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The study of the particle showers created inside the Earth’s atmosphere due to interactions of cosmic rays of solar and galactic
origin is of great importance for the determination of the radiation impact on technological and biological systems. DYASTIMA
is a Geant4-based software application that simulates the evolution of secondary particle cascades inside the atmosphere of Earth.
DYASTIMA-R is a new feature especially created for assessing the exposure of flight-personnel and frequent flyers to cosmic
radiation by performing calculations of radiobiological quantities, such as dose and equivalent dose rates for several air-flight
scenarios. In this work, the validation of DYASTIMA/DYASTIMA-R, according to internationally accepted ICRP and ICRU
standards, is discussed. Initial results for radiobiological quantities for several air-flight scenarios are also included. The results
for specific scenarios calculated by DYASTIMA/DYASTIMA-R are provided as a federated product through the European
Space Agency Space Situational Awareness Space Weather Service Centre Network.

INTRODUCTION

As primary cosmic rays propagate through the
interplanetary medium, at some point they reach
the Earth’s magnetic field. Some of these particles
penetrate the geomagnetic field and finally arrive
at the top of our atmosphere, where they interact
with the atmospheric molecules, nuclei and ions(1,2).
Several physical interactions take place, such as
decay, elastic and inelastic scattering, ionisation,
photoelectric effect, compton scattering, annihila-
tion, pair production and bremsstrahlung radiation,
resulting in the creation of secondary particles. These
secondary particles, which are basically protons,
neutrons, charged pions and kaons but also electrons,
positrons, muons, neutrinos and photons, continue
to interact either with each other or with the
atmospheric molecules, creating the evolution of the
so-called atmospheric showers(2–4).

The study of these cascades is essential for a bet-
ter understanding of space weather phenomena and
effects and can provide useful insights for the assess-
ment of radiation effects on both technological and
biological systems(5,6). Typical examples can be radia-
tion protection aviation of crews and passengers(7–10),
as well as prevention of damage on avionics(11,12).
Air showers can also provide significant informa-
tion about the primary cosmic ray particles and the
cosmogenic nuclides production(13,14).

Atmospheric showers can be detected by balloons
flying at different altitudes inside Earth’s atmosphere
or by a variety of ground-based detectors located at
various geographic coordinates at several altitudes
(ranging from sea level to mountain tops)(15), such as
the global network of neutron monitors(16) or muon
counters(17). Nevertheless, the simulation of the atmo-
spheric cascade is a critical tool, as most of the parti-
cle detectors, such as neutron and muon monitors, are
ground-based and are usually sensitive to a specific
type of particle. Furthermore, there are not enough
adequate experimental data for all space weather con-
ditions and phenomena(18,19). As a result, the infor-
mation collected from the detectors and the balloons
at different atmospheric altitudes is not sufficient for
the study of particle propagation through the atmo-
sphere and its effects. Another great advantage of
the simulations is to facilitate a realistic connection
between the particle flux in the atmosphere with the
actual particles that enter the atmosphere, providing
all the necessary information in order to study all the
physical processes of the cascade. Therefore, simu-
lations allow the study of the shower evolution, the
ionisation of the atmosphere, the interaction of the
shower with a matter of the atmosphere as well as
the calculation of several radiobiological quantities.
Various programmes have been developed for this
reason, with most of them making use of the well-
known GEometry ANd Tracking (Geant4(20–22), or
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FLUktuierende KAskade (FLUKA)(23,24) simulation
toolkits.

A typical example is PLANETOCOSMICS, a
Monte Carlo simulation in Geant4 of the evolution
of the air showers inside the atmosphere(25,26). Other
models include the Cosmic Ray Ionisation Model for
Ionosphere and Atmosphere (CORIMIA) and the
Cosmic Ray Simulations for Kascade (CORSIKA),
both developed in FLUKA. CORIMIA takes into
account the ionization losses in the atmosphere and
can be used for the study of cosmic-ray ionisation
at atmospheric altitudes above 30 km for a specific
time and location(27), while CORSIKA studies the
low–energy cascade development below 30 km(28,29).

