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Direct observations of negative ions on the
Lunar surface by Chang'E-6
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The solar wind can interact directly with the surface of airless bodies like the Moon. The interaction
causes sputtering of surface materials and solar wind ions are also partially backscattered to space.
Particles leaving the surface can have any charge-state. At the Moon, backscattered or sputtered
positive ions'™ and energetic neutral atoms®® have been observed, but all attempts to find negative
ions in electron measurements have failed so far. Here we present measurements by Chang’E-6 from
the lunar farside® revealing the existence of a layer of negative ions close to the lunar surface. We found
that about 2.5:}%% of the impinging solar wind protons charge exchange on the lunar regolith and are
backscattered as negative hydrogen ions. The negative ion fraction is similar to the observed positive
ion fraction'. We estimate a H™ surface density of 0.183:33 cm~23. On the dayside, the lifetime of
negative hydrogen ions is short due to photodetachment'®, confining them to a layer with a scale
height of about 10 km. Such surface-bound layers or regions with negative ions should exist at any
planetary object with a surface directly exposed to solar wind'"'?, including low gravity bodies such as

asteroids or comets.

The lunar surface is covered by a thick layer of fine grained, porous and
weathered material referred to as regolith. As the Moon has almost no
atmosphere, the space environment has direct access to the surface. The
lunar regolith is continuously modified by impacting micrometeorites and
by plasma-surface interaction processes'*'*. Solar wind ions precipitate onto
the lunar surface during most of the Moon’s orbit. A majority of them are
implanted in the regolith and for example implanted protons are suggested
to provide the hydrogen source for the formation of hydroxyl or water
molecules present in the topmost regolith layer'.

Some of the precipitating ions are directly backscattered to space and
can change their charge state in the process'®”. At the Moon, up to 1% of the
solar wind protons have been seen to backscatter with their original charge
state'*'*, while about 5% to 20% of the impinging protons are observed to
backscatter as neutral atoms™"***'. Additionally, at least 0.14% of the pre-
cipitating solar wind alpha particles have been observed to backscatter as
neutral helium®. Solar wind precipitation also leads to sputtering of surface
material***”. Sputtered particles can be neutral, positively or negatively
charged”™*. Sputter yields for specific elements or molecules depend on the
energy and mass of the precipitating ions as well as on the morphology and
composition of the surface” .

Scattered and sputtered neutral particles with energies below the escape
energy contribute to formation of a thin lunar exosphere, together with
products from micrometeorite impact vaporisation, photodesorption and
gas seeping out from the interior of the Moon™. Particles with higher
energies escape to space and build up the lunar extended corona (Fig. 1).

On the lunar dayside, a non-negligable fraction of the neutral exo-
spheric particles are photoionized’', forming an exo-ionosphere’”. As the
surface-bound exo-ionosphere is directly coupled to the interplanetary
electric field, its variability is considerable and the ion populations are non-
thermal and highly directional™. While the main source for ions is photo-
ionization of the exosphere, backscattered and sputtered ions also contribute
to the tenuous lunar exo-ionosphere. The lunar exo-ionosphere has been
directly detected on the surface’** and been observed from orbit™. So far it
has mainly been characterised by electron density measurements. Radio
occultation observations yielded very high electron densities, later deemed
unlikely (see review by Imamura et al.”®). Shen et al.”® argue for a typical
density of 1-10 cm ™ on the dayside and <0.1 cm™ on the nightside, both
based on Artemis measurements.

An open question is are there any negative ions in the lunar exo-
ionosphere? The lunar surface has long been put forward as a candidate for
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Fig. 1 | Artist’s impression of different layers of
particle populations formed by solar wind inter-
acting with the lunar surface. H™ and O~ layers are
new and inferred from the newly discovered nega-
tive ion populations at the surface. Their density is
modulated by local magnetic anomalies on the
surface. Design: Anastasia Grigoryeva.
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Fig. 2 | Observation geometry at the lunar surface. The surface-looking NILS field-
of-view is projected onto the lunar surface, approximately to scale (top panel: side
view, bottom panel: top view). Local north is towards the right. The light and dark
red areas correspond to 20% and 50% sensitivity levels of the footprint, respectively.
The red arrow in each view indicates the average direction of solar illumination and
is a proxy for the flow direction of the solar wind. Well defined craters are shown as
solid lines, degraded craters as dashed lines. The black dot represents a small rock.

the presence of negative ions'' but no confirmed observation has been done
so far. The most obvious reason is the short lifetime of negative ions, making
them difficult to observe from orbit. In contrast to positive ions, negative
ions will quickly be neutralised by photodetachment. This limits their spatial
range considerably. Solar wind protons that charge exchange to H™ on the
lunar surface have an expected lifetime of about 70 ms'’ when illuminated
by the Sun. Depending on the negative ion density, negative ions could affect
possible plasma wave modes”, influence dust charging or influence how
plasma enters the lunar wake. Measurements directly on or near the surface
are needed to establish the presence of negative ions.

