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X-ray photodesorption from water ice in protoplanetary disks and X-ray dominated regions

Water is the main constituent of interstellar ices, and it plays a key role in the evolution of many regions of the interstellar medium, from molecular clouds to planet-forming disks [START_REF] Van Dishoeck | Water: From Clouds to Plan-ets[END_REF]. In cold regions of the ISM, water is expected to be completely frozen out onto the dust grains. Nonetheless, observations indicate the presence of cold water vapor, implying that non-thermal desorption mechanisms are at play. Photodesorption by UV photons has been proposed to explain these observations [START_REF] Hogerheijde | Detection of the water reservoir in a forming planetary system[END_REF][START_REF] Caselli | First detection of water vapor in a pre-stellar core[END_REF], with the support of extensive experimental and theoretical work on ice analogues [START_REF] Arasa | Photodesorption of H2O, HDO, and D2O ice and its impact on fractionation[END_REF][START_REF] Caro | Photodesorption and physical properties of CO ice as a function of temperature[END_REF][START_REF] Bertin | UV photodesorption of methanol in pure and CO-rich ices: Desorption rates of the intact molecules and the photofragments[END_REF]. In contrast, photodesorption by X-rays, another viable mechanism, has been little studied. The potential of this process to desorb key molecules, such as water, intact rather than fragmented or ionised, remains unexplored. We experimentally investigated X-ray photodesorption from water ice, monitoring all desorbing species. We find that desorption of neutral water is efficient, while ion desorption is minor. We derive for the first time yields that can be implemented in astrochemical models. These results open up the possibility of taking into account the X-ray photodesorption process in the modelling of protoplanetary disks or X-ray dominated regions. * E-mail: remi.dupuy@obspm.fr Numerous studies have explored the effects of Xrays on the chemistry of various regions of the ISM [START_REF] Aikawa | Molecular evolution in protoplanetary disks. Two-dimensional distributions and column densities of gaseous molecules[END_REF][START_REF] Walsh | Chemical processes in protoplanetary disks. II. On the importance of photochemistry and Xray ionization[END_REF][START_REF] Maloney | X-Ray-irradiated Molecular Gas. I. Physical Processes and General Results[END_REF][START_REF] Meijerink | Diagnostics of irradiated dense gas in galaxy nuclei: II. A grid of XDR and PDR models[END_REF], with a few taking into account solid phase processes [START_REF] Walsh | Chemical processes in protoplanetary disks[END_REF][START_REF] Stäuber | Water destruction by X-rays in young stellar objects[END_REF]. In the example of protoplanetary disks, as sketched in figure 1, the X-ray dominated region corresponds to a thin layer. The extent of the X-ray layer will depend on the type of star, the degree of evolution of the disk (dust settling, etc) and the physical model of disk considered. In the T Tauri model of ref [START_REF] Walsh | Chemical processes in protoplanetary disks[END_REF], the limit between the UV and X-ray dominated layers occurs around z/R ∼ 0.2. The location of ices is disk-dependent as well, with the horizontal onset varying between <1 and 10 AU. Beyond a few tens of AU dust temperatures are cold enough for water to freeze out throughout the whole disk, and the X-ray layer overlaps with the icy region (cf fig. 1). The region where X-rays are dominant can extend to the whole midplane if the disk is shielded from cosmic rays, as suggested by [START_REF] Cleeves | Constraining the X-ray and cosmic-ray ionization chemistry of the TW Hya protoplanetary disk: Evidence for a subinterstellar cosmic-ray rate[END_REF].

The goal of this study is to provide experimental constraints on X-ray photodesorption, which allows modellers to assess the relevance of this process to the physics and chemistry of disks and other regions. Previous experimental studies have mainly focused on ion desorption [START_REF] Rosenberg | K-shell excitation of D2O and H2O ice: Photoion and photoelectron yields[END_REF][START_REF] Coulman | Excitation, deexcitation, and fragmentation in the core region of condensed and adsorbed water[END_REF][START_REF] Mase | Ion desorption from molecules condensed at low temperature: A study with electron-ion coincidence spectroscopy combined with synchrotron radiation (Review)[END_REF], and only a few have attempted to derive quantitative desorption yields [START_REF] Pilling | Employing Soft X-Rays in Experimental Astrochemistry[END_REF]. We used synchrotron radiation from the SEXTANTS beamline (SOLEIL facility) to irradiate amorphous solid water at either 15 K or 90 K in an ultra-high vacuum chamber (see Methods). Our set-up allows us To the left is the central star, with the red zone being a hot region of dust sublimation. Icy grains are symbolized by black and blue dots. The limits between the different regions (UV-dominated, X-ray dominated or CR-dominated, as well as the "snow surface" locating the onset of ices) are all disk-dependent, see the text for more details. The outer part of the disk can be illuminated by external UV photons from the ISRF, but also by external X-rays [START_REF] Rab | X-ray radiative transfer in protoplanetary disks: The role of dust and X-ray background fields[END_REF].

