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Low‑energy particle experiments–ion 
mass analyzer (LEPi) onboard the ERG (Arase) 
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Abstract 

Low-energy ion experiments–ion mass analyzer (LEPi) is one of the particle instruments onboard the ERG satellite. 
LEPi is an ion energy-mass spectrometer which covers the range of particle energies from < 0.01 to 25 keV/q. Species 
of incoming ions are discriminated by a combination of electrostatic energy-per-charge analysis and the time-of-
flight technique. The sensor has a planar field-of-view, which provides 4π steradian coverage by using the spin motion 
of the satellite. LEPi started its nominal observation after the initial checkout and commissioning phase in space. 
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Introduction
The Exploration of energization and Radiation in Geo-
space (ERG) mission is designed to explore the plasma 
structure and the dynamics of the terrestrial inner mag-
netosphere. The scientific objectives of the mission 
include the understanding of the physical processes of 
acceleration, transportation, and loss of high-energy (∼ 
MeV energy range) electrons in the inner magnetosphere, 
as well as understanding the evolution of geospace 
storms (Miyoshi et al. 2012, in review). LEPi is one of the 
ion analyzers onboard the ERG satellite. LEPi is designed 
to measure the three-dimensional velocity distribution 
functions of ions over an energy range of < 0.01–25 keV/q 
with species discrimination. The energy range of ion 
measurements on ERG is extended by the other ion ana-
lyzer, the medium-energy particle experiments–ion mass 
analyzer (MEPi) (Yokota et  al. 2017), up to 180  keV/q. 
Use of these two instruments covers the significant ion 
populations of the ring current, plasma sheet, and supra-
thermal component of the plasmasphere.

Ion distributions in the inner magnetosphere can affect 
the acceleration and loss of the high-energy electrons 

through excitation of electromagnetic plasma waves. 
Magnetosonic waves are excited by a ring distribution 
of protons with energies on the order of 10 keV and with 
the energy comparable to the local Alfven energy (Horne 
et  al. 2000; Chen et  al. 2010; Jordanova et  al. 2012; Ma 
et al. 2014). They can accelerate the electrons with ener-
gies between ∼ 10 keV and a few MeV toward the MeV 
range (Horne et al. 2007). The excitation of electromag-
netic ion cyclotron (EMIC) waves is associated with 
temperature anisotropy of ring current ions (Kennel 
and Petschek 1966; Shoji and Omura 2011; Shoji et  al. 
2017). EMIC waves cause the pitch angle scattering and 
loss of electrons from the magnetosphere in the MeV 
energy range and ions with energies on the order of 
10  keV (Thorne and Kennel 1971; Miyoshi et  al. 2008). 
The characteristics of EMIC waves depend on the rela-
tive abundance of ions owing to the modification of dis-
persion relations. Through the measurements of ion 
fluxes as a function of energy, incoming direction, and 
species, observations of LEPi will be used to under-
stand the wave–particle interactions that lead to accel-
eration and loss of various charged particles of the inner 
magnetosphere.

Both relative and absolute abundance of heavy ions 
(mainly O+) in the ring current tends to increase with 
geomagnetic activity. This change in ion composition 
affects the decay of the ring current because the life time 
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of ions with the loss processes such as charge exchange, 
Coulomb collisions, and wave–particle interactions is 
species dependent (Fok et  al. 1991; Daglis et  al. 1999). 
Several species of these heavy ions are considered to be of 
ionospheric origin. The processes and paths of transpor-
tation of heavy ions from the ionosphere to the magne-
tosphere and the interplanetary space are still unknown. 
LEPi and MEPi will provide the species-discriminated ion 
flux of the ring current as a function of energy and pitch 
angles, which can be used to understand the dynamics of 
the ring current ions including escape and transport of 
heavy ions.

We describe the performance of LEPi and the initial 
observation results in this report.

