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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
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Introduction

-2:2008(E)

Neutron fields commonly encountered in radiation workplaces are, in most cases, quite different from routinely
used calibration fields produced using standard radionuclide sources in low-scatter calibration facilities. The
dose equivalent response of personal neutron dosemeters and neutron area survey meters depends upon the
energy distributions of the neutron fields in which they are used, and, in the case of personal dosemeters in

atar, i ] : foratl U Vi | U
desgribed in 1ISO 8529 (all parts) do not thus provide appropriate calibration factors in most-cas
reagon, several laboratories have developed simulated workplace neutron fields that are intended
the [characteristics of particular types of fields in which it is necessary to make personal-dosemet
surjey instrument measurements. These provide facilities in which the performanee 6f these
workplace fields can be investigate, and that, in some circumstances, can act as calibration facilitig
workplace neutron fields depend upon the physical structure of each workplace;)this part of 1ISQ
beeh written to specify the methods of producing and characterizing simulated werkplace neutron
than standardizing reference fields as is the philosophy in the companion stahdard, ISO 8529 (all g

Thig part of ISO 12789 is closely related to ISO 12789-1, which describés the facilities and metho
usef to produce simulated workplace neutron radiation fields. Thesg fields have been constructed
to moderate source neutrons and include neutrons scattered from<he' surrounding structure and eq
the [simulation of workplace environments. This part of ISO 12789 describes the methods used t
conyentional values of the operational quantities characterizing.the realistic workplace neutron fielg

operational quantities used in this part of ISO 12789-are ambient dose equivalent, H*(10), a
b equivalent, Hp(10). For reference radiation fields; it is recommended to determine their g
es from the neutron fluence or fluence rate as a-function of neutron energy and, for the case of
ction using the conversion coefficients listedin"Annex A. In some cases, the use of conversion
bt feasible for determining Hp(10), necessitating its direct calculation.

The)
dos
valy
dire
isn

At present, no simple methods exist-to.-provide traceability of the operational quantities from
starjdards institute to the simulated\.workplace neutron fields. The process of determining
quaptities from fluence described in.this part of ISO 12789 introduces additional uncertainty.

Thig
valy
infe
detq
preg

es of the operational quantities and gives new information regarding the uncertainty associa
'ence of energy distfibutions of neutron fluence using accepted unfolding techniques. The ung
rmining Hp(10) using information from the direction distribution of the neutron fluence can be
ent, the quantification of the uncertainty from this source is not addressed.

on fields as
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INTERNATIONAL STANDARD ISO 12789-2:2008(E)

Reference radiation fields — Simulated workplace neutron

fields —

Part 2:
Calibration fundamentals related to the basic quantities

1 |Scope

Thig part of ISO 12789 describes the characterization of simulated workplace" neutron fields p

roduced by

methods described in ISO 12789-1. It specifies the procedures used for establishing the calibration conditions

of radiation protection devices in neutron fields produced by these facilities;, with particular emph
scaftered neutrons. The diversity of workplace neutron fields is such that several special facilities

asis on the
have been

builf in order to simulate them in the laboratory. In this part of/ISO 12789, the neutron ragdiation field
spefifications are classified by operational quantities. General methads for characterizing simulated workplace

neutron fields are recommended.

2 |Terms and definitions
Forlthe purposes of this document, the following téfrms and definitions apply.

21
indication

readling

M

quantity value provided by a measuring instrument or a measuring system

NOTE 1 An indication may,_ be’ presented in visual or acoustic form or may be transferred to anothe
indigation is often given by-the/position of a pointer on the display for analog outputs, a displayed or printe
digital outputs, a code pattern for code outputs, or an assigned quantity value for material measures.

NOTE 2  An indication and a corresponding value of the quantity being measured are not necessar
quantities of the same kind.

[ISQ/IEC Guide 99:2007, 4.1]

2.2

r device. An
0 number for

ily values of

conventional quantity value
conventional value of a quantity
quantity value attributed by agreement to a quantity for a given purpose

EXAMPLE 1 Standard acceleration of free fall (formerly called “standard acceleration due
g, =9,806 65 m-s™2.

EXAMPLE 2 Conventional quantity value of the Josephson constant, K, 5, = 483 597,9 GHz V.

EXAMPLE 3 Conventional quantity value of given mass standard, m = 100,003 47 g.

to gravity”)

NOTE 1 The term “conventional true quantity value” is sometimes used for this concept, but its use is discouraged.

