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The EXCITING Experiment Exploring the Behavior of Nitrogen and Noble Gases in Interstellar Ice Analogs

Comets represent some of the most pristine bodies in our solar system and can provide a unique insight into the chemical makeup of the early solar system. Due to their icy volatile-rich nature, they may have played an important role in delivering volatile elements and organic material to the early Earth. Understanding how comets form can therefore provide a wealth of information on how the composition of volatile elements evolved in the solar system from the presolar molecular cloud up until the formation of the terrestrial planets. Because noble gases are chemically inert and have distinct condensation temperatures, they can be used to infer the temperatures of formation and thermal history of cometary ices. In this work, we present a new experimental setup called EXCITING to investigate the origin and formation conditions of cometary ices. By trapping nitrogen and noble gases in amorphous water ice, our experiment is designed to study the elemental and isotopic behavior of volatile elements in cometary ice analogs. We report new results of noble gas and nitrogen enrichment in cometary ice analogs and discuss the limitations of the experimental conditions in light of those supposed for comets. We show that forming ice analogs at ∼70 K best reproduce the noble gas and N 2 abundances of comet 67P/Churyumov-Gerasimenko, considering a solar-like starting composition. This formation temperature is higher than previous estimates for cometary ices and suggests that the formation of cometary building blocks may have occurred in the protosolar nebula rather than in the colder molecular cloud.

Introduction

The Earth is unique among the terrestrial planets in that it has liquid water on its surface, which is a vital feature for rendering it habitable for life. The similarity in isotope signatures (such as O, Ti, Ru, or Mo) between the Earth and enstatite chondrites suggests that our planet formed mainly from noncarbonaceous (NC) volatile-poor material originating from the inner solar system (Dauphas 2017;Burkhardt et al. 2021). During the early stage of Earth's accretion, the solar nebula at around 1 au would likely have been too hot for water ice to condense and be incorporated into Earth's NC-like building blocks. To account for Earth's current volatile budget and overall oxygen fugacity, the addition of volatile-rich material analogous to carbonaceous chondrites or comets has been previously advocated (Alexander et al. 2012;Marty 2012;Rubie et al. 2015).

Comets, which formed in the cold outer solar system, are rich in ices and constitute potential candidates for the delivery of large amounts of volatile elements to early Earth (Pepin 1991;Owen et al. 1992). However, the paucity of measurements of volatile elements in cometary matter has hampered quantification of any cometary contribution to the terrestrial volatile budget (Owen & Bar-Nun 2001). Fundamental insights into the nature and origin of cometary volatiles have relied mainly on ground-based observations (Arpigny et al. 2003;Hutsemékers et al. 2008;Bockelée-Morvan et al. 2015) and laboratory analog experiments (Bar-Nun et al. 1985;Notesco et al. 2003). The NASA-led Stardust mission to comet 81P/Wild was able to return refractory comet material to Earth for analysis for the first time (Brownlee et al. 2006). This mission did not directly return any cometary ice due to the highly energetic capture process, such that our knowledge of the volatile composition of cometary ice is limited. However, the European Space Agency Rosetta mission to comet 67P/ Churyumov-Gerasimenko (67P/C-G) in 2014 provided the first in situ analyses of cometary volatiles including noble gases and delivered crucial insights into the chemical and isotopic composition of the coma of comet 67P/C-G using the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) instrument (Balsiger et al. 2007;Le Roy et al. 2015).

Constraints brought by the analysis of hydrogen isotopes in 67P/C-G (Müller et al. 2022) and other comets (from groundbased observation; Bockelée-Morvan et al. 2015, and references therein) suggest that comets are unlikely to have provided significant amounts (>1%) of Earth's water based on the extreme difference in D/H between comets and Earth's surface water (Altwegg et al. 2015;Alexander et al. 2018). Nonetheless, in light of recent isotopic measurements of noble gases within the coma of comet 67P/C-G, comets may have contributed up to 25% of the Earth's krypton and xenon (Marty et al. 2017;Rubin et al. 2018;Bekaert et al. 2020;Rubin et al. 2020). The difference between the potential cometary contribution of noble gases and H is due to the high noble gas-towater ratio in comets compared to Earth (Marty et al. 2016;Bekaert et al. 2020).

Contrary to primitive meteorites, in which volatiles are mainly present in hydrated minerals and organic material, a significant fraction of the volatile (H, C, N, O, S, and noble gases) budget of comets is contained within ices (Rubin et al. 2019). The presence of large amounts of guest volatile species in cometary ice is considered to be the result of them being trapped in the amorphous structure of water ice (I a type; Ghormley 1967;Bar-Nun et al. 1985) when water molecules condense at low temperature and pressure (such as those found within the interstellar medium or the outer part of the protosolar nebula). The highly porous structure of I a is able to trap large amounts of guest volatile species (Bar-Nun et al. 1987;Parent et al. 2002) and retain them within the lattice by van der Waals forces (Bar-Nun et al. 2007), even when the temperature rises above the sublimation temperatures of the guest volatile species. When the cometary ice is heated above ∼120-140 K, its structure changes from amorphous to a crystalline cubic ice structure (I c ; Jenniskens & Blake 1994), and guest species are released from the pores of the I a structure (Bar-Nun et al. 1987). Such a transition is likely to occur during the inward migration of cometary bodies in the solar system, resulting in the partial loss of volatiles from the cometary ice (Rubin et al. 2019;Gkotsinas et al. 2022). Moreover, the trapping efficiency of different volatile species depends on the temperature of formation of the amorphous cometary ices [START_REF] Bar-Nun | Solar System Ices[END_REF]Notesco et al. 2003) and the rate of ice deposition (Ciesla et al. 2018). The efficiency decreases when the deposition rate decreases because guest species are prone to diffusing out of the amorphous ice porosity before another H 2 O layer "closes" the pores (Ciesla et al. 2018). Consequently, the volatile budget of comets is highly dependent on the condensation conditions and thermal evolution of cometary ices (Rubin et al. 2018). The elemental abundances of cometary volatiles can thus be used to infer the conditions of comets' formation and evolution.

Laboratory-based experimental observations have shown that the N 2 /CO ratio may be sensitive to the temperature of ice formation due to the distinct sublimation temperatures of N 2 and CO (∼25 K for N 2 , ∼30 K for CO; Luna et al. 2014) and polarizabilities (Bar-Nun et al. 2007). As such, the low N 2 /CO measured in the coma of 67P/C-G relative to a protosolar composition suggested that the ice fraction of 67P/C-G formed from a gas of solar composition at temperatures below 30 K (Rubin et al. 2015). However, the Xe isotopic composition measured for 67P/C-G is clearly distinct from a solar composition (Marty et al. 2017), suggesting that the elemental composition may have a nonsolar origin, at least for heavy noble gases. The Xe isotopic signature is thought to be influenced by the signature of a nucleosynthetic anomaly of presolar origin, suggesting that cometary building blocks may have acquired their noble gas composition prior to solar system formation (Avice et al. 2020). Moreover, the physical and chemical processes controlling the elemental and isotopic compositions of cometary ices are poorly constrained [START_REF] Bar-Nun | The Science of Solar System Ices[END_REF]. Therefore, the nature of the primordial (solar or presolar) environment from which cometary ice formed needs to be investigated.