Instrumentation
Overview
LEPi is mounted on the +X panel of the satellite (Fig. 1), 
where it has planar field-of-view (FOV) in the Y sc Z sc 
plane. Figure  2 shows the azimuthal channel definition 
of LEPi. The center of each channel is allocated at 22.5 
deg separation forming a ring. Channels 0–8 and e are 
wide channels whose angular width is 16 deg (FWHM: 
full-width at half maximum), while channels 9–d are nar-
row channels with an angular width of 4 deg (FWHM). 
Full solid angle coverage is achieved by using chan-
nels 0–7 with satellite spin motion whose axis is in the 
Zsc direction. Note that the FOV of LEPi covers mostly 
2π  radian, although there are no channels around the 
+Y sc direction. On the +X panel, the high-energy elec-
tron experiments (HEPe) (Mitani et al. in review) and the 
medium-energy particle experiments–electron analyzer 
(MEPe) (Kasahara et al. 2018a) are also mounted. MEPe 
blocks a part of LEPi FOV; therefore, the correspond-
ing channel is removed from LEPi. There are other FOV 
interference points with wire antennas and yokes of solar 
cell paddles. They slightly reduce the geometric factor of 
LEPi, although the effects are minor. 

LEPi is an ion energy-mass spectrometer that consists 
of three units, (1) an electrostatic energy-per-charge 
(E/q) analyzer, (2) a time-of-flight (TOF) section, and 
(3) electronics. Figure  3 illustrates a schematic view of 
LEPi. The red arrow in panel (b) schematically indicates 
a trajectory of incident ions. Ions passing through the 
sensor aperture are E/q-filtered by the electrostatic field 
between the electrodes. Then, filtered ions are acceler-
ated and transmitted through an ultra-thin carbon foil, 
and finally reach a detector (MCP: microchannel plate) 
in the TOF section. When particles are transmitted 
through the ultra-thin carbon foil, secondary electrons 
are emitted from the foil. These electrons are attracted 
and guided toward the MCP by the electrostatic field as 
schematically shown by a blue arrow in Fig. 3b. The time 

difference in the signal detection between the secondary 
electrons (START signal) and incident ions (STOP sig-
nal) is measured by the electronics as a TOF value that 
reflects the velocity of the incident ions. Then, the mass-
per-charge (M/q) of the incident ions is deduced with a 
combination of E/q and TOF values.

Figure  4 shows a functional block diagram of LEPi. 
LEPi has 15 azimuthal channels, which discriminate the 
incoming directions of particles using a position-sensitive 
MCP assembly with a discrete anode system. Each chan-
nel contains MCP anodes for START and STOP signals 
separately. These signals are amplified by dedicated fast 
preamplifiers and the time interval of appearance tim-
ings between the START and STOP signals are measured 
by a time-to-digital converter (TDC). Then, the meas-
ured TOF values are sent to the field-programmable gate 
array (FPGA). The FPGA calculates M/q for each particle 
detection event and increments the corresponding coun-
ter. Note that the FPGA knows the E/q of the particles 
because the output level of the high-voltage power sup-
ply (HVPS) is controlled by the FPGA itself. Finally, the 
count data are sent to the CPU board.

The CPU board generates observation data packets 
based on the received count data. The generated data 
packets are compressed and sent to the data recorder 
operated by the satellite bus system through a telemetry/
command interface based on SpaceWire (Takashima 
et al. 2018). In addition to LEPi, the CPU board controls 
the low-energy particle experiments–electron analyzer 
(LEPe) (Kazama et  al. 2017) via a command/data han-
dling interface (SpaceWire). Onboard processing of LEPe 
raw data also occurs on the CPU board.

Specification and performance of LEPi are summarized 
in Table 1.

