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Abstract

Low-energy neutral atom (LENA) observations bring us important information on particle environments around celestial objects such

as Mercury and the Moon. In this paper, we report on new development of an LENA instrument for planetary explorations. The

instrument is light weight (2 kg), and capable of mass and energy discrimination with a large sensitivity. The performance of the

instrument is investigated by numerical simulations. By using our new computer code, we calculated 3D particle trajectories including

ionization, neutralization, surface scattering, and secondary electron creation. This enables us to obtain detailed performance

characterization of LENA measurements. We also made trajectory tracing of photons entering the instrument to acquire photon

rejection capability. This LENA instrument has been selected for both the Indian lunar exploration mission Chandrayaan-1 and

European–Japanese Mercury exploration mission BepiColombo.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Energetic neutral atoms (ENAs) are neutral particles
created through high-energy collisions. In this section,
ENAs at Mercury will be mentioned first, then we move to
ENAs at the Moon.

Neutral particles play an important part in Mercury’s
particle environment as well as charged particles do,
because charged and neutral particles are tightly coupled
with each other; ions create ENAs, which can change into
ions again. Processes of creating ENAs are: (1) sputtering
of surface materials, (2) charge-exchange of energetic ions
with exospheric gases, and (3) back-scattering of energetic
particles precipitating toward the surface.

Solar-wind and magnetospheric ions can precipitate to
Mercury’s surface directly, and a large amount of low-

energy neutral atoms (LENAs) are sputtered upward to
form the exosphere around Mercury. According to the
Thompson–Sigmund formula (Thompson, 1968), these
LENAs have energies from 0 to 100 eV and more. In
addition to the sputtering process, precipitating solar-wind
ions are scattered back to space as neutrals. Although
momentum loss occurs on scattering, back-scattered ENAs
still keep high energies of 1 keV down to �100 eV.
Hence, measuring LENAs coming from the surface gives

us locations of precipitating energetic particles where
LENAs ‘shine’. Since a sputtered LENA originates from
the surface, we can also ‘see’ species of the surface
materials remotely by LENA measurement.
Solar-wind ions and magnetospheric ions can charge-

exchange with gases in Mercury’s exosphere, which also
creates ENAs. Thus, ENA observation enables us to know
the structure and dynamics of Mercury’s magnetosphere
which changes fast in time (e.g., Christon et al., 1979;
Christon, 1987).
Some ENAs hit the surface and sputter the surface

materials as LENAs, which are converted into ions again.
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This cyclic process makes charged and neutral particle
environments coupled together. Therefore, ENA observa-
tion at Mercury is complementary to ion observation, and
is important to achieve comprehensive understanding of
Mercury’s particle environment.

In the case of the Moon, the main processes of creating
ENAs are sputtering and back-scattering; charge exchange
rarely takes place because an exosphere does not exist
(Wurz et al., 2007). The solar wind directly hits the lunar
surface and sputters LENAs, or is scattered back into space
as well as at Mercury.

Recently, local magnetic anomalies have been found on the
lunar surface (Lin et al., 1998). At the anomalies, small
magnetic fields exist and are expected to form ‘mini magneto-
spheres’. The magnetic fields stop the solar wind from hitting
the surface, which makes ‘dark spots’ in ENA images.
Measurement of ENA at the Moon will provide information
about these characteristic magnetic field anomalies.

The solar-wind sputters surface materials toward space
in a similar way at Mercury. Accordingly, global remote
sensing of surface elements can be also available at the
Moon (Wurz et al., 2007). In addition, it is also noted that
ENA measurements at the Moon are important in terms of
space weathering to understand the evolution of planetary
surfaces unprotected by an atmosphere.

The Swedish Institute of Space Physics (Institutet för
rymdfysik; IRF) is now developing an LENA instrument in
cooperation with Institute of Space and Astronautical
Science (ISAS) in Japan, and University of Bern (UBe) in
Switzerland. The instrument has been selected for
the Indian Moon exploration mission Chandrayaan-1
(Bhardwaj et al., 2005), and the European–Japanese
Mercury exploration mission BepiColombo. In this paper,
we report in detail expected performances of the instru-
ment by numerical simulations.

