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Knowledge about the space radiation environment is crucial for the design and selection of materials and components used for space applications. This environment is characterized not only by the Sun’s electromagnetic radiation but also by charged particles categorized into solar wind, solar energetic particles (SEP) and galactic cosmic rays (GCR). Especially for material engineering and qualification testing, differential and integral spectra for particle energies ranging from keVs to GeVs are required. Up to now, a wide variety of models is available, whereas it is difficult to keep the overview. Although, e.g., the European Cooperation for Space Standardization (ECSS) standard includes instructions on how to investigate particle radiation, it does not provide an overall view. This paper shall support those in need of a comprehensive overview and provide comprehensive information about proton radiation spectra that can potentially be of use for space engineering tasks ranging from mission analysis to material and component design as well as qualification testing. The publicly accessible platforms OLTARIS, SPENVIS, and OMERE were examined for available proton spectra to be used. Exemplary, the particle radiation of solar cycle 23 is considered, which comprehends the years 1996–2008. A common drawback of the available models is their restriction to the MeV-range. Particularly when materials are directly exposed to the space environment, low energetic particles, specifically, the keV-range, are of high interest, since these particle transfer all their energy to the material. Therefore, additional data sources were used in order to include the usually neglected low energy protons into the derived spectrum. The data was transferred to common set of units and eventually could be compared and merged together. This includes a comparison of the most common models, incorporating data foundation, applicability, and accessibility. As a result, extensive and continues spectra are fitted that take all different models with its different energies and fluxes into account. Each covered year is represented by a fitted spectrum including confidence level as applicable. For solar active and quite times spectra are provided.
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1 INTRODUCTION
The interplanetary environment is constituted of vacuum, electromagnetic and corpuscular radiation. Among the particles are protons, electrons and a wide range of ions with varies degrees of ionisation. Energies can range from fractions of keVs up to EeVs (The Pierre Auger Collaboration, 2017). Satellites exposed to this environment can suffer loss of performance. Functional surfaces, such as insulating materials, solar shields, sails and arrays, are altered and physical properties may deteriorate (Sznajder et al., 2020). Concerning human crew, radiation doses can built up over time and bear health risks. As a consequence sufficient knowledge of the radiation environment is a necessity for the crew safety of manned spacecrafts and ensuring of equipment functionality. Furthermore, extensive radiation spectra can improve understanding of physical processes (Nymmik, 2007).
When charged particles, such as protons, electrons, and positive ions, pass through materials, they lose energy and slow down. The deceleration, or rather energy transfer, thereby increases with decreasing energy. According to the Bragg peak, the maximum deceleration is reached close before the particles energy drops to zero. This means, that incoming low energy particles get stuck and deposit all their energy in shielding. Higher energy particles travel through, transfer less energy into the shielding and reach the inner area, where they can harm crew and devices.
Adequate knowledge of flux spectra enables the determination of the fluence over mission lifetime which is needed for the simulation of the likelihood of Single Event Effects (SEEs), which describes the effect of ionising radiation on semiconductor components. Further radiation dose on equipment and especially human crew can be calculated. Furthermore, the deterioration of surfaces can be investigated, e.g., by estimating the decrease of reflection on a solar sail in dependence of hydrogen blistering caused by irradiated protons (Sznajder et al., 2020). Eventually, the reproduction of the same fluence in laboratory radiation testing gains knowledge on the materials behaviour for a given scenario.
Existing models, especially those for interplanetary space [Solar Energetic Particles (SEP) and Galactic Cosmic Rays (GCR)], overlook energies below approximately 1 MeV in favour for SEEs and dose calculation. The lack of models for solar wind, makes it necessary to use solar observatory data, which are sparse. Solar wind flow data is provided by Advanced Composition Explorer (ACE), Global Geospace Science’ Wind (WIND), Solar and Heliospheric Observatory (SOHO) and Deep Space Climate Observatory (DSCOVR). Of these four satellites, only SOHO provides uninfluenced solar wind flux data throughout the entire solar cycle 23, whose data will be used for the calculation of this publication. WIND was also launched before start of solar cycle 23, but remained inside the influence of Earth’s magnetic field, thus does not provide complete data. ACE was only launched in late 1997, started providing data in the beginning of 1998 and thus does not cover the entire cycle under investigation.
Particle flux throughout the varies publications and data platforms is given in various units. It is a number of particles crossing a sphere of unit cross-sectional area per unit time (Royal Belgian Institute for Space Aeronomy, 2018). Upon further investigation, subcategories can be differentiated. At first, there is the directionality. Mathematically flux is a vector field. In case the flux is independent from its direction, its called omnidirectional. Directionality of vector fields can be normalized by using solid angles, the unit used is steradiant [sr], which is analogous to radians but with an added dimension. Unfortunately, not all sources state their directionality which leaves room for interpretations. Usually flux data is published preprocessed. When using the data, one has to trust that conversions, e.g., uni- to omnidirectional flux, have been conducted correctly.