Electrostatic analyzer (ESA)
LEPi employs a top-hat-type electrostatic analyzer (Carl-
son et al. 1983) for the E/q analysis. The ESA subsystem 
of LEPi was designed by a numerical simulation that cal-
culated the trajectories of incident ions inside ESA as a 
function of incident angles, positions, and energies. An 

+Xsc
+Ysc

+Zsc

Fig. 1  Location of LEPi on ERG satellite. LEPi is mounted on the + X  
panel
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axis-symmetric model of the top-hat structure is applied 
for the numerical simulation. In general, the ion optics in 
the ESA linearly scales with the applied potential to the 
electrode (the inner dome in the LEPi case). However, the 
potential applied to the foil, which is the entrance of the 
TOF section, is a constant at − 4.9 kV even if the inner 
dome potential varies. Therefore, the ion optics in ESA is 
slightly changed with the inner dome potential. The geo-
metric factor GESA of LEPi as a function of E/q is shown 
in Fig. 5, which is derived from the numerical simulation.

The top-hat-type analyzer provides a 360 deg planar 
FOV in principle. The incoming direction of the particles 
can be determined by the exit positions of the particles 

from the ESA section. The exit area can be a plane for all 
the azimuthal channels because the deflection angles of 
particle trajectories are ∼ 90 deg (see Fig.  3b). Figure  6 
shows the azimuthal angle response of LEPi, obtained by 
proton beams with the energy of 12  keV in the labora-
tory. Responses of wide (67.5 deg–292.5 deg) and narrow 
channels (292.5 deg–0 deg and 22.5 deg–67.5 deg) are 
illustrated in Fig. 6. Since the foils are located at the exit 
of the ESA section (i.e., the entrance of the TOF section), 
the hit position of incoming ions on the foil reflects the 
incoming direction of the ions at the sensor aperture. The 
narrow channels are designed by applying the foils with 
the narrow width in the azimuthal direction (Fig. 7).

Figure  8 shows the energy-incident elevation angle 
response of LEPi (azimuthal channel 4: wide channel and 
9: narrow channel) for proton beams with the energy of 
12 keV, obtained in laboratory experiments. There is no 
significant difference between wide and narrow chan-
nels. The ratio of the average energy-to-the applied volt-
age to the inner dome (analyzer constant) is 5.0. The 
width of the elevation angle response is 4.5 deg and 4.3 
deg (FWHM) for channels 4 and 9, respectively, which 
are much smaller than both the azimuthal angle separa-
tion (22.5 deg) and the spin phase interval (22.5 deg in 
the normal case). The FOV direction moves during the 
energy scan due to the satellite spin motion. Because of 
the smaller width of the elevation angle response than the 
phase interval, LEPi may potentially miss narrow particle 
distributions such as ionospheric outflows. Energy reso-
lution (width of energy response relative to mean energy) 
is 0.13 (FWHM).

Table 2 shows a normal E/q setting of the energy sweep 
on LEPi. The same value is assigned to energy steps 0 and 
1 because it takes a longer time to stabilize the applied 
voltage when it changes from almost zero to − 5 kV. As 
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Fig. 2  Channel definition of LEPi. LEPi has a planar FOV in the Y sc Z sc 
plane. Illustrated direction corresponds to the velocity direction of 
the incoming particles. Channels 0–8, and e are wide channels, while 
channels 9–d are narrow channels. The positions of the center of the 
anodes in the satellite frame of reference are shown in parentheses
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a result, particles with lower energies can contaminate 
the energy step 0. Assigned energies of steps 30 and 31 
do not appear in Table 2 because the applied voltages of 
these steps are slightly positive. These steps can be used 
for monitoring the background count rate.

