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Abstract

The solar wind consists of electrons and ion species having kinetic energy <10 keVs. Ion stream is mainly
composed of protons. Their flux magnitude is especially important for radiation hardness assurance scientists
who qualify materials for future space missions. Materials irreversibly degrade as soon as are exposed to solar
radiation. Hence, proton differential and integral flux spectra play a crucial role in properly estimating radiation
loads deposited within satellite functional components. Up to now, the wind fluxes were read out, e.g., from
figures made for specific periods of a solar cycle. This method is not effective and is a source of a flux, and
further on, a fluence uncertainty. The objective of this work was to calculate and tabulate the solar wind
differential and integral proton fluxes, which can be used further on to evaluate space mission proton fluence
spectra. Solar wind proton bulk velocity and number density from four space solar observatories (SOHO,
ACE, WIND, and DSCOVR) were numerically processed to achieve that goal. Fluxes were tabulated and
represented in calendar year periods. Now, the radiation hardness assurance community can quickly access,
compute and compare SW proton fluxes from different energy ranges, calendar years, and satellite data sources.
Proton fluxes presented here indicate magnitude variations along with the solar cycle period. A correlation
between the number of sunspots and the proton average flux was found, i.e., the larger the number of spots,
the larger the flux magnitude. More importantly, it was discovered that proton fluxes indicate huge variations
in magnitude for a selected year based on different satellite data sources. For some years, the difference reaches
240%. This value is reported for the first time and shows that to have a complete picture of the SW proton
stream population, one must compare data from all four satellites. Also, it is reported that satellites, for a given
calendar year, record different ranges of proton velocity and number density values. This finding, even stronger,
suggests a necessity of comparing SW data from as many solar observatories as possible. The spread in the
proton flux magnitude (240%) has a direct implication for planning and executing satellite material on-ground
radiation test campaigns. Not carefully choosing a proton flux may result in a false impression of how examined
material would degrade under an interplanetary space radiation environment. In this article, recommendations

for selecting proper proton spectra are given.
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1 Introduction

The solar wind (SW) is a magnetized plasma emitted
from the solar corona, the most outer part of the Sun’s
atmosphere. Its variability in composition and flow in-
tensity is dictated by the ~11-years solar cycle (SC).
The kinetic energy of the SW protons can obtain val-
ues up till 10 keV. However, within that range, one
can distinguish the so-called slow SW (SSW) as well
as fast SW (FSW) flows. FSW flows originate from
the so-called coronal holes (Krieger et al., |[1973; [Zirker|
1977). Those are regions mainly located at the Sun’s
poles, where the corona has much lower density and
temperature than surrounding plasma (Harvey & Re-
cely), 12002). On the other hand, the origin of the SSW
is still under debate. Studies of [Sakao et al.| (2007)
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and |Brooks et al.| (2015) show that the primary source
of the SSW is most likely associated with the edge of
active regions. Those are Sun atmosphere structures
with complex magnetic field formation associated with
sunspots (van Driel-Gesztelyi & Green, 2015; [Cheung
et al., 2017; |Stansby et al., 2021)). However, [Bale et al.
(2019) using data collected by the Parker Solar Probe
(PSP) reveals that coronal holes located at low lati-
tudes are a key source of the SSW. Most importantly,
Larrodera & Cid| (2020) using all available historical
data from the Advanced Composition Explorer (ACE)
spacecraft show that bulk SW has a bi-modal distribu-
tion of speed, density, temperature as well as magnetic
field strength. Hence, as the authors strongly empha-
sized, SW at 1AU has a truly bi-modal nature consist-
ing of both fast and slow components.

Many authors classify the SSW and the FSW in
different proton speed ranges. For example, Schwenn
(2006)) defines the SSW for proton speeds below 400 km
s~! and the FSW for speeds greater than the mentioned
value. On the other hand, for |Brooks et al.| (2015) the
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FSW has proton speeds larger than 700 km s~!. Lastly,
for [Abbo et al|(2016) and Bale et al.| (2019) the SSW
is defined for proton speeds smaller than 500 km s—!.
Those four examples indicate that authors choose the
velocity range to classify SW flows rather freely. Hence,
when scientific results are compared, one has to care-
fully review how authors classify the SSW and the FSW
flow velocity range. Then, above 10 keV, one can distin-
guish the so-called Interstellar Pickup Protons (IPPs)
and the Suprathermal Proton Tail (SPT). Further on,
above approx. 0.1 MeV, a population of the solar en-
ergetic particles (SEP) is present. IPPs originate from
interstellar neutral hydrogen atoms, which penetrate
the heliosphere and are split of electrons by photoion-
ization and charge exchange with SW ions. Then they
are picked by the SW magnetic field and convected
outwards from the Sun (Gloeckler et al., [1993; [Whang|
et al., |1996; Intriligator et al., 2012)) eventually consti-
tuting the tail (Dayeh et al., 2009; [Lazar et al. [2012}
[Mason & Gloeckler} 2012} [Desai et al., 2016). A dif-
ferential proton spectrum showing magnitude of com-
bined proton species, i.e., the SW, the IPPs, and its
SPT is shown in Fig. [l The plot is taken from the
work of |Gloeckler et al|(2008). The spectrum was cal-
culated from the ACE spacecraft data set and averaged
for the calendar year 2007, that is, at the solar mini-
mum activity state. The author considered only SSW
flow from the SW proton population. Please note that
\Gloeckler et al| (2008) did not depict SEP population
on the figure. The SEP proton flux is approx. 3 to 4
orders of magnitude higher than the proton flux of the
SPT protons. SEPs are generated by the Coronal Mass
Fjections (CMEs) and the Solar Flares (SFs) (Reames),

0)

The interstellar neutral gas is an origin not only for
the IPPs but also for the so-called anomalous cosmic
rays (ACR). When neutral atoms are ionized, they can
be sped up by a mechanism called the diffusive shock
acceleration. In that process, particles are accelerated
by plasma compression, such as the termination shock.
The particles’ energy gain depends on how effectively
they are trapped near the shock. A review paper of
|Giacalone et al.| (2022)) gives an in-depth overview of
the ACRs.

Corpuscular radiation, when trapped by a celestial
magnetic field, constitutes a unique zone in its close
vicinity. Trapped are SW electrons and ions, SEP, and
ACR (Klecker et all |1998; Cummings & Stone, 2013).
However, galactic cosmic rays (GCR) penetrate both
the heliosphere and the zone. All constitute a unique
radiation environment. For the Earth, trapped parti-
cles form the so-called inner and the outer Van Allen ra-
diation belts (Freden) [1969; |Li & Hudson, 2019; Ripoll
. The inner belt spans approximately 2.4
Earth radii Rg, while the outer one spans from 2.8
Ry up to 12 Rg. Both are separated from each other
by the so-called slot (Holmes-Siedle & Adams, 2012)).
Occasionally, however, a third belt is formed, which is
mainly filled with MeV range electrons
. Distances stated above are given in the equa-
torial plane. Also, in the literature, one can find belt

ACE SWICS and ULEIS

Ty TT=rrTrnT T TT-TrTrTT

S10"f y 2007.0 - 2008.0
g Quiet times
10° V <320 km/s
w sw
@
NE 10/ Bulk '
8 Solar Wind
o~ - Suprathermal Tail
— 5 pratherr
10 =
‘7) Solar Wind
& 10°
=
E 10’ HJ::T;:FLTLI:!N
=
o
g 10" swics
5 =
102 fian e aaul PP BTN |
0.0001 0.001 0.01 0.1 1

Energy/nucleon (MeV/n)

Figure 1: Differential proton flux spectrum evaluated
out of measurements performed by the ACE satellite
for the calendar year 2007. Both the SWICS and the
ULEIS detectors (Stone et al.,1998) were used to calcu-
late flux values for a broad proton energy range reach-
ing approx. 4 MeVs. The spectrum is transferred to
1 AU distance from the Sun. The plot is taken from
|Gloeckler et al. (2008).

dimensions defined by the use of the L-shell parameter.
Its definition can be found, e.g., in the work of [Freden
(1969). The inner belt is populated with electrons and
ions, which consist mainly of protons, while in the outer
belt, the electrons dominate the radiation environment.
There were multiple missions probing the radiation
composition and spatial variability of the belts. One
could list, for example, the Sputnik-2, the Explorer -1,
-3, and -4 satellites, the Pioneer -1, -8 and -4 satellites,
the Combined Release and Radiation Effects Satellite
(CRRES) (Johnson & Kierein, 1992)), the Van Allen
Probes (VAP) (Fox & Burchl, [2014)) or the Exploration
of energization and Radiation in Geospace (ERG, also
nicknamed Arase) (Miyoshi et all [2017} [2022). Mul-
tiple radiation models were developed based on data
collected by those satellites, e.g. the AP-8 and the AE-
8 for protons and electrons, respectively ;
the CRRESPRO and the CRRESELE for protons and
electrons, respectively (Meffert & Gussenhoven, 1994;
Brautigam & Bell, [1995)); the SAMPEX /PET for pro-
tons and altitudes below 600 km (Heynderickx et al.
[1999)); the AE9/AP9 model (Ginet et al.| 2013) or the
GREEN model (Sicard et al., |2018) for protons and
electrons having energies down to 1 keV. Overall, the
Van Allen radiation belt models provide differential and
integral particle fluxes and cover a wide energy range
from 1 keV up to hundreds of MeVs.

There is a slightly different situation with radiation
models developed for interplanetary space (IS). The IS
radiation environment has been probed by many satel-
lites, e.g. the Interplanetary Monitoring Platform-8
(IMP-8, also known as the EXPLORER 50) (Paularena




& Kingl [1999), both the Voyager-I and -II pioneers,
the Comprehensive Solar Wind Laboratory for Long-
Term Solar Wind Measurements (WIND) (Lin et al.
1995; |Ogilvie et all [1995), the Solar and Heliospheric
Observatory (SOHO) (Domingo et al., 1995; [Ipavich
et al., [1998), the ACE (Stone et al., [1998), the Solar
Terrestrial Relations Observatory (STEREO-A and -
B), the Solar Orbiter (Miller et al., [2020)), the Deep
Space Climate Observatory (DSCOVR) (NOAA![2021)),
or the PSP. There are also two satellites that are
planned to be launched in 2025 which will extend our
knowledge about the radiation conditions of the inter-
planetary medium, i.e., the Interstellar Mapping and
Acceleration Probe (IMAP) and the Space Weather Fol-
low On-Lagrange 1 (SWFO-L1). Based on the col-
lected data, many models of corpuscular radiation of
the IS were developed. Those models are used by radi-
ation hardness assurance (RHA) scientists who predict
how much radiation loads are deposited within satel-
lite components, and how to ultimately design a radi-
ation shield to protect mission payloads and preserve
the onboard electronics during the desired duration of
the space mission. Here, in the case of on-board elec-
tronics, the MeV range SEPs and GCRs, heavy ions,
protons, and neutrons have the main destructive po-
tential, see e.g. [ESCC| (2014} 2016). There are two
classes of radiation models: so-called solar peak flux
models and average proton and ion models. The en-
ergy range covered by these models starts from ~100
keV. The first class gives differential and integral fluxes,
which are commonly used to evaluate what is known as
single event effect (SEE) rates. SEEs are all kinds of
events that can occur within satellite electronics which
are caused by incident energetic particles and result
in their malfunction, or, ultimately, permanent dam-
age (ESCC| 2014). The models are the Cosmic Ray
Effects on Micro-FElectronics model (CREME -86 and
-96) (Adams, |1986} Tylka et al.,|1997)), the Solar Accu-
mulated and Peak Proton and Heavy Ion Radiation En-
vironment model (SAPPHIRE) (Jiggens et al.| [2018)),
the [Xapsos et al. (2000) model, or the Mission Spe-
cific Solar Radiation Environment Model (MSSREM)
(Robinson et all 2020). The second class gives inte-
gral and differential particle fluence spectra for a pre-
defined satellite mission time. Hence, divided by that
time, a flux can be calculated. Those are, for instance,
the King| (1974) model, the Jet Propulsion Laboratory
model (JPL-91) (Feynman et al.,|1993)), the Emission of
Solar Protons model (ESP) (Xapsos et al., (1999, 2000),
the [Rosenqvist et al.| (2005) model, or again, the SAP-
PHIRE model.

