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Introduction

The study of cosmogenic nuclides started accidentally in 1934. While searching for a long-lived Pa isotope, V.A. Grosse [1] found an unexpected and unknown radioactivity in two zirconium minerals from Greenland. With no other explanations, the authors speculated that the excess radioactivity was either directly or indirectly due to cosmic rays. The first routine application for cosmogenic nuclides started in the late 1940s with the work on radiocarbon [2].

With applications ranging from archeology, geochemistry, hydrology to oceanography, radiocarbon is one of the most versatile and likely most often used chronological method. A little later, cosmogenic nuclide studies were first extended to meteorites and then to lunar samples. Here a major application is in studying cosmic ray exposure histories of meteorites with a special focus on determining the cosmic ray exposure age, the pre-atmospheric size, and the pre-atmospheric shape. Such studies include lunar and martian meteorites. Combining such data for a large number of meteorites helps to better understand the dynamics of small bodies in the solar system. For example, the data help answering the question of whether meteorites belonging to the same group and therefore likely originating from the same parent body were all ejected in one major collision or were produced quasi continuously in many smaller collisions (see section 2.1.2). Cosmogenic nuclides can also be used for determining terrestrial ages, i.e., the time the meteorite spent on Earth before being found and analyzed. Again, proper statistics help to constrain whether or not the flux of meteorites to Earth was constant over time (see section 2.1.3). A relatively new application that currently becomes more and more important are cosmic ray induced effects on short-lived and stable isotope systems. Such systems are valuable tools studying early solar system processes, like mixing and late addition of material, and they enable establishing a chronology of early solar system events. These applications differ from the more traditional ones because the reactions are dominantly neutron capture reactions. While the cross sections are well known, the particle spectra must be calculated with high precision because the effects are very small (see section 2.1.5). Finally, the cosmogenic nuclide studies in meteorites can also help to constrain whether or not the cosmic ray flux was temporally constant. While such studies have already been performed in the past [3][4][5][6][7], the question is currently re-investigated thanks to the higher precision that can be reached in state-of-theart experiments and due to the importance of the topic not only for studies of meteorites and planetary surfaces but also of a possible influence of cosmic ray variations on the Earth's climate (see section 3.3). Note that studies of cosmogenic nuclides in meteorites are very common; essentially every newly found meteorite is studied for cosmogenic nuclides.

While first applied to meteorites and lunar samples, cosmogenic nuclides are now also an indispensable tool for studies of Earth's surface processes. Note that the cosmogenic production rates in terrestrial samples are significantly lower than in meteorites or lunar samples due to shielding effects of the atmosphere and the Earth's magnetic field. It therefore required major improvements in the analytical techniques before cosmogenic nuclides produced in the Earth's surface could be studied with the precision currently available. This type of application is growing extremely fast. For example, the number of publications and citations of studies using cosmogenic nuclides in Earth's surfaces sciences has increased by orders of magnitude in the past 20-25 years alone [START_REF] Dunai | Cosmogenic nuclides -Principles, Concepts, and Applications in the Earth Surface Sciences[END_REF]. The applications range from studies of cosmic ray exposure to such of erosion of samples or entire landscapes, and even to the uplift of mountain ridges, just to mention a few (see section 2.2).

For all the aforementioned applications, the production rates or sometimes the production rate ratios of the relevant cosmogenic nuclides must precisely be known as a function of (for meteorites) preatmospheric size and shape of the meteorite and the chemical composition of the entire meteorite and of the individual sample. For terrestrial samples the production rates depend on altitude and geomagnetic latitude in addition to the chemical composition of the sample and the overlying atmosphere. Since the production rates cannot be determined experimentally for all possible parameters and configurations, sophisticated models are needed to reliably calculate the production rates for each application. The most versatile and powerful method thereby is to calculate the production rates using the spectra for all relevant particles, dominantly protons and neutrons but sometimes also α-particles and pions, together with the cross sections for the relevant nuclear reactions. In such a modeling approach the cross sections can either be experimental data from various data collections or can be calculated using nuclear model codes. In contrast, the particle spectra cannot the measured and must be modeled using a combination of various nuclear model codes. The energy range most relevant for cosmogenic nuclide studies in meteorites and asteroidal surfaces is in the range of a few GeV. For terrestrial applications the most relevant energy range of the galactic cosmic rays depends on the geomagnetic latitude but is also above a few GeV (at the top of the atmosphere). In this energy range most of the nuclear interactions are via spallation reactions. They induce as a first step an intranuclear cascade, which is then responsible for the emission of secondary particles and therefore for the built-up of the secondary particle fluxes. During recent years, some of the models describing the intranuclear cascade have been improved significantly. For example, the INCL code has been improved to more reliably describe reactions at low projectile energies, i.e., energies in the range of a few MeV. It has also been improved with respect to the emission of light charged particles and for light charged particle induced reactions. More recently, the code has been extended to high energies in the range 10-20 GeV by implementing multiple pion emission and the emission of strange particles. The current code, if combined with a state-of-the art de-excitation model, like the ABLA code, has been proven to be the most reliable for modeling spallation reactions. For thick target applications like meteorites and planetary surfaces, however, the spallation code must be implemented into a particle transport code for a full description of the internuclear cascade.

This review article is the first full description of the entire field of cosmogenic nuclide production in terrestrial and extraterrestrial samples including the underlying nuclear physics. As a motivation we start with a rather detailed presentation of the various applications for meteorite research and planetology but also for Earth science studies (section 2). In section 3 we discuss some of the basics relevant for solar and galactic cosmic rays. We consider this as necessary and relevant because these particles are the projectiles for all the aforementioned applications. There we also discuss the longstanding but still open topic about the (long-term) temporal constancy of the galactic cosmic rays. In section 4 we briefly discuss the possible targets for cosmic ray interactions, not only covering the major meteorite types but also the majority of samples used for the terrestrial studies. This actually defines the relevant target elements and therefore also the relevant types of nuclear reactions. Finally, in section 5 we present not only the physical background of the spallation process but also the basics and especially also the approximations of the various nuclear model codes. This discussion will not only help to better understand the capabilities of the model codes but also to judge on their weaknesses; it will help to understand why approximations are still needed and what must be done to further improve the models. Very often the interpretation of the measured cosmic ray record is not limited by measurement precision or by detection limits but by the quality of the modeled production rates. This is the reason why we consider section 5 as essential for a complete review on the topic of cosmogenic nuclides in terrestrial and extraterrestrial applications. Only a good knowledge of the underlying nuclear physics enables to better understand and especially to better estimate the uncertainties in the model for the individual applications. In section 6 we end this review with a conclusion.

Applications for Cosmogenic Nuclides in Geo-and Cosmochemistry

The interactions of cosmic ray particles with solid matter can be distinguished into three main categories.

First, direct implantation is the dominant process for low energetic particles in the energy range of a few keV/nucleon. The Sun is emitting such particles as so-called solar wind, which gets implanted into the outermost surface of those planetary objects that have no atmosphere and no magnetic field, like, e.g., the surface of the Moon, asteroidal surfaces and meteoroids but also small individual dust grains. Since the particle fluxes typically are very high, especially close to the Sun, exposed mineral grains reach saturation relatively quickly. For example, a grain at a distance of 1 AU from the Sun (∼150 million kilometers) becomes saturated for solar wind implanted He after ∼200 years (e.g., [START_REF] Fahr | [END_REF]). Second, energetic heavy particles (Z > 20) slow down and produce in many silicate minerals permanent damage trails that can either be observed directly by transmission electron microscopy or they can be enlarged via chemical etching to make them visible by optical microscopy. For a review of this technique see [START_REF] Fleischer | Nuclear Tracks in Solids[END_REF].

In addition, the damage tracks produce thermoluminescence, i.e., light emitted after the irradiated sample is heated [START_REF] Benoit | [END_REF]. Third, the most important outcome of the interactions of cosmic ray particles with terrestrial and extraterrestrial material is the production of cosmogenic nuclides. In this review article we focus on this third type of interaction, i.e., cosmogenic nuclide production. It is apparent that many kinds of stable and radioactive nuclides are produced by the interactions of cosmic ray particles with meteoroids, planetary surfaces, and planetary atmospheres. However, to be useful for further studies, a cosmogenic nuclide has to meet some important conditions. First, the natural occurrence of the cosmogenic nuclide of interest must be low. This is necessary to resolve the few atoms produced by cosmic rays from the natural background. This is naturally true for most of the radioactive cosmogenic nuclides, which typically have half-lives short compared to the lifetime of the solar system (see Table 1). Consequently, the initial radioactivity, if it was present, has already decayed before the meteoroid has been ejected from its parent body and/or before the occurrence of the geological process to be studied on Earth. The condition is also fulfilled for most of the noble gases. The thermodynamic conditions early in the solar system resulted in a phase separation between the solids and the gas; the Earth and the rest of the inner solar system solid objects were made by collecting the solids, almost completely excluding the gas. Consequently, while noble gases are not rare in the average solar system, they are extremely depleted in the inner solar system solid material. This is especially true for the heavy noble gases krypton and xenon. As an example, a meteorite is usually considered as xenon rich if the concentration is in the range 10 -15 mol/g, which is below the detection limit of most analytical techniques. The helium concentration is typically 3-5 orders of magnitude higher than the xenon concentration, i.e., it is in the range 10 -13 -10 -10 mol/g, which can still be considered low. See also [12,13]. Second, the cosmogenic nuclide must either be stable or must have a half-life comparable to or even larger than the studied process. This is fulfilled for most, but not for all radionuclides listed in Table 1. For example, some cosmogenic 10 Be is still alive even in meteorites with very long terrestrial ages, which can reach up to 2 million years (Ma). In contrast, in meteorites with typical terrestrial ages in the range of a few thousand years to a few hundred thousand years, any cosmogenic 22 Na and 54 Mn has decayed below the detection limits before the meteorite has been found. Third, there must be a good understanding of the production and loss mechanisms of the nuclide, i.e., knowledge of the relevant target elements, type of nuclear reaction, and relevant particle fluxes. While this is usually no problem for most of the extraterrestrial applications (no magnetic fields, no atmosphere, easy and almost constant geometry), it is very often problematic for terrestrial applications due to uplift, erosion, and burial (see below). Fourth, the analytical effort measuring the cosmogenic nuclide must be feasible. The list of cosmogenic nuclides that are currently used is not fixed but is changing with analytical developments. For example, recently the neutron capture produced 180 W, 182 W, 196 Pt in iron meteorites have been used to better quantify early solar system processes [14][15][16]. Here it is worth emphasizing that in these cases the cosmic ray induced effects are small, i.e., the neutron capture effects change some of the isotope ratios in the range of 0.01%, i.e., an irradiated sample has an isotopic ratio less than 0.01% different from a non-irradiated sample. However, these effects can routinely be measured with current analytical precision. In contrast, potassium isotopes in iron meteorites have successfully been studied in the 1970s -1980s, e.g., [4,5], but have not been investigated since then due to analytical challenges. A summary of the currently used cosmogenic nuclides is given in Table 1. There we also give the currently accepted half-lives for the radionuclides, the major target elements, and we also give some useful comments.

Fig. 1 depicts the cosmogenic nuclide concentration [atoms/g] as a function of the duration of exposure [years] for stable and radioactive cosmogenic nuclides. As the latter we show the examples for 14 C, 81 Kr, 26 Al, and 10 Be. For producing this plot we assumed a constant production rate of 1 atom g -1 year -1 and no loss and/or erosion. Cosmogenic radionuclides start to decay as soon as they are produced. After an exposure time of about 2-3 half-lives the radioactive decay and the production become equal; the nuclide has reached saturation. While in saturation, the activity remains constant and consequently no information on the duration of exposure can be obtained, except for the minimum exposure that was needed to reach saturation. In contrast, the concentration of stable cosmogenic nuclides increase linearly with exposure time (again, no erosion effects or losses of the nuclides due to diffusion and/or recoil).

Extraterrestrial Applications

Before we discuss cosmogenic nuclide production in the Earth's atmosphere and the Earth's surface (see section 2.2), we first discuss cosmic ray effects in the interplanetary space, where the cosmic ray flux and therefore the production rates are significantly higher. Consequently, cosmogenic nuclide concentrations are often easier to measure in extraterrestrial than in terrestrial objects. It is therefore of no surprise that the study of cosmic ray interactions started first with meteorites and only later, after some major analytical improvements, moved to terrestrial applications. For earlier and more recent reviews the reader is referred to [17][18][19][START_REF] Tuniz | Accelerator Mass Spectrometry: Ultrasensitive Analysis for Gloval Science[END_REF][START_REF] Wieler | [END_REF][22][23].

Cosmic ray exposure history

The classic and most simple idea of a cosmic ray exposure age (CRE) is based on the following picture that could be labeled single-stage irradiation model. In this picture, the precursor material was originally buried deep in the parent asteroid by meters of overlying material. In this period the material that later Figure 1: Accumulation of cosmogenic nuclides in a constant, non-eroding geometry. While the radionuclides reach saturation after about 2-3 half-lives, the concentration of stable cosmogenic nuclides linearly increases with duration of exposure. The curves were calculated assuming a production rate of 1 atom g -1 year -1 .

formed the meteoroid was shielded from cosmic rays. At time T i a collision excavated the precursor rock, i.e., the meteoroid that orbits the Sun as a meters-sized (or smaller) object and that was subsequently fully exposed to galactic and solar cosmic rays. At time T f the meteoroid might fall on Earth, where it losses a large amount of its mass due to atmospheric friction. While quantifying such losses is usually not possible, it has been shown that on average ∼85% of the mass is ablated during atmospheric entry, i.e., only the innermost 15% (in mass) of the meteoroid reach the surface of Earth [24]. On Earth the meteorite is again efficiently shielded from cosmic rays either by the overlying air and/or by water and ice. The CRE age is then defined as T exp = T f -T i . For most meteorites T exp is in the range of million of years (Ma), which corresponds to millions of orbits around the Sun. To obtain the CRE age of a meteoroid we can use stable cosmogenic nuclides, radioactive cosmogenic nuclides (to a certain degree), and/or a combination of both. For stable nuclides, e.g., 21 Ne, we simply calculate: 
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and for radioactive nuclides, e.g., 26 Al we find: 
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with P the production rate, N the number of produced atoms, T exp the exposure time, and λ the decay constant of the radionuclide (all in proper units, see below). Consequently, by knowing the production rates for either stable or radioactive cosmogenic nuclides (or both) calculating the CRE age is relatively straightforward. Here the problems start, however, because the production rate of each nuclide depends on numerous factors unique to each studied meteorite that are not a priori known like, e.g., the pre-atmospheric size and geometry. This information is usually lost while the meteoroid suffered significant mass losses during atmospheric entry [24].

Obtaining the production rates is either possible via sophisticated model calculations, some type of empirical calibrations using experimental meteorite data, or a combination of both. We start our discussion with the physical model calculations. The production rate P i [atoms/g/s] of a cosmogenic nuclide of type i in a meteoroid of radius R at position r is given by:

P i ( r, c sample , C meteoroid , R) = k j c j E σ i,j,k (E)φ k ( r, C meteoroid , R, E)dE (3) 
with c sample the chemical composition of the studied sample [g/g], C meteoroid the chemical composition of the meteoroid [g/g], and R the pre-atmospheric radius of the meteoroid [cm]. The differential flux density of primary and secondary particles of type k is φ k ( r, C meteoroid , R, E) in [1/s/cm 2 /MeV], which depends on the pre-atmospheric geometry, the depth of the sample within the pre-atmospheric meteoroid, and the bulk chemical composition of the meteoroid. The nuclear cross section for the production of nuclide i from chemical element j by particles of type k is σ i,j,k (E) [cm 2 ], and c j represents the concentration of element j in the meteoroid (assumed to be constant) [g/g]. For simplicity it is usually assumed that the pre-atmospheric meteoroid was spherical and that the cosmic ray flux was temporally constant. A recent but still very preliminary study on how the pre-atmospheric shape of the meteoroid influences the production rates can be found in [START_REF] Prettyman | Reedy 77th Annual Meeting of the Meteoritical Society LPI[END_REF]. In addition, there are earlier and still ongoing studies tackling the very important question of whether or not the galactic cosmic ray fluence was temporal constant (see also 3.3). The chemical composition of the studied sample c sample and of the bulk meteoroid C meteoroid can easily be measured. Below we discuss the other relevant input data, namely the differential particle spectra and the cross sections in some detail. Differential particle spectra: The basic formula (eqn. 3) was developed in the 1960s to study the systematics of nuclide production based on results from irradiation experiments of thick targets [START_REF] Honda | [END_REF][START_REF] Kohman | High-Energy Nuclear Reactions in Astrophysics[END_REF]. However, the predictions were limited to a few nuclides only. The first model for calculating production rates for a large variety of nuclides was published in 1961 [START_REF] Arnold | [END_REF]. This approach was later expanded to lunar surface samples [29]. However, these early approaches used various estimates for the differential particle spectra and the nuclear cross sections. The situation improved in the 1990s by calculating the particle spectra using Monte Carlo production and transport codes [30]. Some of the early approaches used particle spectra calculated by HETC & MORSE within the HERMES code system [30,31], others used the LAHET code [32]. With an improving cross section database (see below) there have been various changes and improvements over the years, e.g., [33][34][35]. However, a limiting factor is that so far all models consider only protons and neutrons at relatively low projectile energies of less than a few GeV. The reason is that the earlier intranuclear cascade (INC) models were not capable modeling nuclear reactions induced by light charged particles (lcps), e.g., 3 H, 3 He, 4 He, nor were they capable calculating the emission of lcps, of multiple pions, and/or the emission of more fundamental particles like kaons. As a consequence, primary galactic α-particles, which contribute 50% of the total energy, are so far considered only in a relatively crude approximation that naturally leads to an overestimation of secondary particle fluxes. This is seen in some important meteorite data, e.g., 4 He and 53 Mn in iron meteorites [33]. There is an even more important limitation that is very often ignored when studying cosmogenic nuclides. Due to the limitation in energy, current models are not applicable to reliably calculate production rates at high projectile energies (see also below). Anyway, despite these limitations, the so far existing models have successfully been used to study cosmogenic nuclide production in stony and iron meteorites, e.g., [33,34], effects due to the capture of thermal and epithermal neutrons, e.g., [35], but also neutron absorption effects to constrain the chemical composition of asteroidal surfaces, e.g., [36].

In recent years the situation considering the INC part of the Monte-Carlo modeling has significantly been improved (see section 5). By way of example, i) the emission of lcps up to Z = 8 has been implemented into the INCL code, which is currently the most sophisticated and most reliable code describing and especially quantifying spallation reactions; ii) the description of nuclear reactions induced by lcps has been improved; iii) the INCL code has been extended to much lower energies in the range of few tens of MeV [37,38]. In addition, the INCL model has recently been extended to energies of up to ∼15 GeV by adding, first, the emission of multiple pions [39] and, second, the formation and interaction of strange particles into the code [40]. The de-excitation part, which is the second step of the spallation reaction, has also been improved. The ABLA07 code, often combined to INCL, is now able to handle high excitation energies (breakup) and to produce lcps (breakup and extended evaporation) [START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]. Recently, the new versions of the codes INCL6.0 and ABLA07 (also called INCL++ and ABLA++) have been implemented into the nuclear transport code GEANT4 [START_REF] Agostinelli | [END_REF][START_REF]Geant4 Collaboration Geant4[END_REF] and this new combination currently brings exciting new possibilities for the study of nuclide production in meteorites, planetary surfaces, and planetary atmospheres.

Cross Sections: Thanks to decades of experimental effort, most of the relevant cross sections for proton induced reactions are relatively well known and are compiled in various databases, e.g., [44]. However, some of the relevant published cross sections need to be improved/adjusted. Important examples are the cross sections for the production of 10 Be, 36 Cl, and 41 Ca. These cross sections are very often determined using the activation technique and the nuclide concentrations are measured using accelerator mass spectrometry (AMS). However, AMS usually measures against a standard with a known isotopic ratio and for the calculation of the cross sections the half-life of the radionuclide must be known. Considering the standards, there have been quite some changes and adjustments. For example, some of the cross sections for the production of 41 Ca have been measured at the AMS facility at ETH Zürich using an in-house standard (JUEL). This JUEL standard was off by ∼15% compared to the currently accepted IRMM standards [45]. Also the 36 Cl standard has been changed by 9.7% [46] and some of the 10 Be and 26 Al data measured at the AMS facility in Zürich before 2010 must be reduced by ∼10% [47]. Consequently, a fair amount of the so far published cross sections (and thick target production rates, see below) need to be re-calculated due to recent changes in AMS standards. In addition, some of the relevant half-lives have recently been revised; two examples are 10 Be and 41 Ca. There have been several determinations of the 10 Be half-life that scattered between 1.3 Ma and 1.6 Ma. A recent re-evaluation gave a new half-life of 1.388 Ma [48] and consequently most of the earlier published 10 Be data, including the cross sections, need to be re-calculated. Similarly, the 41 Ca half-life has been revised. In the literature half-lives ranging from 7.7 to 19.0 × 10 4 years can be found. A recent precise re-evaluation gave a new half-life of 9.94 × 10 4 years [49]. Consequently, for some of the cosmogenic radionuclides the model calculations, which are based on cross sections measured against old AMS standards and/or cross sections that have been calculated using old half-lives, are no longer directly applicable to new experimental meteorite data, which are usually measured against new and state-of-the-art AMS standards and by using the most recent half-lives.

For neutron-induced reactions the situation is different, there are only very few experimental data in the energy range of interest, i.e., from the reaction threshold up to a few GeV. To overcome this problem the neutron induced cross sections have been inferred from various thick target irradiation experiments [50][51][52][53][54][55]. Briefly, the neutron excitation functions are extracted from measured thick target production rates using an energy-dependent least squares adjustment procedure [55,56]. In addition, some directly measured neutron-induced cross sections relevant for the study of meteorites and planetary surfaces can be found in, e.g., [57,58]. For some relevant target-product-combinations, however, the adjustment procedure is not possible due to missing thick target production rates, e.g., [55] and the neutron excitation functions must be calculated using various nuclear model codes like the ones described further below. Though some of these models have significantly been improved over the decades, the quality of the calculated cross sections is often still not sufficient for high quality studies of cosmogenic nuclide production in meteorites and planetary surfaces. As a consequence, currently the most limiting factor for the quality of the model calculations is the ill-known and sometimes missing knowledge of the neutron cross sections and some major improvements can be expected if at least some of the relevant cross sections could be measured directly. Figure 2: Production rates by GCR particles of 10 Be and 21 Ne in an H chondrite with a pre-atmospheric radius of 50 cm and in an iron meteoroid with a pre-atmospheric radius of 25 cm. The data for the iron meteorite is from [33] and the data for the H chondrites is from [34].

For α-induced reactions the situation is even worse; there are essentially no experimental data for the relevant reactions and in the energy range of interest [59]. So far, this was of no major problem because the Monte-Carlo codes used to calculate the differential particle spectra were not able to consider 4 He (or other lcps) reliably. Due to this shortcoming there was no real effort measuring cross sections for α-induced reactions and primary and secondary galactic α-particles are considered using a relatively crude approximation, i.e., by scaling the production rates only due to protons and neutrons by a factor of 1.55, e.g. [33,34]. However, the situation is about to change. The new INCL model is not only able to reliably calculate the emission of lcps, it is also able to describe nuclear reactions induced by lcps (see above). Therefore, using the new version of the Monte-Carlo codes, in which we can consider for the first time directly the interactions of primary and secondary α-particles, we can expect exciting new results from the model calculations for cosmogenic production rates in meteorites and planetary surfaces.

Modeling results: Modern model calculations that incorporate and combine the spectra for primary and secondary particles calculated using sophisticated Monte-Carlo codes with the best known data for proton and neutron induced reactions are able to calculate production rates for many cosmogenic nuclides with an uncertainty in the range of 15%. However, since the Monte-Carlo calculations are usually normalized to an incoming galactic cosmic ray (GCR) particle flux of 1 cm -2 s -1 , the modeled results must be scaled with the number of primary GCR particles in the meteoroid orbits, which is not a priori known but is usually determined by comparing modeled and experimental meteorite data, e.g., [33-35, 55, 60]. An example of such a model calculation can be seen in Fig. 2.

The production rates of 10 Be and 21 Ne in average sized chondrites increase from the surface towards the center, clearly indicating the importance of secondary particles for the production of cosmogenic nuclides. By way of example, close to the surface of an H chondrite with a pre-atmospheric radius of 50 cm ∼50% of 10 Be and ∼60% of 21 Ne is produced by secondary neutrons. The numbers are getting larger close to the center; ∼80% and ∼90% of 10 Be and 21 Ne, respectively, are produced by secondary neutrons. For an iron meteoroid with a pre-atmospheric radius of 25 cm ∼15% of 10 Be at the surface is produced by secondary neutrons. Close to the center the value increases to ∼40%. For 21 Ne the values are ∼5% at the surface and ∼10% at the center. This clearly illustrates the importance of having a good knowledge on the relevant neutron excitation functions. The depth dependent production rates, usually called depth profiles, for 10 Be and 21 Ne in iron meteorites show a different pattern compared to the depth profiles in H chondrites; they both decrease from the surface towards the center because both isotopes are efficiently produced only by relatively high energetic projectiles in the range of a few hundred MeV and their flux densities decrease with increasing depth in the meteoroid, i.e., with increasing shielding.

Below we discuss some of the possible techniques for calculating cosmic ray exposure (CRE) ages in some detail. The idea behind all the discussed techniques is as follows. Since the production rates strongly depend on shielding, calculating production rates and therefore CRE ages from a sample with an unknown shielding depth within a meteoroid with an unknown pre-atmospheric size and shape is not straightforward and can be very uncertain. Consequently, using production rate ratios, which are independent or at least less dependent on pre-atmospheric size, shape, and shielding and also less dependent on the chemical composition of the meteoroid and/or the studied sample, very often gives more reliable CRE ages.

The 26 Al/ 21 Ne and 10 Be/ 21 Ne dating technique: If we combine eqns. 1 and 2 we find:

N ( 21 N e) N ( 26 Al) = P ( 21 N e) × T exp × λ 26 P ( 26 Al) × (1 -e -λ 26 ×Texp )
and

T exp = N ( 21 N e) × P ( 26 Al) N ( 26 Al) × P ( 21 N e) × λ 26 for (T exp 1 λ 26 ) (4)
The right hand side of this equation is for CRE ages long enough to bring 26 Al into saturation. Consequently, the CRE age can reliably be calculated permitting that the production rate ratio P( 26 Al)/P( 21 Ne) is known. A very similar approach is possible using the nuclide pair 10 Be- 21 Ne. For more details see, e.g., [23]. Earlier studies used for L-chondrites, which is a special type of stony meteorite (see section 4), a constant P( 26 Al)/P( 21 Ne)∼2.5 (atom 21 Ne/atom 26 Al), e.g., [23]. A recent approach based on model calculations and experimental data found that the production rate ratios slightly depend on shielding and that therefore an average is not a good measure of the production rate ratio for all possible radii and shielding depths. Considering shielding via the measured noble gas ratio 22 Ne/ 21 Ne, which is about 1.25 for small meteoroids and for surface samples of larger meteoroids and which is 1.06 in the center of larger meteoroids, we find that the production rate ratios can best be calculated using [61]: 

P ( 21 N
Note that 22 Ne/ 21 Ne is the cosmogenic ratio, i.e., the ratio of 22 Ne versus 21 Ne that are both produced by cosmic ray interactions. Considering the units, the basic unit for a production rate is [atoms/g/s]. For noble gases the production rate is very often given in [10 -8 cm 3 STP/g/Ma], where STP refers to a temperature of 273.15 K and a pressure of 1 atm. Production rates for radionuclides are usually given in [dpm/kg], i.e., disintegrations per minute per kilogram.