Measurement timing of LEPi is determined by the 
reception timing of the index pulse generated in the atti-
tude control system of the satellite based on the Sun-
acquisition timing of the spin-type Sun aspect sensor 
(SSAS). Coincident measurements by all the instruments 
onboard the satellite are achieved with a notification sys-
tem of the index pulse timing, which is simultaneously 
sent to each instrument once per spin. The spin period is 
determined by onboard calculations of the time interval 
between the latest two index pulse receptions for every 

spin. The calculated spin period is automatically divided 
into 16 phases in LEPi, as schematically shown in Fig. 9. 
In each phase, the applied voltage to the inner dome of 
the electrostatic analyzer (see Fig.  3b) is swept with 32 
steps to obtain the energy spectra of incident particles. 
Since the nominal spin rate of the ERG satellite is 8 s, the 
time period for each energy step is nominally 15.6 ms [(= 
8/(16 × 32)]. Note that the first 1 ms of each energy step 
is regarded as a dead time to wait for the stabilization 
of the high-voltage output. Therefore, the nominal data 
accumulation time is 14.6  ms (= 15.6 − 1). As a result, 
under normal observations, LEPi obtains 16 energy spec-
tra for every azimuthal channel in a spin, receiving three-
dimensional velocity distribution functions of incident 
particles.

Fig. 4  A functional block diagram of LEPi. MEPe indicates the CPU board of the MEPe instrument. PWE2 indicates one of the CPU boards of the 
plasma wave experiment (PWE) (Kasahara et al. 2018b). Output data of LEPi are sent to the data recorder via port1 or port2
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Time‑of‑flight (TOF) analysis
In TOF analysis, the velocity of the incoming particle is 
identified by measuring the elapsed time between the 
two signals (START and STOP signals). For the START 
signal, secondary electrons released at the passage of 
incoming particles through an ultra-thin carbon foil 
(thickness is ∼ 5  nm) are used. The incoming particle 
itself hits a detector after passing through the foil and 
this is then used as the STOP signal. This type of spec-
trometer has been employed in many space applications 
(Gloeckler and Hsieh 1979; Wurz 2000). The TOF anal-
ysis is a coincidence measurement because it requires 
multiple (START and STOP in the case of LEPi) signals 
for a successful identification of a particle. Moreover, a 
combination of E/q and TOF analysis sets a window of 

Table 1  Specification and performance of LEPi

Parameter Value Unit Notes

Energy range < 0.01–25 keV/q

Energy resolution 0.16 @ 0.01 keV/q �E/E

0.13 @ 12 keV/q �E/E

Analyzer constant 5.0

Inner dome radius 41.5 mm Electrode in ESA

Outer dome radius 45.5 mm Electrode in ESA

Mass discrimination H
+, H+

2
/He++, He+

N
++/O++, N+/O+

N
+
2

/NO+/O+
2

Post-acceleration potential − 4.9 kV Foil potential

Length of TOF drift path 26 mm

FOV 310 × 4.5 deg × deg FWHM

Angle response of azimuthal channels 16.0 deg FWHM, wide channel

4.3 deg FWHM, narrow channel

Separation of azimuthal channels 22.5 deg

Geometric factor 1.7 @ 0.01 keV/q 10−3 cm2 str keV/keV/channel Wide channel

1.4 @ 12 keV/q 10−3 cm2 str keV/keV/channel Wide channel

0.40 @ 0.01 keV/q 10−3 cm2 str keV/keV/channel Narrow channel

0.32 @ 12 keV/q 10−3 cm2 str keV/keV/channel Narrow channel

Number of energy steps 32

Number of mass bins 1–8 Normal mode, commandable

1–509 TOF mode, commandable

Number of azimuthal bins 1–15 Normal mode, commandable

1 TOF mode

Number of spin phase bins 1–16 Normal mode, commandable

1–4 TOF mode, commandable

Time resolution 1–65,536 Satellite spin (nominal spin period: 8 s) Full 3D observation both for normal and TOF 
modes commandable