Clearly, there is an energy spectrum of solar corpus-
cular radiation with particle energies <100 keV which
is not covered by standards used in the space industry,
i.e., the Furopean Cooperation for Space Standardiza-
tion (ECSS), the American Society for Testing and Ma-
terials (ASTM), nor the International Organization for
Standardization (ISO). Moreover, it must be pointed
out that some of the models, e.g. SAPPHIRE, incor-
porate extrapolation down to 100 keV based on an as-
sumed spectral form. Furthermore, publicly available

tools such as the SPENVIS (Heynderickx et al., 2004;
SPENVIS, 2018), the OMERE (TRAD, [2022), or the
OLTARIS (Singleterry et al., 2011) do not offer such
spectra. However, it must be strongly emphasized that
spectra with particle energies <100 keV exist, see e.g.
Gloeckler] (1984); 'Yu & Zhang| (1990)); Lin et al.| (1995));
Mewaldt et al.| (2001) or |Gloeckler et al.| (2008]). In the
case of SW protons (E<10 keV), available spectra differ
in flux magnitude at their peaks, so for the energy of ~1
keV, by approx. two orders of magnitude. Such a dif-
ference has strong implications for predicting material
aging mechanisms. A differential flux is used to calcu-
late an integral flux, a quantity necessary to perform
a radiation test. An energy range for the integration
depends on a target material specification, i.e., in the
case of a multi-layer film, it is important which layer
is studied. In such a case, one must consider particle
energies whose penetration depths within the material
correspond to the studied layer. Then, particle fluxes
shall be integrated over these energies. A problem oc-
curs when the integration is done around the mentioned
1 keV. A fluence is calculated by knowing an effective
material exposition time in space. Next, a radiation
test can be planned and performed. However, the con-
clusions of such a test can be highly misleading. If a
differential flux is chosen from one source, which may
be, e.g., an order of magnitude smaller (or higher) than
from another source, then material aging results may
suggest that a certain degradation effect appears slower
(or faster) than it would in radiation conditions of the
IS. Hence, such test results may give a false impres-
sion about an examined material’s aging mechanism
timescale. It is of great importance to write in test
reports or scientific manuscripts a full list of irradia-
tion test parameters, i.e., a particle flux, a fluence, an
energy, and an acceleration factor used during the test.

It is worth annotating that in the problematic of a
satellite surface charging, there are recommendations
regarding radiation testing for particle energies smaller
than 10 keV. For example, in the [ECSS-E-ST-20-06C
(2019) standard, it is stated that for a Geostationary
Orbit (GEO) environment, a flux of 250 pA cm~2 shall
be used in case of electrons with an energy between
0 keV and 50 keV. However, no particle spectra are
provided.

Estimation of particle integral flux and fluence re-
quires, preferably, a particle differential flux in the form
of a table where data can be easily read out. Instead,
spectra are available, e.g., as plots (Fig. , where a flux
readout is already accompanied by uncertainty. Addi-
tionally, published differential spectra are not supple-
mented with data processing procedures. One cannot
follow computational steps to re-calculate the spectra.
Hence, one cannot use another data source, follow the
same procedure and calculate its own spectra. This sit-
uation leaves too many degrees of freedom when radia-
tion loads of satellite components need to be calculated.
Arguments given above were the main motivation for
the work presented here. However, it must be pointed
out that only SW protons (E<10 keV) were studied
here.



The SW particles have too little energy to pass
through a satellite radiation shield and cannot harm
the onboard electronics. This can be verified e.g. by
performing a simple simulation by use of the SRIM soft-
ware (Ziegler et al.| 2010). After taking a 1 mm alu-
minum plate as a target material, one finds that pro-
tons with energies smaller than ~14 MeV are stopped
within its structure. Hence, the radiation shield will
also stop SW protons with energies lower than 10 keV.
Estimation of its thickness and design are key results
of the RHA study. Here, the driving parameter is the
radiation environment. Also equally important are the
mission duration, location, and type of the onboard
electronics (Zeynali et al., |2012)). The typical shield
thickness is a few millimeters (Palmerini & Pizzirani,
2002; Daneshvar et al., 2021). However, it must be
emphasized that the shield thickness estimation is per-
formed for every new space mission. However, a class of
satellite components is especially vulnerable to low en-
ergy solar ions, that is, ions having energy lower than 10
keV. Those are solar reflectors, the so-called second sur-
face mirrors, and all kinds of optical satellite elements.
For those applications, common use is a thin stack of
coatings of just a few pm or even tens of nm. Coatings
in a stack can be made with different materials and have
different thicknesses. A pair of two parameters define
thermo-optical properties of those materials, the so-
called solar absorptance a and the thermal emittance e.
The former is defined as the ratio of the solar radiant
flux absorbed by a material to that incident upon it,
while the latter is defined as the ratio of the radiant in-
tensity of the specimen to that emitted by a black body
radiator at the same temperature and under the same
geometric and wavelength conditions (ECSS-Q-ST-70-
09C}, [2008]). Each coating layer slows down or stops the
SW particles. A coating material is ionized and im-
planted by the SW ions as soon as it is exposed to the
solar plasma. Hence, during exposure, such materials
are irreversibly aged, and hence, a coating’s pre-defined
physical properties are changed. Especially fragile are
front material surfaces as well as interfaces between the
coatings. When exposed to SW protons, metallic sur-
faces indicate the formation of blisters filled with hy-
drogen and helium molecular gas (Sznajder et al., [2015}
Sznajder et al. [2018} [Pelizzo et al., 2018; [Pelizzo et al.|
2021). The gas results from recombination processes
(Hagstruml, (1954; [Sols & Flores| [1984) of SW protons
and alpha particles with metal electrons. The blister-
ing effect leads to a change of thermo-optical proper-
ties and decreases the reflectance of exposed metallic
surfaces (Pelizzo et al., |2018; |Sznajder et all [2021).
Also, non-metallic materials like polyimide-based films
suffer after being irradiated by low energy protons (3
keV and 5 keV). Solar absorptance of such materials
increases, which causes their temperature to increase
while being aged and operated in space (Dembska et al.,
2020). Especially fragile to SW protons are materials
composed of a stack of coatings such as Extreme-UV
mirrors. |Pelizzo et al| (2011) shows that stack layers
can delaminate from each other while being exposed
to low energy protons (1 keV). That mechanism causes

permanent mechanical damage to such mirrors. Also,
Nardello et al.| (2013) and |Sertsu et al.| (2015) show
that such materials, while being exposed to low energy
alpha particles (4 keV), exhibit a drop of reflectivity
performance. However, [Wappaus| (1971) experiments
proved that, contrary to protons (5 keV), low energy
electrons (5 keV) and UV radiation bring a smaller im-
pact to the degradation of thermo-optical properties of
second surface mirrors. On the other hand, corpuscu-
lar radiation with particle kinetic energy in the MeV
range travels through material structure, causing its
ionization and simultaneous creation of interstitials and
vacancies (Damask & Dienes, 1971)). Those, however,
can accelerate other degradation mechanisms like blis-
tering (Condon & Schober} [1993; |Lu & Kaxiras| 2005}
Li et al., [2019), which for thin films, is primarily gener-
ated by low energy protons and alpha particles. It must
be kept in mind that materials in space are exposed to
a broad spectrum of electromagnetic and corpuscular
radiation (Holmes-Siedle & Adams| [2012). Examples
listed above report aging mechanisms of materials irra-
diated by mono-energetic particles and a fraction of the
electromagnetic radiation spectrum, i.e., the UV light.
Hence, the true response of materials to the interplan-
etary space radiation environment is to a great extent
unknown.

A differential particle flux is required to calculate the
number of particles implanted in a coating layer. Then,
it must be integrated over an energy range which can be
translated to specific particle penetration depths within
a stack material.

Here, the differential and integral fluxes of the SW
protons were calculated by use of data from four satel-
lites: SOHO, WIND, ACE, and DSCOVR. All four or-
bit in the close vicinity of the Lagrangian-L1 point of
the Earth-Sun system, which is located 1.5 x 106 km
sunwards from the Earth. Hence, the flux numbers
computed here were transformed to 1AU distance from
the Sun by use of the inverse square law. Such a trans-
formation method is suggested by the ECSS| (2020)
standard. The results are organized in two blocks, first
for the SC 23, which started in August 1996 and ended
in December 2008, and second, the SC 24 followed the
SC 23, and it ended in December 2019. Additionally,
fluxes are given for 2020 for those satellites where the
SW data was available.

A subsystem that measures SW protons in all four
satellites records the incident particle current. It is
measured, e.g., from different proton grazing angles and
energy windows. The current is then used to estimate
basic SW proton plasma parameters. More informa-
tion about this procedure can be found, e.g., in the
Bl The SOHO subsystem is called the Proton Moni-
tor, and it is a part of the Charge, Element, and Iso-
tope Analysis System (CELIAS) and Mass Determining
Time-of-Flight Sensor (MTOF) compartments (Hoves-
tadt et all [1995). The WIND subsystem is simply a
Faraday cup, and it is part of the Solar Wind Experi-
ment (SWE) set of sensors (Ogilvie et al.,|1995]). Next,
the ACE spacecraft is using the so-called Solar Wind
Electron Proton Alpha Particle Monitor (SWEPAM)



(McComas et all (1998). Finally, the DSCOVR satel-
lite is equipped with a Faraday cup to measure the SW
proton current (Loto’aniu et al., 2022)).

The manuscript is organized as follows. In Section
average, differential, and integral proton flux values
are reviewed from the literature. Then, in Section
mathematical methods and computed SW fluxes based
on the satellite SW data are given. Fluxes were tabu-
lated for each calendar year in two considered two SC
periods. The resulting discussion is provided in Sec-
tion[d Conclusions are drawn in Section[f] Next, in[A]
the evolution of proton speed and density histograms
and differential proton flux spectra approaching solar
minimum based on SOHO, ACE, WIND and DSCOVR
SW data is presented. As already mentioned, in [B] a
principle of measuring SW proton current by a respon-
sible satellite subsystem is introduced. Also here, a
scaling factor from an omni-directional to a directional
SW proton flux is discussed. In[C] a simple use case
of presented proton spectra is shown. A proton fluence
spectrum for an exemplary space mission is calculated
and discussed. Finally, in[D} in addition to the Section
tables with integral proton fluxes are given. The
fluxes are integrated into a descending length of energy
range, for example from 0.2 keV ... 5.0 keV, then from
0.3 keV ... 5.0 keV, till 4.9 keV ... 5.0 keV, where the
energy step between the lower boundary of the ranges
equals 0.1 keV.

2 Solar wind average, differen-
tial and integral proton fluxes

An average proton flux f is defined by the use of a set
of two physical quantities, i.e., proton number density
n with a dimension of cm™2 and a proton bulk velocity
v with dimension of cm s~!. The set consists of a pair
of numbers within a time period of one calendar year.