2. Design requirements

To meet the scientific purposes of ENA observation at
Mercury and at the Moon, an ENA instrument needs (1) to
be light weight because of mass limitation in planetary
missions, (2) high sensitivity for tenuous/low-energy ENA
detection, (3) mass discrimination for determining sources
and surface elements, and (4) angular coverage and
resolution for ENA mapping.

The strongest requirement is the mass limitation of the
whole instrument for the above-mentioned missions, of
2 kg in total, and the other requirements have lower
priority compared to the mass. Therefore, the most
important point in developing the instrument is to seek
the design that maximizes each performance with keeping
capability for the scientific purposes. We have made
repeated computer simulations, and have achieved the
total weight of 2 kg of the whole instrument (sensor and
electronics) which is capable of fulfilling the scientific aim.

According to Lukyanov et al. (2004), LENA fluxes at
Mercury are estimated at 1012103=s cm2 sr eV in the

energy range of 10–100 eV. Assuming an LENA flux
j ¼ 101=s cm2 sr eV and one count per 100 s
ðC=Dt ¼ 1=100Þ, the overall energy-integrated sensitivity
G ¼ ðC=DtÞ=j ¼ 10�3 cm2 sr eV should be achieved for
LENA measurements.
For low-energy ð�10 eVÞ ENA detection, the conven-

tional thin-foil ionization method cannot be used because
low-energy particles cannot pass through the foil. We
employ specially developed surfaces to ionize ENAs (Wurz,
2000). This method has been well established by IRF
and UBe in the ASPERA-3 and ASPERA-4 instruments
(e.g., Barabash et al., 2004, 2007).
Since low count rates of ENAs, for example, 0.01 count/s

as taken above, are expected, the instrument must have a
good signal-to-noise ratio.
To reject noise, we use two techniques: (1) a wave-type

structure with serrated walls to block photons, and (2) anti-
coincidence detection to reject non-ENA signals.
UBe has developed an instrument with a wave-type

structure in combination with serrated walls for the SOHO
mission, which showed the photon rejection ratio of 2� 10�8

(Hovestadt et al., 1995). Anti-coincidence technique is
widely used in particle instruments, and IRF also has been
well-experienced with this technique, e.g., neutral particle
detector (NPD) of the ASPERA-3 instruments onboard
Mars Express (Barabash et al., 2004).

3. Design of the instrument

Fig. 1 illustrates a cross-sectional view of the whole
instrument in three dimensions. The coordinate system
used through this study is also given. The instrument
consists of the sensor and the electronics, and the circuit
boards are placed on the right side of the instrument in the
figure. The sensor has two parts of semicylinder-like shape,
both of which are concentric and faced at X ¼ 0.
Fig. 2 displays the cross-section of the model structure

of the sensor part created in the simulation space.
A typical trajectory of a particle is also shown. The
sensor consists of four parts, that is, the charged-particle
rejector, the ionization surface, the wave structure in
the front cylinder part, and the time-of-flight (TOF)
part in the rear cylinder part. Basically all the components
are symmetrical with respect to the center ðX ¼ Y ¼

Z ¼ 0Þ.
The aperture opens on the front (right-hand side in the

figure) cylinder part. The field of view is fan-shaped, which
enables us to scan the whole sky by spin motion of spin-
stabilized satellites, and also to scan the planetary surface
by orbital motion of low-altitude three-axis-stabilized
satellites.
An entering ENA through the aperture first passes

through the charged-particle rejector where ambient
plasmas are swept out by an electrostatic field. The
charged-particle rejector also defines the geometric field
of view in elevation angle by its baffle vanes and the
deflection electrode.
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Hitting on the ionization surface, ENAs are positively
ionized with a certain probability. We use tungsten-oxide
surfaces as the ionization surfaces, according to studies on
surface interaction of particles made in UBe. The positively
ionized particle is then guided through the wave structure
where the ionized particles are electrostatically guided up
and down. The wave structure also makes electrostatic
energy analysis, meaning that a setting of electrode

voltages defines an energy range of the particles which
can go through the wave structure. The upper and lower
walls of the wave structure have fine serrations on their
surfaces and are blackened with CuS coating to suppress
photon reflection.
After the wave structure, the particles are accelerated by

the lens electrodes to hit on the START surface in the TOF
part. Collision of a particle with the START surface creates

ARTICLE IN PRESS

Fig. 1. Three-dimensional view of the instrument. The instrument structure is cut by the plane of Y ¼ 0. The coordinate system used through this study is

also shown in the figure. There is the aperture at the semicylinder part on the right side, and LENAs enter from right to left, as drawn by blue and red lines.

