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ABSTRACT

The effects from ionizing radiation exposure are a concern faced by aircrew, high-altitude pilots, frequent flyers,
and commercial space travelers. This chapter describes the physics of atmospheric radiation’s primary sources,
including galactic cosmic rays (GCRs) and solar energetic particles (SEPs), as well as the possibility of a newly
identified third source of secondary radiation caused by precipitating radiation belt charged particles. The pri-
mary radiation processes of transport through the heliosphere, modulation by the solar wind, and magnetic
shielding by the Earth’s geomagnetic field are described. The SEP primary radiation differential energy spec-
trum is described, and radiation belt precipitated charged particles are discussed with information from a large
database of atmospheric radiation measurements. The transport of charged particles from all sources through
the magnetic shielding from the Earth’s geomagnetic field is described and the concept of geomagnetic cutoff
rigidity is thoroughly explained. The transport of radiation through the atmosphere from precipitating charged
particles below the mesopause is presented from a theoretical perspective, including the interactions of neutrons
and charged particles with target species in the atmosphere. Radiation dosimetry is described, including dose
quantities and quality factor. Additional discussions are presented with an introduction on radiation effects on
avionics, the models capable of reporting the aviation radiation environment, the measurements that have been
made of the atmospheric radiation by specific instruments, and introductory remarks on the regulatory activity
internationally and in the US related to the effects of radiation faced by aircrew, high-altitude pilots, frequent
flyers, and commercial space travelers.

4.1. INTRODUCTION

Air safety has improved significantly over the past dec-
ades, with the exception of effects from space weather,
which includes ionizing radiation. Radiation exposure is
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a natural hazard faced by aircrew, high-altitude pilots,
frequent flyers, and commercial space travelers.

Multiple sources of ionizing radiation contribute dose
exposure in the aerospace environment that reaches from
Earth’s surface into space. Galactic cosmic rays (GCRs)
and solar energetic particles (SEPs) are the dominant ion-
izing radiation sources (Figure 4.1). This is especially true
for travel above commercial aviation altitudes starting at
8 km (26,000 ft.; Friedberg & Copeland, 2003, 2011;
Tobiska et al., 2016). GCRs are produced outside the
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solar system in high-energy explosive events and mostly
consist of energetic protons that penetrate the helio-
sphere. They are slowly modulated by the strength of the
Sun’s interplanetary magnetic field (Simpson, 1983).
SEPs come from solar activity such as coronal mass ejec-
tions related to flaring events or from interplanetary
magnetic field shocks (Gopalswamy, 2004; Reames, 2013).
In the latter case, fast coronal mass ejections plow through
both ambient background and high-speed stream solar
wind fields to create a shock front that produces acceler-
ated energetic protons. A third radiation source has been
recently hypothesized, based on measurements, and likely
originates from the wave-particle interaction in the Van
Allen radiation belts (RB) leading to precipitated charged
particles (PCPs; Tobiska et al., 2018); substantial study is
underway to understand the source of this third radiation
source of RBPCPs.

The presence of primary ionizing dose in the acrospace
environment, which can be altered by the composition of
the terrestrial atmosphere and the dynamic variability of
the Earth’s magnetosphere resulting in secondary and
tertiary ionizing radiation environments, causes concern
for human health and vehicle avionics. It is this motiva-
tion that directs the study of radiation environment
effects on high-altitude and high-latitude aircraft.

Geomagnetic
Field
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Figure 4.1 The complex radiation conditions at and above
commercial aviation altitudes from galactic cosmic rays (GCRs)
and solar energetic particles (SEPs).

4.2. THE PHYSICS OF ATMOSPHERIC RADIATION

4.2.1. Galactic Cosmic Rays

GCRs consist of approximately 90% protons and 8%
helium nuclei, with the remainder being heavier nuclei
and electrons (Gaisser, 1990). After these particles pene-
trate the magnetic fields of the solar system and the Earth
to reach the Earth’s atmosphere, their collisions with air
molecules create cascades of secondary and tertiary radi-
ations (Reitz et al., 1993). The collisions are primarily due
to Coulomb interactions of the GCR particle with orbital
electrons of the atmospheric molecules, delivering small
amounts of energy to the orbital electrons. This energy
transfer process leaves behind electron-ion pairs (Wilson
et al., 1991). The ejected electrons often have sufficient
energy to extend ionizing events. The GCR ions lose a
small fraction of their energy and endure many atomic
collisions before slowing down. Occasionally the GCR
ion will collide with an air molecule nucleus where large
energies are exchanged, resulting in dramatic changes to
the ion and nucleus. The remnant nucleus emits further
air nuclear constituents by decaying through the usual
radioactivity channels (Wilson et al., 1991). An impor-
tant secondary particle created in the GCR-air interac-
tions is the neutron. Because of charge neutrality, the
neutron is able to penetrate deep into the atmosphere,
causing further ionization events and contributing over
half the atmospheric radiation exposure at typical com-
mercial airline altitudes (Wilsonetal.,2003). Furthermore,
neutron exposures create a relatively high health risk
since neutron interactions produce abundant ions in the
cell that is impacted and repair is less efficient for these
events (Mertens et al., 2012; Wilson, 2000).

The intensity of the atmospheric radiations, their
energy distribution, and their effects on aircraft crew and
passengers vary with altitude, location in the geomag-
netic field, and the Sun’s magnetic activity (solar) cycle
(Heinrich et al., 1999; Reitz et al., 1993; Wilson, 2000).
The atmosphere provides material shielding depending
on the atmospheric depth overhead. The geomagnetic
field provides shielding by deflection of low-momentum
charged particles back into space. Because of the orienta-
tion of the dipolar geomagnetic field, the polar and high-
latitude regions experience increased particle penetration.
At each geographic location, the minimum momentum
per unit charge, i.e. magnetic rigidity, that a vertically
incident particle can have to reach a given magnetic lati-
tude is called the vertical geomagnetic cutoff rigidity. The
local incident charged particle flux varies widely with
geomagnetic location and solar modulation. When solar
activity is high, GCR flux arriving from outside the solar
system is low and vice versa. The balance between outward
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Figure 4.2 GCR spectral flux for various nuclei predicted by the Badhwar and O’Neill model for solar cycle 23.
The local interstellar spectrum (LIS) is denoted by the red lines. Solar minimum spectra are represented by June
1996 conditions and are denoted by green lines. Solar maximum spectra are represented by June 2000 conditions

and are denoted by blue lines.

convective flux of solar wind and the inward diffusive
flux of GCRs is responsible for the dynamic anticor-
relation between incident GCRs and solar cycle activity
(Clem et al., 1996; Parker, 1965).

4.2.2. Heliospheric GCR Transport

GCRs are transported through the heliosphere to the
near-Earth space environment and can be modeled using
an expanded version of the Badhwar and O’Neill model
(Badhwar & O’Neill, 1991, 1992, 1993, 1994, 1996). This
model, referenced here as the GCR model, was updated
(O’Neill, 2006) to use ground-based neutron monitor
count rates from the Climax neutron monitor site. This
provided a measurement constraint on the simulated

solar cycle modulation of the GCR spectrum at 1 astro-
nomical unit (AU). Comparisons between the GCR
model and NASA Advanced Composition Explorer
(ACE) satellite CRIS instrument measurements of the
GCR spectra have shown that this step has enabled accu-
rate predictions of GCR spectra in the geospace environ-
ment on monthly to seasonal time scales (O’Neill, 2006).
O’Neill (2006) was extended by incorporating four high-
latitude neutron monitor count rate measurements
(Thule, Oulu, Izmiran [or Moscow], and Lomnicky) into
the GCR model predictions at 1 AU (Mertens
et al., 2009, 2012). These high-latitude neutron monitor
locations are sensitive to the GCR spectral region most
influenced by solar cycle variability, and the data from
these stations are available in real time or near real time.
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Figure 4.2 shows the solar cycle variation in the GCR
spectrum for several nuclei. The spectra were computed
by the Badhwar and O’Neill model (Mertens et al.,
2007, 2008). The figure shows the local interstellar spec-
trum (LIS) and the spectra at solar maximum and solar
minimum conditions. The solar cycle modulation of LIS
as the GCR nuclei are transported through the helio-
sphere to 1 AU is clearly evident.

This GCR model propagates the LIS of each element
in the GCR composition to 1 AU by solving a steady-
state, spherically symmetric Fokker-Planck transport
equation containing diffusion, convection, and adiabatic
deceleration of GCRs entering the heliosphere
(Parker, 1965). The transport physics enables GCR tem-
poral and spatial dependence to be expressed as a ratio of
the diffusion coefficient to the bulk solar wind speed. The
ratio functional form is

k(r,t)=k(rt) Vg, (rt)=(k,/ V)
(1),

x[i’R[l+(r/r0)2}/(D t @.1)

where V' is the bulk solar wind speed set to 400 km s™!
for all time; r is the distance from the Sun in AU, ¢ is time
in years, k, and r, are constants, f is the particle’s speed
relative to the speed of light, R is the particle’s magnetic
rigidity in MV, and @ is the solar modulation parameter.
The GCR spectral flux time-dependent behavior due to
the level of solar activity is embedded in the solar modu-
lation parameter. The solar modulation parameter is
physically related to the energy that interstellar nuclei
must have in order to overcome the heliospheric potential
field. The latter is established by the large-scale structure
of the interplanetary magnetic field (IMF). The solar
modulation parameter is determined by fitting the solu-
tion of the Fokker-Planck equation for a specified GCR
nuclei to the corresponding spectral flux measurements
throughout the solar cycle as described by O’Neill (2006).

Once the solar modulation parameter was derived
based on satellite oxygen spectra, the LIS for the remain-
ing elements (i.e. lithium [Z = 3] through nickel [Z = 28])
were similarly determined by fitting the solutions of the
Fokker-Planck equation to the ACE CRIS instrument
spectral flux measurements. A simple power law form of
the differential LIS can be assumed:

Jus(E)=j,B° (E+E,)", 4.2)
where E is the particle kinetic energy per nucleon and E
is the rest mass energy per nucleon (938 MeV/n). The free
parameters (y, , and j) were determined from the fit of
the GCR model to satellite measurements.

The GCR model was extended beyond the time period
of satellite measurements by first deriving the solar

modulation parameter from the IMP-8 satellite channel 7
(Z > 8, high-energy) measurements over three solar cycles
from 1973 through 2001 and then calibrating against the
solar modulation parameter derived from ACE/CRIS
satellite measurements for the period of data overlap
(1997.6 to 2001.8). The heliospheric GCR diffusion coef-
ficient depends on the large-scale structure of the IMF
(Parker, 1965) and thus on the polarity of the Sun’s polar
magnetic field (O’Neill, 2006). Consequently, to improve
the accuracy of the neutron count rate fits to the refer-
ence @, .. the data were sorted according to the polar-
ity of the Sun’s polar magnetic field, and three sets of fit
coefficients were derived between the IMP-8 solar modu-
lation parameter and Climax neutron monitor count
rates from 1973 to 2001 for three polarity states of the
solar polar magnetic field: (1) positive solar cycle (out-
ward field), (2) negative solar cycle (inward field), and (3)
transition state (intermediate between positive and nega-
tive polarities with a high degree of modulation) (Mertens
et al., 2009, 2012). Figure 4.3 shows the solar polar mag-
netic field data since 1978, which are obtained from
measurements taken at the Wilcox Solar Observatory
located at Stanford University. The solar modulation
parameter was extended from 1958-2009 to provide a ref-
erence solar modulation parameter for real-time GCRs
to be included in atmospheric radiation models and the
solar polar magnetic field data from Wilcox Solar
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Figure 4.3 Wilcox Solar Observatory solar polar magnetic
field measurements. The blue line is the field strength of the
northern solar hemisphere. The red line is the negative of the
southern hemisphere field strength. The black line is the aver-
age solar field strength of the northern and southern hemi-
spheres (A = (N-S)/2). The vertical dashed lines separate
different solar polar magnetic polarity states. The plus and
minus signs in the legend denote the positive and negative
polarity states, respectively.
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Observatory must be added to the atmospheric radiation
model input data streams.

