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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 ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Aircraft crews are exposed to elevated levels of cosmic radiation of galactic and solar origin and
secondary radiation produced in the atmosphere, the aircraft structure and its contents. Following
recommendations of the International Commission on Radiological Protection (ICRP) in Publication
601, confirmed by Publication 103[2], the European Union (EU) introduced a revised Basic Safety
Standards Directivel3] and International Atomic Energy Agency (IAEA)[4] issued a revised Basic Safety
Standards. Those standards included exposure to natural sources of ionizing radiation, including cosmic
radiation, as occupational exposure. The EU Directive requires account to be taken of the exposure of
aircraft crews liable to receive more than 1 mSv per vear. It then identifies the following four protection
megdsures:

a)
b)

to assess the exposure of the crew concerned;

to take into account the assessed exposure when organizing working schédules witl a view to

reducing the doses of highly exposed crews;

to inform the workers concerned of the health risks their work involves;and

‘)

d) |to apply the same special protection during pregnancy to female ¢réws in respect of the ['child to be

born" as to other female workers.

hber States
\uthorities
advisories

EU Council Directive has already been incorporated into laws and regulations of EU Mer
is being included in the aviation safety standards and procedures of the Joint Aviation |
the European Air Safety Agency. Other countries suchras Canada and Japan have issued
heir airline industries to manage aircraft crew exposure.

st are the

regulatory and legislative purposes, the radiation protection quantities of intere

ivalent dose (to the foetus) and the effectiverdose. The cosmic radiation exposure of t
esse¢ntially uniform and the maternal abdomen provides no effective shielding to the fg
resylt, the magnitude of equivalent dose.t0) the foetus can be set equal to that of the eff;

he body is
etus. As a
bctive dose

recg¢ived by the mother. Doses on boardlaircraft are generally predictable, and events conjparable to

unplanned exposure in other radiological workplaces cannot normally occur (with the rare
of extremely intense and energetic 'selar particle events). Personal dosimeters for routine {

exceptions
1se are not

conpidered necessary. The preféerred approach for the assessment of doses of aircraft cre
necgssary, is to calculate directly the effective dose per unit time, as a function of geograp

altifude and solar cycle phase, and to combine these values with flight and staff roster inf

obtain estimates of effeCtive doses for individuals. This approach is supported by guidand
Eurppean Commissiot-and the ICRP in Publications 75[2] and 132[6l,

The role of calculations in this procedure is unique in routine radiation protection and
accepted thatsthie calculated doses should be validated by measurement. The effective
dirgctly measurable. The operational quantity of interest is ambient dose equivalent, H*(1
to validatéthe assessed doses obtained in terms of effective dose, calculations can be made

ws, where
ic location,
rmation to
e from the

is widely

%fose is not
). In order

of ambient

dosp equivalent rates or route doses in terms of ambient dose equivalent, and values of th||

is quantity

dete¢rmined from measurements. Traceability should be provided for a reasonable number|of particle

types and energies of the atmospheric radiation field, corrections included for differences between the
calibration fields and the total atmospheric radiation field, and related uncertainties properly taken
into account. The validation of calculations of ambient dose equivalent for a particular calculation
method may be taken as a validation of the calculation of the effective dose by the same computer code,
but this step in the process may need to be confirmed. The alternative is to establish a priori that the
operational quantity ambient dose equivalent is a good estimator of effective dose and equivalent dose
to the foetus for the radiation fields being considered, in the same way that the use of the operational
quantity personal dose equivalent is justified for the estimation of effective dose for ground-based
radiation workers.

The radiation field in aircraft at altitude is complex, with many types of ionizing radiation present, with
energies ranging up to many GeV. The determination of ambient dose equivalent for such a complex
radiation field is difficult. In many cases, the methods used for the determination of ambient dose
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equivalent

in aircraft are similar to those used at high-energy accelerators in research laboratories.

Therefore, itis possible to recommend dosimetric methods and methods for the calibration of dosimetric

devices, as

well as the techniques for maintaining the traceability of dosimetric measurements to

national standards. Dosimetric measurements made to evaluate ambient dose equivalent should be

performed
and regula

using accurate and reliable methods that ensure the quality of readings provided to workers
tory authorities. This document gives a conceptual basis for the characterization of the

response of instruments for the determination of ambient dose equivalent in aircraft.

Requirements for the determination and recording of the cosmic radiation exposure of aircraft
crews have been introduced into the national legislation of EU Member States and other countries.

Harmoniza

tion of methodsused for determiningambient dose equivalentand for calibrating instruments

is desirabl¢ to ensure the compatibility of measurements performed with such instruments.

This docurnent is intended for the use of primary and secondary calibration laboratories for-ionizing
radiation, py radiation protection personnel employed by governmental agencies, and by ‘indus{rial

corporatiops concerned with the determination of ambient dose equivalent for aircraft erews.

Vi
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aircraft —
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Conceptual basis for measurements
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3.1
cali
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H,,

Not
cali
the

Not
call

Scope

5 document specifies the conceptual basis for the determination of ambient dose'equiva
uation of exposure to cosmic radiation in civilian aircraft and for the calibration of iy
d for that purpose.

Normative references

re are no normative references in this document.

Terms and definitions
the purposes of this document, the following term&and definitions apply.
and IEC maintain terminological databases fortuse in standardization at the following ad

ISO Online browsing platform: available athttp://www.iso.org/obp

IEC Electropedia: available at http: /fwww.electropedia.org/

General terms

1
bration

ration that, under specified conditions, establishes a relation between the conventiond
hnd the indicationpG

e 1 to entryyA‘ealibration can be expressed by a statement, calibration function, calibrati
bration curves-or calibration table. In some cases, it can consist of an additive or multiplicative ¢
ndication.with associated measurement uncertainty.

b 2 to‘entry: Calibration should not be confused with adjustment of a measuring system, often
bd *self-calibration”, or with verification of calibration.

ent for the
struments

dresses:

il quantity,

n diagram,
prrection of

mistakenly

Note 3 to entry: Often, the first step alone in the above definition is perceived as being calibration.

