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Forewo

rd

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

This is the first of a set of three International Standards concerning the calibration of dosemeters and
dose rate meters for neutron radiation for protection purposes. It describes the characteristics and
methods of production of the neutron reference radiation fields to be used for calibrations. ISO 8529-2
describes fundamentals related to the physical quantities characterizing the radiation field and
calibration procedures in general terms, with emphasis on active dose rate meters and the use of
radionuclide sources. ISO 8529-3 deals with dosemeters for area and individual monitoring, describing
the respective procedures for calibrating and determining the response in terms of the International
Commission on Radiation Units and Measurements (ICRU) operational quantities. Conversion
coefficients for converting neutron fluence into these operational quantities are provided in{[SO 8529-3.
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Neutron reference radiations fields —

Part 1:

Ch

aracteristics and methods of production

1

This
to 2
dete)

This
refel
desqd

The

Inv

cope

document specifies the neutron reference radiation fields, in the energy range from
) MeV, for calibrating neutron-measuring devices used for radiation protection purpq
rmining their response as a function of neutron energy.

document is concerned only with the methods of producing and gharacterizing t
ence radiation fields. The procedures for applying these radiatien fields for calib
ribed in References [1] and [2].

heutron reference radiation fields specified are the following:

heutron fields from radionuclide sources, including neutren fields from sources in a mo|
heutron fields produced by nuclear reactions with charxged particles from accelerators;
heutron fields from reactors.

ew of the methods of production and use @f'them, these neutron reference radiatio

dividled, for the purposes of this document, intg, the following three separate clauses:

2

n Clause 4, radionuclide neutron sources with wide spectra are specified for the c3
heutron-measuring devices. These.Sources should be used by laboratories engaged in
ralibration of neutron-measuringjdevices, the particular design of which has already
fested.

n Clause 5, accelerator-preduced monoenergeticneutrons and reactor-produced neutrox
pbr quasi monoenergetic'spectra are specified for determining the response of neutron
Hevices as a functionef neutron energy. Since these neutron reference radiation fields a
ht specialized and well-equipped laboratories, only the minimum of experimental detai

n Clause 6thérmal neutron fields are specified. These fields can be produced by
radionuclideé sources, accelerators, or reactors.

Normative references

thermal up
ses and for

he neutron
rations are

derator;

in fields are

libration of
the routine
' been type

swithwide
-measuring
'e produced
[l is given.

moderated

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 29661, Reference radiation fields for radiation protection — Definitions and fundamental concepts

3 Terms and definitions

For the purposes of this document, the terms and definitions of ISO 29661 and the following apply:

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

ISO Online browsing platform: available at https://www.iso.org/obp
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3.1

[EC Electropedia: available at https://www.electropedia.org/

neutron emission rate of a neutron source

B

differential quotient of N with respect to time, where N is the number of neutrons being emitted from
the source, in all directions

p=dN
dt

Note 1 to enfry: The unit of the neutron emission rate s s~1.

3.2
direction d
angular di
Bg
differential

B, =3
274

istribution of the neutron emission rate
stribution of the neutron emission rate

quotient of B with respect to solid angle, where (2 is a specific spatial direetion

B

()

Note 1 to entiry: The unit of the direction distribution of the neutron emissiofixate is s~1 sr-1,

3.3

energy dis
spectral nég
B
differential

f'ribution of the neutron emission rate
utron emission rate

quotient of B with respect to energy, where E'is the neutron energy

d

B, =
E™q

Note 1 to enfry: The unit of the spectrum of neutrén emission rate is s J-1; a frequently used unit is s-1 MeV

Note 2 to enflry: The terms “spectrum” and‘energy distribution” are considered to be equivalent.

Note 3 to enfry: The neutron source emission rate B is derived from By as follows:

B=B,
0

Note 4 to enf]
emitted isot

dE

ry: At a distance [ from a point source, the energy distribution of the fluence rate ¢, due to neut

opically-from the point source with a spectral neutron emission rate By (neglecting the influen

the air and je suryounding material), is given by:

O =

3.4

E

- 4l

fluence-averaged neutron energy

E

neutron energy averaged over the energy distribution of the fluence

_ 1%
E:E-([

E-@ (E)dE

where @,(E) is the energy distribution of the neutron fluence and @ is the total fluence.

rons
ce of
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4 Broad spectrum neutron reference radiation fields produced with
radionuclide sources

4.1

Overview

1:2021(E)

In this clause, neutron reference fields produced with radionuclide sources are specified, which are

part

icularly suited for the calibration of neutron-measuring devices (see Reference [2]).

Thermal neutron reference radiation fields are achievable by moderating radionuclide sources, but are
covered by Clause 6.

4.2

The
The
sou
scat
radi

Types of calibration sources

radionuclide sources given in Table 1 shall be used to produce neutron reference radi
numerical values given in Table 1 are to be taken only as a guide to the preminent fea
ces, since the properties of a specific source vary with the construction of the source
ering and absorption of neutron and gamma radiation, and with thé-isotopic impui
pactive material used. Hence details of the source encapsulation afé)specified (see 4

method for determining the anisotropy of the neutron emission is specified (see Annex E).

252
Becd

The
300

a)
b)

In p1
in t4
matq
sphd
expe
252
Labd
mea
of tl

[ has a high specific neutron emission rate and 252Cf sources‘are therefore comparat
use of their short half-life of 2,647 years, they need regularseplacement.

D,0-moderated 252Cf source is ideally composed of a:point 252Cf source located in thg
mm diameter heavy-water sphere, surrounded by

h 0,8 mm thick iron shell, and
h1 mm thick cadmium shell.

actice, a number of designs have beenxdeveloped in reference laboratories, being sligh
rms of construction details, such as‘the guide used to locate the source in the sphere
brial used to contain the heavy water, and the structure used to suspend or hold the
re. In addition, every moderating assembly has specific D,0 purity and 252Cf source
rience of reference laboratoties suggests that variability in the construction of D,0
[ sources results in non-nlegligible differences in the energy distribution of the neutro
ratories should charaéetérize their D,0-moderated 252Cf sources by simulations a
surements. The energy)distribution of the neutron emission rate and spectrum-average
nese fields should. ‘be checked through comparisons. A representative spectrum

moderated 252Cf sguree was derived, for the purposes of this document, by Monte Carlo {

In th

is model, 1144-% of the source neutrons are absorbed in the moderating assembly. See

detalils.

241
asa

m-Be:(,n) neutron sources include appropriate alloys, mixtures or compounds of ame]
corpressed mixture of americium oxide and beryllium as appropriate. See Annex D for

ation fields.
fures of the
because of
ities of the
13), and the

ively small.

centre of a

ly different
centre, the
moderating
apsule. The
-rmoderated
h fluencel3l.
hd spectral
d quantities
f the D,0-
imulations.
Annex C for

icium, such
details.