High-latitude neutron monitor sites are particularly
valuable for real-time GCR models. By cross-correlating
the Climax-based solar modulation parameter (@, \..\)
with neutron count rates measured at high-latitude sites
(Mertens et al., 2009, 2012), they maximize the solar cycle
information content contained in the GCR spectrum via
the ground-based neutron count rates. Neutrons detected
on the ground are secondary particles produced by
nuclear fragmentation reactions between the incoming
GCR particles and atmospheric constituents (Wilson
et al., 1991). At high latitudes, the geomagnetic shielding
of the incoming GCR particles is low. Thus, the ground-
level neutron count information is high for the low and
medium energy region of the GCR spectrum. This is
desirable because this GCR spectrum energy range is
most modulated by the solar wind, and IMF and is
closely related to solar activity cycle (Mertens et al., 2008).

4.2.3. Solar Energetic Particles

Solar energetic particles (SEPs) originate from coronal
mass ejections (CME) from active regions on the solar
surface (Kahler, 2001; Wilson, Mertens, et al., 2005a).
The CME propagates through interplanetary space car-
rying the local surface magnetic field frozen into the
ejected mass along with it. There is a transition or shock
region often associated between the normal background
and sectored magnetic structure of interplanetary space
and the fields frozen into the ejected mass. The plasma is
accelerated at this shock front and forms SEPs. As an
accelerated region passes an observation location, the
flux intensity is observed to dramatically increase. The
SEP energy spectrum obtained in the acceleration process
is related to the plasma density and CME velocity. During
a CME event, the number flux distribution that is inci-
dent upon Earth’s atmosphere is a combination of the
GCR, SEP, and RBPCP distributions. The SEP-air inter-
action mechanisms are the same as GCR-air interactions
described above, where the secondary and tertiary radia-
tions caused vary with altitude and geomagnetic field cut-
off rigidity.

Because the particles from SEP events are transported
from the Sun to the near-Earth environment through the
inner heliosphere, their energy spectrum results from
injected particle seed populations that are stochastically
accelerated in a turbulent magnetic field. That field is
associated with a CME-driven interplanetary shock
(Tylka & Lee, 2006). Ellison and Ramaty (1985) provided
an analytical expression representing the differential
energy spectrum for shock acceleration with the form

d*JIdEdQ =C, E ™" exp(-E | E, ). (4.3)

The differential energy spectrum on the left-hand side
of equation (4.3) has units of (cm?-sr-hr-MeV/n)~!, and
the energy (E) has units of MeV/n (i.e. MeV/nucleon).
The constant value, C,, relates to the injected seed popu-
lation upstream of the shock. The power-law energy
dependence of the spectrum occurs from shock accelera-
tion of the seed population by random first-order Fermi
acceleration (scattering) events in a turbulent magnetic
field. The power index (y,) parameterizes the shock com-
pression ratio. The exponential turnover in equation (4.3)
represents high-energy limits to the acceleration mecha-
nism, with particle escape from the shock region being a
prime example. Using the above analytical form, the three
parameters (C, y,, and E) can be determined by fitting
equation (4.3) to ion flux measurements.

Mewaldt et al. (2005) noted that the Ellison-Ramaty
spectral form did not properly fit the GOES ion flux
measurements in the highest energy channels during the
Halloween 2003 SEP events. As a result, Mewaldt et al.
proposed using a double power-law spectrum. The low-
energy spectrum follows the Ellison-Ramaty form, while
the high-energy spectrum has a power-law energy depend-
ence using a different power index, such that

d*JIdEdQ =C, E™". (4.4)

The power-law expressions in equations (4.3) and (4.4)
can be merged into one continuous spectrum by requiring
that the differential energy spectra in equations (4.3)
and (4.4) and their first derivatives are continuous at the
merge energy. Mertens et al. (2012) show this combined
form with the expression

d*JIdEdQ = CE " exp(-EIE,),E <(y,-7,)E, (4.5)

~CE™ {[(n 1) E, " exp(r, -7, )}’

E>(y,-7,)E,. (4.6)

Physically, the double power-law spectrum in equations (4.5)
and (4.6) represents SEP sources from two different
injected seed populations. The low-energy spectrum, with
v, power index and the e-folding energy E, is possibly
associated with solar corona (solar wind) seed popula-
tions while the high-energy spectrum, with y, power
index, is likely associated with flare suprathermal seed
populations (Tylka et al., 2005).

Another widely used analytical representation of a
SEP energy spectrum is a Weibull distribution (Townsend
et al., 2003, 2006), which has been successful at fitting
satellite ion flux measurements. The differential energy
spectrum is given by

d’J1dEdQ = C ko E*” exp(-kE* ). (4.7)
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The Weibull distribution has an analytical form similar
to the Ellison-Ramaty distribution in equation (4.3), and
the former’s exponential energy dependence could be due
to dissipation of high-energy SEP ions through scattering
from self-generated waves. However, some researchers
recommend further investigation (Xapsos et al., 2000).

Models such as the NASA Langley Research Center’s
Nowcast of Atmospheric Ionizing RAdiation System
(NAIRAS) physics-based radiation model (Mertens
et al., 2013) using a continuous, real-time data stream fits
four analytical SEP spectral fluence rate functions to sat-
ellite ion flux measurements. The analytical forms that
are fit to measurements are (1) single power-law in equa-
tion (4.4), (2) Ellison-Ramaty in equation (4.3), (3) dou-
ble power-law in equations (4.5) and (4.6), and (4) Weibull
in equation (4.7). The free parameters for each analytical
differential energy distribution are derived by a nonlinear
least-square fit to differential-directional ion flux meas-
urements using a Marquardt-Levenberg iteration tech-
nique (Brandt, 1999). NAIRAS, for example, utilizes
available real-time measurements of proton and alpha

differential-directional particle flux (cm2-sr-sec-MeV/n)™!
for the SEP spectral fitting described above. SEP spectral
fluence rates (cm?-hr-MeV/n) incident on Earth’s magne-
tosphere are obtained by time-averaging the particle flux
measurements in 1-hour time bins and projecting the
incident flux onto the vertical direction assuming an iso-
tropic angular distribution for the solar ions.

As the SEPs arrive at the top of the Earth’s atmosphere,
their characteristics have been predetermined by several
items. First, the geomagnetic field has a significant influ-
ence on SEP atmospheric ionizing radiation exposure.
For example, the magnetospheric magnetic field can
weaken the overall geomagnetic field which results in an
increase in radiation levels. The cutoff rigidity values will
be zero where open geomagnetic field lines exist. Thus,
effective dose rates based on the solar on the Earth main
field, e.g. the International Geomagnetic Reference Field
(IGRF), are underestimated even for magnetically quiet
times. During strong geomagnetic storms, the region of
open field lines is further expanded and this produces
larger exposure rates at much lower latitudes. Second,
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there is a strong altitude dependence upon atmospheric
shielding as discussed in detail later.

4.2.4. Radiation Belt Precipitated Charged Particles

Recent measurements (Dachev, 2017; Dachev
et al., 2017a; Tobiska et al., 2016, 2018) have suggested
the possibility of another radiation source besides GCRs
and SEPs. Liulin instrument International Space Station
(ISS) measurements (Dachev, 2017; Dachev et al., 2017b)
have seen radiation effects from relativistic electrons orig-
inating in the outer radiation belt. Automated Radiation
Measurements for Aerospace Safety (ARMAS) instru-
ment aircraft and balloon measurements have collected a
large number of atmospheric observations at higher mag-
netic latitudes with L-shells between 1.5 and 5. These
data are gathered during quiet and minor geomagnetic
disturbances, including during high-speed streams. For
National Oceanic and Atmospheric Administration
(NOAA) G-scale GO conditions at 11 km altitude near L
= 4, the tissue-relevant effective dose rates are statistically
higher than the GCR background by 15% (Figure 4.4) for
many observations (Tobiska et al., 2018). We propose
that this is a new, third radiation source likely originating
from charged particles that are associated with the Van
Allen radiation belts. Highly variable, dynamic mesoscale
radiation events at aviation altitudes are attributed to
these particles as a source, where their manifestation is
analogous to an aircraft flying through radiation
“clouds,” although physically the aircraft appears to be
flying through a y-ray beam.

A common characteristic of these enhanced radiation
event periods at higher magnetic latitudes (2 < L < 6) is
that the radiation levels during flight begin at the GCR
background level, rise to almost a factor of 2 higher, and
then return to background GCR levels within less than
an hour. This is consistent with flight through a second-
ary, Bremstrahlung y-ray beam produced by precipitating
relativistic electrons that are stopped in the mesosphere,
for example. Throughout the ARMAS database, there
have been over 100 cases of these types of enhanced radi-
ation events that are candidates for study related to effects
from radiation belt particles (Tobiska et al., 2018).

A recent and extensive study comparing ARMAS
measurements (Tobiska et al., 2018) with the NAIRAS
model (Mertens et al., 2013) extracted GCRs and sug-
gested relativistic electron precipitation (REP) statistics.
The Tobiska et al. (2018) study described a subset of
observations of enhanced radiation short-term events
lasting tens of minutes to under two hours of dose rate
enhancements occurring between 9 and 14 km altitude in
a well-defined magnetic latitude band. The dose rate
enhancements were not attributed to GCRs or SEPs.
They explored, for example, how energetic electrons from

the outer Van Allen radiation belt can be precipitated by
electromagnetic ion cyclotron (EMIC) waves (Tsurutani
et al.,, 2016) associated with particle injections from
geomagnetic substorms. Using modeling and observa-
tions, EMIC waves were shown as an example of how to
supply a population of relativistic electrons that can sub-
sequently become a source of radiation enhancements
above the GCR background. The primaries are absorbed
between 50 and 60 km, and a fraction of their secondar-
ies are bremsstrahlung y-rays that can penetrate down to
10-14 km at commercial aviation altitudes.

Lines of evidence for an energetic electron radiation
source in one example were considered from many events
that all have a common feature, i.e. the data in each exam-
ple started near statistical and climatological GCR base-
line values, and from there the dose rates were observed
to rise significantly above and later fall back to that
baseline over tens of minutes to under 2 hours (Figure 4.5,
top panel). Data in this figure were taken on aircraft from
the National Science Foundation National Center for
Atmospheric Research Gulfstream 5 (G-5), while other
ARMAS measurements were made on the NOAA G-4,
the NASA Armstrong Flight Research Center DC-8 and
G-3, the Federal Aviation Administration (FAA) William
J. Hughes Technical Center Bombardier Global 5000
(BG5), and commercial B-737, B-747, B-767, B-757,
A-320, A-380, and E-175 aircraft. The criteria for select-
ing potential events included altitudes above 9 km, level
flight during the event, magnetic latitudes corresponding
to inner and outer belt L-shells (magnetic latitudes
between 43° and 67° for both hemispheres, i.e. L = 1.9 to
6.8), and a significant event rise (at least 40%) above then
return to GCR background values as represented by
modeled results for a flight.