to monitor directly in the gas phase the desorption of neutrals, cations and anions through mass spectrometry. Measuring desorption in the gas phase allows to unambiguously identify which species are desorbing, and prevents overestimation of the rates due to photochemistry into the ice [START_REF] Bertin | UV photodesorption of methanol in pure and CO-rich ices: Desorption rates of the intact molecules and the photofragments[END_REF]. We are thus able to obtain a complete picture of the desorbing species, within our limits of sensitivity. The photodesorption yield (Y inc ; number of species desorbed per incident photon) at 550 eV of the species observed is given in table 1. One of our main findings is that the desorption of neutral species (H 2 O, O 2 and H 2 ) is one to two orders of magnitude higher than the desorption of H + , the most abundant ion. Therefore the investigation of neutral desorption is crucial for a quantitative understanding of X-ray photodesorption. This letter will focus on neutral desorption, while more information about ion desorption can be found in the Supplementary Information.

Figure 2b shows the photodesorption yield of H 2 O at 15 K and figure 2a the total electron yield (which is assumed to reflect the absorption of the ice, see Methods) as a function of photon energy, between 520 and 600 eV. Detailed interpretations have been made of the X-ray absorption spectrum of ice between 530 and 550 eV [START_REF] Nilsson | X-ray absorption spectroscopy and X-ray Raman scattering of water and ice; an experimental view[END_REF]. The molecular orbitals of water are strongly affected by hydrogen bonding in the condensed phase, and thus the different fea-tures cannot simply be seen as inherited from the orbitals of the free molecules. However, a distinction can be made between subsets of molecules with different coordinations: the pre-and main-edge (533.6 and 535 eV) are mostly from molecules with a broken or distorted donor H-bond while the post edge corresponds more to fully coordinated molecules. The 561 eV feature is the first EXAFS oscillation [START_REF] Parent | Structure of the water ice surface studied by x-ray absorption spectroscopy at the O K-edge[END_REF], and small features before 533 eV are attributed to photoproducts in the ice [START_REF] Laffon | Radiation effects in water ice: A near-edge xray absorption fine structure study[END_REF]. The latter is discussed in more details later in the text. The photodesorption yield of H 2 O follows the total electron yield, which is evidence that photodesorption is indeed caused by excitation or ionisation of the O 1s electron of the ice bulk water molecules, and not by the substrate.

We now consider the number of molecules desorbed per absorbed photon (Y abs ), which is a quantity more intrinsic to the efficiency of the X-ray photodesorption process. It can be derived knowing the absorption cross-section of water and the number of monolayers below the surface involved in the photodesorption process. The former requires approximating the unknown solid-phase water absorption to the gas-phase one. The latter requires consideration of the length scale of the various processes involved. A rough estimate is Y abs ∼ 0.2 H 2 O molecule desorbed per absorbed photon for a thickness of 50 ML (see Methods).

Following a core electronic transition, energy is released through Auger decay, where most of the energy is carried away by an electron. In water this electron has 500 eV of kinetic energy and will create multiple secondary valence ionisation and excitation events on its track, leading to desorption of molecules, which is usually termed X-ray induced electron-stimulated desorption (XESD). As most of the energy goes into the Auger electron, XESD will usually dominate the desorption yield. The fact that the desorption yield of neutrals is much higher than that of ions is probably due in part to the inability of secondary electrons to produce ions with sufficient kinetic energy to desorb and overcome interactions specific to charged particles (stabilisation by polar molecules, reneutralisation...). The value we derived earlier for Y abs is close to the yield derived for 87 eV electron-stimulated desorption, 0.5 molecule per electron [START_REF] Petrik | Electronstimulated sputtering of thin amorphous solid water films on Pt(111)[END_REF], which is another indication that XESD dominates. It is much higher than the one derived for UV photodesorption, ∼ 10 -2 molecules per absorbed photon [START_REF] Arasa | Photodesorption of H2O, HDO, and D2O ice and its impact on fractionation[END_REF]. However, it appears that this quantity scales roughly with the deposited energy, as X-ray photons carry about two orders of magnitude more energy than UV photons.