The 21 Ne- 22 Ne/ 21 Ne and 38 Ar- 22 Ne/ 21 Ne dating techniques: The aforementioned dating techniques originally rely on the assumption that the production rate ratio is independent on the shielding depth of the sample and/or the pre-atmospheric radius of the meteoroid. Though, some 11 Journal Pre-proof 
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Figure 3: Modeled results for the GCR production rate of 21 Ne as a function of the shielding parameter 22 Ne/ 21 Ne in L-chondrites of various radii and samples from various shielding depths [34]. The modeled data clearly indicate a unequivocal correlation between P( 21 Ne) and 22 Ne/ 21 Ne for meteoroid radii less than ∼65 cm. For larger meteoroids, i.e., smaller 22 Ne/ 21 Ne ratios, there is a large spread in the 21 Ne production rate for the same 22 Ne/ 21 Ne ratio, making a reliable calculation of P( 21 Ne) impossible. Also shown are the empirical correlations given in [62,63] and the best fit though the model calculations assuming 85% ablation losses, i.e., considering only the innermost 15% in mass [61]. The solid symbols represent some experimental data that essentially validate the model calculations [61].

improvements and adjustments were already necessary (see eqn. 5). There are, however, more advanced dating methods that are able to correct for effects due to shielding. A very popular method thereby is to calculate P( 21 Ne) as a function of 22 Ne/ 21 Ne. Fig. 3 depicts P( 21 Ne) as a function of 22 Ne/ 21 Ne for objects of various sizes and samples of various shielding depths as given by some model calculations [34]. Also shown are earlier empirical correlations [62,63] and some experimental data [61]. The figure shows a well defined relationship between P( 21 Ne) and 22 Ne/ 21 Ne for meteoroids with radii less or equal 15 cm, i.e., for 22 Ne/ 21 Ne ratios larger than ∼1.13. For more shielded samples, i.e., larger meteoroids, the one-to-one correlation breaks down and there is a spread of P( 21 Ne) for the same 22 Ne/ 21 Ne ratio. However, for meteoroids in the radius range 15 cm -65 cm the spread is only very minor, rendering the correlation still useful. For objects larger than ∼65 cm the large spread in P( 21 Ne) for the same 22 Ne/ 21 Ne ratio makes a reliable calculation of P( 21 Ne) impossible; luckily such large objects are rare. Considering only the innermost 15% in mass, i.e., assuming 85% ablation losses [24], we can find a best fit through the individual model predictions as:

P ( 21 N e) = F 49.2 -99.3 × ( 22 N e 21 N e ) + 51.8 × ( 22 N e 21 N e ) 2 [ 10 -8 cm 3 ST P g × M a ] (6) 
with F = 0.93, 1.00, and 1.03 for H chondrites, L chondrites, and LL chondrites, respectively [61]. A recent experimental project that systematically studied cosmogenic nuclide production in 14 ordinary chondrite falls with long CRE ages demonstrated that the model predictions (and therefore eqn. 6) are able to reliably predict the production of cosmogenic Ne-isotopes in ordinary chondrites of reasonable sizes to within ∼15% [61]. With this method it is possible to reliably determine the CRE age of an H, L, or LL chondrite using only one single Ne isotope measurement. In a very similar way P( 38 Ar) can be calculated as a function of 22 Ne/ 21 Ne. Using again model calculations for ordinary chondrites of various sizes and for samples of various shielding depths, considering only meteorites with pre-atmospheric radii less than ∼65 cm, and by assuming again 85% spherical ablation losses, the individual model calculations can be fitted via:

P ( 38 Ar) = 1 66.4 × A × ( 22 N e 21 N e ) -B × 51.9 [ 10 -8 cm 3 ST P g × M a ] (7) 
with A = 1.00, 1.32, and 1.46 for H, L, and LL chondrites, respectively, and B = 1.00, 1.44, and 1.64 for H, L, and LL chondrites, respectively [61].

The 81 Kr-Kr dating technique: A very popular and powerful method that largely corrects internally for shielding and that is applicable to (stony) meteorites having a wide range of chemical composition is the 81 Kr-Kr dating technique [64,65]. This technique is based on the concentrations of the stable isotopes 78 Kr, 80 Kr, 82 Kr, and 83 Kr, which increase linearly with exposure time and the radioactive isotope 81 Kr (half-life 0.229 ± 0.011 Ma, [66]), which reaches saturation after ∼1.5 Ma of continuous exposure (see, e.g., Fig. 1). This method has the advantage of requiring only a single Kr isotope analysis on a bulk meteorite sample. The basic equation for 81 Kr-Kr exposure age dating is, e.g., [64,65]:

83 Kr 81 Kr = P ( 83 Kr) P ( 81 Kr) × λ 81 × T exp (1 -e -λ 81 ×Texp ) (8) 
where λ 81 is the 81 Kr decay constant (λ 81 = 3.03 Ma -1 ). The term ( 83 Kr/ 81 Kr) is the isotopic ratio of cosmogenic 83 Kr to 81 Kr, P( 83 Kr)/P( 81 Kr) is the production rate ratio of cosmogenic 

Consequently, the CRE age can be determined from a measurement of Kr isotopes alone if the production rate ratio P( 81 Kr)/P( 83 Kr) is known. There are two different approaches to determine this ratio using only measured Kr isotope concentrations. In the pioneering study the following equation was proposed [65]:

P ( 81 Kr) P ( 83 Kr) = Y × 80 Kr + 82 Kr 2 × 83 Kr ( 10 
)
with i Kr as the cosmogenic Kr isotope concentrations and Y as a factor correcting for the non strictly linear dependence of the production rates on the mass numbers of the three product isotopes 80 Kr, 81 Kr, and 82 Kr. In the original approach a value Y = 0.95 ± 0.05 was used; a value determined from cross section measurements (available at this time) for the production of Kr isotopes from Ag. Krypton-80 and 82 Kr can also be produced by neutron capture on 79 Br and 81 Br with subsequent β-decay (see also Tab. 1), a reaction mechanism that does not affect 81 Kr production and is not accounted for in eqn. 10. To take this into account a second method to determine the production rate ratio P( 

A recent experimental study re-investigated the 81 Kr-Kr dating technique and it was found that for samples in which only 81 Kr and 83 Kr can reliably be measured the CRE age can be calculated via [START_REF] Leya | [END_REF]:

T exp = 0.43 ± 0.02 λ 81 × ( 83 Kr 81 Kr ) [M a] (12) 
For all other samples/meteoroids the CRE ages can reliably be calculated using eqn. 9 and calculating the production rates via:

P ( 81 Kr) P ( 78 Kr) = (5.7 ± 0.8) -(18.3 ± 5.0) × ( 78 Kr 83 Kr ) (13) 
In this recent study it has been concluded that by using the updated 81 Kr-Kr dating system (eqns. 12 and 13) the CRE ages for meteoroids can be calculated with a precision of ∼10%.

The 36 Cl/ 36 Ar dating technique for metal samples: Finally, we want to discuss the 36 Cl-36 Ar dating system for metal samples, which is based on the production of 36 Cl and 36 Ar via spallation reactions on Fe and Ni. Since the reaction pathways for the production of 36 Cl and 36 Ar are very similar, their production rate ratio is almost independent on shielding. In addition, since 98.1% of the produced 36 Cl decays to 36 Ar (the remaining 1.9% decays to 36 S), measured 36 Cl is indeed an excellent proxy for the 36 Ar production rate. Although P( 36 Cl)/P( 36 Ar) is almost independent of shielding, it slightly depends on the Fe/Ni ratio of the metal. Combining all information and assuming CRE ages long enough to bring 36 Cl into saturation, i.e., larger than about 1.5 Ma, results in [61]:

T exp = 424 × 36 Ar 36 Cl + 0.36 [M a] (14) 
Thereby 36 Ar and 36 Cl are given in [10 -8 cm 3 STP/g] and [dpm/kg]. The constant 424 has the unit necessary to convert the measured ratio into an age in [Ma]. Other authors give values of the constant between 425 and 436, e.g., [3,33,69].

Other dating systems. In addition to the dating systems discussed so far, there are other, sometimes very specialized methods for determining CRE ages. One example is the 3 He dating method, which is based on the assumption that the production of 3 He is almost independent on shielding. While this approximation is reasonable, it is for sure not correct for all cases and must be discussed on a case-to-case basis, e.g., [23]. Another interesting system is 129 I-129 Xe method in troilite, i.e., FeS inclusions in iron meteorites [START_REF]Nishiizumi 19th International Cosmic Ray Conference SH[END_REF][START_REF] Marti | [END_REF][72]. The 129 I with a recommended half-life of 16.1 Ma [73] is produced by neutron capture reactions on 128 Te, which is particularly abundant in troilite inclusions [72] and it decays via β-decay to 129 Xe. Consequently, like for the 36 Cl-36 Ar dating system described above, the measurement of 129 I and 129 Xe in the same troilite sample enables determining the CRE age. However, measured xenon in troilite inclusions is typically a sum of different components (decay of 129 I, spontaneous fission of 238 U, neutron induced fission of 235 U and 238 U, cosmic ray production, ...), which makes the interpretation of the 129 Xe data very challenging. Another important example is the 40 K-K dating method for iron meteoroids, which is based on the concentrations of stable cosmogenic 39 K and 41 K isotopes along with radioactive 40 K (T 1/2 = 1.27 Ga). At first glance this method is very similar to the dating methods presented so far that are based on stable and radioactive cosmogenic nuclides. There are, however, some significant differences. First, the half-life of 40 K is too long to reach saturation in typical meteoroids and therefore the production rate cannot directly be measured. Therefore, the full exponential of the activation equation must be considered. Second, the large size of many iron meteorites makes shielding corrections even more critical than for most of the stony meteorites. Third, the lack of measured cross sections poses serious problems for production rate calculations and therefore for data interpretation. Fourth, there is a significant problem by native potassium. In stony meteoroids the native potassium clearly overwhelms the cosmogenic component, prohibiting the application of the system to stony samples. Even in iron meteoroids is the native potassium a problem and needs to be corrected for. A reliable method to use the small amount of cosmogenic potassium to determine CRE ages under the presence of native potassium has been presented by H. Voshage and co-workers, e.g., [74,75].

2.1.2 Cosmic ray exposure histogram and the dynamics of small bodies in the solar system An important caveat for the techniques described above to calculate CRE ages is that they all assume a single-stage exposure, i.e., they assume that the meteoroid was ejected from its parent asteroid from a depth of at least a few meters, where it had efficiently been shielded from cosmic ray irradiation. After ejection, the meteoroid traveled to Earth as one single piece without changing its shape and/or size by further collisions. Such an irradiation scenario is typically called Single Stage Cosmic Ray Exposure. Only in this case is the measured saturation activity of the cosmogenic radionuclide a reliable measure for the production rate of the stable cosmogenic nuclide, i.e., both reference to the same size and shape of the meteoroid. For irradiation scenarios with further breakups, i.e., Complex Exposure Histories, the concentrations of the radionuclide and the stable nuclide are often no longer comparable. The relevance of this problem depends on the time of the breakup in relation to the half-life of the radionuclide. If, for example, a breakup occurred 100,000 years ago, a radionuclide like 53 Mn (half-life 3.7 Ma) still remembers mostly the original shape, while a radionuclide such as 44 Ti (half-life 60 years) records only the final shape. Also the 21 Ne- 22 Ne/ 21 Ne and 38 Ar- 22 Ne/ 21 Ne dating systems, which are both based on stable nuclides only, give wrong production rates and therefore wrong CRE ages for complex exposure histories. The reason is as follows. As shown before, the 21 Ne production rate is a function of 22 Ne/ 21 Ne, which changes in a non-linear way with size and shape of the meteoroid. As an example, by assuming that the studied sample started deep in a large object, the 22 Ne/ 21 Ne ratio is expected to be close to 1.06. After further breakup the part that was originally deeply shielded can now be close to the surface with a 22 Ne/ 21 Ne ratio close to 1.25. Consequently, the simple correlations of 21 Ne and 38 Ar production rates as a function of 22 Ne/ 21 Ne are no longer applicable (eqn. 6 and 7).

It has been shown that most likely a fairly high fraction of all studied meteorites have a complex exposure history, e.g., [START_REF] Wieler | [END_REF]23]. Consequently, one of the major assumptions necessary for calculating reliable CRE ages is often not fulfilled. Note that by using only one of the above discussed dating systems and by studying only one sample from a meteorite complex exposure histories go often unnoticed.

There is another mechanism able to change the size of a meteoroid, space erosion. While there might or might not be a further breakup of the meteoroid during its travel through the solar system, space erosion cannot be avoided. It is expected that all meteoroids suffer to a certain degree from space erosion. Considering that this is a general process, it is surprising that so far no model exists that fully includes space erosion into the calculation of cosmogenic production rates. The possible importance of space erosion has been demonstrated in [76,77]. For example, the modeled erosion rate for a stony meteoroid in a circular orbit at 2 AU is calculated to be 1 m in 400 Ma, i.e, 0.25 cm per Ma of exposure. Assuming now a CRE age in the range 25 Ma, which is typical for some type of stony meteoroids (see below), space erosion reduces the initial radius by ∼6 cm, which is indeed relevant.

In Fig. 4 we plot the 21 Ne production rate in an L chondrite with a radius of 25 cm as a function of depth/radius, i.e., the surface is zero and the center is 1. If this object represents the initial size of the meteoroid directly after ejection from its parent asteroid, space erosion would reduce the radius to ∼20 cm after ∼20 Ma of irradiation and erosion. The 21 Ne depth profile for such an object is shown by the dashed line in Fig. 4. As an illustrative example we assume that the initially produced meteoroid had a radius of 25 cm and that the sample later studied is from a depth of 10 cm, i.e., from a distance of 15 for the GCR production rate of 21 Ne as function of depth/radius in an H chondrite with a pre-atmospheric radius of 25 cm (solid line) and 20 cm (dashed line). Space erosion can reduce the initial radius of 25 cm to 20 cm in ∼20 Ma of continuous exposure and erosion. The data are taken from [34].

cm from the center. The 21 Ne production for this sample is 0.35×10 -8 cm 3 STP/g/Ma. After ∼20 Ma of continuous exposure and erosion the radius is reduced to ∼20 cm. Assuming spherical erosion, the sample is still ∼15 cm from the center but is now only 5 cm from the surface and has a 21 Ne production rate of 0.28×10 -8 cm 3 STP/g/Ma, i.e., ∼25% lower. Consequently, ignoring space erosion for calculating cosmogenic production rates might give a 21 Ne production rate off by more than 20%. Another important caveat for all production rate models and also for most of the semiempirical approaches is that they all assume that the galactic cosmic ray particle flux was constant over time. We discuss in section 3.3 that on a million year timescale such temporal variations appear to be modest but that they cannot be excluded. Note that this poor knowledge of the temporal constancy of the galactic cosmic particle flux likely has an influence on the uncertainties of the modeled production rates and therefore on the calculated CRE ages. Changes in the galactic cosmic ray particle flux make the production rates for the radionuclides no longer comparable to the production rates for the stable nuclides. While in this case the radionuclide refers to the most recent cosmic ray particle flux, the stable nuclide integrates over all occurring cosmic ray particle fluxes during cosmic ray exposure. It is difficult to quantify this effect based on current knowledge (see also 3.3).

Despite all the aforementioned problems and difficulties, e.g., complex exposure histories, space erosion, temporal constancy of the galactic cosmic rays, the ever growing database of CRE ages for individual meteorite classes provides today the most crucial information about how meteorites are delivered to Earth and more general about the dynamics of small bodies in the solar system. Remember that the CRE ages tell us how long meteoroids have been traveling as meter-sized objects in interplanetary space. Consequently, a peak in a CRE age histogram indicates that a common impact event has led to the ejection of many meteorites from a common parent body. However, a potential difficulty when studying CRE age histograms is a bias caused by unrecognized pairings. Paired meteorites are from the same meteoroid in space that broke up in the atmosphere and the fragments, which are all from the common fall, are accidentally considered as different, individual meteorites. This is a major ). The time resolution on the logarithmic abscissa scale for the upper three panels is 10%, which corresponds to the typical uncertainty that can be achieved. For most published data the uncertainties are larger. For the ordinary chondrites the black bars show only the data with the highest quality. For E-chondrites the time resolution is chosen as 20%, reflecting the typically higher uncertainties. All meteorites with exposure ages less than 1 Ma are off-scale and are only given by the numbers close to the arrows. The dotted curves show the expected CRE age distributions assuming continuous delivery and mean orbital lifetimes of 5, 10, and 20 Ma, respectively. The diagram is taken from [START_REF] Wieler | [END_REF]. concern especially for Antarctic meteorites, for which sometimes dozens or even hundreds of fragments are recovered by organized searches that all belong to the same meteoroid. Most of the published exposure age histograms are either based on observed falls or are corrected for pairing to the extent possible.

As an example on how the data in the CRE age histogram can be interpreted with respect to the dynamics of small bodies in the solar system we focus on the data for H chondrites and we closely follow the discussion in [START_REF] Wieler | [END_REF]23]. For more details and further references the reader is referred to these two (and other) publications. The data for the H chondrites are shown in the upper panel of Fig. 5. The dotted curves given in the uppermost panel represent something like a continuum distribution that can be expected if there were no discrete breakup events. They have been calculated via:

dN ∝ e -T /Tm × dT (15) with T m as a mean CRE age or a mean orbital lifetime. Note that such exponential distributions of CRE ages are expected if the delivery of meteoroids from their parent bodies is continuous and if the probabilities for possible loss mechanisms (collisional destruction, ejection out of the inner solar system, capture by planets) are constant during the time span of interest. For more information see [78]. There are two major observations. First, most of the stony meteorites have exposure ages ranging between a few Ma and ∼70 Ma. Second, the CRE age distribution shows so-called clusters, indicating that a fair amount of the meteorites of the same class, e.g., H chondrites, with similar CRE ages are likely produced in one -presumably very large -collision on a single parent asteroid. This indicates that meteorite delivery from the asteroid belt is not a continuous process but that most of the meteorites we have on Earth have been produced in just a few major collisions. About 45% of all studied H chondrites have CRE ages of ∼7 Ma [78]. It has been argued, however, that the broadness of the peak indicates two separated events rather than one major impact [START_REF] Wieler | [END_REF]78]. A second cluster at ∼33 Ma comprises further 10% of all H chondrites. Note that this cluster can be considered real, considering that the probability that it is just due to statistical fluctuation is likely less than 0.5% [78]. Another cluster at ∼24 Ma is not well visible in the shown histogram (Fig. 5) but it becomes more visible if only a subgroup of the H chondrites is considered, i.e., those that suffered higher thermal alteration. Consequently, the data indicate that three or four events account for almost two-thirds of all H chondrites, which in turn represent ∼20% of all stony meteoroids.

Considering that the majority of the studied H chondrites can be traced back to very few collisions, it is reasonable to ask whether the remaining H chondrites, i.e., those that do not belong to either of the clusters, were either formed by many continuously ongoing smaller collisions and/or that the CRE ages for those meteorites are simply wrong. As mentioned before, wrong CRE ages are possible due to ignoring complex CRE ages and/or space erosion. Note that it has been indeed argued that meteorites at the low end of the distribution might have suffered a complex CRE history [START_REF] Wieler | [END_REF]23,78,79].

Another interesting example is the recently published CRE age distribution for ureilites, which are very interesting objects and which belong to the so-called achondrites (see section 4.1). A systematic study by [80] combined results from new measurements with literature data and established a consistent CRE age histogram for more than 100 samples from about 40 ureilites. Figure 6 shows a trend of decreasing meteorite number with increasing CRE age, i.e., there are more ureilites with short CRE ages than there are ureilites with long CRE ages. As a possible explanation it has been speculated that the parent body of the known ureilites is currently moving closer to a resonance, i.e., a region from which the meteorites are quickly expelled into eccentric orbits that brings them into the inner solar system where they most likely fall into the Sun or where they might be captured by the Earth. However, objects on very eccentric orbits can also be ejected out of the solar system. As an alternative explanation, the CRE age histogram might indicate that there is some loss mechanism involved, which affects all ureilites to the same degree, i.e., the loss mechanism is independent of the size of the meteorite. In addition and superimposed to the finding that the number of ureilites is decreasing with increasing CRE age, there is a slight indication for a peak in the range 30 Ma, which contains up to 12% of the studied ureilites.

The aforementioned discussion indicates that CRE age histograms are very powerful tools for studying the production and delivery of small bodies in the solar system. For other meteorite types we find the following: First, some carbonaceous chondrites, especially CM and CI chondrites (see section 4.1), typically have CRE ages below 1 Ma, indicating that in some cases delivery of meteorites from the asteroid belt to Earth can be a quick process. Second, most iron meteorites have considerably longer CRE ages than stony meteorites, often amounting to several hundred million years. Interestingly, there is one iron meteorite, Deep Springs, that has a CRE age of ∼2.3 Ga [75]. Consequently, this meteoroid traveled for half of the solar system lifetime as a small body in interplanetary space. This therefore indicates that orbits of small bodies can be relatively stable and that the meteorite delivery processes can also be slow. It seems that a relevant factor determining CRE ages is fragility, i.e., iron meteorites are more robust against further breakup and/or space erosion than stony meteorites and therefore have on average longer CRE ages. In turn, carbonaceous chondrites are less robust than stony meteorites and therefore have the shortest CRE ages. The data indicate a decreasing number of ureilites with increasing cosmic ray exposure age. In addition, there is a slight indication for a peak at ∼30 Ma containing ∼12% of all studied ureilities. The data are from [80].

Terrestrial ages and the accumulation of meteorites

The time since fall of the meteoroid is an important parameter for the study of the infall rate of meteorites on Earth, meteorite distributions, weathering of meteorites, and meteorite accumulation. A good quantification of these data enables to study a very interesting and important question: Are there any long-term variations in the meteorite infall rate. It is usually assumed that meteorites weather quickly, especially in humid climate conditions, but the large number of meteorites found in semi-arid and arid environments, either hot or cold, suggest that survival times can be long, sometimes reaching millions of years. Surprisingly, recently it has been shown that also iron meteorites can survive for relatively long, i.e., more than 100 ka, even in humid climate conditions [START_REF] Jull | Accretion of Extraterrestrial Matter Throughout Earth's History[END_REF][START_REF] Chang | [END_REF][83][84].

Meteorites appear to fall almost equally all over the Earth's surface and actually have been recovered from all parts of the globe. However, despite the uniform infall rate, meteorites are easier to locate in some places than in others. For example, large numbers of meteorites have been recovered from areas of the Earth were weathering is slow, such as hot and cold deserts (polar regions). In addition, in some areas meteorites are easier to spot than in others. For example, dark meteorites are relatively easy to spot on white surfaces, like snow and ice or the often bright surface areas of gravel deserts.

The most reliable method determining terrestrial ages is by using cosmogenic radionuclides, whose production essentially stopped when the meteorite became shielded by the terrestrial atmosphere and the Earth's magnetic field. Some meteorites are additionally shielded as a consequence of being buried in the ground, e.g., [START_REF] Jull | Accretion of Extraterrestrial Matter Throughout Earth's History[END_REF]. Table 2 gives the list of radionuclides that can be used for the study of terrestrial ages. Some of the radionuclides listed in Tab. 2 are more often used than others. For example, 14 C are regularly used for determining terrestrial ages of stony meteorites. In many recent studies 14 C is used in combination with 10 Be. For iron meteorites or the metal phase of stony meteorites 10 Be, 36 Cl, and 41 Ca or a combination of the three are often used. Other nuclides, like 60 Fe, 53 Mn, and 81 Kr have been explored but are currently not regularly used. The basic equation for determining the terrestrial age T T err is: 

N i = P i,Space λ i × e -λ i ×T T err + P i,Earth λ i × (1 -e -λ i ×T T err ) ( 16 
)
with N i the amount of the nuclide i remaining after terrestrial residence T T err , P i,Space the production rate in space, P i,Earth the production rate in the meteoroid on Earth, and λ i the decay constant of isotope i. As with all production rates, P i,Space depends on the position of the sample in the meteoroid as well as on its pre-atmospheric size and shape (see also above). Assuming that the exposure to cosmic radiation after the meteoroid fell to Earth is negligible and considering the ratio of two cosmogenic radionuclides with different half-lives we find:

N i N j = P i × λ j P j × λ i × e (λ j -λ i )×T T err and T T err = 1 λ j -λ i × ln( N i × P j × λ i N j × P i × λ j ) (17) 
The most reliable terrestrial ages for stony meteorites have been calculated using the radionuclide pairs 10 Be-14 C and/or 10 Be- 26 Al. The radionuclide pairs 36 Cl-41 Ca and 10 Be- 36 Cl have been proven very useful not only for iron meteorites but also for the metal phase of stony meteorites, e.g., [93,94].

Based on the aforementioned cosmogenic radionuclides and methods an extensive database on terrestrial ages has been established, e.g., [START_REF] Jull | Accretion of Extraterrestrial Matter Throughout Earth's History[END_REF], and interesting results have been obtained. First, thanks to the low storage temperatures, Antarctic meteorites are typically stored for long periods in or on the ice. However, there are significant differences in the terrestrial ages for different regions, i.e., icefields. A possible explanation for the old terrestrial ages in some regions is that the meteorites have been transported in the flowing ice over large distances, naturally resulting in long terrestrial ages [95,[START_REF] Drewry | Lunar Planet. Inst. Internatl. Workshop on Antarctic Meteorites[END_REF]. For example, the H chondrite ALH88019 and the L chondrite LEW86360 have terrestrial ages older than 2 Ma [START_REF] Scherer | [END_REF]98]. Some interesting results have recently been obtained for iron meteoroids. A surprisingly long terrestrial age of 176±19 ka has been published for the large iron meteorite Twannberg [83]. This age is surprising because the meteorite was stored in the relatively humid climate conditions in Switzerland and therefore quick weathering would be expected. This meteorite is also important for another reason, because it provides the very rare case in which the terrestrial age of a meteorite can directly be related to ancient climate variations [84]. However, it has been shown in a systematic study of a large number of iron meteorites that terrestrial ages can be long. For example, twelve out of the 53 iron meteorites studied in [83] have terrestrial ages longer than 100 ka. Note that a terrestrial age of ∼2.7 Ma has been determined for the iron meteorite Tamarugal, which was found in Chile [START_REF] Chang | [END_REF].