Figure 4.6 shows the ratio of ARMAS (measurement) to
NAIRAS (model with only GCR contribution at this time)
effective dose rates throughout each minute of many ~50*
magnetic latitude flights. These ratios compare ARMAS
to NAIRAS for each altitude level above 8 km and for geo-
magnetic conditions of GO and G1 on the NOAA G-scale.
Most ratios are above 1.0 (blue) and the mean of 1537 1-
minute ratio time records for all events is 1.91. In other
words, there is nearly a factor of 2 increase in dose rate
(green values) while flying through a radiation event com-
pared with flying at the same altitude and under the same
geomagnetic conditions under only GCR background
conditions. Measurements show a defined magnetic lati-
tude band where these events occur. The boundaries of
this band are L-shells 2-7, where L-shell is the distance
from the equator to the crossing point of the magnetic field
line (Mcllwain, 1961; Tascione, 1994). These boundaries
are labeled “L2” and “L7” in Figure 4.6, and the band is
marked in yellow in both hemispheres. L-shells from ~3-7
are the regions where outer radiation belt charged particles
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Figure 4.5 The ARMAS 3 October 2015 G5 flight at 11.5 km and magnetic latitudes near —63° with doubled
effective dose rate for ~1/2 hour; effective dose rate vs. time compared with NAIRAS (top panel black diamonds)
and the flight geographical context with information related to proton cutoff energies and cutoff rigidities (bottom

panel).

map into the upper atmosphere, while L-shells from ~1.3-2
are the regions where inner radiation belt charged particles
map into the upper atmosphere. This L-shell band is con-
sistent with Katsiyannis et al. (2018), who observed low
Earth orbit relativistic electrons from the PROBA-V satel-
lite EPT and LYRA instruments, and Dachev et al.
(2017a, 2017b), as well as Dachev (2017), who have called
these precipitation bands when observed by the Liulin
instrument on the ISS.

One typical flight (Figure 4.5, top panel) on 3 October
2015 at 15-16 UT shows an event with an effective dose
rate that rose and declined by a factor of 2 above GCR
background levels within 33 minutes and centered on
15:29 UT. The entire flight dataset was collected for 13.1 h
between 3 October at 11:30 UT and 4 October at 00:34
UT. The event occurred for a fraction of the total flight.
Uncertainties in the ARMAS data are £24% and are
described by Tobiska et al. (2016).
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Radiation event ratios to climatology for altitudes >8 km and NOAA GO-G1
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Figure 4.6 One-minute ratios of ARMAS (measurements) to NAIRAS (model; GCR at this time) for all radiation
events in all altitudes above 8 km and for geomagnetic conditions of GO and G1 on the NOAA G-scale. Cutoff
rigidities are in units of GV (dashed lines). (Shea & Smart, 2012).

For the range of cutoff rigidities from Chile to
Antarctica (Rc = 3.89 to 0.24, respectively; Figure 4.5),
the mean radiation quality factor (Q, relevant to the dose
rate in tissue) was 2.03 with a Rc dependency (Tobiska
et al., 2016). The total flight effective dose was 157 pSv
for the 3 October 2015 flight, i.e. the exposure of approxi-
mately one and a half chest X-rays. For this event, start-
ing at 15:07 UT (-60.1° magnetic latitude) the peak dose
rate (top panel colored dots in Figure 4.5) occurred at
15:29 UT (11:38 local clock time) when the aircraft was
flying at an L-shell of 4.8 corresponding to —62.7° mag-
netic latitude. Background dose rates were once again
reached at 15:45 UT (-64.6° magnetic latitude). The
background levels were very close to the values of
NAIRAS shown in the Figure 4.5 top panel (black “+”
NAIRAS model, black “0” NAIRAS values for date/
time/location, black “*” ARMAS statistical mean values
for locations and geomagnetic conditions). These three
background estimates lie nearly on top of one another
and represent a consensus for the GCR contribution to
the radiation environment. From the plane’s perspective,
which was flying at a constant altitude in this mesoscale
region, the increased dose rate for 33 minutes was analo-
gous to flying through a radiation cloud.

In previous work (Tobiska et al., 2016, 2018) it was
observed that the dose rate enhancements in these types
of measurements were not SEP related since no solar
event had occurred within the previous few hours to days.
In addition, changes in GCRs do not normally produce
these magnitudes of short-term and localized variability
along a flight path. There were no large tropospheric

storms or hurricanes in the regions that might produce
terrestrial y-ray flashes or sprites (Chilingarian
et al., 2015) as a radiation source. Mertens, Kress, et al.
(2010) show that high geomagnetic activity can affect the
aviation radiation environment. However, Tobiska et al.
(2016) identified only minor Dst disturbances during the
events. Because there was essentially no change in back-
ground GCRs during each of the ARMAS events during
their short durations and there were no SEPs at the time
of each event, and because the events demonstrate
dynamic variability above the background GCR level
over short timescales and across mesoscale regions, these
events must be connected to magnetospheric processes.
Substorm injections can provide a source of MeV
electrons in the outer radiation belt and are associated
with high-speed streams of particles from the Sun
(Hajra, Tsurutani, Echer, Gonzalez, Brum, et al., 2015;
Hajra, Tsurutani, Echer, Gonzalez, & Santolik, 2015;
Tsurutani et al., 2006). Direct injection of MeV parti-
cles by substorms has also been reported (Ingraham
et al., 2001). Exploring the 3 October 2015 magneto-
spheric response, as reflected by geomagnetic activity
on this day peaking at Kp = 3+, the Dst index was —24
nT at the time of the event. No solar energetic proton
events were reported during this period and no
enhancements were detected in either the NOAA
GOES >10 MeV proton flux measurements or the
Global Positioning System (GPS) proton data. The
GOES-13 0.6 MeV electrons were rising and the >1
MeV proton flux was eclevated following a rapid
enhancement during the 3 October 2015 observations.
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The >1 MeV protons showed a dispersed substorm par-
ticle injection, while the electrons show an enhanced
flux following the injection. During geomagnetic sub-
storms, convection strengthens vary quickly across the
entire magnetosphere (Miyashita et al., 2008), and the
rapid enhancement in GOES-13 1 MeV protons is con-
sistent with their injection to at least geosynchronous
orbit. Substorm particle injections, even when they are
small, can contribute significantly to radiation belt
disturbances (Forsyth et al., 2016; Tang et al., 2016;
Tsurutani et al., 2016) and are conducive to wave-
particle interactions such as EMIC growth and subse-
quent relativistic electron precipitation (Blum
et al., 2015).

As an example of wave-particle perturbations, EMIC
waves can create populations of electrons that are able
to precipitate into the atmosphere. Gaines et al. (1995)
found from UARS HEP measurements that there were
2 orders of magnitude increase in >1 MeV electrons at
L = 4 during geomagnetic storm periods, followed by
significant increases in relativistic electrons in the inner
radiation belt (2 < L < 3) a day later. High fluxes of rela-
tivistic electrons existed at least a week after a major
geomagnetic storm, even while Dst was —30 to —20 nT,
and Gaines et al. concluded that ion pair production
below 60 km can easily be an order of magnitude more
than during quiet geomagnetic conditions. Clilverd
et al. (2007) were further able to demonstrate dayside
REP from EMIC waves, originating in the 4 < L < 5
outer radiation belt that were associated with a CME-
magnetosphere coupled event. Xu et al. (2018) studied
monoenergetic beams of 0.1-10 MeV precipitating
electrons into the atmosphere to understand the pro-
cess of bremsstrahlung radiation and its resultant ioni-
zation production and atmospheric effects, including
pitch angle dependence in the ionization rate profile.
EMIC waves can be ducted through the ionosphere
before reaching the ground (Kim et al., 2011), thus
allowing for their observations by ground-based mag-
netometers far from the field lines where they originate
(Rodger et al., 2007).

An important feature contributing to electron pre-
cipitation losses is the spread in their pitch angle distri-
bution. Electrons with a wide range of equatorial pitch
angles can bounce (mirror) from one conjugate hemi-
sphere to the other as they drift between magnetic field
lines. However, EMIC waves will modify the pitch
angles such that more electrons find their pitch angles
pushed towards the loss cone, leading to atmospheric
loss (precipitation) of the particle. While EMIC waves
may be generated in the midnight sector of the magne-
tosphere during substorm particle injections, it is typi-
cal for wave growth to occur that results in transport of
relativistic electrons to the dayside magnetosphere

within minutes. The peak of ARMAS measured events,
made almost exclusively in daytime sector L-shells,
were on this time scale.

Once the relativistic electrons hit the top of the atmos-
phere, considered to be between 50 and 100 km,
bremsstrahlung and other processes can occur. From
electron impact, bremsstrahlung produces a y-ray (1.24—
124 MeV) or X-ray (0.124-1.24 MeV) (I1S:21348, 2007)
photon. Those high-energy photons can then induce one
of the following ionizing processes: (1) the photoelectric
effect to produce an electron, (2) Compton scattering to
eject a secondary inner shell (lower-energy) electron
plus a photon, or (3) pair production to eject a second-
ary inner shell electron plus a positron that then decays
to an electron and photon. Thus, relativistic electron
impacts on mesospheric and stratospheric N, and O,
can cause production of lower-energy secondary pho-
tons and electrons. The resultant spray of these second-
aries and tertiaries can then impact other atmospheric
target atoms, causing additional lower-energy photons
and particles. Artamonov et al. (2016), using the
CRAC:EPII model, have even demonstrated ion pair
production in the lower atmosphere between 155 and
205 g cm? (10-12 km) due to >10 MeV primary elec-
trons producing secondary radiation.

4.2.5. Magnetospheric Transport

Lower energy cosmic rays are effectively attenuated by
the geomagnetic field (internal field plus magnetospheric
contributions) as these charged particles are transported
through the magnetosphere and into the neutral
atmosphere. The geomagnetic field provides a form of
momentum shielding, or attenuation, by deflecting the
lower-energy charged particles back out to space via the
Lorentz force. This spectral filtering effect is quantified
by a canonical variable, in the mathematical sense, called
the geomagnetic cutoff rigidity, R . Once the cutoff rigid-
ity is known, the minimum access energy to the neutral
atmosphere is determined for each incident charged par-
ticle through the relativistic energy equation (Mertens,
Kress, et al., 2010).

The geomagnetic cutoff rigidity quantity is determined
by considering the motion of a charged particle in a mag-
netic field. The particle motion is solved with Newton’s
equation of motion for a charged particle subject to the
Lorentz force. For a positively charged particle, the equa-
tion of motion is

dpldt =(Zelc)vxB 4.8)
in cgs units. The bold-faced quantities are vectors, and X
designates the vector cross-product. The charged particle
momentum and velocity are p and v, respectively, and B is
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the magnetic field strength. The magnitude of the charge
of an electron is denoted e, and Z is the number of elec-
tron charge units. The equation of motion in equation (4.8)
can be written equivalently as

(RIB)dvldt = VB, (4.9)
where the " symbol denotes unit vectors and
R =pclZe (4.10)

is defined as the rigidity. The canonical aspect of the
rigidity is evident in the above equation. For a given mag-
netic field strength, B, charged particles with the same
rigidity follow identical trajectories.

Motions of charged particles in a pure magnetic dipole
field were examined by Stormer (1965). Because of the
azimuthal symmetry in a pure dipole field, the azimuthal
angular momentum is a conserved quantity. A main fea-
ture of Stormer theory is that regions of bounded and
unbounded motion can be derived analytically from
the integral of motion found from the conservation of
azimuthal angular momentum (Stérmer, 1965; Van
Allen, 1968). It can be shown that the minimum rigidity
that a vertically arriving particle must have in order to
reach an altitude z above the Earth’s surface is

chos4 A, ~15c0s* 2, (GV).

