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Abstract

Low-energy neutral atom (LENA) imaging is an important technique for doing planetary sciences at magnetized and unmagne-

tized planets. In the case of the Moon, the precipitating solar-wind causes sputtering, which releases surface atoms as LENAs into

space. Moreover, the solar-wind ions may be back-scattered from the surface into space as neutral atoms. At Mercury, in addition to

the above processes, LENAs are also generated by the charge-exchange of energetic ions with the exospheric gasses. Global LENA

mass spectroscopic imagery at the Moon and at Mercury provides us information on their surfaces and the interaction processes

between energetic particles and the surfaces via remote-sensing using LENAs. We are developing a state-of-the-art LENA instru-

ment for the Indian lunar exploration mission Chandrayaan-1 and the Mercury exploration mission BepiColombo. The instrument

is light-weight and capable of mass discrimination, including heavy components such as iron, and has high sensitivity to fulfill var-

ious scientific objectives in the area of planetary sciences.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Production of low-energy neutral atoms

1.1. LENAs at Mercury

The Mercury environment is a closely coupled sys-

tem, in which three components interact with each
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other: the surface, the exosphere and the magnetosphere

(Killen and Ip, 1999). As a result of the dynamics of the

magnetosphere, the magnetospheric and solar-wind ions

precipitate onto the Mercury surface, resulting in atom

and ion sputtering (Killen et al., 2001; Massetti et al.,

2003; Lammer et al., 2003). The sputtered particles from

the surface and photoionized particles from the exo-

sphere are fed into the magnetosphere, affecting its
dynamics. Low-energy neutral atom (LENA) imaging

is instrumental in understanding the relationship be-

tween these three main domains. In this paper, LENAs

are defined as neutral atoms having energy much higher

than the escape energy (�5 eV for Fe at Mercury) and
ved.

mailto:yoichi@irf.se


Y. Kazama et al. / Advances in Space Research 37 (2006) 38–44 39
up to energies of about 1 keV. LENAs can propagate

through interplanetary space carrying with them the

information about their parent components and the pro-

cess which produced them (Wurz, 2000). LENAs at

Mercury are produced by: (1) charge-exchange of ener-

getic ions in the near-planet environment with exo-
spheric gasses; (2) sputtering of surface materials; (3)

back-scattering of energetic particles precipitating on

the surface.

Mercury has a tenuous atmosphere, an exosphere, yet

it is sufficiently dense to convert ions of solar-wind and

planetary origins into LENAs by charge-exchange, with

generated LENA fluxes high enough for reliable detec-

tion and imaging (Lundin et al., 1997; Barabash et al.,
2001; Orsini et al., 2001). LENA imaging of the Mercury

magnetosphere is similar to the neutral atom imaging

performed at the Earth (e.g., Mitchell et al., 2001; Pol-

lock et al., 2001). A unique feature of the Mercury mag-

netosphere is its large temporal variability, which gives

rise to pulsating LENA emissions (ENA �flashes�) with
a period of minutes (Lundin et al., 1997). It is also ex-

pected that LENA imaging enables us to observe the
shape of the magnetosphere (Barabash et al., 2001), be-

cause charged particles can fill up the entire dayside

magnetosphere due to the relatively small size of the

magnetosphere. As mentioned above, charge-exchange

LENAs can give us information on the global distribu-

tions of solar-wind and planetary ions in the Mercury

magnetosphere. Remote-sensing of the planetary ions

provides a possibility to understand the role of planetary
ions in magnetospheric dynamics, such as substorm trig-

gering mechanisms.

The energetic ions coming directly from the solar-

wind and the magnetotail, as well as energized planetary

ions, may precipitate onto the Mercury surface, result-

ing in extensive sputtering (Grande, 1997; Lukyanov

et al., 2004). The integrated energy spectrum of the sput-

tered products falls off as E�2, as described by the
Thompson–Sigmund formula (Thompson, 1968), and

this results in relatively high fluxes of LENAs at energies

greater than �10–100 eV (Massetti et al., 2003; Mura

et al., 2005). LENAs originating from the sputtering

process can visualize the precipitation regions in a simi-

lar way as the terrestrial aurora displays magnetospheric

dynamics (ENA �aurora� at Mercury) (Lukyanov et al.,

2004). Measurements of these LENAs are also crucial
for understanding the contribution of sputtering to the

formation of the Mercury exosphere because it reveals

temporal and spatial variations of the sputtering

sources.