Here, the f is defined as:

> nv;
)] o

Where, |{n;iv;}| denotes the length of a set {n;v;}. The
flux f can be used as an indicator for the Sun activity
state, see Section The flux was reported by many
authors. For example, |[Feldman et al.| (1977) using He-
lios satellite SW data collected between 1971 and 1974
estimated average flux to f = 2.7 x 10% pTem=2s7 1.
This time period is allocated to the SC 20 just after
the solar maximum, which fell on the calendar year
1970. |Schwenn)| (1983},|1990)) also based his calculations
on Helios satellite measurements made between 12t}
Dec. 1974 and 315 of Dec. 1976, and calculated the
flux to f = 2.66 x 10® pTem~2s~!. It is worth men-
tioning that the measurement time range was allocated
during the solar minimum between the SC 20 and the
SC 21. Both mentioned values are already transformed
to 1 AU by use of the inverse square law transformation.
Reisenfeld et al.| (2013) estimated the average flux to
f =2.57x10% ptem~2s~!'. The data originated from
the Genesis satellite (Burnett et al., [2003) collected in

F=

a period between 24" of Aug. 2001 until 15" of Apr.
2004, just after the solar maximum activity in the SC
23. There was, however, a period when the satellite
was switched into safe mode for 11.26 days due to a so-
lar super storm called Halloween Event of 2003 (Skoug
et al., [2004). Another SW average flux was reported by
Gosling| (2014). There, the flux at the ecliptic plane and
at 1 AU was estimated to be f = 3.8 x 10® ptem=2s7 1.
The number includes alpha particles as well as heavier
ion elements. However, it is not mentioned in which
time frame the SW data was collected, nor by which
satellite.

The RHA study process requires information on a
differential and an integral particle flux to estimate the
amount of radiation deposited within a material be-
ing exposed to the SW plasma. A differential flux of
f is defined as a number of particles crossing a unit
area within a unit time at a given energy, namely
ecm™2 57! keV™!, while the integral flux f! is a differ-
ential flux integrated above a given energy threshold
(ECSS|, 2020):

Emax
fep- [ s

E

(2)

Here, E.,.x corresponds to the highest kinetic energy
of a particle recorded within a given period. However,
in case, e.g., of a stack of many layers made of different
materials and having different thicknesses, the differen-
tial flux must be integrated over energies in which the
corresponding penetration depth reflects the selected
layer thickness. Using this method, one can calculate a
proton fluence magnitude deposited in each stack layer.

In the RHA study phase, there are in common use
the so-called directional- and omni-directional- differ-
ential fluxes. The former are given, in addition, per
unit solid angle cm~2 s~! sr~! keV~! while the latter
are integrated over a fraction or a whole sphere solid an-
gle (4r), i.e., ecm™2 s7! keV~L. In the work presented
here, omni-directional differential proton fluxes are cal-
culated, and these are hereafter called just differential
proton fluxes.

There are literature sources for the SW protons that
can be used to estimate integral proton flux. For exam-
ple, |Gloeckler| (1984)) reported a directional differential
proton flux spectrum at 1 AU distance from the Sun
from 0.5 keV up to 10 MeV where its peak at 1 keV has
a magnitude of ~10!! p* em™2 s7! st~ ! keV~!. Then
integrating it around the peak, i.e., 1 £0.1 keV, and a
hemisphere, one ends up with an integral proton flux
of f1(0.9keV < E < 1.1keV) ~ 10! p* em~2 s71. The
author, however, does not report which data source was
used nor in which time frame data was collected. SW
protons shall be integrated over a hemisphere. It is
related due to the fact that SW particle stream has
mostly radial components and that almost no SW parti-
cles are coming from the Sun with grazing angles higher
than £90°. Detail explanations can be found in the
Yu & Zhang (1990) estimated the SW integral ion
flux above 1 keV to fI(> 1keV) ~ 6 x 10° particles
cm~2s7!'. This number includes protons, alpha parti-
cles as well as other ions present in the SW. Knowing
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Figure 2: The top row, from left to right, shows a set of mesh grids of the SW proton differential fluxes recorded
by the SOHO, the WIND, the ACE, and the DSCOVR satellites, respectively. Color-coded information is related
to a number of records indicating how many times a given flux was recorded per calendar year. The bottom row
shows a set of minimum (blue), average (green), and maximum (red) SW proton differential fluxes estimated
from the mesh grid plots. Fluxes are based on data recorded in the calendar year 2017. The blue background

color denotes the SSW proton energy range, while the red one the FSW energy range.

the SW composition, i.e., the ratio between the num-
ber of alpha particles and protons in the ecliptic plane
and neglecting the traceable number of the other ele-
ments in the wind, the integral proton flux would then
be ~5.8 x 10° pT cm~2 s~!. However, it is not clear
rather the spectrum was estimated for the Sun-Earth
L1 point or 1AU distance from the Sun. Another exam-
ple is , who published directional differ-
ential spectra of the SW protons at 1AU distance from
the Sun based on the data taken from the WIND space-
craft and outside of the magnetosphere. There, the flux
peak at 1 keV is ~8 x 10° pt em™2 s7! sr7! keV 1.
Hence, integrating over a hemisphere and an energy
plateau of roughly 0.2 keV around 1 keV, the inte-
gral proton flux is f1(0.9keV < E < 1.1keV) ~ 10%°
pt em™2 s~ !,  Another value was reported by
mow et al| (2007). The authors presented their nu-
merical reconstruction of a radiation environment of
the GENESIS mission (Burnett et al., [2003)). A spec-
trogram was presented where protons for energies of
1+ 0.1 keV have a directional differential flux mag-
nitude of ~10** pT em™2 s7! sv7! keV~!. Integrat-
ing the value over a hemisphere and an energy band
of 0.2 keVs as well as transferring the numbers from
the Sun-Earth L1 point to 1AU by an inverse square
law, the integral proton flux would be higher than
fH(0.9keV < E < 1.1keV) ~10* pt em=2s71. Also
\Gloeckler et al| (2008)) reported directional differen-
tial proton flux spectra, see Fig. One can carefully
digitalize the spectrum and integrate for proton ener-
gies lower than 10 keV. Then one obtains a value of
~5.41 x 10% ptem=2s71.

Those values may suggest that when all energies are

used for the integration procedure, the integral flux
YL 10keV) would be larger than the magnitude of
at least 10'° pT cm™2 s~!. The work presented here
reveals that number.

3 Results

In order to calculate a differential proton flux, i.e.,
pt em™2 57! keV™!, a series of two values, the so-
called moments, were taken from a publicly available
satellite data set (NASA| 2021; ESA/NASA| 2021).
Those are the proton bulk velocity and the proton num-
ber density (Verscharen et al.,|2019; |Case et al., 2020)).
Both values were averaged and stored by a satellite
storage system within different time intervals. Here,
by the system, it is meant that a satellite is performing
SW proton current measurements while on-ground op-
erations compute raw data to obtain, e.g., the proton
speed or the number density. Raw data were recorded
at 30 s, 64 s, 92 s, and 60 s for SOHO, ACE, WIND,
and DSCOVR, respectively. It shall be pointed out
that using moments for calculating the differential pro-
ton flux, a thermal component of the SW is neglected.
However, SW thermal speed has a magnitude of just a
few percent of the radial component of the SW speed
(Nemecek et al. [2021). Also, the influence of the ther-
mal component will average out for a large data set
used to calculate the flux.

In the following Tables [IH4] the presented fluxes are
organized in calendar year periods, i.e., from 15 of Jan-
uary till the last day of a selected year. Such an ap-
proach allows space scientists to identify fluxes for a se-
lected activity phase of the Sun. Hence, radiation anal-
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Figure 3: Integral proton flux f! spectra of the SW
protons calculated by integrating minimum, average,
and maximum differential fluxes based on the SOHO,
the WIND, the ACE, and the DSCOVR satellites data
sets. Fluxes are based on data recorded in the calendar
year 2017.

ysis of space components can be made for a maximum,
a minimum, or an intermediate Sun activity state. All
fluxes are calculated for SSW as well as FSW flows, as-
suming, after |/ Abbo et al.[(2016]) and Bale et al.| (2019)),
that SSW is classified for proton speeds <500 km s~—!
while FSW covers proton speeds >500 km s~ (>1.3
keV). In addition, average proton flux was also calcu-
lated for the SSW, the FSW and the whole energy range
recorded within a given calendar year.

Proton bulk velocity and number density were pro-
cessed as follows. First, both values were excluded from
empty records, i.e., records where velocity or number
density were flagged, e.g., in the case of the SOHO
satellite, by a number of —1. Such a number informs
that, for a specific time, the data is not present. Next,
a mesh grid of a proton differential flux was compiled,
see Fig. 2| (top row). The Y-axis denotes a product of
a proton velocity v, a number density n, and a kinetic
energy F, i.e., the differential flux, namely f =n v/FE,
while on the X-axis, the proton kinetic energy is set.
A single grid cell with coordinates ij provides color-
coded information on the number of records MNj. It
represents an aggregated number of differential fluxes
having a magnitude in the range {f, f+df } recorded for
a kinetic energy range {E, E+dFE}. Here, in this repre-
sentation (Eq. , the f; ; and the Fj; are representing
a mean value of <{f, f+df}> and <{E,E+dE}> for
a ij cell of the mesh grid, respectively. Using matrix
notation, the grid can be presented as follows:

B, By - B - B

Nii Nio Ny N s

(N} = Nit Nig Njj Ni| fij
Nop No No; Not| fay

LN11 N2 Niyj Nid o fi

3)

It must be pointed out that the number /Vj; depends
on a grid dimension. For the calculations presented
here, 250x250 cells were used. All grids shown in Fig.
(top row) are based on the data recorded in the calendar
year 2017. Columns, from left to right, correspond to
data sets collected by the SOHO, the WIND, the ACE,
and the DSCOVR satellite, respectively. The SSW en-
ergy range is marked with blue and the FSW energy
range with a red background color. The color-coded
scale is set from 1 to 365. It corresponds to a number
of records NVi; per cell of a mesh grid. Its lower bound-
ary value (1) shall be interpreted as a single occurrence
of a flux fj; for a proton kinetic energy Fj recorded in
a given year. The upper boundary value has a slightly
different function. Here, it means that (within a year)
a flux f;; for a proton kinetic energy FEj is recorded 365
times or more. Hence, the flux is recorded statistically
at least once a day in a year. The year 2017 was cho-
sen since DSCOVR has more available SW data than in
2016. Also, 2017 is a year when data from all four satel-
lites could be directly compared. The advantage of a
grid representation of the SW data, given by the Eq.
is to identify how often a differential flux f; ; is recorded
within a given calendar year. Hence, it shall be inter-
preted simply as a 2D-histogram of the flux. Data from
the WIND and the ACE satellite may suggest that most
of the fluxes were recorded below ~1.5 keV. A closer
look at the SOHO and the DSCOVR grid plot reveals
that there is much larger FSW flux population around
~2 keV than for the WIND and the ACE satellites.
Therefore, it is of greatest importance to analyze SW
data from multiple solar observatories. It can be no-
ticed that fluxes computed by use of the SOHO data
have much broader magnitudes than those computed
from the other three satellites. This is because the
proton number density recorded by the SOHO satel-
lite is lower or higher than the corresponding numbers
recorded by the other three satellites. For example,
proton number density from SOHO for the very first
data entry in 2016 equals 1.01 ptem™2, while for the
WIND it is 1.87 ptem™ and for the ACE it is 1.85
ptem™3. On the other hand, proton number density
from SOHO for the very last data entry in 2016 equals
7.72 pTem ™3, while for the DSCOVR it is 5.87 ptem ™3
and for the WIND it is 6.91 pTecm™3. However, pro-
ton velocity recorded by the SOHO and the other three
satellites for those two mentioned points in time differs
within just a few percent. Hence, the estimated dif-
ferential flux from SOHO data is lower or higher than



Table 1: Average and integral proton fluxes are listed from the data collected by the SOHO satellite for the SC
23 (1996 - 2008), the SC 24 (2009 - 2019), and additionally for the calendar year 2020. The first column gives
the calendar year. Then, two columns give the minimum and a maximum energy recorded by a satellite within
a given calendar year, stated in keV units. Next, the average proton flux f x 10® ptem=2s~! calculated for
the whole energy range and for the SSW and the FSW energy range is given, followed by three integral fluxes
% 10® pTem™2s~!. They are based on the minimum, the average and the maximum differential fluxes for the
SSW and FSW flows. The FSW integral flux is calculated for an energy range of 1.3 keV < E < E,x and the
second, stored in parenthesis, for the proton energy range of 1.3 keV < E < 3.3 keV. The last column contains
the number of sunspots. Furthermore, each SC data collection is summarized by an average set of fluxes.

