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Abstract
In the tenuous atmospheric bodies of our solar system, space weathering on the celestial surface is an important process for its chemical and physical evolution and ambient environment on timescales of celestial evolution. Space plasma is a dominant energy and material source for space weathering. Plasma irradiation experiment in the laboratory is an effective method for modeling space weathering driven by space plasma. However, comprehensive modeling of plasma space weathering has not yet been conducted because the capabilities of the earlier facilities were not optimized for realistic space weathering; for example, the incident electron and ion were not irradiated in the same condition. Here, we developed a plasma irradiation system, Plasma Irradiation Emulator for Celestial Environments (PIECE) of the solar system bodies, which reproduces plasma space weathering in tenuous atmospheric bodies by the electron and ion irradiations in the same condition. We successfully developed a system with high electron and ion number fluxes of [image: $$\sim 10^{13} - 10^{16} {\text{ particles cm}}^{{ - {2}}} {\text{s}}^{{ - {1}}}$$] at any acceleration energy in the range of 1–30 keV, which leads to a fluence of e.g., [image: $$\sim 10^{18} - 10^{21} {\text{ particles cm}}^{{ - {2}}} {\text{s}}^{{ - {1}}}$$], with a 1-day irradiation time. This fluence corresponds to a plasma irradiation time of ~ 103–106 years on Europa.
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Introduction
In our solar system, planets, moons, and small bodies interact with the ambient space through a variety of physical and chemical processes. The solar system bodies are irradiated with the solar wind, planetary plasmas, cosmic rays, solar photons, and micrometeorites. The materials of the atmosphere and/or solid surface of the bodies are altered through physical and chemical processes, such as sputtering, ionization, dissociation, and implantation of the incident particles. These material alterations are known as space weathering (Johnson 1990; Johnson et al. 2004; Bennett et al. 2013; Pieters and Noble 2016). Each type of incident particle and photon has different physical and chemical effects on the atmospheric and surface materials. For example, solar wind and planetary plasma ions sputter atoms and molecules from the surface and atmospheric materials, accompanied by the destruction of the molecular structure of the materials. This is known as amorphization if the irradiated materials have a crystal structure (Laczniak et al. 2021). The sputtered atoms and molecules create a tenuous atmosphere (Ip et al. 1998). The incident ions and electrons ionize and dissociate atoms and molecules in the irradiated materials, creating secondary electrons. New chemical compounds are synthesized through reactions associated with dissociated atoms and molecules. These non-thermal processes are dominantly driven by planetary plasmas, cosmic rays, solar wind, and solar photons at X-ray and ultraviolet (UV) wavelengths (e.g., Bennett et al. 2013 and references therein). Contrarily, the solar photons at the visible and infrared wavelengths contribute less to the non-thermal effects but work as thermal energy sources that drive the thermal desorption of atoms and molecules from the surface and atmosphere (Madey et al. 1998). Micrometeoroid bombardment on the solid surface vaporizes the surface material, followed by vitrification of the surface material and turnover of the surface regolith layer through shock wave formation, as implied from laboratory experiments of laser irradiation (Sasaki et al. 2001; Moroz et al. 2014).
In the solar system bodies with tenuous atmospheres (e.g., Mercury, Moon, Martian moon Phobos, icy moons of the gas giants, asteroids, and other small bodies), the incident particles and photons precipitating from space directly reach the solid surface with less atmospheric absorption compared to those precipitating to the bodies with thick atmospheres. The surface material of a tenuous atmospheric body has long been processed through space weathering. For example, the crater chronology of the icy moons of Jupiter, which are Europa, Ganymede, and Callisto, indicated that the average age of their surfaces ranges from 107 (Europa) to 4 × 109 (Callisto) years old (Zahnle et al. 1998). This implies that the surface of the icy moons was exposed to space and is likely altered on timescales of celestial evolution, experiencing space weathering by the irradiation of the magnetospheric plasma, solar photons, and micrometeorites.
Carlson et al. (2009) summarized the atomic fluxes of micrometeorites and magnetospheric plasmas in Europa orbit. They showed that the oxygen atomic number flux originating from the magnetosphere has the greatest value of [image: $${3} \times {10}^{{8}} {\text{ atoms m}}^{{ - {2}}} {\text{s}}^{{ - {1}}}$$] in the particles precipitating to the surface of Europa. Based on in situ observations with the Galileo spacecraft at the icy moons of Jupiter, Cooper et al. (2001) estimated the energy fluxes of the magnetospheric plasma in the keV–MeV range and that of the solar photons from the extreme ultraviolet (EUV) to the infrared. On Europa, the plasma energy flux accessible to the surface ([image: $${7}{\text{.8}} \times {10}^{{{10}}} \,{\text{keV}}\,{\text{cm}}^{{ - {2}}} {\text{s}}^{{ - {1}}}$$]) was found to be greater than the solar UV-C photons at 4.4–12.4 keV ([image: $$4.0 \times 10^{10} {\text{ keV}}\,{\text{cm}}^{{ - {2}}} {\text{s}}^{{ - {1}}}$$]) that dissociate molecules in the surface material. As for the other icy moons, it was also found that the plasma energy flux on Ganymede and Callisto ([image: $$\text{0.22-5.4} \times {10}^{{9}} \,{\text{keV}}\,{\text{cm}}^{{ - {2}}}{\text{ s}}^{{ - {1}}}$$]) still has a non-negligible contribution to the energy input to the surface. These estimations indicate the dominant effect of the magnetospheric plasma of Jupiter on space weathering on the icy moon surface.
The earlier studies introduced above imply that plasma space weathering drives the chemical and physical evolution of surface materials in the icy moons of Jupiter (see also Johnson et al. 2004 for a more comprehensive discussion). Material processing by plasma irradiation is too complex to be described only by theory and/or telescope/spacecraft observations. The laboratory experiment of plasma irradiation is one of the most effective methods to unveil material processing because complex chemical and physical processes are realistically reproduced and analyzed in detail with on-site laboratory analysis facilities. Many earlier studies addressed plasma space weathering on the moons of Jupiter based on laboratory experiments of electron or ion irradiation (Nash and Fanale 1977; Nelson and Nash 1979; Johnson 1990; Johnson et al. 2004; Moore et al. 2007; Hand and Carlson 2015; Poston et al. 2017; Tribbett and Loeffler 2021). They specifically discussed the dissociation, sputtering, material oxidization, reflectance change, and others that occurred in the irradiated target samples that comprised model material for the icy moon surface (e.g., NaCl and water ice). However, their focus was on the specific pairs of incident particles and target materials (e.g., electron versus NaCl), which do not realistically reproduce the plasma space weathering on the icy moon surface, but in reality, the irradiation of both electrons and ions on the various materials in the same condition. If realistic space weathering is successfully reproduced by a laboratory experiment in the same condition for the incident ion and electron, the chemical and physical surface evolutions can be unveiled. The surface evolution constrains the alteration histories of the seawater that is transported from the interior ocean to the surface, which potentially leads to the characterization of the chemical composition of the interior ocean.
Here, we present the development of a plasma irradiation system, the Plasma irradiation Emulator for Celestial Environments (PIECE) of the solar system bodies, which in the same condition reproduces plasma space weathering for both energetic electrons and ions in the icy moons of Jupiter and other solar system bodies. We successfully developed a system with electron and ion number fluxes of [image: $$\sim {10}^{{{13}}} - {10}^{{{16}}} {\text{ particles }}\,{\text{cm}}^{ - 2} {\text{ s}}^{{ - {1}}}$$] at any acceleration energy in the range of 1–30 keV, which corresponds to a fluence of e.g., [image: $$\sim {10}^{{{18}}} - {10}^{{{21}}} {\text{ particles cm}}^{ - 2}$$] with a 1-day irradiation time. This fluence is equivalent to a plasma irradiation time of ~ 103–106 years on Europa. It should be noted that the space weathering is not reproduced realistically for a too long period (e.g., up to 106 years on Europa) with the high fluence because of the greater laboratory particle flux compared to that around the target bodies, which might lead to the heating for the experiment sample. However, it is feasible for our laboratory experiment to investigate the dependence of space weathering on the incident particle flux keeping the same particle fluence. The incident flux dependence has not been investigated yet for both the incident ions and electrons in the same condition.
Our irradiation system is broadly applicable to tenuous atmospheric bodies in the solar system. For example, the system can reproduce space weathering on the surfaces of Mercury, the Moon, and asteroids driven by the solar wind hydrogen that forms water molecules from surface silicate minerals (Zhu et al. 2019; Nakauchi et al. 2021). On Mercury and the Moon, the created water molecules are likely to be accumulated as ice in the permanent shadow in the polar region (Jones et al. 2018, 2020). Our system is also applicable to the Moon and Phobos. Planetary atmospheric particles escape as the ‘planetary wind’ to space and are implanted into the soils of their moons (Ozima et al. 2005; Terada et al. 2017). Reproducing the space weathering driven by solar and planetary winds with our irradiation system, we investigate the evolution of the surface environment, solar wind, planetary atmosphere, and celestial material origin.
In ‘‘System requirements’’Section, the requirements for the PIECE system development are described. In ‘‘System overview’’ Section, we overview the function and operating principle of the system. In ‘‘Performance test results’’ Section, the results of the system performance test are presented.