LENAs are finally detected by detectors in the box on the left side.
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Fig. 2. Cross-sectional view of the model structure of the sensor for numerical simulations. The structure can be divided into two parts at the plane of

X ¼ 0. The front semicylinder part ðX40Þ has the charged-particle rejector, the ionization surface and the wave-type structure, and the rear part ðXo0Þ

has the TOF part with MCPs.
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secondary electrons, which produce a start signal at the
START MCP (micro-channel plate) for a TOF measurement.
The material of the surface is tantalum in the viewpoints of
less scattering effect and higher efficiency of secondary
electron creation.

The particles are scattered after hitting the surface, and
are finally detected by the STOP MCP to generate stop
signals. By measuring a TOF between the start and stop
signals, the velocity of the particle is acquired.

For the precise determination of a TOF path length, we
have introduced an electron mapping method to acquire a
position where the secondary electron is created. The
electric field between the START surfaces and the START
MCP collects electrons with the position information kept,
and multiple anodes on the START MCP detect the
position of origin of the electrons. We have introduced four
ring anodes and seven sector anodes on the START MCP,
and eight rectangular anodes on the STOP MCPs (two for
each STOP MCP). The ring, sector, and rectangular
anodes are referred to as ‘ring’, ‘sector’, and ‘plate’ anodes,
respectively, hereafter for convenience. The anode posi-
tions are indicated in Fig. 3.

The seven sector anodes are placed on the backside of
the STARTMCP at every 21:5� to cover �75:25�, and each
of them corresponds to an azimuth direction of an ENA.
There are four STOP MCPs, and each STOP MCP has two
plate anodes. The STOP MCPs are located to cover
particles coming from all the sector anodes. A ring-sector-
plate combination gives its TOF path length.

4. Voltage setting

Eight electrodes exist inside the sensor; DEF (deflector),
WAVE1, WAVE2A, and WAVE2B (wave structure),

LENS (lens), and TOF (TOF housing), START_MCP
(input surface of START MCP), and STOP_MCP (input
surface of STOP MCP), from the aperture to the detector.
The potential profiles versus ENA energy are summarized
in Fig. 4.
A voltage of þ5000V is applied to the electrode DEF to

sweep out ambient charged particles all the time the
instrument is running. Ground-potential meshes are placed
on the front and rear sides of the electrode to avoid leakage
of the high voltage. We expect that charged particles can
also be detected if the voltage is turned off.
An ENA experiences accelerations twice inside the

instrument. During passing through the wave structure,
the first acceleration takes place for (1) better azimuth-
angle resolution especially for low-energy ENAs, and (2)
wider energy passband for larger transmittance. This
acceleration is made by the electrodes WAVE1, WAVE2A
and WAVE2B.
The second acceleration is between the lens and the TOF

part. This acceleration contributes for (1) higher efficiency
of secondary electron creation on the START surfaces, and
(2) better mass resolution for low-energy ENAs by
equalizing initial energies at the TOF part.
The TOF housing and the START surfaces are to have

the same negative voltage (voltage of the TOF electrode;
VTOF) to accelerate particles. VTOF is to be determined
depending on the gains of the START and STOP MCPs.
The voltage VSTART_MCP is slightly higher (a few hundred
volts) than VTOF to collect electrons created on the START
surfaces. To repel stray electrons created inside the TOF
housing, VSTOP_MCP is several tens volts smaller than
VSTART_MCP. In the calculations shown in this study, it is
assumed that VTOF ¼ �2800V, VSTART_MCP ¼ �2500V,
and VSTOP_MCP ¼ �2850V.
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5. Trajectory tracing code

A computer code has been newly developed for
calculations of electric fields and particle trajectories. All
calculations are made in three-dimensional simulation
space. This code can trace trajectories of both charged
and neutral particles (ions, electrons, neutral atoms, and
photons).