Date Ewmin _ Ewmax  fs  fsssw  Fsesw  fossw  fessw  fossw SPsw IS psw Sraw NSS
1996 0.38  2.82 2.95 3.08 2.40 1.44 4.20 13.54  0.90 (0.90) 1.84 (1.84)  4.22 (4.22) 12
1997 0.39 293  3.10 3.12 2.53 0.59 3.81 18.29  1.05 (1.05)  2.09 (2.09)  6.02 (6.02) 29
1998 0.39 500 294 296 2.79 0.54 3.76 15.17  2.55 (0.92)  5.46 (3.65)  11.96 (9.93) 88
1999 0.40  5.03  2.62 2.80 2.10 0.57 3.62 16.43  0.72 (0.23)  2.52 (1.92)  11.69 (10.92) | 136
2000 0.39 526  2.66 2.69 2.60 0.36 3.62 10.41 0.5 (0.13)  4.07 (2.59)  22.27 (18.07) | 174
2001 0.39 526  2.62 2.55 3.03 0.47 3.30 20.57  0.52 (0.21) 7.58 (3.38)  37.67 (24.37) | 170
2002 0.40 517  2.86 2.85 2.89 0.34 3.45 21.45  0.62 (0.12) 3.13 (2.45) 14.01 (13.08) | 164
2003 0.40 527 273 2.65 2.79 0.24 3.01 15.83  0.20 (0.04) 3.68 (2.65) 27.89 (24.56) | 99
2004 0.39 527 212 2.07 2.28 0.10 2.44 16.73  0.26 (0.11) 3.25 (2.34)  23.30 (19.63) | 65
2005 0.39 527 214 2.11 2.19 0.31 2.57 190.60  0.28 (0.10)  3.75 (2.11)  32.34 (22.35) | 46
2006 0.38 522 1.84 1.84 1.86 0.14 2.29 18.67  0.84 (0.27) 3.62 (1.81)  13.09 (9.46) 25
2007 0.38  3.86 1.65 1.58 1.83 0.17 1.99 21.09  0.96 (0.46) 2.27 (1.75)  7.24 (6.70) 13
2008 0.38  3.58 153 1.49 1.61 0.18 1.86 15.00  0.63 (0.48) 1.70 (1.54)  6.27 (6.11) 4

Average | — — 244 2.45 2.38 0.42 3.07 17.83  0.77 (0.39) 3.46 (2.32) 16.77 (13.49) | —
‘96-708

2009 0.38 246  1.36 1.36 1.26 0.11 1.70 13.59  0.53 (0.53) 0.94 (0.94)  1.97 (1.97) 5

2010 0.38  3.85  1.60 1.60 1.58 0.16 1.99 18.03  0.90 (0.53) 2.36 (1.95)  8.53 (8.08) 25
2011 0.38  4.87  1.68 1.66 1.83 0.15 2.09 20.93  0.86 (0.25) 2.30 (1.89) 14.52 (13.67) | 81

2012 0.38 513 1.74 1.72 1.89 0.14 2.13 22,57  1.80 (0.28)  3.85 (2.05)  20.45 (18.20) | 84
2013 0.38  4.96 1.64 1.63 1.67 0.08 2.07 22.78  0.35 (0.10)  2.01 (1.62) 12.46 (11.72) | 94
2014 0.38 502 1.81 1.79 2.00 0.18 2.23 15.18  0.95 (0.37) 2.76 (2.11)  10.82 (10.08) | 114
2015 0.38  4.96 2.15 2.14 2.18 0.22 2.53 20.57  1.08 (0.34) 2.98 (2.18) 19.16 (18.29) | 70
2016 0.38 411 187 1.86 1.89 0.19 2.22 15.56  1.11 (0.50) 2.51 (1.85)  7.77 (7.05) 40
2017 0.38  4.00 1.64 1.56 1.86 0.19 1.84 16.52  0.46 (0.17) 2.28 (1.84)  8.96 (8.36) 22
2018 0.38  3.00 1.38 1.37 1.47 0.15 1.70 12.22 027 (0.27) 1.14 (1.14)  4.05 (4.05) 7

2019 0.38 472 120 1.17 1.61 0.15 1.44 11.92  1.20 (0.54) 2.33 (1.66)  5.14 (4.45) 4

Average | — — 1.64 1.62 1.75 0.16 1.99 17.26  0.86 (0.35) 2.31 (1.75)  10.35 (9.63) —
£09-'19

2020 0.38  3.25 1.07 1.05 1.43 0.14 1.34 9.11 0.44 (0.44) 1.24 (1.24)  3.82 (3.82) 9

Table 2: Average and integral proton fluxes are listed from the data collected by the WIND satellite for the
SC 23 (1996 - 2008), the SC 24 (2009 - 2019), and additionally for the calendar year 2020. The first column
gives the calendar year. Then, two columns give the minimum and the maximum energy recorded by a satellite
within a given calendar year, stated in keV units. Next, the average proton flux f x 10® pTem =25~ calculated
for the whole energy range and for the SSW and the FSW energy range is given, followed by three integral fluxes
% 10® pTem™2s~!. They are based on the minimum, the average and the maximum differential fluxes for the
SSW and FSW flows. The FSW integral flux is calculated for an energy range of 1.3 keV < E < E.x and the
second, stored in parentheses, for the proton energy range of 1.3 keV < E < 3.3 keV. The last column contains

the number of sunspots. Furthermore, each SC data collection is summarized by an average set of fluxes.

Date Emin  Emax Jw fwssw  fw,rsw f\II\}I\./ISIsl\IW f\I)(/Assw 6\/Ms‘gxw \Izvlvggw f\IA’/Ast 6VMF%)&/ NSs
1996 — — — — — — — — — — — 12
1997 — — — — — — — — — — — 29
1998 — — — — — — — — — — — 88
1999 — — — — — — — — — — — 136
2000 — — — — — — — — — — — 174
2001 — — — — — — — — — — — 170
2002 — — — — — — — — — — — 164
2003 — — — — — — — — — — — 99
2004 027  6.04 271 2.69 2.78 0.88 3.41 11.90  5.11 (1.69) 7.25 (3.44) 11.58 (7.36) | 65
2005 0.34 6.00 2.77 3.00 2.33 1.54 4.32 15.14 2.01 (0.52) 4.39 (2.16) 12.41 (9.19) 46
2006 0.36 5.66 2.70 2.92 2.06 0.94 3.73 13.92 4.43 (1.01) 5.43 (1.92) 8.04 (4.44) 25
2007 0.31 3.11 2.35 2.52 1.94 0.99 3.67 14.76 0.92 (0.92) 1.73 (1.73) 3.78 (3.78) 13
2008 0.36  3.63 2.11 2.28 1.76 1.13 2.92 10.80  0.90 (0.77) 1.67 (1.54)  3.61 (3.48) 4

Average | — — 2.53 2.68 2.17 1.10 3.61 13.30  2.67 (0.98) 4.00 (2.16) _ 7.88 (5.65) —
‘96-’08

2009 0.28 2.61 2.16 2.18 1.61 1.44 3.41 11.41 0.86 (0.86) 1.10 (1.10) 1.48 (1.48) 5

2010 0.35  3.65 2.18 2.26 1.74 0.93 3.00 10.95 2.24 (1.64) 2.99 (2.38)  4.89 (4.27) 25
2011 0.29 4.15 2.22 2.26 2.04 1.14 3.55 14.50 1.08 (0.81) 1.99 (1.72) 5.86 (5.59) 81

2012 0.37 3.57 2.28 2.31 2.09 0.62 2.95 11.63 1.46 (1.09) 2.67 (2.30) 6.59 (6.22) 84
2013 0.30 3.57 2.22 2.26 1.91 0.83 3.23 12.80 0.68 (0.61) 1.76 (1.68) 4.63 (4.55) 94
2014 0.32 4.71 2.44 2.44 2.52 1.10 3.46 12.94 1.52 (1.07) 2.79 (2.33) 5.45 (4.99) 114
2015 0.32 3.95 3.05 3.20 2.59 1.56 4.63 17.64 2.14 (0.96) 3.50 (2.31) 8.36 (7.17) 70
2016 0.35 3.30 2.88 3.13 2.26 1.49 4.38 15.07 1.19 (1.19) 2.12 (2.12) 4.81 (4.81) 40
2017 0.36 3.86 2.78 3.01 2.28 1.13 3.85 14.56 1.26 (0.87) 2.55 (2.15) 5.36 (4.95) 22
2018 0.37 277 2.82 2.92 2.11 1.50 3.60 10.73  0.95 (0.95) 1.51 (1.51)  2.60 (2.60) 7

2019 0.34 3.44 2.57 2.62 2.20 1.41 3.40 11.52 1.45 (1.37) 2.14 (2.06) 3.64 (3.56) 4

Average — - 251 2.60 2.12 1.20 3.59 13.07 1.35 (1.04) 2.28 (1.97)  4.88 (4.56) —
‘09-’19

2020 0.34 3.07 2.43 2.48 1.90 2.02 3.13 9.42 1.14 (1.14) 1.66 (1.66) 2.67 (2.67) 9



Table 3: Average and integral proton fluxes are listed from the data collected by the ACE satellite for the SC 23
(1996 - 2008), and the SC 24 (2009 - 2019). The first column gives the calendar year. Then, two columns give
the minimum and the maximum energy recorded by a satellite within a given calendar year. It is stated in keV
units. Next, the average proton flux f x 10® ptem™2s™! calculated for the whole energy range and for the SSW
and the FSW energy range is given, followed by the three integral fluxes f' x 108 ptem=2s~!. They are based on
the minimum, the average and the maximum differential fluxes for the SSW and FSW flows. The FSW integral
flux is calculated for an energy range of 1.3 keV < E < FE,.x and the second, stored in parentheses, for the
proton energy range of 1.3 keV < E < 3.3 keV. The last column contains the number of sunspots. Furthermore,

each SC data collection is summarized by an average set of fluxes.