The lander of the Chinese Chang’E-6 sample return mission to the
lunar farside’ carried the Negative Ions at the Lunar Surface (NILS)
instrument™, an energy and direction resolving negative ion mass analyser,
dedicated to establish the presence of negative ions near the lunar surface.
NILS is the first-ever dedicated negative ion instrument flown beyond Earth
orbit. The NILS instrument was mounted on the Sun-facing side of the
Chang’E-6 lander with an unobstructed field-of-view pointing partially to

the surface and partially to the sky. It performed measurements while the
lander was operational on the surface.

Results and discussion

Observations

On 1 June 2024 at 22:23 UTC Chang’E-6 landed in the predicted landing
area’ in the Apollo crater on the lunar farside at 153.98°W, 41.64°S. The
landing site is near the large magnetic anomalies in the South Pole-Aitken
basin. NILS operations and data taking started immediately after the
completion of post-landing activities and ended when surface operations
were finished. For the presented analysis we use 302 minutes of data
recorded between 2 June 2024 03:01 UTC and 3 June 2024 03:38 UTC. NILS
detected negative ions emitted from a surface area located at a distance from
about 1 m to 20 m from the lander (Fig. 2). The sampled surface area was
relatively flat and did not contain large craters or boulders.

A distinct H™ signal was observed (Fig. 3) in the energy range from
50eV to 400eV. The differential number flux peaked at about
4x10°cm s eV s

The solar zenith angle (SZA) during NILS operations decreased from
52° to 47° with the local solar azimuth angle (SA) changing from 43°E to
28°E. Solar wind parameters for this time period were obtained from the
electrostatic analyser instrument (ESA)™ on the Artemis-P2 spacecraft” in
lunar orbit. The mean and the standard deviation of the solar wind proton
speed and density were 299 +6km/s (=466eV) and 8.1%22cm™,
respectively. The solar wind proton speed was rather low during NILS
operations. In the years 2000 to 2024, the solar wind proton speed was
slower than 300 km/s only for about 3% of the time. The Moon was outside
of the Earth’s bowshock and the foreshock region, totally embedded in the
undisturbed solar wind. However, conditions very close to the lunar surface
at the Chang’E-6 landing site could have been slightly different from orbit,
because of the strong nearby local magnetic anomalies’. The surface
potential in or near a magnetic anomaly may be substantially larger than the
average value”, resulting in a deceleration of incoming protons.

We approximate the energy spectrum of the observed differential
number flux for negative hydrogen ions empirically by a log-normal dis-
tribution with a mean energy of the backscattered particles of 239 eV with a
one sigma width of the distribution of 151 eV. For an average solar wind
proton energy of 466 eV during the observation interval, backscattered
negative hydrogen ions have experienced an energy loss of on average about
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Fig. 3 | Differential flux of negative ions from the surface. Top panel: negative
hydrogen ion flux, bottom panel: negative oxygen ion flux. The vertical error bars
represent 90% confidence intervals and the horizontal error bars represent the
energy resolution of the instrument. Black data points are significantly different
from zero, grey data points are not. Confidence intervals without a data point
indicate that the data point is below the differential flux range shown. The dashed
line corresponds to a 90% significance limit below which the differential flux cannot
be distinguished from zero. The solid black line is an empirical fit of a log-normal
function to the observed H™ spectrum. The mean solar wind proton energy is
indicated by the black arrow.

49% Ey,, , assuming the solar wind velocity at the landing site is the same as
the one measured by Artemis-P2. The energy spectrum also contains a
component between 80 and 150 eV that is above the significance limit and
that is not captured by the log-normal distribution used to fit the data. This
component likely originates from knock-on sputtered particles® from the
surface. The low energy tail of the observed spectrum is similar to the low
energy hydrogen component observed for energetic neutral atoms** when
convolved with an energy-dependent negative ionisation probability. A
similar low energy component has been observed for backscattered
protons”.

Assuming the observed negative hydrogen ions have the same angular
emission distribution from the surface as the one observed for backscattered
protons’, we can estimate the backscattering yield for negative hydrogen
ions, Yy = Josu /Tpre e With Jooq- [em™2.s7!] the total reflected
negative hydrogen ion fluxand J ... cm2.s7!] the total precipitating solar
wind proton flux, respectively. We get Y, ;- = 2.5752%. The stated
uncertainty is a 90% confidence interval and includes about equal parts
counting statistical uncertainties, uncertainties in the instrument
calibration®™ and uncertainties in the precipitating solar wind proton flux.
The precipitating solar wind flux may be different from the flux observed in
orbit by Artemis because of deflection or enhancement effects caused by
nearby magnetic anomalies. We estimate the magnitude of such possible
variations using the observed variation in the flux of reflected energetic
neutral atoms close to a magnetic anomaly*. The variation in the reflected
energetic neutral atom flux is a proxy for the variation of the solar wind flux
precipitating onto the surface.

