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Cosmic rays

The earth is continuously bombarded with high-energy ionizing radiation from outer space. The intensity of the cosmic
radiation is partly decreased by the magnetic field associated with the Sun’s solar wind and by the Earth’s magnetic
field.
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Space radiation environment

TABLE 3.1—Relative abundances of nuclei (hydrogen through
nickel) at a few representative energies.

"Z Element 0.2 GeV n™! ] 1GeVn! 5GeVnt
1 H 2,200,000 = 500,000 2,800,000 x 500,000 4,600,000 = '?()0,0ﬁ)_
2 He 340,000 = 80,000 250,000 + 30,000 230,000 + 30,000
3 Li 1,000 + 60 1,400 + 140 960 = 100
4 Be 450 + 50 730 = 67 680 = 53
5 B 2,100 + 90 2,340 + 102 1,600 + 69
6 C 8,500 + 290 7,100 + 285 6,460 + 2568
7 N 1,940 + 80 2,000 = 82 1,610 + 61
8 0 7,770 + 280 6,430 + 243 6,190 = 217
9 F 183 £ 13 145 = 11 1156
10 Ne 1,120 £ 60 1,050 = 43 960 + 35
. . 11 Na 273 £ 34 224 + 12 188 £ 8
Galactlc Cosmic RayS 12 Mg 1,430 + 60 1,330 + 54 1,260 + 46
o 13 Al 252 = 30 229 + 12 207 9
14 Si® 1,000 1,000 1,000
15 P 40+ 7 417+ 4 T+2
16 S 164 + 12 206 = 11 190 + 8
17 Cl 365 45 + 4 3T =2
18 Ar 63+6 907 68 x4
19 K Hhl1+6 66 =6 514
20 Ca 135 + 10 147 £ 10 119+6
21 Se 29+ 5 333 22+2
22 Ti 107 +9 988 T4 + 4
23 v 5726 44 + 4 38+3
24 Cr 109 £ 10 98 x4 83+5
25 Mn 72+ 12 55 +5 b6 x4
26 Fe 602 = 32 607 £ 34 685 + 37
27 Co 2x1 3x1 41
Trapped Parﬁdes 28 Ni 29 + 4 27+4 36+3
TRelative abundances were scaled to silicon which was arbitrarily set equal to
1,000.
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The propagation of solar particles is controlled and organized by the interplanetary magnetic field
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A solar flare is a sudden flash of brightness observed
over the Sun's surface associated with emission of
energy. The flare ejects clouds of electrons, ions,
and atoms through the corona of the sun into
space.

Massive burst of gas and strong change in solar
magnetic field.

The ejected material is a plasma consisting
primarily of electron and protons.
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The Earth's Magnetosphere
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(0 =1,000)

1,350,000

22.46 132,000 + 11,000

479 = 55
126 + 20
1,000 + 161
162 + 22
29+0.2
51=6
4+0.6
48+ 5
0.38 + 0.04
27
04+03
451
0.18 = 0.55
3.09 +£0.14
0.14 + 0.02
0.63 + 0.04
42.7+ 3.9
2.4 +0.05
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-~ TABLE 3.3—Average relative element composition of large SPEs

Solar Particle
(0 =1,000)

1,570,000 + 220,000
57,000 = 3,000
465 +9
124 + 3
1,000 + 10
152+ 4
104 + 1.1

196 + 4
157+ 1.6
152 +4
0.64 +0.17
3L.7x0.7
024 £0.1
33+02
0.55 + 0.15
10.6 = 0.4
034 0.1
21x03
134 £ 4
6+0.6
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The cosmic radiation field (in the Earth’s atmosphere), to which aircraft crew members are exposed,
has two different origins:

»  from the universe in general the so-called galactic cosmic radiation)
»  from the Sun the so called solar cosmic radiation.
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Calculated ambient dose equivalent rate, dA*(10)/dt, for conditions close to solar maximum
activity (Jan.1990) and close to solar minimum (Jan. 1998), both at zero-mendian (A=0°) and
geographic latitude ¢ of 0° (red lmes) resp. 90°(blue lines).(For uncertainties i calculated values
see CHIV.6 and Ch.V.5)
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Figure shows how the neutron monitor count rate has varied with the number of sunspot during the time period
from1960 to the present.

The sunspot number reflects the activity of the sun and a smoothed curve is used to identify the maxima and minima
of the sun activity.

The neutron fluence sometimes also decreases as an effect of increased solar wind and the increases in associated
magnetic field.