3.1.

2

response
response characteristic

R

quotient of the indication, G, or the corrected indication, G, and the conventional quantity value to be
measured

Note 1 to entry: To avoid confusion, it is necessary to specify which of the quotients, given in the definition of
the response (to G or to G_,,..) is applied. Furthermore, it is necessary, in order to avoid confusion, to state the
quantity to be measured, for example: the response with respect to fluence, Ry, the response with respect to
kerma, Ry, the response with respect to absorbed dose, R,.

© IS0 2020 - All rights reserved
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Note 2 to entry: The reciprocal of the response under the specified conditions is equal to the calibration

coefficient N

coeff.

Note 3 to entry: The value of the response can vary with the magnitude of the quantity to be measured. In such
cases the detector assembly's response is said to be non-constant.

Note 4 to entry: The response usually varies with the energy and direction distribution of the incident
radiation. It is, therefore, useful to consider the response as a function, R(E,(2), of the radiation energy, E, and
of the direction, Q of the incident monodirectional radiation. R(E) describes the "energy dependence" and R(Q)
the "angle dependence" of response; for the latter, Q may be expressed by the angle, @, between the reference

direction of

3.2 Quaptities and units
3.21
particle fluence
fluence
D
number, d{& at a given point in space, of particles incident on a small spherical domain, divided by
cross-sectipnal area, da, of that domain:

o=

dq

Note 1 to entry: The unit of the fluence is m=2; a frequently used unit is em<2.

Note 2 to €
the fluence
distribution
can be writ
differentiat
brackets ar
E=E,iswr

3.2.2
particle fl
fluence ra
@

rate of the

=99
dg

where d@ i

Note 1 to entry;/The unit of the fluence rate is m=2 s71, a frequently used unit is cm=2 s71,

3.2.3

absorbed d

D
for any ion

p_de

the detector assembly and the direction of an external monodirectional field.

ntry: The energy distribution of the particle fluence, @y, is the quotient, d®, by dE, where d
of particles of energy between E and E+dE. There~is an analogous definition for the direg
, @, of the particle fluence. The complete representation of the double differential particle flu
ten (with arguments) &g (E,(2), where the supscripts characterize the variables (quantities]
on and where the symbols in the brackets describe the values of the variables. The values in
e needed for special function values, e.g. the energy distribution of the particle fluence at en
tten as @g(Ey). If no special values are indicated, the brackets may be omitted.

llence rate
ke

particle fluence (3.2.1)expressed as

_d?N
da-dt

the

D is
tion
bnce
for
the

Frey

s the incrément of the particle fluence during an infinitesimal time interval with duration dt.

ose

izing radiation,

“dm

where de is the mean energy imparted by ionizing radiation to an element of irradiated matter of mass

dm

Note 1 to entry: In the limit of a small domain, the mean specific energy is equal to the absorbed dose.

Note 2 to entry: The unit of absorbed dose is ] kg1, with the special name gray (Gy).
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3.2.4

kerma

K

for indirectly ionizing (uncharged) particles, the mean sum of the initial kinetic energies dE,, of all the
charged ionizing particles liberated by uncharged ionizing particles in an element of matter, divided by
the mass dm of that element:

1 o 3 P2 I A Lo Lol 3 £1l N o il i pa Lad 3
NOt 6 \.utl_y g \{_uautnt_y O reraacs Hhretemeteener 5 It tHhe-crrat oo par HetesenrtteaHrtreaee y Of eXClted

atorps or molecules or nuclei.
Not¢ 2 to entry: The unit of kerma is ] kg-1, with the special name gray (Gy).

3.2)5
dose equivalent
H
at the point of interest in tissue,

H=DQ

whére
D isthe absorbed dose;

Q isthe quality factor at that point, and

H= j Q(L)D,dL
L=0

Notg¢ 1 to entry: Q is determined by the unrestricted linear energy transfer, L., (often denoted as I} or LET), of

charged particles passing through a small volume element (domains) at this point (the value of L.|is given for

charged particles in water, not in tissue; the difference, however, is small). The dose equivalent at a pdint in tissue

is then given by the above formula,'where D; = dD/dL is the distribution in terms of L of the absorbeq dose at the
point of interest.

Notg 2 to entry: The relationship of Q and L is given in ICRP Publication 103 (ICRP, 2007)[2l.

Notg 3 to entry: The unit of dose equivalent is ] kg1, with the special name sievert (Sv).

3.216
lingal energy

tion event,

Note 1 to entry: The unit of lineal energy is ] m1, a frequently used unit is keV um-1,

3.2.7
dose-mean lineal energy

Yp

© IS0 2020 - All rights reserved 3
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expectation

o=[ydy)dy
0
where d(y)is the dose probability density of y.

Note 1 to entry: The dose probability density of y is given by d(y), where d(y)dz is the fraction of absorbed dose

delivered in single events with lineal energy in the interval from y to y+dy.

Note 2 to entry: Both the dose-mean lineal energy and distribution d(y) are independent of the absorbed dose or

dose rate.

3.2.8
ambient dpse equivalent
H*(10)
dose equivqlent (3.2.5) at a point in a radiation field, that would be produced by thé’correspong

ling

expanded and aligned field, in the ICRU sphere at 10 mm depth on the radius oppesing the directiopn of

the aligned field

Note 1 to entry: The unit of ambient dose equivalent is ] kg~1 with the special name sievert (Sv).

3.2.9

standard barometric altitude

pressure 3ltitude

altitude ddtermined by a barometric altimeter calibrated (3.1:1) with reference to the Internati
Standard Atmosphere (ISA) (ISO 2533[Z], Standard Atmosphere) when the altimeter's datum is se
1 013,25 hPa

Note 1 to erjtry: ISO/IEC Directives Part 2 Clause 9 require§1SO documents to use SI units and to conform 3
IS0 80000(dl so the default should be metres. However, in aviation, the flight level is mostly given as FLxxx, w

nal
t to

vith
here

xxX is a thrge-digit number representing multiples of 100 feet of pressure altitude, based on the ISA and a dajfum

setting of 113,25 hPa; for instance FL350 corresponds to 35 000 ft or, using 1 foot = 0,304 8 m, 10 668 m.