System requirements
Table 1 summarizes the requirements of the PIECE system. All the requirements were successfully satisfied for the developed system.Table 1Requirements for the PIECE system


	Item
	Value
	Comment

	Particle species
	Electron, H, O, He, C ions
	The main components of the planetary magnetospheric plasmas, atmospheres, and solar wind. Include some molecular ions recently discovered around Jupiter’s icy moons (e.g., H2+, O2+) as well as the typical atomic ions (e.g., H+, O+, C+)

	Particle energy
	Any energy in a range of 1–30 keV
	A population comprising the planetary magnetospheric plasma, escaping planetary atmospheric particles, and solar wind

	Fluence
	[image: $$&gt; 10^{18} \,{\text{particles}}\,\,{\text{cm}}^{ - 2}$$]
	Greater than the typical value of e.g., ~ 102 years on Europa in earlier studies

	Irradiation time
	[image: $$&gt; 10^{2} - 10^{5} \,\sec$$]
	Exclusive use, non-public facility

	Sample temperature
	80–300 K
	From the typical surface temperature of Jupiter’s icy moons (80–100 K) to the room temperature

	Sample material
	Salts (e.g., MgSO4, NaCl), silicate minerals, etc., in powder, H2O ice
	The model material for the icy moon surface (Carlson et al. 2009), Mercury, Moon, asteroids, and other bodies (Nittler et al. 2011; Zhu et al. 2019; Nakauchi et al. 2021)

	Sample mounting
	Sample surface to be horizontal at the beamline
	Avoid collapse of the powder sample




The species of the incident particles are electrons, hydrogen, oxygen, helium, and carbon ions that comprise the planetary magnetospheric plasma, planetary atmosphere, and solar wind mainly in the form of the atomic ion. In the Jupiter system, the sulfur ion originating from the volcanoes of Io is also the main component of magnetospheric plasma, which is an important aspect of the irradiation system. However, the sulfur ion sources for irradiation are toxic gases, such as H2S and SO2. It is technically difficult to safely introduce them into the system and avoid the degradation of its components by the introduced gases. The sulfur ion is out of the scope for the present development and will be addressed in a future study. Recently, the Juno explorer discovered the water-group molecular ions, e.g., H2+ and O2+, around Jupiter’s icy moons as well as Saturn’s icy moons (Szalay et al. 2022; Valek et al. 2022). We include the irradiation of the water-group molecular ions for our scope of the present development.
The incident ions and electrons are accelerated to any energy in the range of 1–30 keV, which is one of the populations comprising the planetary magnetospheric plasma and solar wind. It should be noted that because of the technical constraint on the particle acceleration energy our system reproduces only a part (1–30 keV) of the broad spectral range of the magnetospheric and solar wind energetic particles that spans from keV to MeV (e.g., Mauk 2004). The energy of escaping planetary atmospheric particles depends on their location, but the in situ spacecraft measurement suggested that the energy of the escaping atmospheric particle distant from the planet is comparable with that of the magnetospheric plasma, for example, from 100s eV to 10s keV in Earth (Seki et al. 1998, 2001; Terada et al. 2017).
The number fluence of the incident particle needs to be [image: $${10}^{{18 }} {\text{particles }}\,{\text{cm}}^{{ - {2}}}$$] or greater, which is comparable to or greater than those of the typical values in earlier studies (Hand and Carlson 2015), to reproduce the space weathering on timescales longer than ~ 102 years on Europa. With a technically feasible flux of the incident particles, for example, [image: $$\sim {10}^{{{13}}} - {10}^{{{16}}} \,{\text{particles}}\,{\text{cm}}^{ - 2} {\text{ s}}^{ - 1}$$], the irradiation time must be at least [image: $$10^{2} - {10}^{5} \,\sec$$] satisfy the minimum requirement for the number fluence. The required fluence is reasonably achieved with exclusive use, which is the novelty of our system. With these specifications, the dependence of space weathering on the incident particle flux can also be investigated changing the flux by a few orders of magnitude keeping the same fluence.
The minimum temperature of the target sample is 80–100 K, which is the typical surface temperature of the icy moons of Jupiter (e.g., Spencer et al. 1999). The target samples used for the irradiation experiment comprised various surface model materials for tenuous atmospheric bodies. Most surface materials are in powder form with a variety of particle sizes ranging from nanometers to millimeters (Helfenstein and Shepard 1999; Tsuchiyama et al. 2011). The target sample is in powder form, and the surface should be horizontal at the incident particle beam line to avoid the collapse of the sample.

