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Abstract—We introduce electronics designed to control
measurement cycles performed with the compact neutral gas
mass spectrometer (NGMS), which is a time-of-flight (TOF)
system. NGMS is combined with a gas chromatograph (GC)
and a pyrolysis oven to form a gas analytic complex on board
the Russian Luna-Resurs spacecraft to land on the Moon. The
instrument will investigate chemical composition of the soils at
lunar polar regions and the tenuous lunar exosphere. NGMS
measures the elemental, isotopic and molecular composition of
gaseous samples including CHON compounds, water and noble
gases, by recording TOF spectra that are converted to mass
spectra during data analysis. Our miniature mass spectrometer
has a robust and modular design. It combines an ion storage
source with redundant thermionic electron emitters, a pulsed
ion extraction for ion acceleration, ion drift path, ion mirror, a
second ion drift path, and a high-speed microchannel plate
detector. Starting from the ion source where species are
ionized and the consecutive mass separation in the field free
regions of a TOF section, ion packages arrive some micro-
seconds later at the multichannel ion detector. The detector
produces current pulses with peak widths of nanoseconds
allowing for measurements with a high mass resolution in spite
of a short drift tube length. During test measurements, we
achieved mass resolution > 1000 together with a dynamic range
of up to 10° within 1 second integration time. Hence, the
instrument depends on high electric field strengths in the ion-
optical system and a high-speed and low-noise data acquisition
system resulting in highly customized control electronics. We
developed the complete electronic system complying with the
mission requirements (power consumption of 25 watt
maximum, size, mass and radiation tolerance) for controlling
the instrument operation and acquiring data from this complex
analytical package. Given the heritage from LASMA/Phobos-
Grunt, CaSSIS/Exo-Mars, RTOF/Rosetta and P-BACE/MEAP
missions, the presented design demonstrates that NGMS is
capable to investigate chemical composition with allocated
resources of power and size. Our flight-proven control unit
operating NGMS represents a reliable system for further
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similar applications as the Neutral Gas and Ion Mass
spectrometer NIM/PEP on board ESA’s JUICE mission.
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1. INTRODUCTION

The neutral gas mass spectrometer (NGMS) is a scientific
instrument selected for the Russian Luna-Resurs mission to
measure chemical composition of the regolith at the lunar
surface and tenuous exosphere in situ. The NGMS
instrument is part of the Gas Analytic Package (GAP),
which further includes a pyrolysis oven and a gas
chromatograph (GC).

GAP will perform chemical composition measurements
including molecular composition of volatiles (CHON
compounds, water), as well as the isotope composition of
noble gases in the lunar regolith to help in our
understanding of the origin and evolution of the Moon and
of the solar system within a larger context.

Presently available lunar samples originate from a restricted
region near the lunar equator of the lunar near side, with



exception of lunar meteorites, whose origin on the lunar
surface is likely more widespread but unknown [1].
Therefore, the Luna-Resurs mission targets a landing site
near a crater with permanent shadow near the southern pole.
The overall science requirements of the Luna-Resurs
mission [2] are designed to enhance our understanding of
the origin and evolution of solar system bodies.

As solar input for the lander is limited on the poles, energy
efficiency is crucial for the lander. Even more important, the
lander mass has to be considered carefully to perform
landing on the Moon. Consequently, mass, size and power
allocated to all parts of the lander system are challenging
and design driving factors regarding mechanics and
electronics. Small mechanics result in large efforts to design
the electronic control and acquisition system. Saving power
and reducing size of electronics compared to previous
missions [3] at once demand new concepts for the
instrument. Detailed specifications of NGMS instrument
and scientific background are discussed in [4, 5] and
references therein.

The NGMS instrument is a compact Time-Of-Flight (TOF
[6]) mass spectrometer designed to analyze gaseous samples
in situ. It has two major scientific operation modes. In
exosphere mode, the NGMS instrument measures directly
gases of the lunar exosphere from the location of the lander,
while inserted into artificial Moon satellite orbit and on the
lunar surface. In gas chromatograph mode, the pyrolysis
oven releases volatiles from collected soil samples with
temperatures of up to 1000°C, which are either separated by
the GC and further analyzed by the NGMS, or directly
analyzed by the NGMS. A drill unit on the lander provides
soil samples of the upper lunar soil down to 1 meter depth to
the pyrolysis oven, where they are heated. The released
volatiles are transported from the pyrolysis oven to the GC
unit by means of He carrier gas. In the GC instrument, the
compounds are chemically separated with respect to time
depending on their retention in the GC columns. The output
of the GC is a continuous gas flow of the carrier gas with a
sequence of molecules and elements of the introduced
sample. Different species arrive at the output of the GC at
different times depending on their retention times. Peak
widths in GC time space are of the order of seconds. This
leads to a desired sampling frequency of the GC output in
the range of 0.1-1 seconds for the integration time of mass
spectra.