Heavy noble gases (Ar, Kr, and Xe) and nitrogen are highly volatile species, with condensation temperatures ranging from 40 to 90 K. Noble gases (and N 2 to some extent) are inert, and their elemental and isotopic signatures are altered primarily by physical processes. These elements can thus be used as tracers regarding the cometary ice formation and evolution history. Studies of the capacity of amorphous cometary ice analogs to trap and retain gases above their sublimation temperature have been used previously to predict the elemental noble gas composition of comets reaching the terrestrial planet regions (Bar-Nun et al. 1987;Jenniskens & Blake 1994;Stevenson et al. 1999;Notesco et al. 2003;Yokochi et al. 2012). Because of their different condensation temperatures, noble gases can be used as cosmochemical thermometers to infer the temperature of formation of cometary ices and thus provide key constraints on the formation environment of comets (Yokochi et al. 2012).

We have developed a novel experimental setup to form cometary ice analogs from mixtures of water, nitrogen, and noble gases under vacuum at temperatures between 28 and 80 K. Using this apparatus, we investigate the potential elemental fractionation of volatiles during their trapping in-and release from-water ice under a variety of conditions relevant to the interstellar medium or protoplanetary disk (i.e., formation temperature, level of irradiation by Lyα photons). By definition, any elemental fractionation will change the N 2 /Ar, Kr/Ar, or Xe/Ar ratios in the ice compared to the initial composition of the gas mixture due to differences in condensation temperatures and rates of diffusion within the ice between different gas species. Ultimately, the use of this experimental setup aims to improve our knowledge of the chemistry of early cometary ices, providing new constraints on their formation environment(s). One of the primary goals of this experiment is to investigate whether it is possible to reproduce fractionation behavior that could yield elemental and isotopic compositions similar to those measured on 67P/C-G.

Methodology

The experimental setup known as Exploring Xenon in Cometary Ices by Trapping and Irradiating Noble Gases (EXCITING) was developed at CRPG (Nancy, France) to create cometary ice analogs from mixtures of water, nitrogen, and noble gases. The experimental setup is shown Figure 1. The general working principle of the EXCITING experiment is first presented, followed by a more detailed description of the setup.

General Working Principle

The fundamental principle of the experiment is to introduce a controlled mixture of water vapor, N 2 , and noble gases to a vacuum chamber containing a cooled plate located inside a cryogenic trap to form amorphous water ice under vacuum (Figure 1). The vacuum system reaches a typical maximum pressure of 5 × 10 -8 mbar at room temperature. The proportion of water and noble gases in the gas mixture is monitored using a quadrupole mass spectrometer (QMS, loop L1; Figure 1) and precisely adjusted with micrometer needle valves to the desired proportions. The cryogenic trap is isolated from loop L1, pumped through the mass spectrometer's purification line, and cooled down. Once the gas mixture is adjusted and the trap is held at 28 K, loop L1 is closed and loop L2 is opened, allowing the gas mixture to flow through the cryotrap, ion gauge, and QMS. This enables the gas to be partially condensed on the trap and analyzed for its elemental composition using the QMS (Figure 1). After around 5 minutes of deposition, the gas supply is closed, and the rest of the line, including the cryostat, is kept under high vacuum using pump 1. The ice sample can then be thermally processed and/or irradiated by an ultraviolet (UV) lamp. During heating of the ice, the composition of the gas flux coming from the cryotrap is continuously monitored with the QMS. The initial and released gas fractions can be analyzed for their isotopic compositions with an online sector-type mass spectrometer working in static mode (GV instruments Helix MC). In order to prepare an isotopic analysis, the cryotrap is heated up to the temperature required for noble gases to be released. Just before reaching this temperature, the system is set to static mode (pumps closed). Sublimated gases are then equilibrated for a few minutes at the given temperature step, and an aliquot of gas is sampled with a pipette, which is sent directly to an online getter connected to the purification line of the static noble gas mass spectrometer (Figure 1). The different sections of this apparatus are described in greater detail below.

Setup Description

The setup is built with 16 mm (internal diameter) stainless steel tubes, connected using CF and VCR connections and Swagelok© valves (Figure 1). The whole setup is able to maintain a low pressure of around 10 -8 mbar using Pfeiffer Vacuum© (TMU 071P model) turbomolecular pumps. Pressure in the line is monitored using an ion gauge (MKS©, Mini Ion Gauge model). Two microleak valves (VAT©) connect a bottle of pure Xe (99.999%, 53 bar, Air Liquide©) and a bottle containing a mixture of N 2 :Ne:Ar:Kr:Xe in the molar ratio 50:20:10:10:10 (99.999% for N 2 , Ne, and Ar, 99.998% for Kr and Xe, 150 bar, Messer©) to the mixing volume ahead of the cryogenic head (Figure 1). A third microleak valve connects a vapor-saturated distilled water reservoir to the steel tube mixing volume (∼30 cm 3 ; Figure 1). The cryostat consists of an adapted cryogenic system built by Cryoscan© (Nancy, France) containing a copper plate (18 mm in diameter) that can be cooled down to 25 K by helium circulation in a closed system. The temperature of the plate can be adjusted from 25 K to room temperature using a resistance heater connected to a Scientific Instrument @ (model 9700) temperature controller. A high vacuum between the inside of the cryogenic head and the exterior is maintained using a turbomolecular pump (Pfeiffer Vacuum©, TMU 071P model) in order to maintain thermic isolation (Figure 2, Appendix Figures A1 andA2). Because the device is dedicated to elemental and isotopic measurements, the chamber is not equipped with instruments able to observe and measure the thickness of deposited ice or identify the structure (amorphous or crystalline) of the ice.

Gas mixtures are introduced for deposition on the cold plate inside the cryogenic head through a 2 mm (internal diameter) capillary (Figure 2). The tip of the capillary is located 10 mm away from the plate. Below the horizontal plate, a deuterium lamp (H2D2 light source unit Hamamatsu© L11798) is connected to the system via a MgF 2 window and can irradiate the gas mixtures during deposition, as well as the surface of the ice (Figure 2). The wavelengths of the photons range between 120 and 200 nm (Figure A3), with peaks at 124 (the Lyα wavelength from solar irradiation) and 160 (9.8 and 7.7 eV, respectively) nm. Future experiments will investigate how irradiation damage of the ice (Tachibana et al. 2017) may affect the trapping of volatile species. Finally, a primary pump (Pfeiffer Vacuum©, MKV 015-2 model) maintains a vacuum of around ∼10 -3 mbar in the volume between the lamp window and the cryogenic head volume (Figure 2).

Quadrupole and Noble Gas Mass Spectrometers

Gas species in the mass to charge m/z ranging from 1 to 150 (water with pure xenon or water with nitrogen and noble gases) are monitored using a QMS (Pfeiffer Vacuum PrismaPlus© QME 220) under dynamic mode (continuous pumping with a turbo pump placed after the QMS). Micrometric valves allow the flux of gases to be precisely controlled and are used to fix the proportion of water and noble gases in the gas mixture.