The observed backscattering yield corresponds to a negative hydrogen
density at the surface of n, = 0.1813% cm™> (90% confidence interval).
The value is similar to the prediction by Wekhof "' of =0.1 cm™.

Solar wind protons and alpha particles precipitating on the surface also
cause sputtering of O . However, the observed O™ differential flux is close to
the significance limit (Fig. 3). Based on that limit, we can only obtain an
upper limit of the sputtering yield from incident solar wind protons
of Yy, 0- <19.7%.

Table 1 | Effect of different assumed H™ angular scattering
functions

H scattering function Yos - [%] no[cm ™ ho [km]
14 - g

As protons 25%12 0.1873% 9.7

As energetic neutral Rg718 0.17+3% 8.9

hydrogen® V .

Isotropic A0 0.14%0:%3 B3

Lambert’s emission 24412 0.18'563 107

"We use data from Lue et al. matching our solar wind speed range (275 km/s to 325 km/s) and solar
zenith angle range (45°-60°).

Backscattered negative hydrogen

The estimated H™ backscattering yield of 2.573:2% is comparable to the one
for H' 0f 0.01% to 1%"". The calculation of the backscattering yield depends
on the angular distribution of the emitted negative ions. NILS data does not
allow to significantly constrain this distribution. Instead, we assumed the
angular distribution follows the observed distribution for backscattered
protons”. We selected this distribution because the charge state of a back-
scattered particle is established at the end of its interaction with the surface.
At that point, the travel direction of the particle has already been established.
Choosing a scattering function purely based on observational data has the
advantage of including the average influence of the regolith structural
properties like regolith grain size and porosity”>”. These properties would be
difficult to constrain with the limited data set available from NILS.
Assuming other angular scattering functions will result in different esti-
mates of the backscattering yield. For example, Vorburger et al.” derived an
angular emission profile for the backscattering of energetic neutral atoms
from Chandrayaan-1* data. The backscattering yield for energetic neutral
atoms is typically from 5% to 20%™”'"*~*' and Vorburger et al.” find that the
emission profile depends on the solar zenith angle. We expect the angular
scattering function for charged and neutral particles to be different’
however. If we nevertheless apply the angular distribution from Vorburger
etal.” to our observations, we obtain a negative hydrogen ion backscattering
yield of about 2.3%—not much different from the value of 2.5%
reported above.

Table 1 shows the effect of different choices in scattering functions on
the computed backscattering yield Yy 1, the negative hydrogen ion surface
density 1y, and the corresponding scale height h,. We conclude that the
backscattering yield depends on the assumed angular emission profile, but
the results are not very sensitive to this choice.

The observed H™ backscattering yield is larger than the yield observed
for H'™*"*. A comparably larger yield for H™ would be compatible with
laboratory experiments'®” where a negative to positive charge state ratio
larger than one for proton backscattering from metals or from oxides
was found.

The shape of the observed H™ differential flux spectrum is very similar
to the previously measured backscattered H* spectra®. The average energy
loss of 49% obtained for H™ is slightly different from the 36% given by Lue
et al.” for H', but it indicates that the backscattered particles experienced
only a few collisions with surface atoms. Laboratory measurements of
protons scattered from oxides show that the typical energy loss of back-
scattered hydrogen is independent of the charge state'”*’. However, the
estimate from Lue et al.” is an average over a large area of the lunar surface
whereas the value reported here for H™ is a local measurement at the
Change’E-6 landing site (Fig. 2).

Reported energy losses are given with respect to the undisturbed solar
wind proton energy and the value therefore depends on the local surface
potential. A large positive surface potential decelerates the impinging
positively charged particles before they interact with the surface. For typical
solar wind proton energies, the energy loss is roughly proportional to the
incident proton energy, that is, the relative energy loss is constant'’*®, For a
more positive surface potential, the calculated energy loss would be an
overestimation. Higher positive surface potentials are expected inside
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Fig. 4 | Negative hydrogen ion density on the lunar
dayside. The scale height of backscattered negative
hydrogen ions depends on the solar wind speed
(length of yellow arrow) while the scale height for
sputtered negative oxygen ions is approximately
constant (Moon not to scale). The surface densities
of both negative ion species depend on the pre-
cipitating solar wind proton flux (width of yellow
arrow) and scale with the cosine of the solar zenith
angle. This results in an highly dynamic altitude and
solar wind parameter dependent negative ion com-
position which adapts almost instantaneous to
changes in solar wind parameters.
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magnetic anomalies, where the surface potential can increase by up to
150 V*. Assuming the energy losses for both positive and negative back-
scattered ions are the same, a moderate increase of the local surface potential
at the Chang’E-6 landing site by about 50 V could explain the higher energy
loss observed in our data. This would be consistent with the proximity of the
landing site to the strong nearby local magnetic anomalies of the Aitken
basin*'.

