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Abstract,This paper explores current strategies needed to protect and monitor the health of Artemis missions
involving astronauts, autonomous rovers, mobile habitats, ISRU equipment and facilities. Exposed to solar wind
plasma, GCRs and secondary radiation due to the lack of a magnetosphere or a dense atmosphere. sparse
regional mini-magnetospheres don’t spare the intense space weathering of the Moon’s regolith covered surface.
Nor exposure risk to levitated dust particles of the Moon safeguards mission operations. Levitated dust particles
settle and accumulate on hardware which may result in potential degradation of radiative heat transfer and
optical components through the fouling of surfaces, visibility reduction during extravehicular activities, and
dust contamination of equipment and prevention of effective sealing.
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I. Introduction
In establishing Artemis Base Camp on the Moon, it may be best to anticipate its environmental conditions and
what impacts the installed cyber-physical structures may suffer. First there is no lunar atmosphere or contiguous
magnetosphere, so, interplanetary galactic cosmic rays, solar winds, cosmic rays, and secondary radiation,
resulting in fluxes of both ultraviolet and ionizing radiation. Both the Earth and spacecraft of LEO, including
ISS, are protected from ionizing radiation due to the protective effects of the Earth’s atmosphere and
geomagnetosphere. Beyond the Earth’s geomagnetosphere, however, the space radiation environment is not
only unmitigated but also characterized by a different types of radiation in addition to the electromagnetic—
namely, galactic cosmic radiation (i.e., high energy protons and heavier ions traveling through space at
relativistic speeds) and moderate-to-high energy protons released from the sun during solar particle events
(SPEs) .
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Figure 1 . Comparison of some environmental factors on the surface of Earth, the Moon and Mars, and
outside the ISS in low Earth orbit. Adapted from Cottin et al. (2017) with additions from Hassler et al.
(2014), Reitz et al. (2012), Dachev et al. (2017), Rabbow et al. (2017).
The lunar environment is instead controlled by the flux of photons and ions from the solar wind, cosmic rays, and
galactic cosmic rays. The lunar surface is composed of rocks and granular material with grains and dust particles
ranging in size from a few centimeters down to a few nanometers. This granular material is expected to be
electrostatically charged due to the incident plasma and to the UV from the sun, which releases photoelectrons from
the surface of the material. The plasma and photon fluxes bathing the moon produce a complex electrostatic
environment. On the sunlit side, photoelectric charging by solar UV photons dominates. The emission of
photoelectrons leaves the surface positively charged to a potential of about 5 to 10 V [1]. On the dark side, plasma
electrons dominate and the surface becomes negatively charged to a negative potential or the order of the electron
temperature, about -50 to -100 V [2]. The moon is essentially a charged body in plasma, creating a screening effect
in the plasma with a characteristic distance or Debye length of the order of meters on the lunar dayside and of the
order of kilometers on the dark side.
The lunar surface is directly exposed to solar wind plasma due to the Moon’s lack of a magnetosphere or a dense
atmosphere. This results in intense space weathering of the regolith covered surface [3]. When solar wind hits the
surface, a fraction of it is reflected as protons [4] and as neutral hydrogen atoms [5]. The surface of the Moon is
baldly exposed to cosmic rays and solar flares, and some of that radiation is very hard to stop with shielding.
Furthermore, when cosmic rays hit the ground, they produce a dangerous spray of secondary particles. To carefully
measure and map the Moon’s radiation environment, NASA developed Lunar Reconnaissance Orbiter (LRO), a
robotic probe to orbit the Moon, in 2008. One of the instruments onboard LRO is the Cosmic Ray Telescope for the
Effects of Radiation (CRaTER). The other radiation-sensing instrument on LRO, the Lunar Exploration Neutron
Detector (LEND), detects neutron radiation emanating from the lunar surface and measure how energetic those
neutrons are [6]. Recent solar conditions indicate a persistent decline in solar activity, during which fluxes of
galactic cosmic rays (GCRs) increase, thus presenting a hazard for long-term space missions.