Moreover, various software applications and
models have been developed for radiation dosimetry
calculations, in order to assess the radiation effects
induced by galactic and solar cosmic rays to space
crews and aircrews(30). Some typical examples are
the Aviation Dosimetry (AVIDOS), the Nowcast of
Atmospheric Ionizing Radiation System (NAIRAS),
SIEVERT, CARI, the Space Environment Infor-
mation System (SPENVIS) and the CALculated
and Verified Aviation (CALVADOS). AVIDOS is a
software application for the estimation of radiation
exposure during a flight and is accessible through
ESA’s Space Weather portal(31). SPENVIS is a
useful web interface collecting various models of the
space environment, developed by the Royal Belgian
Institute for Space Aeronomy (BIRA-IASB), and
is also available through ESA’s portal(32). NAIRAS
is also a model for the prediction of radiation due
to galactic cosmic rays and solar energetic particles,
developed by the NASA Langley Research Centre(33).
CARI(34,35) and SIEVERT(36,37) are also easily oper-
ated computer programmes that perform calculations
of the effective dose due to galactic cosmic radiation
on an aircraft, developed at the Federal Aviation
Administration Civil Aerospace Medical Institute
and the Institute of Radioprotection and Nuclear
Safety (IRSN), respectively. CALVADOS is a system
for the determination of aircrew dose exposure
by the German Aerospace Centre (DLR) already
applied to the flight crew of the flying company
LUFTHANSA(38).

Dynamic Atmospheric Shower Tracking Inter-
active Model Application (DYASTIMA) is also a
software application for the study of secondary
particle cascades inside the atmosphere, based on
Geant4(4). It is implemented by the Athens Cosmic
Ray Group and is provided by the Athens Neutron
Monitor Station (A.Ne.Mo.S.) portal (http://cos
ray.phys.uoa.gr/index.php/dyastima). The latest
version includes DYASTIMA-R, a feature especially
created for radiation dosimetry calculations inside
the atmosphere of a planet(39–42). The results for
specific scenarios calculated by DYASTIMA and
DYASTIMA-R are provided as a federated product

through the European Space Agency Space Situ-
ational Awareness Space Weather Service Centre
Network (http://swe.ssa.esa.int/web/guest/dyastima-
federated).

In this work, the new version of DYASTIMA
with the addition of DYASTIMA-R is used. Its val-
idation process according to globally accepted stan-
dards is described. The initial results obtained by
DYASTIMA and DYASTIMA-R are presented and
discussed. Conclusions of the paper are summarised
and potential next steps are given.

DYASTIMA SOFTWARE

As mentioned above, DYASTIMA is a standalone
application in Geant4 providing Monte Carlo
simulations of the secondary cosmic ray particle
cascades and the propagation of these particles
through the atmosphere of Earth or generally
through the atmospheric layers of a planet having
its own atmosphere(4). DYASTIMA, so far, has been
successfully used for the study of the cascades in
the atmosphere of Earth(4), the estimation of the
ionisation of the Earth’s atmosphere due to cosmic
radiation during the ground level enhancement
(GLE) on 17 May 2012 (GLE71)(43) as well as
the calculation of the ion production rate in the
atmosphere of Venus(44).

DYASTIMA input and output parameters

DYASTIMA software is based on a user-friendly
graphical user interface (GUI), which allows easy
parameterization for a more accurate study of the
cascade developing not only in Earth’s atmosphere
but also in the atmosphere of other planets(4,45). The
model requires several input parameters, all defined
by the user. These parameters concern the general
characteristics of the planet and its surrounding
atmosphere, where the air showers are developed,
such as its radius, its surface type and pressure, the
components of the magnetic field (north, east and
vertical) and the gravitational acceleration as well as
the atmospheric structure and temperature profile.
The primary cosmic ray spectra, i.e. the particle’s
type, the flux etc., is one of the most important
input parameters of the simulation. The spectrum
can be extracted by various models and tools such
as the ISO model(46), CREME96(47–49) and Nymmik
et al. model(50). The Geant4 settings alongside with
the simulation geometry settings should also be
taken into consideration. These may include the
geometry model of the simulation, the division of
the atmosphere, the appropriate Geant4 physics list
that best describes the physical interactions taking
place between the primary and secondary cosmic
ray particles and the atmospheric matter, as well as
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Figure 1: A typical example of the primary cosmic ray
spectra for 6 elements (1H, 4He, 12C, 16O, 28Si and 56Fe)
used as an input parameter in DYASTIMA. This one is
extracted by using the software tools OMERE and CRÈME

for 2009 for a cut-off rigidity of 0 GV

the definition of the atmospheric altitudes where the
tracking of particles will take place(4,39–42).