System overview
Functional overview
Figure 1 presents a functional overview of the PIECE system. The main vacuum chamber has a cylindrical shape with a volume of [image: $$1.3 \times 10^{4} \,{\text{cm}}^{3}$$], whose axis is aligned horizontally. The chamber is evacuated with a turbo molecular pump at an evacuation rate of [image: $$3.3 \times 10^{5} \,{\text{cm}}^{3} {\text{s}}^{ - 1}$$], which leads to a typical pressure of [image: $$\sim 10^{ - 6} \, - 10^{ - 5}$$] Pa in the chamber. The sample holder, cryocooler (see ‘‘Sensors and cryocooler’’ Sect. ), electron gun (‘‘Electron gun’’ Sect. ), ion gun with an E × B filter (‘‘Ion gun with E x B filter’’ Sect. ), and sensors (‘‘Sensors and cryocooler’’ Sect. ) are mounted in the main chamber. A copper sample holder is aligned with the cylinder axis of the main chamber and directly mounted on the cryocooler, which is cooled to ~ 100 K when no irradiation was performed. The temperatures at the tip and base of the sample holder are monitored using platinum resistance thermometers connected to the data logger. Through a vacuum feedthrough, the cryocooler is connected to the screw jack outside the chamber. The sample holder mounted on the cryocooler is moved horizontally with the screw jack actuated by the stepping motor. The electron gun and ion gun with an E × B filter are mounted at a working distance of 164 mm from the sample holder. The ion or electron beam is perpendicular to the sample holder. The blind hole or through hole in the sample holder is located at the ion or electron beam line by moving the sample holder. The target sample in the blind hole is irradiated with an electron gun or ion gun at the beamline. The beam current passing through the blind hole is measured with a Faraday cup (FC) mounted on the opposite side of the electron or ion gun in the main chamber. The partial pressure of each particle degassed from the target sample and inner wall of the main chamber is monitored using a quadrupole mass spectrometer (QMS). The sample, sample cup, sample holder, and inner wall of the main chamber are all grounded to suppress the electrical charging of a sample. The secondary electrons (and possibly the secondary ions) emitted from the surface sample during the particle irradiation are immediately absorbed by the grounded components, which would significantly suppress the sample charging. The measurement of electromagnetic structure around the irradiated sample would be a good future work that we should address to unveil the particle acceleration/deceleration on the airless body surface, e.g., Moon (Saito et al. 2012). A photograph of the complete PIECE system is shown in Fig. 2.[image: ]
Fig. 1Schematic representing the functional overview of the PIECE system

[image: ]
Fig. 2A photograph showing the exterior of the developed PIECE system



Sensors and cryocooler
QMS is an MKS Macrovision-2 Residual Gas Analyzer with a mass range of 1–100 amu and detection sensitivity of [image: $$&gt; 5 \times 10^{ - 12}$$] Pa. The ion source sensor of QMS is located at a ~ 60 mm distance from the sample, which is exposed to the main cylindrical space of the main chamber. The FC for the electron or ion beam current measurement is an Omegatron OMS-0070FC with a beam aperture diameter of 20 mm, detection sensitivity of 10 nA, and dynamic range of 0–10 mA. The FC is mounted at a working distance of approximately 320 mm from the ion or electron gun. The temperature sensor mounted on the sample holder is a NETSUSHIN Pt100 film thermometer with a dynamic range of ~ 70–370 K and a measurement uncertainty of 0.35 K at 100 K. The cryocooler is an ULVAC RMS50 with a C30VR compressor with a cooling power of 85 W at 77 K. The two-dimensional profile of the beam current diameter was measured only during the performance test. The profile monitor used is the Omegatron Current Profile Monitor OMS-0600PM with a beam aperture diameter of 0.5 mm, which is swept in the beam-perpendicular plane with a measurement interval of 1 mm in the x-axis direction and 0.002 mm in the y-axis direction (see ‘‘Other performances of ion gun’’ Sect. ).

Sample analysis
The surface reflectance of the irradiated samples is analyzed with spectrometers to quantify the material alteration caused by the plasma space weathering. We are going to implement the Fourier transfer infrared (FTIR) spectrometer and ultraviolet–visible (UV–VIS) spectrometer for the vacuum reflectance measurements in the main chamber. The samples cooled with the cryocooler are going to be analyzed with the future vacuum spectrometry system. At present, the powder samples at room temperature are removed from the main chamber after irradiation, and their surface reflectance is measured in air with FTIR and UV–VIS spectrometers. Requirements for the reflectance analysis, e.g., wavelength, spectral resolution, and sensitivity, are defined based on the scientific purpose of each experiment.

Electron gun
The electron gun implemented on the PIECE system is the Omegatron 30 keV LaB6 electron gun (OME-3040LA). The beam energy ranges from 1 to 30 keV, with a beam diameter of 0.01–10 mm and a beam current of 1.9-2.5 mA at 10–30 keV. The details of the measured beam current are presented in ‘‘Electron gun’’ Section. Figure 3 illustrates the operating principle of the e-gun. Thermal electrons are emitted from the cathode of the LaB6 filament at a voltage [image: $$- {\text{V}}_{a} &lt; 0$$]. The emitted thermal electrons are accelerated toward the grounded anode. Between the anode and cathode, the Wehnelt electrode biased by a voltage [image: $$- {\text{V}}_{{\text{b}}} &lt; 0$$]. from the filament voltage [image: $$- {\text{V}}_{{\text{a}}}$$] is located to control the emission rate of the thermal electron. The effective acceleration voltage[image: $${\text{V}}_{{\text{a}}} + {\text{V}}_{{\text{b}}}$$]. is associated with the kinetic energy of the accelerated electron:[image: $$e\left({V}_{a}+{V}_{b}\right)\sim \frac{1}{2}m{v}^{2},$$]

 (1)


where [image: $$e$$], [image: $$m$$], and [image: $$v$$] are the elementary charge, electron mass, and speed of the accelerated electrons, respectively. An accelerated electron beam is delivered to the target sample. Using Eq. 1, the beam energy is controlled by changing voltages [image: $${V}_{a}$$] and [image: $${V}_{b}$$].[image: ]
Fig. 3Schematic illustrating the operating principle of the electron gun implemented on the PIECE system



Ion gun with E x B filter
The ion gun with the E × B filter implemented on the PIECE system is an Omegatron cold cathode ion gun (OMI-0090). The beam energy ranges from 0.7 keV to 10 keV with a beam diameter of several millimeters and beam current of 10s [image: $$\mu {\text{A}}$$] at 10 keV. The details of the measured beam current are presented in ‘‘Ion gun’’ Section.
Figure 4 illustrates the operating principle of the implemented ion gun with an E × B filter. The ion source gas is filled into the discharge chamber, where temporally static magnetic and electric fields are applied. Gas neutrals are ionized by collisions between electrically accelerated electrons/ions and gas neutrals, which create multiple species of ions from the gas neutrals. The created ions are trapped, and gyration starts in the applied magnetic field. An ion with charge [image: $$q$$] and mass [image: $$m$$] extracted from the discharge chamber charged at an acceleration voltage [image: $${\text{V}}_{{\text{a}}} &gt; 0$$] is accelerated toward the grounded extraction electrode. Moving through the hole of the extraction electrode, the ion obtains kinetic energy:[image: $$q{V}_{a}\sim \frac{1}{2}\mathrm{m}{v}^{2},$$]