Sputtered negative oxygen

We do not observe a significant negative oxygen ion flux above the 90%
significance limit. Furthermore, below 30 eV, the instrument’s field-of-view
is constrained to directions quasi-parallel to the lunar surface [, Fig. 18],
making detection of negative ions emitted from the surface a challenge.
Fortunately, the trajectories of low-energy ions are considerably affected by
the potential structure® of the photoelectron sheath. This could make them
observable by NILS despite the limitations of the NILS field-of-view at low
energies. Models predict rather low sputter yields™’, but sputtered neutral
oxygen has been observed previously’, with neutral oxygen flux being
0.2-0.4 times the flux of backscattered neutral hydrogen. With an assumed
negative ionisation efficiency of 10%, this gives a sputtering yield for
negative oxygen ions of Y, o- ~ 0.5%.

The upper limit of 19.7% estimated from NILS data is significantly
above this prediction, which explains our non-observation. While the
sputtering yield depends on the projectile energy, even a higher solar wind
speed is unlikely to have brought the O~ differential flux above the NILS
detection limit’"*.

The angular emission function for sputtered O is likely different from
the angular scattering function for backscattered H™. NILS field-of-view
limitations at low energies and the effect of the positive lunar surface
potential on the O~ trajectories make it difficult to estimate what part of the
total emitted O~ flux NILS would observe-even for a known angular
emission profile. Thus, only an upper limit for the sputter yield Y, o- canbe
given based on NILS data.

Similarly to Y, o-,an upper limit of the density near the surface can be
estimated. We obtain a density for O™ of $2.3 cm . The actual value is
expected to be at least an order of magnitude lower and comparable to the
H density.

Negative ion layers

The lifetime of negative ions on the lunar dayside is limited and they can
travel only short distances before they are neutralised through photo-
detachment. The lifetime of H™ ions is about 70 ms'’. A backscattered H™
ion with a typical energy of 239 eV will travel only 15 km on average before it
is neutralised. A vertical density profile can be calculated through numerical
integration of the angular scattering function. We find a H™ surface density
of 19 = 0.18 cm ™ and an equivalent scale height for H™ of hy = 10 km, only

weakly dependent on the scattering function choice (Table 1). The scale
height is proportional to the average velocity of the emitted negative
hydrogen ions which in turn depends on the velocity of the impinging solar
wind protons (Fig. 4). Assuming the relative energy loss is the same for a
range of typical solar wind proton velocities'’, the negative hydrogen ion
scale height will change proportionally to the solar wind velocity.

Negative oxygen ions have a longer lifetime of 0.6 s before the electron
photo-detaches'’. However, the typical energy of sputtered ions is only a few
eV A sputtered 10 eV O™ ion travels less than 10 km on the lunar dayside,
similar to the distance of a backscattered H™ ion. Electric fields in the
photoelectron sheath will further slow down or deflect sputtered negative
particles, considerably reducing their range.

The energy spectrum of sputtered particles is only weakly dependent
on the solar wind proton velocity. In contrast to backscattered negative
hydrogen ions, the scale height of sputtered negative (oxygen) ions is
expected to be rather independent of the solar wind proton velocity (Fig. 4).
In addition, low-energy sputtered negative ions are affected by the attractive
positive surface potential, which limits their vertical reach. A layer with a
negative plasma potential a few tens of metres above the surface™* can
further confine sputtered negative ions. Such a layer can form as part of the
photoelectron sheath on the dayside close to an altitude where the photo-
electron density is approximately equal to the solar wind proton density”.
This will additionally confine sputtered O™ to close to the surface.

All negative ions created by precipitating solar wind are thus confined
to the surface, forming a surface-bound negative ion layer (Fig. 1). We note
that this negative ion layer is expected to show a strongly altitude-dependent
composition.

On the lunar nightside, in the absence of solar photons, the lifetime of
negative ions is much longer. A negative ion exo-ionosphere will therefore
have a substantially larger scale height'' on the nightside. The challenge is to
transport the negative ions to the nightside or to directly generate them
there. Negative ions produced close to the optical terminator with high
enough energies may escape to the nightside. Despite the rather low near-
surface density of negative ions, their contribution to the very tenuous
nightside plasma with near-surface densities of positive ions below
0.02 cm ™ *° could be significant, at least close to the terminator. Additional
negative ions may be produced directly on the nightside by precipitating
plasma™"". Micrometeorite impact vaporisation could also be a significant
source of low-energy negative ions on the nightside, while it is expected to be
a small contribution on the dayside™”’. Should the fraction of negative ions
be large enough, they can affect the possible wave modes near the lunar
surface”. Negative ions could affect dust charging. Charged dust is likely to
influence plasma instabilities™.