Another process for the LENA production is the

back-scattering of precipitating solar-wind ions from

the surface. The flux of the back-scattered hydrogen

(which is neutralized on the surface) might be of the or-
der of 105–106/cm2 s sr even with a reflection coefficient

as low as 0.1–1%, since the flux precipitating onto the
surface is large (up to 109/cm2 s sr). Although the energy

of the back-scattering hydrogen is lower than the energy

of solar-wind protons due to momentum loss, it is still

higher than �100 eV. The back-scattered hydrogen

atoms will visualize the precipitation zone of the solar-

wind particles.

1.2. LENAs at the Moon

The Moon does not possess a magnetosphere or an

atmosphere/exosphere similar to Mercury. LENAs in

the Moon environment essentially result from: (1) sput-

tering of the surface by precipitating energetic ions and

(2) back-scattering of solar-wind ions (cf. Bhardwaj
et al., 2005).

The flux of LENAs produced by solar photon stimu-

lated desorption (PSD) is negligibly low for energies

greater than 10 eV, because of the small momentum car-

ried by photons. Another possibility, micrometeorite

vaporization, is also a minor process for >10-eV LENAs

on the Moon, because the vaporized surface material

has a relatively low temperature of 4000 K (Wurz and
Lammer, 2003). Therefore, the sputtering by the solar-

wind is the main process which can produce LENAs

with energies substantially higher than 10 eV (Futaana

et al., 2004), with the exception of back-scattered so-

lar-wind hydrogen.

By measuring Na abundances for different lunar

phase angles (the Moon outside and inside Earth�s mag-

netotail), it was established that sputtering is the domi-
nant mechanism in releasing Na atom from the Moon

regolith (Potter and Morgan, 1994).

Laboratory experiments made by Elphic et al. (1991)

with lunar soil simulants sputtered by 1.5-keV H+, 4-

keV He+, 5-keV Ne+, and 5-keV Ar+ beams showed that

secondary ions such as Na+, Mg+, Al+, Si+, K+, Ca+,

Ti+, and Mn+ were produced. The neutral atom sputter-

ing yield is, however, known to be higher by a factor of
10–100 than the ion yield (Grande, 1997). Thus, most of

the sputtered material emerge as neutral species, and

these could not be detected in the experiment of Elphic

et al. (1991).

One can say that the Moon surface shines in LENAs,

which can display particle fluxes impinging onto the sur-

face and reflecting variations in the production of the

different atomic species. Thus, LENA imaging can be
used to map the elemental compositions of the lunar

surface (Futaana et al., 2004).

Magnetic anomalies have been found on the Moon

surface (Lin et al., 1998), which create �mini-magneto-

spheres� on the Moon, the smallest magnetospheres ever

known. The anomalies can stand off the solar wind. This

means that in these regions the surface is shielded from

precipitating solar-wind ions, and appears as voids in
LENA images. Therefore, imaging of sputtered neutrals

will provide the shape of such mini-magnetospheres,
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which can be used to estimate the magnetic anomaly

strength.
2. An ENA instrument for Mercury and lunar missions

2.1. Missions to Mercury and the Moon

We plan to conduct LENA experiments at Mercury

and at the Moon with the LENA mass spectrometers

onboard an orbiter spacecraft. The Mercury explora-

tion mission, BepiColombo, is now being implemented

by the European Space Agency (ESA) and the Institute

of Space and Astronautical Science (ISAS) in Japan,
and will be launched in 2012. The Indian Space Re-

search Organization (ISRO) is undertaking the lunar

exploration mission, Chandrayaan-1, which will be

launched in 2007 (cf. Bhardwaj et al., 2005). Our

LENA instrument has been selected to fly on both mis-

sions, and the development of the instrument is cur-

rently ongoing.

2.2. Design driver

The characteristics of sputtered LENAs are defined

by microphysics of the particle–surface interactions,

which are in principle similar for all celestial bodies.

The design requirements can, therefore, be defined for

a relatively wide spectrum of objects, which can be stud-

ied through LENA measurement. The following design
drivers have been applied for the design of the LENA

instrument in the optimization and the trade-off study

(in order of priority):

� Instrument weight. For planetary missions, minimiz-

ing the instrument weight has the highest priority.

The goal for the instrument weight is 2.0 kg.

� Wide energy coverage. Minimum energies of LENAs
at high altitudes are expected to be as low as a few

eV due to their gravitational binding. On the other

hand, charge-exchange LENAs have energies up to

a few keV. In order to measure different types of

LENAs, a wide energy coverage of �10 to

�3000 eV is needed.

� High sensitivity. The LENA fluxes at high altitudes

might be low, which means that a high detection sen-
sitivity should be achieved. According to LENA stud-

ies, the instrument should detect LENAs with fluxes

down to �104/cm2 s sr eV taking other limitations

into consideration.