We also observe photodesorption of other neutral species, O 2 and H 2 (see fig 2c, 2 and table 1) with a spectral behaviour similar to H 2 O. The desorption of these species as well as others such as OH fragments has been studied in detail in UV irradiation experiments [START_REF] Yabushita | Photochemical reaction processes during vacuumultraviolet irradiation of water ice[END_REF]. We do not observe the desorption of OH radicals, and the estimated sensitivity limit, considering the experimental noise on this channel, is 10 -3 molecules per incident photon. We do not observe desorption of HO 2 or H 2 O 2 either. The desorption of H 2 and O 2 is an indicator of the chemistry occurring in the ice. This chemistry can also be probed in situ through the aforementioned small features before 533 eV in the absorption spectrum. Fig. 3 is a zoom into the total electron yield between 522 and 535 eV. Several peaks are seen that can be attributed to species other than H 2 O, produced by the irradiation. Following the attributions of ref [START_REF] Laffon | Radiation effects in water ice: A near-edge xray absorption fine structure study[END_REF], we can identify OH, O, HO 2 , O 2 and H 2 O 2 . There is a noticeable difference between the spectra at 15K and 90K: at 90K radical species such as OH and O diffuse and thus are consumed, which means that they are much less abundant. O 2 diffuses as well and can thermally desorb, so that its abundance in the ice is lower. The abundance of H 2 O 2 , on the other hand, while difficult to estimate, stays approximately constant. There is no evolution of the observed photoproducts with pho- ton dose. All the data shown here thus correspond to a steady state, where formation and destruction of the species has reached an equilibrium. The sum of the photoproducts does not exceed a few percent of the total content of the ice [START_REF] Laffon | Radiation effects in water ice: A near-edge xray absorption fine structure study[END_REF], showing the resilience of pure water ice to X-ray irradiation.
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The photodesorption yield of ices that have been exposed to much lower photon doses and where this steady state has not been reached, as may be the case in the ISM, could be different for O 2 and H 2 , as chemistry plays an important role. It should not differ much for water, as its desorption is presumably dominated by single-excitation processes (see also Meth-ods).

The observed temperature effects for desorbing O 2 and H 2 (Table 1) are similar to those observed in the UV range [START_REF] Cruz-Diaz | New measurements on water ice photodesorption and product formation under ultraviolet irradiation[END_REF], and are well explained by diffusion and thermal desorption processes. At 15 K O 2 is not mobile and thus its desorption yield is very low and confined to the molecules produced near the surface. At 90 K, O 2 can diffuse and thermally desorb once it is formed, and thus its desorption is increased by an order of magnitude. H 2 can diffuse and thermally desorb at both temperatures, but its diffusion and desorption are higher at 90 K. The enhancement of the thermal diffusion of radicals at 90 K, as seen in the absorption spectrum (fig. 3), can also participate to the observed effects. A small temperature effect is also observed for H 2 O desorption, as was found in the UV range [START_REF] Arasa | Molecular dynamics simulations of the ice temperature dependence of water ice photodesorption[END_REF]. This behaviour suggests that H 2 O desorption is not linked, or only in a minor part, to diffusion processes and thermal desorption.

Our experimental data is limited to the 520 -600 eV range, while X-ray spectra in the ISM typically span from 0.1 to at least 10 keV. Therefore in order to be included in astrochemical models, the photodesorption yields need to be extrapolated to higher photon energies. Photodesorption of neutrals is proportional to absorption, and absorption is still dominated by O 1s ionisation from 600 eV up until 10 keV. The extrapolation can therefore be done using the absorption cross-section of water, once again using the gas-phase value (see Methods). The extrapolated yields from 150 eV to 10 keV are available in the Supplementary Information. The local average photodesorption yield can then be calculated by multiplying the energy-dependent photodesorption yields Table 2: Average photodesorption yields of intact water (H 2 O molecules per incident photon) for the X-ray spectra of different regions at different attenuations 1 . The cumulative uncertainties of the various sources of errors are estimated to be ± 50%, as detailed in Methods.
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a See text and Methods. The yields used are those for a c-ASW ice at 15K.

by the local X-ray spectrum, which gives the photodesorption yield per average incident photon (see Methods). The X-ray spectrum at a given location can vary a lot depending on the column density of gas traversed, as the softer X-rays are more attenuated.

In order to illustrate this dependence, we took observation spectra from two different sources, TW Hya [START_REF] Nomura | Molecular hydrogen emission from protoplanetary disks. II. Effects of X-ray irradiation and dust evolution[END_REF] as an example of young star that may illuminate a protoplanetary disk or a protostellar envelope, and MKN231 [START_REF] Braito | The XMM-Newton and Bep-poSAX view of the Ultra Luminous Infrared Galaxy MKN 231[END_REF] as an example of an ultra-luminous infrared galaxy (ULIRG) with AGN and starbust components, and we calculated the spectrum for different column densities traversed. Then we calculated the photodesorption yield per average incident photon. The results are given in table 2. Numbers vary from 2.5 × 10 -3 to 6.6 × 10 -6 , illustrating both the strong source and column density dependence of the efficiency of X-ray photodesorption. These numbers can be used as a rough approximation in models, or the photodesorption yield adequate to the modelled environment can be calculated using our extrapolated energy-resolved photodesorption yields (Supplementary Information).