Negative ion layers or regions (Fig. 1) are expected to be present at all
bodies where the surface is exposed to precipitating plasma. This includes
Mercury, asteroids, comets and the Martian moons Phobos and Deimos,
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Fig. 5 | Direction- and time-integrated count matrix C. The count matrix data are
plotted against absolute energy-per-charge and mass bin number. Different features
are identified: a a weak H™ signal for energies between 100 eV/q and 400 eV/q; b a
stronge” peak spanning all energies; and ¢ a uniform signal for energies below 30 eV/
q attributed to either or both O~ and accidental coincidences.

which are exposed to the solar wind, but also, for example, the Galilean
moons'>***, whose surfaces are exposed to the co-rotating Jovian plasma.
Farther out in the solar system, the lifetime of negative ions is longer as
photo-detachment is less likely. Ignoring other destruction mechanisms, the
mean travel distance of negative ions in such environments increases,
resulting in more extended negative ion layers. Closer to the Sun, for
example at Mercury, the higher photon flux reduces the lifetime of negative

ions, resulting in negative ion layers with a smaller scale height.

Applications

The short spatial range of negative ions creates opportunities for new
applications. One example is the possibility to determine surface potential
differences at short range. Positively and negatively charged backscattered
hydrogen will have energy spectra shifted in opposite directions when
observed from a location with a different surface potential. The energy shift
is proportional to the surface potential difference between the backscattering
location and the observer. This method is similar to the one used by Futaana
et al.”* to obtain surface potential differences by characterising the energy
spectrum of backscattered energetic neutral hydrogen.

More sensitive instrumentation should be able to detect sputtered ions,
both produced by precipitating solar wind and micrometeorite impacts.
Sputtered ions will be useful for surface analysis using secondary ion mass
spectrometry (SIMS) [for example®']. Using sputtered ions of both charge
polarities has the advantage to improved species coverage and sensitivity.
For example, strongly electronegative elements like Cl or F are expected to
have higher sputtering yields for negative than positive ions. Similarly,
negative molecular ions like SiO; or FeO5 facilitate the separation of non-
silicate minerals™.

Outlook

The discovery of negative ions close to solar wind exposed surfaces is
important not only at the Moon, but concerns all airless bodies in any solar
system. The effect of the negative ions on the dynamics of the plasma-surface
interaction is a topic of further studies. New missions with dedicated
instrumentation for the detection of negative ions will allow to investigate
negative ion layers at other planetary bodies. For example the European Space
Agency’s JUpiter ICy moons Explorer (JUICE) mission® to Jupiter and its
moons carries instrumentation able to detect mass resolved negative ions®.

Methods

Instrumentation

The NILS instrument® is a surface interaction-based time-of-flight mass
spectrometer for negatively charged particles. It is a further development of
the Advanced Small Analyzer for Neutrals instrument flown on Chang’E-4*.
An adjustable magnetic field across the entrance aperture allows to selectively

suppress the more abundant electrons when measuring negative ions. NILS
has a single angular pixel that can be steered in elevation direction to cover a
vertically oriented field-of-view of +60° from the horizon. An electrostatic
analyser provides energy coverage from 3 eV per negative charge to 3000 eV
per negative charge with 14% energy resolution. The entire energy and
angular space is sampled by 16 different viewing directions and 48 energy
steps. The geometric factor without efficiencies depends on viewing direction
and is between 0.9 x 10~* cm’ st eV/eV and 2.4 x 10~ cm’ st eV/eV. Particle
velocities are determined in a surface interaction based time-of-flight cell”.
The measured flight times are converted on-board to an energy independent
mass number. For each energy-direction step, the calculated mass numbers
are accumulated for 31.25 ms into a mass spectrum histogram. The resulting
raw data product is a 3-dimensional energy-direction-mass matrix generated
approximately every 100s. The generation rate is limited by the data
transmission from the instrument to the spacecraft.

Mass separation

This section describes the method used to compute the energy spectra
shown in Fig. 3. The fundamental challenge is to separate the contribution of
each individual component (or species) that makes up the observed signal.
We use knowledge from the calibration of the NILS instrument as well as
statistical methods to estimate the flux of each relevant particle species along
with its error estimate and statistical significance.