 (2)


where [image: $$v$$] is the speed of the accelerated ion. In the E × B filter, temporally static and uniform magnetic and electric fields are applied between the anode and cathode of the capacitor. Ion at the speed of E × B drift:[image: $$v=\frac{{E}_{0}}{{B}_{0}},$$]

 (3)


moves straight, while the ion at a speed [image: $$v\ne {E}_{0}/{B}_{0}$$] deflects, where [image: $${E}_{0}$$] is the magnitude of the uniform electric field perpendicular to the uniform magnetic field with a flux density magnitude [image: $${B}_{0}$$] applied between the capacitor plates. In practice, electric and magnetic fields are created using capacitor plates and electromagnetic coils, respectively. The accelerated ion at a speed [image: $$v={E}_{0}/{B}_{0}$$] is collimated at the orifice and delivered to the target sample. From Eqs. 2, 3, the following relationship is obtained for the mass per charge ratio [image: $$m/q$$] of the filtered ion:[image: ]
Fig. 4Schematic illustrating the operating principle of the ion gun with the E x B filter implemented on the PIECE system

[image: $$\frac{m}{q}=2{V}_{a}{\left(\frac{{B}_{0}}{{E}_{0}}\right)}^{2}.$$]

 (4)



Accelerated ions with any desired mass per charge, [image: $$m/q$$] is extracted by changing [image: $${V}_{a}$$], [image: $${E}_{0}$$], and [image: $${B}_{0}$$]. In nominal operation, [image: $${V}_{a}$$] and [image: $${E}_{0}$$] are set to be constant, whereas [image: $${B}_{0}$$] is swept by changing the current of the electromagnetic coil to obtain ions with the desired [image: $$m/q$$] ratio.
The magnetic field [image: $${B}_{0}$$] in the E × B filter is not spatially uniform because it extends outside the region between capacitor plates. This weakens the magnetic flux density between capacitor plates. In the performance test, the effective magnetic flux density [image: $${B}_{\text{eff}}$$] is measured between the capacitor plates with a tesla meter, which leads to the magnetic field efficiency [image: $$\varepsilon$$] that associates the theoretical magnetic flux [image: $${B}_{0}={E}_{0}/v$$] with [image: $${B}_{\text{eff}}$$] with a relation [image: $${B}_{\text{eff}}=\varepsilon {B}_{0}$$]. Figure 5 shows the magnetic flux density [image: $${B}_{\text{eff}}$$] measured between the capacitor plates with a tesla meter as a function of electromagnetic coil current.[image: ]
Fig. 5Plot showing the magnetic flux density measured between capacitor plates of the E × B filter as a function of electromagnetic coil current




Performance test results
Here, we describe the results of the system performance test performed using the configurations for the nominal irradiation experiment. We assessed the beam current of the electron/ion gun, mass per charge resolution of the E × B filter, and sensitivity of the QMS partial pressure. All assessments were performed at room temperature. The performance tests for the electron and ion guns in ‘‘Electron gun’’ and ‘‘Ion gun’’ Sections. were conducted without an irradiation sample mounted in the main chamber, while a NaCl sample was mounted in the chamber for the mass spectrometer test in ‘‘Mass spectrometer’’ Section.
Electron gun
Figure 6 shows the electron beam current at 10–30 keV measured during the electron gun performance test. The blue line represents the beam current in units of mA measured with the FC. The maximum beam current ranges from 1.87 to 2.52 mA at 10–30 keV. For the irradiation experiment for the icy moon sample, the beam diameter is going to be defocused down to 10 mm to irradiate the pelletized powder sample in a copper cylinder cup with a diameter of ~ 11 mm and thickness of ~ 1.5 mm. The number and energy fluxes with a 10 mm-beam diameter were estimated to be [image: $$1.49{-}2.00 \times 10^{16} \,\,\,{\text{particles}}\,\,{\text{cm}}^{ - 2} {\text{s}}^{ - 1}$$], and [image: $$1.89 - 4.46 \times 10^{17} \,\,\,{\text{keV}}\,\,{\text{cm}}^{ - 2} {\text{s}}^{ - 1}$$], which are equivalent to the number and energy fluences of [image: $$1.28 - 1.73 \times 10^{21} \,{\text{particles}}\,{\text{cm}}^{ - 2}$$], and [image: $$1.63 - 3.85 \times 10^{22} \,{\text{keV}}\,{\text{cm}}^{ - 2}$$], with a 1-day irradiation time in the experiment, respectively. The obtained number fluence satisfies the system requirements defined in ‘‘System requirements’’ Section. With the number and energy fluxes [image: $$(1.8 \times 10^{8} \,{\text{particles}}\,{\text{cm}}^{ - 2} {\text{s}}^{ - 1} )$$], and [image: $$(6.2 \times 10^{10\,} {\text{keV}}\,{\text{cm}}^{ - 2} {\text{s}}^{ - 1} )\,$$], of the keV–MeV electrons measured with the Galileo explorer in the orbit of Europa (Cooper et al. 2001), the estimated number and energy fluences correspond to irradiation times of [image: $$2.3 - 3.0 \times 10^{5}$$] year and [image: $$0.84 - 2.0 \times 10^{4}$$] year years on Europa.[image: ]
Fig. 6Plot showing the maximum electron beam current as a function of acceleration voltage. The blue line is the beam current in a unit of mA measured with FC