I,MIN

I,MAX

I,MIN

I,MAX

Date Emin BEmax Ia fassw faFsw A,SSW leigsw A,SSW A,FSW faFsw A,FSW NSS
1996 — — — — — — — — — 12
1997 — — — — — — — — — — — 29
1998 0.39 4.19 3.22 3.30 2.74 1.86 4.09 9.60 3.73 (2.72) 4.40 (3.38) 5.39 (4.37) 88
1999 0.47 4.09 2.81 2.92 2.46 0.89 2.85 7.86 2.48 (1.21) 3.30 (2.02) 4.59 (3.31) 136
2000 0.50 5.01 2.88 2.90 2.82 1.08 2.75 7.82 2.57 (1.43) 3.73 (2.58) 6.16 (5.00) 174
2001 0.50 4.24 2.73 2.70 2.88 0.86 2.60 7.81 2.27 (1.88) 3.35 (2.95) 5.12 (4.71) 170
2002 0.50 5.09 2.91 2.98 2.69 1.30 2.99 7.95 3.55 (1.38) 4.40 (2.22) 5.76 (3.56) 164
2003 0.52 5.38 2.64 2.83 2.52 1.53 2.89 5.35 3.29 (1.14) 4.47 (2.28) 7.05 (4.81) 99
2004 0.49 5.61  2.55 2.53 2.57 1.18 2.40 5.20 2.71 (1.44) 3.75 (2.44) 5.52 (4.18) 65
2005 0.51 5.49 2.71 2.96 2.28 1.28 2.99 7.54 3.28 (1.09) 4.36 (2.06) 6.13 (3.71) 46
2006 0.39 4.54 2.50 2.81 1.94 1.70 3.16 6.91 2.69 (1.20) 3.23 (1.73) 4.22 (2.72) 25
2007 0.51 3.11 2.28 2.52 1.94 1.09 2.42 5.92 1.21 (1.21) 1.76 (1.76) 2.72 (2.72) 13
2008 0.42 3.63 1.86 2.08 1.63 1.26 2.21 4.41 1.12 (0.99) 1.59 (1.46) 2.45 (2.32) 4

Average 2.64 2.78 2.41 1.28 2.85 6.94 2.63 (1.43) 3.49 (2.26) 5.01 (3.76)

‘96 - 08

2009 0.44 2.56 1.87 1.92 1.40 1.35 2.26 4.16 0.86 (0.86) 0.94 (0.94) 1.05 (1.05) 5

2010 0.50 3.42 1.84 1.97 1.39 0.99 1.86 3.37 1.81 (1.71)  2.01 (1.91)  2.25 (2.15) 25
2011 0.50 3.53  1.98 2.09 1.59 1.23 1.89 2.93 1.38 (1.29)  1.54 (1.45)  1.73 (1.64) 81

2012 0.47 2.59 1.99 1.97 2.41 1.13 2.00 3.47 1.59 (1.59) 1.70 (1.70) 1.81 (1.81) 84
2013 0.50 3.43 1.82 1.84 1.75 0.79 1.78 3.88 1.32 (1.28) 1.64 (1.60) 2.05 (2.01) 94
2014 0.49 4.22 2.05 2.05 2.00 1.04 2.11 4.35 1.82 (1.57) 2.11 (1.86) 2.45 (2.20) 114
2015 0.49 3.68 2.24 2.36 1.91 1.17 2.35 4.94 1.49 (1.29) 1.96 (1.75) 2.73 (2.52) 70
2016 0.54 3.40 2.13 2.30 1.67 1.04 2.02 4.02 1.50 (1.39) 1.77 (1.77) 2.16 (2.05) 40
2017 0.54 3.82 2.18 2.37 1.79 0.98 2.00 4.35 1.58 (1.30) 2.00 (1.72) 2.67 (2.39) 22
2018 0.53 2.43 2.28 2.38 1.54 1.55 2.19 3.06 0.88 (0.88) 0.92 (0.92) 0.97 (0.97) 7

2019 0.54 1.96  1.93 1.96 1.74 1.37 1.88 2.57 0.69 (0.69)  0.73 (0.73)  0.78 (0.78) 4

Average — — 2.03 2.11 1.74 1.15 2.03 3.74 1.36 (1.26) 1.57 (1.49) 1.88 (1.78) —
‘09 -’19

Table 4: Average and integral proton fluxes are listed from the data collected by the DSCOVR satellite for the
SC 24 (2009 - 2019). The first column gives the calendar year. Then, two columns give the minimum and the
maximum energy recorded by a satellite within a given calendar year. It is stated in keV units. Next, the average
proton flux f x 108 ptem™2s~! calculated for the whole energy range and for the SSW and the FSW energy
range is given, followed by the three integral fluxes fT x 10® ptem™2s~!. They are based on the minimum, the
average and the maximum differential fluxes for the SSW and FSW flows. The FSW integral flux is calculated
for an energy range of 1.3 keV < F < F,.« and the second, stored in parentheses, for the proton energy range of
1.3 keV < E < 3.3 keV. The last column contains the number of sunspots. Furthermore, each SC data collection
is summarized by an average set of fluxes.

Date Emin  Emax fo fo,ssw  fp,Fsw fé“ﬁ?v’v fﬁgésw fllj}vs?v)é fé“égiv f]gﬁ:‘sw fllj}\l/lzsAV); NSS
2009 — — = — — = = = = = = 5

2010 — — — — — — — — — — — 25
2011 — — — — — — — — — — — 81

2012 84
2013 — — — — — — — — — — — 94
2014 — — — — — — — — — — — 114
2015 — — — — — — — — — — — 70
2016 0.33 3.67 2.66 3.03 1.95 1.29 4.07 14.50 1.54 (1.31) 2.32 (2.09) 4.48 (4.25) 40
2017 0.35 3.86 2.70 2.99 2.05 1.17 3.95 17.36 1.98 (1.15) 2.96 (2.13) 5.73 (4.89) 22
2018 0.39 284 281 2.94 1.97 1.23 3.63 11.37  0.92 (0.92) 1.39 (1.39) 2.27(2.27) | 7

2019 0.36 2.20 2.46 2.51 2.03 1.26 3.29 9.14 0.72 (0.72) 1.03 (1.03) 1.56 (1.56) 4

Average | — — 266  2.87 2.00 124 3.73 13.09  1.29 (1.03) 1.90 (1.66) 3.51 (3.24) | —
‘09 -’19



the one computed from data taken from the other three
satellites. Here, the calendar year 2016 was used as an
example, since, for the first and the last day of that
year, the proton number density and the proton veloc-
ity were present for all four satellites, except DSCOVR,
(the 1%¢ day of the year) and ACE (the last day of the
year).

A comparison of proton number density and veloc-
ity from all four satellites and four calendar years is
given in the[A] It can be observed that the SOHO satel-
lite records protons with a slightly wider velocity range
and wider density values than the other three satellites.
This can be explained by the fact that SOHO has the
smallest data value used by the on-ground operations
to calculate both plasma quantities. Pairs of numbers
(n, v) are derived from the SW proton current mea-
sured within just 30 seconds. The other three satellites
perform two- or three-times longer measurements of the
current. Hence, SOHO may provide the numbers with
larger uncertainty than the other three satellites. Also,
it must be kept in mind that two decades of SOHO
operation in space may have degraded its subsystems
responsible for SW proton current measurements. Also,
all four satellites were made with different technologies
and at different times, which may explain the observed
differences in plasma parameters. The explanations
given above are speculative and will be a part of the
next study campaign.

The second row in Fig. [2] aggregates plots of
maximum, average, and minimum differential proton
fluxes from the SOHO, the WIND, the ACE, and the
DSCOVR satellite, respectively. The minimum and the
maximum ones are simply the lowest and highest fluxes
recorded for the given proton kinetic energy Ej, while
the average differential flux is defined as:

Here, the unclustered data were used, i.e., the differen-
tial flux is defined as f; ; = {nv}, ;/E;. L is the num-
ber of all individual proton kinetic energies recorded
by a satellite within a given calendar year, while K, on
the other hand, is a number of all differential proton
fluxes calculated for the j’th kinetic energy. Hence, f;
builds a set of values for a corresponding set of proton
kinetic energies Ej. Hereafter, for simplicity, f; is de-
noted as f. Clearly, data recorded by the WIND and
the DSCOVR satellite are comparable, i.e., trends in
the maximum, the average, and the minimum fluxes
indicate similar patterns throughout the whole energy
range. This is contrary to the data collected by the
ACE satellite. There, the patterns, such as the flux
spikes below ~1 keV, cannot be noticed. Also, one can
spot an order of magnitude smaller fluxes, i.e., ~107
ptem™2s7!, between ~1.2 keV and ~2.5 keV from the
WIND and the ACE based differential spectra. How-
ever, such values cannot be spotted in the data set col-
lected by the DSCOVR satellite. It must be empha-
sized that all data, including the mentioned artifacts,

were taken for the differential proton flux magnitude
calculations.

Followed by Eq. [2| the minimum, the average, and
the maximum differential fluxes f were used to cal-
culate corresponding integral fluxes fI. The result of
that procedure is presented in Fig. The fluxes are
computed from data sets from the calendar year 2017.
Clearly, f! based on the average and the maximum dif-
ferential fluxes from the WIND and the DSCOVR data
sets indicates a comparable descending trend. For the
integral flux based on the minimum differential flux,
computation of the WIND and the ACE data sets re-
veal their comparable magnitudes along with the whole
energy range. In the case of the SOHO data set, maxi-
mum integral flux indicate the highest magnitude when
compared to the other three. Conversely, the minimum
flux is lower than for the other three up to an energy of
3.2 keV. The highest integral flux was recorded by the
SOHO satellite and is equal to ~2.5 x 10° pTem=2s71.

The average as well as the integral proton fluxes cal-
culated for all years in the SC 23, the SC 24, and addi-
tionally for the calendar year 2020, are listed in Tables
and [l It should be noted that data from the
SOHO satellite were processed from August 1996, since
the SC 23 had started from that date. For the WIND
satellite, the data were processed from May 2004, since
from that date the satellite reached its destination at
the Sun-Earth L1 point. Since differential proton flux
spectra have non-uniform energy steps, they were lin-
early interpolated with a step of 107° keV and inte-
grated to calculate the integral proton fluxes. Tables
aggregate calculated fluxes based on the data from the
SOHO, the WIND, the ACE, and the DSCOVR satel-
lites. Data are presented throughout all tables with
the same format. The first column contains a calendar
year. Next, two columns give a minimum FE,;, and
a maximum energy F,,.x of the SW protons recorded
within that period. The energies are given in the keV
unit. Then an average proton flux f x 10% ptem=—2s~1
calculated for the whole energy range and for the SSW
and the FSW energy range is listed and is followed by
the three integral fluxes f' x 10% ptem™=2s~! also cal-
culated for the SSW and the FSW energy range. The
fluxes have subscripts S, W, A, and D, which stand for
four considered satellite names. They are based on the
minimum (MIN), the average (A), and the maximum
(MAX) differential fluxes. The last column in tables
contains an average number of sunspots NSS (SILSO)|
2021) for a given calendar year. Each SC is represen-
tatively characterized by a set of average values for the
fluxes. Table cells where no data is given are marked
with a horizontal bar.

From the mesh grid differential flux spectra it can
be noticed that for years close to the solar maximum,
FSW has just a few records, please see Fig. [2] for en-
ergies >3 keV (2760 km s~!). In fact, some authors,
e.g., [Schwenn| (2000) calculate FSW proton flux mag-
nitude only up to 800 km s~ (~3.3 keV). Above such
a value the Coronal Mass Ejections (CMEs) are mostly
responsible for generating the protons (Sheeley et al.,
1999; Papaioannou et al,|2016)). This data was not ex-
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Figure 4: The upper left plot shows the number of sunspots averaged over a calendar year together
with an average proton flux per calendar year calculated by the use of the SOHO, the WIND, the ACE, and
the DSCOVR SW data. The upper right plot shows a direct relationship between these two quantities. Here,
average proton flux was calculated by use of the whole energy range of the protons within a given calendar year.
The lower left plot depicts average proton flux as a function of the calendar year for the SSW (solid-) and the
FSW (dotted- color-coded lines). The lower right plot shows integral proton flux based on average differential
proton flux as a function of the calendar year. Here, similarly, the SSW and the FSW fluxes are drowned by
color-coded solid and dotted lines, respectively. Here, for the FSW the whole proton energy was considered.