The final data product of the NILS instrument is a time series of
3-dimensional energy-direction-mass count matrices, noted as C =
(ce,d,mtt) withe, 4, € NG *P*M*T The matrix consists of E = 48 energy
bins e, D = 16 direction bins d, M = 64 mass bins m, and T measurement
sequences . For technical reasons, we do not use the highest mass bin from
the count matrix C as this bin is specially treated during data acquisition
[ref. 38, Sect. 4.6]. This reduces the number of mass bins used in our analysis
toM — 1=63.

All surface-looking directions pointing to more than 5° below the
horizon (Fig. 2) are summed together. Additionally, all measurement
sequences are summed together to finally yield the direction- and time-
integrated count matrix C = (c,,,) with Com € NE*M. This matrix is
available from the Swedish National Data Service® and plotted in Fig. 5.

After visual inspection of the resulting count matrix and prior
knowledge of the dominant negatively charged species at the lunar surface,
we concluded that a total of K=4 different species contributed to the
observed count matrix: electrons, negative hydrogen ions, negative oxygen
ions and accidental background counts. While the first three species are
actual particles entering the instrument, the fourth species models acci-
dental coincidence events produced when two independent particles create
a start and stop event close in time to each other. This accidental con-
tribution is particularly visible at low energies.

The contribution of each of the four species k to the the count matrix C
is described by the signal strength matrix 6. We define 6 = (6;,) with
6. € R, defining the contribution of each species k at each energy bin e.
The time-of-flight responses to electrons, hydrogen, and oxygen ions are
empirically estimated in [ref. 38, Sect. 4.6]. We define the time-of-flight
response at a mass bin m to a particle of species k at an energy bin e as the
function f (e, m). We neglect uncertainty in these responses and treat them
as deterministic quantities. We treat accidental time-of-flight background
counts like an own species for which the time-of-flight distribution is
assumed to be uniform: U}y 6,y with 1.6 ps the maximum allowed flight
time before the system re-initialises.

Each element of C is described by a sum of K independent Poisson
distributions such that C, ,, ~ Poisson [)Le,m(ﬂ)] with

K
Aem(® =6, fi(e,m). 1)
k=1

We use the maximum likelihood method [for example®] to find the
best estimate of the signal strength matrix 6 given the observation C. In a
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Fig. 6 | Mass spectrum decomposition example. Data for energy bin e = 25 is
shown. The signal is decomposed into electrons, negative hydrogen ions, negative
oxygen ions, and accidental coincidences. The maximum likelihood estimate for
negative hydrogen ions, defined in Eq. (3), gives an estimated total number of counts
of él—r ~ 40. For H, the significance limit computed from Eq. (8) is about 3 and the
90% confidence limits are min(CIy- ) & 28 and max(CI};- ) ~ 54. Accidental
coincidences are not shown in the figure as their estimate is below the 107> count
level. The fitted model agrees well over the whole range of mass bins my, (note that
bins numbers without a data point shown contain zero values that can not be
represented in the logarithmic scale).

specific energy bin e, we define the log-likelihood of the observation as:

M-1
L0:0) =€, In(1,,(8) — A,,,() —In(C,,,}). )
m=1

Maximising J, at all energies allows us to construct the maximum
likelihood estimate 6 as:

0 = [argmax,l,(6;C), Ve € {1, -, E}]. 3)

The estimate of the parameter matrix 8 is given in terms of average
counts. After converting it to differential number flux, following [ref. 38, Eq.
771, we obtain the black open circles shown in Fig. 3. We performed a visual
inspection to assess the goodness-of-fit of the time-of-flight response model
to the data. The results did not show noticeable bias or systematic under- or
overestimation of the data. An illustration of the method for a single energy
bin e is shown in Fig. 6.

Significance limit

The significance limit is the flux limit below which a flux is not significantly
different from zero. The significance limit (dashed-line in Fig. 3) calculation
is based on the profile likelihood ratio®, defined in energy bin e for particle
species k, as

A, (6,.:C) =2 [le@;c) — maxgg, _ 1(6:0)|. )

The significance is calculated as the probability to reject the non-
existence of a particle species k, defined by the null hypothesis Ho: 6, =0,
against the alternative H,: 6;>0. The null hypothesis is rejected if
A, (kae = 0;C) > Ay with Ay, defined by

P[A, (6, = 0;C) 2 Ay [Hy) =1 —a, (5)

with a=1 — confidence level. The asymptotic distribution of
A, (9k$ . = 0;C), under some regulatory conditions” and the null hypoth-
esis H, is found analytically [*, Eq. 48] from Wilks’ theorem” as:

A, (6, e = 0;CIHy) ~ 1/28(0) + 1/2x5¢, (©)

with §(0) the Dirac delta function centred at 0 and dof the degrees of
freedom equals to the difference in dimensionality between the maximisa-
tion in the nominator and denominator of Eq. (4). Here, dof = 1. From this
result, we give a closed form for the critical value A as derived in [ref. 68,
Eq. 50]:

CD(Acrit) =1- «, (7)

with @ the cumulative distribution function of a unit normal dis-
tribution. This gives, for a confidence level of 90%, A = 1.64.