Dead time 1 ms/energy step Commandable

Sensor size 235 × 235 × 362 mm × mm × mm

Sensor mass 6.94 kg

Power consumption 23.8 W Primary side

Fig. 5  The geometric factor (GESA) for wide (red) and narrow (green) 
channels. The lines are obtained by the least square fitting
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allowable TOF values depending on the species of incom-
ing particles. Therefore, the TOF analysis can discrimi-
nate the target particles of LEPi against the background 
high-energy particles and photons such as ultraviolet 
radiation coming from the Sun and the geocorona (H 
Lyman-α ) because they mostly generate the START or 
the STOP signal but seldom generate both signals. Even 
if they generate both the START and STOP signals, their 
TOF is too short and outside the TOF window. However, 
there can be an accidental coincidence where a particle/
photon creates a START signal and another particle/pho-
ton generates a STOP signal. Based on the assumption 

that the signal detection rate follows a Poisson distribu-
tion, the occurrence rate of the accidental coincidence 
can be expressed as

where Cfalse, Cstart, Cstop, and �T  are the occurrence rates 
of the accidental coincidence, START count rate, STOP 
count rate, and the period of allowable TOF window, 
respectively. In the case of LEPi, �T  is ∼ 250 ns, which 
covers the species ranging from protons to molecular 
ions such as N+

2 , NO+, and O+
2 .

In order to reduce the background noise, the areal size 
of the MCP anodes should be minimized. In LEPi, trajec-
tories of the secondary electrons are guided toward the 
radially inward portion of the MCP input surface by an 
electrostatic field, as schematically shown in Fig. 10a, b. 
Their trajectories are focused near the MCP input sur-
face, resulting in a small areal size of the START anode 
(0.25 cm2 per azimuthal channel), using the non-axisym-
metric design of electrodes. In contrast, the trajectories 
of the incoming ions are difficult to control because a 
significant fraction of ions passing through the ultra-thin 
carbon foil is converted to neutrals (Bürgi et  al. 1990; 
Funsten et al. 1993). Therefore, the STOP anode is rather 
large (1.66 cm2 per azimuthal channel). For reference, the 
design of the MCP anodes is illustrated in Fig. 10c.

Based on the laboratory experiments, TOF profiles of 
H+, H+

2 /He++, He+, N++, N+, and N+
2  with energies of 

12, 4, 2, and 0.1 keV/q are shown in Fig. 11. These ions 
are evidently discriminated, although their TOF values 
are shortened with increasing energies (i.e., increasing 
velocities). Note that, to measure the ions with energies 
of 0.1  keV/q, ion beams with energies of 1.1  keV/q are 
used because of the limitations of the facility. Instead, 

(1)Cfalse = Cstart{1− exp(−Cstop�T )}

Fig. 6  Azimuthal angle response obtained in laboratory experiments. Proton beams with the energy of 12 keV are used. 0 deg and 90 deg coincide 
with + Y sc and + Z sc directions, respectively (see Figs. 1, 2)

Fig. 7  Picture of the entrance of the TOF section. Foil holders with 
ultra-thin carbon foils are installed at the entrance
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the voltage applied to the foil is increased from − 4 4.9 
to −  3.9  kV. For the other electrodes in the TOF sec-
tion, voltages are applied with a resistive divider (shown 
in the center of the picture in Fig.  7), resulting in volt-
ages multiplied by 3.9/4.9 (= 0.80) relative to the original 
ones. Therefore, even if the ion beams with the energy of 
1.1 keV/q are used, the energy of the ions in front of the 
foil are the same as the case of the ion beams with the 
energy of 0.1 keV/q for the original voltage configuration. 
Note that, for a foil voltage of − 3.9 kV, all the voltages 

applied to the electrodes in the TOF section should be 
increased by 1 kV to have the same electric field strength 
as in the case of foil voltage of −  4.9  kV. However, in 
order to avoid difficulties on sensor disassembling, the 
voltage reduction to 80% is chosen. There is a satisfactory 
agreement between the TOF spectrum of 0.9 keV proton 
beam with − 4.9 kV applied to the foil and that of 1.9 keV 
protons with − 3.9 kV applied to the foil where the whole 
voltage in the TOF section is reduced by 80%.