Cosmic ray exposure histories of micrometeorites and presolar grains

In addition to the well-known and relatively well studied meteorites discussed above, the bulk of the extraterrestrial material falling on Earth with an annual influx of 40,000±20,000 tons per year [99] is less than 400 µm in diameter. While the dust has been important for the delivery of some elements to Earth, only little is known about its origin and cosmic ray exposure. Interestingly, the accumulation of dust is more than overcompensated by atmospheric escape, which is for hydrogen 3 kg/s or 9×10 4 tons/year [100]. Consequently, despite the accumulation of dust the Earth is actually getting lighter. Following the discussion in [23], we will use the term micrometeorite in a very general sense to include all particles with a maximum dimension of less than 0.5 mm. This includes the molten objects, usually called cosmic spherules, the unmolten objects (micrometeorites), and the interplanetary dust particles (IDPs). Particles with diameters less than 100 µm are slowed down by Poynting-Robertson drag to the point that they fall into the Sun in less than about 10 5 years [101,102].For larger particles in the range 100-500 µm collisional destruction limits their lifetime to about 50 -60 ka, e.g., [103]. At present, little is known about the CRE ages of such small particles. The measurements, especially for the smaller particles, are very challenging and often uncertain. In addition, the interpretation of the measured cosmogenic nuclide concentration is not straightforward. The cosmogenic nuclide data seems to require much longer periods of irradiation than indicated by the Poynting-Robertson effect. As an example, Olinger and co-workers measured unmolten micrometeorites and calculated CRE ages in the range 0.5 Ma to 20 Ma, i.e., much longer than the dynamical lifetime [104]. A very long CRE age of 10 9 years has been determined for a single IDP using cosmogenic 3 He [105]. In a recent systematic study of 99 cosmic spherules collected from an ice field in Antarctica, Osawa and co-workers found that most of the unmelted micrometeorites have CRE ages shorter than 5 Ma. There was, however, a cosmic spherule with high cosmogenic 21 Ne and 38 Ar concentrations, resulting in a cosmic ray exposure age of 393 Ma [106]. Much shorter cosmic ray exposure ages below 24 Ma and mostly in the range 1 Ma were determined by Baecker and co-workers [107]; the implied distances from the sun are 1-6 AU, i.e., they are mostly from the inner part of the asteroid belt. To explain not only the long CRE ages but also the wide range of CRE ages, it is usually assumed that the samples came not from the inner part of the solar system but from much further away, i.e., the Kuiper belt (30-120 AU), where collision rates are much lower due to longer orbital lifetimes, giving rise to longer survival times.

As already mentioned, the interpretation of cosmogenic nuclide data for micrometeorites is difficult for various reasons. First, most of the cosmogenic nuclides are produced by both solar cosmic rays and by galactic cosmic rays. The intensity of the solar cosmic ray particle flux decreases with increasing distance from the Sun, which must be considered when calculating production rates for inward spiraling particles. Strictly speaking, the production rates are time dependent and the equations can only be solved iteratively. Second, in contrast to typical production rate models, not only production but also losses must be considered for micrometeorites. To be more precise, when a high energy particle induces a nuclear reaction, the product nuclide has a specific energy due to momentum conservation, called recoil energy. To dissipate this energy, the produced cosmogenic nuclide travels a short distance within the target until it fully stops. While this is of no practical relevance for typical meteoroids with dimensions in the range of centimeters to meters, it is relevant for small targets because there is a chance that the produced cosmogenic nuclide might get lost from the grain and escapes into space. The effect therefore reduces the cosmogenic nuclide concentration and, if not corrected for, results in too low apparent CRE ages. A recent study presented a purely physical model able to determine solar and galactic cosmic ray induced production rates for small grains by fully considering recoil loss effects [108]. By combining the model predictions to Poynting-Robertson orbital lifetimes the authors calculated CRE ages for micrometeorites in the range less than 2.2 -233 Ma, which would correspond to orbital distances in the range 4 -34 AU. For two IDPs a surprisingly long CRE age of >900 Ma has been calculated, which would correspond to an orbital distance of larger than 150 AU [108]. Since such long exposure times for such small particles seem problematic, a scenario in which a large fraction of the cosmogenic nuclides has been produced while the grain was on the surface of a larger body (so-called regolith) seems more plausible. Also [109] discussed that for some micrometeorites cosmogenic nuclide production was likely on a parent body. A definite proof of either scenario, i.e., irradiation on the regolith or as a small body, is difficult based on the current database. Two recent studies, however, argued that in some special cases a distinction might be possible based on observed 22 Ne/ 21 Ne ratios [107,109].

Several types of grains separated from very primitive meteorites, so-called carbonaceous chondrites (see section 4), have a very unusual isotopic composition compared to average solar system material. The origin of these grains, which are called pre-solar, is very interesting, they condensed in the vicinity of dying stars, survived the voyage through the interstellar space, and some of them were incorporated into planetary bodies at the formation of the solar system. As these grains traveled through the interstellar space, they must have interacted with cosmic ray particles, leading to the production of cosmogenic nuclides. Note that it appears that cosmic ray induced effects provide the only possibility to study the time between condensation of the grain near the dying star and its incorporation into the material that later formed the solar system [110][111][START_REF] Bernatowicz | Astrophysical Implications of the Laboratory Study of Presolar Materials[END_REF][113]. The first studies of CRE ages for presolar grains, which were performed on bulk or grain size fractions, yielded surprisingly low ages in the range ∼10 to ∼130 Ma, with ages increasing with grain size [114,115]. Later, and of no surprise, it has been demonstrated experimentally that presolar grains very often lose cosmogenic nuclides due to recoil; especially the light cosmogenic nuclides are essentially completely lost. The authors concluded that light nuclides are therefore not suitable for determining CRE ages and that cosmogenic Xenon isotopes would give more reliable ages [116]. By using Xenon data from literature CRE ages for most of the grains were calculated to be in the range of a few tens of Ma. For some grains, however, CRE ages were as high as 175 Ma [117]. Since the usually low Xenon concentration in presolar grains is a mixture of inherited Xenon from the host star, with a very often unknown isotopic composition, and cosmogenic Xenon, quantifying the latter is highly uncertain. To overcome this problem, a recent study used cosmogenic 6 Li and 7 Li, but again suffering from significant recoil losses [118,119]. In summary, the CRE ages for presolar grains are still ill-constrained due to three major difficulties. First, the cosmogenic component must often be measured against the background component inherited from the host star. Second, the galactic cosmic ray particle flux in the interstellar space ∼5 Ga ago is not known and must somehow be constructed. Third, recoil losses of cosmogenic nuclides are significant due to the small dimensions of the grains, making reliable corrections mandatory. The last problem can at least partly be avoided by selecting large presolar grains, so-called jumbo grains in the size range 10-50 µm [START_REF] Heck | Lunar and Planetary Science Conference[END_REF]. The last two points were also carefully addressed in a recent study [START_REF] Trappitsch | [END_REF]. Data of the galactic cosmic ray particle spectrum outside the solar system that were recently obtained by the Voyager spacecraft [122] were used to constrain the galactic cosmic ray particle flux ∼5 Ga ago and a consistent model based on the INCL4.5/ABLA system [START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]123] were used to calculate production rates and recoil losses [START_REF] Trappitsch | [END_REF]. This study was partly successful in interpreting the existing data, i.e, the CRE ages based on 3 He and 21 Ne agreed within the (sometimes) large uncertainties and the CRE ages for most of the grains were smaller than predicted grain survival times. For large grains, however, the data revised using the results from [START_REF] Trappitsch | [END_REF] differ only very slightly from the original data (e.g., [118][119][START_REF] Heck | Lunar and Planetary Science Conference[END_REF]). Note that even after this study a reliable interpretation of cosmogenic nuclides in very small presolar grains is still very challenging or even impossible. The authors therefore concluded that multi-isotope studies on single presolar grains would allow to better constrain the CRE ages [START_REF] Trappitsch | [END_REF]. Such studies, however, are experimentally very challenging.

Cosmogenic production as a nuisance for studies on stable and short-lived nuclides

In this final subsection on cosmogenic nuclide production in extraterrestrial matter we shortly discuss a very recent but very important new approach, in which cosmogenic nuclides produce a significant disturbance for other studies. Some very interesting studies using stable isotopes or short-lived nuclide systems suffer from cosmogenic contributions, which must be corrected for, before the data can reliably be interpreted with respect to early solar system events and timescales. The challenging aspect often is that the nuclides of interest are sometimes exotic and that their production mechanisms are not always well understood. A very prominent example is the 182 Hf-182 W dating system that is uniquely useful to date metal-silicate-fractionation events, e.g., [124][125][126]. Very briefly, at the beginning of the solar system 182 Hf, which is radioactive with a half-life of 8.9 Ma, was alive. In the average solar system the Hf/W ratio is close to 1, i.e., on average there is the same amount of Hf than there is W. However, both elements behave chemically and mineralogically different. While Hf likes to be part of silicate minerals, a behavior called lithophile, W usually merges into the metal, i.e., it is a siderophile element. All planetary objects in the solar system started with Hf/W close to the initial value of ∼1. However, in larger objects that were subject to large-scale melting and differentiation (see section 4.1), the Hf resided in the mineral crust (and in the mantle) but the W separated into the metallic core, resulting in a crust (and a mantle) with a high Hf/W ratio and a core with essentially no Hf. If the separation of Hf from W occurred during the lifetime of 182 Hf, i.e., within the first ∼50 Ma of the solar system, anomalies in W isotopes are a consequence. For example, using the 182 W/ 184 W ratio of the average solar system (with Hf/W ∼1) as the reference value, iron meteorites, which present the early cores of differentiated asteroids, must have lower 182 W/ 184 W ratios than the average solar system because there was essentially no 182 Hf decaying to 182 W. In contrast, early formed silicate material must have a higher than average 182 W/ 184 W ratio because there was an excess of 182 Hf decaying to 182 W. This is actually seen in the meteorite data; iron meteorites have a lower 182 W/ 184 W ratio than the average solar system and some of the achondrites have a higher 182 W/ 184 W ratio than the solar system average. This so-called short-lived nuclide system is very powerful for dating early solar system fractionation events. However, the measurable effects on the isotopic ratios are small, i.e., very often they are in the range of less than a tenth of a permill, a unit called -unit (for a definition see also eqn. 18). Consequently, other effects, even minor ones, affecting the ratios might become relevant and must be considered. Indeed, most of the early published W isotope data were compromised by cosmic ray induced effects and had to be corrected. A prominent example is the discussion that most of the data measured for lunar samples were wrong, because what had been interpreted as isotopic shifts caused by 182 Hf decay in the early solar system was actually due to recent cosmic ray induced neutron capture on 181 Hf with subsequent β-decay of the thus produced 182 Hf to 182 W [127,128].

Later, while studying W isotopes in iron meteorites, it has been demonstrated that 182 W/ 184 W ratios are lowered by neutron capture reactions caused by secondary neutrons [129][130][131][132]. The dominant reaction pathways are neutron capture on 182 W to produce 183 W, neutron capture on 183 W to produce 184 W, and neutron capture on 185 Re to produce 186 Re with subsequent electron capture decay to 186 W. Whereas most of the relevant W isotopes are destroyed and produced in similar proportions, there is no production of 182 W because it is the first nuclide in the W-Au region; it is simply only destroyed by neutron capture resulting in a 182 W deficit caused by cosmic ray irradiation. This effect makes the apparent ages older and results in major inconsistencies in studies of planet formation and differentiation. A solution to this problem has only been found recently. In a couple of studies other neutron capture effects, namely neutron capture on Pt and Os isotopes, have been used to correct the W isotope data, e.g., [14,15,133]. The relevant reactions considering the Pt isotopes are neutron capture on 191 Ir to produce 192 Ir with subsequent β-decay to 192 Pt, neutron capture on 193 Ir to produce 194 Ir with subsequent β-decay to 194 Pt, neutron capture on 194 Pt to produce 195 Pt, and neutron capture on 195 Pt to produce 196 Pt. For Os isotopes only neutron capture on 189 Os to produce 190 Os is relevant. Some results are shown in Fig. 7, which is taken from [14]. The figures depicts the ( 182 W/ 184 W) as a function of 196 Pt (upper panel) or 192 Pt (lower panel). The given ratios are defined as: It can be seen that the agreement between measured and modeled correlations is good, i.e, the slopes agree within the uncertainties. The figure is taken from [14].

( n A m A ) = [ ( n A/ m A) sample ( n A/ m A) ref erence material -1] ( 18 
)
where A represents the element symbol (e.g., W, O, Pt), and n and m are the masses of the isotopes used in the isotope ratio (e.g., 182 W/ 184 W), and the reference material is the laboratory standard analyzed along with the samples, e.g., [15]. In Fig. 7 we write 192 Pt instead of ( 192 Pt/ 195 Pt) and 196 Pt instead of ( 196 Pt/ 195 Pt). The shift in 192 Pt and 196 Pt is entirely due to cosmic ray induced neutron capture effects. It can be seen that with increasing cosmic ray effect on Pt isotopes, i.e., larger 192 Pt and 196 Pt values, the 182 W/ 184 W ratios become more negative, as it is indeed expected from the reaction pathways discussed before. The good linear correlation enables to calculate the expected 182 W/ 184 W without any contributions from neutron capture by extrapolating the correlation towards 192 Pt = 196 Pt = 0, i.e., the intercept at x = 0 gives the corrected W isotope ratio. Two important points must be emphasized. First, the model predictions are in good agreement with the experimental data; the modeled slope is in very good agreement with the experimentally determined best fit. Note that this is not necessarily expected considering that the entire study is about thermal and epithermal neutron transport and capture in iron meteorites. In addition, remember that the effects are small, the isotopic shifts are all in the sub-permil range. Second, the cosmic ray induced effects are significant. For example, the lowest value in 182 W/ 184 W is more than 1 -unit lower than the inferred pre-exposure value (also given in the plot), which is far more than the experimental uncertainties. If not corrected for, the time for the differentiation of the iron meteorite parent bodies would be determined ∼4 Ma too early, significantly compromising the consistency of the early solar system chronology. In addition to the studies discussed above, cosmic ray induced effects also influence, among others, the short-lived 107 Pd-107 Ag dating system, e.g., [134], as well as studies of stable Cr and W isotopes [16,128,135].

Terrestrial Applications

Considerably later than in meteorites, in situ produced cosmogenic nuclides also became a valuable tool in studies of the Earth's surface. The delay was due to the fact that cosmogenic production in the Earth's surface is orders of magnitude lower than in meteorites. However, with improving analytical techniques, the number of studies utilizing terrestrial cosmogenic nuclides has increased dramatically and they are now considered as a standard tool for Earth's surface science. Here we focus on the more technical aspects of what can be studied and what are the relevant equations. Due to the wide field of applications, detailed examples require very often a profound knowledge of the underlying geological processes. Here we need to mention that we focus in the following discussion on proton and especially on neutron induced reactions. For some applications, especially for applications involving erosion, production induced by secondary muons is also relevant and must be considered. A recent summary of cosmogenic nuclide applications for terrestrial surfaces sciences is given in [START_REF] Dunai | Cosmogenic nuclides -Principles, Concepts, and Applications in the Earth Surface Sciences[END_REF][START_REF] Beer | Steiger Cosmogenic Radionuclides -Theory and Applications in the Terrestrial and Space Environments[END_REF].

The first discovery of an in-situ produced cosmogenic nuclide in terrestrial material started as early as 1934 [1] and the first utilization of a terrestrial cosmogenic nuclides was 1955 [START_REF] Davis | [END_REF] with thermal neutron capture produced 36 Cl. After this first discovery it took more than 20 years for a second detection; Srinivasan detected cosmogenic Xenon isotopes in sedimentary barites (BaSO 4 ) from South Africa and Western Australia, which were about 3×10 9 years old [138]. Both samples contained a spallogenic Xenon component produced by high-energy particles, i.e., mostly neutrons in the energy range of a few MeV. In addition, there was strong evidence for capture of thermal and epithermal neutrons via the reaction 130 Ba(n,γ) 131 Ba(β + ) 131 Cs(β + ) 131 Xe. The study of terrestrial in-situ produced nuclides started in earnest with a series of papers in 1986/1987 [139][140][141][142][143][144][145][146]. As discussed in more detail in section 4.2, the list of cosmogenic nuclides that are useful and/or that are used regularly for various terrestrial applications is relatively short, it covers: 3 He, 21 Ne, 22 Ne, 36 Ar, 38 Ar, some Kr and Xe isotopes and the radionuclides 10 Be,14 C, 26 Al, 36 Cl, 41 Ca, and 53 Mn, e.g., [START_REF] Dunai | Cosmogenic nuclides -Principles, Concepts, and Applications in the Earth Surface Sciences[END_REF][START_REF] Beer | Steiger Cosmogenic Radionuclides -Theory and Applications in the Terrestrial and Space Environments[END_REF].

2.2.1

Radionuclide production in the atmosphere -14 C, 10 Be, and others Radiocarbon dating is one of the most versatile and likely most often used chronological methods. Its applications range from archeology, geology, geochemistry, hydrology, oceanography, to studies of the global carbon cycle and even forensic sciences. In all of these applications naturally produced 14 C is either used as a tracer or it is used as a chronometer. Carbon has two stable isotopes 12 C and 13 C with natural abundances of 98.89% and 1.11%, respectively. In addition, 14 C is produced by neutron capture reactions on atmospheric nitrogen. The neutrons are generated by primary galactic cosmic ray particles or high energetic secondary particles reacting with nuclei of the atmosphere, of which nitrogen constitutes ∼80%. The majority of the neutrons will be captured by nitrogen, most of these reactions ultimately produce 14 C. About 55% of the 14 C is produced in the lower stratosphere and ∼45% is produced in the upper troposphere [START_REF]Gäggeler Radiochim[END_REF]. The recent production rate for 14 C, which has a half-life of 5730±40 years [148], is ∼1.7 atoms/(cm 2 s 1 ) [149]. About 90% of the 14 C is produced by galactic cosmic rays and ∼10% is from solar flares and solar cosmic rays [START_REF] Lingenfelter | Radiocarbon variations and absolute chronology[END_REF][START_REF] Korff | [END_REF][152][153]. With a natural 14 C/ 12 C abundance ratio of approximately 1.2×10 -12 [154], there are three natural occurring carbon isotopes, 12 C, 13 C, and 14 C. The radioactive 14 C quickly oxidizes to 14 CO and then to 14 CO 2 and mixes with terrestrial CO 2 . The major reservoir of 14 CO 2 is the marine hydrosphere, about 9% is in all other ambient reservoirs and ∼29% is in sediments [152]. Since radiocarbon was the first cosmogenic nuclide studied in detail, it was also the first to study the influence of the solar activity, i.e., the solar magnetic field variations, on the production rates (called the de Vries effect, [START_REF] Korff | [END_REF]153,155,156]). By studying 14 C concentrations in tree rings (dendrochronology) periodic 14 C activity concentrations were found, with periods ranging from ∼11,000 years that are caused by geomagnetic dipole fluctuations of the Earth to the well-known 11-year cycle of the solar activity. However, the amplitude of the fluctuations are usually below 2% [START_REF]Gäggeler Radiochim[END_REF]. For a recent review see [157,158] and a historical overview can be found in [159,[START_REF] Taylor | Radiocarbon dating: An Archaeological Perspective 2[END_REF].

Atmospheric (meteoric) 10 Be, which is mainly produced by spallation reactions on atmospheric nitrogen and oxygen, gets quickly absorbed onto aerosol particles, which are usually deposited in less than a year at the Earth's surface [START_REF] Beer | Steiger Cosmogenic Radionuclides -Theory and Applications in the Terrestrial and Space Environments[END_REF][START_REF] Morris | [END_REF]. Since the meteoric 10 Be production rate is about two orders of magnitude higher than the 10 Be production rate for rocky material at the Earth's surface (in situ), meteoric 10 Be is a significant contaminant for surface exposure studies and must carefully be removed when the latter is of interest. There are two major scientific areas in which 10 Be is used. First, since the production rates in the atmosphere strongly depends on the heliospheric magnetic field (from the Sun) and on the geomagnetic fields, the 10 Be obtained from sediments and/or ice can be used to study magnetic field variations in the past several ten thousand to several hundred thousand years. It is therefore possible to directly study the physics of the Sun [START_REF] Beer | Steiger Cosmogenic Radionuclides -Theory and Applications in the Terrestrial and Space Environments[END_REF] (see also section 3.2). Second, meteoric 10 Be is also used to date sediments, like, for example, ferromanganese crusts at ocean floors and it is used to derive paleodenudation rates and catchment-wide modern erosion rates (see section 2.2.4 and refs. [162][163][164][165]).

In addition to 10 Be and 14 C there is also atmospheric production of 3 H (tritium) by spallation reactions of primary and secondary galactic cosmic ray particles with oxygen and nitrogen. A relevant reaction is 14 N(n, 3 H) 12 C. As with 14 C, the production rate depends on solar activity and varies between (1.5-3)×10 17 Bq/year [166]. A good overview of the various applications using radionuclides that are produced in the atmosphere, hydrosphere, and geosphere can be found in [START_REF] Beer | Steiger Cosmogenic Radionuclides -Theory and Applications in the Terrestrial and Space Environments[END_REF]. In addition to 14 C, 10 Be, and 3 H just discussed, the cited work also discusses the production and the use of 36 Cl, 39 Ar, 81 Kr, 85 Kr, and 129 I.

Exposure dating with and without erosion

There are two major applications for in situ produced terrestrial cosmogenic nuclides, first dating the ages of geological surfaces (exposure dating) and second the determination of erosion or denudation rates. We show below that both applications are actually interlinked but we start with the simplest application, i.e., dating of surfaces that are geologically stable, i.e., no erosion or uplift, and that are continuously exposed to cosmic rays. For example, the number of 10 Be atoms produced in a surface sample of Earth is given by: N ( 10 Be, T exp , z) = P ( 10 Be, z) λ 10 × (1e -λ 10 ×Texp ) (19) with N ( 10 Be, T exp , z) the number of 10 Be atoms after exposure time T exp at depth z below the surface and P ( 10 Be, z) the production rate at depth z. The decay constant for 10 Be is λ 10 . For simplicity we assume i) that the production rate is constant during the duration of the exposure and ii) that there is no initial 10 Be, which could either be contamination and/or a result from an earlier irradiation. We further assume a simple exponential decrease of the production rate with increasing depth z below the surface following a depth constant L 0 , i.e., P ( 10 Be, z) = P ( 10 Be) × e

-z L 0 (20) 
Merging both equations and solving for T exp results in:

T exp = - 1 λ 10 × ln(1 - N ( 10 Be, T exp , z) × λ 10 P ( 10 Be) × e z L 0 ) (21) 
For surface samples the equation reduces to:

T exp = - 1 λ 10 × ln(1 - N ( 10 Be, T exp , z = 0) × λ 10 P ( 10 Be) ) ( 22 
)
And for very short exposure ages and/or stable nuclides we get:

T exp = N ( 10 Be, T exp , z) P ( 10 Be) × e z L 0 (23) 
For most terrestrial applications the dating system becomes more complex due to the fact that geological surfaces are not stable but are typically affected by erosion. Erosion will reduce the production rate at the surface by bringing up material that has before at least partially been shielded from cosmic rays. Consequently, the production rates used in eqns. 19 -23 are maximum production rates and therefore the calculated exposure ages must be considered as minimum exposure ages. The new calculation is relatively straightforward if the erosion rate can be calculated independently. We simply replace:

λ 10 → λ 10 + L 0 and z → z -× T exp (24) 
And we finally get:

N ( 10 Be, T exp , z) = P ( 10 Be) λ 10 + L 0 × 1 -e -(λ 10 + L 0 )×Texp × e -( z-×Texp L 0 ) (25) 
The original approach has been developed by [167] (see also [168] for a recent review). In case = 0, we reproduce eqn. 19 (as expected). For surface samples (z 0 -× T = 0) we can easily solve eqn. 25 for the irradiation time T exp :

T exp = - 1 λ 10 + L 0 × ln[1 - N ( 10 Be, T exp , z = 0) × (λ 10 + L 0 ) P ( 10 Be) ] (26) 
again, assuming = 0 reproduces equation 22 for non-eroding surfaces. In the interesting case of long-term steady state erosion, i.e., T exp 1 λ 10 + L 0 , and still considering surface samples we get:

N ( 10 Be, T exp , z) = P ( 10 Be) λ 10 + L 0 (27) 
Interestingly, the number of produced cosmogenic nuclides no longer depends on the irradiation time, it only depends on the decay constant and the erosion rate. Consequently, in this case only the 27 Journal Pre-proof 10 Be as a function of the exposure time in eroding surfaces assuming the samples started without any inherited 10 Be at the onset of irradiation. The data are calculated assuming a hypothetical production rate of 1 cm -2 a -1 . The solid lines are for no erosion and for erosion rates of 1 m/Ma, 10 m/Ma, and 30 m/Ma. minimum age needed to achieve equilibrium can be given, which can be relatively short. This can also be seen in Fig. 8, where we plot the accumulation of in situ produced 10 Be as a function of the exposure time in eroding surfaces. For the calculations we assumed a hypothetical production rate of 1 10 Be atom per gram of sample and per year of irradiation. It is also assumed that the sample started with no initial 10 Be. At low erosion rates the concentration of 10 Be first linearly increases and then reaches the saturation activity (eqn. [START_REF] Prettyman | Reedy 77th Annual Meeting of the Meteoritical Society LPI[END_REF]. With increasing erosion rate, i ) the 10 Be-concentrations reach saturation earlier and ii ) the 10 Be saturation levels decrease. For example, for an erosion rate of 30 m/Ma, the 10 Be concentration reaches steady-state already after ∼10 5 years. Typical applications of exposure age studies are dating of glacial moraines and other glacially overprinted areas as well as dating of lava flows or fault scarps. In addition, the studies include erosion of river terraces or slowly eroding desert landscapes. For all these studies careful fieldwork and an advanced sampling strategy are essential. Some recent reviews on exposure ages and erosion rates can be found in [START_REF] Dunai | Cosmogenic nuclides -Principles, Concepts, and Applications in the Earth Surface Sciences[END_REF][START_REF] Morris | [END_REF]165,169].