Since the structure is expressed analytically, no approx-
imation for a curved structure is needed. Thus, more
realistic simulations, especially for photon tracing, can be
done. Electric fields are calculated in regularly spaced grids
by the successive over-relaxation method, and the particle
tracing is made by the 4th-order Runge–Kutta method
with adaptive step-size control. With particle scattering
models described later, this code enables us to trace full
trajectories from an aperture to a detector including
particle’s ionization, scattering, and secondary electron
release. Instrument performances of photon rejection, ion
rejection and ENA measurement were investigated, which
will be shown in the following sections.

6. Performance of photon rejection

Rejection of photons is one of the crucial points of this
instrument, since MCPs are sensitive to photons as well as
particles. The rejection ratio of photons is obtained by a
numerical photon tracing simulation. In the simulation,
two types of photon reflection on a wall are assumed: (1)
specular reflection with a reflection coefficient of 10�1 on
the ionization and the START surfaces, and (2) diffuse
reflection with a reflection coefficient of 10�2 otherwise.
The walls inside the sensor are blackened with CuS, which

has the coefficient of 10�2 for 121.6-nm light as reported by
Zurbuchen et al. (1995). We assume the 10-times larger
value for the ionization and the START surfaces because
those surfaces are not blackened and are extremely flat.
Photons are injected randomly through the whole

aperture of the sensor. The initial photon velocity in Y is
always zero, meaning that the result is for the case of a
Y -axis spinning satellite. A fraction of the photon
decreases by reflections. For example, the initial fraction
of 100 decreases to 10�2 by a diffuse reflection, and then
down to 10�3 by a next specular reflection. This means that
one tracing calculates numerous photons. The tracing stops
when the fraction of the photon reaches 10�10.
The 5� 107 photons were injected in the simulation. The

calculation results indicate the photon rejection ratios for
the STARTMCP, the STOPMCP and the start surface are
rSTA_MCP ¼ 4:32� 10�15, rSTO_MCP ¼ 2:20� 10�10, and
rSTA_SURF ¼ 1:66� 10�12, respectively.
Then the photon count rates on the START MCP

cSTA_MCP and the STOP MCP cSTO_MCP are estimated as

cSTA_MCP ¼ jph � Saperture�

ðrSTA_MCP � �ph;MCP þ rSTA_SURF � �2nd;ele � �ele;MCPÞ

¼ 0:4 count=s,

cSTO_MCP ¼ jph � Saperture � rSTO_MCP � �ph;MCP

¼ 60 count=s,

where jph is the photon flux at a Mercury orbit, Saperture is
the area of the aperture, �ph;MCP and �ele;MCP are MCP’s
detection efficiencies for photons and electrons, respec-
tively. These parameters are assumed as follows:
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jph ¼ 1012=cm2 s, Saperture ¼ 27 cm2, �ph;MCP ¼ 1%, �2nd;ele
¼ 1%, and �ele;MCP ¼ 100%.

Finally, the coincidence count rate due to photons is
calculated as

cph;coinc�cSTA_MCP � cSTA_MCP � t

¼ 2� 10�5 count=s,

where t is the time window in a TOF measurement and is
assumed to be 1000 ns. The count rate of ENAs is expected
to be more than 0.01/s because the estimated sensitivity is
more than 10�3 cm2 sr eV in the 25-eV case, as mentioned
later. Therefore, the count rate due to photons is
significantly lower than that of ENAs, indicating that
photons do not affect ENA measurements.

7. Performance of ion rejection

Ambient ions must be swept out by the charged-particle
rejector before reaching the ionization surfaces. Once
ambient ions hit the surfaces, it is not possible to
distinguish ionized neutrals from the ions. Therefore, ion
rejection performance is important for ENA detection.

The rejection ratio of ions is obtained by ion tracing
simulations. Here the rejection ratio is defined as the
number of ions which reach the ionization surfaces to the
total number of entering ions. The potential applied to the
deflector is þ5000V (nominal value), and the electrodes of
the wave structure are set for 25-eV ENAs.

Fig. 5 shows the profile of calculated ion transmission
efficiencies. The profile is normalized to unity at infinity by
fitting a function. The ratio is approximately 4� 10�5 at
14 keV, and none of 106 particles reaches the surfaces at
13 keV. Therefore, the cut-off energy is between 13 and
14 keV, �13:5 keV in conclusion.