� Mass discrimination. Sensing the surface composition

remotely by measuring sputtered LENAs invoke the

need for having a reasonable mass resolution for a

LENA instrument. Considering the weight limitation,
the mass resolution is sufficient to resolve H, O, Na,

K, Fe, which are expected to be abundant at Mercury
and the Moon. It may also be noted that a mass cov-

erage from 1 amu (hydrogen) to 56 amu (iron) is

needed.

� High signal-to-noise ratio. Because low count rates are

expected due to low LENA fluxes, the instrument

should have a high Signal-to-Noise (S/N) ratio. For
a high S/N ratio, a coincidence detection technique,

such as a time-of-flight method, is needed.

� Angular coverage/resolution. To map sputtered

LENAs onto the surface, a wide angular coverage

with adequate angular resolution is necessary. The

goal is an all-sky coverage with resolutions of �20–

30�. It is possible to scan the field-of-view (FOV) by

using the spinning motion or the orbital movement
of the spacecraft. Therefore, a fan-shape FOV is a

better option.

2.3. Design of the instrument

The ENA sensor consists of four subsystems, namely,

a charged-particle rejection system (deflector), a conver-
sion surface, an energy-analysis system (which also per-

forms efficient photon rejection), and a detection system

that provides mass (velocity) analysis. Fig. 1 shows the

principle of LENA detection.

A neutral particle enters the sensor through the

charged-particle rejection system, which rejects ambient

charged particles with energies up to �15 keV by a static

electric field. The incoming neutral particle is then pos-
itively ionized by hitting a conversion surface and is re-

flected toward an electric guide of a special shape. Fig. 2

shows a three-dimensional view of the LENA instru-

ment with calculated trajectories of the neutral atoms

after ionization on the conversion surface. Fig. 3 illus-

trates the field of view of the instrument divided into se-

ven sectors.

In the electric guide, the ionized LENA moves along
wave-like trajectories (�wave-type� analyzer), while pho-

tons are mostly absorbed in UV traps on the walls of

the guide. The wave-type electrostatic guide also pro-

vides energy analysis. The concept of this guide design

is similar to the one used in the MTOF sensor of the CE-

LIAS instrument (Hovestadt et al., 1995) on the SOHO

spacecraft, which provides a UV photon rejection factor

of 2 · 10�8.
Since the instrument must be capable of measuring

heavy atoms with masses up to 56 (iron), no carbon foils

can be used anywhere inside the sensor. Using foils re-

quires post-acceleration by unrealistically high voltages

(typically a particle velocity of 1 keV/nuc is needed).

In order to measure the particle velocity (mass), we

use the particle reflection method developed for the

Neutral Particle Detector (NPD) of the ASPERA-3
and ASPERA-4 experiments onboard ESA�s Mars and

Venus Express missions (Barabash et al., 2004). After



Fig. 2. Three-dimensional cut-away view of the instrument with particle trajectories. Note that the charged-particle deflector is not drawn in the

figure.

Fig. 3. Azimuthal field of view of the instrument. Seven sectors (CH-1 to CH-7) cover approximately 160� in the azimuthal direction.

Fig. 1. Schematic diagram for detecting a LENA by the instrument.
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exiting the electric guide, the particle is post-accelerated

by a voltage of �3 kV, and impacts on a START sur-

face. Upon particle impact, secondary electrons are

emitted from the START surface, which are guided to

the START micro-channel plates (MCPs) and produce

a START pulse. The example of secondary electron tra-
jectories is illustrated in Fig. 4 with potential contours.

The electrons are collected by a small potential differ-

ence of 300 V. The START surface, the START MCP,

and the post-acceleration electrodes are carefully

designed in order not to affect trajectories of incident

particles greatly, and we achieved the incident angle,

on an average, of approximately 15�. The particle is

reflected on the surface towards the STOP MCPs, where
it is detected to produce a STOP pulse. The time-of-

flight (TOF) between the START and STOP signals

gives the particle velocity. Combining the TOF measure-

ment and the energy analysis of the particle, the mass of

the LENA particle can be determined.

The START MCP provides the two-dimensional

position (in radius and azimuth) and the timing of the

particle reflected on the START surface. The radial po-
sition allows accurate determination of the TOF length,

and the azimuthal position provides the azimuthal angle

of the incoming LENA.
Fig. 4. Trajectories of secondary electron

H O Na K

Fig. 5. Time-of-flight distribution for H, O, Na, K, an
We designed this instrument by performing a large

number of computer simulations, not only to maximize

each performance but also to balance between the prior-

ities listed above. The main difficulty in designing the

instrument is the balance between the mass resolution

and large geometrical factor, while keeping sufficient
angular resolution.