Dating sediment burial with and without erosion

Terrestrial cosmogenic radionuclides may not only allow to determine the exposure time of a sample (either with or without erosion, see above) but also the moment when -after the cosmic ray exposurethe sample became completely shielded from cosmic rays. This can occur when sediments are washed into caves or when the host rock is covered by water, ice, sediment deposits, or volcanic flows, just to mention a few. Therefore, dating of sediments over million year timescales is an important task in many areas of geology, geomorphology, and paleoantrophology. For example, sediments deposited by rivers reveal how fast a landscape evolved and how quickly basins filled. Both can be interpreted with respect to tectonic changes and/or climate changes. In addition, dating fossil-bearing sediments helps understanding biological evolution. Sediment burial can also be dated using cosmogenic nuclides. Again we focus on the most simple approach; more sophisticated techniques can be found in the literature, e.g., [170,171]. For this we need i ) reasonable assumptions of the exposure before burial and ii ) to assume that the sample quickly buried deep enough, i.e., there was no further cosmogenic production after burial. The latter assumption is actually not very straightforward because there is still some production by muons at larger depths. If some of the assumptions are not fulfilled, burial dating becomes more complicated but is still possible. We first introduce the concept of burial dating for non-eroding surfaces. It is first assumed that production for 10 Be and 26 Al decreases exponentially with depth, i. with P ( 10 Be,z) and P ( 26 Al,z) the 10 Be and 26 Al production rates at depth z below the surface, i.e., after burial, and L 10 and L 26 are the decay lengths for the 10 Be and 26 Al production rates, respectively [171]. After burial there is no more production of 10 Be and 26 Al but only radioactive decay, i.e.,

N ( 26 Al, T burial , z) = N ( 26 Al, T exp , z) × e -λ 26 ×T burial (29a) N ( 10 Be, T burial , z) = N ( 10 Be, T exp , z) × e -λ 10 ×T burial (29b)
with N ( 10 Be,T burial ,z) and N ( 26 Al,T burial ,z) the nuclide concentrations after burial time T burial and N ( 10 Be,T exp ,z) and N ( 26 Al,T exp ,z) the nuclide concentrations after exposure but before burial. We now assume no erosion of the landform before burial:

N ( 26 Al, T exp , z) = P ( 26 Al, z) λ 26 × (1 -e -λ 26 ×Texp ) (30a) N ( 10 Be, T exp , z) = P ( 10 Be, z) λ 10 × (1 -e -λ 10 ×Texp ) (30b)
and merging all equations together results in:

N ( 26 Al, T burial , z) N ( 10 Be, T burial , z) = P ( 26 Al) × (1 -e -λ 26 ×Texp ) × λ 10 × e -z L 26 × e -λ 26 ×T burial P ( 10 Be) × (1 -e -λ 10 ×Texp ) × λ 26 × e -z L 10 × e -λ 10 ×T burial (31)
Assuming now that i ) the decay lengths for 10 Be and 26 Al are equal, i.e., L 10 = L 26 = L and ii ) a short cosmic ray exposure before burial we find:

T burial = 1 λ 10 -λ 26 × ln P ( 10 Be) × N ( 26 Al, T exp ) P ( 26 Al) × N ( 10 Be, T exp ) (32) 
Assuming in contrast an exposure long enough to bring both 10 Be and 26 Al into saturation results in:

T burial = 1 λ 10 -λ 26 × ln P ( 10 Be) × N ( 26 Al, T exp ) × λ 26 P ( 26 Al) × N ( 10 Be, T exp ) × λ 10 (33) 
Since the production rate ratio P( 10 Be)/P( 26 Al) is largely independent of altitude, latitude, and sample depth, calculating T burial only requires the measurement of the 10 Be and 26 Al concentrations of the (buried) sample.

The approach presented so far is oversimplified. For practical applications one has to consider erosion of the landform. The studied sample, which is usually quartz, is first exhumed to the surface by erosion (with a rate ) and is then buried. During the entire exhumation period the sample is irradiated by cosmic rays and cosmogenic nuclides are produced. Assuming i ) a constant erosion rate and ii ) the same decay lengths for 10 Be and 26 Al (as before) the initial radionuclide concentrations are given by [171]:

N ( 26 Al, T exp ) = P ( 26 Al) λ 26 + L (34a) N ( 10 Be, T exp ) = P ( 10 Be) λ 10 + L (34b)
For a high erosion rate, i.e., /L λ 10,26 , the approach reduces to the one discussed before with no erosion and T = L/ . Combing now eqn. 29 with eqn. 34 gives:

N ( 26 Al, T burial ) = P ( 26 Al, z = 0) λ 26 + L × e -λ 26 ×T burial (35a) N ( 10 Be, T burial ) = P ( 10 Be, z = 0) λ 10 + L × e -λ 10 ×T burial (35b)
which are two equations for the two unknowns T burial and that can either be solved numerically or graphically in a so-called exposure burial diagram in which the ratio N ( 26 Al,T burial )/N ( 10 Be,T burial ) is plotted as a function of N ( 10 Be,T burial ). In such a plot the ratio is a linear function with slope T burial /λ 10 .

Using the presented approach, Granger, in recent review paper, discussed results for i ) constraining complex burial histories of glacial sediments and sand dunes and ii ) dating single-stage burial histories of deeply and rapidly buried sediments, found in caves, river terraces, and potentially marine or lake deposits [START_REF] Granger | in: In-situ Produced Cosmogenic Nuclides and Quantification of Geological Processes[END_REF].

Erosion and denudation rates

Erosion continuously brings new fresh material to the surface. In doing so, sample material, usually mineral grains, are transported from deeply located shielded positions to the fully exposed surface.

During the entire transit cosmogenic nuclides are produced in amounts proportional to the transit time, which is in turn closely related to the erosion rate. Using the set of equations described in detail above and following the approach by [167] we rewrite eqn. 27 for radioactive and stable nuclides to:

N ( 10 Be, z) = P ( 10 Be, z) λ 10 + L and N ( 21 N e, z) = P ( 21 N e, z) /L (36) 
For slowly eroding surfaces we can replace the depth dependent production rate P ( 10 Be, z) by the production rate at the surface P ( 10 Be, z = 0) and finally we get for radioactive and stable cosmogenic nuclides:

= ( P ( 10 Be) N ( 10 Be) -λ 10 ) × L and = ( P ( 21 N e) N ( 21 N e) ) × L (37) 
We can calculate the erosion rate if we know the surface production rate and if we have measured the cosmogenic nuclide concentration. In addition, we need to know the parameter L, which is the mean attenuation length and which is ∼60 cm in silicate rocks [167,[START_REF] Blanckenburg | [END_REF]. For such studies it is important to distinguish erosion from weathering. Erosion is the removal of mass from the surface due to mechanical processes, like, e.g., abrasion by wind. In contrast, weathering is the removal of mass due to complete or partial dissolution of the rocks by liquids. While the nature of erosion and weathering is quite different, both processes result in a lowering of the Earth's surface and, most important for this review, cosmogenic nuclide production is actually not sensitive to the type of mass removal. Both processes, erosion and weathering, are therefore very often combined to a term called denudation. Note that, except for some tropical regions, erosion is much more relevant than weathering.

The system presented so far was originally developed for a given geological setting, which can be a soil sample. A very interesting finding is that the system can be up-scaled to large areas. Using the same equations as described above but using as the measured nuclide concentrations N ( 10 Be) or N ( 21 N e) the average nuclide concentrations of a sediment, i.e., the average nuclide concentration of the material that has been eroded away from an entire landscape, and by using average production rates for the entire landscape enables calculating large-scale denudation rates. In other terms, it enables to quantify the erosion and weathering processes that have taken place within a landscape and that have formed it. However, the data are sometimes of limited accuracy because the relevant production rates must be averaged over the entire geological setting, which can either be done using sophisticated digital elevation models or by simply using the production rate at a mean altitude and latitude. For more details see [START_REF] Blanckenburg | [END_REF][174][START_REF] Bierman | Earth Surf[END_REF][176].

Uplift rates, soil dynamics, and other applications

The time integrated cosmic ray flux and therefore the cosmogenic production rates sensitively depend on the altitude (see also section 3.2). Consequently, the cosmogenic nuclide concentration, if properly interpreted, reflect the time integrated altitude at which the sample was exposed. If the exposure history of a sample can reliably be constrained, it is well possible to determine average uplift rates of, e.g., mountain ridges. For examples and also for problems the reader is referred to [START_REF] Dunai | Cosmogenic nuclides -Principles, Concepts, and Applications in the Earth Surface Sciences[END_REF]. In addition to the aforementioned applications, terrestrial cosmogenic nuclides are used to study soil dynamics like soil production, material transport, soil mixing, and others [START_REF] Dunai | Cosmogenic nuclides -Principles, Concepts, and Applications in the Earth Surface Sciences[END_REF].

Solar and galactic cosmic rays

Cosmic rays represent a flux of high energetic particles originating from the Sun, from within the galaxy but also from outside the galaxy. They consist primarily of protons and α-particles with minor amounts of heavy ions but also of electrons, positrons, and antiprotons. The total cosmic ray flux density at the top of the Earth's atmosphere, i.e., at 1 AU, is in the range ∼1000 particles/m 2 /s. Below we distinguish the two types of cosmic ray particles, solar cosmic ray particles (section 3.1) and galactic cosmic ray particles (section 3.2). We also discuss in some detail the influence of the solar activity on the galactic cosmic rays and in section 3.3 we elaborate on the very relevant question of whether or not the galactic cosmic ray flux was temporal constant.

Solar cosmic rays

Solar cosmic rays cover a rather wide range of kinetic energies, ranging from ∼1 MeV to ∼10 GeV (for protons), the majority of the particles, however, is in the energy range of a few tens of MeV. The particles originate mostly from solar flares and coronal mass ejections (CME). Shocks in the interplanetary medium can also produce energetic particles. The chemical composition is similar to that of the Sun, i.e., mostly protons, ∼10% α-particles, and <1% heavier elements. The flux of solar cosmic rays is highly variable, it can increase for some hundred percent for hours or days during strong solar flares. A reliable measure for the time variability is via the Wolf sunspot number [START_REF] Clette | The Solar Activity Cycle[END_REF], which varies over the well-known 11-year solar cycle. Direct satellite measurements of the solar activity have been performed for the last four solar cycles [178][179][180]. Extending the data to the pre-satellite era is possible by interpreting the abundances of solar cosmic ray produced cosmogenic nuclides in extraterrestrial archives, like the lunar surface, e.g., [181,182]. An increase in solar cosmic rays usually results in a decrease of the galactic cosmic ray flux because the solar flares and CMEs are associated to magnetic fields that sweep some of the incoming galactic cosmic rays, especially those at low energy, away from the Earth, a process called Forbush decrease (see also section 3.2).

The differential particle flux of solar cosmic rays per unit of rigidity is usually expressed as:

dJ dR = k × e -R/R 0 ( 38 
)
where the rigidity R is the momentum p per unit charge Ze and is measured in V, MV, or GV. The rigidity is also related to the particle rest energy, E 0 , and its kinetic energy, E k , therefore:

R = c × p Ze = (E 2 k + 2 × E k × E 0 ) 1/2 Ze ( 39 
)
The spectral parameter R 0 for observed solar flare protons ranges from ∼20 to ∼200 MV over the last four decades [179,183]. Fig. 9 shows solar proton spectra, i.e., the flux as a function of energy, for typical rigidies of R 0 = 70, 90, and 125 MV. It can be seen that there is a steep decrease in the particle flux as a function of energy, clearly indicating the far greater number of low energy protons compared to high energy protons. Since particles in this energy range are, first, quickly stopped and, second, produce only a few (if any) secondary particles, their influence is limited to the uppermost few g/cm 2 of meteorites and planetary bodies without a magnetic field and with no atmosphere.

The relevant parameter for the solar cosmic ray particle spectrum and their temporal variation have been estimated using cosmogenic nuclides in lunar surface material. A very detailed study of a lunar highland breccia determined an average solar cosmic ray particle spectrum with R 0 = 100 MV and J(E>10 MeV) = 70 protons/cm 2 /s/4π for the last 10 Ma [184]. The choice of R 0 and J is very often not unique, it was also possible to fit the data with R 0 in the range 70-150 MV with appropriate adjustments of the flux J. Typically, higher R 0 values correspond to low J values and low R 0 values correspond to high J values. This ambiguity is inherent in such type of studies. There are also indications for a lower R 0 value, i.e., lower than 100 MV [185] or even lower than 85 MV [START_REF] Nishiizumi | Proc. Lunar Planet. Sci. Conf[END_REF]. For a recent study also summarizing some of the earlier data see [182].

The short range of solar cosmic rays in solid matter together with the fact that they produce essentially no secondary particles makes the calculation of solar cosmic ray induced production rates relatively easy and straightforward. Such a model calculates the fluxes as a function of energy from the slowing down and stopping of the incident particles, which is a well known process. For each depth the thus calculated spectra are then folded with the energy dependent cross sections of the relevant nuclear reactions in a way very similar to eqn. 3 [29,108].

Galactic cosmic rays

Galactic cosmic rays have been discovered more than 100 years ago by Viktor Hess in his famous balloon experiments. They consist mainly of hydrogen ions, i.e., protons, with ∼10% helium ions, and ∼1% heavier elements. In addition there are also low fluxes of electrons, positrons, and antiprotons. These charged particles contribute to an energy density in the Galaxy of ∼1 eV/cm 3 . There are various evidences that supernovae remnants (SNRs) are the most plausible sources for galactic cosmic rays. First, γ-ray measurements prove that SNRs accelerate particles up to at least 50-500 TeV [START_REF] Aharonian | [END_REF][188][189][190]. Second, using X-ray spectra it has been shown that magnetic field amplification is taking place at shocks from SNRs [191]. Third, there is some direct evidence for cosmic ray acceleration in supernova shocks by the anomalous width of the Balmer lines [192].

For the galactic cosmic rays one can use the spectral shape first given in [193]:

J GCR (E, M, c p ) = c p × E × (E + 2m p c 2 ) × (E + x + M ) -2.65 (E + M ) × (E + 2m p c 2 + M ) (40) 
where J GCR is the flux density of protons of energy E as a function of M and c p in the unit [particles m -2 s -1 sr -1 MeV -1 ]. The rest-mass of the proton is m p and c is the speed of light, i.e., m p c 2 = 938.27 MeV. The total particle flux normalization factor is c p = 9.9×10 8 [193] and M is the solar modulation parameter further discussed below. The factor x is defined as:

x = 780 × e -2.5×10 -4 ×E (41) 
The flux of the nuclear component of the galactic cosmic rays is shown in Fig. 10, which is taken from [194]. In addition to the all particle spectrum measured by different experiments, also the spectrum for protons are plotted. Also shown are the much lower flux densities for electrons, positrons, and antiprotons. At lower energies, i.e., below a few GeV, the spectral shape bends down due to a modulation imposed by the presence of a magnetized wind originated from the Sun. This process inhibits low energetic particles from reaching the inner solar system and is typically parametrized with the value M , which represents the lowest energy a galactic cosmic ray particle must have to travel all the way from the ISM towards the Sun.

Above a few GeV the overall slope of the spectral shape is -2.7, an interesting exception is a feature at ∼3× 10 15 eV, a region called the knee (see below). However, recent measurements from PAMELA, CREAM, and AMS-2 have shown that the GCR spectrum above 10 GeV up to the knee is by far not as featureless as originally though but is actually rich in structures both in terms of spectral properties and composition. First, the spectrum seems to flatten in the energy range 200-300 GeV. Second, the slopes for protons and helium ions are different from each other, which results in the very interesting feature that the helium flux becomes higher than the protons flux at energies above 100 TeV [195][196][197]. For a recent review see [198]. As mentioned above, an interesting feature of the spectrum is the knee. At this energy, the slope of the spectral shape (as measured on Earth) changes from -2.7 to -3.1. Interestingly, there are also some indications that the chemical composition of the spectrum changes at the knee. The Figure 10: Spectrum of galactic cosmic rays at the Earth. Shown is the all-particle spectrum measured by different experiments together with the spectrum for protons. Also shown are the (lower) flux densities for electrons, protons, and antiprotons. The figure is taken from [194]. contribution of heavy elements is higher above than below the knee. However, experimental data are only reliable up to 10 17 eV [199].

There are convincing arguments that the bulk of the galactic cosmic rays is accelerated in SNRs in our Galaxy, as it was first proposed by Baade and Zwicky [200] and Ginzburg and Syrovatsky [201]. See also the recent review by Blasi [194]. However, all evidence is circumstantial and there is still no direct proof that SNRs can accelerate cosmic rays up to the energies at the knee, i.e., to ∼10 15 eV. Dynamically this requires an acceleration efficiency of ∼10%, which is large enough so that the process itself changes the structure of the shock, therefore calling for some non-linear theories, e.g., [194]. Relatively new data also indicate a change in the slope of the spectrum at an energy of ∼230 GeV. The slope of the proton spectrum below 230 GeV was measured to be 2.89±0.0015 and at higher energies it is 2.67±0.03, i.e, slightly harder [197]. It has been speculated that this feature might either be caused by a local source of galactic cosmic rays [202,203] or it might be an inherent feature of the cosmic ray transport processes [204,205]. However, the data are still preliminary and under debate, see, e.g., [194].

Considering galactic cosmic ray transport processes it is usually agreed that it is by diffusion. There are two main arguments for this assumption. First, the B/C ratio in the cosmic rays. Boron can only be produced by spallation within the cosmic rays itself but C is a primary nuclide. In brief, the longer the lifetime of the cosmic rays, the more B is produced relative to the primary nuclide C and therefore the higher the B/C ratio. Second, also cosmic ray produced 10 Be within the cosmic rays gives some age estimates. Both informations together clearly indicate that the travel time of galactic cosmic ray particles before escaping the Galaxy is far longer than the ballistic time, indicating that cosmic rays travel diffusively in the Galactic magnetic fields [206,207].

Finally, there are still some important questions unanswered. First, what are the processes responsible for accelerating cosmic ray particles to very high energies. A possible explanation is the so-called superbubble hypothesis. Massive stars form mainly in the cores of molecular clouds in a time span of only a few million years. Due to their short lifetime and their usually low relative velocities, they essentially explode all close together and in a very short time interval. Due to this combined action in producing stellar winds and stellar magnetic fields, the acceleration process might be more effective and higher energies might be reached. The second open question, which is essentially unanswered, is about the transition between cosmic ray particles that likely originate in the Galaxy and the so-called ultra-high-energy cosmic rays, which are likely of extragalactic origin. For a recent review on the origin and transport of galactic cosmic rays the reader is referred to [194].

Summarizing the short excursion on the origin and transport of galactic cosmic ray particles; galactic cosmic rays are produced from astrophysical sources, most likely SNRs, that are usually assumed to be evenly distributed throughout the Galaxy, typically very far away from the solar system. There is no direct information on the local sources; an exception might be the structure at ∼230 GeV (see also above). The particles originating from the various sources travel diffusively through the interstellar space and form what is called the Local Interstellar Spectrum (LIS). Note that it is well possible and actually expected that the LIS varies throughout the Galaxy, i.e., that the LIS close to the solar system is different from the LIS far away. It is import to remember that the LIS must be known relatively precisely before effects caused by solar modulation can be modeled to finally determine the galactic cosmic ray particle spectrum within the heliosphere, i.e., within the region of direct influence of the Sun. Measuring the LIS was the primary objective of the two Voyager missions. Both missions started in 1977 and reached interstellar space by the end of 2012 (Voyager-1) and by the end of 2018 (Voyager-2). When entering the heliosphere, the galactic cosmic ray particles encounter a turbulent solar wind with an embedded stellar magnetic field. These interactions produce significant global and temporal intensity variations of the cosmic rays; one consequence is a gradient of 0.2-0.4%/AU at ∼100 MeV (depending on solar activity). First studies of solar modulation effects started as early as 1965 [208][209][210] and solar modulation is considered to be relevant for energies below 30 GeV/nucleon.

Considering temporal variations, the most dominant and probably most important time scale for solar variations is the 11-year solar cycle, which is quasi periodically and correlates with the solar sunspot number (see also section 3.1). Another important cycle is the 22-year cycle, which is related to the reversal of the heliospheric magnetic field. In addition, there are also short term variations in the range 25-27 days, which are connected to the rotation of the Sun, plus daily variations caused by the Earth's rotation. However, all such short-term variations likely influence the galactic cosmic ray intensities in the range of percent or less [211]. Finally, there are indications for intensity variations with periods of 50-65 years, 90-130 years, and in the range 220 years and 600 years. For a recent review the reader is referred to [212]. In addition to the galactic cosmic ray intensity variations caused by the Sun via the solar modulation, it is also possible or even likely that the LIS varies due to the trajectory of the solar system through the Galaxy. Studies are still ongoing and a more detailed discussion is given below (see section 3.3). Finally, in addition to the clear periodic structures (11 years, 22 years) there are variabilities for which it is not yet clear whether they represent periodic structures or stochastic perturbations. A prominent example is the so-called Maunder-Minimum 1645 -1715, where the sunspots almost completely disappeared, e.g., [213].

Fig. 11 shows the spectra of galactic cosmic ray protons at 1 AU. The spectra are plotted for M = 390, 600, 820, and 1080 MeV, which represent the solar activity at the years 1965, 1968, 1980, and 1989, respectively [214][215][216][217]. Also shown is the galactic cosmic ray particle spectrum for a solar activity of M = 550, which represents the best estimate for the long-term average over the last few million years [33,34].

The temporal constancy of the galactic cosmic rays

Concentrations of cosmogenic nuclides in meteorites and samples from the Moon are often used to study the solar and galactic cosmic ray particle flux and especially its temporal variation over timescales ranging from years to billions of years. Variations in the galactic cosmic ray particle flux might occur 1968, 1980, and 1989, respectively [214][215][216][217]. Also shown is the galactic cosmic ray particle spectrum for M = 550, which represents the best estimate for the long-term average [33,34].

within the heliosphere or beyond the heliosphere. In addition, radionuclide concentrations in terrestrial reservoirs are very powerful tools studying cosmic ray flux variations on timescales up to 10 7 years. For example, cosmogenic 10 Be and other radionuclides are produced in the Earth's atmosphere (see section 2.2.1) and are stored in archives such as ice cores, sediments, and Fe-Mn deep sea nodules. These terrestrial records can help to constrain cosmic ray flux variations if the sedimentation rates and/or nodule growth rates are reliably known. The advantage of these terrestrial records is that they reflect the instantaneous fluxes and therefore provide a relatively high time resolution, e.g., [START_REF] Beer | The Sun in Time[END_REF][START_REF] Wieler | [END_REF]. However, like all terrestrial samples, their records reflect not only the galactic cosmic ray intensity and the solar modulation effect (see also section 3.2), they reflect also changes in the geomagnetic field intensities and climate effects. The latter influences the transport of cosmogenic nuclides from the atmosphere into the studied archives [168,[START_REF] Damon | The Sun in Time[END_REF]. For a recent review of 10 Be records in terrestrial archives see [START_REF] Wieler | [END_REF].

Galactic cosmic ray variations over the time period years to decades: As discussed in section 3.1, periodic short-term variations of the galactic cosmic ray particle flux due to interactions with the solar wind and the embedded solar magnetic field are actually expected (Forbush decrease). By using the short-lived cosmogenic radionuclides 7 Be, 46 Sc, 48 V, 51 Cr, 54 Mn, 56 Co, 57 Co, 58 Co, and 60 Co, which have half-lives in the range 16 days to 5.3 years, it has been demonstrated that the activities of these radionuclides were 2.5-3 times lower at solar maximum than at solar minimum [START_REF] Evans | Rancitelli Smithsonian Astrophysical Observatory Catalog of Meteorites from Victoria Land Antarctica[END_REF]221]. Consequently, the result of this study demonstrated that the 11-year solar cycle strongly influences the production rates of cosmogenic nuclides. The results were later confirmed using the production rate ratio 22 Na/ 26 Al, which is rather insensitive to shielding [222]. A very successful candidate to study short term galactic cosmic ray variations is 44 Ti. A systematic study on meteorites that fell in the last 200 years found that shielding and chemistry corrected 44 Ti production rates vary by ∼50%, reflecting the ∼88 year Gleissberg cycle. The highest values were reached ∼35 years after the two Gleissberg minima of solar activity at ∼1800 and ∼1900. The observed phase lag is actually expected considering that the 44 Ti production rate is an integrated signal over the previous ∼200 years [223]. To summarize, short-term variations due to the Forbush decrease are expected and can be found in the cosmic ray records of meteorites.

Galactic cosmic ray variations during the last 10 Million years: Variations of the galactic cosmic ray flux over timescales of a few million years are usually studied by comparing production rates of stable and radioactive cosmogenic nuclides and/or by comparing experimental and modeled data. Several of such studies used cosmogenic radionuclides to determine the 21 Ne production rate [63,[224][225][226][227][228]. In a very comprehensive study, Nishiizumi and coworkers evaluated the 21 Ne production rate using the cosmogenic radionuclides 22 Na, 81 Kr, 26 Al, and 53 Mn, which have widely different halflives [63]. The result was surprising, the 21 Ne production rate based on 22 Na, 81 Kr, and 53 Mn all agree within the uncertainties of 4-7%. Considering that the half-lives of the three radionculides range from 2.6 years to 3.7 million years, the result indicates that the galactic cosmic ray flux was constant over this time period. However, the 21 Ne production rate determined based on 26 Al was almost 70% higher than the average determined via the other three radionuclides [63]. A very similar study determined 21 Ne production rates from 26 Al and 53 Mn and found essentially the same discrepancy [226]. After a careful discussion of the data, including half-life errors, an ill-known knowledge of the radionuclide production rates, and/or shielding conditions, both groups also considered the possibility that the galactic cosmic ray flux varied with time [63,226]. Such a scenario, however, is not straightforward. It requires one cosmic ray flux value valid for the last ∼13 Ma, which is applicable to 53 Mn, followed by an increase in the cosmic ray flux intensity for a time period of ∼2 Ma to explain the 26 Al data (and at the same time not affecting much 53 Mn). Finally the flux intensity returned back to normal, i.e., to the long term average, to bring 22 Na and 81 Kr into agreement with 53 Mn. Though, this is not impossible, the favored assumption today is that a large fraction of the meteorites from the two studies suffered a complex exposure history [227,228] (see also section 2.1.1).

The hypothesis that the galactic cosmic ray flux was very likely constant during the last ∼10 Ma, i.e., that the finding based on 26 Al was an artefact, is further confirmed by three other, independent studies. First, the CRE ages determined for a selection of iron meteorites using 10 Be, 36 Cl, and especially 26 Al are all consistent, therefore clearly arguing against a variable galactic cosmic ray flux during the last ∼5 Ma [3]. Second, the result for the iron meteorites is in agreement with an earlier, less comprehensive study [229]. Third, a completely different approach arriving at the same conclusion is based on measured and calculated concentration profiles of the radionuclides 10 Be, 26 Al, 36 Cl, and 53 Mn in a very well studied chondrite [31].

Long term galactic cosmic ray variations: In some well cited publications Shaviv proposed periodic galactic cosmic ray intensity variations of a factor of ∼3 with a periodicity of 143±5 Ma [6,7,230]. According to his diffusional model, this is taken to reflect the periodic crossing of the solar system through galactic spiral arms. It is expected that the galactic cosmic ray flux in or close to galactic spiral arms is higher than in-between galactic spiral arms due to higher supernova rates and/or a closer proximity to supernovae explosions. The presumed periodicity of the galactic cosmic ray flux has been linked to the occurrence of ice age epochs on Earth, e.g., [7], and to periodic structures in the CRE age histogram of iron meteorites. After the first publications there were some supporting studies [231,232] but there are also numerous publications questioning some of the original hypotheses.

