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The results from the Sub-keV Atom Reflecting Analyzer (SARA) experiment
onboard Chandrayaan-1 have revealed several hitherto unknown and interesting
aspects about the interaction of solar wind with the Moon. The SARA
experiment had two sensors — CENA and SWIM. The Chandrayaan-1
energetic neutrals analyzer (CENA), detected energetic neutral atoms (ENAs),
and the Solar Wind Monitor (SWIM) measured ions of solar wind origin. In
this review, we summarize the observations made by the SARA experiment,
which are: (1) substantial (∼20%) and sustained backscattering of solar
wind protons from lunar surface as energetic neutral hydrogen,1 (2) mini-
magnetosphere around magnetic anomalies on Moon using the backscattered
ENAs,2 (3) reflection of solar wind protons from the Moon surface,3 (4) huge
(∼50%) deflection of solar wind protons over strong magnetic anomalies,4 and
(5) presence of protons in the near-lunar plasma wake.5 These results have
implications on the lunar plasma environment, implantation of solar wind
hydrogen on lunar surface, and behavior of small scale magnetic anomalies
on planetary bodies. The SARA observations suggest that similar processes
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may happen on other airless bodies covered with regolith in the solar system
as well as in extra-solar system. This paper presents a review of the results
obtained from the SARA observation.

1. Introduction

The Earth’s Moon belongs to a class of planetary bodies which are
characterized with a surface bound exosphere6–9 and lacks a global magnetic
field, but has regions of localized crustal magnetic fields referred to as
magnetic anomalies.10–15 The surface of the Moon is covered with a
powdered layer called regolith. Solar wind is a magnetized plasma flow
from the Sun with a typical composition of around 96% H+, ∼4% He++,
and <1% heavier ions. The magnetic field lines of the Sun is frozen in
to the solar wind plasma and constitutes the interplanetary magnetic field
(IMF). Thus, investigation of solar wind interaction with the Moon involves
the understanding of particle (plasma) as well as field (magnetic field)
interactions.

Due to the very thin atmosphere of the Moon, solar wind particles
directly impinges on its surface. It was generally assumed that the solar
wind is completely absorbed by the porous regolith16,17 on the lunar surface.
A part of solar wind ions may initiate multiple binary collisions with the
lattice atoms on the surface layer which in turn can result in the ejection
of a lattice atoms as neutrals or ions with lower energy.18,19 The energetic
neutral atoms (ENAs) being unaffected by electric and magnetic fields travel
unobstructed in ballistic trajectories.20,21 Although theoretical models exist
for the sputtering of lunar surface elements,18 observations were lacking.
The continuous bombardment of the solar wind on the Moon surface leads
to the change in the surface properties such as surface reflectance of the
minerals, a term called space weathering.22,23 Due to the interaction of solar
wind with magnetically anomalous regions, the solar wind may be deflected
and a mini-magnetosphere may be formed.12 Such a system will prevent the
solar wind from directly impacting those regions on the lunar surface. Thus,
the space weathering of magnetic anomaly regions will be different from that
of other regions. This may be reflected in the spectral characteristics of the
region at the anomalous region as compared to the surrounding region.

When the solar wind flows past the Moon, it creates a cavity in the
downstream which is devoid of plasma and is called the lunar plasma wake.
The plasma wake has been observed to close at larger distance (10–20RL)
downstream of the Moon, due to the pressure gradient force between solar
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wind plasma and wake.24,25 Due to the smaller thermal velocity of the
protons (∼50km/s) as compared to the bulk velocity, they are not expected
in the near-lunar wake. The counter streaming ion and electron beams are
capable of generating instabilities and waves in the wake.26,27 The more
favorable electron access to the nightside lunar surface can results in the
negative charging of the Moon surface.28

In the recent years, the observations by Kaguya, Chang’E, Chand-
rayaan-1, IBEX, and ARTEMIS have brought new insight into the neutral
and plasma environment of the Moon, localized magnetic field of Moon, and
also lunar surface composition. We are now aware that solar wind is not fully
absorbed by the Moon surface, but reflected back as ENAs1,29 as well as
ions,3,30 ion sputtering could be possible on Moon,31 mini-magnetospheres
do exist on the Moon that deflect the impinging solar wind protons2,32 and
protons do enter the near-lunar plasma wake.5,33–36 All these can change
the near-lunar environment significantly.