UV photodesorption is important in the current understanding of gas-phase water in cold regions of the ISM [START_REF] Hogerheijde | Detection of the water reservoir in a forming planetary system[END_REF][START_REF] Caselli | First detection of water vapor in a pre-stellar core[END_REF], and the existing experimental constraints allow it to be taken into account in models. Our experimental results now open up the possibility of taking into account the X-ray photodesorption process in regions of the ISM where ices and X-rays co-exist. As previously mentioned, one such region is the layer of protoplanetary disks where X-rays can dominate over UV photons and cosmic rays (fig. 1).

One key element of the understanding of planet formation is the determination of the water snowline, which requires accurate modelling of all processes affecting gas phase and solid phase water in disks.

Taking one specific example with the model of a T Tauri star presented in ref [START_REF] Walsh | Chemical processes in protoplanetary disks[END_REF], the UV field is completely attenuated below z/R ∼ 0.2. The X-ray flux in this region varies between 10 -6 -10 -4 erg/s/cm 2 , i.e. 10 3 -10 5 photons/s/cm 2 . On the other hand, secondary UV produced by cosmic rays amount to ∼ 10 3 photons/s/cm 2 [START_REF] Cecchi-Pestellini | Cosmic ray induced photons in dense interstellar clouds[END_REF] while direct cosmic ray sputtering has about the same efficiency as photodesorption from these secondary UV [START_REF] Dartois | Heavy ion irradiation of crystalline water ice: Cosmic ray amorphisation cross-section and sputtering yield[END_REF]. Considering the efficiency of X-ray photodesorption is comparable to UV photodesorption (10 -4 -10 -3 H 2 O molecules/incident photon), X-ray photodesorption is expected to play a role in this case. If we consider instead that cosmic rays are excluded from the midplane of the disk [START_REF] Cleeves | Constraining the X-ray and cosmic-ray ionization chemistry of the TW Hya protoplanetary disk: Evidence for a subinterstellar cosmic-ray rate[END_REF], then X-rays largely dominate. The relevance of X-ray photodesorption for a given disk, however, depends on many parameters as discussed before: the type of star, the X-ray spectrum, the physical model considered, etc. The case of M dwarf stars could be particularly interesting as they feature weak UV and strong X-ray emission, as well as extended regions of cold dust temperatures [START_REF] Walsh | The molecular composition of the planet-forming regions of protoplanetary disks across the luminosity regime[END_REF].

Molecular clouds exposed to intense X-ray sources and modeled by so-called X-ray Dominated Regions (XDR) codes are also of interest. They include the envelopes of young stellar objects (YSO) [START_REF] Stäuber | Water destruction by X-rays in young stellar objects[END_REF] and molecular clouds close to active galactic nuclei (AGN) [START_REF] Meijerink | Diagnostics of irradiated dense gas in galaxy nuclei: II. A grid of XDR and PDR models[END_REF] or strong supernovae shocks [START_REF] Maloney | X-Ray-irradiated Molecular Gas. I. Physical Processes and General Results[END_REF]. As X-ray photons can penetrate deep into clouds and do not heat grains very efficiently, these regions can host ices. XDR codes could also include the X-ray photodesorption process to assess its relevance to the physics and chemistry of these various environments.

Methods Experimental set-up

Experiments were conducted in the SPICES 2 setup, a recently upgraded version of the SPICES setup. SPICES 2 is an ultra-high vacuum chamber (base pressure ∼ 2.10 -10 mbar) equipped with a rotatable cryostat at the tip of which a sample holder is attached. The temperature of the samples can be controlled with a 0.1 K precision between 15 and 300 K. The experiments were carried on a copper substrate (polycrystalline Oxygen Free High Conductivity copper) which is isolated electrically, but not thermally, from the sample holder by a kapton foil. This allows to read the drain current of the substrate generated by the electrons escaping the surface following X-ray absorption, the so-called Total Electron Yield (TEY). The number of escaping electrons is proportional to the number of absorbed photons, thus the drain current is proportional to the absorption of the ice. The chamber is also equipped with a gas-dosing system described below and two quadrupole mass spectrometers (QMS), one (from Pfeiffer Vacuum) used for the detection of neutral species and the other (from Hiden Analytical) for the detection of positive and negative ions.