Ion gun
Hydrogen ion
The dependence of the ion beam current on the electromagnetic coil current of the E × B filter was measured for hydrogen, oxygen, carbon dioxide, and helium gases. The top panel of Fig. 7 shows the ion beam current created from hydrogen molecular gas with an acceleration voltage of 10.7 keV as a function of the E × B filter electromagnetic coil current. The two major peaks in the beam current correspond to the beams of the [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$] ions. The electromagnetic coil current, width, and height of the current peaks were estimated by fitting Gaussian functions, as indicated by the red broken line in the top panel. From the height of the fitted function, the [image: $${\text{H}}_{2}^{+}$$] ion beam current was found to have a greater value of 33.2 [image: $$\mu {\text{A}}$$] than that of the [image: $${\text{H}}_{2}^{+}$$] beam current of 1.70 [image: $$\mu {\text{A}}$$] The peaks of the two fitted Gaussian functions, 1.70 and 2.46 A in units of the electromagnetic coil current, correspond to the mass per charge ratios m/q for the [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$] ions, 1 and 2 amu/q, respectively, where q is the incident ion charge in a unit of the elementary charge. The bottom panel of Fig. 7 shows a linear calibration function that associates the electromagnetic coil current with the mass per charge. The calibration function was constrained by the m/q ratios and the measured electromagnetic coil currents of [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$]. The standard deviations of the fitted Gaussian functions in the top panel of Fig. 7 correspond to those of m/q ratios for [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$] on the calibration function, which are 0.086 and 0.12 amu/q, respectively. The estimated standard deviations are the resolutions of the mass per charge of each ionic species. These results demonstrate that the [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$] ions are significantly resolved using the implemented E × B filter. With the obtained mass per charge resolution, the flux of the incident hydrogen is correctly estimated from the beam current measurement. The H3+ ion is also resolved with the E × B filter, which is likely detected as a minor bump around ~ 3 amu/q although its beam current is less significant (< 1 [image: $$\mu {\text{A}}$$]) compared to [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$].[image: ]
Fig. 7Plots depicting the (top) ion beam current created from the hydrogen molecular gas with an acceleration voltage of 10.7 keV as a function of the E x B filter electromagnetic coil current and (bottom) the mass per charge of the incident ion as a linear function of the electromagnetic coil current. In the top panel, the blue dots connected with the blue line indicate the measured ion beam current in a unit of [image: $$\mu {\text{A}}$$]. The top horizontal axis shows the mass per charge calibrated with the linear function in the bottom panel. The red broken line is the sum of two Gaussian functions fitted to the measured beam current. In the bottom panel, the error bar shows the [image: $$1\sigma$$] error estimated from the standard deviation of the fitted Gaussian functions. The blue broken line is the calibration line that associates the electromagnetic coil current with the mass per charge of the incident ion constrained with the [image: $${\text{H}}^{+}$$] and [image: $${\text{H}}_{2}^{+}$$] beam currents


For example, the number and energy fluxes of the [image: $${\text{H}}_{2}^{+}$$] ion beam with a 10-mm diameter were estimated to be [image: $$5.23 \times 10^{14} \,{\text{particles}}\,\,{\text{cm}}^{ - 2} \,{\text{s}}^{{ - 1}}$$] and [image: $$2.82 \times 10^{15} \,{\text{keV}}\,\,{\text{cm}}^{{ - 2}} {\text{s}}^{{ - 1}}$$] from the measured beam current, which are equivalent to the number and energy fluences of [image: $$4.56 \times 10^{19} \,\,{\text{particles}}\,\,{\text{cm}}^{ - 2}$$] and [image: $$2.44 \times 10^{20\,} \,\,{\text{keV}}\,\,{\text{cm}}^{ - 2}$$] with a 1-day irradiation time in the experiment, respectively. Here, we estimated the number flux as the total flux of hydrogen atoms completely dissociated from the incident hydrogen molecule ion by collision with the target. The obtained number fluence satisfies the minimum system requirements ([image: $${&gt;10}^{18}\text{ particles }{\text{cm}}^{-2}$$]) defined in ‘‘System requirements’’ section. With the number and energy fluxes [image: $$(1.5 \times 10^{7} \,\,{\text{particles}}\,\,{\text{cm}}^{ - 2} \,{\text{s}}^{ - 1} )$$] and [image: $$(1.2 \times 10^{10} \,\,\,{\text{keV}}\,\,{\text{cm}}^{{ - 2}} {\text{s}}^{{ - 1}} )$$] of the keV–MeV hydrogen atom ions measured with the Galileo explorer in the orbit of Europa (Cooper et al. 2001), the estimated number and energy fluences correspond to irradiation times of [image: $$9.6 \times 10^{4}$$] year and [image: $$6.4 \times 10^{2}$$] years on Europa, respectively.

Oxygen ion
The ion beam current created from the oxygen molecular gas with an acceleration voltage of 10.7 keV is shown in Fig. 8 in the same format as Fig. 7. We found two ion current peaks of 3.18 and 14.9 [image: $$\mu {\text{A}}$$] at the electromagnetic coil currents of 7.12 A (m/q = 16 amu/q) and 10.3 A (m/q = 32 amu/q), which correspond to [image: $${\text{O}}^{+}$$] and [image: $${\text{O}}_{2}^{+}$$], respectively. The mass per charge of [image: $${\text{O}}^{+}$$] was equivalent to that of [image: $${\text{O}}_{2}^{++}$$]. The [image: $${\text{O}}_{2}^{++}$$] ion was possibly created in the discharge chamber and extracted, but regarded as negligible here because other doubly charged ions were not confirmed in the present performance test, i.e., insufficient ionization potential energy for the doubly charged ions. Based on the Gaussian function fitting and calibration function for the mass per charge as done for the hydrogen ion beams, the m/q resolution was estimated to be 1.2 and 1.6 amu/q for the [image: $${\text{O}}^{+}$$] and [image: $${\text{O}}_{2}^{+}$$] ions, respectively.[image: ]
Fig. 8Plots depicting the (top) ion beam current created from the oxygen molecular gas with an acceleration voltage of 10.7 keV as a function of the E x B filter electromagnetic coil current and (bottom) the mass per charge of the incident ion as a linear function of the electromagnetic coil current in the same formats as Fig. 7. The linear function in the bottom panel was constrained with the [image: $${\text{O}}^{+}$$] and [image: $${\text{O}}_{2}^{+}$$] ion beam currents


For example, the number and energy fluxes of the [image: $${\text{O}}_{2}^{+}$$] ion beam with a 10 mm diameter were estimated to be [image: $$2.36 \times 10^{14} \,{\text{particles}}\,\,{\text{cm}}^{ - 2} \,{\text{s}}^{ - 1}$$] and [image: $${1}{\text{.26}} \times {10}^{{{15}}} \,\,{\text{keV}}\,{\text{cm}}^{{ - 2}} \,{\text{s}}^{{ - 1}}$$] from the measured beam current, which are equivalent to the number and energy fluences of [image: $$2.04 \times 10^{19} \,\,{\text{particles}}\,\,{\text{cm}}^{{ - 2}}$$] and [image: $$1.09 \times 10^{20} \,\,{\text{keV}}\,\,{\text{cm}}^{{ - {2}}}$$] with a 1-day irradiation time in the experiment, respectively. We estimated the number flux as the total flux of oxygen atoms completely dissociated from the incident oxygen molecule ion by collision with the target. The obtained number fluence satisfies the minimum system requirements [image: $$( &gt; 10^{18} \,\,\,{\text{particles}}\,\,\,{\text{cm}}^{ - 2} )$$] defined in ‘‘System requirements’’ Section. With the number and energy fluxes [image: $$(1.5 \times 10^{6} \,\,\,{\text{particles}}\,\,{\text{cm}}^{ - 2} \,{\text{s}}^{ - 1} )$$] and [image: $$(1.8 \times 10^{9} \,\,{\text{keV}}\,\,{\text{cm}}^{ - 2} {\text{s}}^{ - 1} )$$] of the keV–MeV oxygen atom ions measured with the Galileo explorer in the orbit of Europa (Cooper et al. 2001), the estimated number and energy fluences correspond to the irradiation times of [image: $$4.3 \times 10^{6}$$] year and [image: $$1.9 \times 10^{3}$$] years on Europa, respectively.