This large amount of information is processed
during each simulation scenario, providing, as
output, accurate values for various aspects of the
developing cascade. These may be the number of the
secondary particles present at different atmospheric
altitudes, their energy and the energy deposition,
as well as their direction and arrival time. All this
information is separately collected for each particle
type at each defined tracking layer.

In this work, the primary cosmic ray spectra for six
chemical elements (1H, 4He, 12C, 16O, 28Si and 56Fe)
is based on the ISO15390(46) model for lower energies
(below 10 MeV/nuc), and on Nymmik et al. model(50)

for higher energies, as these models are quite similar
for energies above 10 MeV/nuc. A typical spectrum
used as input in DYASTIMA is shown in Figure 1.
It should be noted that the primary spectra have
been derived by using the OMERE software offered
by TRAD(51). The atmospheric profile, i.e. the tem-
perature as a function of the atmospheric altitude,
is based on the International Standard Atmosphere
(ISA) model(52,53). The mean annual values for the
North, East and Vertical components of the mag-
netic field used in the simulation are provided by the
National Oceanic and Atmospheric Administration,
based on the IGRF model (https://www.ngdc.noaa.
gov/geomag/) at mean sea level.

DYASTIMA-R radiation dosimetry calculations

The radiation environment of the Earth’s atmosphere,
directly affected by space radiation, plays a key role

in the safety of aircrews and passengers during com-
mercial flights. The calculation of several radiomet-
ric quantities, such as the absorbed dose and the
equivalent dose, is essential for the determination of
human exposure to ionizing solar and galactic cosmic
radiation during a flight.

For this reason, the DYASTIMA software is
enhanced with DYASTIMA-R, a new feature
performing radiation dosimetry calculations inside
the atmosphere of Earth(39–42). More specifically,
DYASTIMA-R is a Monte Carlo simulation per-
formed on a human phantom for the calculation
of the dose and equivalent dose rates at different
atmospheric altitudes during various flight scenarios
covering various geographic coordinates and phases
of solar activity. It should be noted that DYASTIMA-
R is not an autonomous software, as it requires the
output provided by DYASTIMA. The user can define
the characteristics of the cylindrical phantom that
simulates the human body, such as the dimension
and the material, the number of iterations, i.e.
the interactions of the collected particles with the
phantom matter at each atmospheric altitude, and the
reference Geant4 physics list. The radiation weighting
factors used for the calculation of the equivalent
dose rate are according to well-accepted international
standards, as found in the International Commission
on Radiological Protection (ICRP) Reports 103, 123
and 132(54,55).

Validation of DYASTIMA-R

The quantities most widely used for the determi-
nation of the exposure limits to radiation are (1)
the mean absorbed dose D (measured in Gray),
corresponding to the mean energy deposited on
a mass due to an ionizing radiation type, (2) the
equivalent dose H (in Sievert), that takes into account
each radiation type’s radiobiological effectiveness, as
well as (3) the effective dose E (also in Sievert), which
considers additionally the type of tissue or organ
being irradiated(54–56). However, these quantities
are not suitable for the radiation risk assessment
during an air flight or a manned space mission,
since they are not measurable quantities. For this
reason, the ICRP and the International Commission
on Radiation Units and Measurements (ICRU)
recommend the use of other operational quantities,
such as the ambient dose equivalent H∗(10), also
expressed in Sievert(54–57). This is the equivalent dose
at a point in a radiation field that would be produced
by the corresponding expanded and aligned field in
the ICRU sphere (a reference phantom of tissue-
equivalent material(58)), at a depth of 10 mm on the
radius vector opposing the direction of the aligned
field.