In addition to the sources listed in Table 1, sources such as 24IAm-B(a,n)E=IRI Pu-Li(a,n)Z1(8],
Pu-Be(a,n)8], 241Am-F(a,n)lel, 241Am-Li(a,n)[?l and 244Cmll0l are also used but are not addressed
specifically in this document?).

1) Plutonium-based (a,n) sources may actually include more than one plutonium isotope, such as 238Pu, 239Pu,
240pyy, 241py and 242Pu.

© IS0 2021 - All rights reserved
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Table 1 — Reference radionuclide sources for calibrating neutron-measuring devices

Ratio of photon to neutron
ambient-dose-equivalent
rates¢

Fluence-averaged
energy?

Specific source

Half-life - b
emission rate

Source

ad MeV s1kg1

252Cf (D,0 moder-
ated)

252Cf

2,647 0,57 2,1 x1015 <0,18¢

2,647 2,13 2,4 x 1015

s71Bq!

0,05f

241Am-Bp(a,n)

small sources 4,17

4,05

rted values are calculated applying the definition of the fluence-averaged neutron energy(given in 3.4 t
hted in Annexes B, C and D.

432,6 6 x 105 <0,035h

large squrce

a

The repo b the

spectra tabul

b For 252(f
related to th
both 252Cf an

sources, the specific emission rate is related to the mass of californium. For the 241Am-Be sources, tf
241Am activity and is subject to variations according to manufacturing proces$ and degree of mixing
 241Am-Be, these are indicative values only. For any source used to produce refefénce fields, a determin

his is
. For
htion

of the neutro
Reference [13

h emission rate is needed. Information on the sources is given in Referencesq{3][11][12] for moderated {52Cf,

] for 252Cf, and References [4][5][14][16] for 241Am-Be.
¢ Calculatd

Reference [17

d  3=1med
0,1% (k=1)a

e

d on the basis of the neutron spectra given in Annexes B, C and D _afnd)the conversion coefficients given in

]

n solar year = 31 556 926 s or 365,242 20 days. Uncertainties on\2°2Cf and 241Am half-life can be assum
hd 0,14 % (k=1) respectively. Half-life and related uncertainty are taken from Reference [18].

h References [12][19].

bd as

Data fror

f For appr
the small am
component o

bximately 2,5 mm thick steel encapsulation. The lowsenergy gamma spectrum of 252Cf is easily shieldg
unt of steel in the encapsulation. Other constructign‘details are likely to affect the ratio. Data for the pH
the 252Cf field are available in References [20][22].

d by
oton

8  For definfition of "small" and "large" 241Am-Be source,se€ Annex D.

h " For sour

es enclosed within an additional 1 mm,to.2 mm thick lead shield, see 4.4 for more information.

4.3 Sourfe shape and encapsulation

| the
ss of
(o,n)
s, to

The shape
latter case,
the encapsy
source, the
some exten

f the source would ideally be spherical, but most practical sources are cylindrical. Iy
it is preferable that-the diameter and length are approximately the same. The thickne
lation should beamiform and small compared to the external diameter. For a 241Am-Be
spectral distribution, mainly in the energy range below approximately 2 MeV, depend
[, on the size@nd the composition of the sourcel21[12][16], See Annex D for more details.

Sources shduld comply with ISO 2919 encapsulation requirements[23,

4.4 Phot

pn.component of the neutron field

For 252Cf, the ratio of photon to neutron ambient dose equivalent rate is dependent upon the age of
the source because of the build-up of gamma-emitting fission products, as well as upon source
encapsulation. The 5 % value reported in Table 1 refers to new sources. During the first 30 years, this is
likely to remain below 10 %[211[22],

The 241 Am-Be(a,n) source may be wrapped in a lead shield to reduce the gamma component. A thickness
of 1 mm to 2 mm reduces the photon to neutron dose-equivalent rate to less than 3,5 %[201(21](23], This
ratio does not depend on the americium activity and source encapsulation. The lead shield produces a
negligible change (less than 1 %) in the neutron dose equivalent rate. In the absence of the lead shield,
the photon to neutron dose equivalent rate (mainly from 59,5 keV gamma radiation) depends upon
the source construction. Based on bibliography datal29l, it decreases as the physical size of the source
increases. Typical values for bare sources are 50 % for small sources (in the order of 37 GBq), 30 % and
20 % for larger sources (370 GBq and 555 GBq respectively).

4 © IS0 2021 - All rights reserved
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Energy distribution of neutron source emission rate
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The tabular and graphical representation of neutron spectra in this document is addressed in Annex A.

The

energy distribution reported in Annex B shall be used for 252Cf sources.

The spectrum of the D,0-moderated 252Cf source is affected by the construction details of the
moderating sphere, D,0 purity, and any additional material surrounding the source. See Annex C for

deta

ils.

For 241Am-Be, sources with different capsules, americium activity, chemical composition, granularity of

the

ctive material, and construction methods resultin c]ighﬂy different spectra This is discussed in

Ann

The
usin

whe
cony

4.6
The

anis
CooT]

The
shal

For

sma
deps
Anif

Oncg
for

The
and

average fluence to dose equivalent conversion coefficients, hg can be derived from

b Formula (1):

-
o == ! hg (E)®gdE

Fe @ is taken to be proportional to By and hg(E) is the energy-dépendent fluence to dos¢
ersion coefficient from Reference [17].

Neutron fluence rate produced by a source

the spectra

@)

b equivalent

fluence rate produced by a neutron source is determined primarily from its neutron e

btropic neutron emission in a coordinate system fixed in the geometrical centre of the
dinate system is shown in Figure 1.

heutron emission rate, B, and its direction’distribution, dB/d(2, in the direction used for ¢
be determined (see also Annex E).

he purposes of determining the-direction distribution[24], the measuring device shoy
lest solid angle consistent with'deriving good statistics and should have sufficiently s
ndence of the fluence response to avoid sensitivity to changes of the energy with
otropy measurements should be corrected for the contribution of scattered neutrons.

 this is done, the neutron fluence rate, at a distance, [, from the centre of the source in
hich 6 = 90°, mdy-then be taken as per Formula (2):

_dBH
P(1,90°) _EXI_Z

neutron fluence rate obtained from this expression still has to be corrected for air

ission rate,
B, and the distance between the source centre and.the point of test. Neutron sources ger?t:

rally show
source. The

alibrations,

1d have the
mall energy
the angle.

a direction

(2)

ittenuation,

sCattering from air and the surrounding material. These corrections, which are only Ilnegligible in

exce

ptional circumstances, are described 1n detall In Reference [1].