Carbon dioxide ion
The ion beam current created from the carbon dioxide molecule gas with an acceleration voltage of 10.7 keV measured is shown in Fig. 9 in the same format as Fig. 7. Four ion current peaks of 1.28, 2.38, 9.23, and 7.91 [image: $$\mu {\text{A}}$$] were found, which correspond to the [image: $${\text{C}}^{+}$$], [image: $${\text{O}}^{+}$$], [image: $${\text{CO}}^{+}$$], and [image: $${\text{CO}}_{2}^{+}$$] ions, respectively. As well as the oxygen ion current in ‘‘Oxygen ion’’ Section, the doubly charged ions, e.g., C++ and O++, were not confirmed in the present performance test. The electromagnetic coil current of each ion species is 6.43 A (m/q = 12 amu/q), 7.42 A (m/q = 16 amu/q), 10.0 A (m/q = 28 amu/q), and 12.6 A (m/q = 44 amu/q), respectively. Based on the Gaussian function fitting and calibration function for the mass per charge as done for the hydrogen and oxygen ion beams, the m/q resolution was estimated to be ~ 0.7, ~ 0.9, ~ 2, and ~ 3 amu/q for [image: $${\text{C}}^{+}$$], [image: $${\text{O}}^{+}$$], [image: $${\text{CO}}^{+}$$], and [image: $${\text{CO}}_{2}^{+}$$], respectively. For example, the atomic number and energy fluxes of the [image: $${\text{CO}}_{2}^{+}$$] ion beam with a 10 mm diameter were estimated to be [image: $$(1.89 \times 10^{14} \,\,{\text{particles}}\,\,\,{\text{cm}}^{ - 2} \,{\text{s}}^{ - 1} )$$] and [image: $$(6.28 \times 10^{14} \,\,{\text{keV}}\,\,{\text{cm}}^{ - 2} \,\,{\text{s}}^{ - 1} )$$], which are equivalent to the number and energy fluences of [image: $$(1.63 \times 10^{19} \,\,\,{\text{particles}}\,\,{\text{cm}}^{{ - 2}} )$$], and [image: $$(5.43 \times 10^{19} \,\,{\text{keV}}\,\,\,{\text{cm}}^{ - 2} )$$], with a 1-day irradiation time in the experiment, respectively. Here, we estimated the number flux as the total flux of the carbon and oxygen atoms completely dissociated from the incident carbon dioxide molecule ion by collision with the target.[image: ]
Fig. 9Plots showing the (top) ion beam current created from the carbon dioxide molecular gas with an acceleration voltage of 10.0 keV as a function of the E x B filter electromagnetic coil current and (bottom) the mass per charge of the incident ion as a 3rd order polynomial function of the electromagnetic coil current in the same formats as Fig. 7. The polynomial function in the bottom panel was constrained by the [image: $${\text{C}}^{+}$$], [image: $${\text{O}}^{+}$$], [image: $${\text{CO}}^{+}$$], and [image: $${\text{CO}}_{2}^{+}$$] ion beam currents



Other performances of ion gun
The ion beam created from helium atom gas with an acceleration voltage of 10.7 keV was also measured. The only ion created was the [image: $${\text{He}}^{+}$$] ion. An E × B filter was not used for the current measurements. The ion beam current was 27.0 [image: $$\mu {\text{A}}$$]. The current corresponds to the number and energy fluxes of [image: $$(2.15 \times 10^{14} \,\,\,{\text{particles}}\,\,{\text{cm}}^{ - 2} \,\,\,{\text{s}}^{ - 1} )$$], and [image: $$2.30 \times 10^{15} \,\,{\text{keV}}\,\,\,{\text{cm}}^{{ - 2}} \,\,{\text{s}}^{ - 1}$$], which are equivalent to the number and energy fluences of[image: $$1.85 \times 10^{19} \,\,\,{\text{particles}}\,\,\,{\text{cm}}^{ - 2}$$], and[image: $$1.98 \times 10^{20} \,\,\,\,{\text{keV}}\,\,\,{\text{cm}}^{{ - 2}}$$], with a 1-day irradiation time in the experiment, respectively. The results of the ion-beam current assessments are summarized in Table 2.Table 2Summary of performance test for the ion gun with the E x B filter of the PIECE system


	Gas
	Particle
	Energy (KeV)
	Max beam current (µA)
	m/q resol. (amu/q)a
	B-field efficiency εb
	Number flux (#/cm2/s)c
	Energy flux (keV/cm2/s)

	–
	Electron
	10.0 − 30.0
	1.87 − 2.52 × 103
	–
	–
	1.49 − 2.00 × 1016
	1.89 − 4.46 × 1017

	Hydrogen
	H+
	10.7
	1.70
	1 ± 0.086
	0.69
	1.35 × 1013
	1.45 × 1014

	Hydrogen
	H2+
	10.7
	33.2
	2 ± 0.12
	0.72
	5.23 × 1014
	2.82 × 1015

	Helium
	He+
	10.7
	27.0
	 	 	2.15 × 1014
	2.30 × 1015

	Oxygen
	O+, O22+
	10.7
	3.18
	16 ± 1.2
	0.66
	2.52 × 1013
	2.70 × 1014

	Oxygen
	O2+
	10.7
	14.9
	32 ± 1.6
	0.68
	2.36 × 1014
	1.26 × 1014

	Carbon dioxide
	C+
	10.0
	1.28
	[image: $$12_{{^{ - 0.70} }}^{ + 0.70}$$]
	0.67
	1.02 × 1013
	1.02 × 1014

	Carbon dioxide
	O+, O22+
	10.0
	2.38
	[image: $$16_{ - 0.92}^{ + 0.93}$$]
	0.66
	1.89 × 1013
	1.89 × 1014

	Carbon dioxide
	CO+
	10.0
	9.23
	[image: $$28_{ - 2.0}^{ + 2.1}$$]
	0.67
	1.47 × 1014
	7.34 × 1014

	Carbon dioxide
	CO2+
	10.0
	7.91
	[image: $$44_{{^{ - 2.6} }}^{ + 2.8}$$]
	0.67
	1.89 × 1014
	6.28 × 1014


am/q resolution was estimated from the standard deviation of the Gaussian functions fitted to the beam current profile in Figs. 6, 7, 8
bB-field efficiency is the factor that associates the theoretical magnetic flux density in the E × B filter [image: $${B}_{0}$$] with the measured one [image: $${{B}_{\mathrm{eff}}\mathrm{ as }B}_{\mathrm{eff}}=\varepsilon {B}_{0}$$] (see details in ‘‘Ion gun with E x B filter’’Sect.).
cThe number fluxes for the polyatomic molecule ions ([image: $${\text{H}}_{2}^{+}{\text{,}{\text{O}}}_{2}^{+},{\text{CO}}^{+},{\text{CO}}^{+},{\text{CO}}_{2}^{+}$$]) were estimated as the total fluxes of the atoms completely dissociated from the incident molecule ions by collision with the target sample. The number fluxes of [image: $${\text{O}}^{+}$$] and [image: $${\text{O}}_{2}^{++}$$] were estimated by assuming that the contribution of [image: $${\text{O}}_{2}^{++}$$] was negligible