T

@.11)

In the above equation, R designates the vertical
geomagnetic cutoff rigidity, M is the Earth’s magnetic
dipole moment, R, is the average radius of the Earth, and
A, denotes magnetic latitude. Therefore, vertically arriv-
ing charged particles with energies (E) less than the cutoff
energy (E, ) will be deflected by the Lorentz force and not
reach altitude z. The cutoff energy for each charged par-
ticle of charge Z and mass number 4 is determined from
the canonical cutoff rigidity through the relativistic
energy equation, such that

:[\/R‘,ZL(Z/A-a.mwcz)2 +1 —l]amu-cz, (4.12)

where E is kinetic energy per nucleon (MeV/n), R is ver-
tical geomagnetic cutoff rigidity (MV), ¢ is the speed of
light in vacuum, and amu = 931.5 MeV/c? (atomic mass
unit). Thus, the geomagnetic field has the effect of filter-
ing out lower-energy charged particles as they are trans-
ported through the magnetosphere and into the neutral
atmosphere.

The vertical cutoff rigidity at the Earth’s surface
derived from Stérmer theory is plotted versus geographic
latitude in Figure 4.7. The maximum cutoff rigidity is at
the equator since a vertically arriving charged particle is

perpendicular to the dipole magnetic field lines at the
equator. The effect of the vector cross product in the
Lorentz force in equation (4.8) is that charged particle
motions perpendicular to magnetic field lines will experi-
ence the maximum deflection, while particle motions par-
allel to the magnetic field will experience no deflecting
force whatsoever. Figure 4.7 illustrates that a vertically
arriving proton at the equator must have a kinetic energy
of ~15 GeV to arrive near the surface of the Earth. In the
polar regions, vertically arriving charged particles travel
parallel to the magnetic field lines. Therefore, the cutoff
rigidity is zero and particles of all energies can arrive on
the Earth’s surface at the magnetic poles.

The Earth’s magnetic field is not a pure dipole field. On
the contrary, the internal field is comprised of dipolar and
nondipolar contributions (Langlais & Mandea, 2000). The
dipole moment is off-center and tilted with respect to the
rotational axis. Furthermore, the magnetic field is distorted
at large radial distances (r > 4R ) by its interaction with the
solar wind. A balance between the solar wind dynamic
pressure and the magnetic field pressure, from the internal
magnetic field, is established by inducing five magnetospheric
magnetic field current systems (Tsyganenko, 1989, 2002).
These current systems generate their own magnetic fields,
which add vectorally to the internal magnetic field. The
complexities of the actual internal magnetic field, with
dipolar and nondipolar contributions, and the magneto-
spheric magnetic field contributions prohibit an analytical
solution for the vertical geomagnetic cutoff rigidity and
numerical methods must be employed.

The internal magnetic field can be specified by the
IGRF model (Langlais & Mandea, 2000). In the IGRF,
the internal field is represented by a magnetic potential
function (@, (r, 0, ¢, 1)). Outside of the internal source
region, ie. for r > R, the magnetic potential function
must be a solution of the Laplace equation. In spherical
coordinates, this solution is expressed in the following

Ry 3

form:
n+l
n=1 m=0 r J

x [g,’,” (t)cosmgp +h)" (Z)s1nm¢]P’” (cosb).

 (1:0.9.1) (4.13)

In the above equation, r denotes the radial distance from
the center of the Earth, 6 and ¢ denote the geocentric colat-
itude and longitude at a given location. Schmidt-normalized
associated Legendre functions of degree n and order m are
denoted by P} (cos 6), and g"and h™ denote the Gauss
coefficients. The magnetic field components are given by
the gradient of the potential function, such that

oD 100, , 1 o0,

Br —M Bg = 6 — N .
or r o0’ rsin@ o¢

(4.14)
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Vertical Geomagnetic Cutoff Rigidity
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Figure 4.7 Zonal-averaged vertical geomagnetic cutoff rigidity. The solid red line corresponds to the quiescent
cutoff rigidities computed from particle trajectories and the IGRF model. The green dotted line is the analytical
solution for the vertical cutoff rigidity using Stormer Theory.

The Gauss coefficients are derived from a global set of
magnetic field measurements, using the method of least-
squares, and are updated every 5 years by IAGA Division
5 (Langlais & Mandea, 2000; ISO 16695 (2013)). Secular
variations in the Gauss coefficients are also derived from
magnetic field measurements so that derivatives of the
Gauss coefficients can be computed. In this way, the
temporal dependence of the internal geomagnetic field is
represented by

gl (=g (T,)+&' (t-T,) (4.15)

m(t)=h"(T,)+ 1" (t-T,) (4.16)
where the second terms in equations (4.15) and (4.16)
include first-order derivatives of the Gauss coefficients.
The epoch of the IGRF model is denoted by 7| and 7 is
such that 7, <7< T, + 5, where time is expressed in deci-
mal years.

The vertical cutoff rigidities in a realistic magnetic field
are determined by numerical solutions of charged parti-
cle trajectories in the field using the techniques advanced
by Smart and Shea (1994, 2005). Figure 4.8 shows the
vertical cutoff rigidities at 20 km in the internal IGRF
field. The longitudinal variations in the cutoff rigidity are

Vertical Geomagnetic Cutoff Rigidity: IGRF 1996

Figure 4.8 Global grid of quiescent vertical geomagnetic cut-
off rigidities (GV) calculated from charged particle trajectory
simulations using the IGRF model for the 1996 epoch (solar
cycle 23 minimum).

due to a combination of geocentric offset and relative tilt
of the magnetic dipole, with respect to the rotational axis,
and the nondipolar contributions to the internal mag-
netic field. A zonal average of the IGRF cutoff rigidities
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in Figure 4.8 are compared to the analytical Stormer
theory in Figure 4.7. The simple Stormer theory repre-
sents the latitudinal behavior of the vertical cutoff rigid-
ity quite well. The displacement of the Stormer theory
cutoffs in Figure 4.7 relative to the numerical solutions of
the cutoffs in the IGRF field is due to the fact that the
true dipole contribution to the internal magnetic field is
off-centered and tilted with respect to the rotational axis.

Models such as NAIRAS using real-time magnetic cut-
off rigidities compute them from numerical solutions of
charged particle trajectories in a dynamically varying
magnetic field that includes both the internal and the
magnetospheric magnetic field (combined, they are called
the geomagnetic field) contributions (Kress et al., 2010;
Mertens et al., 2009; Mertens, Kress, et al., 2010). The
cutoff rigidity code was developed by the Center for
Integrated Space Weather Modeling (CISM) at
Dartmouth College. The CISM-Dartmouth geomagnetic
cutoff model can be run using several different empirical,
semi-physics-based, and physics-based models (Kress
et al., 2004). In particular, the specification of the geo-
magnetic field due to Earth’s internal field source is pro-
vided by the IGRF model (Langlais & Mandea, 2000).
The real-time dynamical response of the magnetospheric
magnetic field to solar wind conditions and IMF can be
provided by the semi-physics-based TS05 model
(Tsyganenko & Sitnov, 2005), or by the Lyon-Fedder-
Mobarry (LFM) global MHD (magnetohydrodynamic)
simulation code (Fedder & Mobarry, 2004). Routines are
often developed and tested to couple the geomagnetic
cutoff model with the different magnetic field models.

As an example, the LFM MHD code may be run as a
stand-alone model or coupled with other geospace mod-
els. The LFM magnetospheric magnetic fields may be
coupled with the Thermosphere-Ionosphere Nested Grid
model (Wanget al., 2004) and/or with the Rice Convection
Model (Toffoletto et al., 2004), which models the ring
current. The semi-physics-based TS05 model provides
more accurate cutoff rigidities than the stand-alone LFM
MHD model, as determined by comparisons with satel-
lite observations during a Halloween 2003 geomagnetic
storm.

Figure 4.9 shows the vertical cutoff rigidity over the
northern hemisphere for three different models of the
geomagnetic field during the Halloween 2003 storm
period. The left column is cutoff rigidity computed using
the IGRF field. Since total flight-path exposure at avia-
tion altitudes do not change significantly (<1%) for cut-
offs less than 0.05 GV, the cutoffs are set to zero at
geographic locations poleward of the 0.05 GV contour
(see the bold-white 0.05 GV color contour in Figure 4.9).
The middle column in Figure 4.9 shows the cutoff rigidi-
ties computed using the TSO05 field under geomagneti-
cally quiet conditions on 28 October (0200 UT), prior to

the onset of the Halloween 2003 SEP event. One can see
that even during magnetically quiet conditions, the cutoff
rigidities predicted from the TS05 field are lower than
predicted from the IGRF field, and the polar cap region
(i.e. inside the bold-white 0.05 GV contour in Figure 4) is
expanded to lower latitudes. A weaker field predicted by
the TS05 model, compared to IGRF, is due in part to the
diamagnetic effect of the magnetospheric ring current
included in the TS05 model. Lower cutoff rigidities cor-
respond to less momentum shielding and higher radia-
tion exposure levels. The right column in Figure 4.9 shows
the cutoff rigidities during peak geomagnetic storm con-
ditions, 29 October (2100 UT), during an SEP event. The
cutoffs are lower at all latitudes compared with the two
previous simulations, and the polar cap region has
expanded to much lower latitudes than during the mag-
netically quiet period.

An important aspect of these model studies is the
change in cutoff rigidity due to the magnetospheric field
effect on atmospheric radiation exposure and the identifi-
cation of accurate and computationally efficient geomag-
neticcutoff rigiditymodelswithsolarwind—magnetospheric
dynamical responses. The ~1 GV suppression in cutoff at
midlatitudes during a geomagnetic storm means that
high-level SEP radiation exposure normally confined to
the polar cap region will be extended to midlatitudes.

4.2.6. Atmosphere Transport

The atmosphere absorbs most of the precipitating
charged particles, particularly below the mesopause near
85 km. The particles’ interaction is predominantly with
neutral N, and O,. Collisions with these target molecules
create lower energy secondary and tertiary particles as
well as photons. If the primary charged particle has
enough energy, there will be many generations of second-
ary particles, called a shower (Figure 4.1). The secondar-
ies include neutrons (n), p*, e-, e*, a (and other nuclear
fragments), pions (x), muons (p), y-rays, and X-rays.
Under typical GCR-dominated conditions when there is
no SEP contribution to atmospheric ionizing radiation,
the primary particles lose energy, the secondary popula-
tion increases, and the total ionization increases until a
maximum ionization rate occurs by 20 km (65,000 ft)
called the Regener-Pfotzer maximum (Regener &
Pfotzer, 1935). When there are increased SEPs, the rela-
tively high flux and low average energy of the SEP parti-
cles compared to GCRs can move the Regener-Pfotzer
maximum to higher altitudes even though RBPCPs can
penetrate down to 10 km. Below the Regener-Pfotzer
maximum down to the Earth’s surface, the ionization rate
continues to decrease because particles and photons are
absorbed in an increasingly thick atmosphere. All of
these particles are able to collide with an aircraft hull and
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Vertical Geomagnetic Cutoff Rigidity
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Figure 4.9 Simulated vertical geomagnetic cutoff rigidity shown over the northern hemisphere in October 2003.
The cutoff rigidities in the left column were calculated using the IGRF model. The cutoffs in the middle column
were calculated using the TS05 model during a geomagnetically quiet period. Cutoff rigidities in the right column
were calculated using the T0O5 model during the largest geomagnetically disturbed period of SEP event. Also
shown are the magnetic latitude circles and the meridians at 0, 6, 12, and 18 magnetic local time.

its interior components, people, or fuel to further alter
the radiation spectrum that affects tissue and avionics
(TARC, 2000; UNSCEAR, 2000).