The SEXTANTS beamline

The SPICES 2 set-up was brought to the SOLEIL synchrotron facility and connected to the SEX-TANTS beamline described in [START_REF] Sacchi | The SEXTANTS beamline at SOLEIL: A new facility for elastic, inelastic and coherent scattering of soft X-rays[END_REF]. For these experiments we used photons in the 520 -600 eV range. Settings were such that the resolution was ∆E = 150 meV and the flux, as measured with a silicon photodiode, was approximately 1.4 × 10 13 photons.s -1 , with little variation except for a significant dip around 535 eV due to the O 1s absorption of oxygen pollution on the optics of the beamline. The absorption spectra of ice that we obtain from our total electron yield measurements, once corrected from the photon flux, compare well with those found in the literature and obtained using many different techniques [START_REF] Nilsson | X-ray absorption spectroscopy and X-ray Raman scattering of water and ice; an experimental view[END_REF], which makes us confident that our spectra are not distorted by the structure of the flux. The unfocused beam was sent at a 45 • incidence on the surface, which resulted in a spot of approximately 0.1 cm 2 . All experiments were performed using the horizontal polarisation setting, which with a 45 • incidence results in a 50 % in plane and 50 % out of plane polarisation at the surface.

Ice Growth

Water (liquid chromatography standard from Fluka) was purified by a series of freeze-pump-thaw cycles and the vapor pressure was let into a gas injection line. The ice is grown on the substrate by approaching a dosing tube 1 mm close to it and by injecting water vapor into the tube using a micro-leak valve. This allows to grow a relatively thick ice (∼100 equivalent bilayers, BLeq) without increasing the pressure in the chamber to more than a few 10 -9 mbar. The thickness of the ice can be calibrated by using the temperature-programmed desorption (TPD) technique as described in [START_REF] Doronin | Adsorption energies and prefactor determination for CH3OH adsorption on graphite[END_REF]. All water ices were grown at 90 K, which results in a compact amorphous solid water (c-ASW) structure. The irradiation experiments were subsequently performed either at 90 K or after cooling the ice to 15 K. The thickness of the ice insures that the influence of the copper substrate on the desorption processes is negligible (see discussion of the length scales of the processes below), as confirmed by the fact that no important desorption signal is seen apart from the resonances of water (oxygen adsorbed on copper would have been observed around 530 eV. 1 ). As mentioned in the text, all spectra shown correspond to a steady state, i.e. two consecutive scans give the same results. This steady state is reached immediately in our experiments. From the estimate of the photon dose required to reach a steady state of the ice bulk chemistry in ref [START_REF] Laffon | Radiation effects in water ice: A near-edge xray absorption fine structure study[END_REF] (a few 10 15 eV/cm 2 ) it should indeed be reached in just a few seconds. The erosion of the ice due to photodesorption during irradiation is also small (∼2 ML/hour at 600 eV). Consequently the ice sample was renewed every few hours, which did not cause reproducibility issues. Pure water ice is resilient to X-ray irradiation, as the modifications induced are small, a conclusion that was reached also for ion bombardment [START_REF] Dartois | Heavy ion irradiation of crystalline water ice: Cosmic ray amorphisation cross-section and sputtering yield[END_REF].

In the conditions of the interstellar medium, the photon fluxes are much lower than the ones used in our experiments, which raises the question of whether our results can be extrapolated to these regions. Considering, for example, a flux of 100 photons/s/cm 2 , the steady state dose would be reached in about 1200 years, which is small as compared to the lifetime of a protoplanetary disk. Whether the steady state dose will be reached will however still depend on the location of the ice, while the fact that a realistic ice contains not just water but also other species will change the nature of the steady state. The yield of water and electrons, which are presumably dominated by singleexcitation processes, should not be affected much by the irradiation history of the ice. However it could be the case for the desorption of species like O 2 and H 2 which are linked with chemistry that requires multiple excitation events.

Calibration of the photodesorption yields

The flux of molecules desorbed from the surface upon irradiation is proportional to the signal current measured on the QMS, once it has been substracted from the contribution of the background, i.e. the signal current when the irradiation is off. In order to obtain the proportionality factor between molecule flux and signal current we use the above-mentioned TPD technique. TPD allows to determine when one monolayer of a given molecule has been deposited on the surface [START_REF] Doronin | Adsorption energies and prefactor determination for CH3OH adsorption on graphite[END_REF]. In the present case, this calibration has been done on CO, where determination of the monolayer is unambiguous since the monolayer and the multilayer contributions appear at clearly distinct temperatures. The TPD behaviour of H 2 O, on the other hand, is particularly complex and thus not very suited for this method: there is no clearly distinguishable monolayer peak and the TPD follows a zero order kinetic even in the sub-monolayer regime. However, once the proportionality factor for a given molecule is known, it can be deduced for other molecules by correcting for the molecule-dependent factors, as explained in e.g. [START_REF] Dupuy | Spectrally-resolved UV photodesorption of CH4 in pure and layered ices[END_REF]. These factors are the differences in electronimpact ionisation cross-sections (taken from the literature [START_REF] Orient | Electron impact ionisation of H2O, CO, CO2 and CH4[END_REF][START_REF] Straub | Absolute partial cross sections for electron-impact ionization of H2, N2, and O2 from threshold to 1000 eV[END_REF]), and the differences in transmission and detection efficiencies in the QMS, which depend on the mass of the molecule and have been calibrated for our QMS.