During the experiments, the gas released from the Cu plate is circulated through the QMS for analysis (dynamic mode) and pumped out. To perform isotopic analysis, larger quantities of 2). IG: ion gauge. QMS: quadrupole mass spectrometer. The NG bottle contains noble gases (Ar, Kr, and Xe) and nitrogen, L1 and L2 refer to the two loops of gas flow discussed in the main text, and P1 and P2 are two turbomolecular pumps. gas are required, and gas is thus accumulated in the loop 2 volume (Figure 1, static mode). The setup is then sampled in a pipetted volume (Figure 1) and can be used to perform precise isotopic analyses by static noble gas mass spectrometry (GV instruments Helix MC).

Gas Mixture

Gas mixtures are prepared by sending gas from the bottles through the cryogenic head to the QMS at ambient temperatures. The relative intensities of N 2 , Ar, Kr, and Xe measured with the QMS (N 2 :Ar:Kr:Xe of 34:8:9:10) are consistent with the bottle composition (N 2 :Ar:Kr:Xe = 50:10:10:10) taking into account the difference in the first ionization potential (FIP) that influences the ability of a species to be ionized and measured in the QMS (FIP-Xe = 12.13 eV < FIP-Kr = 14 eV < FIP-N 2 = 15.58 eV < FIP-Ar = 15.76 eV). Although 20% of the bottle consists of neon, the amount measured by the QMS appears lower than the amount of Kr (10%) or Xe (10%), most likely due to the high FIP of Ne (21.56 eV). The small peak at m/z = 20 presumably results from both 20 Ne and doubly ionized 40 Ar (with a second ionization potential of 27.63 eV). This, however, is not problematic for our experiments because the Ne condensation temperature is around 15 K, which is lower than the temperature investigated with EXCITING. Notably, Ne appears to be drastically depleted in comets, as suggested by its lack of signal in the measurements done with the ROSINA instrument on the Rosetta spacecraft (Rubin et al. 2018), which suggests that Ne is not quantitatively trapped and/or retained in cometary ice. Therefore, we do not consider Ne when calculating gas mixing ratios in the following sections.

Experimental Protocol Used in the Present Study

Two gas mixtures, H 2 O-Xe with a mixing ratio of around 50:1 and H 2 O-N 2 :Ar:Kr:Xe (hereafter H 2 O-NG) with mixing ratios of around 50:5:1:1:1, were condensed onto the plate. Mixing ratios were chosen to have the maximum amount of water while balancing the level of noble gases such that there was enough gas available to perform precise and reproducible analyses using the QMS. The H 2 O-Xe mixture was initially deposited onto the cold plate at 28 K. Subsequent experiments used various temperatures ranging from 28 to 80 K to study the evolution of trapping efficiency with increasing temperatures. A temperature of 28 K is close to the limit of our experimental setup and thought to be representative of the formation temperature of cometary bodies, and 80 K is close to the limit at which amorphous water ice analogs form (Jenniskens & Blake 1996) while still trapping enough of the most volatile elements (N 2 and Ar) for acceptable precision on QMS analyses. During deposition, the system is in dynamic mode (continually pumping with a turbomolecular pump under the cryogenic trap). The typical water pressure and N 2 -noble gas pressure used for deposition are on the order of 5 × 10 -5 and 8 × 10 -6 mbar, respectively. After ice deposition, the cold plate is heated to room temperature at the constant rate ramp of 1 K minute -1 . During the heating phase, the flux of gas coming from the cryogenic trap is continuously monitored with the QMS.

Results

Representative plots of gas release versus temperature for the H 2 O-Xe and H 2 O-NG mixtures deposited at 28 K are given in Figures 3 and4, respectively. The primary observation is that guest species (Xe alone or NG mixture) are released from the ice in two distinct temperature ranges. These two release steps, symptomatic of volatile behavior in amorphous water ice, are described in detail in the following subsections.

Water and Xenon Ice

In Figure 3, we observe a first release of Xe at around 75 K, which corresponds to the sublimation of a frozen phase of Xe that was not trapped inside the amorphous ice lattice. This sublimation temperature is in agreement with that expected at pressures of around 10 -6 mbar (Fray & Schmitt 2009). A second release of Xe occurs at 140 K, which is below the temperature of water sublimation (Figure 3). This temperature coincides with the transition from amorphous (I a ) to crystalline (I c ) ice (Bar-Nun et al. 1985). This likely suggests that the change in the ice structure leads to the release of Xe that was trapped within the lattice of the amorphous ice prior to water sublimation. A similar release pattern was observed by Bar-Nun et al. (1985).

In detail, we observe a "prepeak" at 135 K, followed by a "main peak" at 145 K, especially for Xe in Figure 3 and Xe and Kr in Figure 4. These two peaks correspond to a first partial transition of the amorphous ice into a restrained and unstable amorphous phase (I a r), which usually affects ∼30% of the ice (Jenniskens & Blake 1994, 1996), rapidly followed by the complete transition into I c . Finally, when the water itself begins to sublimate at ∼160 K, there is no guest species left in the ice structure. Notesco & Bar-Nun (2005) showed that if the ice exceeds 5 μm in thickness, the transition from I a to I c does not release all of the trapped phase, and a fraction of the gas remains trapped in the ice lattice. The rest of the gas is thus released by a second structural transition from I c to hexagonal ice I h , which occurs between 160 and 170 K, synchronously with water sublimation (Jenniskens & Blake 1996;Notesco et al. 2003). The fact that we do not observe this third gas release at 160 K suggests that cometary ice analogs formed in our experiments are unlikely to exceed 5 μm in thickness. Given that ice formation lasted about 5 minutes, we can estimate that deposition rates do not exceed 1 μm minute -1 in our experiments. These deposition rates are therefore similar to the deposition rates used in previous cometary ice analog experiments (Bar-Nun & Owen 1998). The N 2 and noble gas release during the heating from 28 to 200 K at a rate of 1 K minute -1 of a representative experiment starting with a H 2 O:N 2 :Ar:Kr:Xe mixture. A fraction of each guest species is frozen on or below the ice and sublimates at the respective sublimation temperature, while the trapped fractions are released simultaneously at around 145 K, before water starts sublimating at 160 K. Note the log scale for the signal intensity.

Water and Volatile Mixture Ice

We observe similar results for the H 2 O-NG experiments (Figure 4). The first peak of gas release for each individual noble gas species and N 2 corresponds to their respective sublimation temperatures at 45 K for Ar, 46 K for N 2 , 64 K for Kr, and 80 K for Xe (Figure 4). These temperatures are in good agreement with their respective sublimation temperatures from pure ice (Fray & Schmitt 2009). The second peak of bulk gas release occurs for all trapped volatiles (N 2 , Ar, Kr, and Xe) around 140 K, during the transition from amorphous to crystalline water ice. For each temperature of deposition, the experiment was repeated to assess the reproducibility of the EXCITING apparatus (see Table 1). The reproducibility of the peak gas release of the five repeat experiments at 28 K is illustrated in Figure 5. The reproducibility of N 2 /Ar, Kr/Ar, and Xe/Ar during this peak release is better than 10% (standard deviation). The H 2 O-NG experiment was also performed using an identical experimental procedure as described above; however, this time, the total gas pressure in the setup during the warm-up of the ice (Appendix Figure A4) was monitored. The ion gauge (see Figure 1) measures the total pressure before the gas is analyzed by the QMS. The three pressure peaks during warm-up correspond to (i) the sublimation release of nitrogen and noble gases, (ii) the simultaneous gas release around 140 K, and (ii) the water sublimation peak around 180 K. The peak pressures are in agreement with the gas pressure sent for deposition on the cold plate, suggesting a limited loss of gas during deposition onto the cold plate under dynamic pumping.