Here we follow the more detailed discussion given in [83]. First, a recent approach predicted that galactic cosmic ray intensity variations between spiral-arm and interarm regions are more in the range 10-20% and for sure not more than ∼30%, i.e., far less than the factor of 3 assumed earlier [233]. Second, the proposed periodicity depends on the number of galactic spiral arms. In his diffusional model, Shaviv assumed four spiral arms [6,7] and there are indeed good arguments for this, e.g., [234]. However, there are also arguments for a two-armed spiral or for a non-symmetric Galaxy, e.g., [235,236]. Third, in his original approach, Shaviv argued that the proposed periodicity of 143±5 Ma can also be seen in the CRE age histogram for iron meteorites [6,7]. Actually, the meteorite data were considered a strong argument for the proposed periodicity. However, there have been a lot of questions and debates about the interpretation of the iron meteorite data. The arguments of the follow-on studies range from misinterpretation of the data with no arguments for periodic structures [237,238] to a re-interpretation of the data by fully considering the now accepted chemical grouping giving arguments for a periodicity of 400-500 Ma [239]. Furthermore, a very recent systematic study of more than 50 iron meteorites found no statistical significant periodic structures in the CRE age histogram, therefore arguing against periodic galactic cosmic ray intensity variations [83]. For a more detailed discussion see [83,[START_REF] Wieler | [END_REF].

After having discussed periodic galactic cosmic ray intensity variations, we finally discuss the hypothesis of sudden galactic cosmic ray intensity changes. As mentioned in section 2.1.1, the 40 K-K CRE ages for iron meteorites are somehow special. The 40 K half-life of 1.25 Ga is too long for this radionuclide to reach saturation during typical iron meteorite irradiation times, which are in the range of a few hundred million years. Therefore, the 40 K concentrations reflect the galactic cosmic ray intensity over the entire irradiation time of the meteorite. An interesting study therefore is to compare the 40 K-K CRE ages to CRE ages calculated using cosmogenic radionuclides with shorter half-lives, which is typically via the 36 Cl- 36 Ar system (see also 2.1.1). Note that the latter system only reflects the galactic cosmic ray intensity over the last ∼1.5 Ma. Such a study has been performed by Lavielle and coworkers [3]. In a study on 13 iron meteorites the authors compared CRE ages calculated using the 36 Cl-36 Ar, 26 Al- 21 Ne, and 10 Be- 21 Ne dating systems with ages obtained via 40 K-K. Similar studies have been performed earlier [229,240]. While in all these studies the ages based on shorter-lived nuclides agreed with each other within experimental uncertainties, the 40 K-K ages were about 35-50% higher. The most straightforward explanation for this difference appeared to be an increase in the galactic cosmic ray intensity in the past several million years relative to the long-term average over the past 500-1000 Ma. It has also been argued, however, that the current uncertainties in the production systematics of cosmogenic K nuclei prevent a clear conclusion [3]. A recent systematic study confirmed the discrepancy between 36 Cl-36 Ar and 40 K-K CRE ages but also argued that the 40 K-K CRE ages are too uncertain for giving a clear answer [83]. There has been a recent attempt to improve our understanding of the production systematics of K and other nuclides in iron meteorites [33]. In this study the authors compared measured and modeled production rates using the extensive data set measured throughout cross sections of two large iron meteorites. They could not confirm the previous conclusion of a higher galactic cosmic ray intensity. For one meteorite the 40 K-K age agreed well with the ages obtained calculated using shorter-lived nuclides. For the other meteorite the 40 K-K age was ∼40% lower, rather indicating that the galactic cosmic ray flux in the past few million years might have been lower, not higher than concluded by the other studies. However, again, the uncertainties of the models are too large for a firm conclusion.

Short summary on galactic cosmic rays intensity variations: The meteorite data allow to conclude, though within the limits of the sometimes large uncertainties, that the average galactic cosmic ray intensity over time scales of a few hundred thousand to a few million years remained constant. The production rates for the short-lived cosmogenic radionuclides 22 Na, 3 H, and 39 Ar vary with solar activity due to the expected and well understood Forbush decrease. If corrected for, the short-lived nuclide record is consistent with the results for the long-lived radionuclides [63,229]. A very interesting nuclide in this respect is 44 Ti; its decay corrected activities vary in a way consistent with the ∼88 year Gleissberg cycle [223]. On longer timescales the data is not that clear. While some studies argue for periodic galactic cosmic ray intensity variations that can be seen in the iron meteorite data and even in the Earth's climate history [6,7,[230][231][232] other studies based on an improved statistical approach and/or an improved database found no such indications [83,237,238]. Also the findings that the galactic cosmic ray intensity over the the past ∼1.5 Ma was higher than the long term average over the past 500-1000 Ma is under debate [3,33,83,229,240]. With the current database a firm conclusion is not possible. However, expressed the other way round, the iron meteorite data base shows that the GCR intensity averaged over the past few million years has been the same as the long-term average in the past 500-1000 Ma within a factor of ∼1.5.

4 Targets for cosmogenic nuclide production (Planets, Meteorites, Atmospheres, ...)

In the following we give a short overview of the possible targets for cosmogenic nuclide production. We start with meteorites and planetary surfaces (section 4.1) where we shortly present the major meteorite types and where we give some information about extraterrestrial objects in general. The relevant target product combinations for most of the terrestrial applications are discussed in section 4.2.

Targets for cosmogenic nuclide production in extraterrestrial objects

Here we give a very short overview of the wide and interesting field of meteorite classification; we only focus on the aspects relevant for cosmogenic nuclide production. There are a number of excellent but sometimes rather technical papers describing meteorite classification in more detail, e.g., [241][242][START_REF] Grady | Catalogue of Meteorites[END_REF][START_REF] Weissberg | Meterorites and the Early Solar System II[END_REF]. As already discussed before, solid bodies of extraterrestrial material that penetrate the Earth's atmosphere and reach the surface are called meteorites; other solid extraterrestrial objects are interplanetary dust particles (IDPs). Most meteorites and IDPs are fragments of asteroids, some IDPs, however, may represent cometary material. In addition, some meteorites are fragments of Mars and the Earth's Moon. Based on their bulk chemical composition and their textures, meteorites are divided into two main categories, chondrites and nonchondritic meteorites.

The bulk compositions of the chondrites closely match the bulk composition of the Sun, with the exception of a few elements that usually occur in the gas phase, e.g., hydrogen, carbon, nitrogen, helium. For the purpose of this review it is sufficient to know that almost 95% of a chondrite is made from only six elements. As an example, for a special chondrite type, called CI carbonaceous chondrites, which are usually viewed as a measure of the average solar system composition, the six major elements are (in percent by weight): carbon (3.22%), oxygen (46.5%), magnesium (9.61%), silicon (10.68%), sulphur (5.41%), iron (18.43%), and nickel (1.08%). The other elements of the periodic table are all there but only in minor concentrations, e.g. [START_REF] Palme | Treatise on Geochmistry, Planets, Asteroids, Comets[END_REF]. For the study of cosmogenic nuclides, however, the special mineralogy of the chondrite is of importance. For example, while the average chlorine content of a primitive chondrite is about 700 ppm [START_REF] Palme | Treatise on Geochmistry, Planets, Asteroids, Comets[END_REF], certain minerals like sodalite (Na 8 [Cl 2 I(AlSiO 4 ) 6 ]) have a chlorine concentration of 6.5%, making them suitable targets for reactions induced on chlorine. The bulk chemical composition of other chondrite groups are similar to, but slightly distinct from, CI chondrites. For most of the elements, the variations are less than a factor of three, exceptions are again the elements with a low condensation temperature, called volatile elements. One important point must be mentioned. In nature, the chemical elements cannot be assembled in arbitrary units, they are arranged in the form of minerals. The three major silicate minerals in chondrites are olivine ((Mg,Mn,Fe) 2 [SiO 4 ]), low-Capyroxene like enstatite (MgSiO 3 ), and feldspars like anorthite (Ca(Al 2 Si 2 O 8 )). In addition, there is iron in the form of metal, oxide, and sulphide (FeS). For a detailed review of the mineralogy of meteorite groups see, e.g., [241,242].

The finding that the chemical composition of the different chondrites groups show only moderate variations is of importance for modeling the primary and secondary particle spectra in meteorites. The particle fluxes modeled for some chondrite type are also applicable to other chondrite types, at least to within reasonable limits. For example, it has been shown that the particle fluxes in the three types of ordinary chondrites, H, L, and LL, are almost indistinguishable despite their different iron content [35]. The iron content for H chondrites is 25-31%, almost half of it is metallic. For L and LL chondrites the iron contents are in the range 20-25% and 19-22%, respectively, for the latter only 0.3-3% is in metallic form. There are, however, differences between ordinary chondrites, e.g., H, L, and LL chondrites, and carbonaceous chondrites, e.g., CI chondrites, the latter have a significantly higher water and carbon content. For example, the water content in CI chondrites can be as high as 20wt% [246] and are typically in the range 5-10wt%, e.g., [247]. The higher carbon and especially water content for carbonaceous chondrites results in a more efficient slowing down of the secondary neutrons and therefore in higher thermal and epithermal neutron fluxes [35]. Consequently, the capture rates for such neutrons are significantly higher in carbonaceous chondrites than in ordinary chondrites. Such differences aside, considering the six major elements and the list of cosmogenic nuclides (Table 1) indicates that spallation is the dominant production mechanism (see section 5).

Most of the nonchondritic meteorites are derived from parent asteroids that experienced large-scale partial melting and subsequent differentiation, i.e., forming an iron core, a mantle made of high density minerals, and a crust made of relatively low density minerals. The degrees of melting in the parent asteroids were highly variable, leading to the formation of primitive achondrites and differentiated achondrites. The primitive achondrites, which are residues of very low degrees of partial melting, have approximately chondritic bulk chemical composition. The textures, i.e., the mineral assemblages, however, have been changed due to the heating event. From the cosmogenic nuclide point of view, i.e., considering the relevant target-product-combinations, the primitive achondrites can be treated in a similar way as the chondrites. The situation is different for the differentiated achondrites, which are commonly divided into: (metal poor) achondrites, stony iron meteorites, and iron meteorites. The differentiation process had a significant effect on the chemical composition. For example, the bulk chemical composition of angrites, which belong to the group of differentiated achondrites, is: oxygen (∼40%), magnesium (∼8%), aluminium (∼8%), silicon (∼19%), calcium (∼7-8%), and iron (∼17-18%). Notably, the iron is in the form of iron oxide, not as metal (e.g., [248]). The stony-iron meteorites are mixtures of roughly equal amounts of silicates and metal plus troilite. Important examples are the mesosiderites for which the silicate phase consists of orthopyroxene ((Mg,Fe,Ca)(Mg,Fe,Al)(Si,Al) 2 O 6 ), olivine ((Mg,Mn,Fe) 2 [SiO 4 ]), and plagioclase (CaAl 2 Si 2 O 8 ). Another important group of stony-iron meteorites are the pallasites, which are composed of roughly equal amounts of olivine and metal plus troilite. Finally, there are the iron meteorites that represent the core of the differentiated asteroid. They consist only of iron-nickel metal with minor contributions from troilite (FeS) and schreibersite ((FeNi) 3 P). In addition to the three types of nonchondritic meteorites (achondrites, stony-iron meteorites, iron meteorites) there are also Martian meteorites and lunar meteorites in our collections.

Considering the Moon, one should also not forget the 382 kg of lunar samples returned by the Apollo astronauts and the 326 g of soil samples collected by the Soviet Lunar landers.

To summarize, the target product combinations relevant for the production of cosmogenic nuclides in meteorites vary among the different types of meteorites. For example, while 10 Be and 14 C in stony meteorites are both dominantly produced from oxygen by medium energy reactions, the production of 10 Be and 14 C in iron meteorites is via high energy reactions from iron and nickel, which results in much lower production rates. In contrast, there is more production of 53 Mn per gram of iron meteorite than per gram of stony meteorite simply because of the higher concentration of the suitable target elements iron and nickel.

Targets for cosmogenic nuclide production in terrestrial samples

When comparing cosmogenic nuclide production in extraterrestrial samples to nuclide production in terrestrial samples there is one major difference, the relevant projectiles. In extraterrestrial samples nuclide production is via primary protons, primary α-particles, secondary protons, secondary α-particles, and especially secondary neutrons. For terrestrial samples only reactions induced by secondary neutrons are relevant because primary galactic particles are absorbed in the atmosphere. Note that for some target-product combinations and especially for more shielded samples muon-induced reactions are also relevant.

Cosmogenic 3 He can be produced from essentially all target elements, the only exception is obviously hydrogen. The majority of the studies using 3 He has been on volcanic olivine ((Mg,Mn,Fe) 2 [SiO 4 ]) and pyroxene, e.g., diopside (CaMgSi 2 O 6 ), e.g., [168]. Other minerals, however, might become relevant after an increased understanding of production pathways and recoil effects. Current analytical precision enables to even date relatively young objects, i.e., as young as a few thousand years. Terrestrial in-situ produced 21 Ne is predominantly produced by relatively high energy neutrons from Na, Mg, Al, and Si; very efficient is the reaction (n,α) on 24 Mg and 25 Mg to produce 21 Ne and 22 Ne, respectively. Cosmogenic 21 Ne is very often used in quartz (SiO 2 ), olivine, and pyroxene to study old surfaces and/or very low erosion rates. In addition, high analytical precision enables to study small samples with masses in the range of a few 100 mg only, e.g., [249]. Due to the fact that Argon is the most abundant noble gas in the Earth's atmosphere, using cosmogenic 36 Ar and 38 Ar is very often analytically challenging and most studies try to detect slight changes in 38 Ar/ 36 Ar ratios. Ratios higher than the atmospheric ratio of 38 Ar/ 36 Ar = 0.1885 [250] indicate a cosmogenic contribution. Production of cosmogenic 36,38 Ar is via spallation reactions on K and Ca and for some samples also from Ti and Fe. For 36 Ar there is another important reaction pathway, i.e., thermal and epithermal neutron capture on 35 Cl to produce 36 Cl (about 44 barn) with subsequent β-decay to 36 Ar. Obviously, this reaction pathway is only relevant for chlorine rich minerals. Note that the reaction pathway of neutron capture on 37 Cl to produce 38 Ar (about 0.4 barn) is ∼100 times less efficient than the reaction to produce 36 Ar. Interestingly, the thermal neutron flux strongly depends on the water content, which makes the ratio of spallation produced 38 Ar/ 36 Ar to the neutron-capture produced 38 Ar/ 36 Ar a useful proxy of the ancient water content of unknown samples, a possibility not yet well explored. Cosmogenic Kr is dominantly produced by spallation reactions on Rb, Sr, Y, and Zr and by neutron-capture reactions on Br for 80 Kr and 82 Kr.

Production of in-situ produced xenon is via spallation reactions on Cs, Ba, La, and Ce and by the neutron capture reactions 128 Te(n,γ) 129 Te(2β -) 129 Xe, 130 Te(n,γ) 131 Te(2β -) 131 Xe, 127 I(n,γ) 128 I(β -) 128 Xe, and 130 Ba(n,γ) 131 Ba(β + ) 131 Xe. So far there was only one study using cosmogenic Xenon [138] and currently there is no routine application for either Krypton or Xenon. However, with improved analytical precision some target minerals like Celestine (SrSO 4 ) and Zircon (ZrSiO 4 ) might become interesting for studies using Krypton and minerals like Monazite (LaPO 4 , CePO 4 , NdPO 4 , SmPO 4 ) might become interesting for Xenon, at least for some special applications.

The list of useful cosmogenic radionuclides range from 14 C with a half-life of 5730 years to 53 Mn with a half-life of 3.7 Ma. Most studies on terrestrial in-situ produced cosmogenic radionuclides are using 10 Be and 26 Al produced in quartz. In general, production of 10 Be is mainly via spallation reactions from O, some production, however, is via spallation reactions on Mg, Al, Si, and Ca [251,252]. In some minerals the reaction 7 Li(α,n) 10 Be might also be relevant. Aluminum-26 is predominantly produced via spallation reactions on 27 Al and Si. In some target minerals, production from other elements can also be of importance [252]. For both nuclides there is also production via stopped negative muons and fast muons (e.g., [253,254]). Both nuclides are usually used for exposure dating, especially for complex exposure histories and for burial dating. Further references can be found in, e.g., [167,171,[255][256][257] and in section 2.2.3.

Nuclear reactions

As already mentioned in previous sections, and also in the Handbook of spallation research by Filges and Goldenbaum [START_REF] Filges | Handbook of Spallation Research: Theory, Experiments and Applications[END_REF], nuclear reactions play an important role for i ) understanding diffusion and transport processes of galactic cosmic rays (see section 3.2) and ii ) studying production of cosmogenic nuclides in meteorites and planetary surfaces with respect to ages, shapes, and sizes of meteorites and, for example, erosion and uplift rates for Earth's surface sciences (see section 2). This clearly demonstrates the need to understand the production processes in some detail.

When a cosmic ray particle impinges an atomic nucleus, either another cosmic ray particle, or a nucleus from within a meteoroid or a planetary body, numerous particles are emitted and a new, often radioactive, nucleus is produced (sometimes more than one according to the energy of the projectile and the mass of the target nucleus). The type of the nuclear reactions depends on the type of the projectile, on its energy, and on the mass of the target nucleus. Since the most relevant cosmic ray particles are primary protons and secondary protons and neutrons (see section 3), we focus on reactions induced by light particles. The main part of the cosmic ray spectrum is in the spallation regime, i.e., around a few GeV. Now we have to distinguish two different processes. First, after the projectile has entered the irradiated matter, it is slowed down and might undergo a nuclear reaction. The result of it is the production of so-called secondary particles, which are of lower energy but which might nevertheless induce further nuclear reactions. Therefore, also the energy range below a few GeV and even down to the thermal energy range is relevant and must be understood. Second, some galactic cosmic ray particles have extremely high energies (see section 3.2). Though, their number decreases rapidly with energy, it is not a priori clear what is the maximum energy to be considered for reliable cosmogenic nuclide studies. Is it 1 GeV, 10 GeV, or 100 GeV, or even beyond? The galactic cosmic ray spectra plotted in Figs. 10 and 11 (section 3.2) indicate that the low-energy limit should be very low, and maybe as low as possible if we also want to account for secondary reactions. The high-energy limit could be around 10-20 GeV, where the proton flux is about two orders of magnitude lower than the flux at the maximum. This limit, though very reasonable, is not without problems because experimental data for the relevant nuclear reactions are scarce and the reliability of the nuclear model codes is very often questionable. This, in addition to the rapidly decreasing flux densities, is the reason why very high-energy ( 20 GeV) galactic cosmic rays are usually not considered for cosmogenic nuclide studies.

The broad energy range from thermal energies up to about 20 GeV can be divided into four nuclear reaction regimes, as explained in [START_REF][END_REF]. First, from energies in the range of eV up to ∼20 MeV is the domain of so-called coherent effects. Second, the intermediate energy regime with a high-energy limit of about 100-200 MeV, which is followed by, third, the collision regime from 100-200 MeV up to about 10-20 GeV. Fourth, at higher energies the partonic degree of freedom becomes dominant, which is usually modeled by string dynamics. What is important for studies of meteorites or other planetary bodies are the reaction products, i.e., the residual nuclei and the emitted particles because the latter can induce further secondary reactions. A crucial step is therefore to obtain this information. Although the spallation regime, i.e., the regime between ∼150 MeV and ∼10 GeV, is the dominant one, it is nevertheless useful to briefly discuss the other three regimes. Spallation reactions are described in detail further below. The required information can be obtained in two ways: measurements and modeling. To be complete, a third way exists by combining both approaches. Experimental data are used when enough measurements can be done to cover the entire domain and models are used when the reaction mechanism is well enough understood and can be handled by computers codes. This explains largely the source of information. Below 20 MeV it has been possible to study almost all necessary reactions and, using evaluations, to complete the data bases. This domain is also the domain of nuclear reactors, where naturally a lot of efforts have been directed into such studies. Several libraries exist and are used in particle transport codes. Here we can mention JEFF, ENDF, JENDL but also CENDL, ROSFOND and BROND1 . Between ∼20 MeV and ∼150 MeV a full coverage is much more difficult. Some data libraries have been extented up to 150 MeV. Fortunately, the nuclear reaction mechanisms are still relatively simple, i.e., the complex structures in the low-energy range that are induced by nuclear level effects dissapear and modelling becomes possible. However, in this energy range the compound nucleus is not immediately created. A pre-equilibrium step must be considered, with the emission of particles before the thermalization of the excited nucleus. This step is generally modeled by the Griffin model [260], where the number of excitons (particle-hole pairs) is followed step-by-step. This model has been improved (see, e.g., [261,262]) and is still used in one of the most popular nuclear model codes handling this intermediate energy domain, TALYS [START_REF] Koning | Proceedings of the International Conference on Nuclear Data for Science and Technology[END_REF]. This code is also able to model so-called direct reactions, where very few particles are ejected and the excitation energy of the compound nucleus is very low. In such a case various models are used depending on the deformation of the nucleus (DWBA, couple-channels). Since the excitation energy of the nucleus after the pre-equilibrium step is usually much higher than for low-energy reactions, the de-excitation can be more complex and with new and more open channels, e.g., new types of evaporated particles. We will see further below that some models used in the collision regime can also give good results at lower energies, i.e., below 100 MeV (section 5.3). Beyond the collision regime the partonic contribution becomes dominant. According to Weber and collaborators [START_REF] Weber | [END_REF] the transition from the collision regime to the partonic contribution is at projectile energies higher than 10 GeV/nucleon. Actually, hadronic and partonic contributions exist at the same time. However, whereas at 40 GeV/nucleon the partonic energy density is greater than 90% of the total energy density, at 10 GeV/nucleon the baryons still dominate. The partons (quarks and gluons) inside the hadrons interact via a color force field, called string, hence their interactions are called string dynamics. When a string breaks, new quarks and antiquarks are created. As a rule of thumb, however, at the end of all these interactions the final hadron must remain colorless, which finally requires what is called a hadronization model. The most popular is the Lund string fragmentation model [265,266]. However, other modeling difficulties arise, like for example the type of interaction, hard (perturbative QCD) or soft (non-perturbative QCD). For further details the reader is referred to the introduction of PYTHIA8.2, which is the latest release of one of the first programs for modeling high-energy physics processes [267]. A list of various other programs used to describe very high-energy events can be found in [268], together with discussions and comparisons.

The large variety of combinations considering particle types, their energies, and the target nuclei makes simulations a priori not straightforward. Moreover, even if we limit ourselves to reactions between protons with energies around a few GeV on nuclei lighter than Fe-Ni, which are the most frequent cases for planetary studies, a model needs time to reach the required level of reliability within a reasonable calculation time. This section is therefore dedicated to the nuclear reactions related to cosmic ray particles, and more precisely, on how scientists have obtained and handled the spallation reaction products for the studies of meteorites and planetary surfaces.

Between years 1962 and 2000, seven papers [18,[269][270][271][START_REF] Shen | Spallation nuclear reactions and their applications[END_REF][273][274] can be considered as review papers addressing the topics of cosmogenic nuclides together with the underlying nuclear physics. Here we briefly discuss the previous reviews to explain our motivation for this review. The first paper [270] is mainly based on observations. Abundances of measured nuclei were related to the properties of the spallation reactions. Accelerator experiments were analysed and the production cross sections were represented in terms of relations. The systematic formulas developed in this paper have been used for a long time. The original approach presented a good compromise between experimental data that were too scarce or could not be measured at the time and therefore needed to be extrapolated, and models that were at these times not reliable enough. Ten years later, D. Lal explained what he labeled hard rock cosmic ray achaeology and why this field will become more precise in the future [271]. He also mentioned the elementary cross sections as key ingredients, with making reference to the work of Reedy and Arnold [29]. In 1975 a conference on spallation nuclear reactions and their applications to astrophysics and radiotherapy was held and the contributions were summarized in [START_REF] Shen | Spallation nuclear reactions and their applications[END_REF]. In this paper, the spallation reactions are described in some general terms and not only for astrophysical applications. It was also mentioned that the calculations can be performed with two different goals in mind: first, a physical goal, i.e., testing assumptions about the reaction mechanism and, second, an utilitarian approach by simply getting reliable values. B.S.P. Shen [START_REF] Shen | Spallation nuclear reactions and their applications[END_REF] added that those goals are not always compatible with one another and are consequently not always simultaneously attained in a single calculational model. This explains why nuclear reactions systematics were for such a long time an essential tool for the prediction of cosmogenic production rates. At that time modeling was clearly insufficient, in particular some issues were reported considering the nuclear de-excitation, which was not well understood. The processes responsible for the emission of intermediate mass fragments were not understood and, above 1 GeV, the multiple production of π's and strange particles was not yet introduced. However, systematics are only educated fits based on experimental data. This means that one can have greater confidence in this method if the reaction energy and target are within the limits of the experimental data that were used to establish the parameters (H. W. Bertini [START_REF] Bertini | Spallation nuclear reactions and their applications[END_REF]). In the same conference report R. Silberberg and collaborators [START_REF] Silberberg | Spallation nuclear reactions and their applications[END_REF], who had developed one of the most famous systematics for nuclear spallation reactions, acknowledged for the very same reason the need of nuclear models, citing as relevant examples the energies and angles of the emitted nucleons and the neutron-induced reactions. R.G. Alsmiller [START_REF] Alsmiller | Spallation nuclear reactions and their applications[END_REF] pointed out that the lack of experimental data makes the use of systematic approaches unreliable (remember that systematics are only reliable and should be used within the range of the data that have been used to establish them). To overcome this problem, he mentioned the Monte-Carlo code HETC, which will be addressed in section 5.3.3. However, performing high quality modeling and sophisticated calculations suffered and still suffer from the problem of computing time, which was and still much longer for the model calculations than it is for the systematics. The review article of R.C. Reedy, J.R. Arnold, and D. Lal [273] in 1983 is probably the most similar to the present one, but, once again, the tools, which are the nuclear reaction models, were neither discussed nor described. This is exactly the reason why we have decided to provide this review article. The paper by Vogt and co-workers focused on systematics and models below 200 MeV [18]. Although new models and developments were mentioned, also at higher energies, no details were given. J. Masarik and J. Beer [269] explained in some details how they used particle transport codes to calculate cosmogenic nuclide production in the Earth's atmosphere. In doing so, they described to some extent the content of the models used in the transport codes. However, they discussed some of the new aspects: As all the details of the basic codes are described in references above, we concentrate here only on their extensions that are important for the present applications. This is of course of interest for the interested reader and it is necessary to better understand the data. Here we decided to go one step further and describe in some detail the underlying nuclear physics model. The last review paper on this topic was by the late S. Mashnik [274]. Although the author was a well-known developer of spallation models and addressed in his paper clearly the need to use all available information to get the necessary elementary cross sections in order to calculate cosmogenic nuclide production, no details are really given in his paper [274]. However, as this was not his goal, he concentrated on giving the required references. Our goal here is to present for the first time a comprehensive overview of the various applications for cosmogenic nuclides in meteorites, planetary surfaces, and planetary atmospheres together with a detailed and comprehensive overview over the nuclear models that are key for calculating the ingredients for successful modeling, i.e., the cross sections and the particle spectra.