In this paper we summarize the major findings from the SARA
experiment on the Chandrayaan-1 and their comparison with those observed
on other recent missions. The implication of these findings for the lunar
science and the lunar plasma environment is discussed.

2. Instrumentation

The SARA experiment on the Chandrayaan-1, which was a polar orbiting
satellite around the Moon, consisted of two sensors — Chandrayaan-1
Energetic Neutrals Analyzer (CENA) and Solar Wind Monitor (SWIM),
and a digital processing Unit (DPU). CENA was a neutral particle detector
while SWIM was an ion mass analyzer, both of which were capable of doing
energy and mass analysis.20,37–41 The CENA measured neutral particles in
the energy range 10–3,000eV with an energy resolution of 50% and a mass
resolution sufficient to distinguish H, O, and heavier species. The SWIM had
an energy range 100–15,000eV with an energy resolution of 7% and a mass
resolution sufficient to identify H+, He++, He+, and heavier ions. Both
the sensors had fan shaped field-of-view (FoV). The total FoV of CENA
was 160◦ × 9◦ and had seven angular pixels with a resolution of 25◦ × 9◦

(FWHM). SWIM had a total FoV of 180◦ × 7.5◦ with 16 angular pixels
having a resolution of 10◦ × 7.5◦ (FWHM) depending on the pixel. The
mounting and FoV of CENA and SWIM are shown in Fig. 1. Chandrayaan-
1 was in a 100km circular orbit till 18 May 2009; subsequently, the orbit
was raised to 200km. The orbital period at 100 km was around 118 min.
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Fig. 1. (a) Mounting of CENA and SWIM on the Chandrayaan-1 along with their
Field-of-View (FoV). CENA is nadir viewing towards Moon surface and the SWIM is
mounted 90◦ to CENA such that few view directions of SWIM looks at the Moon surface.

The arrows indicates the nadir direction and the spacecraft velocity vector. (b) The
FoV of SWIM and CENA along with the orbital motion of Chandrayaan-1 for the day
15 February 2009 when the orbital plane of Chandrayaan-1 was at an angle of 39◦ with
the day-night terminator.42

Table 1. Characteristics of CENA and SWIM.40

Parameter CENA SWIM

Particle to measure Neutrals Ions
Energy range 10 eV–3.2 keV 10 eV–15 keV
Energy resolution 50% 7%
Mass range (amu) 1–56 1–40
Mass resolution H, O, Na/Mg/Si/Al-group, H+, He++, He+,

K/Ca-group, Fe-group O++, O+, >20 amu
Full field-of-view 15◦ × 160◦ 9◦ × 180◦
Angular resolution 9◦ × 25◦ (E > 50 eV) 4.5◦ × 22.5◦
Efficiency (%) 0.01–1 0.1–5
Sensor mass 1977 g 452 g

The instrument parameters of CENA and SWIM are presented in
Table 1.

3. Observations and Results

3.1. Observation pertaining to ENAs

3.1.1. ENAs backscattered from lunar surface

SARA has observed energetic neutral hydrogen atoms (hydrogen ENAs)
from the Moon surface.1 The source of these ENAs are solar wind protons
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Fig. 2. Energy spectrum of solar wind and the ENAs scattered from lunar surface on
5 February 2009 for three orbits which are showed in solid line, dashed line and dotted line
with dayside equator crossings at 05:22 UTC, 07.20 UTC, and 09:18 UTC, respectively.
The dependence of the flux of scattered ENA on the incident solar wind flux is clearly
visible from these spectra.1