© 1SO 2008 — All rights reserved
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NOTE 2  Sometimes a conventional quantity value is an estimate of a true quantity value.

NOTE 3 A conventional quantity value is generally accepted as being associated with a suitably small measurement
uncertainty, which might be zero.

[ISO/IEC Guide 99:2007, 2.12]

23

neutron fluence
@

quotient of dV by da, where dN is the number of neutrons incident on a sphere of cross-sectional area da, as
given in Eqiation (T):

day
o =1 1
d¢ M
NOTE The unit of the neutron fluence is metres to the negative 2 (m=2).
24
neutron flyence rate
4

quotient of|d@ by dr, where d@ is the increment of neutron fluence in the’time interval drf, as giveh in
Equation (2):

dip d?N
_dp _ 2
=4 T daar @)

NOTE 1  The unit of neutron fluence rate is metres to the negative'2 times reciprocal seconds (m=2 s™1).
NOTE 2  This quantity is also termed neutron flux density,

25
energy disfribution of the neutron fluence
D
quotient of [d@ by dE, where d@ is the-increment of neutron fluence in the energy interval between E |and
E + dE, as given in Equation (3):

dJo
D =4— 3
T dE ®3)
NOTE The unit of the.energy distribution of the neutron fluence is metres to the negative 2 times reciprocal jqules
(m—Z.J—1)
2.6
energy and direction distribution of the neutron fluence
D
E,Q

quotient of d® by dE and d£2, where d@ is the increment of neutron fluence in the energy interval between E
and E + dE and the solid angle interval between ©Qand 2+ d£, as given in Equation (4):

2
d“o@
D =— 4
27 dEd @
NOTE The unit of the energy and direction distribution of the neutron fluence is metres to the negative 2 times

reciprocal joules times reciprocal steradians (m=2 J=1 sr1).
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ISO 12789

ambient dose equivalent at 10 mm depth
H*(10)

dose equivalent at a point in the radiation field that would be produced by the corresponding expanded and
aligned field, in the ICRU sphere at a depth of 10 mm on the radius opposite the direction of the aligned field

-2:2008(E)

NOTE The unit of ambient dose equivalent is joules times reciprocal kilograms (J kg~') with the special name of
sievert (Sv).

2.8

personal dose equivalent at 10 mm depth

Hy(J0)

dosg equivalent in soft tissue at a depth of 10 mm below a specified point on the body

NOTE 1 The unit of personal dose equivalent is joules times reciprocal kilograms (J kg~1) with the spgcial name of
sievert (Sv).

NOTE 2  In ICRU Report 47 ['2] the ICRU considers the definition of the personal dosé)equivalent to incllide the dose
equivalent at a depth, d, in a phantom having the composition of ICRU tissue. Then, H_(10) for the calibration of personal

dosg
of th

bmeters is the dose equivalent at a depth of 10 mm in a phantom composed of ICRU tissue, but of the siz
e phantom used for calibration (30 cm x 30 cm x 15 cm parallelepiped) and the-Conversion coefficients, &

re and shape
L siab(10), are

Id, as given

()
type of dose

causing it

(6)

(7)

calcplated for this configuration.
29
neutron fluence-to-dose-equivalent conversion coefficient
he
quotient of the neutron dose equivalent, H, by the neutron fluence, @, at a point in the radiation fie
in Equation (5):
H
hp =—
)
NOTE Any statement of a fluence-to-dose-equivalent conversion coefficient requires a statement of the
equivalent, e.g. ambient dose equivalent #* , orpersonal dose equivalent hp,slab &
210
response
R
(of @ measuring instrument) ifdication or reading divided by the conventional value of the quantity
NOTE The type of response should be specified, e.g., “fluence response”, as given in Equation (6):
M
R(p :E
or “dose equivalent response”, as given in Equation (7):
M.
Ryl=—
AN
If M1S @ measurement of a rate, then the quantiies 1luence, @, and dose equivalent, H, are

fluence rate, ¢, and dose equivalent rate, H , respectively.

2.11
calibration factor

N

reciprocal of the response when the response is determined under reference conditions

NOTE

The calibration factor is the coefficient by which the reading, M, is multiplied to obtain the value o

to be measured.