There is a strong altitude dependence upon atmos-
pheric shielding. The exposure rate altitude dependence
can be used as a risk management tool by the aviation
community, since radiation exposure can be significantly
reduced by descending to lower altitudes. The exposure
rate increases on average by 160% per km between 5 and
11 km. Between 11 and 15 km, the exposure rate increases
on average by approximately 75% per km. Another
canonical way of looking at atmospheric shielding is that
there is a doubling of dose rates every 2 km (6500 ft)
higher or a halving of dose rates every 2 km lower.

The transport of charged particles through the neutral
atmosphere is described by a coupled system of linear,
steady-state Boltzmann transport equations, which can
be derived on the basis of conservation principles (Wilson
et al., 1991). The transport equation for the directional
fluence @(x, Q, E) of particle type j is given by (Mertens
et al., 2007, 2008):

QeVO, (x,QE)= zﬂajk (QLQLEE) D, (x.Q.E)
k
dQ'dE' -, (E)®, (xQ.E),
4.17)

where Qi(E) and cjk(Q,Q’,E,E’) are the projectile-target
macroscopic interaction cross-sections. The ajk(Q,Q’,E,E’)
are double-differential particle production cross-sections
that represent all processes by which type k particles moving

in direction Q' with energy £’ produce a particle of type j
moving in direction Q with energy E, including radioac-
tive decay processes. The total interaction cross-section
aj(E) for each incident particle type j is
0,(E)=0,.,(E)+0,,(E)+o,,(E),  (4.18)
where the first term refers to projectile collisions with
atomic electrons of the target medium, the second term
refers to elastic ion-nucleus scattering, and the third term
contains all relevant nuclear reactions. The correspond-
ing differential cross-sections are similarly ordered.
Consider the transport of GCR and SEP ions through
the atmosphere. In this case, the second term in equa-
tion (4.18) represents elastic ion-nucleus Coulomb scat-
tering between the incident ions and the atoms that
comprise the neutral atmosphere. Figure 4.10 shows the
characteristic elastic scattering length versus kinetic
energy of various ions colliding with the neutral atmos-
phere (Mertens et al., 2008). Ion-nucleus scattering
becomes important in the atmosphere only at low ener-
gies. For example, the length of the Earth’s atmosphere in
units of areal density is ~ 1000 g/cm?. Thus, Figure 4.10
shows that cosmic ray ions will not elastically scatter off
an atmospheric nucleus before reaching the surface unless
the ion kinetic energy is well below 1 MeV/amu. However,
ions with kinetic energy less than 1 MeV/amu are stopped
via ionization and/or atomic excitation energy loss pro-
cesses at high altitudes before a scattering event can take
place (Figure 4.11). Multiple Coulomb scattering and
coupling with ionization energy loss become important
factors in the transport of ions within living tissue
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Figure 4.10 Characteristic scattering length for ion beam transport through the Earth’s atmosphere. The charge
number (z) of the ion is specified in the legend.
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(Mertens, Moyers, et al., 2010), which are related to the
degree of biological damage inflicted on sensitive compo-
nents within the living cell. However, for ion transport
through the atmosphere, the ion-nucleus scattering
term in equation (4.18) can be neglected to a good
approximation.

The principle mechanism for atomic interactions
between the incident ions and the target medium is ioni-
zation and/or atomic excitation. This process is repre-
sented by the first term in equation (4.18). The result of
this interaction is the transfer of energy from the projec-
tile ions to the atomic electrons of the target medium via
the Coulomb impulse force. Since the projectile ion mass
is much greater than the electron mass, the ion travels
essentially in a straight line as it loses energy through
ionization of the target medium. The ionization and
atomic excitation energies, as well as the energies of
ejected orbital electrons, are usually small in comparison
to the incident ion kinetic energy. As a result, the ioniza-
tion energy loss processes by which the projectile ions
transfer energy to the target bound and/or ejected orbital
electrons can be considered continuous. Because of this
so-called continuous slowing down approximation
(CSDA), the energy dE that is lost by the incident ion and
transferred to the orbital electrons of the target medium
by ionization and/or atomic excitation within an element
of path dx is given by the stopping power S (Tai
etal., 1997), i.e.

s--9E_ —4”212’2584 M{BO _<(p) +Z,L,(B)
dx  mv Z,
+Z,%LT(ﬁ)%[G(Mp,ﬂ)—a(ﬂ)}},
(4.19)
where
B, =1n[12(’;“+2£;)]— B’ (4.20)

In the above equations, Z, and Z_ are the projectile ion
charge and the number of electrons per target atom,
respectively, v is the projectile velocity, ¢ is the speed of
light, p = vle, N is the density of atoms in the target
medium, and /is the mean ionization potential of the tar-
get medium. The electron charge and mass are denoted,
respectively, by e and m.

The various terms in equation (4.19) have the following
interpretation (Tai et al., 1997, Wilson et al., 1991;
Mertens et al., 2012). The B term is the high-energy
asymptotic limit of the stopping power, assuming that

the orbital electrons of the target atoms can be treated as
essentially free electrons. This requires that the projec-
tile’s velocity be much greater than the orbital velocities
of the bound atomic electrons, which is an inadequate
approximation for inner-shell electrons of heavy element
target media. The C(f)/Z, term provides a correction for
inner-shell electrons. The L () term arises from polariza-
tion of the target electrons by the incident ion and is
referred to as the Barkas effect. The L (f) is the Bloch
term, which provides a correction to the assumption that
the ejected orbital electrons in an ionization event can be
represented as a plane wave for close collisions with the
incident ion. The Mott term is denoted by G(M ), where
M, is the mass of the projectile ion, which includes a
kinetic correction for the recoil of the target nucleus. The
5(p) term is a density correction that originates from the
dielectric response of a solid target material to the electric
field generated by the projectile ion. Finally, at low-energy
charge exchange processes begin to dominate, which
leads to electron capture by the projectile ion and reduces
the atomic excitation and/or ionization energy loss. This
effect is included by introducing an effective charge for
the projectile ion (Tai et al., 1997).

Figure 4.12 shows the stopping power for various cos-
mic ray ions incident on Earth’s atmosphere. The stop-
ping power decreases inversely with projectile energy
between ~100 keV/amu and 2 GeV/amu. The stopping
power begins to increase with increasing projectile energy
above 2 GeV/amu due to the relativistic corrections in the
B, term in equation (4.19). The stopping power decreases
for projectile energies less than ~100 keV/amu due to
electron capture by the projectile ion and the other cor-
rection terms in equation (4.19). The dependence of the
stopping power on the projectile kinetic energy plays a
major role in determining the spectral shape of the cos-
mic ray fluence rates in the atmosphere, as indicated by
Figures 4.13 and 4.14.

The range of an ion is the mean path length traveled
in the target medium before coming to rest after losing
its initial kinetic energy through ionization and/or
atomic excitation energy loss. In the CSDA, the range is
defined by

R/(E)ZAiTS_d(EL;')’

0

4.21)

where 4, is the atomic mass number of ion particle type j.
The above equation is referred to as the range-energy
relation. Figure 4.11 shows the range of various ions inci-
dent on the neutral atmosphere as a function of ion kinetic
energy. At 1 GeV/amu, only protons and alpha particles
can reach the typical cruising altitudes of ~10-12 km, or
~200 g/cm?, for commercial aircraft before coming to rest
due to ionization energy loss. Below 1 GeV/amu, all
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Figure 4.12 Stopping power versus kinetic energy of incident ions on Earth’s atmosphere. The charge number (z)

of the ion is specified in the legend.

incident ions lose their kinetic energy before reaching
commercial aircraft cruising altitudes. For energies
greater than 1 GeV/amu, the charged particle flux densi-
ties decrease with a power-law dependence on energy
(Figure 4.2). Although secondary charged particles can
be produced by nuclear fragmentation reactions, which is
represented by the third term in equation (4.18), the stop-
ping range in Figure 4.11 explains why the heavy-ion flu-
ence rates in Figure 4.13 are significantly less than the
proton fluence rate. The same is true for the light ions in
Figure 4.14.

Two approximations can be made to the total ion-
target interaction cross-section in equation (4.18). First,
elastic ion-nucleus scattering has been neglected for cos-
mic ray transport through the atmosphere. Second, the
CSDA has been invoked in the representation of atomic
ion-electron energy transfer collisions. As a consequence
of these two approximations, the coupled Boltzmann
transport equations in equation (4.17) can be expressed,
alternatively, as

B[®,(x. Q. E)|= ;ﬂaﬂ” (Q,Q,E, E')
x®, (x, Q' E")dQ'dE',

4.22)

where

B[, (x.E)]=| Q- -—Z5, (E) o, (E)
D, (x,Q,EJ).
(4.23)

The E[q)j in the above equations denotes a differen-
tial operator acting on the directional fluence.

The differential operator in equation (4.22) can be
inverted using the method of characteristics in order to
transform the integro-differential equation into a Volterra-
type integral equation (Wilson, 1977). As a result, the
integral equation for cosmic ray transport is given by
s,(E)7,(E)

s, (E)P, (E

B(E)
A~ dE'[dE"[dQ'c, , (Q.QEE")
P(E) & "

)
x®, [x+(R; (E)-R,

J

0 (r 0k

Q,x

(E’))Q,Q',E"].
(4.24)

In the above equation, I') is a position vector of a
point on the boundary surface, and E is given by
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Figure 4.13 Event-averaged GCR spectral fluence rates at zero vertical geomagnetic cutoff rigidity during the
Halloween 2003 solar-geomagnetic storm (29 October 2003 [2100 UT] to 1 November [0000 UT]). The panels
show the fluence rates at different atmospheric depths. The typical cruising altitudes for commercial aircraft cor-
respond to an atmospheric depth of roughly 200 g/cm?. The fluence rates from different charge groups have been

summed together to reduce the number of lines.

E, =R'[R +Q+(x-T,,)] (4.25)
The R‘;l operator in equation (4.25) is the inverse opera-
tion of obtaining the energy given the range using the
range-energy relation in equation (4.21). The expression
for the integral cosmic ray transport equation in (4.24)
was made compact by introducing the total nuclear sur-
vival probability, which is defined by

Lo, (E')dE
P(E)=exp —A,j% (4.26)

The first term in equation (4.24) describes the attenua-
tion of the directional fluence specified at the boundary
as a result of transport through the target medium. For
atmospheric cosmic ray transport, an isotropic distribution

can be assumed for the directional fluence and the boundary
specification can be defined as the charged particle flu-
ence rates that have been transported through the helio-
sphere and magnetosphere and incident at the top of the
neutral atmosphere. These incident ions are attenuated by
ionization energy loss (S(E)) and nuclear absorption
(P(E)), as indicated by the first term in equation (4.24).
The second term in (4.24) describes the generation of
type j particles from projectile-target nuclear fragmenta-
tion reactions by type k particles. The second term in
equation (4.24) includes the production of type j particles
from type k particles at all intervening positions between
the boundary point and the position of observation,
accounting for the attenuation by ionization energy loss
and nuclear absorption in between the point of produc-
tion of a type j particle and the observation point.
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Figure 4.14 Event-averaged SEP spectral fluence rates at zero vertical geomagnetic cutoff rigidity during the
Halloween 2003 solar-geomagnetic storm (29 October 2003 [2100 UT] to 1 November [0000 UT]). The panels
show the fluence rates at different atmospheric depths. The typical cruising altitudes for commercial aircraft cor-

respond to an atmospheric depth of roughly 200 g/cm?.