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Figure 2.,
The combination of small dust particles (between 60 and 80 lm [7], electric potentials [8], plus micrometeorites can
lead to lunar regolith being levitated [9]. Levitated dust particles may settle and accumulate on hardware which may
result in potential degradation of radiative heat transfer and optical components through the fouling of surfaces,
visibility reduction during extravehicular activities (EVAs), dust contamination of equipment and prevention of
effective sealing [10].
Lunar dust is a ubiquitous problem on the Moon due to high particle angularity imparting high abrasiveness on seals,
optical surfaces, thermal surfaces and, for human missions, deleterious physiological effects. Fine-grained lunar dust
is levitated by solar ultraviolet radiation during the day and by solar wind flux during the night [11].

Figure 3.
Registration of dust particle dynamics above the lunar surface was first performed using the Lunar Ejecta and
Meteorite (LEAM) experiment deployed on the lunar surface by astronauts of the Apollo 17 mission [12]. The
LEAM instrument had several detectors for recording high-speed (1 < v < 25 km/s–1) micrometeorites. However,
one of the detectors was able to register low-velocity particles. The data from this detector were the data that gave
unexpected results about rather high fluxes of low-velocity (v ~ 100–1000 m/s–1) particles, the charge of which was
usually Q > 10–12 C (or > 6 × 106 electron charges). During the operation of the instrument, the maximum counting
rate of the detectors was observed in the region of the terminator. Figure 4 shows the number of registrations of dust
particles in a 3-hour interval (counting rate), summed up over 22 lunar days. This graph shows an increase in the
count rate of dust grains for several hours before and after crossing the terminator, and the most significant increase
in the count rate was in the region of sunrise. However, subsequent detailed analysis of the data cast doubt on this
conclusion [13].
The unusual ability of lunar dust to penetrate the seals of sealed units and to “stick” to various surfaces can be
considered in terms of the dynamic properties of lunar dust particles levitating above the surface. The point is that
levitating submicron and micron particles, when interacting with a surface, can manifest as more than “impactors.”
By levitating, dust particles can rotate rapidly. Estimates made by [15] showed that the speed of proper rotation of
levitating micron and submicron particles on the illuminated side of the Moon can range from several thousand to
tens of millions of revolutions per second. Furthermore, considering the impact origin of such particles, their shapes
are extremely irregular and often pointed [16]. All this suggests that such rapidly rotating particles resemble eastern
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shuriken (or ninja stars) with great destructive power [17]. Apparently, this feature, in combination with the existing
electrostatic charge, explains the amazing ability of lunar dust to aggressively affect the surfaces of the sensitive
systems of the instruments and lander and to penetrate through hermetic seals.

Figure 4 . The number of registrations of dust particles in a 3-hour interval of measurements above the lunar surface
by the LEAM instrument. The data were integrated over 22 lunar days [14].
The model of levitation of dust particles under the action of electrostatic forces was developed by [18]. The essence of
the model is as follows. Solar electromagnetic radiations, as well as flows of interplanetary plasma, ions, and electrons of
the solar wind, acting on the regolith, create currents through the surface. Moreover, for the illuminated side of the Moon
under solar wind conditions, the photocurrent density Jph from the action of solar UV and soft X-radiation is usually an
order of magnitude higher than the currents of electrons Je and ions Ji of the solar wind, or ∣Jph∣ ⪢ ∣Je∣ ⪢ ∣Ji∣, as well as
secondary radiation electrons on the lunar surface [19]. These currents depend on the surface potential, and in the
equilibrium state at the formed surface potential, their sum is close to zero [20]. Considering that the surface of the
regolith is close to a dielectric [21] the acquired surface potential can be maintained for a long time [22]. In this case, a
double (plasma) layer with an electric field E appears between the charged surface of the Moon and the surrounding
quasineutral plasma. The characteristic height of this layer is of the order of the Debye length, which corresponds to
several tens of centimeters. The Coulomb force qE, the gravitational force mgL (m is the mass of the particle, gL is the
acceleration of gravity on the Moon), and the van der Waals adhesion forces Fc act on dust particles lying on the surface of
the Moon that have received an electric charge q. If the Coulomb repulsive force exceeds the sum of the forces holding a
dust particle on the surface, qE > mgL + Fc, the particle is detached from the surface and levitates in the near-surface
electric field. The condition for particle levitation is the approximate equality of the electric and gravitational forces qE ≈
mgL. The concept of dust particles levitating over the surface of the regolith was proposed in [23] and [24]. Depending
on the conditions in which the lunar surface is located, the sign and magnitude of the surface potential, as well as the values
of the electric field, can change significantly. This is a general picture of the formation of the potential of the regolith
surface, the near-surface electric field, and the conditions for the dynamics of dust particles.