Both ICRP 123 and ICRU Report 84 documents
provide ambient dose equivalent reference data for
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Figure 2: A schematic description of the dosimetry setup
used for the validation of DYASTIMA-R

cosmic radiation exposure, which are actual measure-
ments realised onboard flights from 1992 to 2006,
and may be used for the assessment and validation of
models and tools providing a calculation of radiation
quantities for air flights(55,57). The acceptable dis-
crepancy limit recommended between the reference
data and the model-calculated values are of the order
of 30%. The flight scenarios based on these measure-
ments and proposed by ICRP and ICRU cover three
different time periods corresponding to different
solar activity conditions (January 1998, January 2000,
January 2002), 18 values of vertical geomagnetic
cut-off rigidity with an increment of 1 GV (0–17
GV), and three flying altitudes, 9448.8 m/31 000 ft
(FL310), 10 668.0 m/135 000 ft (FL350) and
11 887.2 m/39 000 ft (FL390), corresponding to the
most frequent range of commercial aircraft flights.
Many accredited tools and software applications,
such as AVIDOS(31) and NAIRAS(33), have followed
the above validation process. The validation of
DYASTIMA and DYASTIMA-R, as required by
ESA, has been presented successfully(59–61).

DYASTIMA-R configuration

For the validation of DYASTIMA and DYASTIMA-
R(59–61), a special version of DYASTIMA-R was
implemented in order to calculate the operational
quantity ambient dose equivalent H∗(10). The
dosimetry setup is according to the one already
successfully used by Pelliccioni(62). The ICRU
sphere is used, instead of a human phantom, and a
cylindrical volume of 10 mm radius and 2 mm width is
placed at a depth of 10 mm from the sphere surface.
The sphere is then illuminated, with the secondary
particles collected at each atmospheric layer. A visual
representation of this setup is given in Figure 2.

The atmospheric profile of Earth as well as the
spectrum of the primary cosmic ray particles at
the top of the Earth’s atmosphere (86 km altitude)
are two basic factors not only for the validation
of DYASTIMA/DYASTIMA-R but also for their

operation in general. More specifically, the ISA(52,53)

and the ISO Galactic Cosmic Ray model(46) have
been used for the description of Earth’s atmosphere
and the primary cosmic ray spectra, respectively.

The effect of the geomagnetic field for various
geographic coordinates is introduced by the usage of
the vertical cut-off rigidity values in the primary spec-
tra calculations. These values represent the geomag-
netic field’s continuous evolution and are calculated
with the International Geomagnetic Reference Field
(IGRF) for Epoch 2000.0(63).

Comparison with the reference data

DYASTIMA and DYASTIMA-R runs have been
performed for all the flight scenarios proposed by
ICRU (three time periods, 18 vertical cut-off rigidity
values, three flying altitudes)(59–61). The ambient dose
equivalent values H∗(10) obtained by simulations
with DYASTIMA-R, as well as the ICRU reference
data, as a function of the vertical geomagnetic cut-off
rigidity threshold Rc and the discrepancy for each
time period (January 1998, January 2000, January
2002) are given in Tables 1–3. It is reminded that the
acceptable percentage difference is 30%.

It is interesting to note that DYASTIMA-R values
for cut-off rigidity thresholds ranging between 0
and 10 GV are in good agreement with the ICRU
reference data, with a discrepancy generally not more
than 30%. This range of cut-off rigidities corresponds
to polar and middle geographic latitudes, covering
almost 75% of the globe’s surface. In equatorial
regions, i.e. above 10 GV, a greater discrepancy
of the order of up to 40% is observed, which is
probably due to the more complicated geomagnetic
field at this region. In these regions, DYASTIMA-
R underestimates the H∗(10) in agreement with
other models(33,34). A similar behaviour can also be
observed in other models, with the H∗(10) and the
reference data being compatible up to 10 GV(33,34).

More specifically, during January 1998, corre-
sponding to solar minimum conditions, the
DYASTIMA-R obtained values and the reference
data are almost identical for higher geographic
latitudes (0–3 GV). The discrepancy increases for
higher Rc values (10–17 GV), varying from 30 to
40% and is greater in the case of the highest-flying
altitude FL390. Moreover, in January 2000, which
corresponds to the ascending phase of Solar Cycle
23, the discrepancy follows the same pattern as
mentioned above. Finally, during January 2002,
near solar maximum conditions, the DYASTIMA-R
values are in very good accordance with the reference
data up to 12 GV, with the discrepancy between the
values being significantly lower compared to 1998
and 2000(56).