Two TDCs are used in LEPi. One of them handles 
the output signals of the preamplifiers for eight azi-
muthal channels (c–e, 0–4), and the other handles those 
for seven azimuthal channels (5–9, a, b). When signals 
reach the TDC, timing information is recorded in TDC, 
and read by FPGA, which calculates the time interval 
between the START and STOP signals. This process 
takes ∼ 2 μs. Therefore, the maximum signal processing 
rate is ∼ 5 × 105 [count/s/8(7) azimuthal channels], which 
is ∼ 7 × 103 [count/energy step/8(7) azimuthal channels] 
for the satellite spin rate of 8 s. Note that, each azimuthal 
channel has an octuple input buffer for the TOF calcu-
lation. In LEPi, each azimuthal channel has a dedicated 
counter for accumulating the number of events that can-
not be processed by TDC + FPGA because of the excep-
tionally high input rate. These count data are attached to 
the observation data for every energy step and sent to the 
ground.

Detection efficiency
One can calculate the absolute detection efficiencies of 
START signals, STOP signals, and coincidence events, 
although the TOF section includes complex parameters 

Fig. 8  Energy-elevation angle response of LEPi obtained in laboratory experiments. Responses of azimuthal channel 4 (wide channel) and 9 (nar-
row channel) for proton beams with the energy of 12 keV are shown. Contour lines correspond to 5 (blue), 25 (light-blue), 45 (cyan), 65 (yellow), 
and 85% (orange) of the maximum sensitivity level. Negative voltage is applied to the inner dome of the analyzer to measure the positively charged 
ions, although the energy per applied voltage in the figure is expressed as positive

Table 2  E/q setting of energy sweep

(*1) Not used for observation

Energy step E/q [eV/q] Notes Energy step E/q [eV/q] Notes

0 25,100 (*1) 16 356

1 25,100 17 268

2 19,200 18 201

3 14,400 19 152

4 10,900 20 114

5 8160 21 86

6 6140 22 65

7 4620 23 49

8 3470 24 36

9 2610 25 29

10 1970 26 23

11 1480 27 17

12 1110 28 10

13 836 29 4

14 629 30 – (*1)

15 473 31 – (*1)
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such as secondary electron/incident ion trajectories, 
the emission efficiency of secondary electrons, and par-
ticle detection efficiencies of the MCP. The detection 

efficiencies for each azimuthal channel are simply calcu-
lated as

(2)εstart = Ccoin/Cstop

In
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 �
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Time
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Energy step
Spin phase

Energy sweep (32steps)

1spin
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Fig. 9  Measurement timing of LEPi with the index pulse. Spin phase is determined by the reception timing of the index pulse
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MCP input surface
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input surface
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97.5
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Fig. 10  Shape of the MCP anode and sample trajectories of secondary electrons emitted from the ultra-thin carbon foil. a Cut-away view of the 
TOF section. Brown area indicates electrodes. Sample trajectories of the secondary electrons are drawn in blue lines. Red points indicate the reach 
points of the particles. b Same as a but horizontal view of the TOF section. Foil area is indicated in white. c Shape of the MCP anode. Red and green 
areas indicate START and STOP anodes, respectively
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where εstart, εstop, εcoin, and Ccoin are the detection effi-
ciencies of START signals, STOP signals, coincidence 
events, and coincidence count rate, respectively (Grunt-
man and Morozov 1982; Funsten et al. 2005, 2013). Based 
on this method, typical detection efficiencies observed in 
laboratory experiments are shown in Fig.  12. However, 
the detection efficiencies change over the lifetime of the 
mission. For example, the MCP gain typically decreases 
with increasing cumulated count. In order to monitor the 
detection efficiencies during the mission, Cstart and Cstop 
are reported for all the azimuthal channels throughout 
the mission. The count rate of noise should be negligibly 
small when εstart, εstop, and εcoin are calculated using this 
method.