The gas release pattern versus the temperature for experiments with starting temperatures of deposition of 40, 50, 60, 70, and 80 K are given in Appendix Figure A5. We observe that the amount of trapped gas decreases when the temperature of formation of the ice deposition increases. This is particularly true for Ar, which has the lowest condensation temperature. To quantify how increasing the temperature of deposition decreases the trapping efficiency, we calculate the abundance of gas species trapped in the ice by integrating the signal of each element over the duration of the gas release between 100 and 155 K (see Figure 4). We report in Table 1 the integrated N 2 /Ar, Kr/Ar, and Xe/Ar ratios measured in the trapped phase from H 2 O-NG cometary ice analogs deposited at 28, 40, 50, 60, 70, and 80 K, respectively. These ratios mostly reflect those observed for gas released between 135 and 148 K (as shown in Figure 5 for the 28 K experiments). The N 2 /Ar, Kr/Ar, and Xe/Ar ratios increase and the reproducibility decreases with increasing ice deposition temperature (Table 1). For instance, at temperatures of deposition <60 K, the reproducibility between Note. These ratios are computed by integrating the signal of each element between 100 and 155 K during the heating phase. The enrichment ratio values were obtained by dividing the trapped X/Ar by the X/Ar ratio in the gas mixture (where X = Kr, Xe, or N 2 ). All experiments were reproduced at least once. The decrease in reproducibility toward a higher deposition temperature of formation is due to the decreasing amount of gas trapped, especially Ar. The averages of the repeated experiments are given with the associated standard error (standard deviation divided by n 1 -, where n is the number of repeats).

experiments is ∼10%. At higher temperatures, volatiles are less efficiently trapped, leading to a decrease in reproducibility (see Appendix Figure A6). This effect is particularly noticeable for Ar due to its lower condensation temperature. As a result, the elemental ratios normalized to Ar show low reproducibility (∼80%) at higher temperatures.

Discussion

For each experiment, enrichment ratios, defined as the ratio X/Ar (where X = N 2 , Kr, or Xe) measured in the trapped phase over the X/Ar in the initial gas phase, are given in Table 1. These enrichment ratios can be used to quantify the relative trapping efficiency between the guest species. We then normalize the enrichment ratios to the solar composition such that we can estimate the heavy noble gas composition of cometary ices formed from solar gas and thermally processed in the solar system (Figures 6 and7).

Experimental Constraints on the Temperature Conditions of Cometary Ices

The overall variations of the Ar-Kr-Xe elemental composition of the ice as a function of the ice deposition temperature are comparable to those obtained during previous experimental works (Figure 6; [START_REF] Bar-Nun | Solar System Ices[END_REF]. At 28 K below the condensation temperature of Ar, Kr, and Xe, the ice has a composition similar to that of the original gas mixture because the guest species are all efficiently trapped. When the temperature of the ice formation increases above the Ar condensation temperature (above ∼40 K) for the 40-50-60 K experiments, Kr and Xe are more efficiently trapped than Ar, and the composition of the ice thus evolves roughly along a 1:1 line in 84 Kr/ 36 Ar versus 132 Xe/ 36 Ar space (Figure 6). At higher deposition temperatures (70-80 K, close to the temperature limit to form amorphous ice), above the point at which Kr condenses (∼64 K), we observe a more efficient trapping of Xe relative to Kr, in agreement with [START_REF] Bar-Nun | Solar System Ices[END_REF]. This results in a stronger increase of the 132 Xe/ 36 Ar ratio compared to the 84 Kr/ 36 Ar ratio, resulting in a deviation from the 1:1 correlation (Figure 6). Experiments by Notesco et al. (2003) show high depletion in Ar relative to Kr and Xe even at low temperatures because of the very slow deposition rate they used, down to 10 -5 μm minute -1 . At these low deposition rates, guest species are more prone to diffusing out of the amorphous ice porosity before being trapped by the formation of a subsequent H 2 O layer (Ciesla et al. 2018). Although the deposition rate cannot be precisely estimated in our experiments (EXCITING does not have an in situ infrared spectrometer), the similarity of the noble gas behavior with that of Bar-Nun & Owen's (1998) experiments strongly suggests that the EXCITING deposition rates are likely on the order of 0.1-1 μm minute -1 .

Based on (i) the N 2 /CO of comet 67P/C-G (Rubin et al. 2015), which matched laboratory predictions of ice analogs formed below 30 K with low deposition rates (Bar-Nun et al. 2007), and (ii) the nuclear spin temperature derived from the ortho/para ratio of H 2 O and NH 3 in various comets (Mumma et al. 1988;Crovisier 1997;Kawakita et al. 2004), it has been proposed that the ice of the comet 67P/C-G was formed below 30 K (Rubin et al. 2015). The second observation was, however, challenged by Hama et al. (2016), who argued that the ortho/para ratio was not related to the prevailing temperatures during the formation of the cometary ice. Our experimental results obtained with a low (25-30 K) deposition temperature do not match the Rosetta observations of 67P/C-G heavy noble gas composition (Figure 6), similar to previous experiments (Bar-Nun & Owen 1998; Notesco et al. 2003). As shown in Figure 6, we find that, for an initially solar composition, formation temperatures as high as 70-80 K best reproduce the elemental noble gas composition of comet 67P/ C-G and other "planetary" end-members (e.g., early Earth atmosphere or chondritic; Figure 6). These "high" potential Figure 5. The N 2 /Ar, Kr/Ar, and Xe/Ar ratios of the five duplicates of the experiment at 28 K (dashed lines) as a function of temperature rise between 135 and 148 K, around the release peak of trapped gas. For each elemental ratio, the thick line is the average of the five repeats, and the shaded envelope is the standard deviation of the five repeats at 1σ. The reproducibility is maximal around the peak of gas release between 143 and 146 K. The elemental ratios given in Table 1 are the integrated ratios over the duration of gas release and thus reflect the value of the ratios at the release peak.

temperatures of formation allow the amorphous ice presumably composing cometary ices to be formed and the high abundances of Kr and Xe found in comet 67P/C-G relative to the solar abundances to be reproduced.

In addition to the noble gas experiments outlined above, we make the first comprehensive investigation of nitrogen behavior relative to the heavy noble gases over a wide range of temperatures (from 28 to 80 K). This builds on previous studies that have investigated N 2 and Ar fractionation below 30 K (Bar-Nun et al. 2007), as well as N 2 , Ar, and Kr at 77 K (Yokochi et al. 2012). The study of nitrogen in comets is of prime interest regarding the potential for small bodies to have brought prebiotic molecules to the early Earth (Chyba & Sagan 1992). In our experiment, nitrogen was incorporated into the amorphous ice in the form of molecular N 2 . In this state, the triple bond between nitrogen atoms makes N 2 highly stable/ unreactive, and nitrogen's behavior becomes similar to that of chemically inert noble gases. The N 2 and Ar have similar sublimation temperatures around 45 K (Figure 4) and are both released together with the other noble gases when amorphous ice crystallizes (Figure 4). This is in agreement with observations of comet 67P/C-G where N 2 and 36 Ar abundances showed a strong positive correlation within the coma of the comet, with a relatively constant N 2 / 36 Ar of 182 ± 50 (Rubin et al. 2018). This ratio is 1 order of magnitude higher than the solar composition of N 2 / 36 Ar = 11 (computed from the N 2 /Ar and solar Ar isotopic composition reported by Lodders 2003 andMeshik et al. 2014, respectively), suggesting that comets are enriched in nitrogen relative to argon compared to a putative initial solar composition.