3.2.10
vertical g¢omagnetic cut-off rigidity
vertical cyt-off

cut-off
rc
minimum magnetic rigidity atvertically incident particle can have and still reach a given location ah
the Earth

3.3 Atmpspheric radiation field

3.3.1

ove

cosmic raxiation
cosmic rays

cosmic particles

ionizing radiation consisting of high-energy particles, primarily completely ionized atoms
extra-terrestrial origin and the particles they generate by interaction with the atmosphere
other matter

3.3.2
primary cosmic rays
cosmic radiation (3.3.1) incident from space at the Earth’s orbit

, of
and

4 © IS0 2020 - All rights reserved
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3.3.3

secondary cosmic radiation

secondary cosmic rays

cosmogenic particles

particles which are created directly or in a cascade of reactions by primary cosmic rays (3.3.2)
interacting, with the atmosphere or other matter

Note 1 to entry: Important particles with respect to radiation protection and radiation measurements in aircraft
are: neutrons, protons, photons, electrons, positrons, muons and, to a lesser extent, pions and nuclear ions
heavier than protons.

3.3#
galactic cosmic radiation

galactic cosmic rays

GC

cosmic radiation (3.3.1) originating outside the solar system

3.3/5

solar particles

solar cosmic radiation

solar cosmic rays

cosinic radiation (3.3.1) originating from the Sun

3.3l6

solar particle event
SPE
large fluence rate of energetic solar particles ejected into'space by a solar eruption

Note¢ 1 to entry: Solar particle events are directional.

3.3{7
ground level enhancement
GL
sudden increase of cosmic radiation-(3.3.1) observed on the ground by at least two neutr¢n monitor
staflions recording simultaneously a-greater than 3 % increase in the five-minute-averaged| count rate
assfciated with solar energetic particles

Note 1 to entry: A GLE is assaciated with a solar-particle event having a high fluence rate of particlg¢s with high
enefgy (greater than 500 MeV.).

Not¢ 2 to entry: GLEsareTelatively rare, occurring on average about once per year. GLEs are numbeifed; the first
nunpber being giventothat occurring in February 1942.

3.3{8

solar cycle
perjod during which the solar activity varies with successive maxima separated by an avergge interval
of ar)out 11 years

Note 1 to entry: If the reversal of the Sun’s magnetic field polarity in successive 11 year periods is taken into
account, the complete solar cycle may be considered to average some 22 years, the Hale cycle.

Note 2 to entry: The sunspot cycle as measured by the relative sunspot number, known as the Wolf number, has
an approximate length of 11 years, but this varies between about 7 and 17 years. An approximate 11 year cycle
has been found or suggested in geomagnetism, frequency of aurora, and other ionospheric characteristics. The u
index of geomagnetic intensity variation shows one of the strongest known correlations to solar activity.

3.39

solar maximum

time period of maximum solar activity during a solar cycle (3.3.8), usually defined in terms of relative
sunspot number

© IS0 2020 - All rights reserved 5
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3.3.10

solar minimum
time period of minimum solar activity during a solar cycle (3.3.8), usually defined in terms of relative
sunspot number

3.3.11

cosmic radiation neutron monitor
large detector used to measure the time-dependent relative fluence rate of high-energy cosmic radiation
(3.3.1), in particular the secondary neutrons generated in the atmosphere (protons, other hadrons and

muons can

also be detected)

Note 1 to e
on ships or
determine §

4 Gene

4.1 The

The prima
atmospher
contribute
aviation al
lower ener]
system, thg
on solar m
above that
fairly cons

The magne
reaching th
low solar 3

try: Installed worldwide at different locations and altitudes on the ground (and occasionallypl
aircraft), cosmic radiation neutron monitors are used for various cosmic radiation studjes)an
olar modulation.

ral considerations

cosmic radiation field in the atmosphere

'y galactic cosmic radiation (and energetic solar particles) interactwith the atomic nuclg
ic constituents, producing a cascade of interactions and secondary reaction products
to cosmic radiation exposures that decrease in intensity with depth in the atmosphere f
itudes to sea levell2I[10], Galactic cosmic radiation (GCR)«Can have energies up to 1020 eV,
oy particles are the most frequent. After the GCRs penetrate the magnetic field of the s
e peak of their energy distribution is at a few hundred’MeV to 1 GeV per nucleon, depeng
hgnetic activity, and the spectrum follows a powerfunction of the form E-27 eV up to 101§
energy, the spectrum steepens to E-3 eV. The fluence rate of GCR entering the solar syste
ant in time, and these energetic ions approaeh-the Earth isotropically.

tic fields of the Earth and Sun alter the, relative number of GCR protons and heavier
e atmosphere. The GCR ion compositiornon the fluence basis for low geomagnetic cut-off
ctivity is approximately 90 % praeténs, 9 % He ions, 1 % heavier nuclei; at a vertical cu

of 15GV, t

e composition is approximately 83 9% protons, 15 % He ions, and nearly 2 % heavier ions[11

ced
d to

i of
rhat
fom
but
blar
ling
eV,
m is

ons
and

-off
[12]

[ion
the
- at
ant
ing
low

The changing components of ambient dese equivalent caused by the various secondary cosmic radia
constituents in the atmosphere as-a-function of altitude are illustrated in Figure 1. At sea level,
muon component is the most important contributor to ambient dose equivalent and effective dos¢
aviation altitudes, neutrons, electrons, positrons, protons, photons, and muons are the most signifi
componentis. At higher altitudes, nuclear ions heavier than protons start to contribute. Figures show
representative normalizéd)energy distributions of fluence rates of all the important particles at
and high cyit-offs and altitudes at solar minimum and maximum are shown in Annex A.