© 1SO 2008 — All rights reserved
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212

energy dependence of response with respect to fluence

Ry(E)

response, R,

213

with respect to fluence, @, as a function of neutron energy, £

energy dependence of response with respect to dose equivalent

Ry(E)

response, R,

214

with respect to dose equivalent, H, as a function of neutron energy, E

point of test

point in the Jradiation field at which the conventional value of a quantity being measured is determined.

2.15
reference
(of a device

3 List of

D

~

oint

point placed at the point of test for calibrating or testing purposes

symbols
neutron fluence
neutron fluence rate
energy distribution of the neutron fluence free-in-air at.the point of test

energy distribution of the neutron fluence at the“point in the phantom at which the operatipnal

quantity is defined

energy and direction distribution of the neutron fluence at the point of test with the pharftom

present

neutron energy

energy-averaged fluence-to-dose-equivalent conversion coefficient
fluence-to-ambient-dose-equivalent conversion coefficient as a function of the neutron energy| £

fluence-to-personal-dosé-equivalent conversion coefficient as a function of the neutron eng
E, and angle of incidence, a

ragy,

dose equivalent

ambient doseequivalent at 10 mm depth

personal 'dose equivalent at 10 mm depth below a specified point on the body
personal dose equivalent at 10 mm depth in the ICRU tissue slab

kerma coefficient

indication (of a measuring instrument) or reading

mass energy transfer coefficient

calibration factor

average quality factor for neutron-induced secondary charged particles
response of a neutron detecting instrument

dose equivalent response [alternately, R, (E) when used in relation to the energy fluence,
see 2.13]

fluence response [alternately, R, (E) when used in relation to the energy fluence, see 2.12]

energy fluence at the point in the phantom at which the operational quantity is defined

© 1SO 2008 — All rights reserved
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4 Properties of simulated workplace neutron field facilities

This part of ISO 12789 addresses simulated workplace neutron fields like those described in, and produced in
accordance with ISO 12789-1. When establishing or selecting a simulated neutron workplace field, it is
necessary to consider the characteristics (e.g. energy and direction distribution) of the neutron field simulated
and the response characteristics of the devices used to determine the neutron distributions.

There are three basic methods of producing neutrons for simulating workplace neutron fields: irradiation
facilities, which have been developed to use of radionuclide neutron sources, accelerators and reactors. In
each case, a variety of scattering, absorbing and converting materials may be placed between the primary
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be performed ifithe energy and angle dependence of the response of these instruments is well kr]
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5

5.1

rce and point of test in order to modify the initial source energy distribution and simulate a workplace

fron field. Whereas the recommendations of ISO 8529-1 and 8529-2 include methods for.r
cts of scattered neutrons on the reference neutron fluence spectra, ISO 12789-1 describes rag
specifically use certain materials to produce additional scattering, absorption and seconda
h of the reference radiation fields described in 1ISO 12789-1 uses materials such @s-light w
vy water (D,0), polyethylene, graphite, iron, concrete and uranium.

quantities characterizing the simulated workplace fields at the point of ftest (energy ar
ibution of the neutron fluence) and all correction factors necessary, o allow the evalus
ropriate conversion coefficients shall be determined.

method for determining the appropriate conversion coefficients includes the measun
putation of the neutron energy and direction distributions at the point of test and using those
ptermine the ambient or personal dose equivalent for each energy or for each energy and ang
e ICRU sphere or phantom, respectively.

conversion coefficients given as a function of energy and angle in Annex A pertain to brg
fron fields. If the neutron field is sufficiently broad<and uniform, i.e. is homogeneous on the
of the phantom or on the device being calibrated, these conversion coefficients can be app
further considerations. If these assumptions afé not satisfied then H, (10) shall be calculated

puting the neutron energy and direction distribution at the point otptest and using that di

geometry and dimensions of the area surrounding the point of test should be arranged so that
tioning instruments used.to)characterize the calibration fields as well as for reproducibly
ces being calibrated. The_éventual differences in the neutron energy and direction distributioj
reference point and _the)point of test should be considered. This can be done by including a
ertainty taking account of the non-homogeneous field or by introducing an additional correction

bre possible, additional confirmatory measurements using area monitors or personal dosemsg

le energy.and angle range from calibration measurements and calculations. Devices that sH
rgy andangle dependence of the response are well suited for this purpose.