Our experimental results show no enrichment in the N 2 / 36 Ar ratio relative to the initial gas composition when ice is formed at 28, 40, or 50 K (Figure 7). The N 2 / 36 Ar ratios are computed from enrichment ratios (Table 1) using the same method as previously described for noble gases, considering an initial solar composition. We observe a depletion in N relative to Ar for low temperatures of formation, which was also observed in experiments at 24, 27, and 30 K from Notesco et al. (2003). However, when the temperature of the ice formation exceeds the sublimation temperature of N 2 and Ar (∼40-50 K; Figure 4), we observe an enrichment in the N 2 / 36 Ar ratio reaching ∼150 (Figure 7) for temperatures of formation of 70 and 80 K. The cometary N 2 / 36 Ar measured in 67P/C-G (182 ± 50; Rubin et al. 2018) is thus better reproduced by "high" temperatures of deposition (70-80 K) than low temperatures (28-50 K). This nitrogen enrichment relative to argon for 70-80 K experiments possibly results from the small difference between N 2 and Ar condensation temperatures (∼46 and 45 K, respectively; Figure 4). Differences in their ionic radius and polarizabilities could also induce subtle differences in their trapping efficiency at high temperatures of deposition. At such temperatures, Ar is slightly less efficiently trapped in the amorphous ice than nitrogen, and N 2 / 36 Ar of the trapped component therefore tends to be higher than the initial composition of the gas phase (solar in Figure 7). This was also observed to a lesser extent for our experiment at 60 K because the temperature of deposition is closer to the condensation temperatures of N 2 and Ar, with a small enrichment in N 2 (N 2 / 36 Ar ∼ 13) relative to the solar composition (11).

Finally, it is important to note that for all of the experiments (with various temperatures of deposition), we consider only the composition of the trapped phase in the water ice when computing enrichment ratios from the initial gas phase. We assume that any volatile element frozen on the water ice would be either in a negligible amount or lost during the lifetime of a comet, especially in the case of N 2 and Ar, which have the lowest sublimation temperatures (∼40-50 K; Figure 4). In our experiments, the amount of frozen volatile is calculated by integrating the gas release between the starting temperatures (28-80 K) and 100 K and can be compared to the amount of trapped gas (100-155 K) in Table A1. We observe that the amount of frozen N 2 , Ar, Kr, and Xe is always negligible relative to the amount trapped, except for N 2 and Ar when the ice forms at 28 K (Table A1). Rosetta observations of comet 67P/C-G indicate that at high heliocentric distances (∼3 au), CO 2 still sublimates independently of water (Läuter et al. 2020). Since CO 2 has a sublimation temperature of around 100 K (Fray & Schmitt 2009), close to the sublimation temperature of Xe (and Kr), this could indicate that the frozen phase of Xe (and possibly Kr) was not completely lost. Considering this possibility, we have evaluated whether the addition of this frozen phase could contribute to changing the enrichment ratios of the comet relative to the initial gas composition. The maximum contribution from the frozen Kr and Xe phase would be around 10% when the ice is formed at 28 K (Figure 4 and Table A1) and rapidly decreases for higher temperatures of deposition (Figure A5 and Table A1). An addition of 10% of Kr and Xe would not be sufficient to change the Kr/Ar and Xe/Ar of an ice formed at 28 K toward cometary-like values (Figure 6). Importantly, Notesco et al. (2003) showed that decreasing the deposition rate of the ice decreases the amount of frozen gas relative to the (constant) amount of trapped gas. Although we do not quantitatively know the deposition rate of EXCITING, it is manifestly faster by several orders of magnitude compared to the actual formation rate of cometary ices. Thus, we consider that any frozen volatiles on cometary ice, preserved during the lifetime of the comet, would be negligible with regard to the amount trapped in the ice. The elemental signature of comet 67P/C-G for noble gases is therefore unlikely to be the result of the loss of frozen volatile phases during the lifetime of the comet but rather the result of elemental fractionation during the trapping of volatiles into amorphous water ice.

Taken together, N and noble gas elemental compositions in our experiments provide new constraints on the temperature of formation of cometary ices. We were able to reproduce a comet 67P/C-G composition of highly volatile elements (N, Ar, Kr, and Xe) from a solar-like initial composition with a formation temperature of around 70 K.

Origin of Cometary Nitrogen and Noble Gases

Our experimental observations on nitrogen and noble gases are in agreement with the formation of cometary ices at ∼70 K in the outer part of the protoplanetary disk or within the dense molecular cloud from a reservoir with a solar composition. Forming cometary ices from a solar composition at lower temperatures (<30 K; Rubin et al. 2015) cannot be excluded but would require secondary nitrogen addition and/or elemental fractionating process(es) to account for the nitrogen and noble gas abundances of comet 67P/C-G. To differentiate between the protoplanetary disk and the dense molecular cloud as the putative formation environment of cometary ices, it is important to also consider the isotopic composition of comets. The study of comet 67P/C-G and other comets from ground-based observation or sample return revealed specific (nonsolar) isotopic composition for some volatile elements, such as N and Xe (Marty et al. 2017, and references therein;Altwegg et al. 2019).

Nitrogen in particular (with its isotopes 14 N and 15 N) presents strong isotopic variability between the different solar system reservoirs (solar, planetary, cometary, or chondritic), the reasons for which are still poorly understood (Füri & Marty 2015). The isotopic composition of N can be expressed as permil variations from the terrestrial atmospheric N 2 , with δ 15 N = ( 15 N/ 14 N sample / 15 N/ 14 N air -1) * 1000, where air refers to the modern composition of atmospheric N 2 (Nier 1950). The nitrogen isotopic composition of comets is strongly enriched in the heavy isotope 15 N (δ 15 N = ∼+900‰; Bockelée-Morvan et al. 2015) compared to the solar composition (δ 15 N = ∼-400‰; Marty et al. 2011). This cometary δ 15 N composition of ∼900‰ is an average from a compilation of mostly groundbased observations of cometary comas. It is important to note that this value is not derived from N 2 gas but rather from molecular nitrogen in the form of HCN, CN, or NH 2 ions (Bockelée- Morvan et al. 2015). Because these molecules found in comets all exhibit the same nitrogen isotope composition, it is likely that they formed from a common N reservoir (Bockelée-Morvan et al. 2015). Comet 67P/C-G (the only comet with in situ measurements of the coma) also shows a strong enrichment in the heavy isotope 15 N of ∼+1000‰ for NH 3 , NO, and, most importantly, N 2 molecules (Altwegg et al. 2019). This consistent isotopic composition between different nitrogen-bearing molecules further supports a common N source for comets.