Lunar regolith has increasing abundances of agglutinate glasses and nanophase metallic iron content with decreasing
size with a Gaussian average size of 3.0 µm [25]. Nanophase iron Fe0 in lunar regolith appear as ~10 nm diameter
inclusions within glasses produced by microtektite bombardment of the lunar surface (Keller & Klemmet 2001).
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This nanophase iron significantly increases the oxidative reactivity of regolith due to the production of hydroxyl
radicals through Fenton reactions with iron oxides [26].
II. Method and Results
Extending the technical paper presentation “Artemis Base Camp: Resilience Engineering to Enable Lunar
Surface Operations” at the “Lunar Surface Science Workshop XIV: Heliophysics Applications Enabling and
Enabled by Human Exploration of the Lunar Surface” (virtual, February 17, 2022), the author performed a
literature review of current mitigation strategies for the safety of future deep space missions as related to spacebased hardwareand the cyber-physical functions therein.
Advanced radiation shielding materials
The Exploration Systems Architecture Study (ESAS) identified baseline elements of the Constellation Program
that enables human exploration beyond low-earth orbit. The Constellation Program provides the infrastructure
to implement the Vision for Space Exploration . The ESAS team also evaluated technologies that could reduce
the cost, schedule and risk of implementing the architecture. Two technology areas, designated as ESAS
References 1A (lightweight structures) and 9D (low temperature mechanisms) were deemed crucial to reduce
the mass and risk of various elements of the architecture. [27].

Radiation Shielding Materials
Development Radiation effectiveness will be considered as an integral part of the design of the total material
system comprising the structural components. A separate materials development program will not be supported
by this activity because it is realized that radiation effectiveness is one of many figures of merit to aid in the
selection and evaluation of multifunctional structural shielding. However as part of this program a survey of
existing materials (TRL 3 and above) will be performed to estimate the radiation effectiveness against solar
proton events, galactic cosmic radiation, and the appropriate reference design environments. Promising
materials currently under development may be selected for continued development within this task based upon
need and ability to meet requirements compared with other systems of similar TRL.
Multifunctional Structures
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This task is to develop multifunctional structures technology for application to primary structure of the lunar
lander crew habitat and lunar surface habitats with relevant technology made available to CEV (crew
exploration vehicle_Orion) and CLV (crew exploration vehicle_Ares I) elements. Multifunctional structure in
this project is defined as a structural system that incorporates material systems and structural configurations to
combine the functions of required structural performance, radiation protection, MMOD ( micrometeoroid and
orbital debris) protection, thermal control, and structural health monitoring within one structural system. The
goal of this task is to develop a primary structural system with reduced mass compared to the current practices
of combined structural and parasitic systems required for the same type of performance and to demonstrate this
system in a structural subcomponent demonstration.
Lunar Lander Structures Technology
The major mechanical/structural constraints on the lander are the mass delivery capability of the CaLV (cargo
launch vehicle _Ares V), the volume of the CaLV shroud, and the descent/ascent requirement of a pressurized
volume for the crew. These constraints are further exacerbated by the harsh radiation, micrometeoroid, thermal
and abrasive dust environment on the lunar surface. A key component of the LL (lunar lander) is the vehicle
pressure. The initial sortie missions are likely to utilize either a rigid metallic or polymer matrix composite
(PMC) pressure shell. The material system selection is not based solely on mechanical and thermal loads, but
also on MMOD and radiation considerations. NASA’s CEV Smart Buyer study [28] also identified the mass
savings of composites for the Crew Module pressure vessel. Efforts within NASA are now underway to develop
a composite CM design and to assess the durability of composites that undergo hypervelocity (simulated
MMOD) impacts.