In this section we discuss the characteristics of the reaction products (section 5.1), explain the modeling of those reactions (section 5.2), and present the available models, their reliability, and how some of them have been used (section 5.3). Finally, we suggest several probabilities to use the models in a more efficient way (section 5.4).

Spallation reactions: Spectra and Nuclei

Before describing spallation modeling, we describe here the main characteristics of the reaction products. This will also give us the opportunity to address and elaborate on another, independent, way to calculate reaction products: parametric formulas obtained from nuclear reaction systematics.

The most relevant spallation products for studying interactions of cosmic ray particles with matter are cosmogenic nuclides. However, if the body is large enough, internuclear cascades will develop due to the emission of secondary particles and therefore the spectra of emitted particles also play a major role for the production of cosmogenic nuclides. Depending on the target nucleus and on the projectile energy, the types of produced nuclides as well as the mechanisms for their production differ. We summarize here the main characteristics of the residual nuclides that are produced in spallation reactions. In addition we discuss the spectra of the emitted particles to fully understand the nuclear reaction mechanism. Doing so, we plot the results obtained with a well-known combination of nuclear model codes capable of simulating spallation reactions, i.e., 123,[START_REF]Geant4 Collaboration Geant4[END_REF]). A set of seven incident proton energies (20 MeV,[START_REF] Lingenfelter | Radiocarbon variations and absolute chronology[END_REF] MeV, 500 MeV, 1 GeV, 3 GeV, 10 GeV, and 20 GeV) and five targets (C, Si, Fe, Xe, and Pb) is used to cover the entire domain. The basics physics of the intranuclear cascade code INCL++ and of the de-excitation code Abla++ (C++ version of Abla07) will be discussed in sections 5.2.1 and 5.2.2, respectively, and their reliability is discussed in section 5.3.2.

The results of the modeling are summarized in Table 3. Except in specific cases, most of the produced particles are neutrons. The two other particle types that are relevant as secondary particles are protons and π's, although they are all charged (except π 0 ) and will be slowed down immediately after their production. The number of high-energy protons is similar to the number of high-energy neutrons and, for low-mass targets with low-energy projectiles, it is even (much) greater whatever the energy of the emitted particle. The number of π's increases significantly with increasing projectile energy. Considering the α-particles, their impact is less important because, even if their amount can be (much) higher than the one of the neutrons with very light targets, they are produced with a low-energy spectrum. Intermediate Mass Fragments (IMF), i.e., nuclei with masses between 4 and 20, are only given to demonstrate that their production is clearly related to the charge (or mass) of the target and to the projectile energy. This is due to the mechanisms involved, which are difficult to understand and it therefore took some time to set-up a successful modeling approach. However, as we will discuss further below, improvements are still needed. A first important conclusion is that secondary particles will sometimes significantly contribute to the production of cosmogenic nuclides in large bodies. If properly interpreted, Table 3 contains even more information, such as that the intranuclear cascade becomes more pronounced with increasing target mass. Thereby, the larger number of high-energy emitted particles is due to the larger number of nucleons involved in the cascade. However, for a proper discussion particle spectra are a powerful tool, giving additional information. Figure 12 shows that the major part of the neutron spectrum is at low energies, but a non-negligible part of the neutrons has energies larger than 100 MeV and there is even a peak close to the projectile energy. It can also be seen that the variation of the spectra with projectile energy is more pronounced for heavier targets. This is due to the fact that the higher the mass of the target nucleus, the fewer energetic particles are emitted during the intranuclear cascade, which results in a higher excitation energy of the remaining remnant, and consequently, in more particles that are emitted during the final evaporation phase. The proton spectra are very similar to the neutron spectra and are therefore not shown here. The two other types of relevant particles are the α's and the π's. Their spectra are shown in Fig. 13. As already mentioned, α particles have usually low energies and even the highest in energy will rapidly be slowed down. For π's the situation is very different because no π is emitted during the de-excitation but only during the cascade phase. Some of the emitted π's can have high energies and can therefore also contribute to secondary particle induced reactions. Note that the π production has a threshold, which is around 250 MeV for a proton-induced reaction. Focusing on the low-energy part of the spectra, Fig. 14 shows two important points for the spectra of neutrons, protons, and α's below 100 MeV. First, the number of particles is, via the excitation energy, strongly related to the projectile energy, though the dependence is not directly proportional. Second, an emission threshold exists for all charged particles and, with higher excitation energy, i.e., higher projectile energy, it becomes easier to overcome the emission barrier.

Note that the spectra of secondary particles are highly relevant for studies of cosmogenic nuclides because the secondary particles provide very often the major source of projectiles, i.e., in meteorites and planetary surfaces most of the cosmogenic nuclide production is via secondary particles. Therefore, understanding the emission of secondary particles in a nuclear reaction is one important point. The second major point of interest is the production of the residual nuclides. The main characteristics are shown in Fig. 15 and16. According to the target mass and the projectile energy, the mass distributions of the produced nuclei are different simply because the mechanisms involved differ. In Fig. 15 the calculated mass distributions (A > 4) are plotted for the three targets elements Fe, Xe, and Pb and for the three projectile energies 150 MeV, 1 GeV, and 10 GeV. For all targets and especially at low energies is the production of heavy product nuclei, i.e., those close to the target mass, the most relevant. For very heavy target nuclides, fission is also an open channel and therefore nuclides with about half of the target mass can also be produced. With increasing energy more channels open, more particles (and types of particles) are evaporated, and especially one nuclide type is more efficiently produced, the IMFs that are here defined as nuclides with masses between 4 and 20. The origin of these nuclides is still under debate (see section 5.2), but some models are able to calculate them relatively succesfully. An interesting point is that the shapes of the mass distributions vary with projectile energy. This variation is more important for heavy target elements and it is less pronounced for light target elements. This can be seen by comparing the mass distributions for projectile energies of 1 GeV to the ones at 10 GeV. In an Fe target, the differences are small, they become larger for Xe as a target element and they are very significant for Pb as a target element. As already mentioned earlier, while discussing particle spectra, this is due to the fact that for lighter target nuclei more energy is released during the cascade, leaving a remnant with little total excitation energy for the final de-excitation phase. Note that for light targets elements the excitation energy per nucleon can be high enough to open new mechanisms like, for example, breakup. For heavy targets there is more excitation energy for the remnant nuclei after the cascade; in particular there is more excitation energy for higher projectile energies. Therefore, the excitation energies vary more with incident projectile energy leading naturally to the observed dependence of the mass distribution as a function of incident energy. Fig. 16 is shown to demonstrate that the mass distributions differ depending on whether protons or neutrons are used as projectiles. This is highly relevant because very often empirical approaches and/or simple models assume that proton and neutron induced reactions behave the same or at least very similar. Fig. 16 clearly demonstrates that this approximation is right only for high-energy projectiles. This becomes wrong at low energy (< ∼200 MeV).

Many characteristics of the spallation products shown in the aforementioned figures can be explained with a general and/or deeper analysis of the individual reactions. We already mentioned several times the excitation energy, that is the excitation energy of the remnant nucleus at the end of the intranuclear cascade. This excitation energy is finally released during the de-excitation mode, which can be evaporation, fission, multifragmentation, and others. Fig. 17 depicts the mean excitation energies for the five target elements C, Si, Fe, Xe, Pb, as a function of projectile energy. The excitation energy increases not only with projectile energy, but also with target mass. The exponent of the fitted power curve, which is given in the figure for each target element, increases from the light target elements to the heavy target elements. However, it remains always lower than 1 because a large part of the incident energy is released by the primary collisions during the cascade. The exponent increases with mass because a nucleon stays more likely in a heavy nucleus than in a lighter nucleus as a result of the larger number of interactions in heavy nuclei. This results in a wider distribution of the total energy, i.e., in less energy per nucleon. A parametrization of the excitation energy as a function of mass and projectile energy is therefore possible, which in theory allows for time-saving parametrizations. If it was possible to find similar relationships for the mass, the charge, and the angular momentum of the residual nuclides, we could avoid using the time-and computer-power consuming modeling of the intranuclear cascade. This discussion brings us directly to earlier approaches of parametric formulas aiming to get the results faster and/or to more reliably interpolate between experimental data. Note that such empirical formulas were used for a long time for the prediction of cosmogenic production rates. For calculating the data discussed above it is not only necessary to use state-of-the-art Monte Carlo codes for the intranuclear cascade, it also requires significant computational power, which were both not available at these days. More than sixty years ago, the basics of the modeling were all known, but numerous details remained ill-understood due to the lack of experimental data. In addition, the computing time was very often unreasonably long. Consequently, calculating the large variety of cosmogenic nuclides via Monte Carlo codes was not possible for a long time and therefore very often reaction systematics were used. The reader will find a detailed description of such systematics in [280].

Here we discuss the main characteristics of these systematics, their basics and their evolution over time. We also discuss connections to modeling and the strengths and weaknesses of the empirical approaches.

In 1952 Rudstam and collaborators [281] developed a systematic method of grouping residual nuclides that are produced in a proton irradiation of an iron target at 340 MeV. The approach is based both on measured data [281, and references therein] and theoretical studies done by R. Serber [282]. The finding is that, first, for a given element the isotopes are more or less produced, which leads to define groups according to the level of production rate and, second, production cross sections of nuclides belonging to the same group can be described by a smooth curve as a function of mass and the ratio between two curves is almost constant. Four years later, after having analysed several experimental data sets, Rudstam gave in his thesis [START_REF] Rudstam | Spallation of medium weight elements[END_REF] a parametric formula that quantifies the reaction systematics for medium weight targets. The formula was published in [START_REF] Rudstam | [END_REF] but the parameters are better defined in his original thesis (the quoted values give a cross section in mb):

σ(A, Z) = exp P A -Q -R(Z -SA) 2 , (42) with 
• A and Z are the mass and the charge of the studied isotope

• P : independent of the projectile type and of the target mass but decreasing with increasing projectile energy

• Q: no specific role, except fixing the scale of the cross sections

• R: related to the width of the Gaussian shape of the cross section distribution and independent of the projectile energy and of the target mass

• S: defining the position of the peak in the charge distribution.

Setting up this approach was in parallel to major efforts modeling the intranuclear cascade and the following evaporation stage by physical means. Both, models and systematics, gave very often reasonable results. Sometimes, however, the discrepancies were large. This was likely due to fine structures in the yields, caused by differences in the separation energies and/or level densities. In addition, some reaction channels were not considered at all. The formula has later been improved several times; first by Rudstam himself [285]. To also include other than medium mass nuclei a revision of his approach was necessary. For example, the peak of the charge distribution was no longer a simple linear function of the mass (SA). In addition, a possible non-Gaussian shape of the cross section distribution was studied. In the latter case the available experimental data confirmed non Gaussian shapes of the distribution, which resulted in the new formula:

σ(A, Z) = const . exp P A -R(Z -SA + T A 2 ) 3/2 , (43) 
with S and T as the parameters defining the position of the peak and const is similar to the Q previously, but with a more sophisticated fitting. Every time new data were measured, they were also tested against the Rudstam formula and, as expected, there were significant discrepancies for data outside the domain of validity, i.e., in the parameter space not covered by the experimental data used to fit the parameters. Here we can cite Honda [286], who mentioned the underestimation of cross sections for nuclides in the mass range 20-45 and Hohenberg [287] who pointed out the need to also describe reactions with few nucleon emission (∆A ≤ 2). In 1973 Silberberg and Tsao decided to improve the formula by taking into account all experimental data available at that time and to solve some shortcomings. This significant work was published in two articles [288,289]. Doing so, they obtained a new formula, which was based on the original formula by Rudstam in combination with several more recent works [290][291][292] and which was applicable to almost all target nuclei (9 ≤ A t ≤ 209) and all produced isotopes (6 ≤ A ≤ 200):

σ(A, Z) = σ 0 f (A)f (E)e -P ∆A exp -R|Z -SA + T A 2 | ν Ωηξ. (44) 
In this new approach the new parameters f (A) and f (E) are implemented to increase the production cross sections for targets with Z t > 30 when ∆A is large and when fragmentation and/or fission can occur. Ω is related to the nuclear structure, η to nucleon pairing, and ξ increases the evaporation of light products. The factor ν is the same as already discussed for the Rudstam formula; two values 2 or 3/2 are possible. According to the targets and the products all parameters can have different forms, more or less sophisticated, some depend on the energy. Additionally, specific formulas were set-up to describe peripheral reactions (small ∆A). However, this general equation is strictly valid only for proton-induced reactions. While the authors briefly discuss α-induced reactions, the usual assumption still was that neutron-induced reactions behave similar to proton-induced reactions. Despite these shortcomings, most of the production yields for proton-induced reactions above 100 MeV could be calculated relatively quickly and with a rather good confidence level. Some discrepancies were obvious whenever new measurements were available. For example, Perron in 1976 [293] and Régnier in 1979 [294] confirmed the quality of the work by Silberberg and Tsao but pointed to some specific cases (isotopes and conditions) where large differences between the calculated results and experimental data could be found, which was especially for peripheral collisions and reactions at low and high energies. Even more important, in 1982 Régnier and collaborators [295] emphasised the lack of data for neutron-induced reactions. In 1993 Kolsky and Karol [296] reported that very deep spallation products are badly described by the Silberberg and Tsao approach. Finally in 1998 an updated version of the Silberberg-Tsao formula [297] was published. In this version some of the parameters were refined, thanks to new experimental data.

In addition to the approach by Rudstam and later by Silberberg and Tsao, also other systematics have been set-up, however, often limited either to a narrow energy range or to limited mass or charge domains. In 1990 Webber and collaborators [298] presented a simpler formula which was restricted to energies above 200 MeV and target masses between 4 and 28. In the same year, Sümmerer and collaborators [299] developed a parametrization for the fragmentation cross sections (EPAX). Their approach was restricted to heavy fragment production. Later, EPAX was improved several times [300][301][302] and has also been the basis for two new systematic approaches, one dedicated to spallation products [303] and the other to fragmentation products [304]. The main goal of all these studies was to get the necessary cross sections for nuclide production rapidly and with the highest degree of reliability. They all depend on the available experimental data, which were used to first develop the formula and second to fit the parameters. As described above, the increasing amount of data allows to better define the parameters. However, another very successful way to estimate cross sections is to build models based on the basic physical mechanisms that lead to the final result. Their developments have been done in parallel to the parametric formulas, but they faced other difficulties. The different approaches are described below.

Spallation modeling

There are already numerous paper presenting and discussing the models used to simulate spallation reactions: review papers were also written on that topic. However, although several works treating interactions of cosmic ray particles with planetary bodies explain what type of reaction models they used, the descriptions of the models are always restricted to generalities or give only some of the ingredients. In this review we will give all necessary details regarding i ) the reaction modeling that will help in understanding the production mechanisms for the interactions of cosmic ray particles with solid matter, ii ) the usefulness and reliability of the models, and iii ) potential improvements.

Though developing a model or a systematic starts with the same first step, the observation of measurements, the major goals are different. Systematics always like the ones described above are based on parametric formulas and were developed to interpolate and extrapolate the available experimental data in such a way that missing data, either in energy or in mass, can reliably but also quickly be obtained. Whatever the refinement level of a systematic, the reliability will always be related to the data used to fit the parameters (see section 5.1). Models, on the other hand, are developed to test our hypotheses on the elementary processes that drive the final outcome. In other words, the goal is first to understand the reaction mechanisms with the expectation that a detailed knowledge of the mechanisms will result in reliable simulations. The two different approaches explain the two different ways of progress, especially in the topic discussed here, where the models are nothing but a tool to provide the required input data. In addition, models are the only way to fully consider the secondary particles, first, by simulating their production and, second, by using transport codes to describe the internuclear cascade for thick targets.

As mentioned above, there are already review papers on spallation modeling. The approach presented here is largely related to an earlier paper [305] but is more focused on the subject of interest, i.e., cosmogenic production rates. The main characteristics of spallation reactions were given by Serber [282] in 1947 immediately after the first experiments were performed at Berkeley with projectile energies around 100 A MeV. The first experiments were dedicated to the measurements of residual nuclei [306] and of emitted neutrons [307] and charged particles [308]. At relatively low energy a compound nucleus is produced after the projectile is captured by the target nucleus. At higher energies, in contrast, the mean free path of the projectile in the nuclear matter is large and its de Broglie wavelength is small. Therefore, the incident particle can either leave the nucleus without interacting with any of its nucleons or it can initiate a cascade of interactions with the individual nucleons, seen as free particles. These interactions can result in the emission of energetic particles before the nucleus reaches a thermalized state. Subsequently, the excited nucleus after the cascade can release its energy via various channels as a usual compound nucleus. Since the excitation energies are typically relatively high, the channels are of course not restricted to neutron evaporation. The modeling of the two phases, cascade of interactions and de-excitation of the excited remnant nucleus, is described below.

Intranuclear cascade

The Serber hypotheses [282] are often summarized using the following inequality:

πλ d < Λ < R, (45) 
with λ the reduced de Broglie wavelength, d the mean distance between two nucleons of the target nucleus, Λ the mean free path of the particle in the nucleus, and R the radius of the nucleus. The physical meanings are:

• πλ d -the size of the wave packet describing the particle is much smaller than the internucleonic distance. Consequently, for the incoming particle all nucleons are distinct and well defined in momenta and positions. All particles in the nucleus have a classical trajectory.

• πλ

Λ -The scattered wave reaches its asymptotic state before the next interaction. Interactions and trajectories can be treated in a classical approach.

• d < Λ -Interactions are independent from each other (assuming that the time between two collisions is longer than the interaction time scale).

• Λ < R -The possible interferences between the scattered waves cancel out due to the large number of interactions.

For a full understanding we must add a few comments to the statements above. At low energy, i.e., below 100 MeV, λ increases, but the mean free path can also increase due to the Pauli blocking of the candidate scattered particles, rendering the second condition still true. In addition, if the impact parameter is large, e.g., peripheral collisions, the first condition remains valid, because close to the surface the nucleonic density is much lower, making d much larger. At very low energies and for central collisions, no cascade is initiated and the first phase of the nuclear reaction is the capture of the projectile and the formation of a compound nucleus. At high energies the interaction itself is no longer with individual nucleons but with quarks and gluons (partons) with an additional hadronization time, i.e., a time needed to form the hadrons. Therefore, the interactions can no longer be considered as classical. The limit of validity of the nucleonic approach is above 10 GeV but it is surely below 40 GeV [START_REF] Weber | [END_REF]. The last condition that the mean free path must be smaller than the radius of the nucleus becomes irrelevant when the impact parameter is large. In this case, the projectile interacts most of the time with only one or only a few nucleons and no interferences exist. Note that this is not exactly a cascade but a so-called knock-out reaction. The discussion above briefly explains why spallation models are able to reasonably describe experimental data with projectile energies from a few tens of MeV up to about 20 GeV. Since this is exactly the energy range relevant for galactic cosmic ray particles, we focus in this review on this type of reactions.

The first step is well handled by the so-called IntraNuclear Cascade models (INC). They are based on the Monte-Carlo method, generating various initial conditions for a given projectile (energy, impact parameter) and a given target nucleus. The type of elementary collisions (nucleon-nucleon, etc.) and the output products are randomly chosen from data bases of cross sections. The INC models follow the particles in a classical way but some quantum effects are accounted for. First, some of the quantum effects are embedded in the cross sections used to define the elementary reactions and their products. Second, Pauli blocking is applied after each event (collision or resonance decay when a resonance has been produced) to prevent the production of a particle in an already occupied phase space. The criteria to define when the cascade stops and how all relevant information is transferred to a de-excitation model, which handles the second step, are important and differ among the different models, i.e., computer codes. The way the entire methodology is implemented into a computer code and what type of ingredients are used in that code are the major differences between the numerous models. This will be addressed in more detail in section 5.3. This a priori rather simple approach to model the intranuclear cascades is in fact well-founded. Bunakov and Matvejev [309] demonstrated that the problem moves from quantum mechanical equations to transport equations and they also showed that INC models are essentially solving those transport equations using Monte-Carlo methods. Below we follow the arguments by Bunakov and Matvejev but also consider the results of Aichelin [310] demonstrating the major steps to obtain the transport equations, with the goal to stress the difficulties of the modeling and to explain the needed approximations. This gives also the opportunity to mention other types of models as alternative tools for specific cases.

Modeling the cascade initiated by the incident projectile in the target nucleus is nothing else than describing the behavior of nucleons in a nucleus when some of them undergo collisions. The basic equation to treat the time evolution of such a system is the Schrödinger equation or the Liouville-Von Neumann equation:

ıh ∂ρ ∂t = [H, ρ].
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H = i T i + 1 2 i,j i =j
V ij the Hamiltonian (T i the kinetic energies and V ij the potentials between hadrons i and j). For solving the equation it is often convenient to change its form. In this case the reduced density matrices are used:

ρ 1,...,k = A! (A -k)!
T r (k+1,...,A) ρ. ρ 1,...,k is a k-body density matrix such that ρ 1,...,A = ρ, with A the number of nucleons. T r is the trace of the matrix. The evolution of such density matrices is given by the new equations:

ıh ∂ ∂t ρ 1,...,k (t) = A! (A -k)! T r (k+1,...,A)    k i=1 [T i , ρ(t)] + 1 2 k i,j i =j [V ij , ρ(t)] + 1 2 (A -k) k i=1 V i(k+1) , ρ(t)    .
The problem has now shifted from one equation to k coupled equations describing the behavior of a large number of interacting particles. This system is called the BBGKY2 hierarchy. Solving this system is not easier than solving the initial equation but it enables to find some approximations. Thus, if we assume that only 2-body forces must be considered, one has to solve just the system with the first two leading orders (ρ 1 and ρ 1,2 ). Skipping here necessary technical approximations, by assuming for example that the duration of the interaction is much shorter than the time between two collisions (same approximation as the one above with d < Λ), and using the Wigner transformation f ( r, p) (probability distribution in phase space)

f ( r, p) = d 3 r e i p. r h ρ( r + r 2 , r - r 2 ),
of the density matrix ρ, we obtain the famous BUU (Boltzmann-Uehling-Uhlenbeck) or VUU (Vlasov-Uehling-Uhlenbeck) equation [311]:

∂f 1 ∂t + v. ∇ r f 1 -∇ r U. ∇ p f 1 = - d 3 p 2 d 3 p 3 d 3 p 4 (2π) 6 σv 12 δ 3 ( p 1 + p 2 -p 3 -p 4 )δ( 1 + 2 -3 -4 ) [f 1 f 2 (1 -f 3 ) (1 -f 4 ) -f 3 f 4 (1 -f 1 ) (1 -f 2 )] . (46) 
Here f i are the distributions for the two colliding particles (i = 1, 2) and the two outgoing particles (i = 3, 4), σv 12 is the collision term (σ being a cross section), f i f j are the overlapping input/output distributions, and (1f i ) is the Pauli principle. Finally, the delta functions guarantee conservation of momentum and energy. This equation summarizes what INC models actually do. There is a drift term (on the left-handside of the equation), which describes particle transport and a collision term (on the right-hand-side of the equation), which is in INC models handled by Monte-Carlo methods. The drift term, however, depends on the mean potential U , i.e., the potential felt by a particle and that is formed by all the other particles. This potential is determined by the equation itself, i.e., by the f i . In INC models this potential is considered constant along the cascade. This hypothesis is valid if the projectile is light compared to the target. Obviously, when the projectile becomes heavier and with a higher kinetic energy, the potential will change due to the large number of nucleons involved in the cascade. BUU models solve equation 46 without further approximation of the potential, i.e., the approach is fully self-consistent. Doing so, BUU models can theoretically do much more than INC models, i.e., they are not restricted to interactions of light particles with a target nucleus but they can treat in the same way also nucleusnucleus interactions. However, the time needed to calculate the potential U increases dramatically the time needed for the entire calculation. Thus, the possibly higher accuracy of the potential is very often compromised by the much lower number of events that can be calculated within a reasonable time 3 . This explains why INC models provide indeed a good compromise. They use a reasonably well fitted constant potential along the cascade and therefore provide a fast algorithm enabling to reduce statistical uncertainties. It is also worth mentioning another type of models, the Quantum Molecular Dynamics models (QMD), which are very similar to BUU models. In principle, QMD models use Gaussian shapes for the probability distributions, which likely contribute to cluster building as a result of the long-range correlations. Unfortunately, this is not the case and ad-hoc models are currently the only possibility to simulate cluster production, as will be discussed in section 5.3.2. From the brief discussion it is already obvious that simulating interactions of cosmic ray particles with planetary bodies is a question of compromises. This section is about discussing the required compromises. At the end of this section we also discuss some attempts to go one step further.

Before discussing the de-excitation of the remnant nucleus that remains after the end of the intranuclear cascade, a possible intermediate step might or might not be necessary. The de-excitation phase starts after the nucleus is thermalized or, at least, when no memory of the incident particle exists anymore. Therefore, according to the method used to describe how the cascade ends, some (but not all) INC models need an intermediate step called pre-equilibrium. This pre-equilibrium step is usually combined with the cascade model and is used to describe intermediate energy reactions (∼20 MeV → ∼200 MeV). Typically the approach is based on the original work by Griffin [260], i.e., the exciton model. An exciton is a particle-hole pair and the associated model follows the number of excitons using a statistical approach. The purpose of this pre-equilibrium step is just to help some of the models in producing the excited remnant nuclei with the right characteristics. The reader will find all details about the modeling in some papers related to the codes calculating nuclear reactions below ∼200 MeV (strictly speaking, below the π production threshold) [261][262][START_REF] Koning | Proceedings of the International Conference on Nuclear Data for Science and Technology[END_REF]. The interested reader can also find some descriptions of INC models requiring a pre-equilibrium phase (e.g. [312]).

De-excitation

Modeling the intranuclear cascade is important not only to reliably simulate the emission of secondary particles, which are responsible for secondary reactions in macroscopic objects, but also to fully characterize the excited remnant nucleus at the end of the cascade. However, the subsequent de-excitation phase is crucial for fully characterizing the residual nuclei that are produced by the spallation reaction. This is further illustrated in section 5.3.2. Depending on the mass and the excitation energy of the remnant nucleus, several exit channels can be open enabling the nucleus to cool down to its final state. To be slightly more precise, the term channel describes actually a phenomenon. We will discuss further below that the same final state can actually be reached via various channels. Consequently, for describing the de-excitation it is not really necessary to consider all possible channels. The most successful de-excitation models consider the following five channels: evaporation, fission, Fermi breakup, multifragmentation, and binary breakup.