The observed differences may be attributed to
the input parameters used in the DYASTIMA
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Table 1. DYASTIMA-R ambient dose equivalent H∗(10) (microSv) as a function of geomagnetic vertical cut-off rigidity (Rc)
for January 1998 (solar minimum) for three flight levels (FLs). The Diff (%) corresponds to the percentage difference between

the values obtained from DYASTIMA-R and the reference data provided by ICRU Rep. 84.

FL310 FL350 FL390

Rc (GV) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%)

0 4 −6.5 5.3 −10.2 6.8 −10.8
1 3.9 −8.8 5.1 −11.4 6.9 −6.7
2 3.9 −2.8 4.8 −11.9 6.3 −10.5
3 3.2 −15.4 4.3 −16.7 5.4 −17.9
4 2.9 −17.7 3.8 −20.2 4.7 −21.7
5 2.5 −22.3 3.3 −25 4 −28.1
6 2.2 −22.6 2.9 −28.4 3.6 −29
7 2 −26.5 2.5 −31.5 3.1 −32.2
8 1.7 −31.7 2.2 −32 2.6 −35.7
9 1.6 −29.5 1.9 −35.3 2.4 −36.4
10 1.5 −29.3 1.9 −31 2.2 −34.5
11 1.3 −33.7 1.7 −33.5 2 −34.2
12 1.2 −32.7 1.6 −30.4 1.9 −33.2
13 1.1 −35.8 1.4 −31.6 1.7 −35.2
14 1.1 −33 1.3 −37 1.5 −38.8
15 1 −35.3 1.2 −36.3 1.4 −40.7
16 0.9 −39.1 1.2 −36.9 1.3 −39.9
17 0.9 −41.2 1.1 −37.5 1.3 −41.4

Table 2. DYASTIMA-R ambient dose equivalent H∗(10) (microSv) as a function of geomagnetic vertical cut-off rigidity (Rc)
for January 2000 (solar transition) for three FLs. The Diff (%) corresponds to the percentage difference between the values

obtained from DYASTIMA-R and the reference data provided by ICRU Rep. 84.

FL310 FL350 FL390

Rc (GV) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%)

0 3.3 −17.4 4.4 −15.6 5.7 −10.9
1 3.3 −15.7 4.5 −12.5 5.5 −12.6
2 3.1 −16.6 4.3 −11 5.2 −13.4
3 2.9 −16.6 3.7 −18.5 4.6 −18.4
4 2.5 −22.8 3.5 −16.7 4.1 −22.1
5 2.4 −20.7 3.1 −21.1 3.7 −22.9
6 2.1 −25.7 2.7 −26.1 3.2 −27.1
7 1.8 −27.8 2.3 −30.1 2.8 −30.1
8 1.6 −29.1 2.1 −29.2 2.6 −27.3
9 1.5 −30.6 2 −27.4 2.3 −31.7
10 1.4 −31.7 1.7 −31 2.1 −29.9
11 1.2 −35.7 1.6 −29.8 1.9 −32.4
12 1.1 −33.5 1.5 −34.1 1.7 −34.4
13 1 −38.5 1.3 −37.6 1.6 −36.4
14 1 −40.4 1.2 −38.2 1.5 −37.8
15 0.9 −40.3 1.1 −39.6 1.4 −40.5
16 0.9 −42.6 1 −41.8 1.3 −42.1
17 0.8 −43.8 1 −42 1.2 −43.2

simulation. For example, the ISA is not suitable
for use in the polar and equatorial regions, since
it is based on average conditions for middle geo-
graphic latitudes(52,53). Other models describing the

characteristics of the atmosphere are also semi-
empirical. Additionally, since the primary cosmic
ray spectra can be derived through various models
and software tools, substantial differences may
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Table 3. DYASTIMA-R ambient dose equivalent H∗(10) (microSv) as a function of geomagnetic vertical cut-off rigidity (Rc)
for January 2002 (solar maximum) for three FLs. The Diff (%) corresponds to the percentage difference between the values

obtained from DYASTIMA-R and the reference data provided by ICRU Rep. 84.