Furthermore, we assessed the magnetic field efficiency of the E × B filter, which associates the theoretical magnetic flux density [image: $${B}_{0}={E}_{0}/v$$] with the measured flux [image: $${B}_{\mathrm{eff}}$$] as [image: $${B}_{eff}=\varepsilon {B}_{0}$$] (see ‘‘Ion gun with E x B filter’’Section ). [image: $${B}_{0}$$] and [image: $${B}_{eff}$$] were obtained for each peak of the ion-beam current, as shown in Figs. 7, 8, 9. For example, for the [image: $${\text{H}}_{2}^{+}$$] ion beam, the theoretical [image: $${B}_{0}$$] was estimated to be 1018 G from the electric field [image: $${E}_{0}$$] and ion speed [image: $$v$$] while the measured [image: $${B}_{eff}$$] was 730 G, which leads to an efficiency [image: $$\varepsilon$$] of 0.72. For the present E × B filter, the efficiency [image: $$\varepsilon$$] was found to range from 0.66 to 0.72.
The two-dimensional profile of the ion beam was assessed using a beam-profile monitor. For beam profile assessment, an ion gun with an E × B filter was located at a working distance of 160 mm from the profile monitor. Figure 10 shows an example of the 2D beam profile measured for the [image: $${\text{O}}^{+}$$] ions created from oxygen molecular gas. The current density was a normalized value in a unit of [image: $${\text{m}}{\text{m}}^{-2}$$]. The x–y plane is perpendicular to the beam line, where the Faraday cup of the profile monitor (aperture diameter of 0.5 mm) was swept in the x- and y-axis directions. The sampling intervals are 1 mm and 0.002 mm for the x- and y-axes, respectively. The ion beam had a width of ~ 5.5 mm in the x-axis direction and ~ 3 mm in the y-axis direction. These widths are sufficiently narrow to irradiate a target sample with an 11 mm diameter. For the nominal system operation, this beam profile is going to be defocused to a 10 mm diameter.[image: ]
Fig. 10Color contour plot illustrating an example of the two-dimensional profile of the ion beam current measured with the beam-profile monitor. The incident ion particle species is [image: $${\text{O}}^{+}$$] created from the oxygen molecular gas. The beam current was measured with the 0.5 mm aperture profile monitor swept at a spatial interval of 1 mm in the x-axis direction and 0.002 mm in the y-axis. The measured current density is normalized with the total current two-dimensionally integrated over the indicated x–y plane. The color contour indicates the normalized current density in a unit of [image: $${\text{m}}{\text{m}}^{-2}$$] linearly interpolated between the x- and y-grids




Mass spectrometer
The partial pressure of each particle species in the main chamber was monitored using a QMS. We placed a pelletized NaCl target sample weighing ~ 0.2 g pelletized in a copper cup without irradiation. Figure 11 shows the measured partial pressure of each particle species as a function of atomic/molecular mass. The monitored pressures are the background of the particles degassing from the target sample and the inner wall of the main chamber. The background of each degassing particle species was temporally stable at an integration time of 20 s, of which the mean and standard deviation were measured to be[image: $$\sim 10^{ - 7} - 10^{ - 6} \,{\text{Pa}}$$], and[image: $$\sim 10^{ - 8} \,{\text{Pa}}$$], respectively. Particles degassing from the target sample during irradiation are expected to be detected when the partial pressure of the particles is significantly greater than that of the standard deviation of [image: $$\sim 10^{ - 8} \,{\text{Pa}}$$], after subtracting the background. Table 3 summarizes the measured mean and standard deviation of the partial pressure for the major particle species confirmed in the present assessment.[image: ]
Fig. 11Bar graph showcasing the steady-state partial pressures of the atoms and molecules degassed from a NaCl target sample of 0.2 g and the inner wall of the main chamber measured with QMS as a function of the atomic/molecular mass. The blue bars show the partial pressure averaged over 20 s with the black error bars estimated from the standard deviation of the 20-s time series

Table 3Average partial pressures and standard deviations measured in the steady state with QMS with an integration time of 20 s


	Particle
	Pressure (Pa)
	Std. Dev. (Pa)

	H2
	8.81 × 10–7
	1.15 × 10–8

	O
	2.82 × 10–6
	1.01 × 10–8

	H2O
	5.15 × 10–5
	1.22 × 10–8

	Na
	1.37 × 10–6
	1.94 × 10–8

	N2, CO
	4.15 × 10–6
	1.24 × 10–8

	O2
	2.11 × 10–6
	1.30 × 10–8

	35Cl
	1.32 × 10–6
	1.58 × 10–8

	37Cl
	1.85 × 10–7
	1.81 × 10–8

	Ar
	2.52 × 10–7
	1.48 × 10–8

	CO2
	2.57 × 10–6
	1.23 × 10–8




The degassing rate of each particle species is estimated based on the ideal gas equation of state. Assuming that only the gas pressure [image: $$p$$] and number of gas particles [image: $$N$$] in the chamber are temporally variable, the time derivative of the equation of state is denoted as:[image: $$\frac{V}{p}\frac{\partial p}{\partial t}=\frac{RT}{p}\frac{\partial N}{\partial t}=\frac{RT\alpha }{p},$$]

 (5)


where [image: $$V$$] is the internal volume of the chamber, [image: $$R$$] is the gas constant, [image: $$T$$] is the gas temperature, [image: $$t$$] is time, and [image: $$\alpha =\partial N/\partial t$$] is the number of gas particles evacuated from the chamber or degassed to the chamber per unit of time. [image: $$\alpha$$] becomes negative or positive when evacuated or degassed, respectively. Equation 5 has the dimensions of the volume flow rate, which can be equated to − [image: $$A$$] when no degassing occurs, where [image: $$A$$] is the pumping rate of the chamber. The number of gas particles evacuated per unit of time with no degassing [image: $${\alpha }_{0}$$] is expressed as:[image: $${\alpha }_{0}=-\frac{Ap}{RT}.$$]

 (6)



In the steady state, when the gas pressure is temporally constant because of the balance between the evacuation and degassing, the time derivative of the pressure equals zero:[image: $$0=\frac{\partial p}{\partial t}=\frac{RT}{V}\left({\alpha }_{0}+{\alpha }_{\mathrm{d}}\right),$$]

 (7)


where [image: $${\mathrm{\alpha }}_{\mathrm{d}}$$] is the number of gas particles degassed from the target sample and/or inner chamber wall per unit of time. The degassing rate [image: $${\alpha }_{\mathrm{d}}$$] is derived from Eqs. 6, 7 as follows:[image: $${\alpha }_{\mathrm{d}}=\frac{Ap}{RT}.$$]

 (8)