When a monolayer of CO is deposited, knowing the density of CO [START_REF] Vegard | Struktur und Leuchtfähigkeit von festem Kohlenoxyd[END_REF] and the size of the surface (15 x 15 mm), we thus know the absolute number of molecules on the surface. During a TPD experiment, all of these molecules are released into the gas phase. Thus the integrated signal of the TPD experiment, once subtracted from the background contribution, is proportional to the integrated flux of molecules, i.e. the absolute number of molecules that were present on the surface. The ratio of these two known quantities gives us the proportionality factor for thermal desorption. We then assume that the proportionality for photodesorbed molecules is similar to that for thermally desorbed molecules. For example, this means that we must make the assumption that the angular and speed distribution of desorbed products are the same in both cases. This is reasonable in the case of neutral photodesorption from amorphous molecular solids, where we do not expect high-energy molecules or strong orientational effects. The validity of this method was tested against another calibration technique used in UV photodesorption experiments. In the UV range, the photodesorption of CO can be calibrated by monitoring CO loss in the ice using infrared spectroscopy, as detailed in [START_REF] Fayolle | CO ice photodesorption: A wavelength-dependent study[END_REF] (such a technique cannot be used in irradiation experiments where chemistry occurs and molecule loss cannot be related simply to desorption). Both techniques give similar results within the 50% estimated uncertainty for UV CO photodesorption.

We can estimate the uncertainty of this method, taking into account the uncertainty on the monolayer calibration (±20%), the flux, the electron-impact ionisation cross-sections (±10%) and the apparatus function (±40%), which makes a total of ±50%. The uncertainty of the apparatus function for H 2 is larger and not easy to estimate, therefore the H 2 absolute yields should be taken with caution.

Estimation of photodesorption yields per absorbed photon (Y abs )

The photodesorption yield per absorbed photon Y abs is derived from the following formula [START_REF] Cruz-Diaz | Vacuum-UV spectroscopy of interstellar ice analogs: I. Absorption crosssections of polar-ice molecules[END_REF]:

Y abs = Y inc 1 -e -σN
Where σ is the absorption cross-section and N is the column density of molecules which we consider to be involved in the photodesorption process. As far as we know, the absorption cross-sections of water ice in the soft X-ray range are not available in the literature. Only the gas-phase cross-sections are [START_REF] Berkowitz | Atomic and Molecular Photoabsorption: Absolute Total Cross Sections[END_REF], and we thus assume that they can be used here. While the cross-sections have no reason to be similar between ice and gas in the edge region, off-resonance (at 600 eV) it is a reasonable assumption because the cross-section is then mostly the atomic O 1s ionisation cross-section and does not depend significantly on the molecule or its phase. The column density of molecules involved in the photodesorption process, i.e. the number of monolayers below the surface that participate in desorption, has been well constrained in the case of UV photodesorption of CO [START_REF] Bertin | UV photodesorption of interstellar CO ice analogues: From subsurface excitation to surface desorption[END_REF]. Desorbed CO molecules come from the surface, and the excitations that lead to desorption are localized in the top 3 monolayers. The situation is rather more complex here because we need to consider primary Xray excitations as well as secondary excitations that follow Auger decay processes, and the mechanisms through which these excitations lead to desorption. Let us review the various length scales involved. With an absorption cross-section of the order of 5 × 10 -19 cm 2 , our 100 ML thick ice will only absorb ∼ 5% of the incident photons. The primary excitations can thus take place over the whole ice, however only a fraction of them will lead to desorption, depending on their distance to the surface. The electron cloud created by an Auger electron in water has an approximate radius of 10 nm [START_REF] Tı Mneanu | Auger electron cascades in water and ice[END_REF], i.e. ∼ 30 ML, thus secondary excitations can be created near the surface from molecules 30 ML deep in the ice. Additionally, the desorption mechanisms that follow secondary excitations have their own length scales. The possible mechanisms of desorption of H 2 O that have been discussed for UV excitation include kick-out by hot H fragments, chemical recombination [START_REF] Andersson | Photodesorption of water ice[END_REF] and excitoninduced dipole reversal [START_REF] Desimone | Mechanisms of H2O desorption from amorphous solid water by 157-nm irradiation: An experimental and theoretical study[END_REF], to which we can add at least, due to the possibility of ionisation, recombination of H 3 O + ions with electrons and subsequent desorption of the H 2 O product [START_REF] Kimmel | Low-energy electron-stimulated production of molecular hydrogen from amorphous water ice[END_REF], and collisioninduced desorption [START_REF] Redlich | Resonant infrared laser-induced desorption of methane condensed on NaCl(100): Isotope mixture experiments[END_REF]. These processes involve the scales of hot H atom mean free path, fragment diffusion, exciton diffusion, and proton diffusion along the H-bond network. These length scales are not well constrained. Molecular dynamics simulation yield a hot H atom mean free path of ∼ 8 Ȧ [START_REF] Andersson | Photodesorption of water ice[END_REF], which is small enough to be neglected. The experimental findings of ref [START_REF] Petrik | Electronstimulated sputtering of thin amorphous solid water films on Pt(111)[END_REF] suggest a characteristic migration scale of excitons of about 25 ML. Taking into account the radius of the electron cloud and the migration scale of excitons, we will thus consider that the first 50 ML are involved in X-ray photodesorption for water. Using this characteristic thickness we derive a yield of about 0.2 H 2 O molecule desorbed per absorbed photon at 600 eV and at 15 K. This should be considered as an order of magnitude estimate, considering the uncertainties on the length scales and absorption cross-sections mentioned above.