© IS0 2021 - All rights reserved
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Fig

4.7 Dete

The emissi
before use.
arelative st

For 241Am-Be(a,n) sources there is the possibility that, with time, the constituent components may

with resped

The source
basis. It is i
ZSOCf, 254Cf,
certificate

source matg

Itis recomn

to recalibrating the Sources in a manganese sulphate bath is to perform regular stability tests ag:

stable instr

ure 1 — Coordinate system for the case of an anisotropically emitting source

rmination of the neutron source emission rate

n rate from 241Am-Be(a,n) and 252Cf sources shall be measured by a reference labora
Reference laboratories can generally measure the emission rate of neutron sources tow
andard uncertainty of about 1,5 %. (k=1)[22],

t to each other, with a resultant change in the neutron source emission rate.

emission rate of a 252€fsource shall be corrected for radioactive decay on a day-to
mportant to take into account the decay of all the constituents of the source including
and 248Cm in available 252Cf sources[2t], Therefore, the manufacturer shall supply a d
pf the isotopic.eomposition and a record of when the curium was last removed fron
erial.

nended that'the emission rate of neutron sources be checked every five years. An altern

Lments or against other sources.

tory
thin

shift

-day
r the
ated

the

htive
hinst

For 252Cf sources expected to have more than 5 % neutron emission due to the combination of 20T

248Cm, these tests should take place more frequently.

4.8 Irradiation facility

and

In general, irradiation rooms have thick walls (for example concrete) for shielding. In this case, the inside
dimensions should be as large as practically possible. The magnitude of the correction for room- and air-
scattered neutrons, and the resulting uncertainty in the field quantities, depend critically on the size of
the room. In all cases, the effects of scattered neutrons may be characterized through measurements
with a shadow cone and investigations of deviations from the 1/I2-relationship (where [ is the distance
between the neutron source and the detector reference point). Details of the recommended calibration

procedures

are dealt with in Reference [1].
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5 Reference fields for the determination of the response of neutron-measuring
devices as a function of neutron energy

5.1

Overview

In this clause, neutron reference radiation fields produced by particle accelerators and nuclear reactors
are specified. Those with nearly-monoenergetic spectra may be especially suited for the determination
of the response of neutron-measuring devices as a function of neutron energy. These fields may also
be used to determine dose equivalent rate dependence and directional dependence. Radiation fields

spec

ified in this clause may also be used for the calibration of neutron-measuring devices.

The
Or I'

5.2

The
alon
spad

thenph were chosen because they can be produced in multiple ways (sée for example 0,024 M

Othg
and

With
usin

mal neutron fields are achievable at reactors and by moderating neutrons from particle.3
dionuclide neutron sources, but are covered by Clause 6.

General properties

recommended neutron energies and the methods used for their prodiiction are giver
g with relevant references. These energies were chosen for practical teasons, including

r energies can be used, provided they are well characterized. Methods to produce the
fo characterize the fields can be found in References [27{.and [28].

accelerators, the neutron energy range between 2keV and 19 MeV can be covered
b protons and deuterons up to 3,5 MeV, except for-the gap region (6 MeV to 13 MeV).

iccelerators

in Table 2,
yield, even

ing in logarithmic energy scale, and availability of data from intérhational comparisgns. Some of

eV).

se energies

in principle

Production of monoenergetic neutrons at 0° is usually advantageous because it shows a Mlaximum in
the yield and a minimum in the variation of theienergy and the yield with the angle. But apgles larger
than 0° can be also used[2?], provided that-account is taken of specific problems, such ap the larger
contiribution of scattering in the target assembly, the strong variation of yield and energy|with angle,
and the increased relative photon contribution.
Taljle 2 — Neutron radiations for determining the response of neutron-measuring devices as a
function of neutron energy
N¢utron energy Refergnces
Method of production
MeV (see Biblipgraphy)
0,002 Seandium-filtered reactor neutron beam or accelerator-pro- [30]
duced neutrons from reaction 45Sc(p,n)*>Ti
0,008 Accelerator-produced neutrons from reaction #5Sc(p,n)45Ti (31]
0,0242 Iron/aluminium-filtered reactor neutron beam or acceler-
ator-produced neutrons from reactions #5Sc(p,n)*>Ti and 29][32]
Li(p,n)”Be.
45S¢(p,n)*4°Ti can generate both 0,024 and 0,027 MeV varying
the angle. (33]
0,022 8 MeV neutrons can also be produced using a 124Sb-
Be(y,n) radionuclide source
0,144 2 Silicon-filtered reactor neutron beam or accelerator-produced [30][34][35]
neutrons from reactions T(p,n)3He and 7Li(p,n)”Be
©1S0 2021 - All rights reserved 7
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Table 2 (continued)

Neutron energy . References
Method of production
MeV (see Bibliography)
0,252 Accelerator-produced neutrons from reaction T(p,n)3He and }
7Li(p,n) "Be 1
0,5652 Accelerator-produced neutrons from reaction T(p,n)3He and
7Li(p,n) "Be ¥
1,22 Accelerator-produced neutrons from reaction T(p,n)3He }
2,52 Accelerator-produced neutrons from reaction T(p,n)3He 1
2,83 Accelerator-produced neutrons from reaction D(d,n)3He 1 [22)(23]
5,07 Accelerator-produced neutrons from reaction D(d,n)3He 1
14,8%b Accelerator-produced neutrons from reaction T(d,n)*He 1
17,4 Accelerator-produced neutrons from reaction T(d,n)*He 1
19,0r Accelerator-produced neutrons from reaction T(d,n)*He 1
a Energies gt which international comparisons of neutron fluence measurements weteperformed[361[38],
b Acceleratpr-produced neutrons, with deuteron energy up to a few hundred keV.
¢ Inthe 17 MeV and 19 MeV fields parasitic neutrons are very likely to be presént because of the high deutgron
energy used to produce this field. They need to be subtracted using a wel-matched blank target. Such targets
are routinely available, and the time-of-flight technique should be used te check the equivalence of the targets. In
this way, thd parasitic neutrons can be corrected for, and the fluence of the pure 17 MeV and 19 MeV neutron field
can be deterjmined. Attention has to be made for those instruments gnder test that are also sensitive to parasitic
neutrons with energies lower than the main monoenergetic enétgy. In this case, a blank target measurement
might also bie necessary.

5.3 Neutyon reference radiation fields produced with particle accelerators

5.3.1 General requirements

An accelerdtor providing protons and deuterons up to an energy of 3,5 MeV is required to gengrate
neutrons of| all the energies given in Fable 2. For the production of neutrons with energies of 2,8 |MeV
and 14,8 MgV, however, a small accelerator with a potential of up to few hundred kilovolts, is suffidient.
When thesq neutrons are used forcalibrating instruments, the following parameters shall be assegsed:

— charged particle beam energy;
— angle re¢lative to the ¢harged particle beam;
— neutron fluencemeasurements and monitoring;

— neutron spectrum,;

— sources ol scattered and contaminant neutrons;

— target age and thickness.

