristics of some important (y, n) reaction sources
Half-life Principal photons Average net;tron Standard
Source (nuclide produced) E Number eneray yield ®
MeV per decay MeV/
%Na + Be 15,6 h 2,754 1,00 0,967 35
24Na + D,Q 15,6 h 2,754 1,00 0,262 7,3
24A] + 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,C 2,58 h 2,522 0,010 0,146 0,08
2,657 0,007 0,214
2Ga + 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
72Ga + D,d 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 + 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 + Bg 54,2 min 2,112 0,154 0,396 0,22
1243 4 Bel 60,2d 1,691 0,490 0,022 5,1
2,091 0,057 0,378
140 5 + Be 20,41 2522 0,032 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
228R3 + Be 6,7 a 2,620 0,848 0,95
1,800 0,119
228Ra + D,0O 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 g0
210Po/Be 138,4d 5,305 4,5 70
238pu/pe 87,8a 5499; 5457, 5,358 4,5 40
241Am/Be 432 a 5,486; 5,443; 5,388 4.4 715
244Cm/Be 18,1a 5,805; 5,763 4,3 1000
242Cm/Be 163 d 6,113; 6,070 4.1 110
226Ra/Be 1600 a 7,687; 6,003; 5,490 3,9 500 °©
+ daughfers 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
21 AmfB 432a 5486; 5,443; 5,388 3 13
210po/C 138,4d 5,305 0J10
24 AmfF 432a 5486; 5,443; 5,388 1,5 411
210po/F 138,4d 5,305 b
210po/Nia 138,4d 5,305
NOTE Sources: Jaeger (1968), GPO (1970)\and Knoll (1989).
2 Yield fgr alpha particles incident on a target.thicker than the alpha-particle range.
b Does npt include a 4 % contribution.from-the spontaneous fission of 244Cm.
:Or 21:;;5?)? bre dependent on the proportion of daughters present. Value for 226Ra corresponds to a 22 year old source (5 % contribution
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33


https://standardsiso.com/api/?name=f1f7fc9509dca7702d503013b31da814

ISO 14152:2001(E)

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 P7,42
B.4 Fast neutron threshold reactions 5
Table B.4 lis{s the main neutron threshold reactions.
Table B.4 — Some important neutron threshold reactions
Target Reaction Energy threshold E, o (nuc|il<-jlgl:)-r“)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 rhin

N 14N (n,pyi*C exoth @ th 1830 573Qa

0 16Q-n-2n) 1°0 16,65 (p,n) P 1,3 2,1 njin

0 160 (n, p) 1®N 10,24 (p,n) P 6,2 735

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

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

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) ICRP publication 21 (1971).

5) From Neutron Contamination from Medical
Measurements, Report No. 79, 1984.

Electron Accelerators, National Council on Radiation Protection and
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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¢ 84,3 d
Ca 48Ca (n, y) 4°Ca exoth 2 th 1090 8,1 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° 2,69 h
Ni 58Ni (n, p) %8Co, 8MCo 2,80°¢ 71,3d]-9,15h
Ni 58Ni (n, 2n) ®Ni 12,30 ¢ 3p h
Co 59Co (n, y)89mCo exoth @ th 20 000 10,5 min
Co 59Co (n, y)8%Co exoth 2 th 17 000 5p7a
Cu 63Cu (n, y) %4Cu exoth_2@ th 4 500 14,7 h
Cu 63Cu(n, 2n) 82Cuy 12,40 &/\0,03 2 11,5 10 9,78 min
Cu 65Cu (n, y) 86Cu exoth @ th 2170 5,1 min
Cu 85Cu (n, 2n) ®4Cu 11,20¢/10,06 2 11 35 14,7 h
Zn 64Zn (n, p) %4Cu exoth @ 14,7 h
Rh 103Rh (n, n') 103mRp 0,70 ¢ 56,1 min
Ag 107Ag (n, 2n) 198Ag 10,70 ¢ 241l min
Cd 113¢d (n, f) 4Cd exoth 2 th 2,06 x 107
In 15| fna*) 115mIn 1,40 ¢ 4,50 h
| 1271)(n, 2n) 129] 11,50 ¢ 132,8d
Au 97Au (n, v) 198Au exoth @ th 9,86 x 104 2|7 d
Th 232Th(n, f) fission products 1,40¢
Np! 237TNp(n, f) fission products 0,70 ¢
u 2381 _£) fission-products 4.49¢
@  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 matgrials (see Table C.1).

— Polyethylenes
— Silicone$
— Polyethylene/polypropylene resins

— Various prganic materials
Mineral matdrials (see Table C.2).

— Concretes

— Mineral powders
—  Water
— Mineral glasses
— Metallic plloys
— Hydrides
— Metal/repin compounds

The charactgristics given in these tablés,concern the following information.

— Designation of material, with“possibly the most common trade ® name.
— Descripfjon of the matgefial.
— Relative|density.

— The maih atomi¢ contents, expressed in atoms/m3.

— Percentagé 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
attenuationforabsorptiomof Teutrons—thydrogenouscomportent; boror, cadmmiunyor T theattenuatiormofgamma  radiation
(lead, uraniuym, gadolinium).
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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®.1.2 to D|.1.4 are to
be considered.

D.1.2 Source evaluation codes

Here the follgwing feature prominently:

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

c) depletion software that calculates the transformation initime of a population of radionuclides sybject to a
particulgr flux.

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

D.1.3 Trangport calculations

Here the aim is to evaluate a response(in a point of the phase space, following the emission of particl¢s in other
points of this|space.

Through evdluating particle flux ©f external exposure, among other things, these programs are used|to design
equipment and facilities, with-tegard to radiation protection.

D.1.4 Dose¢ management software

to the risk of exposure to ionizing radiation. The codes use databases that combine (measured or ¢alculated)
exposures with:basic p:rnmnfnri7nd tasks or \A/nrkplar‘pc

Here the obf;Fctive is-to optimize the radiation protection of the workers as well as of the general public, with regard

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.
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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 7, N MERCURE, ANISN, INTERPOL
ALPHAN 1982 S R,D, P cp No
ANISN 1994 T D,P 7, N TAPEMA, PRESOU, MERGURE
CESAR 1993 S R,D, P n, e No
DANTSYS]|3.0 T R,D,P
DARWIN - 1997 S R,D, P v, N, € a APQLLO, 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 ¥/ n, e, cp No
HETC T,G R,D, P Y, N No
KAFKA 1993 S P n, e INTERPOL
R, DyP
MCBEND T R;D, P Y, N
MCNP 1997 T R,D, P Y, N, e
MERCURH 1995 T R,D, P Y, N No
MORSE T R,D, P Y, N
NARCISSKE 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
@ 8 =Source; T = Transport, G = Dose Management.

b

¢

P = Basic design; D = Design; R = Research.

Y = gamma; n = neutrons; e = electrons; p = protons; a = helium nuclei; cp = other charged particles.

© 1SO 2001 — All rights reserved

59


https://standardsiso.com/api/?name=f1f7fc9509dca7702d503013b31da814