which get neutralized in the interaction with the Moon surface and are
scattered back to space. This is contrary to the earlier belief that the lunar
surface completely absorbs the incident solar wind.16,17 Most of the ENAs
are found to have energy less than ∼50% of the incident solar wind energy.
The energy spectrum of the hydrogen ENAs shown in Fig. 2 is broader
than the incident solar wind protons. One of the mechanisms for the energy
loss may be the multiple scattering process due to interaction with the
lattice. The observations showed that about 20% of the incident solar wind
flux is backscattered as ENAs from the lunar regolith (Fig. 3). The solar
zenith angle (SZA) dependence of the flux of scattered ENAs could be
seen in Fig. 3. The higher energy of the ENAs is indicative that they are
indeed solar wind backscattered ENAs as opposed to the sputtered ENAs
whose energies based on model calculations are expected to be much lower
(around few eV).18 The IBEX observations of lunar ENAs suggests that
the solar wind backscatter efficiency is 10%29,43 and the analysis of the
energy spectra indicates that they are indeed backscattered ENAs and not
sputtered particles.

The solar wind ions which are absorbed or implanted in the lunar
regolith can get released to the lunar exosphere due to processes such as
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Fig. 3. Map of scattered energetic neutral hydrogen atoms as observed by SARA on 6
February 2009. The direction of Sun is indicated in the figure. The ENA signature was
seen for three consecutive orbits and the orbital plane was at an angle of 39◦ with the
day–night terminator plane. The gradient in grey-scale and length of the lines indicates
the ENA flux. The small flux seen on night-side is due to instrument background. The
variation of ENA flux with solar zenith angle is seen in the map. The lunar surface map
is from Clementine image data.1

diffusion, solar wind sputtering, and micrometeorite impact vaporization.
The significant energy loss of the observed ENAs compared to impinging
solar wind is due to elastic and inelastic processes during surface–plasma
interactions, and possibly other processes such as retarding of solar wind
ions by a positive surface potential.

Hodges44 has modeled the scattering of the solar wind from lunar
surface using an inter-atom transport model for fast hydrogen in the surface
layers of lunar soil grains and rocks. He had taken into account the rapid
charge exchange neutralization of incident solar wind protons and also
multiple encounters of free hydrogen with loosely packed soil grains. The
modeled energy spectra compare well with CENA/SARA observations,1 but
the modeled scattering efficiency is higher by a factor of three compared to
the SARA observation.

3.1.2. Mini-magnetosphere observed in backscattered ENAs

Although Moon does not possess a global magnetic field,45,46 it is found
to have regions of localized magnetic field called magnetic anomaly
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regions.10,14,47–49 There were speculations12 that these small areas of locally
strong magnetic field can create mini-magnetospheres that may deflect
the solar wind in the same way that Earth’s magnetosphere shields most
of the planet from the solar wind. SARA has shown for the first time
an existence of a mini-magnetosphere above the magnetic anomaly region
using the backscattered ENAs.2 The image of a lunar magnetic anomaly
of strength ∼100 nT in the backscattered hydrogen ENAs for the Crisium
antipode anomaly near the Gerasimovic crater is shown in Fig. 4. The image
shows that a partial void of the solar wind, a mini-magnetosphere, is formed
above the strong magnetic anomaly. Above the magnetic anomaly region,
the flux of backscattered hydrogen ENAs was significantly lower than the
surrounding areas indicating that the region was shielded from solar wind
particles by a mini-magnetosphere.2

The spatial variation in the flux of backscattered hydrogen ENA shows
a reduction of about 50% within the area of the mini-magnetosphere (inside
dotted circle in Fig. 4a) compared to the surrounding ring shaped region
of enhanced flux (dashed line) for ENAs in the 150–600eV energy range.
In the map for lower energies shown in Fig. 4b, it is seen that the large
scale depletion in the neutral hydrogen flux above the magnetic anomaly
is replaced by small scale fluctuations and the region of enhanced flux has
become almost a filled circle, which are due in part to a low instrument count
rate and may also reflect energy dependent angular scattering properties
of regolith surfaces, with higher energy scatter products possibly being
more specularly reflected than lower energy scatter products. The mini-
magnetosphere is 360 km across at the surface and is surrounded by a 300km
thick circular region of enhanced plasma flux that results from the solar wind
flowing around the mini-magnetosphere, for a magnetic anomaly of strength
100 nT at lunar surface.2