Fig. 5 shows the expected TOF distributions for five

major species: H, O, Na, K, Fe. The simulation was done

under the condition that the sensor was tuned to an en-

ergy of 25 eV, with the energy bandwidth in the electro-

static wave guide and the angular scattering on the

START surface taken into account. The mass resolution

achieved is sufficient to resolve the main mass groups of
LENAs sputtered from the Mercury and lunar surfaces.

As a result of the optimization, sufficiently large geo-

metrical factors are achieved, whose values are �5 cm2

sr eV for the 25-eV case and �50 cm2 sr eV for the

3300-eV case for each angular sector (channel). Fig. 6

shows the pure (efficiencies are not included) geometri-

cal factors as a function of energy for different sectors

(corresponding to different looking directions). The
one-count flux level is �20/cm2 s sr eV for 25-eV LENAs

assuming the overall efficiency �1%, which is sufficient

for Mercury and the Moon.
s emitted from the START surface.

k = 25 eV
Fe

d Fe in the case of the tuned energy k of 25 eV.
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Fig. 6. Pure geometrical factors for each azimuthal channel. Note that

channel-5, -6, and -7 are identical to channel-3, -2, and -1, respectively,

because of the azimuthal symmetry.
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Fig. 7 presents azimuthal angle responses for each

sector for 25-eV LENAs. The fields-of-view are approx-

imately 30� in full width at half maximum (FWHM),

and the seven sectors cover 160� FOV in the azimuthal
azimuthal angle [deg]

k = 25 eV
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Fig. 7. Azimuthal angle response for each channel in the case of the

tuned energy k of 25 eV. Note that channel-5, -6, and -7 are identical to

channel-3, -2, and -1, respectively, because of the azimuthal symmetry.

Table 1

Summary of the performance of the LENA instrument

Parameter Value

Energy range �10–3300 eV

Geometrical factor �5 cm2 sr eV/channel for 25 eV

�50 cm2 sr eV/channel for 3300 eV

Total efficiency �1%

Angular resolution 9� · 30�
Field of view 9� · 170� for 25 eV

9� · 130� for 3300 eV
Mass 2.0 kg

Power 3.1 W

Envelope 224 · 207 · 87 mm
direction. The polar FOV is about 9� in FWHM (not

shown here), which is defined by the collimator (the elec-

trostatic deflector). Table 1 summarizes the characteris-

tics of the LENA instrument.
3. Summary

LENAs in space are produced by three mechanisms,

i.e., charge-exchange, sputtering, and back-scattering

processes.

Energetic ions around a celestial body, such as mag-

netospheric ions and solar-wind ions, can charge-ex-

change with exospheric gases, and the resulting
LENAs continue on ballistic trajectories (mostly

straight line). By measuring these LENAs, global distri-

butions and dynamics of ions surrounding the body can

be obtained in a way similar as for Earth�s ENA

imaging.

Energetic particles precipitating onto the surface of

the body sputter surface materials, which is called sput-

tered LENAs. The higher-energy (greater than escape
energy) part of the sputtered LENAs can reach high alti-

tudes and can be measured by a LENA instrument on a

spacecraft. The sputtered LENAs provides information

on how particle precipitation occurs on the surface. In

addition, imaging the sputtered LENAs enables us to

obtain a map of the surface compositions remotely from

orbit.

Back-scattering of precipitating solar-wind particles
takes place on the planetary surface and the back-scat-

tered neutrals become LENAs. Measurement of the

back-scattered LENAs gives a precipitation map of the

solar-wind to the surface of the body.

The latter two processes are universal and can be seen

at all non-atmospheric bodies, e.g., the Moon and Mer-

cury. The images of these LENAs can be applied to

investigate particle precipitation onto the surface, mag-
netic field configurations as expected on Mercury, and

specific surface properties such as magnetic anomalies

on the Moon.

In order to achieve the scientific goals to observe

these LENAs as mentioned above, it is important for

a LENA instrument to have a wide energy coverage,

mass resolution capability, and fine angular resolution.

Furthermore, the weight of an instrument is strictly lim-
ited for planetary missions.

We have designed a LENA instrument to meet the

above requirements. The LENA instrument has a wide

energy range from �10 eV to �3.3 keV, angular resolu-

tion of 9� · 30�, and is capable of resolving major spe-

cies, such as H, O, Na, K, and Fe. We achieved an

overall instrument weight of 2 kg. It should be also

noted that the geometrical factor is 5 cm2 sr eV/channel
for 25 eV and 50 cm2 sr eV/channel for 3300 eV, which is

enough to measure tenuous LENA fluxes. The LENA
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detection technique employed is based on surface ioniza-

tion and reflection, which have been well established by

other space-borne instruments.

This LENA mass spectrometer has been selected to

fly to the Moon onboard the Indian Chandrayaan-1

mission and to Mercury onboard the ESA�s BepiCo-
lombo mission.
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