The Earth| is alsovexposed to bursts of energetic protons and heavier particles from mag

The particle :
lower in energy than GCR generally below 100 MeV and only rarely above 10 GeV SPEs are of short
duration, a few hours to a few days, and highly variable in intensity. Only a small fraction of SPEs, on
average one per year, produce large numbers of high-energy particles, which cause significant dose
rates at high altitudes and low geomagnetic cut-offs and can be observed by neutron monitors on the
ground. Such events are called ground level enhancements (GLEs). For aircraft crews, the cumulative
dose from GCR is far greater than the dose from SPEs. Intense SPEs can affect GCR dose rates by
disturbing the Earth's magnetic field in such a way as to change the galactic particle intensity reaching
the atmosphere.
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Figure 1 — Calculated ambient dose equivalent rates as function of standard baro
altitude for high latitudes'at solar minimum for various atmospheric cosmic radiation
component particles

geéneral approach necessary for measurement and calibration is given here. Details of

metric

General calibration considerations for the dosimetry of cosmic radiation fields in

calibration

fieldsand procedures are given in 1ISO 20785-2(14]

4.2.2 Considerations concerning the measurement

Ambient dose equivalent cannot be measured directly by conventional dosimetric techniques(!3l. The
experimental determination of ambient dose equivalent for the complex radiation field considered
here (see Figure 1) is particularly difficult. An approximate approach is to use a tissue equivalent
proportional counter (TEPC) to measure dose equivalent to a small mass of tissue, by measuring the
absorbed dose distribution in lineal energy (which is an approximation for LET), with corrections
applied, and directly applying the LET-dependent quality factor. However, this measurement still does

not

realize the quantity.

Dosimetry of the radiation field in aircraft requires specialized techniques of measurement and
calculation. The preferred approach would be to use devices that have an ambient dose equivalent

© IS0 2020 - All rights reserved
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response that is independent of the energy and the direction of the total field, or the field component
to be determined. It is generally necessary to apply corrections using data on the energy and direction
characteristics of the field and the energy and angle ambient dose equivalent response characteristics
of the device.

4.2.3 Considerations concerning the radiation field

The field comprises mainly photons, electrons, positrons, muons, protons and neutrons. There is not
a significant contribution to dose equivalent from energetic primary heavy charged particles (HZE)
or fragments. The electrons, p051trons and muons are dlrectly 10n121ng radlatlon and together with
1nd1rectly fonizing—photons—and-—secondar 7 3 shetic

(<10 keV/
quality facfor on LET. Quality factor is unity below 10 keV/um. This separation between low and high
LET particles can be applied to TEPCs, and to other materials and detectors, but the low-LET/high-LET
threshold ¢an vary between 5 keV/um and 10 keV/um. The low-LET component comprises the directly
ionizing elpctrons, positrons and muons; secondary electrons fronf\photon interactions, most of|the
energy deposition by directly ionizing interactions of protons; and part of the energy deposition by
secondary|particles from strong interactions of protons and, aeutrons. The high-LET componert is
from relatively short-range secondary particles from strong-interactions of protons and neutrons. [The
relative coptributions to the total ambient dose equivalent of low-LET and non-neutron compongent,
and high-LET and neutron and neutron-like component.ake not necessarily the same, but are generfally
similar in agnitude.

The operatjional dose quantity relevant for these determinations, ambient dose equivalent, is reasongbly
approximated, assuming suitable calibration, and-normalization, by the response of a tissue equivalent
proportional counter (TEPC), recombinatien:ionization chamber or semiconductor spectrometer. [The
low-LET or non-neutron energy deposition”can be determined using an ionization chamber, siligon-
based deteftor, or scintillation detectos;\or a passive luminescence or ion storage detector. The high-LET
or neutron|component can be measuted using an extended range neutron survey meter or multi-sphere
spectromefer; or a passive etched-track detector, bubble detector or fission foil with damage tfack
detector. The summed components, low LET plus high LET, or non-neutron plus neutron and neutfon-
like, with duitable calibratieh.and normalization, give total ambient dose equivalent. It is essential for
the measufement of the complex radiation fields that instruments used are characterized at natignal
standards [laboratoriesiin'relevant radiation fields, corrections included for differences between|the

1SO 20785-2[14] and ICRU Report 66:2001[12]), The determination of the uncertainties associated with
any set of measurement is an important part of dosimetry. Uncertainties associated with specific
methods of dosimetry are frequently not statistically independent. Even when they are independent,
the total uncertainty is frequently not simply the root mean square of the individual uncertainties but
depends upon the procedure for measurement and analysis. Details are given in ISO/IEC Guide 98-3[18],

4.2.4 Considerations concerning calibration

In terms of ambient dose equivalent, the main contributions to the radiation field at aviation altitudes
are from neutrons from a few hundred keV up to a few GeV, protons from a few tens of MeV to a few
GeV, electrons, positrons and photons from a few MeV to a few GeV. The determination of the response
characteristics, both energy and angle dependence, of devices used for the determinations of ambient
dose equivalent for the cosmic radiation fields in aircraft should be carried out where possible in ISO
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reference radiations. However, ISO reference radiations do not fully cover the energy range of photons,
neutrons and electrons to account for the majority of the contributions to total ambient dose equivalent.
Thus, additional calibration fields are required, including, for some devices, proton radiation fields.

To determine the response characteristics to high-energy low-LET radiation field components for which
reference fields are not available, it can be demonstrated by measurement and calculation for particular
devices, for example the tissue equivalent proportional counter (TEPC), that the details of the energy
deposition distribution in the sensitive volume of the device are similar for these components to those
for the ISO high-energy photon reference field R-F. This addresses the particular problems associated
er devices[21[20][21], Quasi-monoenergetic
ination of
the|neutron response characteristics of devices for higher energies, measurements may soimmetimes be
madle in mono-energetic proton beams in combination with calculation, or in broad energy distribution
neuftron fields, also in combination with calculation.

convert it
b use of air

For
to 3
ker

non-ISO fields, a traceable technique can be used to measure the particle fluence and
mbient dose equivalent by applying fluence to dose conversion factors. Farphotons, th
ma is possible where measured or modelled fluence is available.