Those effects decrease the intensity of the GCR at the top of the atmosphere.
Such events are called “Forbush decreases”, they may occur a handful of times each year They may last for several
GEVE
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Some of the codes are based on Monte Carlo simulations of the s
radiation field (AVIDOS, EPCARD, JISCARD EX, PANDOCA, &
PLANETOCOSMICS(Bern code), and QARM). The SIEVERT code .
uses a worldwide grid of dose rates calculated with EPCARD.
Two codes (CARI, FREE) use an analytic calculation of particle
transport through the atmosphere based on LUIN99/LUIN2000
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and PLOTINUS calculations, respectively. Other codes are based s
on measurements only (FDOScalc, PCAIRE) and some use the E/ e
H*(10) conversion as calculated by the MonteCarlo codes s0

-180 -150 -120 -90 -60 -30 o 30

mentioned above.

F. Bottollier-Depois, P. Beck, M. Latocha, V. Mares, D. Matthia, W. Riihm, F. Wissmann

Table 2.4. Computer codes for calculation of the radiation exposure of aircraft crew due to galactic cosmic radiation. For detailed description and

references see sections 2.3.1t0 2.3.11.

Computer Code Method based on

AVIDOS 1.0 FLUKA Monte Carlo code

calculations
CARI-6M LUIN99/LUIN2000 code
calculations

EPCARD.Net5.4.1 FLUKA Monte Carlo code

calculations

FDOScalc 20 Experimental data (97-99; 03-06)

IASON-FREE 1.3.0 PLOTINUS code calculations

JISCARD EX PHITS Monte Carlo code
calculations

PANDOCA PLANETOCOSMICS 2.0;
GEANT4.9.1 Monte Carlo code

calculations
PCAIRE Experimental data (since 97)
PLANETOCOSMICS 2.0 GEANT4 Monte Carlo code
calculations
QARM 1.0 MCNPX Monte Carlo code

cal
SIEVERT 1.0 EPCARD version3.3 4 code
calculations
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Reference

, 2007;
Roesler, 2002)

(Friedberg, 1992)

(Mares, 2009; Roesler,2002)

(Schrewe, 2000; Wissmann,
2006; Wissmann, 2010)

(Felsberger, 2009)

(Yasuda, 2008a;
Yasuda, 2008b)
(http://corsray.unibe.ch)
(http-/igeantd web.cem.ch/
geantd/)

(Lewis, 2001; Lewis, 2002;
Lewis, 2004; Takada, 2007)
(http:/icorsray.unibe.ch)

(Lei, 2004; Lei, 2006; Dyer,
2007; http:/fmcnpx lanl.gov)
(http//sievert-system.org;
Bottollier-Depois, 2007)

Primary galactic cosmic radiation spectra

(if applied)

Gaisser ef al modified by balloon measurements

(Gaisser, 2001; Beck, 2007)

below 10 GeV (Garcia-Munoz, 1975),
above10 GeV (Peters, 1358)
normalized to 10.6 GeV (Gaisser, 1998)

(Badhwar, 2000)
Not applied

below 10 GeV (Garcia-Munoz, 1975),
abovel0 GeV (Peters, 1958)
normalized to 10.6 GeV (Gaisser, 1998)
(Nymmik, 1992)

(Gleeson, 1968)
(Usoskin, 2005)

Not applied
(Gleeson, 1968; Garcia-Munoz, 1975)

(Badhwar, 2000)

(Badhwar, 2000)

EURADOS Report 2012-03

Cut off rigidity

Vertical cut offrigidity (Smart, 1997)

Vertical cut-off rigidity (Shea, 2000)
non-vertical cut-off rigidities
(Heinrich, 1979)

Vertical cut-off rigidity (Biikofer, 2007)
Vertical cut-off rigidity
MAGNETOCOSMICS (Desorgher, 2006)
Vertical cut-off igidity (Shea, 2000)
non-vertical cut-off rigidities
(Heinrich, 1979)

Vertical cut-off rigidity pre-calculated with
MAGNETOCOSMICS (Desorgher, 2006)

Vertical cut-off rigidity, pre-calculated with
PLANETOCOSMICS 2.0
Vertical cut-offrigidity (Lewis, 2002)
Vertical cut-off rigidity (Btikofer, 2007)

Vertical cut-offrigidity (Smart, 1997)

Vertical cut-off rigidity (Smart, 1997)
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Dose conversion

ICRP 60 (ICRP, 1990)
(Pelliccioni, 2000)
ICRP 60 (ICRP, 1390)
(Pelliccioni, 2000)

ICRP 60 (ICRP, 1990)
(Peliccioni, 2000; Mares, 2007)

ICRP 60 (ICRP, 1990)
(Pelliccioni, 2000)
ICRP 60 (ICRP, 1990)
(Pelliccioni, 2000)
ICRP 60 (ICRP, 1990)
(Pelliccioni, 2000)
ICRP 60 (ICRP, 1990)

ICRP 60 (ICRP, 1990)
(Pelliccioni, 2000)
ICRP 74 (ICRP, 199),
(Pelliccioni, 2000)