3.1.3. Distribution of hydrogen ENAs backscattered from the Moon

The angular distribution of the scattered ENAs was investigated by making
use of the CENA observations.50 Around 290,000 data points were used
for the study so that almost full coverage of SZA, polar (0–90◦), and
azimuthal (0–360◦) angles of scattering is achieved. The observation of
hydrogen ENAs in the energy range 19–740eV were considered. The
observed angular scattering depends on the SZA (Fig. 5) such that as
the SZA increases, more scattering takes place in the sunward direction
than in the anti-sunward direction, which is contrary to what is expected
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Fig. 4. The energetic neutral hydrogen flux from the surface over the magnetic anomaly
near 22◦S and 240◦E on the lunar farside based on the observation on 17 June 2009
from 200 km altitude. The maps show a unit-less reflection coefficient: neutral hydrogen
number flux integrated over the specified energy range divided by total solar wind number
flux integrated over energy and multiplied by cosine of lunar latitude in the energy
ranges (a) 150–600 eV (b) 30–100 eV. Black contours in the center show the magnetic
field magnitude at 30 km altitude obtained from Lunar Prospector data, with lines for
5 nT, 15 nT, and 25 nT. The dotted circle represents the region of magnetic anomaly
and the dashed circle represents the region just surrounding the anomaly. (c) Context
image taken from the Clementine grey scale albedo map where the regions M, E and U
indicate three sample regions inside the mini-magnetosphere, the enhanced flux region,
and the undisturbed region, respectively.2
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Fig. 5. The angular distribution of the scattered hydrogen ENA for 15◦ SZA intervals.
Empty squares correspond to (θ, φ) configurations for which we have no measurements.
(a) Shows the coordinate system used for generating the maps shown in panels c and d.

The arrow labeled “Sun” points in the sunward direction. For the sub-solar point
(SZA = 0◦) the arrow would be pointing out of the plane of the page along the normal,
for a SZA of 90◦ the arrow lies in the page plane (depicted). (b) Contains the grey-scale
bar, the first bar belongs to panel c, and the second bar belongs to panel d. (c) The
measured angular distributions. (d) The number of observations.50

based on laboratory studies.51 In addition, with the increase in SZA, the
polar angle of scattering measured from the direction of surface normal also
increases (shallower scattering). A mathematical expression which describes
the observed angular scattering was derived as a function of SZA, polar, and
azimuth angles of scattering.50 This provides a useful way to represent the

 A
dv

an
ce

s 
in

 G
eo

sc
ie

nc
es

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 W
SP

C
 o

n 
10

/1
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



July 13, 2012 9:4 ADGEO 9in x 6in b1389-ch04

44 A. Bhardwaj et al.

scattering function for solar wind produced ENAs from a regolith covered
non-magnetized bodies in the solar system.

3.2. Observations pertaining to ions around the Moon

The SWIM sensor of SARA has observed different populations of ions
around Moon.5 The energy-time spectra from the SWIM observations for
two orbits on 25 January 2009 is shown in Fig. 6. It may be noted that
a few viewing direction of SWIM directly faces the Moon surface (Fig. 1).
The spectra is divided into three panels depending on the viewing direction
in which the ions are observed, such as space, horizon, and surface viewing.
The different ion populations are marked by letters A to E. The population
A, which is observed in the space viewing directions, when SWIM was on
dayside, are the solar wind protons which have energy around 500–600eV/q.
In the same viewing directions, SWIM has observed ion population B during
dayside, which have an energy/charge almost twice that of solar wind H+

energy/charge. These are the He++ ions in the solar wind. The population
C is seen in the surface viewing pixels of SWIM on the dayside which have
lower count rate and broader energy compared to that of solar wind protons.
This represents the solar wind protons which are scattered from the lunar
surface. The population D which are seen mostly close to the horizon are