The solar-derived elemental composition of cometary ices formed at 70 K (as suggested by this study to fit the N/Ar and Xe/Ar of comets) appears to indicate the outer part of the protoplanetary disk during the lifetime of the solar nebula as a favorable environment to form the cometary building blocks (Pignatale et al. 2018). The nonsolar N isotopic composition consistently observed in comets, however, requires additional process(es) capable of fractionating N isotopes from the solar composition before or during N incorporation into the cometary ices. Studies of nitrogen isotopes in organic matter synthesized from cometary ice analogs have shown only limited fractionation of nitrogen isotopes between the gas phase and the organic residue (+3‰; Sugahara et al. 2019). To our knowledge, no studies of nitrogen isotope behavior trapped in and released from amorphous ice exist. If nitrogen isotopes are not fractionated during their incorporation into cometary ices or organic matter, fractionating processes in the molecular cloud or protoplanetary disk are required to account for the nonsolar cometary composition.

Self-shielding of UV irradiation from the Sun and nearby stars has been proposed as a process to extensively fractionate isotopes in the outer part of the solar nebula (Clayton 2002). Laboratory experiments demonstrated the possibility for differential N 2 photodissociation and/or a self-shielding effect occurring in the solar nebula to account for the variability in nitrogen signatures (Chakraborty et al. 2014). This would result in an enrichment of 15 N available for nitrogen-bearing molecules before their incorporation in cometary ices in the outer part of the disk (analogous to 17 O and 18 O enrichment by self-shielding processes; Lee et al. 2008). The isotopic anomaly of Xe identified in comet 67P/C-G (Marty et al. 2017) cannot, however, be produced by photochemical processes. Hightemperature (∼1000 K) experiments were able to produce Xe isotopic fractionation when ionized in plasma conditions and incorporated into organic matter (Kuga et al. 2015); however, these conditions do not apply to the cold environment of the outer solar system required to form volatile-rich cometary ices.

Conversely, if cometary ices formed at temperatures of ∼30 K, as suggested by Rubin et al. (2015), it would require a nonsolar initial elemental composition for noble gases and nitrogen. A nonsolar composition would be consistent with the isotopic composition of N in 67P/C-G, which is highly enriched in 15 N relative to solar (Altwegg et al. 2019), and that of Xe, which is markedly depleted in heavy isotopes relative to solar (Marty et al. 2017). Forming cometary ice analogs at 28 K, as done this study, shows very limited elemental fractionation of noble gases (as well as in Bar-Nun & Owen 1998 at 30 K). In such a case, the noble gas-N elemental composition would directly reflect that of the gas that was trapped in comet 67P/C-G. It follows that the initial gas would be enriched in N 2 and Kr over Ar relative to a solar composition by factors of ∼15 and ∼150, respectively (Rubin et al. 2018), and Xe would be even more enriched relative to Kr by a factor of 5 (Rubin et al. 2018). Whether or not such a hypothetical gas existed in the comet-forming region is uncertain and will require further measurements of volatiles trapped in outer solar system objects.

Experimental studies of the isotopic fractionation behavior of N and noble gases in cometary ice analogs are currently lacking. Here we have shown the capability of the EXCITING experiment to reproduce and investigate cometary ice analogs in the laboratory. Further studies will be focused on extending these investigations to include the identification and quantification of any resulting isotope fractionation effects. The potential for mass-dependent fractionation effects during trapping/ release should be considered, as well as the effect of UV irradiation on ices. Such experiments should provide further constraints on the origin of their peculiar isotopic signatures in comets.

Experimental Limitations and Future Developments

It is important to consider that all experiments on the behavior of highly volatile elements in cometary ices reported so far and including the one reported in the present study are extremely simplified in comparison to the actual complexity of cometary ice compositions and their thermal history. For our experiments, we have chosen a heating rate of 1 K minute -1 to strike a balance between keeping the rate as low as possible while maximizing the signal size of the sublimating gas species and keeping a convenient duration for experiments (about 5 hr to go from 30 to 300 K). Similar heating rates have also been commonly used in previous similar experiments (Bar-Nun and coworkers' extensive studies at 1 K minute -1 , Martin-Doménech et al. 2014 at 1 K minute -1 , Vinogradoff et al. 2011 at 4 K minute -1 , or Collings et al. 2004 at 5 K minute -1 ); therefore, our heating rate allows for more direct comparisons between this study and previous works. Comets presumably experienced variable and much lower heating rates during their Centaur stage (beyond 10 au; Gkotsinas et al. 2022) and their transit in the inner solar system than we are able to replicate in the laboratory. The temperatures at which water or the guest species sublimate depends on the heating rate of the ice (Collings et al. 2004;Martin-Doménech et al. 2014). Indeed, Collings et al. (2004) modeled several desorption profiles of water ice and showed that for low heating rates (down to 0.01 K yr -1 , 8 orders of magnitude slower than 1 K minute -1 ), the sublimation of water initiates around 100 K (against ∼170 K in our experiment at 1 K minute -1 ). This effect becomes important when considering the thermal history of comets and the temperature inside the comet, computed using the sublimation temperature of water and its presence in the coma of comets (Hu et al. 2017). Slow heating rates also increase the possibility for trapped species to diffuse out during the slow annealing of the amorphous water ice (Bar-Nun et al. 1987). Diffusion experiments of noble gases in cometary ice analogs do not exist yet but would help further clarify the origin of the noble gas composition of comet 67P/C-G. Indeed, differences in the capacity to diffuse out from the ice structure between Ar, Kr, and Xe could induce elemental fractionation and possibly be the cause of the mismatch in 84 Kr/ 40 Ar between 67P/C-G composition (Rubin et al. 2018) and our experiments (as well as [START_REF] Bar-Nun | Solar System Ices[END_REF] when forming ice at 70 K.

The temperature of volatile sublimation thus depends on the heating rate but also the composition of the ice. For a given element/molecule, the timing of sublimation as a pure phase (as in Fray & Schmitt 2009) will be different between experiments that contain other additional species in the ice phase (this study or Martin-Doménech et al. 2014). We observe this difference, with Appendix Figure A7 showing the sublimation pattern of N 2 , Ar, Kr, and Xe with and without water. The actual composition of cometary ices is much more complex than a pure nitrogen-noble gas-water mixture (see comet 67P/C-G composition in Altwegg et al. 2019). Further experiments taking into account this ice complexity will ultimately bring more reliable constraints on the behavior of the frozen phases of nitrogen and noble gases. Some of the most common molecules found in the interstellar medium (Müller et al. 2005) and comets, such as H 2 O, CO 2 , CO, CH 4 , O 2 , and H 2 S, play a crucial role in the organic budget of cometary ices and as prebiotic molecules (Muñoz Caro et al. 2004;Vinogradoff et al. 2011;Danger et al. 2013). Regarding the behavior of noble gases, the presence of CO 2 (equivalent to around 10% of the total water amount on average in comets; Feldman et al. 1997;Läuter et al. 2020) can be of prime importance because of its capacity, similar to that of amorphous water ice, to trap and retain other volatile elements above their sublimation temperature. The capacity of CO 2 to trap CO and CH 4 was experimentally studied by Kouchi & Yamamoto (1995) and raises the importance of the compositional complexity of ice with regard to the behavior of cometary volatiles. While a portion of CO 2 would be trapped in the amorphous water ice, at least 50% of the CO 2 could present as a frozen phase (Kouchi & Yamamoto 1995), making it a potential carrier of cometary volatiles. The relationship between CO 2 and noble gases in the coma of comet 67P/C-G was investigated (Rubin et al. 2018), and it appeared that the outgassing of Ar better correlates with CO 2 than H 2 O. Additionally, in the case of 67P/C-G, the amount of CO 2 is subject to seasonal effects and can locally exceed the amount of water in the outgassing coma (Hässig et al. 2015;Läuter et al. 2020). These observations indicate that CO 2 ice could also be a carrier of trapped nitrogen and noble gases in addition to the amorphous water ice. To our knowledge, experiments of noble gases in CO 2 -water ice mixtures do not yet exist but could be one of the future targets of the EXCITING experiment.