5.3.2 Energy of charged particles

Computer codes or databases are used to derive the charged particle energy required to obtain a given
neutron energy[341(35],

The energy of the incident charged particle beam shall be determined. A stabilised analysing magnet
calibrated by means of a few known nuclear reaction thresholds may be used in order to select the
momentum of the particle beam. The energy loss of the charged particles in the target shall be taken
into account in the calculation of the bombarding energy needed to produce the required neutron
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energy. Relevant stopping power values in different materials can be found in References [39][41]. A
computer code to calculate stopping power values can be found at www.srim.org.

5.3.3 Neutron spectrum

Due to energy losses in the target, and other influences, accelerated charged particles generate, at a
given angle, neutrons with a narrow, but finite, width in energy around the stated reference energy. For
thin targets[27], it is not necessary to consider this energy spread when applying the fluence-to-dose-
equivalent conversion coefficients in order to calculate the dose-equivalent quantities. The conversion
coefficients for the “monoenergetic” neutrons at the stated energy are used in this case.

With
incig

endothermic reactions, two neutron groups are produced near the threshold rels
ent proton beam. This is the case for the T(p,n)3He reaction if it is used to provide neutr

of efther 0,144 MeV or 0,25 MeV at 0°. To obtain monoenergetic neutrons of these ener

angl
Alte
reac
deut
limit
the ]

Exci
with
be u
the 1

es of neutron emission should be used with charged particles of correspondingly high
Fnatively, the 7Li(p,n) reaction can be used to produce these energies. Fof-the exothe
tion, account shall be taken of neutrons produced by the lower energy D(@d;n) reaction, g
erium implantation during irradiation or pre-existing deuterium contamination of thg
the effects of deuterium implantation, the use of the same target-for more than one §
[(d,n) reaction is deprecated.

fed states of the residual nuclei are formed for scandium ard lithium for neutrons prd
energies above 0,053 MeV and 0,65 MeV, respectively. These higher particle energies
sed if the response of the instrument to the resulting additional neutron energy grouj
elative intensity of the secondary group to that of the primary group, are known.

itive to the
on energies
gies, larger
er energies.
rmic T(d,n)
rising from
tritium. To
bnergy with

duced at 0°
should only
b, as well as

5.3.4 Parasitic and scattered neutron background

Pardsitic neutrons are those that are not part of'the desired reference spectrum and occur for example
fron} scattering and from contaminant reactions. Corrections need to be considered:

a) Inthe measurement of the neutron flience;

b) |n monitoring the neutron produetion;

c) Inevaluating the performance of the instrument under investigation.

To reduce the effect of seattered neutrons, the room used for the measurements shall be|as large as
posdible (see 4.8).

To reduce the influence of the scattered neutron background on a measurement, a reactior] angle of 0°
shoyld be used wilterever possible, and the target assembly mass should be as low as possible.

The pffect of\parasitic neutron-producing reactions in the target, and of neutrons scattered in the target
assefmblyfon the neutron energy distribution shall be determined.

The |[background resulting from reactions of the beam in the target backing, or in material used to

absorb the reacting element, e.g. titanium for tritium and deuterium targets, can be accounted for
with "blank target" measurements, where a non-active target, having the same construction details
and materials, is irradiated. Scattering of neutrons in the target assembly is best accounted for using
neutron transport calculations.

Target properties should be monitored by time-of-flight neutron spectrometry to investigate depth
profiles of reacting isotopes, impurities, and deuterium implantation[42],
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5.3.5 Neutron fluence measurement and monitoring

Practical guidance on the measurement of neutron fluence can be found in Reference [28] and may be
obtained from neutron reference laboratories. Appropriate methods and instruments may include:

a) counters measuring recoil protons (hydrogen-filled proportional counters, recoil-proton
telescopes, scintillation detectors);

b) activation of threshold and resonance detectors;

c) fission fragment detectors;

d) detectdrs of well-known, calibrated efficiency (for example a precision long counter).

The neutrop fluence shall be determined at the location of the instrument to be calibrated. If the
measuremdnts with the reference instrument are done at a different distance to the measurenjents

neutron flu¢nce including air scattering shall be considered. Attention should be paidthat the same §olid
angle is covered by the reference instrument and the object under test. One or mot¢ fluence monjtors
at other poditions shall be used during the calibration[43]. The monitors then indicate the fluence af the
location of [calibration. Account should be taken of the possible perturbatiofi-in the monitor reading
due to the presence of the reference instrument or the device to be calibrated. A correction can be
by carrying out two consecutive measurements with and without the object in place.
idn of these measurements shall be such that the integratéd beam current can be used|as a
monitor for|this period.

5.4 Neutyron reference radiation fields produced with'reactors

5.4.1 General requirements

For calibratfion purposes, unidirectional beams of neutrons shall be used. If the diameter of the begm is
small comppred to the dimensions of the measuring device under investigation, broad beam irradidtion
may be simfilated by appropriate sweeping ofthe measuring device across the beaml[44],

5.4.2 Prdduction and monitoring

The produdtion of quasi-monoenergetic neutron radiation fields by means of filtered reactor neutron
beams maljes use of the existence of deep relative minima in the total cross-sections of certain
materials af distinct energies\(for example 0,002 MeV in scandium, 0,024 MeV in iron and alumir:%um,

and 0,144 MeV in silicon)~There also exist further so-called “neutron windows” at other energies.
Hence, neutjron spectrum.umeasurements of the beams shall be made to determine the relative intepsity
of these nefitron groups:In the case of scandium (0,002 MeV), the filters shall be sited in a beam fube
tangential to the reactor corel3, The same geometry may also be advantageous for the other filtered
reactor beams. Even then, the influence of other neutron groups shall be taken into account.

Recoil-protpniproportional counters and 3He proportional counters may be used for the spectromjetry
of the neutron beam. A boron trifluoride or a 3He proportional counter may be used to measure the
absolute fluence rate of the lower energy beams (neutron energies of E, < 0,024 MeV) and a recoil proton
counter for higher energy beams (neutron energies of E,, > 0,024 MeV). Boron trifluoride proportional
counters or 3He proportional counters may be used as monitors and transfer instruments.

6 Thermal neutron reference radiation fields

In this clause, thermal neutron reference radiation fields are specified. For the purposes of this
document, neutrons in the energy range below the cadmium cut-off energy (corresponding to
approximately 0,51 eV for 1 mm of cadmiuml42]), are called “thermal”.