Table 5: The table gives a coefficient of determination R? and fitted curve equations for the relation between the
average proton flux and the number of sunspots. Estimated quantities are given for the four satellites. 1%¢, 274
and 3" order polynomials were considered as candidates for fitting curves. Also, for the SOHO satellite, data
was taken for all calendar years as well as from (inclusively) 1999. R? coefficient values for the SOHO satellite
where data was reduced is denoted by the RD phrase. In case of ACE, WIND and DSCOVR satellites, data
from all calendar years were used for R? estimation.

Satellite data source R? R? R? R? Fitted curve equation

(1st) (1st) (2nd) (3rd) (3x'd)
SOHO 0.4 0.7(RD) 0.7(RD) 0.7(RD) | fs =1.44+86x10 °*NSS—88x 10 °+«NSS?+4.9x 10 ° «x NSS®
ACE 0.4 0.4 0.4 0.3 fAa=20+73%x10"3%«NSS—43x10"°+«NSS2+1.5x 1077« NSS3
WIND 0.0 0.0 0.2 0.2 fw=23+15x10"2%xNSS—21x10 %+« NSS?2+78x 107« NSS3
DSCOVR 0.0 0.0 0.2 0.3 fp=264+21x10"2%xNSS —6.8x107°% NSS? +6.2x 10" %% NSS3
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cluded from the analysis since such protons contribute
to degradation of materials under the IS radiation en-
vironment. Hence, columns in Tables and [4]
related to the FSW integral proton flux have a pair of
values, i.e., the first for the FSW integral flux calculated
for the energy range of 1.3 keV < E < Ep .« and the
second, stored in a parentheses, for the FSW integral
flux calculated for the proton energy range of 1.3 keV
< FE < 3.3 keV. Obviously, such energy range reduction
results in a decrease in the FSW integral flux magni-
tude. Here, a fixed energy limit was chosen. However,
the following procedure can be used to pick any up-
per limit for the reduction. First, mesh differential flux
spectra for a specified calendar year can be visually re-
viewed, and the SW data energy range for the exclusion
can be identified. Next, an integral flux spectrum can
be calculated directly by integrating the differential flux
spectrum. Another possibility is to use tables given in
the [D} For example, for the calendar year 2016 and the
DSCOVR satellite, one can exclude the FSW records
above 3.3 keV. The average integral proton flux calcu-
lated from 3.3 keV up to the end of the energy range
is 0.23 x 108 pTem~2s~!'. This value can be directly
read out from Table Also, this value shall be then
subtracted from the average integral proton flux cal-
culated from 1.3 keV, which is 2.32 x 10® ptem=2s71.
Hence, the FSW proton flux without SW records above
3.3 keV is 2.09 x 108 pTem~2s~!. Please note that all
necessary tools to perform such a procedure are pro-
vided, so the mesh differential flux spectra are stored
as PNG files and the minimum, the average, and the
maximum differential flux spectra are stored as CSV
files within the GitHub repository (Sznajder} 2022).

Information stated in Tables and [4 are graph-
ically presented in Fig. [4 The upper left plot shows
sunspot numbers NSS and average proton fluxes f as
a function of the calendar year. The upper right plot
presents the direct relation between these two quanti-
ties. Here, additionally, fitting curves are drawn. It was
examined whether there is a linear (or non-linear) rela-
tionship between these two quantities. Average fluxes
based on the SSW (solid lines) and the FSW (dotted
lines) flows are presented in the lower left plot of the
figure. Integral flux spectra based on the average dif-
ferential fluxes are given in the lower right plot of the
figure. Here, the whole energy range for the FSW flow
was used. Also, solar cycle periods were indicated by
different background colors. A correlation between the
Sun’s activity represented by the NSS and the flux mag-
nitudes is indicated. The stronger the Sun’s activity,
the larger the fluxes, which has been confirmed by fit-
ting different order polynomial functions to the relation
of the average proton flux calculated over the whole en-
ergy range and the number of sunspots. It was com-
piled by applying the following procedure. First, the
average proton flux values and the number of sunspots
were interpolated for the same points in time. Then, a
relation of both quantities was fitted by a polynomial
function and the so-called coefficient of determination
R? (Igual & Segui, [2017) was evaluated. Its value can
vary between 0 and 1. In the study examined here,
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R? = 0 would mean that a hypothesis of a linear (or
a non-linear) relationship between the average proton
flux and the number of sunspots is false. On the other
hand, R? = 1 would mean that all data points lie on a
fitted line, hence such R? value represents a perfect fit
situation. In reality, data points are scattered along a
trend line and the R? value has a magnitude close to
one. Here, it would mean that a hypothesis of a linear
(or a non-linear) relationship between the average pro-
ton flux and the number of sunspots can be confirmed.
Table [f] summarizes results from the fitting procedure.
The first column gives the satellite name, then the R?
values are listed. The last column gives fitted curve
equations. The R2 coefficient was calculated for poly-
nomials from the 1% till the 3'¢ degree. When data
from all calendar years is taken for calculation the R?
coefficients for the 1%¢ order polynomial is lower than
0.5. However, when SOHO data is taken from (inclu-
sively) 1999, then the corresponding R? coefficient rises
to 0.7. Such a reduction was made since a visual data
inspection revealed an anti-correlation between the ex-
amined quantities for years before 1999, see Fig. []
upper left plot. Here, it means that when the num-
ber of sunspots increases, the proton flux magnitude
decreases. The reduction was performed only to check
whether there is an impact on the R? coefficient. The
hypothesis turned out to be true. However, the nature
of the anti-correlation of the quantities is unknown. It
will be a part of a future study campaign. However,
similar data reduction for the ACE satellite does not
bring the R? increase. R? coefficients for which data
was reduced are marked within the table by the RD
phrase. From the fitting procedure, one may conclude
that, at least based on the SOHO reduced data, there
is a strong relation (R? = 0.7) between the average
proton flux and the number of sunspots. The higher
the number of sunspots, the larger the average proton
flux. Also, it may be observed that when the number of
data thrown into analysis decreases, the R? coefficient
also decreases. Hence, one has to analyze data from
at least two solar cycles to indicate the mentioned re-
lation between the examined quantities. A third-order
polynomial degree results in the highest set of R? coeffi-
cients. Further increase of polynomial degree results in
a decrease of coeflicient values. Fitted curve equations
plotted in the right upper panel of Fig. [4] are given in
the last column of the table. A similar study was made
by |[Feldman et al.| (1978) who analyzed average proton
flux as a function of time. Please see Figure 5 from
the mentioned manuscript. There, the conclusion was
that the average proton flux is constant along the con-
sidered period of six calendar years. Data from 1971
till 1976 inclusively were analyzed. That period fell at
the end of the SC 20. Possibly such a conclusion was
drawn since a too small data set was processed, i.e.,
six years are roughly half of a SC period, which, by
the analysis of the SOHO and the ACE data presented
here, shows that it is required to process data from at
least two SC to verify the hypothesis of the relation be-
tween the quantities. Also, a similar study was made
by |[Larrodera & Cid| (2020). However, there, the au-



thors examined a linear correlation between the proton
number density and the NSS using of all historical data
from the ACE spacecraft. A correlation was qualified
by the use of the Pearson’s coefficient (Aggarwall |2015]),
which was ~0.65 for the SSW and the FSW flows.

It can also be recognized that the proton energy
range at the solar maximum is approx. 2 -times wider
than at the solar minimum. That observation is valid
for both SC 23 and SC 24.

Integral proton fluxes, based on the minimum, the
average, and the maximum differential fluxes, were also
calculated for a descending set of energy ranges with
a step of 0.1 keV. Tabulated values for each calendar
year of the SC 23, SC 24, and calendar year 2020 are
provided in the

4 Discussion

Magnitude values of the average proton flux as well as
the integral proton flux calculated from data collected
by the four satellites require further discussion. For ex-
ample, for calendar year 2017, the average proton flux
f based on the whole energy range is 1.64x, 2.78x,
2.18x, and 2.70x 10® ptecm2s~! from the SOHO,
the WIND, the ACE and the DSCOVR, respectively.
Low flux values calculated from the SOHO data can
be explained by the fact that the number density val-
ues measured by the satellite deviate substantially from
the corresponding quantity recorded by the other three
satellites, see Section [3] and [A] Please note that the
WIND and the DSCOVR satellites record protons from
the energy of ~0.3 keV, while the ACE records pro-
tons from the energy of ~0.5 keV, see proton energy
ranges in the Tables and [ Hence, a wider
energy range results in potentially higher average pro-
ton flux, since more data is available for the analysis.
In fact, the average proton flux calculated from the
WIND and the DSCOVR data varies just within a few
percent. In the case of SSW flows, the magnitude of
the average proton flux fsgw throughout the data be-
tween all four satellites indicates higher variations than
fluxes from the FSW flow frsw, please see bottom left
plot on the Fig. The average proton flux is calcu-
lated based on the Eq. The plot has one flux value
for SSW and FSW flows and a selected calendar year.
The maximum deviation between flux magnitudes from
the SSW flow is recorded for the calendar year 2020,
the fsssw from the SOHO satellite is approx. 240%
smaller than fw,ssw from the WIND satellite. On the
other hand, in the case of FSW flows, the maximum flux
deviation is recorded for the calendar year 2018. Then,
the fspsw from the SOHO satellite is approx. 200%
smaller than fwypsw from the WIND satellite. Hy-
pothetically, higher flux magnitude deviation between
all four satellite data sets for SSW flows, rather than
FSW flows, may be related to higher uncertainty of pro-
ton current measurements performed by satellite FC
subsystem for proton energies <1.3 keV. Differences in
computational procedures could also explain the devi-
ation when the proton number density and velocity are
estimated out of SSW proton current measurements.
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Also, one has to keep in mind that all four satellites
were built within a time span of two decades. There
is a comprehensive technology spread between all their
subsystems responsible for SW proton current measure-
ments. Hence, proton currents that are measured and
processed vary between all four satellites. Therefore,
it is of most interest, not only to the RHA community
but more widely to the space science community, to re-
port a study that would indicate differences in proton
flux magnitudes calculated based on data from multiple
solar observatories.

Integral average proton flux magnitudes manifest
similar behavior as the average proton flux spectra,
i.e., there is a higher flux magnitude deviation for SSW
flows rather than FSW flows, see bottom right plot on
Fig. @ The proton flux is calculated based on Eq.
The plot has one flux value for SSW and FSW flows
and a selected calendar year.

The SSW and FSW flows are quantified here as omni-
directional -differential, -average, and -integral fluxes.
They are commonly used in the RHA community, e.g.,
while calculating radiation loads within satellite com-
ponents in the low Earth orbit space environment, e.g.,
by use of the AP-8 or AE-8 models (ECSS}2020). How-
ever, a transformation of omni-directional to the direc-
tional flux of SW protons can be simply performed by
dividing flux magnitudes by a factor of 2w. This, truly
not an ideal transformation, would only average omni-
directional fluxes by a solid angle of a hemisphere. A
27 factor shall be used since a satellite SW proton cur-
rent is measured from a hemisphere with a set of the
so-called azimuth angles defined between the center di-
rection to the Sun and a normal of a satellite measuring
subsystem, e.g. a FC of a WIND satellite, see[B] Such a
value is used to calculate the proton number density n.
Hence, n encapsulates information about proton cur-
rents coming from all azimuth angles. This procedure
is well explained, e.g., by [Kasper et al.| (20006).