After being thermalized, the compound nucleus typically releases its excitation energy via single particle emission. The emitted particles have rather low energies compared to the particles emitted during the INC phase and the majority of them are neutrons, i.e., the entire process is very similar to the low-energy compound reactions discussed above. However, low energetic light charged particles (lcp -d, t, 3 He, α) and sometimes heavier clusters are also emitted. This poses a very important question, is the process for single particle and cluster emission the same? We will see below that the answer to this question is not yet fully understood.

Evaporation:

The most important process to release excitation energy is evaporation. This is also the best understood, especially for describing neutron emission. Assuming a fully thermalized nucleus, the different de-excitation processes are in competition. For the purpose of modeling, the choice of the de-excitation process is random but it is based on the probabilities or widths (evaporation width, fission width, etc.). Then, once a process has been selected, this procedure is repeated if various channels are still open. Within the process of evaporation, different particle types can be emitted and the emission probability of a particle of type a, based on a statistical approach (thermalization and high enough excitation energy), and assuming the detailed balance principle (the reverse process is actually considered), is given by:

P a (ε) = ρ f (E * f ) ρ i (E * i ) (2s + 1)(4πp 2 dp/h 3 )σ c (ε)
with ρ i(f ) , the level density of the nucleus before (i) and after (f ) emission, E * i(f ) the excitation energies before and after emission, s the spin of the emitted particle, p its momentum, h the Planck constant, σ c the capture cross section of the emitted particle by the nucleus after emission, and ε the energy of the emitted particle. The two most important ingredients for solving this equation are ρ and σ c . For the following we use the Fermi gas model for the level densities

ρ(E * ) = J + 1/2 √ 2πσ 3 e -J(J+1) 2σ 2 √ π 12 e 2 √ ãE * ã1/4 E * 5/4 , (47) 
with J the total angular momentum of the nucleus and σ a spin cut-off factor, which depends on the temperature of the nucleus (T = E * /ã). From eqn. 47 it is obvious that the key parameter is ã, which is called the level density parameter. There are many studies on the dependence of ã with mass A and excitation energy E * , fully considering the structure of the nucleus (shell and pairing effects, deformation, ...). A table summarizing those studies can be found in Table 1.1. given in [305]. In addition to the nuclear level densities, some effort was also made to model σ c . The first approach was given by Weisskopf and Ewing [313] σ c (ε) = π k 2 l (2l + 1)T l (ε), (48) with k the wavenumber, l the angular momentum, and T l the transmission factor. The main difficulty that arises when solving equation 48 is in the last term, the transmission factor. Since a full and detailed description is beyond the scope of this review, the reader is referred to [313,314] and also to [START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]. The important finding for practical applications is that the transmission factor depends mainly on the optical potentials, whose Coulomb part is rather well known but whose nuclear part is more phenomenological and relies on numerous parameters. Most previous studies determined the parameters only once and used them for various applications. A good illustration of the use and need of such upstream studies, i.e., studies done separately to define the ingredient values or to parametrize the result of a complex equation, is given in the description of the Abla07 de-excitation code [START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]. In this reference an additional problem is also mentioned, the computing time. As an example, the above described formalism works very well for the emission of neutrons, protons, and light clusters up to 4 He. But as mentioned previously,

In doing so, Γ IM F is obtained using an observed power law, Γ IM F (Z) = aZ b , where the parameters a and b are defined by calculating explicitly Γ IM F (Z) for two values of the nuclear charge Z. The widths for all individual IMF channels are then only calculated if the IMF evaporation channel is selected. Once again, an approximation is required because, unlike for the emitted light particles, the structure of the emitted IMF must be considered.

We will discuss in section 5.3.2 that despite all the required parameters, which must be reliably determined, and despite all the approximations needed to solve the equations and to run the code in reasonable time, the evaporation mechanism gives reliable results for the emission of light particles and it is actually giving interesting results for the emission of IMFs.

Fission: For heavy target nuclei it is possible that two residual nuclei are produced in the nuclear reaction. The process describing this phenomenon is very similar to the low-energy fission of uranium and other actinides. However, in the context of spallation reactions, fission is possible for more types of nuclei, especially, it is also possible for lighter nuclei. Though, planetary bodies are made of medium or light nuclei for which spallation induced fission is not important, sometimes heavier nuclides exist and might be relevant target elements. For the sake of completeness we include this channel in the discussion because it might be relevant for some special applications but most importantly, fission is a competing de-excitation channel and must therefore also be understood. For practical applications in planetology and Earth science studies, neutron-induced fission on 235 U and 238 U are by far the most dominant fission channels.

As a first step, the fission decay width must be calculated. Bohr and Wheeler [315] described the width very similar to the case for evaporation but they considered the nucleus at the saddle point as the final nucleus.

Γ BW (E * , J) = 1 2πρ i (E * , J) E * -B f (J) 0 ρ saddle (E * -B f (J) -ε)dε, (49) 
where B f (J) is the fission barrier and J the total angular momentum, which lowers the barrier (see [316]). However, fission is a collective and dynamical process, which leads to some changes and improvements of eqn. 49. The time needed to change the system from individual nucleons to a collective degree of freedom results in a reduction of the original Bohr-Wheeler fission width, which is considered by the Kramers factor [317]. The time dependency is obtained by solving the dynamical Fokker-Planck equation. The stationary solution of this equation is tractable and gives the Kramers factor. Finding the dynamical solution in a computer code that describes nuclear reactions requires some approximations. The complexity of the problem usually requires upstream studies, i.e., studies done in advance to find the parameters and to enable for time saving fitting and approximations. A detailed description is given in [START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF], in which the most likely currently best high-energy fission model is described. Doing so, the fission width is

Γ f (t) = Γ BW .K.f β (t),
where K is the Kramers factor and f β (t) the time-dependence (β is the reduced dissipation coefficient) given by an analytical formula. After the fission width has been calculated, the second step is the determination of the mass, charge, and excitation energy of the two fission products. While for the fission width a microscopic model exist, even if approximations are needed to solve it, calculating the yields of the fission products is only possible via a semiempirical approach. Similar to the case for evaporation, level densities are used to define the weight of a configuration. However, as discussed before, new approximations are required and experimental data are used to fit the necessary parameters. The complexity of the models, caused by the large number of initial states (low and high fissility of the nucleus, low-energy and high-energy fission) but also caused by the huge number of final configurations, renders reliability tests difficult, see also section 5.3.2.
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Journal Pre-proof Breakups (Fermi Breakup and multifragmentation): If the excitation energy becomes higher than the binding energy of the nucleus, the latter can break up into many pieces. This is easily possible for light nuclei for which the excitation energy is shared only among a few nucleons. In this case there is no competition with other de-excitation channels and the final configuration is taken randomly from all possible configurations according to their individual weights. Inspired by the model developed originally by E. Fermi for multipion emission from hadrons [318], the Fermi breakup statistical weight can be calculated via

statistical weight = V 8π 3 h3 n-1 ρ n (E), ( 50 
)
where n is the number of particles in the final state, ρ n (E) the final state density , E the total kinetic energy, and V a decay volume.

For heavier nuclei, the excitation energy must be very high to become larger than the binding energy. However, multifragmentation is nevertheless possible. Note, that the production of IMFs from medium mass nuclei is also via this type of breakup. The reader can find more details about the Fermi Breakup and this type of multifragmentation process in [START_REF] Botvina | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]. Briefly, the multifragmentation process is possible if the excitation energy per nucleon reaches a certain threshold above which the sequential evaporation process is no longer possible. Above an excitation energy of about 3 MeV per nucleon, a nucleus cannot thermalize between two subsequent nucleon emissions and the evaporation process must be replaced by a breakup or multifragmentation process. Similar to the Fermi breakup, the choice of the final configuration comes from the statistical weight of each possible configuration. The large number of nucleons results in a large number of possible configurations (e.g., for 200 nucleons the number of possible configurations is ∼ 4 • 10 12 ) and the formulas for the statistical weight are obviously more sophisticated than for the Fermi breakup. Here we follow the discussion for the statistical weight from [START_REF] Botvina | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF].

statistical weight ∝ e Sp , with S p the entropy, which can be written as

S p = ln A,Z g A,Z + ln A,Z A 3/2 -ln A 3/2 0 -ln A,Z n A,Z ! + (M -1) ln V f λ 3 Tp + 1.5 (M -1) + A,Z 2T p E 0 - ∂F S A,Z (T p ) ∂T p .
This formula is just given to demonstrate the complexicity and the numerous variables 4 . The volume V f differs from the volume used in the Fermi breakup formula (eqn. 50). Note that very often the different meanings of the two volumes prevent a great unification of the Fermi-breakup approach with the approach for multifragmentation [START_REF] Carlson | [END_REF].

There is another approach describing breakup for very highly excited nuclei. This approach is more phenomenological by assuming that the nucleus has to release the right amount of energy, and therefore mass (A), in order to finally decay by sequential emission. The approach is based on a power law, similar to the one already mentioned about for extending the evaporation mechanism to heavy particles. The production cross section of a given cluster of mass A is given as

dσ dA ∝ A -τ ,
and the parameter τ is fitted to experimental data. The number of clusters needed to be emitted to reduce the excitation energy is then calculated iteratively [START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]. Binary breakup: As described above, the production of IMFs can be modeled by two different approaches. First, by breakup if the excitation energy is close to or slightly above the total binding energy, and second, by evaporation. However, there is a third, possible mechanism, called binary breakup. In this sense, evaporation and fission are just two extreme types of a binary breakup. While evaporation is a very asymmetric type of binary breakup, fission is a more symmetric type. Some groups suggested that it is possible to consider these two extremes of a binary breakup with the same formalism and they stated that it is possible to model the production of IMFs as intermediate products, i.e., inbetween the two extremes fission and evaporation. Doing so, Moretto developed a binary breakup decay width, which is very close to the decay width given by Bohr and Wheeler but there is an additional term accounting for the asymmetry [321,[START_REF] Moretto | DE89 J06609 The Decay of Hot Nuclei[END_REF]. The GEMINI code [START_REF]Charity IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF], one of the most well-known de-excitation models using this mechanism, is not considering the asymmetry directly but in the fission barrier, which makes the calculation easier. Therefore,

Γ Z,A (E * , J) = 1 2πρ i (E * , J) E * -B f (J) 0 ρ selle (E * -B Z,A (J) -ε)dε,
where the fission barrier B Z,A (J) is given by B A (J)+∆M +∆E coul -δW -δP , and the mass asymmetry is included in the mass and Coulomb energy corrections (∆M and ∆E coul ), and δW and δP are shell and pairing effects, respectively. Note that this approach does not really replace the two others mentioned before, i.e., fission and evaporation, but it is actually used in competition.

Models and Reliability

The models commonly used for studies of cosmogenic nuclide production in meteorites, planetary surfaces, and planetary atmospheres are given in section 5.3.3 together with a short description. Very often the codes are either used alone for estimating the nuclear cross sections or they are used together with particle transport codes to calculate the secondary particle flux or the cosmogenic production rates. However, it is interesting to first present the main spallation models currently available (section 5.3.1) and to briefly discuss their reliability for calculating particle fluxes and isotope production (section 5.3.2).

Spallation models

The probably best place to find a list of the main models used in spallation physics is the web site dedicated to the Benchmark of Spallation Models carried out by IAEA in 2008-2010 [324]. In Table 4 we provide a list of the INC models that participated and also added some others. Table 4 gives only the very main characteristics of the models, with a clear focus on the topics discussed here 5 . The interested readers can find more information in the given references. However, we give a very brief discussion of each code and even more importantly we repeat some of the conclusions given in the Benchmark of Spallation Models [324] and summarized in [START_REF] Leray | [END_REF] together with other benchmarks to have an idea about the reliability of the available models.

Depending on the considered projectiles and their energies, some models can be applied, some others not. The energy limits are always difficult to determine. The values given in Table 4 are the ones given either by the code developers and/or are determined by the interaction of the spallation code with the particle transport code in which the code is embedded. Most of the given values are high-energy limits. When the projectile energy increases (beyond ∼2 GeV) there are additional degrees of freedom, like resonances, new mesons (strange or not), and multiple production of π's. Consequently, the upper energy limit depends on whether or not such processes are implemented into the model. Low-energy limits are often even more difficult to determine. For example, it has been argued for a long time that the low-energy limit for INC models should be in the energy range 100-200 MeV. Recently it has been demonstrated, however, that some INC model can be applied to much lower energies [START_REF] Yariv | Proceedings of the International Conference on Nuclear Data for Science and Technology[END_REF]. For the transition to low energies, some codes implemented a pre-equilibrium phase while others give reliable results without implementing pre-equilibrium, i.e., with a direct transfer from the INC phase to the equilibrium phase (see, e.g., page 22 in [305]). Several models have the same or a very similar name. This is the case when they were developed from the same original model. Thus, Cascade04, Cascade-asf, and CascadeX all evolved from the original Cascade/INPE model [346, and references therein]. Since then, they have been improved in different ways and now they give divergent results. For example, while Cascade04 and Cascade-asf both include a pre-equilibrium step, there is no such step in CascadeX. Furthermore, Cascade-asf and CascadeX are both able to emit clusters, Cascade04 cannot handle cluster emission. The original Bertini model [347] has now (at least) three further evolutions that are all implemented in a particle transport code. Earlier they were default options in MCNPX and Phits. Currently the default option of the spallation model in MCNP6 (a merge of MCNP and MCNPX) is CEM03 and in Phits it is INCL4.6 [348]. As shown in Table 4, CEM03 cannot consider Helium as projectiles (∼12% of the galactic cosmic rays); this task is handed over to LAQGSM03. In this code the low energetic spallation part comes originally from the Dubna intranuclear Cascade Model (DCM) [349], which benefited from the improvements over the years for CEM03. LAQGSM03 is also used for the high-energy part of the spallation reactions. In particle transport codes it is common to switch from one model to another when the energy or the type of the projectile changes. Taking Phits as an example; for projectiles heavier than the α particle, INCL4.6 is replaced by JQMD and when the energy exceeds 3 GeV/nucleon the JAM model is used. For this review, however, it is of no benefit describing the JQMD and JAM models in detail, reactions induced by galactic heavy ions are irrelevant for studies of cosmogenic nuclides and the maximum energy given by INC models are an adequate upper limit. However, the use of QMD models for heavy ion induced reactions is not a surprise and illustrates what was said before in section 5.2.1 considering the weaknesses of the INC models for nucleus-nucleus reactions. The same philosophy is applied in the Fluka code (PEANUT is replaced by RQMD-2.4).

Some models are able to consider γ, e -, and/or µ as projectiles; MCMC is one example. However, such particles can be neglected for most of the studies presented here, except the µ's, which can penetrate several meters deep into the terrestrial surface and are therefore relevant for some studies on erosion and denudation processes. Regarding the de-excitation codes, they differ, first, according to the decay channels included and, second, for a given channel according to the values of the parameters and to their level of sophistication.

De-excitation

In Table 5 we list some of the well-known de-excitation codes. Some others are also available, notably those developed specifically by the developers of particle transport codes, such as Geant4 [START_REF]Geant4 Collaboration Geant4[END_REF] and Fluka [START_REF] Ferrari | Fluka: a multi-particle transport code[END_REF]. It is obvious that all models include an evaporation and a fission channel; they differ in the way they treat (or sometimes even not) the highly excited nuclei, light ones by Fermi breakup and the heavy ones by breakup and multifragmentation. They also differ by the way they treat IMF emission (evaporation, breakup, multifragmentation, binary breakup). However, modeling evaporation and fission differ for the different codes. Considering for instance evaporation, the number and the type of the emitted particles are different. We can mention here the original Dresner model that was able to evaporate particles up to 10 Be, while the version implemented in MCNP does not go beyond the αparticle. The original GEM model considers 66 particles up to Z=12, while within CEM03 (GEM2), this possibility is just an option and the number of particles is restricted to below the α-particle in order to save computing time. In addition, also the values of the capture cross sections, level density parameters, Coulomb barriers used in the models can be different. Considering fission, while all models are based on the Bohr-Wheeler fission width, the way to account for the collective and dynamical processes are very different as is the definition of the characteristics of the fission products. Once again, explaining all the differences between the different models is not the topic of this paper. With models that are that complex, benchmarks with experimental data are very often the best and only way to compare them and to test their reliability, especially when the models are used as a tool. Such benchmarks are also powerful tools studying which mechanism is the most successful to simulate, for example, IMF emission: extended evaporation, breakup/multifragmentation6 or binary breakup. For this particular subject the reader is referred to [356].

Benchmarks

Most the models mentioned above (intranuclear cascade and de-excitation) participated in the international benchmark done under the auspices of the IAEA in 2010. This was one of the few opportunities to compare models with each other and to test their reliability on a large set of experimental data. This benchmark was actually the second of its type. The first one was carried out by the OECD/NEA [START_REF]Intermediate Energy Nuclear Data: Models and Codes, Proceedings of a Specialists' meeting[END_REF][START_REF] Blann | Rodens NEA/OECD, NSC/DOC(94)-2[END_REF][START_REF] Michel | International Codes and Model Intercomparison for Intermediate Energy Activation Yields[END_REF][START_REF] Filges | NEA/OECD, NSC/DOC(95) 2[END_REF] in the mid-nineties. The first benchmark revealed several important results like the difficulties to reproduce the light charged particle emission and the problems for the production of IMFs and fission fragments. The need of new experimental data to better benchmark the models was also stressed, especially concerning isotope production. Therefore, several measurement campaigns were started between the two international benchmarks. First, very important data were measured at GSI, where for various reactions almost all produced isotopes could be determined thanks to the inverse kinematics set-up ( [START_REF] Villagrasa-Canton | [END_REF][362][363][364][365][366][367][368]). Second, two groups led by R. Michel and Yu. Titarenko measured excitation functions for proton induced reactions, i.e., cross sections as a function of energy, for a large number of target-product combinations, e.g., [START_REF] Michel | GER)-0052 Database for Proton Induced Residual Production Cross Sections up to 2.6 GeV[END_REF][START_REF] Yu | [END_REF][371].

The conclusions of the second IAEA Benchmark are given in [START_REF] Leray | [END_REF] and additional analyses are presented in [305]. In brief, compared to the previous benchmark, major improvements were achieved for modeling the spallation reactions. Neutron production is generally well described by all models and the light charged particles are included in some of the models. Most of the de-excitation models describe reasonably well the evaporation of these particles. The same is not true for the INC phase. While the situation for neutrons is relatively straightforward, for protons the Coulomb barrier must be considered, and special care must be taken for the production and emission of light clusters (d, t, 3 He, α, etc.). Here it is important to mention that cluster formation is not included in the INC formalism. The exceptions are QMD models because they use Gaussian shapes for the probability distributions, which should lead to cluster formation (see section 5.2.1). However, the benchmark demonstrated that also the JQMD model [338] has some difficulties describing cluster emission. At the moment, the only way to describe cluster emission in the intranuclear cascade phase of a spallation reaction is by adding an adhoc coalescence model. This, actually, is one of the main differences between the different INC models. During the interactions of cosmic rays with meteorites or planetary surfaces, the light charged particles are quickly slowed down and their contributions to the (secondary) production is possibly negligible, at least in most of the cases. However, the correct treatment of cluster emission is nevertheless necessary for a precise description of the excited remnant and finally for the correct prediction of the produced residual nuclide.

Considering the experimental data, the studies can be subdivided into two main categories. First, inverse kinematic experiments, where the production yields of almost all residual nuclei can be measured. In the other category are the activation experiments, which have been used to measure complete excitation functions for some relevant target-product combinations. However, a serious limitation for this approach is that only residual nuclides with reasonable half-lives (typical in the range of hours or more or even stable ones) can be measured.

The benchmark was based on the (almost complete) isotope production data from inverse kinematic experiments. The analysis was eye-guided and with a rating system to quantify the reliability of the model and to be able to compare the different models. In this system, 2 points were assigned to a model when the results were good, 1 point when they were moderately good with minor problems, -1 point when they were moderately bad with particular problems, and -2 points when the results were unacceptably bad because they were systematically wrong. This was done for different domains, i.e., different isotopes, or more precisely to different production mechanisms (close to the target, after a long evaporation process, fission product, etc.). The result of this rating is given in Fig. 18. The Figure 18: Rating results obtained for isotopic distributions from p+Fe, p+Pb, and p+U reactions using the method described in the text and based on the experimental data taken from [START_REF] Villagrasa-Canton | [END_REF][362][363][364][365][366][367][368]). Details on the model versions can be found in [START_REF] Leray | [END_REF].

result clearly shows that only very few models, or combination of models, are able to give satisfactory results. Although the first step is important to characterize the excited nucleus that finally determines the residual isotope(s), the de-excitation phase seems to be as much as or even slightly more important. This is illustrated by the combination of INCL and Isabel with the three different de-excitation models Abla07, GEMINI++, and SMM. Note that some models fail to reproduce fission products and light nuclei. From Fig. 18 it becomes obvious that all models still have room for improvements. However, the model combination INCL4.5+Abla07 is by far the most reliable for the prediction of spallation reactions. Interestingly, the incident energies used in this analysis range from 300 MeV to 1 GeV, which is the main but not the entire energy domain of cosmic ray particles. As a matter of fact, excitation functions are the crucial ingredients when studying the production of cosmogenic nuclides and, in benchmarking a model, probably the most constraining observables. Owing to the huge amount of measured isotopes, even if in this benchmark only the two targets Fe and Pb were selected, another way to analyse the data and to compare the different models was established by R. Michel [START_REF] Michel | Benchmark of spallation models[END_REF][START_REF] David | [END_REF]. In his analysis he focused on a few specific isotopes, which are -depending on the target element -related to a specific reaction mechanism. Some of the selected isotopes are also relevant for cosmogenic nuclide studies, e.g., 7 Be, 10 Be, 22 Na, 46 Sc, 48 V, 54 Mn, 56 Co, etc. Also in this study, and possibly even more pronounced than for the inverse kinematic experiments, there were large differences between the different models. The domain covered by the experimental data ranged from a few tens of MeV up to 2.6 GeV. The difficulties encountered by some of the models were obviously the same as mentioned above, i.e., the production of fission fragments and the production of light nuclei. However, with the larger range of energies, new difficulties showed up. For example, some models were completely wrong for incident energies below 100-200 MeV; they especially failed to reproduce neutron-rich fission fragments. Note that the threshold production for neutron-rich fragments is much lower than for neutron-poor fission products. Another example is the production of helium at low incident energies.

It must be mentioned that in such a benchmark not all available experimental data are used. Only a selection of the data is considered, first, to ensure that all participants can perform the required calculations and, second, to avoid that the data volume becomes too big. This actually limited the choices concerning projectiles, energies, targets, and types of measurements. This explains, for example, why SMM and JQMD models in Fig. 18 have low ratings. Both are more dedicated to heavy ion reactions, SMM with its sophisticated multifragmentation modules and JQMD with its QMD formalism. The benchmark, however, was on nucleon induced reactions. In addition, when using JQMD there is the problem of computing time. QMD models are obviously able to simulate reactions between a light particle and a nucleus, but INC models are much more efficient thanks to the used approximations, like, e.g., the constant average potential. The question of computing time is crucial when using such models within particle transport codes. To be complete, it must be mentioned that other benchmarks were performed, either by code developers or for specific purposes. The interested reader can find additional information in [305].

Transport codes

As discussed in some detail in section 2, the most successful approach modeling cosmogenic production rates is by using eqn. 3, i.e., by considering the differential particle spectra of the reacting particles and the cross sections of the relevant nuclear reactions. The use of particle codes for describing nuclear interactions of galactic cosmic ray particles with meteorites and later the Moon starting already in the 1960s (and maybe before) [374,375]. However, in these first approaches very crude approximations were made, as for example, that the low-energy neutron production cross sections were assumed to be roughly proportional to the square root of the target mass. In the 1980s several teams based their calculations on the particle transport code HETC [376][START_REF] Chandler | Operating instructions for the high-energy nucleon-meson transport code HETC[END_REF][START_REF] Gabriel | The high energy transport code HETC[END_REF], which is based on the Bertini model for the INC part and which can treat nucleon-nucleus collisions up to 3.5 GeV. In France, B. Zanda and collaborators used a modified version of HETC and stressed several points: above 4 GeV the code is no longer reliable, αinduced reactions are not accounted for, there was a lack of data for neutron-induced reactions, which often lead to the assumption of equal cross sections for proton-and neutron-induced reactions, and for the proton-induced reactions there were still many of the relevant cross sections missing and the Silberberg-Tsao systematics (see above) had to be used [START_REF] Zanda | [END_REF]. In Germany, R. Michel and collaborators modified HETC to produce the HETC/KFA version [START_REF] Cloth | The KFA-Version of the High-Energy Transport Code HETC and the Generalized Evaluation Code SIMPEL[END_REF]. They added a low-energy transport code for the neutrons, MORSE-CG [START_REF] Emmett | Morse Monte Carlo Radiation Transport Code System[END_REF] and an intermediate program, SIMPEL, to merge the information from the high and the low-energy regimes. All codes together made up the HERMES transport code system. It was observed that in meteorites the secondary particles are very important and very often even dominate cosmogenic production rates. Consequently, low-energy neutrons, which are the major type of secondary particles, must be carefully treated. While the early codes were able to reasonably predict the particle fluxes, the calculated production cross sections were not reliable enough for practical applications. Therefore, in most of the early studies experimental data were used for the cross sections and there were major efforts extending the databases [START_REF] Michel | GER)-0052 Database for Proton Induced Residual Production Cross Sections up to 2.6 GeV[END_REF][START_REF] Yu | [END_REF][371]. Doing so, different approaches were used. Some groups assumed that the cross sections for neutron-and proton-induced reactions are the same; some others used models or systematics. The group from R. Michel first calculated the neutroninduced cross sections using the ALICE LIVERMORE code (a pre-equilibrium model) (e.g., [382,383]) and, later, determined the cross sections from thick target simulation experiments. The last method is described in several publications (e.g., [55,56]). For a brief discussion see also section 2. In summary, while major work was into determining the best-possible cross sections for neutron-induced reactions, the database is still scarce and far from sufficient.

Other studies of the same type were performed using the Lahet Code System (LCS) from LANL. This code is relatively similar to the HERMES code, with LAHET instead of HETC, HTAPE instead of SIMPEL, and MCNP instead of MORSE-CG. Not surprisingly, very similar conclusions were drawn, e.g., [384][385][386]. However, another very interesting point was discussed in [387] considering the highenergy part of the cosmic ray spectrum. This aspect is very relevant for calculating the particle spectra in the Earth's atmosphere and in the Earth's surface at lower geomagnetic latitudes. As already mentioned [START_REF] Zanda | [END_REF], HETC is reliable up to 3.5 GeV and a scaling law enables its application up to ∼10 GeV. For some applications, however, this upper limit is not acceptable and so the authors developed an approach by using the high-energy transport code Geant that was originally dedicated to ultrarelativistic particles. Later, recognizing that at this time Geant was indeed more reliable above 10 GeV, one of the authors, J. Masarik, direcly combined Geant [START_REF] Brun | GEANT3 User's guide[END_REF] to MCNP [START_REF] Briesmeister | MCNP -A general Monte Carlo N-particle transport code version 4A[END_REF]. The details are given in [269]. Another version of Geant, Geant4, has then been used for studies of Mars [390], the Moon [391], and polar ice [392].