4.2)5 Simulated aircraft fields

4.2)5.1 Accelerator-based fields

fed cosmic
/ has been
(CERN-EU
gy protons
ncident on
positions,

Inst
rad

rument response measurements and inter-comparisorts can be made in the simula
ation neutron field, which has been designed at, and provided by, CERN. The facilit]
developed and characterized jointly with the European Commission and is known as CERF
high-energy Reference Field facility)[2Z1[281[29], Thesfields are created by beams of high-ener
and| pions with momenta of either 120 GeV/c (positive or negative) or 205 GeV/c (positive)

a copper target. There is massive concrete shiélding at the side of the beam at the targe
and, depending on target position, either iron or concrete shields above. The areal mass of the 80 cm
congrete shields are almost equal to the air layer above for flight altitudes of 10 km to 13 km. Well-
chafacterized neutron fields are locatéd both at the side of the target area and on the r¢of shields.
Thg neutron component (plus othér hadrons) of the radiation field in each calibration ppsition has
beeph calculated by using the Monte Carlo code FLUKAI30l, A number of multi-sphere sp¢ctrometry
megsurements have also been-thadel31l. At present the metrology of the field is not traceable|to primary
stapdards laboratories.

4.2)5.2 Cosmic radiation fields on mountains

Theg cosmic radiation fields on the ground at high elevations are the radiation fields closesst to those

in

bet
inst
rad

hircraft[321[33][341(35], but, as with accelerator-produced simulated aircraft fields,
veen these fields and the aircraft fields can affect the intercomparisons and/or evaluatig
rumentstand should be taken into account. The composition and spectral fluence of
atigntfield on the ground, even at altitudes as high as 4 km, is not exactly the same as

Hifferences
ns of some
the cosmic
the cosmic

radjation field at aviation altitudes. The fraction of dose from muons is higher at lower altjtudes. The
cosmic radiation neutron spectrum on the ground has relatively more neutrons with energies above
10 MeV, fewer with energies from 1 eV to about 2 MeV, and more at thermal energies(3¢l. Different
materials of the “ground” - soil, water or snow, concrete, or other building materials - scatter neutrons
differently and can affect the shape of the neutron spectrum.

4.3 Conversion coefficients

The fluence-to-ambient dose equivalent conversion coefficients depend on the particle type and their
energy. The data up to 180 MeV are well established and part of international recommendations (ISO,
IEC, ICRUI3Z], ICRPI28]). A compilation of fluence-to-ambient dose equivalent conversion factor for all
particles and energies of relevance are given in Reference [39].
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5 Dosimetric devices

5.1 Introduction

The types of detectors that can be used for measurements to determine ambient dose equivalent
onboard aircraft are similar to those devices used at accelerator laboratories. They can be categorized
as active or passive, or by the component of the field measured (see, for example, Reference [40]). This
document gives the basis for instruments’ use in the determination of ambient dose equivalent.

5.2 Active devices

5.2.1 Deyvices to determine all field components

5.2.1.1 Hnergy deposition spectrometers

5.2.1.1.1 | General

The two npain types of energy deposition spectrometers are gas-filled devices, in particular tig
equivalent| proportional counters (TEPCs) (see 5.2.1.1.2), and solid state (normally silicon) dev|
(see 5.2.1.1.3).

sue
lcCesS

5.2.1.1.2 | Tissue equivalent proportional counters

A tissue efjuivalent proportional counter (TEPC) is sensitive:to directly ionizing particles an
indirectly jonizing particles via the charged secondary partiéles created by them in the walls of|the
counter. The sensitive volume is filled with a gas of chemical composition similar to tissue, at a [low
pressure inp order to simulate a biological site of a few. microns. Although ideally of spherical symmdtry,
TEPCs are pften cylindrical. Incident radiation produces electrons in the gas, which are collected onfthe
central anqde, when an electric potential is appliedbetween the anode and the wall of the detector. Hach

event (or p
the initial

stored to p
average ch
The sum o
The dose e

Ambient d
determine
of the dey|
calibrate ir

5.2.1.1.3

Solid-state

article track through the gas) produces an output signal whose magnitude is proportiongl to
bnergy deposited. Each event detécted is analysed using a pulse height analysis method and
Foduce the lineal energy distribution spectrum, d(y); y is the energy deposited divided by|the
brd length of the detector. Fornmany practical purposes, y is used as an approximation to LET.
the deposited energy for(each event divided by the mass of gas provides the absorbed dpse.
nuivalent can be calculdted by folding the absorbed dose distribution with the quality faqtor.

bse equivalent is.determined by a calibration in reference fields but note that for usg to
ambient dose equivalent for cosmic radiation fields, a correction for the lower-LET threslold
ice is normallynecessary. An internal source of alpha particles (244Cm) can be used to
terms of ySee References [41] and [42] and references therein.

Solid-state energy deposition spectrometers

energy deposition spectrometers measure the energy deposited in one or more siljcon

detectors. If a single detector is used, a pulse height distribution is recorded[43]. Alternatively, several
detectors with differing LET thresholds may be used[#4l. The total dose to silicon and its distribution
in LET can be related to dose and dose equivalent to tissue. Suitable characterization and calibration
allows ambient dose equivalent to be determined.