Fig. 6. The energy time spectra of ions observed by SWIM for two consecutive orbits on
25 January 2009. The bottom panels represent the observation from the view directions of
SWIM which looks at space, the center panel represents data from the view directions
towards the Moon limb, and the top panel represents observations from view directions
which looks at Moon surface. The population marked A and B are the direct solar wind
H+ and He++ ions, respectively. The population C is the solar wind H+ reflected from
Moon surface, D is the accelerated protons from population C, and E is the night side
ions. The grey boxes on the top represents when Chandrayaan-1 was on lunar night side.5
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the reflected ions which are the scattered solar wind protons picked up by
the interplanetary magnetic field (Bsw) and accelerated by the solar wind
convective electric field (Esw), thereby gaining energy. The population E
are the ions seen when Chandrayaan-1 was on the nightside (plasma wake)
of Moon. This represents the ions in the near-lunar plasma wake, which
are found by mass analysis to be mostly protons. Except the population
D, all others are seen for both the orbits. The trajectory of population
D depends on the orientation of IMF and the convective electric field
(Esw = −Vsw × Bsw, where Vsw is the solar wind velocity). The orientation
of Bsw was different for the two orbits. So the trajectories of the reflected
ions were such that they were able to enter SWIM FoV in the first orbit
and not in the second orbit due to the change in orientation of Bsw.5

3.2.1. Deflection of solar wind protons over the magnetic anomalies

As mentioned above, SWIM has measured the solar wind protons reflected
from the lunar surface in the surface looking pixels. This has been observed
by SWIM in almost all orbits of Chandrayaan-1. The SWIM observations of
reflected protons were found to be highly correlated to the crustal magnetic
field.4 Figure 7 shows SWIM data where the spacecraft passes by a large
region of magnetic anomalies. Reflected protons, with energies similar to
the solar wind, are clearly observed when magnetic anomalies are within
the instrument field of view. This indicates that the observed protons are
actually solar wind protons that have been deflected over the magnetic
anomalies.4 A map of these deflected protons for the lunar far-side is shown
in Fig. 8. It is notable that deflection can be observed even from small,
isolated anomalies. The deflection ratio of solar wind protons integrated
over the full far-side hemisphere is 1%, while over the magnetic anomaly
regions alone it is around 10%, and over the strongest anomalies it reaches
over 50% (see Fig. 9). Kaguya32 has also reported the deflection of solar
wind protons by the magnetic anomaly near the South Pole Aitken region
with an efficiency of more than 10%.

3.2.2. Ions in the near-lunar wake

Significant proton fluxes were detected (cf. Fig. 6) by SWIM in the near-
plasma wake region of the Moon. On 25 January 2009, when the protons
moved along IMF in to the wake their energy was slightly higher than that
of the solar wind protons. The protons were detected close to the lunar
equatorial plane at a SZA of 140◦, i.e. ∼50◦ behind the terminator at a
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Fig. 7. SWIM-SARA observation during dayside pass of Chandrayaan-1 between 04:58
and 05:57 on 29 April 2009, over the Imbrium antipode magnetic anomalies. The top
two panels represent the energy distribution of the ions with the differential flux summed
over (a) five space-pointing directions (104–142◦ from nadir) and (b) five surface-pointing
directions (44◦–80◦ from nadir). (c) The direction distributions in angle from nadir, with
the differential flux integrated over the 100 eV–3 keV energy range. (d) The strength of
magnetic anomalies near the horizon is shown for reference. The strength is given in
field magnitude at 30 km altitude based on model by Purucker (2008),52 from Lunar
Prospector data. Also shown is the time of observation as well as the selenographical
coordinates.4
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Fig. 8. The map of deflected solar wind protons observed in the 200 eV–1.7 keV energy
range obtained by SWIM/SARA observations. The peak differential flux of protons is
traced linearly to the surface of the Moon and binned to a 1◦ × 1◦ resolution spatial

grid. Black contours show 2nT, 3 nT, and 5 nT magnetic field strength at 30 km altitude
in model by Purucker.52 The large anomaly cluster at the Imbrium Antipode (IA), the
Serenitatis Antipode (SA) and, the Crisium Antipode (CA) are marked in the figure.4

height of 100km. The protons came from just above the local horizon, and
moved along IMF in to the wake.5 The comparison of the observed proton
flux with the predictions of 1-D expansion of plasma into a vacuum showed
that the observed velocity is higher than the velocity predicted by analytical
models by a factor of two to three while the observed density is lower than
the model value.5