Estimation of average photodesorption yields for astrophysical models (Y avg )

The experimental photodesorption spectrum in the 520-600 eV range follows the absorption spectrum of the ice, and above 600 eV the absorption is still dom-inated by O 1s ionisation, therefore the physical and chemical processes involved are the same. We can thus extrapolate the photodesorption yield above 600 eV if we know the absorption cross-section of water ice. As mentioned above, this is not the case but it can be safely extrapolated from the gas-phase value off-resonance. Before the edge, we assume that the photodesorption yield is constant from 150 to 520 eV and equal to the value measured at 520 eV. Such an assumption is certainly wrong, as the absorption cross-section of H 2 O is not constant in this region. However in this region we cannot make an extrapolation similar to the one described previously, since the cross-section is dominated by the continuum of the (2a 1 ) -1 ionisation and other higher energy states, and those states are very different from the O 1s core hole state: they do not lead to an Auger decay. Changing the value of the photodesorption yield below 520 eV only leads to negligible changes in the average value, therefore this approximation, although crude, is not critical. The yields extrapolated from 150 eV to 10 keV are available in the Supplementary Information, along with the values of the absorption cross-section used.

The extrapolated photodesorption yields are then multiplied by a normalized X-ray spectrum. In order to illustrate the average yields obtained for various relevant regions at different attenuations, we retrieved observed X-ray spectra of TW Hya [START_REF] Nomura | Molecular hydrogen emission from protoplanetary disks. II. Effects of X-ray irradiation and dust evolution[END_REF] and of the ULIRG MKN231 [START_REF] Braito | The XMM-Newton and Bep-poSAX view of the Ultra Luminous Infrared Galaxy MKN 231[END_REF]. TW Hya is meant to be representative of a young star, a source which can illuminate protoplanetary disks and protostellar envelopes, although the spectra of such stars can vary. The spectrum of MKN231 does not correspond to a spectrum illuminating any specific molecular cloud, therefore it should only be taken as an illustration of a harder and flatter X-ray spectrum than that of a young star. We then applied to each of these spectra an attenuation corresponding to various column densities of a gas and dust mix using the attenuation cross-section of the standard model of ref [START_REF] Bethell | Photoelectric cross-sections of gas and dust in protoplanetary disks[END_REF]. The elemental abundances and dust parameters of this reference are taken for protoplanetary disks. We make the assumption that these numbers should not be too different for other types of molecular gas and dust environments. The spectra considered are given in the Supplementary Information.

The integral of the yield spectrum Y inc (λ) multiplied by the normalized flux spectrum φ(λ) gives the average photodesorption yield [START_REF] Dupuy | The efficient photodesorption of nitric oxide (NO) ices: A laboratory astrophysics study[END_REF]:

Y avg = Y inc (λ)φ(λ)dλ φ(λ)dλ
The results for different sources and attenuations are given in table 2. These numbers can be used in astrochemical models to treat X-ray photodesorption similarly to the way UV photodesorption is treated, using the rate:

k P D i = θ i σ gr n gr Y avg i F X (cm -3 .s -1 )
Where θ i is the surface coverage of species i, σ gr n gr the effective grain surface and F X the integrated Xray photon flux. Supplementary figure 6: Photodesorption yield of neutral H 2 O as a function of photon energy, extrapolated from 0.15 to 10 keV (black trace). The data is for a 100 ML c-ASW ice at 15K. The extrapolation is described in the Methods section of the paper. Red trace: absorption cross-section of gas-phase water obtained from [START_REF] Berkowitz | Atomic and Molecular Photoabsorption: Absolute Total Cross Sections[END_REF] and used for the extrapolation. Supplementary figure 7: X-ray spectrum of TW Hya attenuated by different column densities of gas and dust. The source spectrum was retrieved from ref [START_REF] Nomura | Molecular hydrogen emission from protoplanetary disks. II. Effects of X-ray irradiation and dust evolution[END_REF] and the attenuated spectra for different column densities (N = 0 -10 24 cm 2 ) were calculated according to the attenuation cross-sections of ref [START_REF] Bethell | Photoelectric cross-sections of gas and dust in protoplanetary disks[END_REF]. Supplementary figure 8: X-ray spectrum of the ULIRG MKN 231 attenuated by different column densities of gas and dust. The source spectrum was retrieved from ref [START_REF] Braito | The XMM-Newton and Bep-poSAX view of the Ultra Luminous Infrared Galaxy MKN 231[END_REF] and the attenuated spectra for different column densities (N = 0 -10 24 cm 2 ) were calculated according to the attenuation cross-sections of ref [START_REF] Bethell | Photoelectric cross-sections of gas and dust in protoplanetary disks[END_REF].