5.2.1.2 Devices based on the determination of absorbed dose and mean quality factor

5.2.1.2.1 General

Dose equivalent can be also determined when a device is able to determine simultaneously the absorbed
dose and a mean quality factor in a radiation field. This approach includes the TEPC operated in the
variance/co-variance mode (5.2.1.2.2) and the recombination chamber (5.2.1.2.3).
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5.2.1.2.2 The TEPC variance method

The variance method[421[4¢] js a way to use a TEPC or other microdosimetric detector to measure the
dose-mean lineal energy, y,, of aradiation field, without measuring the y spectrum. In this method, the

fluctuation in the value of specific energy is determined when energy is deposited by many independent
particles (events) in equal time intervals. The single-event dose-mean specific energy is equal to the
relative variance of the measurements times their mean. The mean is the absorbed dose in the detector.
In pulsed or other strongly time- or spatially-varying radiation fields, a correction to the variance is
obtained by using two detectors or by analysing the variance of consecutive measurements[4Zl, For
general applications, a mean quality factor is determined from a linear function of y;. The slope and

intdrcept coelficients are determined from INStrument characterization in various photon.a
radjation standard fields. In some applications, including cosmic radiation measurements;-5
LET events (>150 keV/um) can be resolved in the multiple-event spectrum and a quality fa
det¢rmined according to ICRP 60 for this fraction(48l,

hd neutron
ingle high-
Ctor can be

5.2]1.2.3 Recombination chambers

The
of t
pro

recombination chamber makes use of the fact that the initial recombination of ions in thg
he ionization chamber depends on local ionization density. The lattér can be related {
vides information on radiation quality of the investigated radiation-fields[42l. The saturat

gas cavity
o LET and
on current

of t
cur
of r
dos

e recombination chamber is proportional to the total absorbed.dose, D. Measurements o
Fent at a specially chosen “recombination” voltage enables-determination of a recombin
hdiation quality and thus the dose equivalent, and, after characterization and calibratig
e equivalent[201[51],

The
mo

combination of ionization chamber data with thos€ obtained with a scintillation detecto}
e is based on the same principle as the recombination method. The ionization chambe

thefabsorbed dose, and a mean quality factor is détermined on the basis of the decrease of s
yield of organic scintillators with the increase fr'LET of particles transferring the energyl52]

5.2]1.3 Scintillation counters

Or
hig
SCin
the
thid
for
use

The
arr
ene

nic and inorganic scintillators‘are commonly used to detect photons and charged par
detection efficiency. Owing to the high hydrogen and carbon content, large-voluy

thickness of the scintillator material. Therefore, small-sized scintillation counters

neutron dosimetry;’but organic scintillators of sufficient size (thicknesses of a few 10
1 for spectromefric purposes(231[54],

use of secintillation counters as dosimeters in low-energy photon fields requires
ingement of absorber materials surrounding the scintillator itself, in order to m
gy-dependent response in terms of H*(10). Even though the scintillation counters are

usi

g réference photon fields, the reading of the instruments in the cosmic radiation field

Fionization
htion index
n, ambient

in current
" measures
cintillation

ticles with
he organic

tillators are also used as~neutron detectors with a neutron detection efficiency depending on

Scintillator

knesses of the order(fj1 cm) used as dosimeters usually do not have sufficient detection efficiency

Cm) can be

a specific
hitch a flat
calibrated
can differ

significantly from the true value, or from the reading of an ionization chamber. This can bg

explained

by the restricted range of energies measured by these devices. High-energy-charged particles can
deposit energy above the upper energy limit of a few MeV leading to a reduced detection efficiency for
these particles. The reading of the dosimeter shall be corrected to take account of this. A phoswich-type
scintillation detector can be useful for measurement of neutron and photon spectra in aviation[221,

5.2.2 Devices for low LET /non-neutron

5.2.2.1 Ionization chambers

Ionization chambers are based on the collection of the electrons and ions created by radiation within a
gas. The formation of each electron-ion pair requires about 30 eV of energy. An electric field is applied
between electrodes. The electrons and ions are collected by the electrodes and the total charge or
current measured by an electrometer. The signal is proportional to the total energy deposited in the
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gas by the ionizing radiation. Ionization chambers can be operated in current or pulse model>¢l. In
most common applications, ionization chambers are used in current mode as dc devices. Although the
detector is able to operate in free air, normally the chamber is used as an airtight container, usually
spherical or cylindrical in shape. For low-dose-rate measurements, chambers are commonly filled
with an inert gas at a higher pressure in order to increase the sensitivity. For measurements in mixed
radiation a typical instrument has a sensitive volume of 8 |, filled with argon at a pressure of 2,5 MPa.
The chamber is of a welded stainless steel construction for the shell and internal components[>Z],

5.2.2.2 Geiger Miiller counters

Geiger Millfer-teMicountereqtipment-mostlycommeretaly-ava etsalsooftenttitizedtoestimate
low-LET rpdiation of onboard aircraft. Such equipment is very simple to operate, and previjdes
measuremgnts with high statistical accuracy from the levels corresponding to the natural tadiafion

and
hme
ard

backgroun|
photons, w
response t
radiation f

d up to high altitudes. GM counters register events from directly ionizing particles
ith almost no response to neutrons (less than 5 %). GM counters show almest the s

h cosmic radiation fields as ionization chambers, relative to a calibration irf;a©%Co stand
eld[581(59],

5.2.2.3 HBlectronic personal dosimeters

sed
Ctor
eta

There are p number of real-time electronic personal dosimeters availabley'mostly using silicon-bg
detectors, |but also one type which couples a small gas-filled ion-cHamber with a semicondu
non-volatile memory celllel[61][62], Most of these have been designed to measure photon and

radiations,
of the low-
up to abou
require a f

5.2.3 De

5.2.3.1

Moderate-
moderator
rem meter

Moderated devices

Several have tissue-equivalent encapsulation, and might be considered for the measure
LET component of the field in aircraft. A few devices«arve designed to measure neutron fi
L 10 MeV, either separately or as combined neutrof=photon devices. Such dosimeters w
111 characterization of the proton and high-energy neutron response before use.

vices for high-LET /neutron component

hind-capture devices employing a“thermal-neutron detector surrounded by a hydrogen

ent
blds
uld

ous

are frequently used to detérmine H*(10) in neutron fields[12l. Such devices, often c
5, generally show a decreasing dose equivalent response with increasing energy in the

led
eV

region. This is true both for homogeneous spheres (including multi-sphere spectrometer detectprs)
and for defectors with neutron(absorbing layers to simulate the required dose equivalent responsg¢. In
cosmic radiiation neutron monitors, lead is used to “convert” high-energy particles, especially neutrpns,
into multiple lower-energyeutrons, which are readily moderated and detected[3], This convefter
principle hlas been implemented in survey instruments for routine use at high-energy acceleratorfs in
some extended range‘moderated devices[041[65][66][67][68][69][70], These devices are useful for validafion

of neutron|components of cosmic radiation at aviation altitudelZ1l.