The aforementioned discussion clearly demonstrates that spallation models, especially when linked to a particle transport code, have already been used for a long time in cosmogenic nuclide studies. In principle, the models allow for a complete calculation of the primary particle spectra if the geometry of the target and its chemical composition are well known. Unfortunately the ingredients of such spallation models are currently not known precisely enough to predict cosmogenic production rates with the required precision, which is a few percent for most nuclides or even better than this for some thermal and epithermal neutron capture reactions. The neutron-induced production cross sections are still one of the main sources of uncertainties. From the modeling point of view, the need for experimental neutron-induced cross sections is not so much in improving the models for cosmogenic production rates but in benchmarking the spallation models. This will in turn improve the spallation models and finally enable to reliably calculate the missing cross sections. Note that also the high-energy component of most spallation models needs to be improved. Some groups moved from LCS or HETC/KFA to Geant to solve this problem, considering that Geant is more reliable. It is worth mentioning here that the most famous transport codes are now able to cover a very large range of incident energies. For example, originally Geant4 was dedicated to ultrarelativistic energies but can now also be used for thermal neutrons. On the other hand, MCNP6, which was originally dedicated to thermal neutrons, now includes models like LAQGSM03 [329] as well as several spallation models, thereby extending its application range from eV energies up to TeV. Similar comments can be made for Phits [START_REF] Sato | [END_REF] and Fluka [START_REF] Ferrari | Fluka: a multi-particle transport code[END_REF]. All those transport codes evolve continuously. For more information see [305]. Note that some of the approximations made in the earlier cosmogenic nuclide studies can now be avoided by using improved and state-of-the-art spallation models. This is addressed in the next section, together with the question of reliability and quantification of uncertainties.

Outlook

Considering the current status of cosmogenic production rate modeling, the development of spallation models, and the availability of such models in particle transport codes, several possible improvements remain or are suggested.

The models so far still rely on crude approximations, e.g., for the α-particles. While the majority of the cosmogenic nuclides are produced either by primary or secondary protons and/or by secondary neutrons, some specific isotopes can also be produced by other projectile types, depending on the target-product combination. Consequently, α's, as primary or secondary particles, and π's, as secondary particles, must be considered for a precise and reliable modeling of such product nuclides. The common rule to account for α-induced reactions is to consider the α-particle as two protons and two neutrons, each carrying one quarter of the energy. This is a reasonable approximation for high-and mediumenergy reactions but it fails for low-energy reactions as already stated in [33]. In fact, the momenta, and so the relative energies, of each nucleon in the α particle, are not the same when entering the target nucleus. While such differences are expected to be minor at high incident energies, they become relevant at low incident energies. In addition and especially at low energies, some nucleons of the αparticle can enter the target nucleus and some others not. This so-called breakup process has already been mentioned earlier [393]. Finally, some nucleons of the α-particle can be so low in energy that when entering the target nucleus no cascade is initiated and a compound nucleus is directly formed. Obviously, these aspects must be included in spallation models in order to reliably describe α-induced reactions over the entire energy range of interest. All were implemented into the INCL4.6 code (and so INCL++) as described in detail in [123,348,394]. It has been shown that it is now possible to reliably calculate contributions from α-induced reactions.

When the incident energy increases, not only the number of secondary π's increases but also their kinetic energies, resulting in higher cosmogenic production rates due to the π's. This topic has recently been investigated by Li et al. [395] using simulations of cosmogenic nuclides on the Moon, calculated using the Geant4 transport code. The secondary π-spectra never exceeded 5 GeV, therefore the Bertini model was used for the π's and the BIC code treated the nucleons. The results for 10 Be and 14 C were surprising, about 20% of their production comes from π's! For 26 Al, 36 Cl, and 53 Mn the contributions are ∼5%. Though, this is within the range of typical uncertainties, it is nevertheless important for studies on model reliabilities and uncertainties. Although some uncertainties still exist, it is obvious that π's can play an important role for cosmogenic nuclide studies. On the same topic, some particular reactions induced by energetic neutrons must be considered very carefully. As previously discussed, major efforts have been done determining the neutron-induced production cross sections. Since few measurements are available, the method developed in [56], i.e., unfolding thick target measurements, is probably the most reliable to obtain the missing cross sections. However, for the unfolding procedure a guess function is needed for the deconvolution. The more reliable the guess functions, the better the final result. So far the guess functions were either based on the assumption of same cross sections for proton-and neutron-induced reactions and/or on model results using TALYS with the assumption of the same cross sections for proton-and neutron-induced reactions at higher energies. Here is a possible to improve the database by using results from state-of-the-art spallation models as guess functions. However, considering calculating the cross sections (either directly or as guess functions for the deconvolution procedure), the few-nucleon removal reactions are often difficult to simulate by spallation models due to the energy distribution in the target nucleus, which is sometimes not realistically described and which often results in wrong excitation energies. A recent study demonstrated interesting improvements in this domain by including some missing quantum mechanical effects [331].

Since most of the spallation models have continuously been improved over the years and they currently become more available in transport codes, some of the previous studies should be re-performed using the more reliable models. For example, the Bertini model in Geant4 has been extended and can now be used up to 10 GeV [334,[START_REF]Geant4 Collaboration Geant4[END_REF], which might change the results for π-induced production rates on the Moon. The INCL4.6 model [348] is available in Phits and INCL++ is available in Geant4. This last version includes multipion, η, ω, and strangeness production, which enables its use up to 15-20 GeV. According to the IAEA benchmark INCL4.6/Abla07 was one of the best models or model combinations to simulate production of nuclides. Recently, a C++ version of Abla07, Abla++ [START_REF]Geant4 Collaboration Geant4[END_REF], has been programmed and upgraded for strangeness production, making the use of the combination INCL++/Abla++ available in Geant4 [START_REF]Geant4 Collaboration Geant4[END_REF]. Improvements are also possible for the studies based on LCS, which is now included in MCNP6 (https://laws.lanl.gov/vhosts/mcnp.lanl.gov/index.shtml), in which the combination CEM03 and LAQGSM03 cover the entire range of energies relevant for the cosmogenic nuclide studies. Although they were not very often used for such studies, the transport codes Phits and Fluka can also be applied, knowing that in Phits the default models for nucleons and π's up to 3 GeV is INCL4.6 and for higher energies it is JAM. For Fluka below 5 GeV the PEANUT model is used and beyond it is the Glauber-Gribov model [396]. This discussion demonstrates, however, that in most of the transport models the entire energy range of interest can only be covered by a combination of codes, one for the lower energies and one for the higher energies. However, this merging of codes sometimes results in jumps in the data, since the results from the low-energy code do not match the results from the high-energy code. This can be smoothed out by randomly choosing one code or the other in the overlapping energy region. According to the cosmic ray particle spectra, it seems reasonable to consider only particles with incident energies below, e.g., 10-20 GeV, which is actually the upper limit for most of the studies done so far. To avoid this merging of models was a major motivation for the developers of the INCL++ model to extend the code up to 15-20 GeV. Thanks to the recent improvements, there is now only one code necessary to describe all relevant types of nuclear reactions over the entire range of relevant energies. Note that this is especially true considering that INCL also reliably predicts nuclear reactions in the low-energy range of a few tens of MeV [348].

Finally, there is a major question considering uncertainties; a question rarely discussed properly in studies of cosmogenic nuclides. In eqn. 3 (section 2) the most delicate ingredients for calculating production rates are the excitation functions, i.e., the cross sections as a function of energy. An interesting approach estimating the uncertainties of the model calculations is given by [34] using quality factors. Five factors were defined from A to E, where A indicates the most reliable information, that is when numerous high quality data are available for the proton-induced cross section and measured thick target yields enable applying the deconvolution procedure for the neutron-induced reactions. The quality factor E indicates that there are no experimental data and one had to rely on calculated data for proton-and neutron-induced reactions. What is indicated with this ranking is less the accuracy of the input data than the lack of information. The need of accurate cross sections was the major motivation for the numerous measurements performed mostly by R. Michel [369, and references therein] and by Yu. Titarenko (e.g., [START_REF] Yu | [END_REF]371], and the many more studies for which the results are summarized in https://www-nds.iaea.org/exfor/exfor.htm). The experimental data were not only used in the different cosmogenic nuclide studies mentioned above, they were also used as benchmarks for spallation models. In those benchmarks, deviation factors were used to quantify the differences between models and experimental data. Those deviation factors [START_REF] Yu | Konobeyev Deviation factors[END_REF][START_REF] Michel | The Concept of Intrinsic Discrepancy Applied to the Comparison of Experimental and Theoretical Data for Benchmarking Spallation Models[END_REF][399][400] can be relatively simple or they can be more sophisticated in order to avoid spurious over-or underestimates. A non-complete list is given below, where it is obvious that the R factor is not symmetric but is being dominated by overestimation. In contrast, the S factor is not only symmetric but it also accounts for the experimental uncertainties. The deviation factors must be treated carefully following their definition and considering what will be quantified. For example, should large cross sections have more weight than small cross sections? The answer is not straightforward. The second question is according to the goal of the comparison. Is the goal to compare absolute values or the shape of the excitation functions. Each deviation factor characterizes the calculated results in a very specific way. An interesting difference for the different factors is whether or not experimental uncertainties are taken into account. Obviously, the more information is used, the better the result will be. That was actually the message of S. Mashnik [274], where the author emphasizes not to limit to one source of cross sections and suggests that it would be [even better] to produce an universal evaluated library of spallation cross sections needed for astrophysics, using together available experimental data and calculations with the most reliable codes. To achieve this objective, it is necessary to be able to define, for a given cross section, the bias associated with the model used, i.e., the errors of the model as it can be estimated from experimental data. A study on this topic focused on neutron production cross sections has been done recently [401]. The results are very encouraging. The method relies on the updated Bayesian formula, which states that a prior probability distribution can be improved by the use of additional information (called likelihood function). In this case the experimental cross sections were the additional information. In addition, the Bayesian formula can be an even more powerful tool. The same author, in another study [START_REF] Schnabel | Report D11.6 within the CHANDA European project[END_REF], showed that experimental data could also be used to better define some of the ingredients of the models. The mentioned study explains the method, its possibilities, and the difficulties. The accuracy of the cross sections used in eqn. 3 might benefit from the results of the two studies just discussed [401,[START_REF] Schnabel | Report D11.6 within the CHANDA European project[END_REF].

Conclusion

Cosmogenic nuclides, i.e., nuclides produced by the interactions of solar and/or galactic cosmic ray particles with -among others -meteorites, planetary surfaces, and planetary atmospheres have been known for more than eighty years. The goal of this review article is to present the current status of cosmogenic nuclide studies, covering a large variety of applications ranging from meteorite research to Earth's surfaces sciences (section 2). We also discuss some aspects related to solar and galactic cosmic rays, especially we discuss their temporal variability (section 3). Since cosmogenic nuclide production rates are for all studies essential to reliably interpret the measured cosmogenic nuclide record and since for calculating the production rates the differential spectra of the relevant particles and the cross section data are needed, we dedicated an essential part of this review to a description of the relevant nuclear model codes and we especially focus on the impressive improvements recently achieved for nuclear spallation models (section 5).

We first present the huge variety of applications, demonstrating that cosmogenic nuclide studies are essential and indispensable tools for all types of planetary studies, ranging from the age of tiny presolar grains to landform shaping erosion processes. Section 2 is split into two parts; extraterrestrial applications and terrestrial applications. For the extraterrestrial applications the main focus is very often on the determination of cosmic ray exposure (CRE) ages. During cosmic ray exposure of a meteorite, cosmogenic nuclides are produced, which enable to not only study this special time period in detail but also other and more general questions considering the dynamics of small bodies in the solar system. For example, by combining CRE ages for many meteorites from the same group, the data clearly indicate that meteorite production is not a continuous process but that most meteorites are actual produced in just a few catastrophic collisions. In addition, CRE ages for presolar grains, which are condensates from asymptotic giant branch stars, can only be determined using cosmogenic nuclides. The results, though not yet precise and reliable enough, give already important constraints for the dynamics and collisional lifetime of interstellar dust. Cosmogenic nuclides in meteorites also enable calculating terrestrial ages, i.e., the time a meteorite spent on Earth before being found and analyzed. Again, combining the results for many meteorites enables studying the temporal constancy of the flux of extraterrestrial material to Earth. One important point for all the applications is, that for the interpretation of the measured cosmogenic nuclide record the production rates must be known.

Since the terrestrial surface is efficiently shielded from cosmic rays due to the Earth's magnetic field but also due to the overlying atmosphere, the cosmogenic production rates are orders of magnitude lower than they are for meteorites and lunar samples. It therefore required some improvements in the detection techniques before terrestrial cosmogenic nuclides could be used for Earth science studies. In recent years, however, the number of studies utilizing terrestrial cosmogenic nuclides has been increased significantly. The applications thereby range from exposure dating, dating sediment burial, to studies of erosion and denudation rates. In addition, terrestrial cosmogenic nuclides are now also standard tools for studies of uplift rates and soil dynamics. The most popular and most likely most often used and most versatile terrestrial cosmogenic nuclides is 14 C; the radiocarbon method is routinely utilized for archeology, geology, geochemistry, hydrology, and oceanography.

For almost all applications, terrestrial and extraterrestrial, the production rates of the cosmogenic nuclides still remain the most important ingredient for a proper interpretation of the measured nuclide concentrations. Typically, the production rates depend on numerous parameters, like for example, the chemical composition of the individual sample, the chemical composition of the meteorite, the size and shape of the meteorite, but also the altitude and latitude on the Earth's surface, the intensity and orientation of the Earth's magnetic field, and the spectral shape and the intensity of the solar and galactic cosmic rays. Since it is not possible and it would also not be feasible to measure for each individual application all cosmogenic production rates, they must somehow be calculated using dedicated models. The most successful models are based on the differential particle spectra calculated using very sophisticated spallation and transport codes and the production cross sections. The cross sections are often either experimental data (if available) or they have been calculated using the same type of spallation models. In some more advanced studies the cross sections for the neutron-induced reactions were obtained using a thick target deconvolution approach but a guess function, which is very often calculated using a nuclear model, is needed. Consequently, nuclear modeling of spallation reactions is an essential task for most cosmogenic nuclide studies, either directly for the particle spectra and the cross section or indirectly for the approach to determine cross sections out of measured data. This is the reason why a significant part of this review article is dedicated to the basics of but also to the impressive improvements recently achieved for modeling spallation reactions (section 5).

Over the last twenty years many different groups worked on an improvement of nuclear spallation codes. In 2010 an IAEA benchmark, in which most of the well-known models participated, showed that indeed significant improvement had been achieved. The benchmark also indicated that there are still some weaknesses and it gave some hints how to solve them and how to further improve the models. The combination of codes INCL-Abla, where INCL treats the first phase of the reaction, i.e., the intranuclear cascade, and Abla the second phase, i.e., the de-excitation of the hot nucleus, is a good example for the capabilities and reliabilities of the models. After being recognized by the IAEA benchmark as one of the best combination of codes concerning cosmogenic nuclide production, both individual models were since then further improved. A major goal thereby was to cover the entire energy range relevant for cosmogenic nuclide studies, that is from tens of MeV to 10-20 GeV and not only for protons, neutrons, and π's as projectiles but also for reactions induced by clusters, like the α-particle.

A few words on cross sections. Most of the data exist for proton-induced reactions, though some data need to be re-analyzed due to changes in half-lives and/or changes in AMS standards. The situation is worse in case of neutron-and α-induced reactions for which the database is very scarce and scattering. Very often the only alternative is therefore to calculate the relevant cross sections using the same type of spallation models. Consequently, also this branch of a cosmogenic production rate benefits from the recent improvements achieved for modeling spallation reactions.

While improving the spallation models is a very significant task to improve studies of cosmogenic production rates, it is essential to implement the codes into particle transport codes like, e.g., Geant4, to enable a full calculation of particle spectra and nuclide production in macroscopic bodies like meteorites and the Earth's surface. For some applications, however, computing time is still an issue. For example, studying large scale erosion and denudation rates requires the knowledge of the production rates for an entire landscape, which can have a very complex geometry. To reduce computing time, building data libraries to avoid the use of complex spallation models in the transport codes could be an option. Some approaches already exist, e.g., JENDL-HE [START_REF] Kunieda | JAEA-Conf 2016-004 Overview of JENDL-4.0/HE and benchmark calculations[END_REF] or HEIR [START_REF] Fleming | [END_REF], but they are still limited in energy and not available for all relevant particle types. It is, however, an interesting possibility.

Finally, another topic that has largely been ignored so far is related to the uncertainties. It is obvious that the uncertainties of calculated cosmogenic nuclide production rates are related to the uncertainties of the used spallation models. Proper handling of the uncertainties will enable to further improve the essential ingredients of the model and will give more confidence in the calculated production rates. Preliminary work based on Bayesian statistics showed interesting and encouraging results [401].
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 4 Figure4: Modeled results for the GCR production rate of21 Ne as function of depth/radius in an H chondrite with a pre-atmospheric radius of 25 cm (solid line) and 20 cm (dashed line). Space erosion can reduce the initial radius of 25 cm to 20 cm in ∼20 Ma of continuous exposure and erosion. The data are taken from[34].
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 5 Figure5: Exposure age distributions of ordinary chondrites (H, L, LL) and enstatite chondrites (EL, EH). The time resolution on the logarithmic abscissa scale for the upper three panels is 10%, which corresponds to the typical uncertainty that can be achieved. For most published data the uncertainties are larger. For the ordinary chondrites the black bars show only the data with the highest quality. For E-chondrites the time resolution is chosen as 20%, reflecting the typically higher uncertainties. All meteorites with exposure ages less than 1 Ma are off-scale and are only given by the numbers close to the arrows. The dotted curves show the expected CRE age distributions assuming continuous delivery and mean orbital lifetimes of 5, 10, and 20 Ma, respectively. The diagram is taken from[START_REF] Wieler | [END_REF].

Figure 6 :

 6 Figure 6: Pairing corrected cosmic ray exposure age histogram for ureilites.The data indicate a decreasing number of ureilites with increasing cosmic ray exposure age. In addition, there is a slight indication for a peak at ∼30 Ma containing ∼12% of all studied ureilities. The data are from[80].

Figure 7 :

 7 Fig. 3

Figure 8 :

 8 Figure8: Accumulation of cosmogenic10 Be as a function of the exposure time in eroding surfaces assuming the samples started without any inherited10 Be at the onset of irradiation. The data are calculated assuming a hypothetical production rate of 1 cm -2 a -1 . The solid lines are for no erosion and for erosion rates of 1 m/Ma, 10 m/Ma, and 30 m/Ma.

  e., P ( 26 Al, z) = P ( 26 Al) × e -z L 26 (28a) P ( 10 Be, z) = P ( 10 Be) × e

Figure 9 :

 9 Figure 9: Rigidity spectrum for solar protons in space and for typical spectral shapes of R 0 = 70, 90, and 125 MV and J(E>10MeV) =100 protons/cm 2 /4π.

Figure 11 :

 11 Figure11: Spectra of galactic cosmic ray protons at 1 AU. The spectra are plotted for M = 390, 600, 820, and 1080 MeV, which represent the solar activity at the years1965, 1968, 1980, and 1989, respectively[214][215][216][217]. Also shown is the galactic cosmic ray particle spectrum for M = 550, which represents the best estimate for the long-term average[33,34].

Figure 12 :

 12 Figure 12: Neutron spectra calculated using the INCL++-Abla++ model combination ( [41,123,279]) for the reactions p+C (left panel), p+Fe (middle panel), and p+Pb (right panel). The results are shown for the three incident proton energies 150 MeV (red; dashed), 1000 MeV (blue; dashed-dotted), and 10,000 MeV (green; solid).

Table 3 :

 3 Number of particles (low: E≤20 MeV; high: E>20 MeV) per incident proton as a function of the charge of the target and the projectile energy. The calculated results for the production of neutrons, protons, π's, α's, and Intermediate Mass Fragments (IMF) are obtained using the INCL++-Abla++ ([START_REF] Kelic | IAEA-INDC(NDS)-1530 Joint ICTP-IAEA Advanced Workshop on Model Codes for Spallation Reactions[END_REF]123,[START_REF]Geant4 Collaboration Geant4[END_REF]) combination. For more details see text.

Figure 13 :Figure 14 :

 1314 Figure 13: Spectra for α's (left panel) and π's (right paneld) calculated using the INCL++-Abla++ model combination ( [41, 123, 279]) for the reaction p+Fe. The results are shown for the three incident proton energies 150 MeV (red; dashed), 1000 MeV (blue; dashed-dotted), and 10,000 MeV (green; solid).

Figure 15 :

 15 Figure 15: Mass distributions (A > 4) calculated using the INCL++-Abla++ model combination ( [41, 123, 279]) for the three reactions p+Fe (left panel), p+Xe (middle panel), and p+Pb (right panel) and the three incident proton energies 150 MeV (red; dashed), 1000 MeV (blue; dashed-dotted), and 10,000 MeV (green; solid). The y-axis are given in arbitrary units.

Figure 16 :

 16 Figure 16: Mass distributions of the Z=26 element calculated using the INCL++-Abla++ model combination ( [41, 123, 279]) for the proton induced (blue solid line) and neutron induced (red dasheddotted line) reaction on Fe at 150 MeV (left panel) and 1000 MeV (right panel). The y-axis are given in arbitrary units.

Figure 17 :

 17 Figure 17: Average excitation energies of the remnant nuclei at the end of the intranuclear cascade. Calculations were done with the INCL++ model [123] for five different targets (C, Si, Fe, Xe and Pb) and seven incident proton energies (from 20 MeV up to 20 GeV). Trend lines are also plotted.

  

  

  Al) = P ( 26 Al) × (1e -λ 26 ×Texp )

	λ 26	and T exp = -	1 λ 26	× ln(1 -	N ( 26 Al) × λ 26 P ( 26 Al)	)

Table 2 :

 2 Radionuclides useful to study terrestrial ages of meteorites, their half-lives, and the references of the pioneering studies.

	Nuclide Half-life References
	39 Ar	269 years	[85]
	14 C	5.73 kyrs	[86]
	41 Ca	100 kyrs	[79]
	59 Ni	76 kyrs	[87]
	81 Kr	229 kyrs	[62, 88]
	36 Cl	300 kyrs	[79, 89]
	26 Al	700 kyrs	[18, 90]
	60 Fe	2.62 Myrs	[91]
	10 Be	1.39 Myrs	[89]
	53 Mn	3.7 Myrs	[89, 92]

Table 4 :

 4 List of INC models. More details in the text.

	INC	Projectile	E incident	References
	models	types		
	Cascade04 Cascade-asf CascadeX CEM03 + LAQGSM03 Isabel INCL++ BIC Bertini (Geant4) Bertini (MCNP) Bertini (Phits) JQMD JAM	n, p π ions (A > 1) ≤ tens of GeV/nucleon ≤ tens of GeV ≤ tens of GeV n, p ≤ 10 GeV π ≤ 10 GeV ions (A > 1) ≤ 1 GeV/nucleon n, p ≤ 2 GeV π ≤ 2 GeV ions (A ≤ 40) ≤ 2 GeV/nucleon ions (A > 40) ≤ 1 GeV/nucleon n, p ≤ 5 GeV π ≤ 2.5 GeV ions (A > 1) ≤ TeV/nucleon n, p ≤ 0.8 GeV π ≤ 1 GeV d, t, 3 He, α ≤ 1 GeV/nucleon n, p ≤ ∼ 15 GeV π ≤ ∼ 15 GeV ions (A ≤ 8) ≤ ∼ 15 GeV/nucleon n, p ≤ 10 GeV π ≤ 10 GeV d, t, 3 He, α ≤ few GeV/nucleon n, p ≤ 10 GeV π ≤ 10 GeV n, p ≤ 3.5 GeV π ≤ 2.5 GeV n, p ≤ 3 GeV π ≤ 3 GeV ions (A > 4) ≤ 3 GeV/nucleon n, p > 3 GeV	[326] [327] [328] [312, 329] [330] [40, 123, 331, 332] [333] [334, 335] [336] [337] [337, 338]
		π	> 3 GeV	[337, 339]
		ions	> 3 GeV/nucleon	
	PEANUT + RQMD-2.4 + DPMJET	n,p π ions (A > 1) ions (A > 1)	≤ 5 GeV ≤ 5 GeV ≤ 5 GeV/nucleon > 5 GeV /nucleon	[340] [341] [342]
	MCMC	n, p	≤ 2.5 GeV	[343, 344]

Table 5 :

 5 

		Channels	Comments	References
	model			
	Dresner-RAL	EVAP -FISS -FB	fission from Z> 69	[350, 351]
	Dresner-ORNL	EVAP -FISS -FB	fission from Z> 92	[350, 352]
	GEM (Phits)	EVAP -FISS -FB	fission: based on RAL	[353]
	GEM2 (CEM03)	same as GEM, ingredients modified	fission from Z> 64	[312]
	Abla07	EVAP -FISS -breakup	breakup: power law	[41]
	GEMINI++	EVAP -FISS -binary breakup		[323]
	SMM	EVAP -FISS -FB -multifragmentation		[319, 354]
	MCEF	EVAP -FISS		[355]

List of de-excitation models. EVAP: evaporation; FISS: fission; FB: Fermi Breakup. More details in the text.

Journal Pre-proof

N + n → 14 C + p

the reader will find all information in http://www.oecd-nea.org/dbdata/data/nds eval libs.htm

BBGKY: Bogolioubov-Born-Green-Kirkwood-Yvon

the reader will find more details about the technical aspects solving the BUU equation in[310] 

IMFs are also produced. A possible way to simulate the emission of IMFs is to extend the evaporation formalism. However due to the large number of possible configurations, the particle decay widths (or particle emission probabilities) cannot be calculated for each potentially emitted cluster if one decides on the de-excitation mechanism. In general we haveP i = Γ i Γ tot , with Γ tot = Γ n + Γ p + Γ d + Γ t + Γ3 He + Γ α + Γ gamma + Γ f ission + Γ IM F .

g A,Z is the spin degeneracy, n A,Z the number of fragments with mass A and charge Z in the partition, A 0 the mass of the system, M the fragment multiplicity, λ the nucleon wavelength function, and T p the temperature. The excitation energy of the system is E 0 and F A,Z is the Gibbs free energy.

e.g., not discussing kaons as projectiles

we use here two different names for two different modeling approaches of a same process: the breakup of a highly excited nucleus into several fragments