The representation of the relevant total nuclear absorp-
tion cross-sections (o;,) and nuclear fragmentation pro-
duction cross-sections (O-jk,r) cannot be expressed in a
simple, compact form such as the stopping power in
equations (4.19) and (4.20). Nevertheless, important
insight into the influence of nuclear reactions on the
atmospheric transport of cosmic rays can be gained by
examining the probability of a nuclear reaction as a func-
tion of incident ion kinetic energy. The probability of a
nuclear reaction is 1 minus the total nuclear survival
probability in equation (4.26) (i.e. 1 — P(E)), which is
shown in Figure 4.15. For particles with kinetic energy
below 100 MeV/amu, there is a small chance of a nuclear
reaction. Recall from Figure 4.2 that the peak of the inci-
dent GCR spectrum is between ~200 and 500 MeV/amu.
At these energies, one out of every two particles will

undergo some kind of nuclear reaction. For kinetic ener-
gies greater than 1 GeV/amu, nearly every particle will be
subject to some type of nuclear reaction. Combining this
discussion with the discussion of Figure 4.11, the only
primary incident charged particles that can survive trans-
port through the atmosphere and reach the cruising alti-
tudes of typical commercial aircraft are protons with
kinetic energy on the order of 1 GeV or greater. The high-
LET particles present at 10—12 km with energies less than
1 GeV/amu are secondary particles created at higher alti-
tudes from nuclear fragmentation reactions, most of
which are neutrons.

The coupled cosmic ray integral transport equations in
equation (4.24) are solved in the NAIRAS model, for
example, using NASA Langley Research Center’s deter-
ministic High Charge (Z) and Energy TRaNsport
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Figure 4.15 Nuclear survival probability versus kinetic energy of an ion beam incident at the top of Earth’s atmos-
phere. The charge number (z) of the ion is specified in the legend.

(HZETRN) code. Details of the early analytical and
computation approaches to solving equation (4.24) are
given by Wilson et al. (1991, 1997, Wilson, Badavi, et al.,
1995; Wilson, Mertens, et al., 2005). The stopping power
parameterization used in HZETRN is described by Tai
et al. (1997). The nuclear cross-sections for neutron and
proton interactions are described extensively in Wilson
et al. (1989). The model for calculating the heavy-ion
nuclear fragmentation cross-sections are described by
Wilson et al. (Wilson, Nealy, et al., 1995; Wilson, Tweed,
et al., 2005). HZETRN is used in a wide variety of
radiation transport applications: e.g. the calculation of
dosimetric quantities for assessing astronaut risk to
space radiations on the ISS and the Space Transportation
System (STS) Shuttle, including realistic spacecraft
and human geometry (Badavi et al., 2005, 2007; Slaba
et al., 2009; Wilson et al., 2006). Extensive summaries of
HZETRN laboratory and space-flight verification
and validation are found in recent reports (Badavi
et al., 2007; Nealy et al. 2007, Wilson, Mertens, et al.,
2005; Wilson, Tweed, et al., 2005). In the NAIRAS
model, there are 59 coupled transport equations in the
HZETRN description of GCR transport through the
atmosphere. This set includes transport equations for
neutrons and GCR nuclear isotopes from protons
through nickel (Z = 28, A = 58).

Since neutrons do not interact with the target medium
via the Coulomb force, there is not an ionization thresh-
old, or an atomic excitation threshold, or a nuclear
Coulomb potential barrier to overcome. Thus, the neu-
trons are not brought to rest as the charged particles are.
Neutrons continue to cascade down in energy through
neutron-nucleus interactions and the low-energy neutron
fluence continues to build, as is evident in Figure 4.13.
The low-energy neutron fluence is quite large, even at a
small atmospheric depth of 0.1 g/cm? The large low-
energy neutron fluence at small atmospheric depth is
dominated by backscattered neutrons generated at much
larger depths, or at much lower altitudes in the atmos-
phere. At the atmospheric depth of typical cruising alti-
tudes of commercial aircraft, the heavy ions have largely
disappeared, due to a combination of ionization energy
loss and nuclear fragmentation reactions into lower-
energy lighter particles. Refer to the discussion of
Figures 4.11 and 4.15.

Solar particles consist mainly of protons and alpha
particles. As a result, only the solution of the six light-
particle coupled transport equations defined in HZETRN
are required in the description of SEP transport through
the atmosphere. Similar to the GCR atmospheric trans-
port properties, the large low-energy neutron fluence at
small atmospheric depth for SEP events is due to the
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large backscattered neutron component, which also origi-
nates at larger penetration depths. Furthermore, only
nucleon (protons + neutrons) fluences remain at the typi-
cal cruising altitude of commercial aircraft, for the same
reasons as previously described.

4.2.7. Radiation Dosimetry

Radiation can result in several injury pathways within
human tissues by ionizing, dissociating, or exciting atoms
and molecules. Pathways include (1) free radical produc-
tion, (2) chemical bond breakage, (3) new chemical bond
production and cross-linkages between macromolecules,
and (4) molecular damage related to regulation of vital
cell processes, such as deoxyribonucleic acid (DNA), rib-
onucleic acid (RNA), and proteins (UNSCEAR, 2000;
Tobiska et al., 2017). High linear energy transfer (LET;
i.e. the energy lost by a particle per unit track length)
radiations are typically more harmful to living tissues per
unit dose (energy deposited per unit of target mass) than
low-LET radiations. Photons, muons, and electrons com-
prise low-LET radiations, while neutrons, alpha particles,
and heavier ions are high-LET radiations. Protons and
charged pions can be considered low-LET radiation but
interact more like high-LET radiation such that they are
treated separately in dosimetry (ICRP, 2008). Although
cells can repair damage from low ionizing radiation doses,
higher doses can result in cell death. At extremely high
doses, an organ’s cell population can rapidly drop and
cells may not be replaced quickly enough such that the
tissue fails to function normally (IARC, 2000;
UNSCEAR, 2000). These latter effects may be observed
when absorbed doses exceed 100 mGy. However, such
doses or corresponding dose rates have not been observed
from cosmic radiation in the atmosphere. Instead, epide-
miological studies in occupational groups conducted over
several decades usually focus on long-term effects of
radiation-associated cancer (Grajewski et al., 2011).

The energy deposited in a target medium by the radia-
tion field of particle j is the dose, which is given by

D, (x)=K[ [S,(E)®,(xQ.E)dQdE. (4.27)

In the above equation, S(E) is the target stopping
power for particle j (Mev/g/cm?), and K is a unit conver-
sion factor (1.602 x 107'%) to convert dose to units of
Gray (1 Gy = J/kg). The target stopping power is given by
equations (4.19) and (4.20), which is shown in Figure 4.12
for representative cosmic ray ions incident on Earth’s
atmosphere. Radiation health risk and the probability of
biological damage depend not only on the absorbed dose
but also on the particle type and energy of the radiation
causing the dose. This is taken into account by weighting

the absorbed dose by a factor related to the quality of the
radiation. The weighted absorbed dose has been given the
name dose equivalent by the ICRP (1991). The unit of
dose equivalent is the Sievert (Sv). Dose equivalent in tis-
sue 7" from particle j (quT(x)) is defined in terms of the
tissue LET dependent quality factor, Q, such that
H,,(x)=[Q(L)D,(xL)dL, (4.28)
L
where L is LET, which can be approximated by the stop-
ping power in units of keV/um; D(x, L) is the spectral dose
distribution from particle j in terms of LET, and Q(L) is
the tissue LET-dependent quality factor.

The relationship between the probability of biological
damage and dose equivalent is found to also depend on
the organ or tissue irradiated. A further dosimetric quan-
tity, called the effective dose, is defined to include the
relative contributions of each organ or tissue to the
total biological detriment caused by radiation exposure.
The effective dose (E(x)) is the sum of weighted dose
equivalents in all the organs and tissues in the human
body, such that

E(x)= 2202 (%)- (4.29)
J

The organ/tissue weighting factors are given in the
ICRP 60 report (ICRP, 1991). A computationally effi-
cient approach is to calculate the effective dose rates
directly from the particle spectral fluence rates using
precomputed fluence-to-effective-dose conversion coeffi-
cients. For example, the NAIRAS model uses neutron
and proton conversion coefficients tabulated by Ferrari
et al. (1997a, 1997b), and the ARMAS-derived data use
fitted functions (Matthii et al., 2014; Tobiska et al., 2016).
The effective dose contributions from the other ions are
obtained by scaling the proton fluence-to-effective-dose
conversion coefficients by Zf /4;, according to stopping
power dependence on charge and mass in equations (4.19)
and (4.20). All recommended ICRP radiation exposure
limits are defined in terms of effective dose.

Figure 4.16 shows the proton and neutron fluence-to-
effective-dose conversion coefficients and the event-averaged
GCR and SEP spectral fluence rates computed during
the Halloween 2003 SEP event. The fluence rates were
computed at zero vertical geomagnetic cutoff rigidity at
an atmospheric depth of 200 g/cm?, which is the depth
corresponding to typical cruising altitudes of 10-12 km
for commercial aircraft. Above 20 MeV, protons make a
larger contribution to effective dose per unit fluence com-
pared to neutrons. Below 20 MeV, the reverse is true. The
fluence rates are shown in Figure 4.16 as a product of the
fluence rates times the energy. This is a convenient repre-
sentation on a log-log scale since the spectral integration
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Figure 4.16 The green lines show the fluence-to-effective dose conversion coefficients. The blue lines show the
product of the kinetic energy (MeV/amu) times the event-averaged spectral fluence rates for the Halloween 2003
storm period (29 October [2100 UT] to 1 November [0000 UT]). The fluence rates were evaluated at zero vertical
geomagnetic cutoff rigidity and at an atmospheric depth of 200 g/cm?. The lines denote neutron quantities;
dashed lines denote proton quantities; dotted lines denote alpha quantities. All quantities are shown for (a) GCR

component and (b) SEP component.

with respect to log-energy, which is performed in order to
obtain the effective dose rate, is proportional to energy
multiplied by the fluence rate. In this representation, neu-
trons dominate below about 1 GeV. The peak in energy
times the proton fluence rate is slightly larger for the SEP
component as compared to the GCR component. At 100
MeV and below, the energy times the neutron fluence rate
is nearly an order of magnitude greater for the SEP com-
ponent compared to the GCR component.

The GCR and SEP normalized spectral and accumu-
lated spectral effective dose rates are presented in
Figure 4.17 for the event-averaged Halloween 2003 SEP
event. Similar to the previous figure, the effective dose
rate quantities were computed at zero vertical geomag-
netic cutoff rigidity at an atmospheric depth of 200 g/
cm?. The spectral effective dose rates are normalized with
respect to the peak in the spectrum. The peaks in both the
proton and neutron spectral effective dose rates occur
between 100 and 200 MeV, which is true for both GCR
and SEP contributions. Neutrons make the largest contri-
butions to effective dose at energies below the peak in the
spectrum. Protons make the largest contribution to effec-
tive dose at energies above the peak in the spectrum. The
relative spectral contribution of protons and neutrons to
effective dose holds for both the GCR and SEP compo-
nents. Half of the total effective dose rate comes from
spectral contributions at energies less than 100 MeV for
the GCR component and at energies less than roughly 20
MeV for the SEP component. Half of the neutron effec-
tive dose comes from spectral contributions at energies
less than about 30 MeV for the GCR component, which

is similar for the SEP component. Recall that the incident
GCR and SEP proton fluence rates spectra are very dif-
ferent. As a result, half of the proton effective dose rates
come from spectral contributions at energies less than
100 MeV for the SEP component and at energies less
than about 500 MeV for the GCR component.