bducing the
iation fields
y radiation.
ater (H,0),

d direction
tion of the

ement and
Histributions
e at 10 mm

ad, parallel
whole front
lied without
directly by
stribution to

rmine the dose equivalent at 10 mm_jn\the ICRU slab phantom. These considerations are discussed
further in 5.4.2 of this part of ISO 12789.

irradiations

reproducible to the maximum®extent. All possible means should be used to allow for rfeproducibly

positioning
ns between
n additional
factor.

ters should
own for the
ow a small

Characterization of simulated workplace neutron fields

General

The primary purpose of characterizing the simulated neutron workplace field is to determine the neutron
fluence and its distribution in terms of energy and direction, from which the conventional values of the
operational quantities, i.e. H*(10) or Hp(10), at the point of test are derived. As described in Clause 4,
determining the dose equivalent requires a detailed knowledge of the neutron energy distribution and, in the
case of personal dose equivalent, the neutron direction distribution, because the conversion coefficients
depend strongly on those distributions.

© 1SO 2008 — All rights reserved
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5.2 Determination of the energy and direction distribution of the neutron fluence

The energy and direction distribution of the neutron fluence is determined by a combination of measurement
and calculation.

Neutron spectrometry is a complex area of technology requiring considerable effort and expertise to
characterize and to use the spectrometers [1l. Active or passive multi-sphere spectrometer systems
augmented by scintillation detectors or proton recoil detectors, or both, should be used for the measurements.

The most widely used technique to measure the energy distribution of the neutron fluence in a simulated
workplace field is the multi-sphere spectrometer, often termed a Bonner sphere spectrometer. This type of
device consists of about ten or more moderating spheres of polyethylene with different diameters (with a
thermal-neytron sensor located at the centre of each sphere. Additional spheres with metal inserts\may be
included tqg extend the energy range to higher neutron energies. Multi-sphere spectrometers have
characteristics that make them invaluable for this application. Most importantly, they cover thewhole energy

range of int
so they m
prerequisite
of appropri
GRAVEL,

internationg
get the co
compared

erest from thermal to tens or hundreds of MeVs. Multi-spheres also have near isotfopic respon

pasure the neutron energy distribution regardless of the direction distribution) of the field.

for the use of this technique is the availability of well-established response, functions and the
ate unfolding methods (for example, unfolding codes such as: STAY.SL, MAXED, SAN
| OUHI and BUNKI) to solve the underdetermined system of equations [l [2]. Nationa

5es,
A
use
D-I1,

or

| repositories of computer codes, such as RSICC or NEA Data Bank, ‘eah be consulted in ordgr to

jes. Custom-made unfolding codes can be used, if previously (tested in standard fields
vith recognized codes. A more complete description of the techniques used to determine

energy distfibution of the fluence can be found in Reference [1]. The thermal component of the neutron en

distribution
significantly

Multi-spher
be able to
(~50 keV t
variations a
equivalent

but it is extr

Commercia
the energy

may be verified using an independent technique, e.g. activation foils, if the thermal neutron flue
contributes to the dose equivalent.

b spectrometers do not provide high-resolution medsurements and, for that reason, it is usef
make scintillation detector and/or proton recoil\measurements over the higher energy ra
D 20 MeV) where the majority of the dose often occurs (and where the conversion coeffici
re significant). Measurements with good energy resolution in the region where the fluence-to-d
conversion coefficients vary rapidly with énergy (roughly 10 keV to 1 MeV) are particularly us
emely difficult to extend the range of high-resolution spectrometers below about 50 keV.

ly available spectrometers integrated with unfolding codes can be employed, if the performang
range of interest and the uncertainties in the results are known.

and

the
Brgy
nce

il to
nge
ents
Dse-
bful,

The simult

A number

neous measurement of'\the energy and direction distribution is a complex problem and sfill a
matter of rgsearch [, 3. While pragmatic methods like mounting dosemeters on different surfaces of a glab
phantom cpn be suited for «toutine dosimetry in workplaces, more accurate methods are neede
characteriz¢ a simulated wotKplace field. Despite recent achievements, e.g. using a set of six spectromgdters
on a spherital phantom [4],\these methods should normally be used only in combination with the results from
transport cdlculations.

to

f computational tools are available to calculate the neutron fluence as a function of energy|and
direction. The fact that the details of neutron production and the geometry of the facility are, in general,

ell

known enableS)the reliable use of transport calculations. The calculations should be performed with validated
codes operated by experienced persons. Well suited are codes like those of the MCNP ™) family that use up-
to-date, evaluated cross-sectional data that enable account to be taken of the three-dimensional geometry of
the facility. The assessment of the uncertainty of the results from these calculations should also include an
analysis of the uncertainties from all input parameters in the computational model. The latter task can be
performed by a sensitivity study e.g. employing the so-called differential operator method [31.