As a remark on the directionality, in the context of this work, if no directionality is given, GCR flux is assumed to be omnidirectional [e.g., Slaba and Whitman (2020)] and later converted to directional flux through division by 4π. Solar wind and SEP flux is different due to its origin in the Sun. This flux can not be assumed to be omnidirectional, but does not emit from a point-like sources either (Gloeckler et al., 2008). All considered SEP models state their directionality, solar wind was reported to reference to 2π (Sznajder, 2021).
Spectra are typically given either in the integral or differential form. The differential form, with respect to energy, will be used throughout this work in units of [particles cm−2sr−1s−1 (MeV/nuc)−1]. The integral form is derived thereof and is calculated by
[image: image]
where fd and fi denote the differential and integral flux respectively. The particle energy is ascribed to Ep. The usual scenario to use the integral form is, when particles below a certain energy can be neglected due to shielding. The upper boundary of the integral can also be finite, when only a certain energy range is of interest, because e.g., for higher energies can not be tested, or their energy deposition rate can be neglected due to thin films. The actual integration limits can vary, but the here introduced form is the most common usage.
The content of this paper is split into several parts. At first the reader will gain an insight into the main proton types encountered in the Solar System. Followed by an description of the existing modelling approaches and spectrum models in the same section. See Section 2. Afterwards, a continuous spectrum is modelled and introduced in Section 3. Eventually, the continuous spectrum is compared to existing models and discussed in Section 4. Furthermore, the appendix provides data files for the developed spectra and parameter files to recreate these.
2 SPACE RADIATION ENVIRONMENT
The following section shall give the reader an impression of the three main particle sources that are differentiated, solar wind, SEP, and GCR, as well as the influence of the solar activity on these three.
The sources of interplanetary energy particles may be classified into solar and galactic. Solar may be further divided into solar wind and SEP. Figure 1 shows the particle categorization. Further it can also be seen, that SEPs can be subdivided according to their acceleration mechanisms. All of whom vary their fluxes along with the level of solar activity. The predominant source, the Sun, has a roughly 11-year activity cycle. While at solar maximum SEP and solar wind fluxes increase, GCR decreases, and the other way round for solar minimum. The cause will be explained further below.
[image: Figure 1]FIGURE 1 | Classification scheme for energetic particles to be found in the solar system. To the right, the classification criteria are written.
Solar wind is a low-energy particle flux emerging from the Sun. Although the flux varies slightly during the solar cycle, the solar wind is said to be quasi-stationary (von Steiger et al., 2000). Its particle energies are reaching up to approx. 10 keVs. It rises to a plateau around few keVs. The higher energy edge of this plateau is generally considered as the fast solar wind and the opposing edge as slow solar wind (Mason and Gloeckler, 2012). The average flux due to solar wind only varies slightly during the solar cycle. In Figure 2A the annual averaged solar wind flux measured by SOHO is plotted. What can be seen, during the solar active phase, the grey coloured area, the solar wind flux fluctuates and drops during times of low activity to approximately half of the average value.
[image: Figure 2]FIGURE 2 | Flux and modulation properties over the course of an solar cycle. The grey coloured area marks the solar active times as defined by Feynman et al. (1993). The purple and green vertical lines denote the solar maximum and minimum respectively as provided by SILSO (2022). In (B), red is the monthly and blue the annual mean SEP proton flux. Note the logarithmic scale in (B). See the text for a more detailed description.
Directly to solar wind, pickup ions adjoin in the energy spectrum. These are previously neutral particles that have been ionized by either electromagnetic radiation or solar wind (Isenberg, 1987). Along the energy spectrum, pickup ions are followed by the suprathermal tail. These ions can be observed during solar inactive times, as they are otherwise overshadowed by SEP event fluxes (Fisk and Gloeckler, 2008). Their distribution can be described using the power law (Gloeckler et al., 2012). For these particle types, only sparse data is available.
SEPs originate from Coronal Mass Ejections (CMEs) and flares. As the names indicate, CMEs eject mass, namely charged particles, into interplanetary space, while flares describe sudden increases in electromagnetic radiation. Both attribute to magnetic instabilities where energy is released (Kallenrode, 2003). Furthermore, although their main ejecta differentiates, they both accelerate charged particles, which than later show up as SEP event.
These so-called SEP events are the main source for energy particles in the range from few MeV up to several hundred MeVs. They can be impulsive and sudden or gradual. The transition between one another is continuous due to their acceleration mechanisms, which can occur together or individual (Kallenrode, 2003).