A huge deviation between SW proton fluxes has a
direct impact on the RHA study process. When cal-
culating radiation loads within satellite components,
one must always consider a worst-case scenario. Hence,
having in hand proton flux magnitudes from four dif-
ferent satellites, one has to choose the one with the
highest value. Here, that would be the highest average
differential flux spectrum chosen from all four satel-
lites. The minimum, as well as the maximum differen-
tial fluxes, can be treated by RHA scientists as a min-
imum and maximum boundary needed for estimating
radiation loads margins. Moreover, in the [C] a simple
study case for determining the proton fluence spectra
of a reflector material is presented. It can be treated
as an exemplary use case of differential proton spectra
presented here.

Average and integral flux magnitudes presented here
are calculated for two separate proton energy ranges,
i.e., for SSW and FSW flows, that is for proton speeds
lower as well as higher-equal than 500 km s~! (1.3 keV).
As it was already pointed out in the Section[3] this clas-
sification was chosen after |Abbo et al.| (2016) and [Bale
et al] (2019). However, tables given in the [D] can be
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Figure 5: Mesh grid differential flux spectra from the SOHO, the WIND, the ACE, and the DSCOVR satellites
for the first 7 days of the calendar year 2017. Color-coded scale is chosen accordingly, i.e., for a time period of
7 days is set from 1 to 7.

used to calculate integral proton fluxes with any prefer- based on the ACE satellite data.
able energy range. For example, assuming that the Differential proton flux spectra as well as proton
SSW flow is classified for proton speeds smaller than Speed and number density histograms can be used to
440 km s™* (~1 keV), then the FSW integral flux can qualitatively indicate the time evolution of the SSW
be simply read out from the table row where integration and the FSW flows as well as protons originating from
was made from 1.0 keV till the end of the energy range. the CME events, see [A] Flux spectra and the his-
Then SSW integral flux is a product of subtraction of tograms are derived out of the SOHO, the WIND, the
an integral value from the whole energy range and the ACE, and the DSCOVR satellite data for four calen-
value from FSW flow, e.g., an integral average FSW dar years from 2016 till 2019. Spectra and the his-
proton flux from DSCOVR satellite in the calendar year tograms give an jmpression of how the SSW and the
2018 is 1.97 x 10% ptem™?s™!. Now integral average FSW evolved while the Sun approached its minimum
SSW proton flux is (5.02 — 1.97) x 10® = 3.05 x 10® activity state in 2019. Histograms reveal that satellites
ptrem™?s™!, see Table Such a procedure can be ap-  record protons within slightly different energy ranges
plied to any value listed in tables given in the[D] That for a given calendar year. This finding indicates the
makes the tables flexible and generic tools for estimat- importance of comparing SW data from multiple satel-
ing a magnitude of an integral proton flux within any lites when any SW plasma parameter needs to be de-
energy range. Additionally, the differential minimum, rived. On the other hand, quantitative SW evolution
the average, and the maximum proton fluxes for all cal- is represented by average and integral fluxes given in
endar years of the SC 23 and the SC 24, as presented Tables and [ Clearly, the energy range of
in Fig. [2 bottom plots, are stored as CSV data files the FSW flow decreases while the Sun approaches its
and released on a publicly available GitHub repository minimum state, e.g., from DSCOVR, from FEy,.,=3.86
(Sznajder} 2022)). With such files in hand, one can esti- keV in 2017 down to Emax=2.2 keV in 2019. Con-
mate integral flux spectra within any preferable energy sequently, the integral proton flux magnitude for the
range. FSW flow is smaller for Sun minimum activity as op-
As already mentioned in the introduction, a bi-modal posed to its maximum activity state. It is related due to
nature of the SW flow at 1 AU distance from the Sun the fact that during the solar maximum activity state
was proven by, e.g., [Larrodera & Cid| (2020)). The au- the coronal holes (Karna et all 2020) and the CME
thors used all historical SW data from the ACE satel- events (Lamy et al.l |2019; |Gour et al., 2021) appear
lite. In fact, two separate groups of SW flows, i.e., the more frequently nearby the Sun’s equator. They are
SSW and the FSW can be seen in the mesh grid dif- both responsible for generating protons with a wider
ferential flux spectra when a small portion of data is energy range in the SW stream.
analyzed. Here, the first 7 days of the calendar year Integral proton flux magnitudes for the FSW flow
2017 were taken and the flux spectra were plotted from listed in Tables and [] are given for two proton
four considered satellite data sets, see Fig. Clearly, energy ranges. This separation was made since some
one can distinguish two flux populations, i.e., one be- authors set the upper energy limit for the FSW flux,
tween ~2 keV and ~3 keV and a second one below e.g., |Schwenn| (2000)), to ~3.3 keV (800 km s~!). The
that range. Those correspond to the FSW and the FSW energy range can be freely chosen after any au-
SSW flow, respectively. The color-coded scale was set thor, and hence, proton integral flux magnitudes can be
from 1 to 7. Hence, one can indicate two hot spots in calculated by use of the tables published here, see
these two groups of flows. Hence, a mesh grid repre- and differential proton fluxes stored as CSV files within
sentation of the SW differential flux makes it a flexible the GitHub repository (Sznajder,|2022)). Lastly, it must
tool to, at least qualitatively, analyze the appearance be emphasized that differential flux spectra available
of any grouped populations within the SW flow. A de- as CSV files as well as calculated integral proton flux
tailed data analysis from the SOHO, the WIND, and magnitudes given in all tables are based on the assump-
the DSCOVR satellite would be required to compare tion that the Sun emits plasma into the interplanetary
it with the [Larrodera & Cid| (2020) findings which are space in a quasi-static way. Here it means that fluxes
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are calculated for a calendar year time frame, which
corresponds to ~10% of an SC period. More represen-
tative flux values would be gained when such a period
is reduced to a month, which would correspond to ~1%
of an SC period. Such calculation activity is planned in
the next phase of the study. Spectra will be successively
added to the GitHub repository (Sznajder] [2022]).

Here, for the first time, the RHA community is pro-
vided with the SW proton flux spectra and flux magni-
tude values for every calendar year for the last two solar
cycles. Hence, RHA scientists are able to precisely cal-
culate proton fluence values for any space mission ded-
icated to the IS radiation environment. Up to now, the
data was available as flux plots or as single flux values
calculated for a given time interval and from a selected
satellite, see, e.g., the work of |Gloeckler| (1984); Yu &
Zhang) (1990); [Lin et al.| (1995); Minow et al. (2007)),
or |Gloeckler et al.| (2008). Therefore, comparing fluxes
from two or more study sources was impossible. More-
over, further calculations, e.g., of fluence magnitude,
were accompanied by high uncertainty.

The results presented here indirectly contribute to
radiation damage to satellite materials and compo-
nents. Proton differential flux spectra and integral pro-
ton flux magnitudes are used as the basis to calculate
proton fluence. Fluence is then used to estimate the de-
gree of material degradation planned for satellite man-
ufacturing. It provides information on how much parti-
cles hit a target material per unit surface area within a
given period of time. A material degradation prediction
can be made in two ways. First, by reviewing the litera-
ture and trying to find a material under study that was
exposed to a particular set of radiation test conditions
(particle type, energy, flux, fluence, etc.) that match
the space environment under study. Then, one can es-
timate how fast and how ’strongly’ a material under
study will degrade. Another way of making a predic-
tion is to perform a dedicated radiation test. Here,
radiation analysis (using proton spectra provided here)
will allow the proper selection of radiation test param-
eters. Then, a test can be carefully performed, and
conclusions can be drawn.

5 Conclusions

The average proton flux magnitudes calculated for cal-
endar years for SC 23 and SC 24 vary up to a maxi-
mum of 240%. Such a high spread in proton flux values
recorded by different satellites (higher during SC 24)
may be caused by performance degradation of satel-
lite subsystems responsible for proton current measure-
ments. Degradation may be caused by years of opera-
tion (e.g. SOHO since 1996) under the harsh radiation
environment of the IS. However, it must be emphasized
that it is a speculative hypothesis. Further studies on
this topic are highly required and will be performed in
the next study campaign. The average flux f for the
whole cycle 23 is 2.44 x 108, 2.53 x 108, and 2.64 x 108
ptem 25! based on data analyzed from the SOHO,
the WIND, and the ACE satellites, respectively. In the
case of the SC 24, the average flux f is smaller than the

15

one for the SC 23, i.e., 1.64 x 108, 2.51 x 108, 2.03 x 108,
and 2.66x10% pTcm™2s~! based on the data taken from
the SOHO, the WIND, the ACE, and the DSCOVR
satellites, respectively. The calculated SSW and the
FSW flux values compare favorably with proton flux
magnitudes reported, e.g., by |Schwenn| (2000)), |Gloeck-
ler et al.| (2008), or |[Larrodera & Cid| (2020). Smaller
flux magnitudes for SC 24 to SC 23 are related to the
Sun’s activity, which was higher for SC 23 than for SC
24. Solar activity is associated with the number of NSS
(ECSS, 2020; (Clette et all, 2014). During SC 23 the
NSS was higher than for SC 24, see Fig. 4} Hence, the
Sun was more active in SC 23 than in SC 24. Also, it
was found that there is a strong correlation (with coef-
ficient of determination ~0.7) between the NSS and the
average proton flux, i.e., the larger the NSS, the larger
the flux. Huge flux deviations based on data taken
from different satellites and individual calendar years
have a direct impact on an RHA study phase. One
shall choose an average differential flux with the high-
est magnitude, reflecting a worst-case scenario when a
satellite RHA analysis is foreseen for the IS environ-
ment.

Studies of the SW plasma population, see[A] revealed
that for a selected calendar year, the four considered
satellites record the SW protons with slightly different
velocity and number density ranges. Consequently, the
obtained SW proton fluxes differ between the satellites.
The difference may be caused, as already speculated, by
degradation of satellite subsystems responsible for mea-
suring the SW proton current. It may also be caused
because the considered satellites were built at different
times, i.e., with different technologies applied for their
construction. This problem will be deeply investigated
in the next study campaign. However, for now, it is
strongly recommended to compare data from multiple
satellites when the SW proton population properties
are intended to be used and analyzed.

It was observed that the energy range of the SW
protons varies with the Sun’s activity. At the solar
maximum of the SC 23 (the calendar year 2002), the
maximum proton energy is roughly 2 -times larger than
at the solar minimum (the calendar year 2009). Similar
behavior on behalf of the SW proton energy range is
confirmed for SC 24. There, maximum proton energy
at the maximum solar activity level (the calendar year
2014) is roughly 2 -times larger than at the minimum
activity (the calendar year 2019).

It must be strongly emphasized that the results pre-
sented here are applicable for the protons recorded at
the ecliptic plane where the radiation environment is
mainly driven by the SSW, see, e.g., McComas et al.
(2003) or [Manoharan| (2012)). More precisely, the SSW
dictates a radiation environment in approx. +£30°
stripe above and below the ecliptic plane. Hence, a
space mission whose objective is to explore the north
or the southern hemisphere of the IS shall take into ac-
count that the radiation environment there is driven by
the FSW. Such an environment is not analyzed in the
study presented here.