Utilization of regolith on the roof and walls of a habitat to shield the internal volume from galactic cosmic
radiation (GCR) particles is of high interest for long duration outpost missions. A thorough study of shielding
using regolith is presented in [29]. An average regolith density of 1.5 g/cm3 is used to estimate the required
depth of regolith needed for various levels of shielding. As indicated in [30], a 3 meter thick regolith shield
produces a dead load of 8.3 KpA (1.2) psi. Again, this gravity load could be used to offset pressure induced
loads for inflatable habitats if properly designed.
Energetic ion beam experiments with major space radiation elements, 1 H, 4 He, 16O, 28Si and 56Fe, have
been conducted to investigate the radiation shielding properties of composite materials. These materials are
expected to be used for parts and fixtures of space vehicles due to both their mechanical strength and their space
radiation shielding capabilities. Low Z materials containing hydrogen are effective for shielding protons and
heavy ions due to their high stopping power and large fragmentation cross section per unit mass. The stopping
power of the composite materials used in this work is intermediate between that of aluminum and polyethylene,
which are typical structural and shielding materials used in space. The total charge-changing cross sections per
unit mass, σUM, of the composite materials are 1.3–1.8 times larger than that of aluminum. By replacing
conventional aluminum used for spacecraft with commercially available composite (carbon fiber / polyether
ether ketone), it is expected that the shielding effect is increased by ~17%. The utilization of composite
materials will help mitigate the space radiation hazard on future deep space missions [31].
The composite materials are made of resins, reinforced to enhance mechanical strength. The resin is an organic
polymer such as polyether ether ketone (PEEK), polyimide (PI) and polypropylene (PP), which is selected
based on its the chemical and thermal properties. Carbon fiber (CF) or silicon carbide is used for reinforcement.
The selection of appropriate resins and reinforcements allows the composite materials to be more shock- and
heat-resistant than resin and reinforcement alone. Composite materials are already used in automobiles,
airplanes and spacecraft because of their low density and high mechanical strength [32]. Composite materials
contribute not only to structural strength in spacecraft but also to radiation shielding by their relatively higher
stopping power and a larger nuclear fragmentation cross section per unit mass compared to Al [33]. To evaluate
the shielding efficiencies of target materials, the materials were irradiated with protons and heavy ion beams
representing major components of the GCR in the biological irradiation room of HIMAC (Heavy Ion Medical
Accelerator in Chiba) of QST, Japan. Table 2 lists the beam energies and calculated LET values in water. We
note that these energies are the maximum available for each ion at the HIMAC, which are somewhat lower than
the mean energy of the corresponding GCR particles (~1 GeV/n). The ranges of beams in the target materials
are listed in Table 3.
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Radiation shielding properties of composite materials compared favorably to conventional materials of
polyethylene as a shielding material and aluminum as a structural material in spacecraft. The composite
materials had shielding efficiency intermediate between that of polyethylene and aluminum: >30% higher
shielding efficiency than aluminum and <30% lower than polyethylene. By using a commercially available
composite, CF/PEEK, for the HTV module structure, the effective dose equivalent due to galactic cosmic ray
particles was found to be comparable to that with the aluminum HTV module despite its small mass by a factor
of their density ratio of 1.67. A 35–70% larger CF/PEEK fragmentation cross section per unit mass
provides effective radiation shielding. The use of composite materials in place of aluminum in spacecraft is a
promising option for mitigation of space radiation exposure.
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Fig. 9. Normalized effective dose equivalents as a function of shielding thickness of Al and CF/PEEK.
Additionally, Anti-radiation nanostructures solutions create an anti-radiation effect achieved with suitable
nanostructures, reduced density (d ≤ 1.7 g cm ) compared to traditional lead-based protective anti-radiation suits.