SEP flux does not only vary on an annual scale. Due to the heavily fluctuating, event-like occurrence if this type of particles, the flux fluctuates by several magnitudes between events. In Figure 2B the annual and monthly mean flux are plotted. Firstly, the graph shows, that the blue annual mean SEP flux decreases by a factor of two towards solar minimum. Secondly, the red monthly mean SEP flux fluctuates over several magnitudes, which is even increased for shorter averaging periods. Month with higher event rates can be easily identified.
How events are perceived, is coupled to the position of the observer. In Figure 3 events caused by a CME are plotted for various observer positions in the Solar System. Onset and maximum vary for every position. Consequently, even if the particles have been accelerated due to one of the mechanisms, the event does not necessarily have to look impulsive or gradual. Meaning, the same event fluence can come with high and lower peak fluxes, which is important for the interpretation of SEP models with respect to their confidence intervals.
[image: Figure 3]FIGURE 3 | Depending on the observers position a SEP event looks different and the flux experienced changes. Positions A, B, C and D are all located on the ecliptic plane and equidistant from the sun. Their angular position is marked in each plot. Picture adapted from Cane et al. (1988).
Other distinctive features are the composition, e.g., ratio of iron to oxygen or hydrogen to helium, the duration, hours up to days, and at what rates these occur, from thousands down to only few per year. For instance, events caused by CMEs tend to be gradual, last for days, consist mainly of protons and occur usually only once a month (Kallenrode, 2003).
Galactic Cosmic Rays (GCR) flux differs from solar particles sources in a number of ways. First of all, it behaves inverse proportional to solar activity. During solar quiet times, its influence increases which can be seen in Figure 2C. GCR particles reach our Solar System from outside, until recently their definite source was controversial (Bell, 2013; The Pierre Auger Collaboration, 2017; Abeysekara et al., 2021). GCR flux dominates the particle spectrum for energy of approximately 1 GeV and upwards. There do arrive lower-energy particles from outside, but these get lost in the SEP flux. Furthermore, its mainly these particle, that get modulated by the Sun activity, that the remaining GCR flux can be assumed to be constant [e.g., Matthiä et al. (2013)]. According to the force field model, the suns modulation potential, is the essential influence on the GCR spectrum (McCracken, 2004). The higher the solar activity the higher the modulation potential. This can be seen in Figures 2D,E. The higher the modulation potential the more are the GCR particle hindered to enter the Solar System depending on their energy, charge and mass.
There are also so-called Anomalous Cosmic Rays (ACR) particles, which are counted as a sub-category of GCRs. These are neutral particles entering the Solar System without hindrance since neither solar magnetic field nor the modulation potential have influence on them (Adams et al., 1991; Jokipii and Giacalone, 1998). Approaching the Sun, they get ionized by mainly electromagnetic radiation. Now charged, they are accelerated to energies up to that of SEPs but with a lower flux density (Tylka et al., 1997).
The three flux types have been discussed. Together they cover the complete energy range of interest for space applications. Starting with the very low energy solar wind, mainly responsible for surface alteration, proceeding with SEP for medium and GCR for higher energies, each important for dose calculation on crew and equipment.
2.1 Modelling
This section shall give the reader a rough overview of the available models and how they work in short. There is a wide variety of models for SEP and GCR available. As for European qualification of space applications, the ECSS standard (European Cooperation for Space Standardization, 2020a) is the main source for models to use. Unfortunately solar wind is not represented in the standard, nor in the model variety. Thus, outer materials, especially Sun shields, Multilayer Insulation (MLI) and solar arrays, only see electromagnetic radiation testing for qualification in order to check for materials alteration.
The sheer amount of models is shown in Figure 4. The graphic does not claim completeness, but shows models available in SPace ENVironment Information System (SPENVIS), OMERE and On-Line Tool for the Assessment of Radiation in Space (OLTARIS).
[image: Figure 4]FIGURE 4 | Available proton radiation models. Models with an red surrounding are electron models, which are added for the sake of completeness. So are the models for particle flux inside the influence of Earth’ magnetic field, see Earth LEO. To maintain clarity, models are divided into subgroups. Subgroups with a colour gradient are mentioned in the ECSS. Turquoise background denotes to models by ONERA, which are only available in OMERE.
2.1.1 Solar Wind
Concerning the risk assessment of classical satellite systems, solar wind does play a secondary role. This is because the main concern is on functionality of electronics, that are inside the spacecraft and therefore shielded from solar wind particles. Mainly for this reason, solar wind proton energy spectra models have never been developed. The Interplanetary Monitoring Platform (IMP) and Geostationary Operational Environmental Satellite (GOES) series are in the area of influence of the Earth’ magnetic field and the solar probes with the fitting equipment are spread throughout the Solar System, see for instance Voyager or the Helios probes. Only starting with ACE, SOHO and WIND in the 90s suiting data was available. Later DSCOVR joined. To create flux spectra, raw data from SOHO, ACE, WIND, and DSCOVR Faraday cups (FCs) measurements has been unified and translated.