The significance limit, denoted as Hk’lemlt, for a particle species k in the
energy bin e is calculated as the signal strength for which the expectation
value of the test statistics A is equal to the critical value above which we reject

Hy:
E[A,(6;, =0:C)] = A
withC,,, ~ Poisson {/\m (@l@k,e = Gglemltﬂ ,Vme{l,--- ,M}.
®)

We used a Monte-Carlo approach to solve Eq. (8) for Gggmt, for all
particle species k at all energies e.

In our example in Fig. 6, the significance limit estimated from Eq. (8) as
gimit ~ 3, confirms that any contribution from H~ exceeding on average 3
counts is statistically significant.

crity

Confidence intervals

The confidence region CI* at a confidence level of (1 — «) for each particle
species is calculated from the profile likelihood ratio defined in Eq. (4). The
confidence region is defined as the set of all signal strength for which the test
statistics A is small enough as to not being able to reject the null hypothesis
Hy : 6, = 0, with 8 defined in Eq. (3):

CI{ ,(O) = {6y 1A (64.6:C) < Xiof1—a)» 9)

with x%. ; _, the (1 — «)th quantile of the y* distribution with dof = 1 degree
of freedom. For a confidence level of 90%, the level of significance is o = 10%.
The vertical error bars in Fig. 3 bound the minimum and maximum of the
confidence region defined in Eq. (9) for each particle species in each
energy bin.

In our example in Fig. 6, the confidence interval, derived from Eq. (9)
indicates that the true total number of counts from H™ lies within 90%
confidence between min (Cl;;- ) ~ 28 and max(Cl;- ) ~ 54.

For subsequent propagation of error to the differential number flux, the
statistical distribution of @k‘e, for a particle species k in an energy bin e, is
approximated to the Gamma distribution, such that:

[min(CI*); o, B] ~ a/2

[max(CI“);oc,ﬁ] ~(1—-w/2 (10)

N F
6. ~ Gamma (a, ) , with { r

with F the cumulative distribution function of the Gamma distribution.
Backscattered negative hydrogen spectrum

The energy spectrum of the average observed differential flux j ;- of
negative hydrogen ions is fitted by a log-normal distribution

. < ]-'[y - In E—p)’
e (E;Jﬁt,Hf k, 0) = eXp (— (2—")) ;

withp = In(kE;;,) =% , s = /n(0?) + 1 — 2In(kE,.,),

(11)

where E is the kinetic energy in eV, j;, - &~ 2.713% X 10° cm™2sr~s~! the
energy-integrated differential flux for energies where the flux is above the

significance limit, E;, ~ 466 eV the mean upstream solar wind proton
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Fig. 7 | Illustration of angle definitions. The angular scattering function using
spherical coordinates ([3 ¢) is shown on the left and the NILS angular response
function using instrument spherical coordinates (6, «) on the right. The sun
direction is indicated by the solar azimuth angle (SA) and the solar zenith angle
(SZA). N points to the local north.

— = Lambert's emission

—— ENAs 3

----- Isotropic 0°
—=—- Protons /

_— R, : 0.3

0.2

0.1

Emission probability density [sr™"]

90° 0.0

Fig. 8 | Comparison of scattering functions. One dimensional slices of the scat-
tering functions for the average NILS solar zenith and azimuth angles, in the
direction ¢ = 215° where NILS is the most sensitive are shown. The radial scale of the
NILS angular response function R, indicates how sensitive the instrument is in
different directions (in arbitrary units).

energy, kE;;, ~ 239€V the mean energy of backscattered particles with
k=0.51, and 0 = 151 €V the standard deviation of the energy distribution.

Angular scattering function and instrument response

This section describes the projection of the NILS angular response function
[ref. 38, Sect. 44] onto the scattering function to calculate the average
observed scattering probability. This probability is required to derive the
surface density and scattering yield estimates.