Finally, the present experiment does not explore the effect of varying the deposition rate on the volatile composition of the ice. Models show that the trapping efficiency of noble gases follows different regimes depending on the deposition rate (Ciesla et al. 2018). We estimate the deposition rate used in this study to be on the order of 10 -1 -10 0 μm minute -1 , based on comparable volatile behavior with previous studies (Bar-Nun & Owen 1998). Models predict that the Ar trapping regime changes at around 10 -4 μm minute -1 , resulting in a lower amount of trapped Ar with decreasing deposition rates (Ciesla et al. 2018). At deposition rates between 10 -5 and 10 -1 μm minute -1 , Notesco et al. (2003) showed constant Ar/Xe and Kr/Xe enrichment ratios for a given temperature, differing from our experiment (and from Bar-Nun & Owen 1998) at 10 -1 -10 0 μm minute -1 . The change of volatile behavior observed between those experiments is around 10 -1 μm minute -1 , which does not fit the model predictions by Ciesla et al. (2018). So far, experiments and models of the effect of the deposition rate of noble gas trapping efficiency are limited and do not permit extrapolation of our results to more realistic conditions. At slower, more realistic deposition rates, the trapping efficiency of the volatile guest species will decrease and can likely result in different trapped phase composition (elemental fractionation) for a given temperature of deposition because of the different volatility of the guest species.

Considering all of these aspects, the EXCITING experiment and the first results described in this study offer a simplified version of cometary ices that is more complex in terms of composition and thermal history (with local heterogeneities, as opposed to a homogeneous layer of ice). Other species, in particular CO 2 , will be added to the setup to complement the N 2 -noble gas-H 2 O ices and provide more realistic conditions to study the behavior of the highly volatile elements in comets. Variable temperature regimes shall also be investigated to study possible volatile loss (and thus potential fractionation) during the lifetime of the ice. The purpose of this study was to first evaluate the capabilities of EXCITING in the context of previous experiments and will be adapted to more complex systems.

Conclusion and Perspectives

We have reported an overview of the specification, capabilities, experimental limitations, and preliminary results from the new EXCITING experimental apparatus designed to investigate the behavior of highly volatile (N 2 , Ar, Kr, and Xe) elements in extraterrestrial water-ice analogs. Amorphous water ice trapping nitrogen and noble gases can be obtained with a large range of experimental conditions (starting gases, deposition temperature, heating rate, etc.), allowing us to investigate the elemental and isotopic composition of the volatile elements released from the ice upon warming, analogous to the comae of comets. Here we have performed a series of reproducible experiments on the formation of H 2 O ice mixed with N 2 , Ar, Kr, and Xe as guest species deposited at different temperatures of 28, 40, 50, 60, 70, and 80 K. We showed that the elemental composition of the volatiles trapped in the amorphous ice and subsequently released when the water ice becomes crystalline varies depending on the temperature of formation of the ice. The obtained noble gas ratios (Kr/Ar and Xe/Ar) show discrepancies with previous similar studies ( [START_REF] Bar-Nun | Solar System Ices[END_REF]Notesco et al. 2003). Toward a high temperature of formation of the ice, between 70 and 80 K, we were able to reproduce a similar noble gas composition to that of comet 67P/C-G, as measured by the Rosetta spacecraft, but still with a depletion in the Kr/Ar ratio, in opposition to the excess of Kr/Ar for a similar temperature range by [START_REF] Bar-Nun | Solar System Ices[END_REF]. We have also provided the first coupled nitrogen and heavy noble gas measurements in experimental ices, with the N 2 /Ar of comet 67P/C-G also being matched when ices were formed at 70-80 K. Considering the technical limitations on the timescale of the experiment and the limited ice complexity, these results suggest that cometary ice formation could occur at higher temperatures (70-80 K) than previously advocated (∼30 K). However, experiments that incorporate other major volatile species, such as CO 2 , are needed to more realistically and reliably constrain the temperature formation of comets.

The unique isotope signature for noble gases, especially xenon (Marty et al. 2017), in comet 67P/C-G also motivates investigation of the isotopic behavior of noble gases during ice formation and evolution. Ultimately, using the EXCITING experiment, we will investigate how the formation of volatilerich cometary ices affects the isotopic signature of nitrogen and noble gases. The addition of solar-like irradiation (by UV photons) during ice formation could affect the trapping efficiency of nitrogen and noble gases and modify their elemental and isotopic compositions. The effect of UV photons on ices will also be studied in the future using EXCITING. The N 2 and noble gas release during the heating from 28 to 200 K at a rate of 1 K minute -1 in two experiments deposited (i) with water (similar to Figure 3; solid lines) and (ii) without water (dashed lines). In the experiment without water, the sublimation temperatures of N 2 , Ar, Kr, and Xe are shifted toward lower temperatures.

Table A1

Proportions of Gas Release (N 2 , Ar, Kr, and Xe) between 28-100 and 100-155 K Temperature during Warm-up of the Ice for Different Temperatures of Deposition (28, 40, 50, 60, 70, and Note The gas release during 28-100 K corresponds to the sublimation of the different frozen phases. The gas release during 100-155 K corresponds to the release of the trapped phase by the slow annealing of the ice during heating and the amorphous-crystalline transition around 145 K. The proportion of the frozen phase is consistently smaller than the trapped phase, except for N 2 and Ar when the ice is formed at 28 K. At temperatures of deposition >60 K, the abundances of N 2 , Ar, and Kr are associated with large uncertainties, as we can see on the N 2 /Ar and Kr/Ar ratios of Figures 6 and7.

  2.2.1. Cryo Head, Temperature Control, Capillary, and UV Lamp
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 1 Figure1. Schematic representation of the EXCITING experiment. v: high vacuum valve. μv: micrometer flow control valve. Cryo: cryogenic trap (see Figure2). IG: ion gauge. QMS: quadrupole mass spectrometer. The NG bottle contains noble gases (Ar, Kr, and Xe) and nitrogen, L1 and L2 refer to the two loops of gas flow discussed in the main text, and P1 and P2 are two turbomolecular pumps.

Figure 2 .

 2 Figure 2. Diagram of the cryogenic head system allowing noble gases/water mixtures to be condensed at ∼30 K under high vacuum and exposed to Lyα light (with a H 2 D 2 light source unit L11798 by the Hamamatsu company). HV: high vacuum. UHV: ultrahigh vacuum.