Thermal neutron reference radiation fields can be produced by moderating neutrons emitted by
radionuclide sources[48l or particle accelerators[4Zl, or by nuclear reactors[48l,
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Existing thermal neutron fields are different in terms of production method, construction details, field
size, presence of unwanted radiation (photons, epithermal, and unmoderated neutrons), energy and
direction distributions of the neutron field. The reference laboratory should know as much as possible
about the thermal field. Below is a set of parameters that should be specified to qualify a thermal field
as areference one:

— method of production, construction details and beam time structure;
— method used to determine the reference values;

— points of test;

— pnergy and direction distributions of the neutron field;

— fluence rate;

— fluence-to-dose-equivalent conversion coefficient;

— Hose equivalent rate;

— field homogeneity;

— fraction of epithermal and unmoderated neutrons;

— fradmium ratio;

— photon component;

— methods to account for field modifications due tothe device to be irradiated.

The frue thermal-neutron fluence rate, ¢, is the;quantity from which the dose equivalent rate may be
deriyed using the appropriate conversion coefficient, h.

The [true thermal-neutron fluence rate shallbe determined either directly from a measurgment of the
spedtral fluence rate (for example by tinme-of-flight spectrometry) or from the conventiohal neutron
fluence rate in accordance with AnnéxF, as defined in Reference [45] and measured, for exapple, by the
actiyation of gold foils[42l.

In the special case of a Maxwellian spectrum of thermal neutrons of known temperatute, the true
neufron fluence rate may be’derived directly from the measured activation for a 1/v dé¢tector (see
Annex F).
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Annex A
(informative)

Tabular and graphical representation of the neutron spectra for

radionuclide sources

A.1 Tabylar data presentation
The energy|distribution of the neutron emission rate is represented in this document as group source
emission rdte, B;, in certain energy intervals, i.e. the source emission rate between E;and E;,;, ysing
Formula (A{1):
Eiy
B;= [|Bg(E)dE A1)
E;
where B is|the spectral emission rate.
The energy|given for each group of emission rate value, B}, is the lower limit, E;, of the energy intefval,
I; the last epergy given in each table is the upper limit of the last'energy interval. The group source
emission rdte values are normalized to a total source emission rate B = 1 s~ for all sources, ysing
Formula (A]2):
n
ZBI =fs~! A.2)
i=1

The portior
indexes, ca

Formula (A
b
Eb — N

B

a

A.2 Grap

While grou
calculation;
representaf

L
4
L
il

of the source emission rate between energies E, and E;, where a and b are energy g
i be calculated by simply summing up the respective group source emission rates,

3):

B.

1
hical representation
h source€mission rate values are the basic physical data stemming from measuremen

and areto be used for further calculations of integrals, they are inappropriate for grap
ion‘ofithe spectra since their values depend on the (arbitrary) width of the energy inter

roup
sing

A.3)

Ls or
hical
vals.

If spectra a

. — L h n_c — +1 + 1 1 ;
C sIVCIL d5 d CUITLIITUUUS [dlldly titdl ) TUIICUIUIL, LHIC TIIOST COLHTTIUIT g T dPIHLAdl TCPT CSCIILd

ions

are energy distribution of the neutron emission rate, B, = dB/dE, vs. energy, E, if the E-axis is linearly
scaled, or dB/d(In E/E,), if the E-axis is logarithmic.

(The latter was historically known as “lethargy plot”; the arbitrary parameter E is needed to make the
argument of the logarithm of dimension 1.)

12
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Since d(In x) = dx/x, it follows that dB/d(In E/E,;)) = ExdB/dE = E-By. With these adoptions, spectra can be
plotted in such a way that equal areas under curves represent equal source emission rate proportions,

using Formula (A.4):

E E
J.BE (E)-dE = J.E-BE (E)-(dE /E) (A4)
Eq E;

In this document the energy distribution of the neutron emission rate is represented as plot of E-Bj (on
a linear scale) versus the neutron energy, E, (on a logarithmic scale). These are histograms reflecting
the restricted knowledge of the spectral shape. Whereas in a plot with a linearly scaled abscissa the

OI'dl E— - i 1'+1_ il t they haVe
beer) calculated using Formula (A.5):
FE Ey
| Be (E)-dE= [ E-By (E)-(dE/E)-E, By =B; /In(Eyyq / ;) (A5)
F1 Eq
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Annex B
(normative)

Energy distribution of the neutron emission rate for the 252Cf

source

The B; valugsfortire*5*tfsource reportedim fabte B-iamdFigure B-+-weredetermimed fromReference

for 252Cf sppntaneous fission neutrons and are for un-encapsulated californium [50]. For thes€asgs of

heavy encapsulation, spectra may change significantly.
Table B{1 — Values of group source emission rate B; for a 252Cf spontaneous fission sourcp

E; B; E; B; E; B;
MeV s1 MeV sl MeV sl

1,00 x 1q-8 9,19 x 10-13 3,05 x 101 1,48 x 102 3,556 109 2,90 x 10
2,15 x1d-8 2,87 x 10712 3,55 x 101 1,53 x 102 3,85 x 100 2,42 x 10
4,64 x 1(-8 9,18 x 1012 4,05 x 10-1 1,58 x 102 4,15 x 100 2,02 x 10P
1,00 x 147 2,90 x 10-11 4,55 x 10-1 1,61 x 102 4,45 x 100 1,68 x 10
2,15 x 147 9,09 x 10-11 5,05 x 10-1 1,64 x 10%2 4,75 x 109 1,39 x 10
4,64 x 107 2,90 x 10-10 5,55 x 101 1,66,x10-2 5,05 x 109 1,81 x 10
1,00 x 10-° 9,19 x 10-10 6,05 x 10-1 1,67 x 102 5,55 x 100 1,31 x 10}
2,15 x 1q-¢ 2,87 x 1079 6,55 x 101 1,68 x 102 6,05 x 100 9,49 x 10P
4,64 x 1(-° 9,18 x 109 7,05 x 101 1,68 x 102 6,55 x 100 6,83 x 10P
1,00 x 10> 2,90 x 10-8 7,55 x 10} 1,68 x 102 7,05 x 100 491 x 10
2,15x 10> 9,09 x 10-8 8,05 x(19+1 1,68 x 102 7,55 x 100 3,52 x 10
4,64 x 1(-> 2,90 x 1077 8,55 x 101 1,67 x 102 8,05 x 100 2,52 x10P
1,00 x 104 9,19 x 10-7 9,05 x 10-1 1,66 x 102 8,55 x 100 1,81 x 10P
2,15 x 1(-* 2,87 x 10-6 9,55 x 101 3,12x 1072 9,05 x 100 1,29 x 10P
4,64 x 1(-4 9,18 x 10-¢ 1,05 x 100 3,22 x 1072 9,55 x 100 9,27 x 107
1,00 x 14-3 2,90 x 10~ 1,15 x 100 3,15 x 102 1,01 x 101 6,62 x 101
2,15 x 103 9,06 x40-> 1,25 x 100 3,06 x 102 1,06 x 101 4,74 x 10
4,64 x 1(-3 2,89 x 104 1,35 x 100 2,97 x 102 1,11 x 101 3,39 x 101
1,00 x 102 8,97 x 104 1,45 x 100 2,87 x 1072 1,16 x 101 2,42 x 101
2,15 x 142 1,42 x 10-3 1,55 x 100 2,77 x 1072 1,21 x 101 1,73 x 10
3,50 x 10=2 2 64 x 103 165 x100 2 A7 x 10-2 126 x101 123 x 10+
5,50 x 102 3,13x 1073 1,75 x 100 2,56 x 102 1,31 x 101 8,75 x 10->
7,50 x 102 3,53 x 1073 1,85 x 100 2,46 x 1072 1,36 x 101 6,22 x 1075
9,50 x 10-2 3,87 x 1073 1,95 x 100 4,60 x 102 1,41 x 101 4,78 x 10->
1,15 x 10-1 4,17 x 10-3 2,15 x 109 4,20 x 102 1,46 x 101 6,27 x 10-5
1,35 x 10-1 6,74 x 10-3 2,35 x 109 3,81 x 10-2 1,59 x 101 2,15x10-°
1,65 x 101 7,23 x 1073 2,55 x 100 3,45 x 102 1,69 x 101 1,09 x 10->
1,95 x 10-1 7,66 x 10-3 2,75 x 100 3,11 x 102 1,79 x 101 6,12 x 10-6
2,25x 101 8,02 x 10-3 2,95 x 100 4,08 x 102 1,91 x 101 2,18 x 10-6
2,55 x10-1 1,41 x 10-2 3,25 x 100 3,44 x 10-2 2,00 x 101