4.2.8. Avionics

High-energy neutrons (E > 10 MeV) and very-low-
energy thermalized neutrons can cause single-event-effect
(SEE) errors in avionics (Dyer & Lei, 2001; Dyer
et al., 2003a; Dyer & Truscott, 1999; Mutuel, 2016;
Normand et al., 1994, 2006). The high-energy neutrons
directly interact with silicon (Si) nuclei in electronics
through nuclei recoils to produce excess charge carriers.
The very-low-energy neutrons are created by scattering
from atmospheric constituents as well as aircraft materi-
als, fuel, and passengers and reach thermal equilibrium in
an energy range of 0.02-0.2 eV. They are then absorbed
by boron (particularly °B), often found in Si-based air-
craft electronics. After absorption, a y-ray (480 keV) is
produced along with an alpha particle (~4 MeV) and a
lithium ion. The charged alpha particle is then available
to interact with semiconductor structures and may cause
a SEE. Higher Z elements near the silicon layers (e.g.
tungsten connectors) can increase the SEE effect (Tobiska
et al., 2015). SEE in avionics is a probabilistic phenome-
non, and its mitigation is mainly achieved through
improved engineering processes (IEC-62396-1). The
existing certification is for quiet cosmic ray conditions
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Figure 4.17 Normalized spectral effective dose rates evaluated during the Halloween 2003 storm period (29
October [2100 UT] to T November [0000 UT]) at zero vertical geomagnetic cutoff rigidity and at an atmospheric
depth of 200 g/cm?. The green lines show the spectral effective dose rate normalized to the peak in the spectrum.
The blue lines are normalized to the spectrally integrated effective dose rate and show the accumulated effective
dose rate as the spectral effective dose rate is integrated over energy. The solid lines denote neutron quantities;
dashed lines denote proton quantities; dash-dot lines denote total quantities.

only; active or extreme space weather conditions are not
considered.

4.2.9. Models

Many models are capable of reporting the aviation
radiation environment. They include AIR (Johnston,
2008), AVIDOS (Latocha et al., 2009, 2014), CARI-7
(Copeland, 2017), EPCARD.NET (Mares et al., 2009),
FDOSCalc (Wissmann et al., 2010), FREE (Felsberger
et al., 2009), KREAM (Hwang et al., 2014), NAIRAS
(Mertens et al., 2013), PANDOCA (Matthii et al., 2014),
PARMA/EXPACS (Sato et al., 2008; Sato, 2015), and
PC-AIRE (McCall et al., 2009). While all of these models
are based on or compared with flight data, the drivers
needed for individual models vary. Empirical models like
PC-AIRE and FDOSCalc are built from empirical func-
tions fit to in-flight measurement databases representing
the GCR environment only. PCAIRE, for example, used
the TEPC instrument for assembling its database and is
driven by date/time and flight path. These inputs are cor-
related with GCR-related dose estimates based on the
solar cycle, altitude, and magnetic latitudes/longitudes.
SEP-related dose can be estimated in postevent analyses.
Physics-based models like CARI-7, EPCARD.NET,
NAIRAS, and PANDOCA start from the particle spec-
trum (SEP or GCR local interstellar spectrum, based on
measurements) and then propagate the particles through
Earth’s magnetosphere and atmosphere (or even heliosphere

for GCRs). Joyce et al. (2014) utilized Monte Carlo simu-
lations of showers coupled to CRaTER measurements
(Spence et al., 2010; Schwadron et al., 2012) in deep space
to estimate dose rates through the Earth’s atmosphere at
a range of different altitudes down to aviation heights.
Tobiska et al. (2018) provided analytical functions to rep-
resent the GCR and GCR+REP contributions within the
ARMAS flight database, driven by L-shell, NOAA
geomagnetic level, and flight altitude.

The NAIRAS model and ARMAS data have been com-
pared extensively (Tobiska et al., 2018). NAIRAS is an
operational model for predicting aircraft radiation expo-
sure from galactic and solar cosmic rays (Mertens
et al., 2007, 2008, 2009; Mertens, Kress, et al., 2010). The
real-time exposure rate graphical and tabular data prod-
ucts from the operational prototype stream live from the
NAIRAS public web site at https://sol.spacenvironment.
net/~nairas/index.html. NAIRAS provides data-driven,
global, real-time predictions of atmospheric ionizing radi-
ation exposure rates on a geographic 1 x 1 degree latitude
and longitude grid from the surface of the Earth to 100
km with a vertical resolution of 1 km. The real-time,
global predictions are updated every hour. Improvements
have adopted, as far as possible, the meteorological
weather forecasting paradigm of combining physics-based
forecast models with data assimilation techniques, i.e. an
activity being produced through the NASA RADIAN
project (RADIation environment using ARMAS data in
the NAIRAS model). Physics-based models are utilized
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within NAIRAS to transport cosmic rays through three
distinct material media: the heliosphere, Earth’s magneto-
sphere, and the neutral atmosphere. While the quantity of
observations relevant to radiation exposure predictions is
currently too sparse to apply data assimilation techniques
per se, nevertheless, as much real-time measurement data
as possible are utilized. The real-time measurement data
are used to (1) specify the ionizing radiation field at the
boundaries of the aforementioned material media and (2)
characterize the internal properties of the aforementioned
material media. The real-time measurements provide
necessary observational constraints on the physics-based
models that improve simulations of the transport and
transmutations of cosmic ray radiation through the heli-
osphere, magnetosphere, and atmosphere.

There are a number of models currently in use for cal-
culating GCR radiation exposure at aircraft altitudes.
The CARI model utilizes a database of transport calcu-
lations generated by the deterministic LUIN code for a
wide variety of geographic locations, altitudes, and
solar activity levels (O’Brien et al., 2003). The EPCARD
model is based on a similar approach but uses the Monte
Carlo FLUKA code for the transport calculations
(Schraube et al., 1999). PC-AIRE is a semiempirical
model based on fits to measurement data (Lewis
et al., 2002). Other aircraft radiation exposure models
are described in the European Radiation Dosimetry
Group report (Lindborg et al., 2004). Currently, the
above models calculate SEP atmospheric radiation
exposure poststorm on a case-by-case basis, although
PC-AIRE incorporated low-Earth orbit measurements
to develop a simple extrapolation to SEP events (Lewis
et al., 2002). Copeland et al. (2008) calculated adult and
conceptus aircraft exposure rates for 170 SEP events
for years 1986-2008 using the Monte Carlo MCNPX
transport code.

The main differences that distinguish the NAIRAS
model from the others include dynamical solar wind-
magnetospheric interactions and the accompanying geo-
magnetic effects that govern the transport of cosmic rays
through the magnetosphere. These are included in real
time in the NAIRAS radiation exposure calculations
(Kress et al., 2004, 2010; Mertens, Kress, et al., 2010).
Furthermore, the physics-based deterministic HZETRN
code is used in transporting cosmic rays through the
atmosphere. NAIRAS v2 includes the entire EM cascade
in its calculations. The HZETRN transport calculations
are continuously updated using real-time measurements
of boundary condition specifications of the space radia-
tion environment and of atmospheric density versus alti-
tude (Mertens et al., 2007, 2008). Finally, both GCR and
SEP atmospheric radiation exposure predictions are
included in real time (Mertens et al., 2009; Mertens,
Kress, et al., 2010).

4.3. MEASUREMENTS OF THE RADIATION
ENVIRONMENT

4.3.1. Instrumentation

Meier et al. (2009) have provided a historical overview
of dosimetry at aviation altitudes, including the Concorde
(Meier, Trompier, et al., 2016). Tissue equivalent propor-
tional counters (TEPCs) have been flown with a QinetiQ
QDOS/Rayhound spectrometer, the Liulin 4SA, the
Eberline FH 41B, and neutron-sensitive bubble detectors
(Dyer et al., 2009; Getley et al., 2010) on Boeing 747-400
Qantas Airways flights covering the Northern and
Southern Hemispheres (August 2008 to March 2009).
Lee et al. (2015) used the Liulin detector to measure the
dose rate environment over the Korean peninsula on mili-
tary aircraft. Both the Liulin and Rayhound detectors
compared favorably with the TEPC and are within the
generally accepted tolerances of 20% (Dyer et al., 2009).

ARMAS has built an extensive database of over a half
million 10-second global data records from 0-107 km at
all magnetic latitudes and most representative magnetic
longitudes. The time frame of ARMAS is a half solar
cycle from 2013 to 2020. This system uses the Teledyne
micro dosimeter capturing absorbed dose in silicon
(Tobiska et al., 2016, 2018; Gersey et al., 2020).

An extensive aviation radiation database has been com-
piled using the Liulin instrument (Ploc et al., 2011; Spurny
& Dachev, 2002) on commercial Czech Airlines aircraft
since 2001 (Ploc et al., 2013). The dose rates contain
dependencies on flight altitude, geographical position,
and solar activity to demonstrate three phenomena: (1)
the solar cycle effect upon GCR-induced radiation with
higher dose rates seen during solar cycle 23 minimum, (2)
increased geomagnetic cutoff rigidity shielding while
moving from high to low geomagnetic latitudes, and (3) an
ability to measure ground-level events while using a con-
tinuous monitoring system (Spurny & Dacheyv, 2001).

Several flight databases have been created during the
past decades capturing a wide range of dosimetric meas-
urements. Measurements on aircraft (Dyer et al., 2003a,
2003b, 2005, 2009; Federico et al., 2015; Getley
et al., 2010; Iles et al., 2004; Lee et al., 2015; Meier
etal., 2009; Meier, Trompier, et al., 2016; Ploc et al., 2013;
Tobiska et al., 2016, 2018), balloons (Mertens, 2016;
Mertens et al., 2016; Tobiska et al., 2018), suborbital
vehicles (Tobiska et al., 2018), and the ISS (Dacheyv, 2017,
Dachev et al., 2015, 2017a, 2017b) have provided valuable
information. Some of the instruments involved in these
campaigns include the following devices.

Tissue Equivalent Proportional Counter (TEPC)
A standard instrument to monitor the radiation dose
received by aircraft crews and passengers is the TEPC. The
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TEPC instrument is a defacto industry standard and meas-
ures energy deposition in simulated volumes that are com-
parable to those of a living cell (Braby et al., 1994; Gersey,
et al., 2002). The TEPC uses materials and gases that are
essentially equivalent to human tissue in chemical compo-
sition. Measurements taken with the TEPC are used to
calculate radiation dose, radiation quality factor, and dose
equivalent. TEPCs have been well characterized in a vari-
ety of controlled radiation environments such as particle
beam lines and this has provided confidence in their use for
operations (Badhwar et al., 1992; Gersey et al., 2002;
Guetersloh et al., 2004). Energy deposition spectra pro-
duced by a TEPC can be used to calculate absorbed dose
in tissue and to estimate the average quality factor, Q, of
radiation during a flight. A TEPC active volume is a right
cylinder where the walls are fabricated from tissue equiva-
lent A-150 plastic. The right cylinder is enclosed in stain-
less steel walls. The active volume is then enclosed in an
aluminum cylinder, which is referred to as a “chamber.”
The active volume of the TEPC is filled with low-pressure
propane gas. An anode wire runs the length of the cylinder
and is kept at a potential of 640 volts relative to the cylin-
der walls. When a high-energy particle enters the TEPC
active volume, charge is collected at the anode wire and
processed by a preamplifier. The signal then moves to a
shaping amplifier, is converted into a digital pulse height
via an analog to digital converter and stored on a flash-
ROM card. This information is then translated into lineal
energy (the energy deposited in the active volume by a sin-
gle energy deposition event) is extracted in units of keV/
micrometer. An LET spectrum is created from these meas-
urements and is used to calculate dose equivalent and an
average quality factor, Q, of radiation in tissue.