Figure 3 .

 3 Figure 3. Xenon gas release during the heating from 28 to 180 K at a rate of 1 K minute -1 of a representative experiment starting with an H 2 O:Xe mixture. Peaks corresponding to frozen Xe sublimation and release of trapped Xe are observed at ∼75 and ∼140 K, respectively. The two-step release of trapped Xe at 135 and 144 K is discussed in the main text. Water sublimation is clearly observed from 160 K. The apparent decrease of the H 2 O background signal when Xe is released results from a competition (or pressure effect) inside the QMS, since Xe has a slightly lower FIP (Xe-FIP = 12.13 eV) than water (H 2 O-FIP = 12.65 eV).

Figure 4 .

 4 Figure4. The N 2 and noble gas release during the heating from 28 to 200 K at a rate of 1 K minute -1 of a representative experiment starting with a H 2 O:N 2 :Ar:Kr:Xe mixture. A fraction of each guest species is frozen on or below the ice and sublimates at the respective sublimation temperature, while the trapped fractions are released simultaneously at around 145 K, before water starts sublimating at 160 K. Note the log scale for the signal intensity.

Figure

  Figure Kr/ 36 Ar vs. 132 Xe/ with several notable cosmochemical end-members: Solar (Lodders 2003; Meshik et al. 2014), CC gray box (range of the carbonaceous chondrite compositions; compilation from Bekaert et al. 2020), 67P/C-G (Rubin et al. 2018), and Early Atm (initial Earth atmospheric composition before Xe loss; Zahnle et al. 2018). Squares (blue and green; Bar-Nun & Owen 1998; Notesco et al. 2003) and orange diamonds (this study) show the composition of experimental cometary ices if formed from a solar composition at various temperatures of formation. Error bars for both this study and Notesco et al. (2003) represent the standard error of the repeated experiments for one temperature of formation at 1σ. Lines between symbols are for visual aid only. Starting from a solar composition, a depletion in Ar alone will lead to variation along the 1:1 (black dashed line) direction. All three experiments show variations along this line when increasing the temperature to 50-60 K. Both the Bar-Nun & Owen study and our work show a shift toward higher 132 Xe/ 36 Ar when forming ice above 60 K. Although this shift appears critical to reach the observed composition of 67P/C-G, none of those experiments achieve it.

Figure 7 .

 7 Figure 7. plot of N 2 / 36 Ar vs. 132 Xe/ 36 Ar of the experimental cometary ices considering a solar-like starting composition and various temperatures of formation. Cosmochemical end-members are the same as in Figure 6. Squares represent the average of the repeated experiments (shown as diamonds) for a given temperature of deposition. Error bars represent the standard error of the repeated experiments at 1σ. The line between the symbols is for visual aid only. A similar detailed plot for 84 Kr/ 36 Ar vs. 132 Xe/ 36 Ar is given in Appendix Figure A6.

Figure A3 .

 A3 Figure A3. Wavelength distribution of the Hamamatsu H2D2 UV lamp (model L11798, MgF 2 window) with a flux of around 10 15 photons s -1 (Sebree et al. 2018).

Figure A4 .

 A4 Figure A4. circles show the evolution of the total gas pressure in the experimental volume as a function of temperature during the warm-up of the ice, measured by the ion gauge positioned before the QMS (Figure1). The ice was formed at 28 K with an identical experimental procedure as the data shown in Figure4. The slightly transparent colored curves are the intensities of H 2 O, N 2 , Ar, Kr, and Xe measured on the QMS (displayed as an ion current) during the experiment at 28 K presented in Figure4.

Figure A6 .

 A6 Figure A6. Plot of 84 Kr/ 36 Ar vs. 132 Xe/ 36 Ar with several notable cosmochemical end-members: Solar (Lodders 2003; Meshik et al. 2014), CC gray box (range of the carbonaceous chondrite compositions; compilation from Bekaert et al. 2020), 67P/C-G (Rubin et al. 2018), and Early Atm (initial Earth atmospheric composition before Xe loss; Zahnle et al. 2018). Diamonds show the composition of experimental cometary ices if formed from a solar composition at various temperatures of formation. Squares are the average obtained for each temperature of deposition. Error bars represent the standard error of the repeated experiments for one temperature of formation at 1σ. Lines between symbols are for visual aid only.

Figure A7.

  Figure A7. The N 2 and noble gas release during the heating from 28 to 200 K at a rate of 1 K minute -1 in two experiments deposited (i) with water (similar to Figure3; solid lines) and (ii) without water (dashed lines). In the experiment without water, the sublimation temperatures of N 2 , Ar, Kr, and Xe are shifted toward lower temperatures.

  

  

Table 1

 1 Elemental Ratios of Kr-Xe-N 2 /Ar Measured in the Trapped Phase Depending on the Temperature of Deposition of the Amorphous Ice from 28 to 80 K

						Enrichment Ratio in Trapped Gas (Relative to
	Deposition Temperature	No.		Gases Trapped in the Ice			the Initial Gas Composition)	
			Kr/Ar	Xe/Ar	N 2 /Ar	Kr/Ar	Xe/Ar	N 2 /Ar
	28 K	1	0.713	0.445	3.55	1.35	1.77	0.868
		2	0.667	0.403	3.88	1.26	1.60	0.948
		3	0.781	0.365	3.41	1.48	1.45	0.834
		4	0.720	0.345	3.54	1.36	1.37	0.864
		5	0.709	0.329	3.89	1.34	1.30	0.950
	Average 28 K		0.718	0.377	3.65	1.36	1.50	0.893
	±		0.020	0.023	0.108	0.039	0.093	0.026
	40 K	1	1.23	0.903	3.12	2.31	3.59	0.762
		2	1.11	0.813	3.04	2.10	3.23	0.743
	Average 40 K		1.17	0.858	3.08	2.21	3.40	0.752
	±		0.081	0.064	0.054	0.153	0.254	0.013
	50 K	1	2.10	1.28	2.49	3.97	5.07	0.608
		2	1.96	1.18	2.49	3.71	4.68	0.607
		3	4.55	1.40	2.40	8.60	5.54	0.587
	Average 50 K		2.87	1.28	2.46	5.42	5.10	0.601
	±		1.03	0.08	0.04	1.95	0.30	0.01
	60 K	1	29.5	29.0	5.38	55.7	115	1.31
		2	31.2	25.0	4.50	59.0	99.2	1.10
	Average 60 K		30.3	27.0	4.94	57.3	107	1.21
	±		1.23	2.84	0.622	2.32	11.3	0.152
	70 K	1	59.2	215	19.7	112	855	4.82
		2	8.25	60.3	42.7	15.6	239	10.4
		3	7.48	168	98.1	14.1	666	24.0
	Average 70 K		25.0	148	53.5	47.2	587	13.1
	±		21.0	56.2	28.5	39.6	223	6.96
	80 K	1	8.46	276	21.6	16.0	1100	5.27
		2	42.4	1150	93.7	80.2	4560	22.9
	Average 80 K		25.4	713	57.6	48.1	2830	14.1
	±		24.0	617	51.0	45.4	2450	12.5
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Appendix

Supplementary information is given in Figures A1-A7 and Table A1.