1) MCNP™ s an example of a suitable product available commercially. This information is given for the convenience of
users of this part of ISO 12789 and does not constitute an endorsement by ISO of this product.
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As stated in Clause 4, the method for determining the appropriate conversion coefficients includes the
measurement and computation of the neutron energy and direction distributions at the point of test and using
these distributions to determine the ambient or personal dose equivalent for each energy, or for each energy
and angle, at 10 mm in the ICRU sphere or phantom, respectively.

5.3 Determination of 7*(10)

The conventional value of ambient dose equivalent or ambient dose equivalent rate at the point of test is
determined using the (solid angle integrated) energy distribution of the neutron fluence, @, and appropriate
fluence-to-dose-equivalent conversion coefficients.

In practice, the product of the fluence, @, free-in-air at the point of test with the energy averaged| conversion
coefficient, (h* ), yields the operational quantity given in Equation (8):

H*(10):<h*¢> @ 8)
whgre

J'h*Q;(E) @, dE
h* >: E 9

< @ @ 9)
whgre

Dy is the energy distribution of the neutron fluence.free-in-air at the point of test;

h*4(E) is the fluence-to-ambient-dose-equivalent.conversion coefficient as a function of fhe neutron

energy, E, given in Annex A.

It is| necessary to interpolate the energy for the tabulated coefficients, using a log-log four-point Lagrange
intefpolation technique.
5.4 Determination of H, ;,,(10)
5.401 General
Thej determination of Hj, 4,5(10) requires knowledge of both the energy and the direction distribution of the
neufron fluence. These ‘distributions should be determined in the presence of the phantom, which|can disturb
the incident neutron field. The method for determining the conventional value of H,, ;,,(10) depgnds on the

homogeneity of the radiation field and whether it is incident only on the phantom front face. Calculations

req

to 4

par

or measurenients are recommended in order to assess the degree of homogeneity, acco
ired uncertainty level. Two methods are proposed, the first of which (see 5.4.2) is general an
Il neutron:fields. The second (see 5.4.3) is applicable to the special case of a uniform field
lel<or superposition of a number of such fields) incident on the phantom front face. In thi

ding to the
| applicable
(broad and
S case, the

I
conT/ersion coefficients given in Annex A can be used.

5.4.2 Non-uniform neutron fields

The neutron source and the irradiation geometry shall be simulated by transport calculations. The energy
distributions of the neutron and photon fluences are determined at the point at which the quantity is defined,
i.e. at 10 mm depth inside the ICRU slab. For example, using the kerma approximation and the LET-
dependent quality factor of neutron-induced secondary charged particles, the operational quantity is
calculated as indicated in Equation (10) [6I:

uy(E,)(1-g)
Hp,slab(10) = J. @En Qn(En ) kf(En ) dEn + J Y’E p r}/T dE}, (10)
Eq Ey
© 1SO 2008 — Al rights reserved 7
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d;

where

Dy is the energy distribution of the neutron fluence at the point at which the quantity is defined;

On is the average quality factor for neutron-induced secondary charged particles [7;

kg is the kerma coefficient;

Yy is the energy fluence of the neutron-induced photons at the point at which the quantity is define

dp Is the photon mass energy transfer coefficient;

g s the fraction on initial secondary electron energy that is radiated as bremsstrahlung radiation.
5.4.3 Uniform neutron fields
For uniform irradiation conditions, i.e. in a broad, parallel neutron beam or in a field that can be treate
comprising [a number of such beams, from the front half space, the conventiopal.value of personal g
equivalent ¢r personal dose equivalent rate at the point of test is determined using the energy and direq

distributions

function of
between th

further reqy
fluence at tihe point of test.

p

of the neutron fluence, and the fluence-to-dose-equivalent conversion coefficients given 3
energy and angle of incidence in Annex A. These conditions are usually achieved if the distg
p source/moderator assembly and the phantom is large compared to the sizes of these object

irement is that the presence of the phantom has a negligible influence on the incident neu

i as
ose
tion
s a
nce
s. A
tron

In practice,|the product of the total fluence, @, impinging on th& ‘phantom at the point of test with the engrgy
and angle gveraged conversion coefficient, <hp7slab>, yields the,operational quantity as given in Equation (1]1):

Hp,slab 10) = <hp,s|abd>>cp 11)
where

J. Jhp,slaba(E'a) @E,.O dedo
h = L2E 12

< p.sla <1>> ) (12)
where

) is theenergy and direction distribution of the incident neutron fluence at the point of test;

hy, siabgp (E,2) s the fluence-to-personal-dose-equivalent conversion coefficient as a function of| the

neutron energy, £, and angle of incidence, «, given in Annex A.