For the adjoined pickup ions and suprathermal tail, no data was available for this publication. Some information is provided by ACE, but as already mentioned, ACE data does not cover the entire solar cycle 23 and is therefore rejected, but will be included in spectra modelling of succeeding cycles. See e.g., Zeldovich et al. (2021) for suprathermal ion data.
2.1.2 Solar Energetic Particles
Due to the quasi-random event-like nature of the SEP fluxes, models for this particle type use statistical methods to describe the average flux and fluence (King, 1974).
One of the oldest models in use is KING. Developed by King (1974) at that time using data only from solar cycle 20, which was significantly weaker than the previous cycle 19 and the succeeding cycle 21. A further drawback is the low number of considered events for the statistical basis. Additionally, one anomalously large (AL) event is responsible for about 70% of the total [image: image]10 MeV fluence, which has been separated, leaving 24 ordinary events. Obviously, this can only yield limited statistical validity. Nonetheless, the methods used for this models build the groundwork for following models. Stassinopoulos (1975) made this model available as computer program. It can be found in SPENVIS.
Basically, probabilities are used to estimate the likeliness that a specified fluence of particles f, that have energies greater than some threshold E, is exceeded during a mission of a given duration t. Mathematically expressed as p (>f, E, t). Thus, KING provides a model, that specifies in dependence of fluence, energy, and duration, the probability of exceeding this named fluence. Or, using the confidence interval as input, it returns a spectrum (fluence over energy) that fits this for the given duration. And this is basically the same procedure for all of the SEP models with more or less sophisticated data bases and event depiction.
The JPL-85 model was one to use KING’s base and build upon it. The precedented differentiation between AL and ordinary events was abolished. Additionally the underlying data base was extended and included than observations from 1963 up to 1985, which is three times longer than KING’s and includes three solar cycles (Feynman et al., 1990; Royal Belgian Institute for Space Aeronomy, 2018). While KING does not differentiate between solar active and quiet times, the JPL-85 model introduced this distinction. Feynman et al. (1990) estimated the Sun to be active 2.5 years before and 4.5 years after its maximum is reached, leaving 4 years of so-called quiet time inside the 11 years solar cycle. JPL-85 assumes, that during the latter 4 years no flux is produced due to SEP events. As the database used in JPL-85 stilled lacked a sufficient number of larger events, JPL-91 disposed of this shortcoming. Feynman et al. (2002) issued the continuing validity by comparison with new data since JPL-91 has been published. Hence, JPL-91 was referred to as the JPL model. Later, Rosenqvist et al. (2005) and Glover et al. (2008) have shown, that JPL underestimates the fluence in certain energy bands and published an updated version, which is available in SPENVIS as Rosenqvist et al. (2005). Depending on the mission duration, Kazama and Goka (2008) recommends to use higher confidence levels for shorter and 50%–75% for durations longer than 7 years when using JPL.
In Xapsos et al. (1999a) were few shortcomings of JPL approached. One being to extend the energy range towards lower energies to access the range, that is interesting for solar array alteration. Another shortcoming, was that none of the previous models included data of full three solar cycles. Each cycle is different from one another, for instance did have cycle 20 only one AL event, while cycle 22 had several and was overall very active. Thus, the more data can be included the more solid becomes the statistical base (Royal Belgian Institute for Space Aeronomy, 2018). Xapsos et al. (2000) assigned reasonable agreement of the created ESP model with JPL-91.
An available software package is CREME. It comprises radiation estimation for various environments including Earth orbits and interplanetary space. Part of the CREME suit is a collection of flare fluxes, that can be used to estimate SEE rates. It is not suitable for long-term accumulated fluence calculation, since it only provides peak flux spectra recorded during SEP events. The CREME suit will be further discussed below in the GCR section.
The SAPPHIRE model was the first to extend the definition of events. While in previous considerations, SEP events have been assumed to be point-like occurrences in time with a given fluence, Jiggens et al. (2011) extended their properties to have a duration and peak flux. It is assumed events can be adequately described by a triangle distribution (Jun et al., 2007). The model also covers the widest range of energy, going as low as 0.1 MeV/nuc and up to 1 GeV/nuc. Jiggens et al. (2018) documents it thoroughly.
There are further solar proton models developed by ONERA which shall be mentioned here for the sake of completeness but not further elaborated, due to insufficient available documentation. Models for SEP particles, only available in OMERE, are SPOF and IOFLAR.