[image: $${\alpha }_{\mathrm{d}}$$] is estimated from the measurable parameters [image: $$A$$], [image: $$p$$], [image: $$R$$], and [image: $$T$$] for each degassing particle species. The degassing rate from the target sample [image: $${\alpha }_{\mathrm{d},\mathrm{ s}}$$] during the irradiation is estimated by subtracting the background rate [image: $${\alpha }_{\mathrm{d},\mathrm{ b}}$$] measured before the irradiation from the total degassing rate [image: $${\alpha }_{\mathrm{d},\mathrm{ i}}$$] measured during the irradiation, i.e., [image: $$\alpha_{{\text{d,s}}} = \alpha_{{\text{d,i}}} - \alpha_{{\text{d,b}}}$$]. This estimation should be applied to the temporally steady state of the gas pressure. The sputtering yield [image: $${Y}_{ s}$$] which is the number of particles sputtered from the target sample per incident particle, is related to the sample degassing rate [image: $${\alpha }_{\mathrm{d},\mathrm{ s}}$$] as follows:[image: $${Y}_{\text{s}}=\frac{{\mathrm{\alpha }}_{\mathrm{d},\mathrm{s}}}{S{f}_{\mathrm{i}}},$$]

 (9)


where [image: $$S$$] is the cross-section of the incident particle beam line focused on the sample surface and [image: $${f}_{\mathrm{i}}$$] is the number flux of the incident particle. Here, we assume that the degassed particles are sputtered only from the target sample and that the flux of the incident particle is temporally stable and spatially uniform. The detection sensitivities of the degassing rate and sputtering yield were estimated using Eqs. 8, 9. For example, with an incident oxygen atomic flux of [image: $$5.23 \times 10^{14\,} \,{\text{particles}}\,\,{\text{cm}}^{ - 2} \,{\text{s}}^{ - 1}$$], by the [image: $${\text{O}}_{2}^{+}$$] ion and a 10-mm beam diameter, the detection sensitivities of [image: $${\mathrm{\alpha }}_{\text{d,s}}$$] and [image: $${Y}_{\text{s}}$$] for the sodium atom were estimated to be [image: $$2.59 \times 10^{ - 12} \,{\text{mol}}\,{\text{s}}^{ - 1}$$], and [image: $$3.80 \times 10^{ - 3} \,{\text{incident}}\,{\text{particle}}^{{ - 1}}$$], from the measured partial pressure sensitivity of [image: $$1.94 \times 10^{ - 8} \,{\text{Pa}}$$], respectively.


Summary and future perspective
In this study, we successfully developed a plasma irradiation system for the exclusive use ‘PIECE’ that realistically reproduces surface space weathering of tenuous atmospheric bodies in our solar system. Characteristics of the developed electron gun were found to be as follows:	1.
Number fluence [image: $$1.28 - 1.73 \times 10^{21} \,{\text{particles}}\,{\text{cm}}^{{ - 2}}$$] at 10–30 keV with a 1-day irradiation time in the experiment.

 

	2.
Energy fluence [image: $$1.63 - 3.85 \times 10^{22} \,{\text{keV}}\,{\text{cm}}^{ - 2}$$] at 10–30 keV with a 1 day irradiation time in the experiment.

 

	3.
Irradiation time the estimated number and energy fluences correspond to irradiation times of [image: $$2.3 - 3.0 \times 10^{5}$$] and [image: $$0.84 - 2.0 \times 10^{4}$$] years on Europa, respectively.
Characteristics of the developed ion gun emitting multiple species of energetic ions ([image: $${\text{H}}^{+}$$], [image: $${\text{H}}_{2}^{+}$$], [image: $${\text{He}}^{+}$$], [image: $${\text{O}}^{+}$$], [image: $${\text{O}}_{2}^{+}$$], [image: $${\text{C}}^{+}$$], [image: $${\text{CO}}^{+}$$], and [image: $${\text{CO}}_{2}^{+}$$]) were found to be as follows:

 

	4.
m/q resolution 0.086–2.8 amu/q at ~ 10 keV.

 

	5.
Number fluence, e.g., [image: $$1.92 - 2.44 \times 10^{20} \,{\text{keV}}\,{\text{cm}}^{ - 2}$$], at ~ 10 keV with a 1-day irradiation time in the experiment for the incident [image: $${\text{H}}_{2}^{+}$$] and [image: $${\text{O}}_{2}^{+}$$] ions.

 

	6.
Energy fluence, e.g., [image: $$1.92 - 2.44 \times 10^{20} \,{\text{keV}}\,{\text{cm}}^{ - 2}$$], at ~ 10 keV with a 1-day irradiation time in the experiment for the incident [image: $${\text{H}}_{2}^{+}$$] and [image: $${\text{O}}_{2}^{+}$$] ions.

 

	7.
Irradiation time, e.g., the estimated number and energy fluences correspond to irradiation times of [image: $$0.96 - 43 \times 10^{5}$$], and [image: $$6.4 - 19 \times 10^{2}$$], years on Europa, respectively, in the experiment for the incident [image: $${\text{H}}_{2}^{+}$$] and [image: $${\text{O}}_{2}^{+}$$] ions.
Based on the QMS measurements, detection characteristics for the degassing gas were found to be as follows:

 

	8.
Pressure detection sensitivity [image: $$\sim 10^{ - 8} \,{\text{Pa}}$$], for a background of [image: $$\sim 10^{ - 7} - 10^{ - 6} \,{\text{Pa}}$$],

 

	9.
Degassing rate sensitivity [image: $$\sim 10^{ - 12} \,{\text{mol}}\,{\text{s}}^{ - 1}$$].

 




As briefly introduced in ‘‘Introduction’’ and ‘‘System requirements’’ Sections, we apply the PIECE system to a variety of tenuous atmospheric bodies in our solar system to realistically reproduce plasma space weathering on their surfaces. The icy moons of the gas giants, which are Europa, Ganymede, Callisto, and Enceladus, are the highest-prioritized targets to uncover the chemical and physical evolution of the icy surface, which will characterize the chemical composition of the interior ocean. The irradiation of the potential surface sample materials, for example, ice and NaCl (Trumbo et al. 2019, 2022), with electrons, hydrogen, and oxygen (Thomas et al. 2004) using our system comprehensively models the icy surface alteration by Jovian magnetospheric plasma irradiation. Mercury, the Moon, and asteroids are also important targets to be addressed. The water molecular creation from their surface materials by solar wind irradiation (Jones et al. 2018, 2020) is reproduced by the irradiation of silicate mineral target samples with electrons and hydrogen, which also reproduces the creation of the exosphere by solar wind ion sputtering (Morrissey et al. 2022). The Moon and Phobos are continuously irradiated with the ‘planetary winds’, which comprised atmospheric particles escaping the planets. The accumulation of planetary wind particles on the surface of the moons is reproduced by the irradiation of silicate minerals with oxygen, hydrogen, and carbon dioxide (Ozima et al. 2005; Terada et al. 2009, 2017), which potentially reveals the evolution of atmospheric escape.
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