8. Performances for ENA measurement

8.1. Calculation set-up

In this section, we show calculation results for estimating
ENA measurement performances, that is, sensitivities of
ENA detection, fields of view, angular resolutions, energy
resolutions, and mass resolutions.
The performance is calculated in the Monte-Carlo

method. Tracing a trajectory starts as a neutral particle
with a randomly set initial position and velocity. Initial
positions are on the sensor’s aperture, and initial velocities
are set widely enough to cover the whole energy passband.
In tracing particles, all particle behaviors, ionization and
scattering of ENAs on the ionization surface, ENA
scattering and secondary electron creation on the START
surfaces, are included.
When a particle reaches the ionization surface, the

particle is ionized into a positive ion and is scattered
according to the scattering model mentioned later.
After hitting on the START surface, a secondary
electron is created based on the creation model of a
secondary electron (also mentioned later), and the original
ion is scattered with that scattering model again. The
tracing then continues for three types of particles, the
secondary electron, the scattered-and-neutralized and
scattered-and-charged particles. Calculations are repeated
until the number of particles which hit a START surface
reaches 104.
The calculations were made for two voltage settings,

for low-energy ð�25 eVÞ ENAs and for high-energy
ð�3300 eVÞ ENAs. Fig. 6 displays a potential distribution
in the 25-eV case. Note that no STOP MCPs are shown in
the figure since the potential is drawn in the plane of Y ¼ 0
which does not contain the STOP MCP.
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8.2. Model of particle scattering

A model of particle scattering on surfaces is used in the
trajectory calculations to simulate particle scattering on the
ionization and START surfaces. In this subsection, we
describe the particle scattering model employed in this study.

The scattering model defines the final energy and the
direction of a scattered particle. The direction of a
scattered particle is defined by elevation and azimuth
angles. The elevation angle is the angle of the velocity from
the surface, and the azimuth angle is the direction within
the surface plane. Hereafter we denote energy, elevation
angle and azimuth angle by K , EL and AZ, respectively.

In the model, a final energy K1, a final elevation angle
EL1 and a final azimuth angle AZ1 are defined by a
Gaussian distribution, which means that an average hxi
and a deviation sðxÞ are needed. Accordingly, we need the
profiles of hK1i, sðK1Þ, hEL1i, sðEL1Þ, hAZ1i and sðAZ1Þ.

These profiles are based on data of particle scattering
experiments in literature, e.g., Wieser et al. (2002). The
average and the deviation are compiled, and these discrete
data points of energy, elevation and azimuth angles are
fitted by analytic functions for interpolation and extra-
polation, as described later.

The model is based on several assumptions:

� Scattering properties do not depend on species of
incident particles.
� Ionization efficiency is constant at 10% and does not

depend on the other parameters.
� Final average energies and stragglings are determined

only by their initial energies.
� Elevation and azimuth angles of scattered particles are

determined only by their initial elevation angles.
� Deviations of elevation and azimuth angles of scattered

particles have identical properties.

In the calculation, energy loss and straggling are supposed
to be proportional to initial energy; 13% and 25% of the

initial energies, respectively. Therefore, the average and
deviation of residual energies of scattered particles, hK1i

and sðK1Þ are expressed as

hK1i ¼ 87% � K0,

sðK1Þ ¼ 25% � K0,

where K0 means an initial energy of particles.
Averages and deviations of elevation and azimuth angles

of exiting particles are defined as

hEL1i ¼ 0:05147ðEL0Þ
2
þ 8:160,

sðEL1Þ;sðAZ1Þ ¼ 2:332ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EL0 þ 1

p
� 1Þ,

where EL0 means initial elevation angles of incident
particles. All angles are represented in degrees. These
expressions are obtained by fitting data points with the
functions, which do not have any scientific meaning.

8.3. Model of secondary electron creation

A secondary electron model defines an initial energy and
direction of a secondary electron emitted from a surface.
The model used in this study is as follows:

� Electrons are emitted uniformly in the elevation and
azimuth directions, viz., EL;AZ random numbers.
� Initial energies of electrons are distributed equally from

0 to 5 eV.

In the calculations, the efficiency of secondary electron
creation is assumed to be 1 (one electron, always).