(3)εstop = Ccoin/Cstart

(4)εcoin = εstartεstop

Operation
LEPi has two observation modes, normal mode and TOF 
mode. Figure  13 illustrates a block diagram of onboard 
data processing. In the normal mode, the M/q of the par-
ticles is determined by the onboard data processing as a 
mass index. When a particle is detected, the mass index 
is calculated by referring to a table with a corresponding 
energy step, energy sweep table, and measured TOF step. 
Then, the onboard counter is incremented as a function 
of energy step, mass index, and azimuthal sector, forming 
a counter matrix. The generated counter matrix is sent to 
the CPU board, where the CPU adds information of the 
spin phase and sends the data to the satellite bus system. 
In the normal mode, LEPi can obtain 16 energy spectra 
for every azimuthal channel in a satellite spin, providing 
three-dimensional velocity distribution functions of ions 
once per spin. In the TOF mode, raw measured TOF val-
ues are used instead of the mass index. In this mode, only 
a part of observed data can be sent to the satellite bus 

a b

c d

Fig. 11  TOF profiles of azimuthal channel 3 obtained by laboratory experiments. a Response for ion beams with energies of 12 keV/q, b 4 keV/q, c 
2 keV/q, and d 0.1 keV/q
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system because there are 509 TOF steps in total, much 
larger than the number of the mass indices (maximum 
8). Therefore, all the available azimuthal channels are 
treated as one channel (data are summed up), and gener-
ated energy spectra are sent at most once per four spin 
phases. In order to obtain one energy spectrum in four 
spin phases, 32 energy steps are selected in 128 (= 4 × 
32) steps, where rest of them are discarded (Fig. 14). In 
the TOF mode, Cstart, Cstop, and Ccoin of each azimuthal 
channel and the energy step are attached to the generated 
energy spectra.

Currently, LEPi is operated in the normal mode most of 
the time, while the TOF mode is inserted intermittently. 
Mode scheduling is 3.5 revolutions around the Earth for 
the normal mode, and then, 0.5 revolution (outbound 

pass) for the TOF mode, alternating repeatedly. The 
energy sweep profile currently used for both normal and 
TOF modes is the same (Table 2).

Initial observation results
On March 23, 2017, all the scientific instruments includ-
ing LEPi started their nominal observations after the ini-
tial checkout and commissioning phase. Figure 15 shows 
the 1-day stacked plot of the energy–time diagram, Lm 
(McIlwain L), AL, and Sym-H indices on May 28, 2017 
when a magnetic storm occurred. The energy–time dia-
grams show the detected count rate of the protons, O+

/N+, and He+. The observation mode of LEPi is shown at 
the top of the panels. Observation of LEPi is suspended 
around the perigee of the satellite trajectory (0538 and 

Fig. 12  Typical detection efficiencies of azimuthal channel 3 for incident ions (STOP) and secondary electrons (START) based on the laboratory 
experiment. The coincidence efficiency is the product of START and STOP efficiencies
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1506  UT in case of Fig.  15) by ramping down all the 
high-voltage output to avoid the intense flux of cold ions 
in the dense plasmasphere/ionosphere. Despite the sus-
pension of observation around the perigee, the intense 
fluxes of cold ions at energy levels lower than 20 eV/q are 
still detected in low altitudes where Lm is ∼ 2 (∼ 0510, 
0550, 1450, and 1520  UT). Figure  16 shows the pitch 
angle–time diagram of the protons with energy levels of 
19,200, 1110, and 114 eV. The pitch angle distribution is 
not shown when LEPi is in the TOF mode. The calcula-
tion of pitch angles with species discrimination is diffi-
cult for the TOF data because the data of all the available 
azimuthal channels are basically summed up in the TOF 
mode.