FL310 FL350 FL390

Rc (GV) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%)

0 3.3 −10.2 4.5 −4.1 5.2 −8.5
1 3.2 −11.5 4.3 −6.9 5.3 −5.5
2 3 −11.1 3.9 −10.2 5.1 −3.8
3 2.8 −14.6 3.9 −5.5 4.7 −6.6
4 2.4 −20.5 3.3 −15.1 3.9 −16.1
5 2.3 −18.6 2.9 −19.5 3.7 −14.7
6 2 −25 2.6 −19.8 3.1 −22
7 1.8 −25.1 2.3 −24.7 2.7 −27.6
8 1.6 −25.6 2.1 −23.8 2.5 −26.4
9 1.5 −30.8 1.9 −26.4 2.2 −29.5
10 1.3 −31.9 1.7 −28.1 2 −30.4
11 1.2 −32.7 1.6 −27.1 1.9 −30.4
12 1.2 −29.9 1.5 −30.5 1.7 −33
13 1 −36.7 1.4 −31.8 1.6 −34.1
14 1 −37 1.2 −37.4 1.5 −32.9
15 0.9 −38.7 1.2 −37.7 1.4 −38.2
16 0.9 −42.1 1.1 −37.7 1.3 −42.2
17 0.8 −42.5 1 −43.2 1.2 −43.5

present not only in the lower energies but also in
computational aspects, such as the definition of
a single Rc orbit. For these reasons, DYASTIMA
is under constant improvement and in the pursuit
of more appropriate input parameters in order to
provide more precise results.

INITIAL RESULTS

The ionizing energy deposition on the different
atmospheric layers due to the evolving cascade of
secondary particles is calculated for solar minimum
conditions (2008) as well as during solar maximum
conditions (2014), and the results are presented in
Figure 3. It is observed that the evolution of the cas-
cade starts at ∼40 km altitude inside the atmosphere
and reaches its peak at 13 and 12 km altitude for 2008
and 2014, respectively, where the maximum energy
deposition takes place. The average altitude corre-
sponding to the majority of commercial air-flights is
at 10–12 km, and therefore it is necessary to perform
radiation dosimetry calculations at these altitudes.

The average ambient equivalent dose rate per
year as a function of altitude is given in Figure 4,
for 2 years (2008 and 2014) that correspond to
different phases of solar activity. It is observed that
H∗(10) increases up to 40 km altitude (roughly
the altitude where the cascade begins) and then
it remains averagely constant. Furthermore, the
dose rate is significantly higher during 2008 that

Figure 3: The ionizing energy deposition in the atmospheric
matter for 2008 (solar minimum conditions) and 2014
(solar maximum conditions) as calculated by DYASTIMA

software

corresponds to solar minimum conditions, due to the
anticorrelation of the solar activity and the galactic
cosmic ray intensity.

The average ambient dose equivalent H∗(10)
rate (in microSv per hour) on an annual basis, as
calculated by DYASTIMA-R during Solar Cycle 24
for a rigidity threshold of 0 GV for the three most
frequent flying altitudes (FL310, FL350, FL390),
is presented in Figure 5. The higher dose rate is
observed during 2009(64), the solar minimum between
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Figure 4: The ambient dose equivalent H∗(10) rate as a func-
tion of altitude, covering the whole atmosphere of Earth, for

2008 and 2014, as calculated by DYASTIMA-R

Figure 5: The ambient dose equivalent H∗(10) rate during
Solar Cycle 24 as calculated by DYASTIMA-R for a cut-off
rigidity of 0 GV, for three different flying altitudes (FL310,

FL350, FL390)

Solar Cycles 23 and 24, while the lower dose and
ambient equivalent dose rate take place during the
solar maximum of Solar Cycle 24 (2014), indicating
once more the anticorrelation between cosmic ray
intensity and solar activity. Generally, the dose rate
presents very little variation in the equatorial regions
during the solar cycle, but a higher variation at higher
latitudes(34). Hereby, it can be observed that this
effect is more evident for higher altitudes (FL390)
at polar regions (0 GV). The average ambient dose
equivalent H∗(10) rate as a function of the cut-
off rigidity threshold Rc for 2002, for three flying
altitudes, is presented in Figure 6. The dose rate
dependence of the geographic latitude is evident, as
H∗(10) decreases with the increasing of the rigidity
threshold(65).