8.4. Detection sensitivity

The detection sensitivity is defined as a product of a
geometric factor and efficiencies. Firstly, let us think about
efficiencies. The sensor has several components which
reduce the number of particles to be detected; (1)
transmittance of the two meshes, (2) ionization efficiency
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on the ionization surfaces, (3) ratio of secondary electron
creation, (4) reflection efficiency on the ionization and
START surfaces, and (5) detection efficiency of MCPs.
These efficiencies are assumed as shown in Table 1.
Therefore, the overall efficiency � becomes �2mesh � �ion �
�2nd;ele � �2ref � �ENA;MCP � �ele;MCP ¼ 1:22%

Secondly, geometric factors are calculated by trajectory
calculations with the Monte-Carlo method. Geometric
factors are defined for particles which satisfy both (1) the
secondary electron reaches the START MCP and (2) the
particle reaches the STOP MCP.

Fig. 7 summarizes energy-integrated sensitivities includ-
ing the overall efficiency of 1.22% in the low-energy (25 eV)
and high-energy (3300 eV) cases. Note that since roughly
90% of particles scattered on the START surface are
neutral, we neglected the ionization effect of particles
scattered on the START surface for calculating the
sensitivities.

According to the result, the sensitivities are of the order
of 10�2 cm2 sr eV for the 25-eV case, and 10�1 cm2 sr eV for
the 3300-eV case. The center channel (sector #3) shows a
slightly smaller geometric factor because the gap between

two STOP MCPs is located in the center of the channel,
and some of particles are lost in the gap.

8.5. Angular properties

8.5.1. Definition of angles

From this section, fields-of-view (FOVs) and angular
resolutions of elevation and azimuth angles are explained.
Here elevation angle (EL) and azimuth angle (AZ) are
defined as: x ¼ cosðELÞ cosðAZÞ, y ¼ cosðELÞ sinðAZÞ,
z ¼ sinðELÞ.

8.5.2. Elevation angle response

An elevation-angle response is displayed in Fig. 8.
The result indicates the FOV of about 20� (full width),
which agrees well with the range from 0� to 19:8�

expected geometrically. The elevation-angle resolution is
�10� (FWHM), which is sufficient for ENA mapping
measurement.
Since the FOV in elevation is defined geometrically with

upper baffles and the deflection electrode at the charged-
particle rejector part, the elevation-angle response does not
depend on ENA energies.

8.5.3. Azimuth angle response

As mentioned previously, resolving azimuth-angle direc-
tions of ENAs is made by the sector anodes of the START
MCP. Fig. 9 displays particle distributions for the sectors
in the 25-eV case. The azimuth-angle resolution is roughly
25� (FWHM) at the center sector, and 30� at the side
sectors (FWHM). The FOV is approximately �75�

(between the half-maximum points on the both ends).
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Table 1

Each efficiency of the instrument for ENA detection

Item Efficiency (%)

(1) Mesh transmittance �mesh 90

(2) Ionization �ion 10

(3) Electron creation �2nd;ele 100

(4) Surface reflection �ref 50

(5a) MCP detection for ENA �ENA;MCP 60

(5b) MCP detection for electron �ele;MCP 100
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Fig. 7. Overall sensitivities for each azimuth-angle channel in the case of 25 and 3300 eV.
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This FOV agrees well with the coverage of the START-
MCP anodes.

Fig. 10 shows distributions in the 3300-eV case. The
resolutions are 25230�, and the FOV is approximately
�63�, smaller than that in the 25-eV case. This is due to the

distributions on the both ends. One can see that the
distributions on the both ends are shifted toward the
center, and those distributions are almost included in their
neighboring distributions. Thus, those two sectors become
less important in terms of azimuth-angle resolutions.
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In order to see the cause of shifting the distributions,
trajectories of some particles are displayed in Fig. 11.
The figure is a top view of the sensor part with two
types of trajectories of particles. One is trajectories of
particles which have initial azimuth angles less than 30�

and finally reach #0 sector anode (shown in blue); the
other is those with initial azimuth angles greater than 65�

(in red).
It is seen that the trajectories are deviated by the voltage

WAVE2A of �5000V of the inner wall electrode. The blue
trajectories, which should go to #2 or #3 anode, finally
reach #0 anode.