Previous models calculated the average flux by estimating the event frequency and fluence. To define events, flux is filtered. Is an threshold exceeded for a certain duration, an event is recorded. Consequently flux below this threshold, is considered to be noise and left out. SPOF has a different approach (ONERA, 2021). Instead of assuming, as done in the JPL, ESP, and SAPPHIRE models, that during solar quiet time, no SEP flux is experienced, SPOF provides spectra for the radiation noise that disappears during active times in the SEP flux or is below the threshold that would otherwise set of an event in the statistical models. IOFLAR works similar to CREME and provides event flux spectra for protons and heavier ions on the assumption that all have similar distributions ONERA (2021).
Additionally to various listed models, event flux data are generally provided. These include the measured peak fluxes of events usually labelled as e.g., “August 1972” or “October 1989.” These shall be mentioned here for the sake of completeness, but will not be considered for modelling. They are used for worst-case rate estimations, similar to IOFLAR and CREME’s flare spectra.
Recommend model by the ECSS standard for mission fluence, or rather average flux, is ESP. For event peak fluxes, CREME96 is approved.
2.1.3 Galactic Cosmic Rays
GCR particles can reach up to very high energy, contrary to solar wind. They have far higher energies, but are also rare particles to experience. Their distribution peaks around 1 GeV. Their high energies make it impossible to shield against them, as it is already the cause for parts of SEPs. Consequently, the better the knowledge of the GCR flux, the better the risk for space missions can be estimated and if necessary accounted for.
The available models for GCR differ mainly in one aspect (Royal Belgian Institute for Space Aeronomy, 2018). For energies above 1,000 MeV their spectra are considerably identical, but differ increasingly for energies below the mentioned threshold.
The first extensive GCR model to be available, was Adams, (1986). In 1996 Tylka et al. (1997) published a revised version. Both models are denoted CREME86 and -96 respectively. CREME86 estimated the influence of the Sun by a crude sinus function, assuming the solar cycle to be 10.9 years long. As we now know, each cycle can largely differ from its predecessor (Vipindas et al., 2018, for instance). The updated version was based on Nymmik et al. (1992), which removed this drawback by modelling the solar cycle using the monthly averaged Wolf-number, which describes the amount of sunspots, which is approximately proportional with the solar activity (Gueymard, 2004).
Based on Nymmik et al. (1996) and International Organization for Standardization (2004) (ISO 15390:2004) was published, which is up to today the recommended standard by the ECSS to calculate the GCR flux. Nymmik et al. (1992), Nymmik et al. (1996) and CREME96 consider ACR for historical reasons. In the beginning of GCR modelling, ACR was thought to have a bigger influence on the radiation environment than it eventually had (Tylka et al., 1997).
Recently Matthiä et al. (2013) published a model based upon only one parameter, the solar modulation potential. Further, the model covers heavier nuclei. Also applicable on Satellite mission analysis, the main purpose of the model is to support the simulation of processes inside the heliosphere.
In 1996 Badhwar and O’Neill (1992) published a model of the GCR that was based on the standard diffusion-convection theory and fitted to observed spectral measurements. The error of this models was then already three times smaller than that of CREME86. Throughout the years the Badhwar-O’Neill (BO) model got subsequently improved by Badhwar and O’Neill (1996); Badhwar (2001), O’Neill (2006, 2010), O’Neill et al. (2015), Slaba and Whitman (2020). Its covered energy range is wider than that of the other existing models, such as ESP and JPL.
3 CONTINUOUS SPECTRUM MODELLING
To form a single continuous spectrum for easier simulation and testing purposes, of each of the three particle categories one spectrum model has been chosen. These have been merged on the following progress by fitting a polynomial in the log-log space. This process will be elaborated in the following section. To automate this process, from model input to fitting, a python framework has been written, which will be further elaborated in the following section.
The intention of this publication is to provide an extensive, accurate and simple spectrum for a wide base of applications. Due to the wide range of software and programming languages used, the best accessible approach is to share the fitting function and parameters. The criteria for the best possible function are a minimum set of independent parameters and an optimized coefficient of determination R2. Emphasis shall be on simplicity of the function and flexibility of the shape. Since, with a growing number of independent parameters, R2 also increases, the minimum sufficient R2 was chosen to be 0.8. See Section 3.4 for further information.
3.1 Model Selection
For solar wind, the collected and unified data by Sznajder (2021) of SOHO was used. Available are minima, average and maxima spectra, 0, 50 and 100% confidence level respectively.
For SEP protons, SAPPHIRE was chosen. Reasons being.
• the good agreement with ECSS models, such as ESP and JPL,
• SAPPHIRE being the latest published model for SEPs and
• covering theoretically the wides energy range. The available range in SPENVIS is smaller, than that proposed in Jiggens et al. (2018).