When foil-based TOF techniques such as LEPi are 
used, there are START signals that have no coinci-
dent STOP signals (START ONLY event) and vice versa 
(STOP ONLY event). If we assume that the background 
count rate is unchanged within one energy sweep, the 

Normal mode

TOF mode

Fig. 13  Block diagram of onboard data processing. There are two observation modes on LEPi

Fig. 14  Selection of energy steps in the TOF mode. Red and green 
dots show the selected and discarded steps, respectively
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b

Fig. 17  a Energy (E/q)-TOF diagram observed at 1516–1950UT on May 28, 2017. The data are summed within the period. White dashed lines 
indicate the average TOF values obtained in laboratory experiments for H+, H+

2
/He++, He+, N++, N+, and N+

2
. b TOF spectrum with the energy of 

19.2 keV/q
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background count rate is less than the minimum count 
rate of START ONLY and STOP ONLY events for each 
energy sweep. Therefore, by using Eq. 1, Cfalse due to the 
background (Cfalse,bg) can be expressed as

where Cstartonly,min, and Cstoponly,min are the minimum 
count rates of the START ONLY and STOP ONLY events 
for each energy sweep, respectively. On May 28, 2017, 
Cstartonly,min and Cstoponly,min are at most 8 and 93 [count/
sample], respectively. Therefore, Cfalse,bg is less than 0.013 
[count/sample]. Note that the sampling time is 14.6 ms. 
The influence of the background noise is not significant 
on May 28, 2017.

Figure  17 shows the energy (E/q)-TOF diagram 
observed at 1516–1950  UT when LEPi is in the TOF 
mode. Accumulated counts during the period are shown 
in the panel. There are a large number of counts around 
the energy levels of 10  eV/q, which comes mostly from 
the low-energy ionospheric/plasmaspheric component 
detected at 1516–1600 UT. Figure 17a shows H+, He++, 
He+, N++/O++, N+/O+, and N+

2 /NO+/O+
2  especially for 

higher energy levels. For reference, average TOF values 
observed in the laboratory experiment for each ion are 
indicated by white dashed lines. A TOF spectrum of ions 
with the energy of 19.2 keV/q is plotted in Fig. 17b, where 
count peaks of each ion are clearly identified. Based on 
the laboratory experiments, LEPi can discriminate N+ 
from O+ and N++ from O++, although their TOF spectra 
significantly overlap. However, there is no clear signature 
of two different components (N+ and O+, and/or N++ 
and O++) on May 28, 2017.

Molecular ions are observed in near-Earth (e.g., Taylor 
1974; Hoffman et al. 1974; Klecker et al. 1986; Yaw et al. 
1993; Peterson et al. 1994; Wilson and Craven 1999) and 
downtail regions (Christon et al. 1994; Poppe et al. 2016) 
associated with geomagnetic disturbance, although there 
are not many reports on the detection of molecular ions 
in the magnetosphere. The molecular ions are one of the 
typical constituents of the ionospheric lower E region and 
they are often observed at higher altitudes above 500 km 
in the auroral and polar cap regions during geomagneti-
cally active times (Taylor 1974; Hoffman et al. 1974; Yaw 
et  al. 1993; Wilson and Craven 1998; Lennartsson et  al. 
2000). LEPi is expected to contribute to the understand-
ing of the dynamics of the escape and transport of heavy 
ions, including molecular ions, in the magnetosphere.

Summary
LEPi has started its nominal observations successfully. 
LEPi is capable of observing three-dimensional veloc-
ity distribution functions of ions in the energy range of 

(5)

Cfalse,bg ≤ Cstartonly,min{1− exp(−Cstoponly,min�T )}

< 0.01 and 25 keV/q with species discrimination, such as 
H+, He++, He+, N++

/O++, N+
/O+, and N+

2 /NO+
/O+

2  . 
Observations of LEPi are expected to contribute to the 
understanding of the ion dynamics and its relationship to 
the dynamics of high-energy electrons in the inner mag-
netosphere using other instruments onboard the ERG 
satellite, other satellites, and ground-based observations.
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