On the other hand, many of particles with large ð465�Þ
initial azimuth angles, shown in red, are finally detected by
#1, not by #0. Particles with larger azimuth angles are
rarely detected due to the inner wall electrodes. This
trajectory deviation is the cause of shifting the distribution.

As seen above, the electric field at the center region is
sensitive to particle trajectories. Therefore, the locations
and/or voltages of electrodes at the center are highly
important for performances for angular resolutions and
FOVs in ENA detection.

8.6. Energy response

Calculated initial energy distributions of particles are
summarized in Table 2. The table shows two examples, that
is, a low-energy case (25 eV) and a high-energy case
(3300 eV). The peak energy ðKÞ, the energy width ðDKÞ

and the energy resolution ðDK=KÞ are given for the two
energy settings. In reality, the instrument will have four
energy steps to cover low- to high-energy neutral atoms.
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The energy resolution ranges from 70% to 107%, and
decreases as the tuning energy increases. This reflects an
acceleration effect which is more effective for lower-energy
particles. An average energy is slightly higher than its peak
value because of the tail in the higher-energy region.

8.7. Mass discrimination

A calculated TOF distribution for major species in the
25-eV case is shown in Fig. 12. The distribution was taken
from the data of #3 sector anode and #4 plate anode, and
the other anodes basically show same results. The figure
has four TOF distributions which correspond to ring
anodes #0 to #3. It is also noted that the data are for
particles neutralized after START-surface scattering, and
there are no differences in the results between neutralized
and ionized particles.

As seen in Fig. 12, the TOF distributions range up to
�700 ns. The mass resolution is m=Dm� 3 or less, showing
that the instrument does not distinguish between heavy
species, for example, Na from Mg, K from Ca. However,

information about mass groups, such as Na/Mg group and
K/Ca group, can still be obtained from TOF distributions.
Considering the limitations on the instrument, especially
the weight limitation of 2 kg, we conclude that this mass
resolution is satisfactory from the scientific point of view.
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Table 2

Peak energy, energy width, and energy resolution (peak energy divided by

width) are tabulated for the 25-eV and 3300-eV case

Voltage

setting

Peak energy

(eV)

Energy width (eV),

FWHM

Resolution

%

25-eV case �28 �30 �107%

3300-eV case �3000 �2100 �70%
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Fig. 12. TOF distributions for the ring anodes in the case of 25-eV setting. TOF data of #3 sector anode and #4 plate anode are plotted in the figure.

Table 3

Summary of the instrument specification

Item Figure Unit Remark

Weight 2 kg Overall (sensor,

electronics, etc.)

Sensitivity �10�2 cm2 sr eV Per channel, for low-

energy ENA

�10�1 cm2 sr eV Per channel, for high-

energy ENA

Energy range �10 to

43300

eV

Energy resolution �70 % For low-energy ENA

�110 % For high-energy ENA

Field of view �10 � Elevation, FWHM

��75 � Azimuth, for low-

energy ENA

��63 � Azimuth, for high-

energy ENA

Angular resolution �10 � Elevation, FWHM

�25 to

�30

� Azimuth, for low/

high-energy ENA

Mass resolution o�3 Capable of

discriminating mass

groups

Power consumption �3.3 W

Data production 2 Kbps
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9. Summary

We are developing a new instrument for low-energy
neutral atoms (LENAs) for planetary missions, and the
performances of the instrument have been studied by
computer simulations of full trajectory tracing.

The results of the simulations are summarized in Table 3.
This newly developed LENA instrument covers wide
energy range from �10 to 43:3 keV to measure from
ENAs sputtered from planet surfaces to those charge-
exchanged or back-scattered from energetic ions. The
angular resolutions are 10� in elevation and 25–30� in
azimuth, and the resolutions are enough for ENA imaging
observation. The instrument is capable of discriminating
major mass groups of LENAs produced from the surfaces
of Mercury and the Moon. This capability enables us to
study sources and/or generation processes of LENAs.

Furthermore, it should be emphasized that we have
achieved those performances under a 2-kg limitation of
total instrument mass. To be light-weight is crucial in
planetary exploration missions. This LENA instrument has
been selected for both the Indian lunar exploration mission
Chandrayaan-1 and European–Japanese Mercury explora-
tion mission BepiColombo.
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