Available are confidence levels between 50 and 99.99% (Jiggens et al., 2018).
For GCR the latest BO model has been chosen. Again, this model is the most up-to-date, but also is extensively documented and compared with measurements. Slaba and Whitman (2020) proofs that it is reasonably accurate. Further, similar to SAPPHIRE, it is in good agreement with ECSS models. Available is only the mean spectrum, or rather confidence level of 50%. But due to the low fluctuation of the GCR flux, this is sufficient.
All of the chosen models are publicly available via OLTARIS, SPENVIS and Solar Energetic Particle Environment Modelling (SEPEM).
The implementation of ECSS models into the database has been considered, but rejected due to the availability of more up-to-date models. Nonetheless, the chosen models agree well with the ECSS spectra.
3.2 Input Format
The chosen confidence interval for this exemplary radiation situation was 50%, or rather the average flux. The only available confidence interval for all of the spectra types is 50%. The produced continuous spectra shall therefore depict the mean flux and its annual fluctuations due to solar activity.
The spectra input format is determined by the output of SPENVIS, OLTARIS, and OMERE. The python framework has been extended to be able to import most of the common file formats with their individual flux units and transform these into an unified spectrum format. See Figure 5, the model and spectrum classes. If available, differential flux is always preferred over integral. Otherwise the model is rejected. Fortunately most models support both flux types. Fluence and average flux is easily converted given the mission duration. As already mentioned, flux data without statements on their directionality is referred back to their sources solid angle.
[image: Figure 5]FIGURE 5 | Process of merging the models for different particle types. “C” denotes Connection, and “A” Addition. Sources for the spectral sections are given in brackets.
3.3 Spectra Merging
When trying to merge the three distinguished particles types, two problems arise. First of all, the gap between solar wind and SEP has to be closed. Since solar wind and SEPs both emerge from the Sun, it is assumed that they must be connected by a continuous, smooth spectrum. This hypothesis is supported by Mason and Gloeckler (2012) for ionized oxygen. Since SEP can be decently fitted by the truncated power law, as elaborated in Xapsos et al. (1999b), Xapsos et al. (2000), the power law will be used to extend the SEP range towards solar wind. Subsequently the gap is interpolated and data points are added for least-square fitting. Secondly, SEP and GCR overlap. Since they originally come from different source, but have similar properties, such that both are omnidirectional (European Cooperation for Space Standardization, 2020b), they can be added in the overlapping region to form a mutual spectrum.
Unfortunately SAPPHIRE does not provide data for solar quiet years including 1996 and 2005–2009. To cover the data gap, the original data, which SAPPHIRE is based on, is used in the analysis. The data used is the RDS V2 H reference data which is made up of cross-calibrated measurements from IMP and GOES satellites (SEPEM reference proton dataset, 2019).
The data is being processed using python. Classes have been constructed to represent models and their spectra as seen on the right side of Figure 5. Each model class possesses exactly one spectrum class. Together they carry all information of one specific model for one specific mission, e.g. interplanetary near Earth environment, without magnetic shielding and over 1 year. Magnetic fields, such as Earth’s, deflect charged particles and thus can hinder particles from reaching objects surrounded by these fields. Models of one type (solar wind, SEP, and GCR) can be merged into spectral sections.
As elaborated, the solar wind and SEP sections are connected via interpolated data to form the solar proton spectrum. GCR data does not have to be processed further before adding it to the solar protons. The sum of this sets up the extensive spectrum. This is repeated for each year. The described process is shown via the coloured boxes in Figure 5.
3.4 Fitting Process
Fitting of the chosen models is crucial, in order not to alter contained data, but also combine them into one spectrum. In Figure 6 few exemplary models and raw data are plotted for the year 2001, where the solar maximum took place.
[image: Figure 6]FIGURE 6 | Models that contributed to the database are plotted: SAPPHIRE, SOHO data, RDS V2 reference data and BO-20. Additionally the recommended models ESP and ISO 15390 are plotted for reference. Used confidence interval is 50% of 2001.
Before merging, all spectra are interpolated to standardize the energetic resolution. As with the interpolation of the gap between solar wind and SEP, the data is interpolated via power law. Data points are distributed logarithmically, e.g. 200 points per magnitude. This becomes necessary, as to not overweight certain spectra due to higher point density given by the input file. Having equalized the solar protons and GCR spectra, addition can be executed.