14
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Figure B.1 — Neutron spectrum from a 252Cf spontaneous fission source
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Annex C
(informative)

Characteristics of D,0-moderated 252Cf sources

For the purposes of this document, a simulated representative spectrum of the D,0-moderated 252Cf

source was

obtained from Reference [51]. The model includes a spherical 252Cf volume source (ra

dius

6,4 mm) lodated at the centre of a D,0 sphere with diameter 300 mm. The 252Cf source has the energy
distribution} specified in Table B.1. The guide tube used to introduce the source to the centre-of the
moderating sphere was modelled as an iron tube of 6,4 mm internal radius with 0,8 mm thick walls.
The D,0 sphere is surrounded by 0,8 mm thick and 1 mm thick shells of iron and cadmium, réspectively.

The spectr
plane, in v4
model used
252Cf spectt

According t
coefficient,

m was determined at a distance of 100 cm from the centre of the source-in’the equatprial

cuum. Table C.1 and Figure C.1 report the spectrum. The calculation.velied on the {
for previous editions of the document[11l, but more recent versions of.cféss sections[>0
um (see Annex B) were adopted.

o these calculations, the spectrum-averaged fluence to ambientdose equivalent conve
f1,, is 115 pSv cm?.

The fractio

all directions, and 12 % when only the directions in the equatorialiplane are included.

Variations in the D,0-moderated 252Cf field as a consequenge-bf small variations in the D,0 purity
constructiopn details were evaluated by calculations (See Table C.2).

The relatio
to be linear

— D,0pu

— D,0 spatere diameter, from 297 mm to' 303 mm;

— intern

Energy dej
Reference []

ame
and

sion

of neutrons that are absorbed in the moderating assembly is 11,4 % when integrated [over

s between the investigated parameters and‘the quantities reported in Table C.2 were f
within the following intervals:

Fity, from 95 % to 100 %;

tube diameter, from 5 mm)to 25 mm.

endent fluence to_@mbient dose equivalent conversion coefficients were taken
[7].

and

und

‘rom

Among the ptudied paranieters, only the D,0 purity produces visible changes in the neutron spectfum.
These are shown in Figure C.2.
Table C.] — Values of group source emission rate B; for a D,0-moderated 252Cf spontaneoyis
fission source
Ei Bi Ei Bi Ei Bi
MeV st MeV sl MeV st
1,00 x 10-8 4,50 x 10-° 3,05 x 101 8,75 x 103 3,55 x 100 6,14 x 103
2,15 x 108 799 x 10-8 3,55 x 101 5,84 x 103 3,85 x 100 6,63 x 1073
4,64 x 10-8 5,38 x 10-8 4,05 x 101 3,19 x 103 4,15 x 100 5,27 x 103
1,00 x 107 1,17 x 10717 4,55 x 101 5,02 x 103 4,45 x 100 4,96 x 103
2,15 x 107 1,17 x 103 5,05 x 101 5,63 x 1073 4,75 x 100 4,30 x 103
4,64 x 1077 1,33 x 102 5,55 x 101 5,33 x 103 5,05 x 100 5,45 x 103
1,00 x 106 2,06 x 102 6,05 x 101 5,05 x 103 5,55 x 100 3,86 x 103
2,15 %x10-6 2,36 x 102 6,55 x 101 4,73 x 103 6,05 x 109 3,10 x 103
16 © IS0 2021 - All rights reserved
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E; B; E; B; E; B
MeV s1 MeV s1 MeV s1
4,64 x 106 2,63 x 102 7,05 x 101 4,54 x 1073 6,55 x 109 2,28 x 10-3
1,00 x 105 2,93 x 102 7,55 x 101 4,40 x 1073 7,05 x 100 1,53 x 103
2,15 x 10> 3,27 x 102 8,05 x 101 3,98 x 1073 7,55 x 100 1,13 x 103
4,64 x 1075 3,57 x 102 8,55 x 101 3,28 x 1073 8,05 x 100 7,99 x 10-4
1,00 x 104 4,08 x 102 9,05 x 101 2,65 x 1073 8,55 x 109 590 x 104
TI5x 10 % 253 X 102 9,55 x 10 1 3,50 % 103 9,05 x 109 212 x 10-4
4,64 x 104 5,07 x 102 1,05 x 100 5,46 x 103 9,55 x 100 3,09 x 104
1,00 x 10-3 5,55 x 102 1,15 x 109 6,41 x 1073 1,01 x 101 2,p1 x 104
4,15 x 10-3 6,03 x 102 1,25 x 100 5,05 x 103 1,06 x 101 1,71 x 104
4,64 x 1073 6,30 x 102 1,35 x 100 6,00 x 103 1,11x 101 1,11 x 104
1,00 x 102 6,68 x 102 1,45 x 100 6,02 x 103 1,16 101 8,00 x 10-5
4,15 x 102 4,05 x 102 1,55 x 100 5,70 x 10-3 1521 x 101 6,20 x 105
3,50 x 102 3,80 x 102 1,65 x 100 5,63 x 1073 1,26 x 101 4,49 x 105
4,50 x 102 2,53 x 102 1,75 x 100 5,66 x 103 1,31 x 101 3,20 x 10-°
7,50 x 102 1,83 x 102 1,85 x 100 4,94 x1053 1,36 x 101 2,82 x 1075
9,50 x 102 1,44 x 1072 1,95 x 100 1,06% 102 1,41 x 101 1,82 x 105
1,15 x 101 1,17 x 102 2,15 x 100 1,16 x 102 1,46 x 101 2,42 x 105
1,35 x 101 1,39 x 102 2,35 x 100 1,12 x 102 1,59 x 101 8,1 x 10
1,65 x 101 1,11 x 102 2,55 x 109 9,41 x 103 1,69 x 101 4,68 x 10-6
1,95 x 101 9,18 x 10-3 2,75 x 108 8,33 x 103 1,79 x 101 2,65 x 10-6
4,25 x 101 7,84 x 103 2,95 %100 1,10 x 102 1,91 x 101 8,113 x 107