Figure 6: The ambient dose equivalent H∗(10) rate as
a function of the cut-off rigidity threshold Rc for 2002
as calculated by DYASTIMA-R, for three different flying

altitudes (FL310, FL350, FL390)

CONCLUSIONS AND NEXT STEPS

Currently, there is constant growth in the number of
air flights since more and more passengers choose
flying as a mean of transportation, increasing even-
tually air traffic. For this reason, many aircrafts are
obliged to fly at higher atmospheric altitudes or even
altering their routes, resulting in a higher radiation
accumulation due to cosmic rays for both the aircraft
crew and the passengers(65). Additionally, there is also
an increase in trans-polar flights, where the radiation
exposure is significantly higher. Therefore, the calcu-
lation of quantities useful for radiation assessment
is very important, especially for higher geographic
latitudes, as more particles can penetrate through
the atmosphere due to the lower cut-off rigidity
threshold.

DYASTIMA-R is validated according to the
standards provided by ICRP 123 and ICRU Report
84 documents. Dosimetry calculations were per-
formed for three flying altitudes, 18 vertical cut-off
rigidities and three-time stamps, which correspond to
different periods of solar activity (solar maximum,
ascending phase and solar maximum of Solar Cycle
23). From the above analysis, it is concluded that
DYASTIMA/DYASTIMA-R meet on a satisfactory
level the criteria proposed by ICRP and ICRU as
the discrepancy observed between the reference data
and the calculated values does not exceed in general
the acceptable limit of 30%. Therefore, DYASTIMA-
R can be used for reliable dosimetry calculations of
the exposure of aviators and passengers to ionizing
cosmic radiation during air flights.

The preliminary results are also very promising
for better understanding the evolution of the sec-
ondary particle cascade inside the atmosphere and the
determination of the radiation exposure at different
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atmospheric layers. DYASTIMA and DYASTIMA-R
may be useful software tools for radiation dosimetry
calculations inside the atmospheres of other planets
as well. The GUI of DYASTIMA makes the software
accessible and user-friendly allowing easy parameter-
ization, so it can be used by entities concerned with
the radiation effects on aircrews, frequent travellers,
legislators, etc., either for scientific or educational
purposes.

So far, DYASTIMA-R radiation dosimetry
calculations are performed for specific points inside
the atmosphere defined by atmospheric altitude, geo-
graphic coordinates and magnetic rigidity threshold
dosimetry calculations. The following phase will
include dosimetry calculations during a whole flight,
by taking into account the flight route as well as the
duration of the flight. The structure of the airplane
as a parameter is also under further consideration.
Therefore, DYASTIMA-R will soon be enhanced
by more flight scenarios by performing a long-term
analysis, covering a wider range of different solar
activity periods, as well as different rigidity thresh-
olds, covering most of the geographic coordinates.
DYASTIMA/DYASTIMA-R will be also applied
for radiation dosimetry calculations during different
Space Weather events of high temporal variability,
such as GLEs. During such events, the exposure at
aircraft altitudes is significantly increased, since the
cosmic ray intensity may increase several orders of
magnitude in minutes(66–70).

DYASTIMA is based on a friendly GUI, offering
free parameterization to the user. The user can
define the characteristics of the planet and the
simulation, the primary cosmic ray spectra and the
atmospheric profile. The spectrum may be derived by
various models and tools such as the ISO model(46),
CREME96(47–49) and Nymmik et al. model(50). The
characteristics of the atmosphere can also be pro-
vided, by several models, such as the ISA, the Mass-
Spectrometer-Incoherent-Scatter (NRLMSISE-00),
Marshall Engineering Thermosphere (MET-V 2.0)
or the Drag Temperature Model (DTMB78). Most
of these models are semi-empirical. Therefore,
differences may occur, depending on the model
chosen by the user.

In summary, DYASTIMA provides all the impor-
tant parameters for the description of the cascade,
such as the type and the number of the secondary
particles, their direction and arrival time, as well as
the energy and the energy deposit at different atmo-
spheric altitudes. Based on all these parameters, radi-
ation dosimetry calculations can be performed. All
this information can be either derived as a whole,
or for each particle type of the cascade individually.
This allows to study the atmospheric showers at other
planets too. Next steps will also include the simulation
of the atmospheric cascades in other planets, such
as the atmosphere of Mars, as it may provide the

necessary information needed to evaluate the radi-
ation exposure of spacecraft crews due to cosmic
radiation in future manned missions.
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