The fitting function itself has to be able to adapt to various distributions. SEP can be described by the truncated power law (Xapsos et al., 1999b, 2000). Mason and Gloeckler (2012) states that a simple power law can describe the SEP energy range during solar quiet times. For high energies, GCR can be described by using the power law as well, for lower energy regions, this does not hold up (Matthiä et al., 2013). SEP and GCR seen individually can be described using either the truncated or normal power law. Yet, when merged, a combined power law fails to fit tightly to the transition zones. For the solar wind spectrum, the power law can not be applied. Figure 6 shows how a simple truncated power law can not align with the complex shape of all sources, the solar wind plateau, skipping of the SEP range and the higher energy GCR bump.
A simple power law function can not adjust to the complex shape of the extensive spectrum. Extension by addition of truncated power law functions improved the fitting behaviour, but unsatisfactory and increased complexity and number of independent parameters of the function. Consequently, the power law functions were dismissed and will not be further elaborated.
Due to the double-logarithmic behaviour, meaning that the flux spectra span over several magnitudes in flux density and energy, the various phenomena can best be described by an logarithmic polynomial, shown below:
[image: image]
E and fd denoting the energy and flux respectively and ai being the fitting parameters. This form of an polynomial has been chosen, since the normal polynomial is not able to adjust to the dynamic range of the particles spectrum. The final adjustment of the polynomial is done by a least-square fit to unified data.
4 RESULTS
In Figure 8 an overview of the fitted spectra is shown. The years 1996–2008, which cover solar cycle 23, are plotted. Further, the fitting parameters, introduced in the previous section, that were found, are listed in Table 2, including the coefficient of determination R2 of each fit. In order to by able to adapt to the individual behaviour of each particle type, an analysis has been conducted, whose results have been plotted in Figure 7. The minimum value for R2 was chosen to be 0.8 for all years which is the case for polynomial order of 15. Furthermore, it is noteworthy, that certain years can be well described using the standard power law. See the peak for polynomial order one. These years are the solar active years, 1998 through 2002, whose R2 values ranges from 0.2 to 0.9.
[image: Figure 7]FIGURE 7 | R2 plotted over polynomial order of fit. Marked in green is the final chosen order, for which all fitted polynomials provide a R2 of 0.8 or higher.
In Table 1 the created continuous spectra are compared with the ECSS standard models ESP and ISO15930, since they are recommended for qualification testing and thus the active measure. Compared is the energy flux. For energies below 0.1 MeV, ECSS models do not provide any information on the irradiation of satellites. Thus the here introduced continuous spectra are the only spectrum models available for this range. For the chosen higher energy range, ECSS model and the created continuous spectra are in the same order of magnitude but differ due to usage of different models (SAPPHIRE vs. ESP, see also Figure 6 for comparison). For solar minimum, ESP does not provide data. Therefore the energy flux is underestimated. What is remarkable, is that the previously neglected lower energies carry significantly more energy.
TABLE 1 | Fitted parameters for the continuous spectra. The spectra can be reproduced by inserting the fitting parameters into Eq. 2. The parameters are made available online as CSV file. See the Supplemental Materials.
[image: Table 1]TABLE 2 | Comparison of fluencies for low and high energetic proton radiation. The low energy regime contains particle energies up to 100 keV, the high consequently all above this threshold. The low energy regime contains the previously neglected share. For the calculation of the ECSS flux, the recommended ESP and ISO 15390:2004 models have been used.
[image: Table 2]4.1 Application Example
It shall be determined how many protons do impact on a 60 by 60 mm big functional outer surface of few microns thickness in interplanetary space. The considered energy shall be for instance 1–100 keV, due to higher energies traversing and lower energies being neglected. Further, these are the energies that can be reproduced by the Complex Irradiation Facility (CIF) situated at the German Aerospace Center (DLR) Bremen. See the grey coloured area in Figure 8. Previously the design engineer had no accessible tool to quickly obtain the spectrum and calculated the protons flux. Now, with this spectra available, the fluence can easily be produced and laboratory tests can be commissioned. Using the spectra in Figure 8, the yearly fitted functions are integrated over the coloured area covering the specified energies. Eq. 3 gives than: 1.52 1017 protons with an average energy of 3.58 keV do strike the surface under consideration.
[image: image]
where ΔtM, A and Ω denote the duration, area and solid angle of the setup respectively. Np+ is the total number of protons than. The total energy is calculated by following equation:
[image: image]
[image: Figure 8]FIGURE 8 | Fitted continuous proton spectra for solar cycle 23. Grey coloured is the energy range available by the CIF, operated by the IRS of the DLR Bremen.
Eventually, the average energy is calculated by division of Ep+ by Np+
Given an e.g. 1 μA mono-energetic proton beam current inside of a laboratory test facility, the estimated irradiation duration would be 7.3 days. In terms of throughput time this is long, but feasible. Fluencies in LEO are known to be much lower, due to magnetic shielding, therefore cause shorter irradiation cycles. Fluencies are by one or two magnitude lower here and can be conducted in a fraction of the time. The material damage and alteration can be further investigated afterwards, risks can be better estimated due to experimental validation of material properties. Microscope and spectroscopy measurements before and after can contain statements on the surface deterioration after irradiation.