4,55 x 101 1,09 x 102 3125 x 100 7,23 x 103 2,00 x 101
Table C.2 — Variations in the B,0-moderated 252Cf field as a consequence of small vafiations in
the D, 0 purity and construction details
Quantity and-variation Aavs/favs Ad/e AH'(10)/H (10)
% % %

-1 %4mP;0 purity +14 -1,8 -0,8

+1 mm jin\D;0 sphere diameter +1,3 -0,16 -0,6

+1 mm.in the internal tube diameter -0,8 -0,04 +0,4

@ is the fluence at a distance of 100 cm from the centre of the source in the

vacuum;

bols ift Table C.2 mean:

equatorial plane in

— H*(10) is the ambient dose equivalent at a distance of 100 cm from the centre of the source in the

equatorial plane in vacuum.
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Figure .1 — Representative neutron spectrum from a D,0-moderated 252Cf spontaneoup
fission source
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Annex D
(informative)

Characteristics of 241Am-Be sources

For 241Am-Be(a,n) sources, as evidenced in References [15] and [16], the spectral distribution, mainly in

the energy
the amount
in the activ

Evaluationg
Bonner sph
encapsulati

The spectru

However, i view of the large amount of work this involves, requiring $pectrometers that arg

normally ay
of this docu
mixing fine

For the pui
Examples a
(cylindrical
spectrum w
of 25,2 mm
47 GBq whd
identical, wi
calibrated i
100 mm in
as they do 1
high-resolu
[15].

For the puj
americium.
thickness (d

Although th
other of the
might resul

The tabulat

range below approximately 2 MeV, depends, to some extent, on the capsule size, and also on
chemical composition, the grain size of 241Am and the mixing of americium and bery1|lium
e material.

combining measurements made with high-resolution spectrometers with -data from
eres indicate that spectrum-integrated quantities vary slightly as a function”of the source
pn and amount of active materiall12],

m of any 241 Am-Be(a,n) source used for calibration should be measured.

not
oses

ghly

railable at calibration laboratories, two spectral categories_ are-proposed for the purp
ment: "small” and "large" sources. Both categories refer tgsources obtained by thoro
americium and beryllium powders.

pose of this document a "small" source contains ‘@f’the order of 40 GBq of amerigium.
e the cylindrical source with a diameter of 22,4 mi), a height of 31 mm, and walls of 2,3 mm
side), 5,0 mm and 3,2 mm (ends), containing~an americium activity of 37 GBq, whose
as reported in Reference [4], or the cylindrieal source with a diameter of 25,2 mm, a h¢ight
and walls of 3,7 mm (cylindrical side), 3,2 mm (ends), containing an americium activity of
se spectrum was detailed in Reference([14]. The spectra of these sources were found fo be
ithin uncertainties, in the energy dofmain above 0,1 MeV. However, if the instrument fo be
5 sensitive to neutrons below 0,1\MeV, as in the cases of small moderating spheres (bglow
Hiameter) or albedo dosemeters;the spectra from References [4] and [14] are not adequate
ot cover this energy domaint\A way to include the low energy component is to combing the
[ion measurements of References [4] and [14] with Bonner spheres data, as in Referfnce

pose of this document a "large" source contains of the order of 185 GBq to 555 GH
[An example would be a cylinder of 30 mm diameter, with a height of 60 mm, walls of 2,2
ylindrical sid¢), /5,0 mm and 3,3 mm (ends).

q of
mm

ere is evidénce from manufacturers that the majority of calibration sources fall into ofe or
Ke categories, sources with different capsules, americium activity and construction methods
L inslightly different spectra.

dcnact PRl

ra fo "
CSpCtTra 10T

-l o d Moo <
STIrarr atrcr rar gt

AL QO GLL

using Bonner spheres datalls], are reported in Table D.1.

An older tabulation for a “small” source", based on Reference [14] and used in previous versions of this
document, is reported in Table D.2 for comparison purposes, and can still be used if the component of

the spectru
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m below 100 keV is not of importance, e.g. for calibrating detectors with higher thresholds.
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Table D.1 — Values of group source emission rate B; for "small" and "large" 241Am-Be(a,n)