Figure 7 illustrates the definition of the different angles used in the
calculation. The lander’s attitude is approximated to be levelled perfectly
horizontally, with NILS facing north. For a given solar azimuth angle
SA € [0,2n), the transformation from the instrument spherical coor-
dinates (6, @) to the scattering function coordinates (f, ¢) is given by the
function f : [0, 27) X [—ﬂ/Z,n/Z) — [0,71/2% x[0,27m) such, that for
0 € [3m/2,2m), the components of f = (f,,f,) are given by:

B = f,(0) = arctan (_ COSQG),

sin

(12)

—sina

¢ =1,(0,0;SA) = {ﬂ+SA—arctan< )} mod 27, (13)

cos o cos O

with ¢ the scattering azimuth angle equalling zero toward the Sun, and f3 the
scattering polar angle equalling zero for the zenith-pointing direction. For

0e [O, 371/2), the transformation f is undefined. The inverse of the
transformation f, noted as f ', has the components

6 =f,"(B) = arcsin % — /2, (14)
Ne=com
— (B :SA) — — tanf tan(SA — ¢)
a=f, (ﬂ, é; SA) = arctan[ \/m . (15)
The Jacobian determinant of the transformation f is
d ;SA) ) = cos” (SA - ¢) - (16)
et<If71 (B, ¢; )> = {tanﬁ cos B {W + 1} ]

We define as I' [sr!] the average observed emission probability
density, that is, the average probability density that a particle impacting the
lunar surface is scattered and detected by the NILS instrument:

T(SZA,SA) = [2" [ R (F ' (B, ¢; SA)) F (B, ¢; SZA) W
17

- det (Jffl (8. ¢; SA)) dpde,
with F [srfl] the scattering function, normalised such that

JJF(B,¢) sinBdPdg = 1 and Ry, [sr~!] the angular response of NILS as
defined in [ref. 38, Eq. 15].

The scattering functions for protons and energetic neutral hydrogen
are defined as in Lue et al." and Vorburger et al.”, respectively. We choose to
work with two additional arbitrary scattering functions based on isotropic
and Lambert’s emission profiles, defined as

fisotropic (ﬂ? ¢) = %7 (18)
fLambert (ﬂv ¢) = Cosﬁ . (19)

Figure 8 shows a comparison of the different scattering functions with
the NILS angular response function R,.

Backscattering yield for negative hydrogen

We define the solar wind backscattering yield Y, - as the ratio of the
backscattered negative hydrogen flux Jy, ;- [cm ™2 s7!] and the precipitat-
ing flux J 5+ [cm™?s™']. We approximate the precipitating flux by the
undisturbed upstream solar wind flux Ji,, [cm > s '] impinging from a given
solar zenith angle (SZA) to the surface. NILS observes a negative hydrogen
differential flux j, ;- [etm™?sr™' eV~'s7!] emitted from a scattering
function which average observed scattering probability is noted as I'. The
energy spectrum is assumed to be independent of the emission angles
(B, ¢). This finally gives a description for the yield given by

]pre.,HJr = ]sw COS(SZA) (20)

Josu- = r_l/ Jae dE e2y)
0

Ybs,H7 = ]bs.,H’ /]pre,HJr (22)

The uncertainty of the backscattering yield is calculated based on the
uncertainty in j . -, the uncertainty in J,, and the variation of the solar
zenith and azimuth angle over the NILS mission. Table 1 shows shows best
estimates of the backscattering yield along with its 90% confidence interval.
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Upper limit for sputtered negative oxygen

The flux of negative oxygen ions is below the 90% significance limit and only
an upper limit for the sputtering yield for Yy, o- can be estimated. An
additional complication is that the NILS field of view below 100 eV is energy
dependent. For low energies is focused around the horizon direction™. Low
energy trajectories are affected by local electric fields from the photoelectron
sheath and a possibly non-zero spacecraft potential. For simplicity, we
assume that the angular emission profile follows Lambert’s emission profile:

Y — ]5P>07 < r f()oojsigtof(E) dE
- Joo cOS(SZA) 7

90" (23)

Ipre,H+ =

with I' =~ 8.5 x 10 2 sr ', obtained for the average solar zenith and azimuth
angles over the NILS mission.

Surface density estimate
The negative hydrogen ion density at the surface no [m ] is calculated as

_ m
ny =T 1/ \/ﬁ']ﬁt,ﬂ*(E)dEv
0

with jg, - (E) [m ™% st™! eV ™! s7'] the fitted differential number flux for
negative hydrogen ions (Fig. 3, note different units), E the energy in J, and m
the proton mass in kg.

An upper limit of the negative oxygen ion density is estimated by
replacing ji, - with the significance limit for negative oxygen ions jg, -
and assuming a Lambert’s emission profile.

(24)

Scale height estimate

We obtain an estimate for the scale height of the H™ layer by numerically
integrating the observed energy spectrum for all emission angles. The mean
lifetime on the lunar dayside of H™ is 7= 70 ms'’, m denotes the proton mass
and E the energy in J. The resulting function n(h) is fitted by an exponential
to obtain the scale height h.

id
o0

2 3
—h
n(h) = ! / / / exp(—TEcos /3>jﬁt_H7(E)1/%}"(ﬁ, ¢) dEdBd¢
0 0

0

h
%noexp _h_
0
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