5 DISCUSSION
Solar cycle 23 was chosen for several reasons. First of all, concerning the solar activity, it is a conservative estimate of the average solar activity. Solar cycle 24 was weaker than its predecessor. it is estimated that the following cycle will be similar to solar cycle 23 (SILSO, 2022). Thus, when using the evaluated polynomial parameters, the resulting flux is a good estimate for the average future flux throughout the solar cycle. Secondly, solar wind data is available for this entire time interval of solar cycle 23.
The newly created model extends the available energy range further towards lower energies down to a fraction of keVs. The newly supplied spectrum data can be used to investigate alterations of functional surfaces, such as solar sails, arrays and for instance MLI foil, and conduct qualification testing of these materials. As shown in Table 1, the previously neglected share for surface materials is by several magnitudes bigger than the considered high energetic share. Therefore, for qualification of surfaces, that are directly exposed to the interplanetary radiation environment, the authors propose to use the here included proton spectra.
In the previous section it was shown, that data was successfully fitted to merged partial spectra of various particles sources and their models. For the fitted polynomial of order 15, the minimum coefficient of determination R2 is 0.9 and therefore, the fits can be said to be sufficiently in agreement with the input models. Fitting of ordinary power law returned both, negative and close to 1 R2 values. The energy spectra throughout solar active years, was able to align to the power law, while during quiet time, the decrease in SEP flux increased the deviation from a power law.
The model has build-in deficits, such as the assumptions necessary to connect solar wind and SEP, on which the deviation from the true spectrum is not well known due to sparse available measurements, although publications exist indicating the connecting spectrum has indeed a power-law distribution (Mason and Gloeckler, 2012).
Years 2005 and 2006 show this deficit most dominantly, due to usage of the RDS reference data during quiet years. SAPPHIRE does not provide any data for these years, but the flux provided by the reference data for these years is still at a higher flux level than minimum and covers higher energies than SAPPHIRE does, see Figure 6. Connecting these sections than, RDS and solar wind data, via a simple power law, causes the overestimation of the protons flux between these two. It is unlikely, that the actual proton spectrum matches this shape. This should be kept in mind when using these years and this particular energy range.
Due to the polynomial fitting function, the edges of the fitted range, tend to over- or undershoot, which can be seen in Figure 8 left and right. Therefore, when choosing small energy regimes on the edges, the given flux has to be taken with care. Further the polynomial can under- or overestimate the flux periodically over the energy. This is especially remarkable for the GCR flux. This polynomial characteristic can cause deviations from the input models but is, due to the high coefficient of determination R2, estimated to be of secondary importance.
Clearly the solar active years (1997–2004) can be distinguished from the quiet years. The GCR peak at approx. 1,000 MeV is highest at solar minimum in 2008 and 1996. Conversely, the SEP flux is lowest at the same time. The truncated power law distribution, used by SAPPHIRE to describe the SEP, can clearly be seen during solar active years. The fast solar wind edge is easily detectable.
6 CONCLUSION
The here introduced spectra shall give the mission planner an image of the predominant space radiation environment at one AU in dependence of the solar activity for a conservative estimate of the average solar cycle. The proclaimed particle regimes have been merged to allow a fluence estimate just by consulting one model, instead of various different, each with possibly different units and assumptions. The chosen years cover solar maximum and minimum and therefore the entire range of solar activity. Although restricted to one solar cycle, the main purpose of these spectra, to give a sufficient estimate of the chosen energy spectra at a quick glance, is fulfilled. Using the spectra for upcoming solar cycle 25 is valid and a conservative estimate.
Figure 8 clearly shows the drop of SEP flux in its energy range, while both, solar wind and GCR stay approximately constant. Similarly to a skipping rope, the SEP range fluctuates throughout the solar cycle.
Nonetheless, this spectra enables the satellite designer, to pick his range of interest and proceed with it as he wants. For instance, when looking at solar sail alteration due to proton radiation, only the very low energy particles in the range of few keV’s are of interest. This energy range, which has not been available before in the form of a spectrum, can now easily be accessed and further computed or entered as parameters for a simulation using e.g. Geometry and Tracking (GEANT4).
Future development of the framework can be, the depiction of the fitting parameters in dependence of a solar activity parameter such as the Wolf-number. This would enable the mission planner to initially approximate the expected flux density over the energy range of interest by using predictions of the Wolf-number for the time interval of interest. Furthermore, the logarithmic polynomial can be fitted to other environments, such as Earth orbits and Mars or Moon surface radiation spectra.
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