Automated Radiation Measurements for Aerospace
Safety (ARMAS)

The difficult task of continuous radiation environment
monitoring, reporting, and modeling has not yet been
achieved on regional or global scales. There are no exist-
ing routine dose measurements at aviation altitudes,
either for tissue-relevant or avionics applications. Because
of this, the ARMAS program began developing a cali-
brated, real-time, global monitoring, reporting, and mod-
eling capability of the aviation radiation environment in
2012 (Tobiska et al., 2016).

By the end of 2020 ARMAS has obtained real-time
radiation measurements from the ground to 107 km for
781 flights consisting of 713348 10-second measured
absorbed dose (silicon) and derived effective dose rate
records. The ARMAS monitoring system (Tobiska
etal., 2016, 2018) consists of two components: (1) a flight
instrument that measures the environment absorbed dose
in silicon on an aircraft and (2) a real-time data stream
from the aircraft to the ground, which is then processed
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to level 4—derived effective dose rates for location and
time. Measurements are made using the Teledyne micro
dosimeter UDOS001 (pDos) in combination with a
microprocessor, a GPS chip, an iridium transceiver or a
Bluetooth transmitter, and associated electronics. The
pDos chip is sensitive to heavy ions (Fe*), alphas, pro-
tons, neutrons, electrons, and y-rays, especially above
1 MeV, based on extensive ground beam line testing
(Tobiska et al., 2016, 2019; Gersey et al., 2020). All these
components are mated to a printed circuit board and
housed in a milled aluminum case. Once the absorbed
dose (Si) is measured within the aircraft, it is relayed to
the ground via iridium satellite link or aircraft WiFi.

The existing state-of-the-art for real-time total ionizing
dose measurements is the ARMAS Flight Module (FM)
instrument, now it its seventh generation. It is manufac-
tured by Space Environment Technologies and is built for
use by research aircraft and suborbital commercial space
travel vehicles. The FM uses 5 VDC power from a vehi-
cle-supplied connector passing through a DC-DC con-
verter or with a COTS battery. Total power is 0.5 W
(peak), 0.05 W (average), and 0.05 W (standby). It also
contains a redundant micro SD data logger. The 1/8-inch
milled aluminum unibody housing contains the electron-
ics. Level 0 engineering units related to absorbed dose in
silicon (rad) are integrated in 10-s time-resolved data
packets that include UT time tag, latitude, longitude, and
altitude. Level 1 dose and Level 2 dose rates in silicon and
tissue, as well as Level 3 dose equivalent and ambient
dose equivalent rates are provided through an iPhone and
iPad ARMAS app paired with the FM7. The data stream
has real time with 10-second time resolution, no latency,
and an ability to store the data inside the app or downlink
the data to the ground if the smart device has WiFi con-
nectivity. Level 4 effective dose rates are processed by
ground servers and distributed for the benefit of aero-
space users. They are available at the ground with 1-min-
ute latency or less. Figure 4.5 (top panel) shows an
example of radiation weather (colored dots) vs. NAIRAS
results as well as daily record (black plus and diamond)
along with the ARMAS mean statistical database estimate
(black asterisk). Final data are archived at the website
URL https://sol.spacenvironment.net/ ARMAS_Archive/.

Liulin

The Liulin-6SA 1 dosimeter spectrometer is well known
in the radiation measurement community (Dachev, 2013;
Dachev et al., 2015; Spurny & Dachev, 2003;
Stassinopoulous et al., 2002) and was used on the RaD-X
balloon campaign (Mertens, 2016). It is manufactured by
the Space Research and Technology Institute of the
Bulgarian Academy of Sciences in Sofia (Dachev, 2013;
Dacheyv et al., 2015). The Liulin contains a silicon detector,
a charge-sensitive preamplifier, and two microcontrollers.
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The energy deposition of charged particles is measured
by pulse height analysis. The pulse amplitudes, following
preamplifier processing, is proportional to the energy
deposition in the silicon and thus to the dose and LET in
the ratio 240 mV/MeV. The amplitudes are digitized by
an A-to-D converter resulting in a 256-channel spectrum
of the energy deposition. The Liulin detects energy in the
range of 0.0813-20.8 MeV, corresponding to LET in the
silicon detector in the range of 0.27-69.3 keV/um for per-
pendicular charged particle flight through the 300 pm
thick silicon detector. LET in tissue is lower.

Active Tissue Equivalent Dosimeter (ATED)

The Active Tissue Equivalent Dosimeter (ATED) is a
radiation detector built by Oklahoma State University
for measuring the LET spectrum, absorbed dose, and
biologically weighted dose equivalent of ionizing radia-
tion. The instrument is a gas-filled TEPC designed to
simulate a 3 pm?® biological cell; the sensitivity of the
detector to ionizing radiation is similar to that of human
tissue. A prototype ATED was extensively tested at the
Japanese HIMAC calibration facility and at several pro-
ton particle accelerators. Currently, the ATED is being
flown on the ISS. ATED occupies <5000 cm?® with a mass
of <2.5 kg. Total power consumption is <25 Watts. All
components except the power cable are housed inside an
aluminum enclosure. The pressurized detector head is a
spherical ionization cavity. A large diameter is used in
order to increase the cross-sectional area of the detector
to increase the probability of detecting low fluxes of HZE
particles. The spherical shell of the proportional counter
is made from acrylic (C,O,H,), and the inner surface of
the shell is made conductive by coating it with colloidal
graphite. The detector head is pressurized to 2300 Pa.
ATED requires less than 25 Watts of external electrical
power. High voltage needed to bias the proportional
counter is provided internally by a DC to DC converter.
The preamplifier and amplifier circuitry remain unchanged
from the original prototype. The signal from the ioniza-
tion cavity is first impedance matched by the preamplifier
located inside the detector head. The signal is then sent to
an operational amplifier and then to a pulse-shaping
amplifier before being sent to the spectrometer.

4.3.2. Campaigns

The NASA Radiation Experiment (RaD-X) balloon
and aircraft campaign (Meier, Matthii, et al., 2016;
Mertens, 2016; Norman et al., 2016; Tobiska et al., 2016)
collected dosimetric measurements at seven altitudes
from 8 to 32 km over 18 h near Fort Sumner, New
Mexico, during solar and geomagnetically quiet condi-
tions. The measurements started at commercial avia-
tion altitudes and extended beyond the Regener-Pfotzer

maximum. They were taken at similar cutoff rigidities,
enabling dosimetric statistical uncertainty to be reduced
below 5%. One finding was that protons comprise the
dominant contribution from cosmic ray primaries
between 21 and 27 km (Norman et al., 2016). In addi-
tion, cosmic ray heavy-ion primaries are discernible at
altitudes >32 km.

Recently, the ARMAS database was compared with
the NAIRAS model database as part of the RADIAN
project. While ARMAS data were first validated with the
RaD-X measurements (Tobiska et al., 2016), the more
extensive ARMAS database was encapsulated as polyno-
mial fit equations (Tobiska et al., 2018). Using equations
based on altitude, L-shell, and geomagnetic conditions,
an effective dose rate deriving from a GCR environment
can be calculated for any location on the planet. A subset
of the ARMAS database was represented by a second
polynomial fit equation for the GCR plus probable rela-
tivistic energetic particle, creating bremsstrahlung y-ray—
induced effective dose rates. This subset was contained
within a narrow band of L-shells (2 < L < 6) combined
with altitudinal and geomagnetic dependencies. These
databases can help predict the statistically expected radia-
tion environment for regional air traffic management, for
airport overflight operations, and for individual aircraft
route planning (Tobiska et al., 2018).

4.4. REGULATORY ACTIVITIES

4.4.1. International

The Council of the EU adopted Directive 96/20/
EURATOM on 13 May 1996. Article 42 of the EU direc-
tive imposes requirements relating to the assessment and
limitation of aircrew cosmic ray radiation exposure
(AMS, 2007). EU member states were required to imple-
ment the directive by 13 May 2000 through national leg-
islation. Consistent with “best practice” radiation
protection procedures, which is to keep all radiation
exposures as low as reasonably achievable (i.e. the
ALARA principle), the EU has also adopted an “action
level” of 6 mSv/yr. For those likely to exceed 6 mSv/yr,
individual record keeping and medical surveillance is
required of the aircraft operators (Dyer & Lei, 2001). For
exposures less than 6 mSv/yr, only monitoring is recom-
mended and the actual implementation of these recom-
mendation varies among the EU Member States (Meier
et al., 2009). The EU directive recommendation is that
individual exposure be assessed by the aircraft operators
if one is likely to exceed 1 mSv/yr, that workers be edu-
cated on radiation health risks, and that work schedules
be adjusted to ensure that the 6 mSv/yr level is not
exceeded (EURADOS, 1996).
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4.4.2. United States

While there are no US FAA regulations relevant to the
radiation environment hazard management at aviation
altitudes, the US Space Weather Strategy and Action
Plan (SWAP) (National Science and Technology
Council, 2015) and White House executive order
“Coordinating Efforts to Prepare the Nation for Space
Weather Events” (The White House, 2016) supported the
development and validation of an operational aviation
radiation monitoring and forecasting capability. In par-
ticular, SWAP sought to (1) identify real-time monitoring
requirements of the charged particle radiation environ-
ment to protect the health and safety of crew and passen-
gers during space weather events; (2) define the scope and
requirements for a real-time reporting system conveying
situational awareness of the radiation environment to
orbital, suborbital, and commercial aviation users during
space weather events; and (3) develop or improve models
for the real-time assessment of radiation levels at commer-
cial flight altitudes. These executive branch initiatives have
made their way into Congress where the House and Senate
passed the PROSWIFT bill enacted into law on October
21, 2020 that embodies the elements of SWAP.

4.5. CONCLUSIONS

Air safety improvement from the effects from space
weather, particularly ionizing radiation exposure, is a
concern faced by aircrew, high-altitude pilots, frequent
flyers, and commercial space travelers. This chapter
describes the physics of atmospheric radiation, including
its primary sources of GCRs and SEPs, as well as an
important newly proposed third source, i.e. the secondary
radiation environment caused by precipitating radiation
belt charged particles.

The GCR primary radiation processes are described,
including their transport through the heliosphere and
their modulation by the solar wind and changes in the
IMEF, the modulation connected with the Sun’s polar
field, their arrival at Earth, and the importance of mag-
netic shielding by the Earth’s geomagnetic field. The SEP
primary radiation differential energy spectrum for shock
acceleration is described mathematically, and the mag-
netic shielding by the Earth’s geomagnetic field is rein-
forced. Radiation belt precipitated charged particles, a
newer topic in this discipline, is described and data dis-
cussed from a new, very large database of atmospheric
radiation measurements made by the ARMAS system.
The RB source is confined to a band of higher magnetic
latitudes mapping to L-shells 2-7.

The transport of charged particles, from any of the
three sources, through the magnetic shielding from the
Earth’s main and magnetospheric magnetic fields is
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described and the concept of geomagnetic cutoff rigidity
is thoroughly explained, both conceptually and mathe-
matically. The transport of radiation through the atmos-
phere from precipitating charged particles below the
mesopause is presented from a theoretical perspective,
including the interactions of neutrons and charged parti-
cles with target species in the atmosphere. Radiation
dosimetry is described, including the concepts of dose
quantities as well as quality factor.

Additional discussions are presented, including an
introduction on the effects of radiation on avionics, the
models capable of reporting the aviation radiation envi-
ronment, the measurements that have been made of the
radiation environment in the atmosphere by specific
instruments, and introductory remarks on the regulatory
activity internationally and in the US related to the effects
of radiation faced by aircrew, high-altitude pilots, fre-
quent flyers, and commercial space travelers.
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