Figure 1 :

 1 Figure1: Schematic representation of a vertical slice of a protoplanetary disk showing the various sources of irradiation in the ice-containing regions. To the left is the central star, with the red zone being a hot region of dust sublimation. Icy grains are symbolized by black and blue dots. The limits between the different regions (UV-dominated, X-ray dominated or CR-dominated, as well as the "snow surface" locating the onset of ices) are all disk-dependent, see the text for more details. The outer part of the disk can be illuminated by external UV photons from the ISRF, but also by external X-rays[START_REF] Rab | X-ray radiative transfer in protoplanetary disks: The role of dust and X-ray background fields[END_REF].
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Figure 2 :

 2 Figure 2: Photodesorption yields of the neutral species observed, as a function of photon energy. a. Total electron yield in electron per incident photon, and b. H 2 O, c. H 2 and d. O 2 photodesorption yields in molecules per incident photon, as a function of photon energy, for a 100 ML compact amorphouse solid water ice at 15 K. The grey traces are the raw data while the black traces have been smoothed. The total electron yield is assumed to represent the absorption of the ice (see Methods).

2 Figure 3 :

 23 Figure3: Total electron yield in electron per incident photon, as a function of photon energy. The data is for a 100 ML c-ASW at 15 K (black trace) and 90 K (red trace). The attribution of the peaks follows ref.[START_REF] Laffon | Radiation effects in water ice: A near-edge xray absorption fine structure study[END_REF].
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Table 1 :

 1 Photodesorption yields (Y inc ) at 550 eV for a compact amorphous solid water ice at either 15K or 90K (desorbed species per incident photon)

	Neutrals		Cations		Anions	
	90 K	15 K	90 K	15 K	90 K	15 K
	H					

NIST XPS database https://srdata.nist.gov/xps/
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Supplementary information

Ion desorption

Ions were detected using a quadrupole massspectrometer. A mass spectrum of the positive ions is presented in supplementary fig. 4. The desorption yield of ions was calculated by first estimating the detection efficiency of the QMS in the setting used here. For this we compared the signal we obtained for C + desorption from a CO ice at 550 eV with the quantified data given in ref [START_REF] Rosenberg | K-shell photoexcitation of solid N2, CO, NO, O2, and N2[END_REF]. From this we obtain a detection efficiency of approximately 2% for C + . The detection efficiency for other ions then depends on the mass apparatus function of the QMS, which we calibrated. Because our calibration for ions relies on data from the literature which does not have an uncertainty associated to it, the numbers should be taken with caution.

The desorption spectrum of H + shown in supplementary fig. 5 does not follow exactly the total electron yield, i.e. the ice bulk absorption. This had already been noted and investigated in detail in previous studies [START_REF] Coulman | Excitation, deexcitation, and fragmentation in the core region of condensed and adsorbed water[END_REF][START_REF] Mase | Ion desorption induced by core-electron transitions studied with electron-ion coincidence spectroscopy[END_REF] where interpretations can be found.

Extrapolated photodesorption yields

Supplementary fig. 6 shows the photodesorption yield of H 2 O extrapolated from 400 to 10 000 eV using the gas phase absorption cross-section represented as well. Details are given in the Methods section of the article.

Supplementary fig. 7 and8 show the X-ray spectra used to calculate the values given in table 2 of the text. They correspond to the X-ray spectrum of two different sources, the star TW Hya [START_REF] Nomura | Molecular hydrogen emission from protoplanetary disks. II. Effects of X-ray irradiation and dust evolution[END_REF] and the emission from the ULIRG MKN231 [START_REF] Braito | The XMM-Newton and Bep-poSAX view of the Ultra Luminous Infrared Galaxy MKN 231[END_REF], attenuated by different column densities of gas (using the crosssections of ref [START_REF] Bethell | Photoelectric cross-sections of gas and dust in protoplanetary disks[END_REF]), which displaces the peak of the spectrum towards higher and higher energies. The spectra are all normalized to their respective area for readability. Supplementary figure 5: Photodesorption spectrum of H + (black trace). The total electron yield (red trace) was included for comparison. The data is for a 100 ML c-ASW ice at 90 K.