ICRP 60 (ICRP, 1990)
(Pelliccioni, 2000)

Longitude (degree)
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* Council Directive 2013/59/Euratom of 5 December 2013 laying down basic safety standards for
protection against the dangers arising from exposure to ionising radiation, and repealing
96/29/Euratom,  97/43|/Euratom  and

Directives  89/618/Euratom,  90/641/Euratom,
2003/122/Euratom

3.  For an undertaking operating aircraft where the effective
dose to the crew from cosmic radiation is liable to exceed 6
mSv per year, the relevant requirements set out in this Chapter
shall apply, allowing for the specific features of this exposure
situation. Member States shall ensure that where the effective
dose to the crew is liable to be above 1 mSv per year, the
competent authority requires the undertaking to take appro-
priate measures, in particular:

(a) to assess the exposure of the crew concerned;

(b) to take into account the assessed exposure when organising
working schedules with a view to reducing the doses of

highly exposed crew;

(c) to inform the workers concerned of the health risks their
work involves and their individual dose.

(d) to apply Article 10(1) to pregnant air crew.

(26)  The exposure of air crew to cosmic radiation should be
managed as a planned exposure situation. The operation

of spacecraft should come under the scope of this
Directive and, if dose limits are exceeded, be managed
as a specially authorised exposure.

Article 10
Protection of pregnant and breastfeeding workers

1. Member States shall ensure that the protection of the
unborn child is comparable with that provided for members
of the public. As soon as a pregnant worker informs the under-
taking or, in the case of an outside worker, the employer, of the
pregnancy, in accordance with national legislation the under-
taking, and the employer, shall ensure that the employment
conditions for the pregnant worker are such that the equivalent
dose to the unborn child is as low as reasonably achievable and
unlikely to exceed 1 mSv during at least the remainder of the

pregnancy.
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1 L < 10 keV/um
O(L)y=<032L-22 10<L< 100keV/um (B.4.2)
300/vVL L > 100 keV/um
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Table 1

Equipment and detectors used to characterize radiation field on board
civil aircraft

Table A.2:

COMPONENT

DETECTOR TYPE

EQUIPMENT (DETECTOR)
USED

All radiation

Active

Tissue equivalent proportional
counter,

Tissue cquivalent ionization
chamber. Set of low pressure GM-
counters

Detector Type

Mainly used to
measure

Lower
Detection
Limit®

Advantages and
Shortcomings

Thermoluminescent
detectors

Low LET ionizing
radiation

10 uSv

LiF:Mg, Cu, P highly
sensitive for low LET
radiation

Low LET radiation

Active

High pressure (Ar) ionization
chamber, GM-counter based
equipment; Scintillator based
environmental dosemeters; silicon
diodes

Photoluminescent
detectors

Low LET ionizing
radiation

10 uSv

Highly sensitive for low
LET radiation

Bubble detectors

Neutrons with energy
below 20 MeV

10 uSv

Sufficiently sensitive for
single intercontinental
flight measurement; direct
reading

Passive

Thermoluminescent detectors

(CaF,.CaSO, Li,B,0,.LiF.ALO,).

photographic films

Polycarbonate
detectors

Neutrons in energy
range 1-50 MeV

Useful for long integrated
exposures. Sensitive to
alpha particles and heavier
particles

High LET radiation

Rem counters (BF,,ZnS:Ag+B),
Bonner spheres; Organic
scintillator-based systems, Proton
recoil counter

PADC/CR39
detectors

Neutrons, protons and
heavy ions

< 100 uSv

Useful for long integrated
exposures. Sensitive to
protons and heavier
particles

Passive

Activation detectors; nuclear
emulsions, Fission foils,
Superheated drop detectors, Solid
state nuclear track detectors
(PADC/CR39/ Makrofol)

Bismuth detectors

High energy neutrons
and
protons (> 50 MeV)

< 100 uSv

Threshold detectors for
the measurements of high
energy neutrons/protons

Stack of thin films
of cellulose nitrate

detectors - LR-115

HZE particles
Heavy ions with Z > 2

One particle
per 200 ¢m®

A multi-element stack
with simple scanning
procedures

@ Three times the standard deviation of the background.
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CORA PROJECT

Neutron detector inter-
comparison
August - November 2014

Testa Grigia Laboratory Cervinia — Italy
3480 masl 45°56'N  7°42'E

Participant Institutions Neutron detectors H* (mSv)

INEN Torino Rem Counter Atomtex (0.025 eV- 14 MeV)
LNF Frascati Extended Rem Counter (0.025- 5 GeV)
Politecnico Milano Passive Rem Counter CR 39 (0.025 eV- 1GeV)
INAF Roma Portable Neutron Monitor cosmic ray variability
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