Furthermore, it is resistant to thermal cycling resistant to high energy radiation (dosage ≥ 50 MRad). Boron nitride
nanotubes (BNNTs) offer similar qualities as carbon nanotubes, plus additional traits, including high heat resistance
together with the ability to block radiation. Multilayer composite structures provide high neutron shielding
efficiency. By alternating high density polyethylene/ hexagonal boron (HDPE/hBN) with low density polyethylene
(LDPE) layers, the former with a percentage of transmitted neutrons of only 4.16%. Neutron shielding results from
neutron scattering and absorption. hBN with high thermal conductivity [34].

Figure 10
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Boron Nitride Nanotubes are nano size hollow tubes formed by Boron and Nitrogen atoms. BNNTs structure is
similar to Carbon Nanotubes (CNTs) where each C–C bonds is replaced by B-N bond with almost identical bond
length. Although this similarity suggests that BNNTs properties is similar to CNTs but there are differences which
makes BNNTs superior choice for specific application including radiation shielding and organic photovoltaic
packaging [35]. Apart from replacing Carbon atoms with Boron and Nitrogen atoms which is main reason for
BNNTs radiation shielding capability; CNTs may be semiconductor or metallic mainly depending on nanotubes
chirality (based on chirality, Nanotubes can be categorized into three groups of Armchair, Zig Zag and Chiral) while
BNNTs has a specific band gap of 5.0–6.0 eV [36]. Also BNNTs offer better thermal stability, chemical stability
and higher thermal conductivity compared to CNTs while it possesses almost similar mechanical properties [37].
One of the interesting characteristics of BNNTs for space application is that it offers both mechanical support and
radiation shielding capability which makes it suitable to be used in structural materials of space crafts or even
astronauts suits. The radiation shielding of BNNTs is mainly relies on B10 capability in capturing harmful neutrons
due to its large neutron capture cross section while Nitrogen is also effective shielding component (with much less
role comparing to B10).
Lunar Dust Particle Removal
In addition to mechanical forces (i.e., from rover wheels, astronaut boots, and rocket engine blast) static electric
effects (from UV photo-ionization and/or triboelectric charging) are likely to be the major contributors to the motion
of dust particles. If fine regolith particles are deposited on a surface, then surface energy related (e.g., van der
Waals) adhesion forces, and static-electric-image forces are likely to be the strongest contributors to adhesion. The
typical charge on particles coming from a lunar surface existing at a nearly uniform potential is expected to vary
directly with the particle size. On the other hand, electrically levitated dust particles may attain net charges (from
UV photo-ionization and neutralization by capture of electrons from the plasma sheath) which depend on the square
of the particle size. Considerable uncertainty exists in estimates of the magnitude of surface-energy-related adhesive
forces because the lunar environment may allow effective surface energies to be significantly higher than are
typically observed in a terrestrial laboratory atmosphere where adsorbed gas molecules can lower the effective
surface energy. A very dilute levitated layer of fine charged dust particles is likely in motion above the lunar surface
and will deposit dust on any surface encountered, suggesting that even surfaces not in contact with the lunar soil,
and far from man-made disturbances, will likely acquire layers of dust over time [38]. Since minerals comprising
regolith are insulators, and there is no liquid water present, lunar surface is essentially nonconductive. This means
charges produced on the surface will equilibrate with the external environment and are not conducted to an interior
“ground” potential as might occur on earth. Charging of lunar dust particles can come from several sources (and,
with no atmosphere, isolated non-conducting regolith particles can maintain a charge once acquired). Photoelectric
ionization (from solar UV) on the lit side, and solar-wind electrons on the dark side (in equilibrium with any
resulting near-surface plasmas) will result in a nearly uniform surface potential—positive or negative, on the
sunlight side or dark side, respectively [39].The electric field near a large charged surface (like a nearly uniformly
charged lunar surface) decreases very slowly with distance away from the surface. Likewise, the static-electric force
on a charged particle in such a field varies slowly with distance. Thus, electrostatic forces have the potential to
contribute both as long-range forces affecting motion of fine particles and as short-range forces affecting their
adhesion/cohesion, depending on the net charge on a particle and on the surface charge-density near a contact point
[40].