It is necesspry to interpolate the energy and the angle for the tabulated coefficients using a log-log four-point
Lagrangian interpolation technique.
5.5 Determination of the contribution due to other types of radiation

The production of simulated workplace reference radiation fields involves the use of scattering, absorbing and
conversion materials. These materials are used to alter the initial neutron fluence energy distribution in order
to resemble more closely the energy distribution found in a typical workplace. Such materials produce
secondary radiation such as photons. Secondary radiation can also originate in the neutron source. The
contribution of these to the dose equivalent at the point of test in simulated workplace fields should be
evaluated. The photon component can be estimated by simulation with recognized computer codes or by
measurement.
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Suitable instruments to evaluate the contribution of photons and other types of secondary radiation to the
dose equivalent include ionization chambers, proportional counters, Geiger-Miiller counters and solid state
devices among others ['].

5.6 Traceability

At present, there is no simple method for establishing traceability to national or international standards
because simulated workplace neutron fields are not identical to primary laboratory calibration fields. The
characterization of simulated workplace neutron fields is based on devices that measure the neutron fluence
energy distribution. Traceability to primary standards is thus only possible to the extent that the devices used

to n

neasure the energy distribution _and the nnglp r‘Iplnpanpnr‘p can he calibrated at a primnry

laboratory.

Tra
invd

5.7

Mon
the

Ceability to international primary standards can also be achieved by organizing comparise
Iving several external primary laboratories.

Fluence monitoring and quality control

itoring of the fluence rate in a calibration facility using radionuclide sources(s not usually req
rate is constant, after allowance for the source half-life.

Sui

facilities can vary with time. For example, it might not be possible for the.user of an accelerator tg
operating parameters of the accelerator to adjust for the wear of the target. Monitors may includ
detectors, ionization or fission chambers or target current detectors.)They should give to the user

is pfoportional to the neutron fluence or fluence rate at the point of test. If the presence of the d

irra

corf
The)
dep
owr

Mon

ble monitoring instruments shall be provided for accelerator-based seurces since the fluence

iated at the point of test results in shadowing of a menitor or scattering of neutrons intg
ections shall be applied or an additional contribution to the uncertainty included to account fg
use of more than one monitor is encouraged to quantify these effects, ideally ones with diffe
endence of response. Accelerator beam current monitors are not subject to this effect, but ca
potential problems, such as the movement of the'beam spot on the target.

itoring for reactor-based simulated workplace neutron fields can be achieved by using the re

n exercises

uired since

rate in such
control the
solid-state
signal that
evice being
a monitor,
r the effect.
rent energy
h have their

actor power

levgl although the use of neutron detectors to provide a cross check is recommended. Suitaple devices

incliide, for example, activation foils or active detectors, such as fission chambers.

The)
with

response of the monitor, whether in terms of fluence or in terms of a dosimetric quantity, shoyld be linear

rate and appropriate corregctions (e.g., dead time) should be applied.

The)
ove
flue

ar intervals
the neutron

energy and directioncdependence of the field at the point of test should be verified at regu
[ the lifetime of the dacility to ensure no changes have occurred, as modifications can alter
hce energy and direction distributions at the point of test.

6 [Uncertainties

6.1| Antroduction

A value for the calibration factor (or response) should be accompanied by a statement of the uncertainty in the
numerical value. Uncertainties should be determined in accordance with the ISO/IEC Guide 98 [8l. They
should be quoted as standard uncertainties with a coverage factor k= 1 or as expanded uncertainties with a
coverage factor k = 2. This implies that, in general, the calibration factor (or response) lies within the assigned
range of values with a coverage probability of approximately 68 % and 95 %, respectively. In this part of
ISO 12789, all uncertainties are standard uncertainties with a coverage factor k= 1.