sources
Ei Bi Bi Ei Bi Bi
SMALL LARGE SMALL LARGE
MeV sl s1 MeV sl sl
0 0 3,837 x 10-10 3,979 x 100 2,797 x 10-2 2,750 x 10-2
4,223 x 109 2,509 x 10”7 3,351 x 109 4,183 x 100 2,851 x 10-2 2,735 x 10-2
1,334 x 10-8 8,739 x 107 1,290E x 10-8 4,386 x 100 2,523 x 10-2 2,772 x 10-2
4 PTZEXTO® ZZ75 X T0° Z44TE X 108 7,589 % 100 7944 X 02 7928 x 102
1}330 x 1077 5,057 x 10-6 1,348 x 107 4,793 x 100 3,157 x 102 3,229 x 102
44201 x 107 9,375 x 10-6 3,602 x 107 4,996 x 100 3,070 x 102 3,112 x 102
1/327 x 10-6 1,742 x 10-5 9,684 x 107 5,199 x 100 2,588 x 10:2 2,431 x 102
4190 x 10-6 3,253 x 10-5 2,605 x 106 5,402 x 100 2,472 %1072 2,468 x 10-2
1)323 x 10-5 6,107 x 10-5 7,023 x 1076 5,606 x 100 2,125% 102 2,306 x 102
4179 x 10-5 1,148 x 104 1,902 x 10-5 5,809 x 100 1,686 x 102 2,036 x 10-2
1/320 x 104 2,168 x 104 5,205 x 10-5 6,012 x 109 1,563 x 10-2 1,987 x 10-2
4[168 x 10-4 4,128 x 104 1,450 x 10-4 6,215 x 109 1,907 x 102 1,777 x 102
1)316 x 103 8,113 x 104 4,255 x 104 6,419 x3100 1,821 x 102 1,724 x 102
44158 x 10-3 1,752 x 10-3 1,390 x 10-3 6,622\ 100 1,639 x 102 1,966 x 102
1)313 x 102 4,645 x 103 5,273 x 10-3 6,825 x 100 1,421 x 102 1,447 x 10-2
4147 x 10-2 1,012 x 102 1,631 x 102 7,029 x 109 1,411 x 10-2 1,326 x 10-2
11171 x 101 2,413 x 102 3,750 x 102 7,232 x 109 1,660 x 10-2 1,431 x 102
31204 x 101 2,940 x 102 3,314 x 102 7,435 x 100 1,688 x 102 1,983 x 102
5236 x 10-1 2,643 x 102 2,878%-102 7,638 x 100 1,853 x 102 1,439 x 102
71269 x 10-1 2,406 x 102 2,394 x 10-2 7,842 x 100 1,580 x 10-2 1,367 x 102
9|302 x 10! 1,944 x 102 2,045 x 102 8,045 x 100 1,123 x 102 1,424 x 10-2
1,133 x 100 1,845 x 10-2 1,776 x 10-2 8,248 x 100 1,036 x 102 8,957 x 10-3
1,337 x 100 1,880 x 102 1,576 x 102 8,452 x 100 6,192 x 103 6,351 x 10-3
1,540 x 100 1,781 1072 1,684 x 10-2 8,655 x 100 4,868 x 103 3,792 x 103
1,743 x 100 1,655 x 102 1,884 x 102 8,858 x 100 3,246 x 103 2,910 x 10-3
1,947 x 100 2,088 x 10-2 2,075 x 10-2 9,061 x 100 3,488 x 103 3,047 x 10-3
2,150 x 100 2,381 x 102 2,188 x 10-2 9,265 x 100 3,704 x 103 4127 x 10-3
2,353 x 109 2,179 x 102 2,074 x 102 9,468 x 100 4,851 x 10-3 5,866 x 103
2,556 %100 2,337 x 102 2,157 x 102 9,671 x 100 6,872 x 103 5,705 x 103
2,760 100 3,089 x 102 2,639 x 102 9,875 x 100 6,107 x 103 5,960 x 10-3
2-963=10% 3-876*102 3-326 =102 +008FE =10+ 5-036 =103 4504 x 10-3
3,166 x 100 3,750 x 102 3,518 x 102 1,028 x 101 3,162 x 10-3 3,080 x 103
3,370 x 100 3,228 x 102 2,985 x 102 1,048 x 101 1,927 x 10-3 1,688 x 103
3,573 x 109 2,996 x 102 3,108 x 102 1,069 x 101 5,609 x 104 6,312 x 104
3,776 x 100 2,832 x 102 2,985 x 10-2 1,089 x 101 0 2,259 x 10-5
1,100 x 101
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Table D.2 — Values of group source emission rate B; for the 241Am-Be(a,n) source from former
versions of this document

22

E; B, E; B
MeV s1 MeV s1
4,14 x 107 1,44 x 10-2 5,68 x 100 2,06 x 102
1,10 x 101 3,34 x 102 5,89 x 100 1,82 x 102
3,30 x 101 3,13 x 102 6,11 x 100 1,77 x 102
540 x 1071 | 2,81 x 102 6,32 x 100 2,04 x 102
F50=10—+ >50=10—2 6,54 =16° +83 =102
9,70 x 10-1 2,14 x 102 6,75 x 100 1,63 x 102
1,18 x 100 1,98 x 102 6,96 x 100 1,68 x 102
1,40 x 109 1,75 x 102 7,18 x 100 1,68 x 1072
1,61 x 100 1,92 x 102 7,39 x 100 1,88 x 102
1,82 x 100 2,23 x 102 7,61 x 100 1,84 x 102
2,04 x 100 2,15 x 102 7,82 x 100 1,69 x 102
2,25 x 100 2,25 x 102 8,03 x 100 1,44 x 1032
2,47 x 100 2,28 x 102 8,25 x 100 9,68 X103
2,68 x 100 2,95 x 102 8,46 x 100 6,52.x 103
2,90 x 100 3,56 x 102 8,68 x 100 4,26 x 10-3
3,11 x 100 3,69 x 102 8,89 x 100 3,67 x 1073
3,32 x 100 3,46 x 102 9,11 x.100 3,81 x 1073
3,54 x 100 3,07 x 102 9,32\ 100 5,06 x 10-3
3,75 x 100 3,00 x 102 9,53 x 100 6,25 x 10-3
3,97 x 100 2,69 x 102 9,75 x 100 5,52 x 1073
4,18 x 100 2,86 x.1072 9,96 x 100 4,68 x 10-3
4,39 x 100 3,18.x)10-2 1,02 x 101 3,70 x 10-3
4,61 x 100 3,07 x 102 1,04 x 101 2,78 x 1073
4,82 x 100 3,33 x 102 1,06 x 101 1,51 x 10-3
5,04 x10° 3,04 x 102 1,08 x 101 3,63 x10*
5,25 100 2,74 x 102 1,10 x 101

547 x 100 2,33 x 102
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Fighire D.1 — Neutron spectrum from a 241Am-Be(a,n) source (“small” and “large” sources, and
former versions of this document)
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Annex E
(informative)

Angular source emission rate characteristics of radionuclide

Radionucli
in the geo
the variatid
individual s
identical er
their source

For cylindr
which is ch
on the azi

u
emission rﬁe dB/d2 varies least for 6 = 90°, this direction should be used’for calibrations. The effect

variations in the emission rate due to variation of angle«rshould be evaluated. A way of

of residual

hracterized by the angles 6 and «a (see 4.6, Figure 1), typically doés riot depend noticg

neutron sources

etrical centre of the source. The coordinate system is shown in 4.6, Figure 1. In,ge

n of the direction distribution of the neutron emission rate with angle is specifi¢ to
ource, with measurable differences between sources of the same type, and, ‘suppos
capsulation. It is recommended that calibration laboratories measure the anisotrof
s[2sl],

cal sources, the direction distribution of the neutron emission rate; B, in a directig

th angle @, but only upon the polar angle 6. As the directiork distribution of the s

ixed
eral,
each
edly,

y of

n Q,
ably
rce

reducing the impact of these variations on a calibration is to put thésource in slow rotation around its

cylindrical
cylindrical

For inform
constructio
and 180°, 1
different so

rce formats(22],

52Cf and 241Am-Be(a,n) source formatsl>2l,

ormalized to the angular source emission rate of the equivalent point source B/4m

24

hxis. Figures E.1 and E.2 indicate the variations that have been observed for two common

ative purposes, Table E.1 gives measured values for a number of common source
ns. The Table E.1 lists the angular source emission rate at 0°, 90° (normally used direc

ion)
, for
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