As the solar wind is a magnetized plasma, the entry of solar wind ion in
to the plasma wake is governed by the orientation of IMF. The protons in
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Fig. 9. Map of the ratio of the outflowing proton flux to the incident proton flux. The
outgoing proton flux is calculated from SWIM data and inflowing proton flux is calculated
from WIND data.4

the near-lunar wake have also been observed by Kaguya33,34 and Chang’E,35

where the protons entered the wake in a direction perpendicular to IMF.
There are four possible mechanisms suggested for entry of ions in to the
near-lunar plasma wake. Out of these, three mechanisms favor entry in a
direction perpendicular to IMF, can be called as perpendicular entry,33–35

and one mechanism favors entry of ions parallel to IMF5 (parallel entry).

3.2.3. The reflected ion trajectory: Modeling

The protons reflected from the Moon surface will be influenced by the
magnetic field carried by the solar wind (IMF) and the convective electric
field (Esw). For an IMF of 5 nT, the convective electric field is in the range
1.5–5.5mV/m for a solar wind velocity (Vsw) in the range 300–700km s−1

(assuming Vsw and IMF are perpendicular to each other). Thus, the protons
could get accelerated by Esw and gyrate around IMF (E × B drift). These
are surface reflected ions and seen as population D in Fig. 6.

Modeling the trajectory of these reflected ions (under Lorentz force)
using a test particle approach, as well as hybrid model,3 showed that the
reflected solar wind protons affect the global plasma environment (Fig. 10).
The results of the model is compared with observations. The broadening
of the energy spectrum of reflected protons seen in the model result
is consistent with the SARA observation. Comparing with Nozomi’s ion
observation revealed that the probable source of the non-thermal protons
observed by Nozomi53 in the lunar vicinity were the reflected protons.
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Fig. 10. The results of a run of the test particle simulation. The grey-scale shows the
ratio of the magnitude of the yz component of the proton number flux (number density
times average velocity) around the Moon, to the magnitude of the solar wind proton
number flux. Here, 100% reflection (f = 1) of the precipitating protons is considered but
this can be scaled for any other value of f. The left panel, middle panel and the right
panel shows the cuts through the planes x = 0, z = 0, and y = 0, respectively.3

4. Discussion

The ENA scattering from Moon reduces the implantation of solar wind
protons. The implantation of solar wind hydrogen and its subsequent
bonding with oxygen in the regolith has been suggested as a potential
candidate for the formation of OH/H2O on Moon surface.54–56 Although
laboratory simulations by Burke et al.57 using solid samples of ilmenite
(FeTiO3) and anorthite (CaAl2Si2O8) did not show evidence for this, the
very recent laboratory simulations by Managadze et al.58 by using olivine
and SiO2 powders, which is more representative of the regolith composition,
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has indeed shown that the solar proton is a potential source of lunar
OH/H2O molecules. The contradiction in the results are attributed to the
use of solid surface by Burke et al.57 than the powdered sample used by
Managadze et al.58 Thus, the 20% backscattering of solar wind protons as
ENAs will affect the production of OH/H2O on Moon surface by reducing
the implantation rate of hydrogen. The proton scattering from Moon surface
as ions also affect the implantation of hydrogen, but the fraction is much
lower (0.1–1%) compared to the ENA scattering. On the other hand, the
proton scattering has implications on the lunar plasma environment.