Neutron mieasuring devices, such as extended range moderated devices described here, also resppond
to neutrontlike (strong force) interactions of protons and, of lesser importance, pions. With suitfble
calibrations, these devices measure the contribution to ambient dose equivalent from the neutron
component plus neutron-like components of the field.

5.2.3.2 Spectrometers

5.2.3.2.1 General considerations

Spectrometers are instrument systems used to measure the energy distribution of particle fluence, @,
or fluence rate. If @ is known for a given particle type, the ambient dose equivalent from that particle
type is determined from H*(10) = IGDEh*dE, where E is energy and h* is the particle fluence-to-ambient
dose equivalent conversion coefficient. Values of h* have been calculated for neutrons, photons,
electrons, and protons over the wide energy range found in the atmospheric cosmic radiation field[32],
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Measurements with spectrometers can provide verification of the calculations of @ that are the basis
of numerical dosimetry. Spectrometers are also useful in measuring H*(10), particularly from high-LET
radiations, such as neutrons and nuclear ions, where Q and h* depend strongly on particle energy.

5.2.3.2.2 Neutron spectrometers

Of the many kinds of active neutron spectrometers(Z2], two have high enough sensitivity to measure
the cosmic radiation neutron energy distribution in aircraft: moderate-and-capture multi-detector
(multi-sphere) spectrometers and recoil-proton spectrometers using organic liquid or solid scintillators.
Only multi-sphere spectrometers have been used to make measurements in aircraft.

ulti-sphere neutron spectrometer!Z3174] is a set of polyethylene moderator spheres; ¢ach with a
detgctor at its centre having a large response to thermal neutrons. The larger the moderator] the higher
thelenergy of incident neutrons for which the detector-sphere assembly has good detection efficiency.
Onde the neutron count rates and response functions of the detectors are known, a dedonvolution
(unfolding) computer code is applied to determine the neutron spectrum. ICRGReéport 66[1P], includes
an introduction to the principles and practice of multi-sphere neutron spectrémeters for chafacterizing
workplace neutron fields, with a comprehensive list of references and a disdussion of the mqdifications

Pas
spe
reld

the
of r
tos

5.3

5.3

Pas
nun
pas

ircraft341(36], To measure just the neutron energy distribution, the raw count rates of t
mblies, especially those with heavy-metal converters, should be corrected for counts
-energy cosmic radiation protons[26l. Multi-sphere neutron spectrometers are somewhg
y for use in aircraft, and analysis of their data is complex, so they are better suited for d

sive multi-detector spectrometers have been developed for measurements in aircraftl}
Ctrometers are very compact and do not require power or in-flight technical interven
tively insensitive. The passive multi-detector spectrometer is based on different types

neutron energy distribution, estimations of spectrum hardness can be made by evaluatin
psponses of detectors with different fissile radiators[ZellZZ], Fission detectors have also
Lpplement multi-sphere spectrometers in order to cover the high-energy part of the spec

Passive devices

1 General considerations

Kive detector's are suitable for measuring ambient dose equivalent integrated over f
ber of flights. The sensitivity and intrinsic background need to be considered. The bas
Kive dévices for high-LET/neutron components are track etch detectors and superheated

(als

high-energy protons: the expected contribution of high-energy protons to the reading is

p kfiown as bubble damage or superheated drop detectors). Both types of detectors

f

etched track detectors (see 5.3.2) and fission foil detectors (see 5.3.3). As an alternative to d

ssary for use in high-energy fields. High atomic number converters{(see 5.2.3.1) have b¢en used to
e high-energy detector assemblies and allow multi-sphere spectfometers to measure| the entire
ic radiation neutron energy distribution (thermal energy to > 10 GeV) on the ground(32|[341(36] and

e detector
caused by
tlarge and
ptermining

rence values of H*(10) rates and verifying caleulations of @; for neutrons than for routine
monitoring.

511761, Such
n, but are
improved
ptermining
b the ratios
been used
trumlZ4],

lights or a
ic types of
emulsions
Fespond to

unlikely to

exceed 5 % to 10 %. Generally, the ambient dose equivalent response of these neutron passive detectors
is lower for the neutron field in aircraft than for the ISO reference fields, which extend up to 20 MeV.
The large uncertainty associated with a measurement using a single-track etch detector can be reduced
by using stacks. Track detectors can also be used with fission foils with sufficient sensitivity.

Basic types of passive detector for the low-LET/non-neutron component are thermoluminescent,
optically stimulated luminescent and photoluminescent (TL, OSL and RPL) detectors. Several types
can be used to determine onboard exposure level, for instance LiF:Mg,Ti; LiF:Mg, Cu, P and/or Al,05:C;
CaS0,:Dy; Al-P glasses. Recently developed, more sensitive, TL materials allow the measurement
of values of ambient dose equivalent down to about 1 uSv. The response to neutrons, particularly
high-energy, should be considered.

© IS0 2020 - All rights reserved 13


https://standardsiso.com/api/?name=0396edb45a9286ee84da045ed301039a

ISO 20785-1:2020(E)

5.3.2 Etched track detectors

Tracks of secondary particles created in the detector material by the passage of charged particles, either
primary or produced during neutron nuclear interactions in the detector and/or its surroundings, are
registered by chemical etching of damage “trails”. Details of etched track detector properties are given
in References [78] [79] [80] [81]. The most frequently used material for these GCR measurements is
poly allyl diglycol carbonate (PADC, also known by the trade name CR-39)[82], The same detectors
can be also used to determine the spectra of particles with LET between about 5 keV/um to 10 keV/
pm and 500 keV/pm to 1 000 keV/pm in H,0. The distribution of absorbed dose in LET can also be
measured, and from thls dose equivalent can be determined. The dimensions of a large number of
tracks of seconda ined
racterlzatlon of track parameters of samples of the track etch material in proton andtheavy

Among other types of material, polycarbonate is of interest because of its consistently lowbackground
oducibility of response. Moreover, polycarbonate bottles or test tubes canbéused as tyack
detectors, jncluding the bottles of bubble detectorsl84l. These polycarbonate bottleS, tan be usefyl as
back-up defectors for bubble devices, the response of which can saturate in case of‘intense solar flgres
event. Problems of limited response and the low-signal-to-noise ratio of these detectors have Heen
solved by qounting coincident tracks on matched surfaces of paired detectors.