A wide variety of cleaning methods exist for removing particles and other contaminates from surfaces. The
microelectronics industry, in particular, is especially concerned with removing particles as fine as sub-micron-size
from surfaces of silicon. Mitigation techniques identified as having potential for significant benefit included
multilevel or multilayer barriers to prevent dust intrusion, electromagnetic “shields” and specialized coatings on
surfaces to minimize dust accumulation, and a variety of approaches to remove dust once it is deposited on surfaces.
Removal of particles from a surface requires methods (1) to deliver sufficient force to particles to dislodge them
from the surface (e.g., overcome surface energy or electrostatic adhesion forces) and (2) to transport detached
particles far enough away from the surface that they do not immediately redeposit. Mechanical vibration requires
high frequencies in order to couple to the resonant frequency of attached particles—thus, ultra-sonic baths in liquids
have proven effective at fine particle removal. Liquid immersion is not practical for most lunar situations. Also,
direct mechanical (i.e., contact) vibration may not be practical for many configurations. A non-contacting
electromagnetic “brush” with oscillating EM fields may offer a removal method applicable to a lunar environment,
but such a device has yet to be demonstrated to be effective. Mechanical wiping or brushing of surfaces can deliver
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sufficient force to dislodge particles, but can also cause serious damage to delicate surfaces due to scratching
(especially if the particles are hard and angular, like lunar regolith fines). Removable soft, thin films, which can be
either mechanically applied, or sprayed
prayed on, an
and pulled off offer an attractive alternative method of removing dust
with minimal displacement along the surface (and thus minimal scratching) [41].
NASA’s Artemis program will develop extensive resources on the Moon starting in 2024 and will require advanced
technologies to enable a sustained lunar presence. Mitigation of lunar dust adhesion will be central to these efforts
and to Artemis’s success. A team at NASA/Jet Propulsion Laboratory (JPL) and Colorado University (CU), Boulder
is developing
oping new electron beam technology and a tool called a “Moon duster,” which can be used to remove dust
on sensitive surfaces of hardware and spacesuits on the Moon. Unlike other technologies that require incorporating a
complex design of active embedded layers
yers on the surface to be cleaned, the Moon duster is a standalone, hand-held
hand
electron beam device that can be potentially used on any dust
dust-covered
covered space hardware on the Moon. When an
electron beam or UV field is applied to a micro
micro-cavity formed in a pile of dust, the induced secondary electrons or
photoelectrons are collected by the surrounding dust particles, resulting in a substantial negative charge buildup on
the dust particles’ surfaces. The repulsive force between these negatively charged dust partic
particles
les ejects them off the
surface [42].

Figure 11.. Dust charging and releasing mechanisms.
III. Conclusion
Beyond the Earth, International Space Station, and surrounding orbits, space environment contrasts significantly
different that in the deep space weather has nothing to filter or deflect galactic or solar radiative high-energy
high
particle
fluxes and micrometeorites to ravage the Moon. Dielectric discharging lunar surface
urface deep down to 1 m results in
regolith breakup and causes abundant dust particle le
levitation.
vitation. The risk to hardware of autonomous systems and
robotics deployed in lunar orbit (e.g. orbiters, cubesats) as well as lunar surface (e.g. landers, rovers) and their
respective instruments results from ubiquitous high
high-energy GCR-/ SEP- particles and
d from levitated, highly
angulated dust particles in their environs. Composite shielding materials such as polyether ether ketone (PEEK) and
boron nitrides nanotubes, test more favorably than the traditional aluminum materials used for ISS. Composite
materials of low atomic number materials containing hydrogen are also effective for shielding protons and heavy
ions due to their high stopping power and large fragmentation cross section per unit mass.
Electrostatic
lectrostatic forces have the potential to contribute bboth as long-range forces affecting motion of fine particles and
as short-range
range forces affecting their adhesion/cohesion spacecraft and their respective instruments. Cleaning
materials include multilevel or multilayer barriers to prevent dust intrusion, electromagnetic “shields” and
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specialized coatings on surfaces to minimize dust accumulation, and a variety of approaches to remove dust once it
is deposited on surfaces. Alternatively, ultra-sonic baths in liquids have proven effective at fine particle removal due
to their high frequencies that couple to the resonant frequency of attached particles.
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