6.2 Components of the uncertainty applicable to calibrations
The various components contributing to the overall uncertainty in the determination of the conventional values

of the operational quantities are discussed in 6.2.1 through 6.2.6. Components of uncertainty arising from the
instrument shall also be considered but are not addressed in this part of ISO 12789. There can be other
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sources of uncertainty not considered here. Judgment should be used in assigning the uncertainty, guided by
the considerations given below. It is necessary to emphasise that this systematic approach to uncertainties is
a relatively new development, and is still a subject for research. Thus, while some of the components of the
uncertainty are well established, others are (at the time of this writing) only estimates based on general
experience and a few specific measurements.

6.2.1 Uncertainty in neutron source strength

The neutron source strength is used as an input parameter for transport calculations and, if known, the
calculated energy dlstrlbutlon can be derived on an absolute scale. Slnce the assemblles used to produce
simulated K the
neutron soyrce strength does not contribute S|gn|f|cantly to the overall uncertalnty of the conventlonal vallies.

Rather, thg
calculations

The relative
few percen

components

6.2.2 Unc

The most W
energy disf
propagatior
Based on e
determined
carefully de
uncertainty
experiment

6.2.3 Unc

The detern
computati
details of
possible at

uncertainty in the overall neutron fluence is estimated from considering both the trans
and the measurement technique.

uncertainty in the neutron source strength can vary from about 1 % for radionuclide sources
for accelerator- or reactor-based neutron sources. Hence, this is usually“one of the sm
of the combined uncertainty in the values at the point of test.

ertainty in neutron fluence

idely used technique to measure the total neutron fluence (aswell as the solid angle integr
ribution) in a simulated workplace field is the multi-sphere™spectrometer ['l. The uncertd
and the evaluation of the measurement uncertainty for thisttechnique is still a matter of reseg
Kperience, in particular from results of inter-comparison exercises, this total neutron fluence ca
with uncertainties of the order 5 % to 10 %, provided the' response matrix of the spectromet
termined by transport calculations and by calibrations in reference neutron radiations [0,
may be reduced if the calculated fluence is used,as'an input energy distribution for unfolding
bl results or if further information is available from-high resolution spectrometers.

ertainty in the energy and direction distribution of the fluence

hination of the energy and direction distribution should include different experimental

01T1a| methods. The uncertainty in the-spectrometric results depends on the method used and on

e neutron production and neutron scattering. A rigorous analysis of the uncertainties is
bresent.

The uncertginty in the energy and direction distribution influences the average conversion coefficients.

source of u

6.2.4 Unc
energy dis

In general,
coefficients

ncertainty is treated in"6.2.4.

ertainty in values of fluence-to-dose-equivalent conversion coefficient averaged over
ribution

this wncertainty is one of the major contributions to the overall uncertainty. The conver|
for“broad, parallel neutron fields are tabulated in Annex A. It is necessary to interpolate th
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coefficients

using a log-log four-point Lagrange interpolation technique and, subsequently, combined with

the

neutron fluence as a function of energy and direction.

The solid angle integrated energy fluence is necessary for the ambient dose equivalent. Based on experience,
in particular from results of an intercomparison exercise [°], the average conversion coefficients can be
determined with standard uncertainties of about 15 % if the energy distribution of the neutron fluence is
determined with a multi-sphere spectrometer system only. Smaller uncertainties can be achieved if detailed a
priori information is available from computations [10] or by using a high-resolution spectrometer for the energy
region from about 10 keV to 1 MeV (where the conversion coefficients show a strong energy dependence).

The direction and energy distribution of the fluence is necessary for the personal dose equivalent.
Spectrometers for this task are still under development [, but the usual approach to derive this information is
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by calculation. At present, the uncertainty in the energy- and solid-angle-averaged fluence-to-personal-dose-
equivalent conversion coefficient in simulated workplace neutron fields is as large as 20% [11].

6.2

.5 Timing uncertainty

In general, the uncertainty in the irradiation time is significant only when irradiating a dose equivalent
integrating device, such as a passive dosemeter. In this case, the uncertainty is a function of the time it takes
to stabilize the neutron field at the point of test. This uncertainty should be made negligible by having the

irra

6.2.6

If a| monitoring device is used (see 5.7), the uncertainty arising from the reading and p@ssible
between the monitor response and the neutron fluence at the point of test should be included in
uncertainty.

diation time long compared with the transit time.
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