5.3.3 Figsion foil detectors

The registyation of sparked-through holes produced by etched tracks of fission fragments in thin
plastic films (polyethylene terephthalate and polycarbonate) has'been used for neutron detection pnd
dosimetry [since 1970[82]. Neutron-induced fission cross-sections for some heavy nuclei (235U, 28U,
232Th, 209Hi) are internationally recommended as secondary~standards for neutron flux monitorinlg in
the energy] region above 20 MeV. Among these heavy eléments, 209Bi is the most useful standard for
high-energy neutron studies for the following reasons: there are no reactions with low-energy neutrfns;
there is snooth variation of the cross-section with neutron energy; simplicity in the use and transport
since it is not radioactive. The attractive characteéristics of fission reactions for neutron detection pnd
dosimetry|can be exploited using different types of fission-fragment detectors, the most interesfing
of which gre: fission chambers, thin film/breakdown counters, and fission-fragment damage tfack
detectors. Low sensitivity can be a serious disadvantage for the application of fission-type detectoifs to
many hightenergy situations but this eanbe overcome, even for such a low fission cross-section as that
of bismuth| by using an advanced spark counter and special counting procedures!86l,

5.3.4 Superheated emulsion-neutron detectors (bubble) detectors

Superheat¢d emulsion néutron detectors (or neutron bubble detectors) have been used as paspive
detectors for neutron fmoenitoring at aircraft altitudes because of their ability to be a direct reading
detector cdmpletelyinsensitive to gamma radiation and because they can estimate neutron ambient dose
equivalent|down£0.Y pSvI8Z1[88], The superheated emulsion neutron detector is a small polycarbonate
bottle, whirh contains small droplets of a superheated liquid thatis dispersed throughout a Visco el stic
medium. W
bubble nucte
pressure of the host medlum Normal varlatlons in the alrcraft pressure do not result in significant
differences in sensitivity. In some cases, the detector can be reset (i.e. the bubbles compressed) by
screwing down a cap which applies a pressure to the visco-elastic medium. By relieving this pressure,
the detector is once again sensitized for measurement. Compensation for temperature changes can be
achieved by introducing an expandable material on top of the gel. Detectors can be made with various
sensitivities.

When using sets of detectors with differing energy dependences of response, an estimation of neutron
fluence energy distribution spectra can be made.
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5 Thermoluminescent detectors

Thermoluminescence, more correctly radiothermoluminescence is the phenomenon of light emission on
heating of irradiated, generally crystalline, material. A fraction of the energy deposited by the radiation
is stored in metastable “traps” [21]. Most commonly used thermoluminescent detectors (TLDs) provide
good determinations of the low LET or non-neutron radiation field components from directly ionizing
radiation and from secondary particles from photon interactions in the detector and its encapsulation.
With some materials and/or special techniques the high-LET or neutron component can be estimated.
Generally, however, TLDs are used to measure only the low-LET or non-neutron component and any
response to neutrons introduces an uncertainty. However, whereas neutrons contribute about 50 %

of t

e total ambient dose pqnivn]pnf in the GCR field onboard aircraft the contribution t

the total

abs
the
effi
resj
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brbed dose in tissue is only about 10 %. In TLDs, the neutron kerma (for the energy distr
fields being considered) is lower than in tissue. For TLDs, in general, the relativedight
ciency for the secondary charged particles is also low overall. As a result, the unwant
bonse is unlikely to exceed about 5 % in terms of total H*(10). The uncertainty of aTLD me
be reduced by the use of several detectors.

6 Photoluminescent detectors

sadvantage of the use of some high-sensitivity materials for TLd06simetry is an obsery
dependence due to thermal quenching of the luminescence-efficiency. This disadv
pvercome by using photoluminescent detectors (PLD) such as a radiophotolumines
s or an optically stimulated luminescence (OSL) detectok such as Al,05:C. The radiati
inescence signal is stimulated using light from a laser, Several photoluminescence read

Fgy deposition[251[96],

ibution for
conversion
bd neutron
asurement

ed heating
intage can
cent (RPL)
bn-induced
out modes

e been successfully developed[2211231194], PLDs have,low light conversion efficiencies fojr high-LET
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Annex A
(informative)

Representative particle fluence rate energy distributions for the
cosmic radiation field at flight altitudes for solar minimum and
maximum conditions and for minimum and maximum vertical cut-

off rigidity
NOTE The figures in this annex are taken from References [10],[97].
Figures A.1 to A.6 show the calculated particle fluence rate energy distributions for neutrons, protpns,
pions, eledtrons, photons and muons for the extreme values of solar activity, geomagnetic cuf-off
and altitude which could be expected for civilian aircraft. In each figure, the energy distributionfs of
particle flyence rates d2¢/dt-dE (cm=2 s~1 GeV-1), i.e. particle fluence per timé.nterval dt and endrgy
interval d#, are multiplied with the energy E, and normalized to the energy-integrated fluence rates
(the normdlization factor is given in each figure for the respective curves):
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Figure A.1 — Normalized energy distribution of neutron fluence rate
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Figure A.2 — Normalized energy distribution of proton fluence rate
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Figure A.3 — Normalized energydistribution of fluence rate of charged pions
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Figure A.4 — Normalized energy distribution of electron fluence rate
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Figure A.5 — Normalized energy distribution of photon fluence rate
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Figure A.6 — Normalized energy distribution of muon fluence rate
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