Future work will be focused on five aspects. First,



another SW data source will be explored and processed
to calculate differential and integral SW proton fluxes,
and will be compared with the results presented here.
Those are data sets, e.g., from the Voyager, the Stereo-
A and -B, as well as the Parker Solar Probe satellites.
Second, data from Helios will be analyzed to estimate
the proton differential and integral fluxes above the
ecliptic plane. Third, as mentioned in the discussion
section, proton flux spectra and proton integral flux val-
ues will be derived from the SW data based on month
sets. Fourth, proton data sources will be explored and
analyzed to estimate proton fluxes in the energy range
of 10 keV < E < 100 keV. This is a range where nm-
and pm- depth materials are aged by the electrons, pro-
tons, and ions with Z>1. Finally, a cause for the differ-
ence between average proton fluxes from multiple solar
observatories will be studied and explained.
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A Time evolution of differential
proton flux spectra

Distributions of proton speed, density as well as differ-
ential flux spectra can be used to visually and qualita-
tively examine a time evolution of the solar wind flow.
Here, as an example, four calendar years from SOHO,
ACE, WIND, and DSCOVR satellite data sets were
used, i.e., from 2016 till 2019. These are years when
data from all four satellites can be compared, since
DSCOVR data are available only from 2016. T'wo col-
lections of histogram plots are shown in the Figs. [6]and
[7l The former depicts a normalized number of records
as a function of the proton speed, while the latter shows
a normalized number of records as a function of proton
number density. On the other hand, the third figure,
Fig. shows a collection of proton differential flux
spectra in a mesh grid representation. Comparing pro-
ton speed histograms, it can be noticed that, e.g., ACE
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and DSCOVR (the year 2019) have no records with
proton speeds larger than approx. 600 km s~!, while
WIND recorded protons with a speed of up to approx.
800 km s~ and SOHO of up to approx. 900 km s~1.
A similar situation can be recognized when histograms
with proton number densities are compared, see Fig. [7]
For example, for the year 2017, SOHO and ACE satel-
lites recorded protons only up to approx. 60 cm™3,
while WIND and DSCOVR recorded up to 90 cm 3.
Histograms can be used to reveal population structure
within the SW plasma flow. There, one can distinguish
the SSW and the FSW flows. Also, the CME tail can
be noticed, i.e., seen in the proton speed histograms
>800 km s~!. The energy range and the flux magni-
tude in the mesh grid representation of the differential
flux differ between satellites for a given calendar year,
see Fig. [8] This is caused by the fact that it is a product
of the proton velocity and the number density. Popu-
lations of both quantities are slightly different when
being measured by the satellites. Therefore, this quali-
tative analysis shows that complete information about
the SW proton plasma population recorded within a
year can be obtained only when data from multiple
satellites are compared.

As already explained in the discussion section, the
FSW flow decreases in magnitude while the Sun ap-
proaches its minimum activity state. This can be ob-
served by reviewing the spectra visually as well as read-
ing out their values, i.e., the average and the integral
proton flux magnitudes given in Tables [I] [2} [3] and [

B SW particle current measure-

ment system and a scaling fac-
tor used during transforma-
tion from omni-directional to
directional SW proton flux

All satellites considered here measure an incident SW
particle current in order to estimate the plasma pa-
rameters. Here, the measuring principle is explained
by using the WIND satellite subsystem equipped with
a Faraday cup (Ogilvie et al., [1995). The current is
recorded with two parameters being changed. The first
of these is an angle between the line of sight to the Sun
and a normal vector of a collector plate of the cup, the
so-called azimuth angle ¢. Hence, the particle stream
can be measured from different incidence angles. The
second one is a set of energy windows. Here, particles
with a given energy range pass a set of grids having a
specific voltage applied. A detector records a particle
current coming from different angles and having dif-
ferent energies within one measuring period of 92 sec-
onds. Such a current snapshot can be seen in Fig. [9
The picture is taken from the OMNIWeb Plus database
(NASA, 2021). Measurements were made on the 15 of
September 2016. The Y-axis denotes the ¢ angle, while
the X-axis holds the energy per charge E/Q of the inci-
dent particles. The angle changes from —3 to 5. The
highest proton current signal is measured when a FC di-


http://dx.doi.org/10.1007/BF00170825
http://dx.doi.org/10.1109/23.819111
http://dx.doi.org/10.1109/23.819111
http://dx.doi.org/10.1109/23.856469
http://dx.doi.org/10.1109/23.903756
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1029/RG015i003p00257

SOHO, 2016 WIND, 2016 ACE, 2016 DSCOVR, 2016

10723 10723 10724

Normalized number of records

1
400 600 400 600 00 400 600 400 600 800

SOHO, 2017 WIND, 2017 ACE, 2017 DSCOVR, 2017

10724 10724

Normalized number of records
— = = = =
(=] o o o o
SOOI ST

74 1
400 600 1000 400 600 00 400 600 400 600 800

SOHO, 2018 WIND, 2018 ACE, 2018 DSCOVR, 2018

1077

10734

Normalized number of records
= = = = =
o o o o o
I b L 4 Y

1044
10-54
10-64
1056 40 600 1000 400 600 00 °260 460 600 400 600 800

SOHO, 2019 WIND, 2019 ACE, 2019 DSCOVR, 2019

10724 10-24 1021

10734 1073 10734

10743 10-44

._.
9
rd

1073 1073 1073

10704 1074 1075

Normalized number of records

F'
i

1077+ 1077

4 -7.
200 400 600 80 1000 *° 400 600 800 1000 10 200 400 600 800 1000
Velocity [km s~1] Velocity [km s71] Velocity [km s71]

400 600 800
Velocity [km s~1]

1000

Figure 6: A normalized number of protons recorded within a calendar year is given as a function of the velocity.
Records are provided for the four considered satellites and calendar years from 2016 to 2019.
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Figure 7: A normalized number of protons recorded within a calendar year is given as a function of the number
density. Records are provided for the four considered satellites and calendar years from 2016 to 2019.
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Figure 8: Differential proton flux spectra in a mesh grid representation calculated for calendar years from 2016

to 2019. Records are provided for the four considered satellites.
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Figure 9: A snapshot from a FC current measurements
made by the WIND satellite. It is taken within 92
seconds. The current is plotted as a function of the
E/Q values (X-axis) and the angle between the normal
of a FC collector plate and the line of sight to the Sun
(Y-axis). A snapshot is taken from the OMNIWeb Plus
database [NASA| (2021)).
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rectly points to the Sun (when the angle has 0 radians).
On the other hand, the lowest FC current signal (almost
0 pA) is measured when the FC is orientated perpen-
dicular to the SW stream. Different E/Q windows are
achieved by rapidly changing voltages to a set of grids
placed in front of a collector plate. The figure presents
a snapshot of a full scan of SW particle current, so all
angles and all energies are measured. A ¢#0 proton
currents are coming from two effects. First, there are
non-radial SW streams, see, e.g., the work of [Richard-
son et al.| (1996); [Owens & Cargill| (2004) or |[Némecek
et al.| (2020). Second, a radial SW particle stream mea-
sured at an angle ¢ has a value of Iy = I adial - cos(9).
Both effects result in a ’cumulative’ current recorded by
the FC. Now, having a particle current measured for all
angles and energy windows, one can apply procedures
to calculate the moments (v, n). They are described in
detail, e.g., by |Verscharen et al| (2019) or |Case et al.
(2020).

The SW particle current measurement principle dic-
tates how a transformation of a proton omni-directional
to a directional flux shall be made. When such a
transformation is applied, one shall divide an omni-
directional flux by a factor of 27 (a hemisphere). How-
ever, it must be kept in mind that for SEPs, a 47 scaling
factor shall be used. This is due to the fact that SEPs
are recorded for much higher grazing angles than the
SW particles, i.e., higher than 47 measured from the
line of sight to the Sun, see, e.g., [Reames et al.| (2001]).
A similar situation is found for the GCRs, which pen-
etrate the heliosphere from all directions.
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C Proton fluence spectra for an
exemplary study case

In this appendix, a simple study case is considered to
calculate the so-called proton fluence spectra. Proton
fluence is defined as a flux integrated over a given period
of time (ECSS| |[2020).

Here, for simplicity, one can consider a study case
where a solar reflector, a thin membrane material, is
made of a flexible polyimide (PI) film that is coated
on one side with an Aluminum layer. The reflector is
placed in a fixed location in space at a 1 AU distance
from the Sun in an ecliptic plane. Its surface is ori-
entated perpendicular to the stream of SW ions. The
metallic side of the film is faced to the Sun. Also, it
is assumed that the Aluminum layer has a thickness of
0.1 pm while the polyimide substrate has a thickness
of 10 pm. The membrane is exposed to radiation for a
period of the SC 24. Here, fluence spectra for protons
stuck within Aluminum and PI are provided.

The upper plot in Fig. [L10]shows a relative number of
incident protons which are stuck within the Aluminum
and PI layers after the membrane is exposed to the SW
protons. For example, for the kinetic energy of 4.5 keV,
approx. 87% of protons will be deposited within the
Aluminum, while the remaining 13% will be implanted
in the PI substrate. The analysis was performed us-
ing the SRIM software (Ziegler et al., [2010]). The light
red background represents the range of proton kinetic
energies recorded by the four satellites during the SC
24. The lowest energy of 0.28 keV was recorded by the
WIND satellite, see Table [2| while the highest energy
of 5.13 keV was recorded by the SOHO satellite, see
Table A proton with the energy of 5.13 keV trav-
els through the Aluminum layer and is stuck within
the PI substrate at a depth of approx. 100 nm mea-
sured from the interface between the two layers (Ziegler
et al., |2010)). Hence, all SW protons produced by the
Sun during the SC 24 would be implanted within the
membrane material.

The lower plot in the Fig. [10] depicts SW proton flu-
ence spectra. Two curves are presented, i.e., the first,
for the protons deposited in the Aluminum layer (black
line), and the second, for the protons stuck within the
PI substrate (blue line). Here, the fluence was calcu-
lated by use of the average differential flux spectra from
the WIND satellite. The choice was dictated by the fact
that WIND satellite average differential flux has the
highest magnitude among all four considered satellites,
and it would represent a worst-case scenario, i.e., a sit-
uation when a membrane would accumulate the highest
number of protons during the SC 24. The maximum
WIND flux magnitude can be verified by looking into
Tables from [1]to[dl The fluence spectra reveal that the
membrane would accumulate approx. 2 x 1017 ptem =2
and 2.3 x 10'® pTem ™2 within the Aluminum and PI at
the end of the SC 24, respectively. However, it must be
strongly emphasized that fluence magnitude depends
on many constituents, such as: time of exposure to the
particle stream, the distance of the test object to the
Sun, the grazing angle of the studied surface to the SW



proton stream or solar activity state at which the stud-
ied material was deployed in space. Values calculated
here correspond to a very simplistic study case. It is
intended to show how the differential proton spectra
presented here can be used.

D Integral proton flux

Integral proton fluxes are calculated based on the min-
imum, the average, and the maximum differential pro-
ton fluxes, which are integrated in a descending set of
energy ranges with a step of 0.1 keV, e.g. from 0.2 keV
... 5.0 keV, from 0.3 keV ... 5.0 keV, and so on, down
to 4.9 keV ... 5.0 keV. Integral fluxes are calculated
and tabulated for each calendar year of the SC 23 and
the SC 24 and, for those satellites which have available
data, also for the calendar year 2020.

The integral SW proton fluxes calculated from the
minimum, the average, and the maximum differential
proton fluxes based on data taken from the SOHO
satellite are provided in Table [} Table [7] and Table
B] respectively.

Then, the integral SW proton fluxes calculated from
the minimum, the average, and the maximum differen-
tial proton fluxes based on data taken from the WIND
satellite are provided in Table [0 Table and Table
[T} respectively.

Next, the integral SW proton fluxes calculated from
the minimum, the average, and the maximum differen-
tial proton fluxes based on data taken from the ACE
satellite are provided in Table Table and Table
respectively.

Finally, the integral SW proton fluxes calculated
from the minimum, the average, and the maximum dif-
ferential proton fluxes based on data taken from the
DSCOVR satellite are provided in Table
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Figure 10: The top plot shows a relative number of SW
protons stuck within a membrane material as a function
of the proton kinetic energy. The membrane is built
up from a 0.1 gm Aluminum and a 100 um polyimide
substrate film. The bottom plot depicts proton fluence
spectra deposited within the Aluminum and polyimide
layers.
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