The presence of the mini-magnetosphere causes deflection of solar wind
around the magnetic anomaly region, resulting in net increase in the solar
wind incident flux on the area surrounding the magnetic anomaly and
decrease in the incident flux over the anomaly region. This correlates well
with the Chandrayaan-1 Moon Mineralogy Mapper (M3) analysis of the
spectral features of swirls and off-swirls at Reiner Gamma, Gerasimovich,
and Mare Ingenii regions.59 The analysis indicated that the swirls are
depleted in OH relative to their surrounding region, supporting the view
that the magnetic anomalies deflect the solar wind away from the swirls and
onto off-swirl surfaces. In addition to the effect of reduced OH production
in magnetic anomaly regions, the deflection of solar wind protons affects
the spectral properties22 of the soil at the anomaly region compared to the
neighboring regions. This can be associated with magnetic shielding of the
surface and the accumulation of fine charged dust above the swirls owing
to the electrostatic interaction between charged fine grained dust and the
electric field generated due to the charge separation between electrons and
protons in the solar wind at magnetic anomaly.60,61 The maturation of the
soil will be higher in the region adjacent to the anomaly due to increased flux
of protons deflected from the swirls. Similar spectral studies of immature
craters and surface soils both on and adjacent to the lunar swirls at Mare
Ingenii region using the Clementine ultraviolet, visible and near infra-red
cameras23 had also supported this hypothesis. Blewett et al.60 have done
an extensive study of the spectral characteristics of swirls and found them
to be similar to those of immature soil and also that their FeO content to
be lesser than the surrounding region. Connecting it with the presence of
magnetic anomaly, they suggest that the difference in composition could
be due to either the magnetic shielding of solar wind or the accumulation
of dust moving under the influence of the electric field induced by solar
wind interaction with magnetic anomaly. Observations of the enhanced
albedo of the Descartes C crater by Mini-RF (radio frequency) synthetic
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aperture radar on the Lunar Reconnaissance Orbiter is also found to be
related to its location within a magnetic anomaly, and hence supports an
origin hypothesis that invokes interaction between the solar wind and the
magnetic anomaly.62 The absence of lunar-type swirls on Mercury based on
Messenger flybys also suggest that models for the formation of lunar swirls
invoking the interaction between solar wind and crustal magnetic anomalies
are of prime importance.63

The protons scattered from lunar surface can directly affect the lunar
plasma environment.3 Recent observations have shown that they cause
whistler waves on the dayside of Moon.64 Their trajectories can lead to their
entry to the nightside.34,35 The protons in the near wake cause instabilities
and results in wave generation.65 The existence of ions in deep near-wake
indicates that not only the processes which happen in the immediate
downstream but also the ones on dayside play a role in determining
the nature of dynamics in the immediate downstream. Thus, both the fluid
nature (plasma expansion into vacuum)5 and particle nature of the solar
wind (scattered protons reaching the nightside) play their role in the near-
wake plasma features. Observations using Lunar Prospector magnetometer
have shown the presence of whistler waves above the magnetic anomaly
regions due to the interaction of solar wind with magnetic anomaly.66

All these indicate that the interaction of supersonic plasma flow with
a planetary body without an atmosphere and intrinsic magnetic field is
yet to be fully understood. The manifestation of the angular distribution
of backscattered ENAs to be different from the expectations based on
laboratory studies points to the requirement of further investigation of
the micro-physics of the solar wind interaction with the regolith-covered
planetary body. These results apply not only to Moon but also to any
regolith covered planetary body with almost no atmosphere and lack a
global magnetic field, but can have localized magnetic fields. Hence, these
processes are expected to happen on Mercury, asteroids, and Moons of
the giant planets also. The backscattering of solar wind protons have been
observed recently on Phobos,67 the Moon of Mars, by the Mars Express.

5. Summary

With a neutral particle detector (CENA) and ion-mass analyzer (SWIM),
the SARA experiment on Chandrayaan-1 has made several interesting
observations. These include (1) scattering of solar wind protons as ENAs
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from Moon surface,1 (2) scattering of solar wind protons itself from Moon
surface,3 (3) mini-magnetosphere around the magnetic anomaly region
using both the scattered ENAs2 as well as solar wind protons deflected
by the magnetic anomaly,4 (4) reflected ions which are the scattered
solar wind protons influenced by the solar wind convective electric field
and interplanetary magnetic field,3 and (5) protons in the near lunar
plasma wake.5 Based on SARA observations: (1) the angular distribution
of backscattered ENAs has been modeled,50 (2) a model to understand
the influence of trajectories of reflected protons on the lunar plasma
environment has been developed.3

The micro-physics underlying the interaction between the solar wind
particles and the porous lunar regolith which results in the observed angular
distribution of the scattered ENAs and the scattering of protons are areas
for future investigation.
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