Mass spectrometers based on the TOF principle allow for
acquiring a complete mass spectrum at once without
scanning over the mass range. Neutral gas from GC or
exosphere is ionized in the ionization chamber of the ion
source by electron ionization (EI). TOF instruments are
pulsed instruments. To overcome the duty cycle from the
pulsing and therefore increase the sensitivity of NGMS, the
instrument features an ion storage source (IOS), where the
continuously produced ions are stored until ion extraction
into the TOF system [7]. Pulsed ion extraction by the
primary pulser (PP) and further acceleration to the drift

energy pulls the ion cloud into the first drift path, where it
separates along a TOF trajectory into ion packages
according to their mass-to-charge ratio. Pulsed ion
extraction is performed with 10 kilohertz repetition rate
during nominal operations. At the end of the drift tube, there
is a grid-less ion mirror and a second pulsed electrode. In
GC-mode, the secondary pulser (PS) removes the ions from
the GC carrier gas to prevent the detector from saturation.
Flight trajectories of other ions are not influenced as they
pass the ion reflection zone before or after PS is operating.
Electric interference (EMC) introduced by the PS needs to
be minimized, as the mass range of influence of the PS
needs to be restricted. Ions outside the PS operating time
continue their trajectories and further separate in time
during their passage of the second drift tube before reaching
the detector. The detector is a high-speed microchannel
plate (MCP) detector system with impedance matched
anode [8]. Spectra are received in the time domain and
casily converted into mass-to-charge spectra during data
analysis. The data acquisition system (DAQ) digitizes the
output of the MCP detector and converts the current pulses
into voltage peaks. All signals generated from one ion
extraction represent a single-shot spectrum, a waveform.
Waveform summation over a given period of time, the
integration time, results in a histogram (time spectrum),
which is then stored. All the spectra of a measurement cycle
need to be stored locally in the instrument until transmission
to Earth is possible by the spacecraft. A typical mission
scenario foresees ground communication with the spacecraft
once an Earth day to fetch accumulated scientific and
housekeeping (HK) data. Mission duration on the lunar
surface is at least one lunar day, ideally up to five lunar
days. Acquiring measurements on the surface is foreseen
during lunar day while the spacecraft is likely to provide a
temperature range from —40°C to +35°C.

Mass of the NGMS instrument is < 3.5 kg and maximum
size is 26 x 15 x 18 cm?®. The compact length of the NGMS
instrument influences the requirements on electronics, e.g.
sampling rate of the digitizer. Because all ions are
accelerated to the same energy in the ion source, the mass
resolution of the TOF mass spectrometer R = m/Am is given
by R = tror/2At, where tror is the mean TOF of an ion
package of mass m/z and At is the peak width of the
corresponding ion package recorded by the detector. The
longer the drift path is the larger tror becomes, and the more
the ion packages separate. Given the limited size allocated
for space-born instruments, tror is short and therefore the
ion package length in time, At, has to be rather small to
achieve the necessary mass resolution. For a mass resolution
of up to m/Am = 1100, which results from the requirement
to quantitatively analyze isotopic compositions and identify
hydrocarbons [5], digitization of the detector signal at 2
Gs/s results, for which the electronics is optimized. Narrow
ion package peak widths result in better separation of
masses. In addition, a fast high-voltage pulser is necessary
to achieve the resolution of the mass spectrum with an
otherwise optimized ion-optical system. A consequence of
the narrow peaks is the need for a fast data acquisition.



Solar power input for the lander is limited on the poles and
therefore available electric power needs to be used
efficiently. For the NGMS instrument, the allocated
maximum power is 25 watt for nominal operations, while
during standby mode it is < 6.8 watt. Among other things,
the power consumption of the fast high-voltage pulsers and
the high-speed DAQ system were highly optimized, and
care was taken for a highly energy efficient power system.
These were some of the main achievements of the design of
the instrument’s electronics.

2. DESIGN AND METHODS

The NGMS instrument is divided into two major functional
parts: The sensor that is the ion-optical system, which
includes the ion source, ion optics and detector (Figure 1).
Electronics (Figure 1, 2) control the sensor, provide electric
power and perform communication between the NGMS
instrument and the data-handling unit of the spacecraft
(BUNI). Both parts benefit from earlier developments:
RTOF/Rosina/Rosetta [3], P-BACE/MEAP [91,
LASMA/Phobos-Grunt [10] and CaSSIS/ExoMars [11].
Figure 3 presents an overview of the functional elements of
the electronics design. Electronic hardware consists of three
PCB boards. Power electronics is located on the power
board and the high voltage pulser board. The mainboard
hosts the digital and data acquisition units of electronics.
Power and main board are located in the main electronic
box. To reduce the EMC disturbance created of the high
voltage pulsers, the pulser board is located in an external
housing in proximity to the pulsed electrode.

Figure 1. The flight model of the NGMS instrument.
Pulser boxes (primary and secondary) are at prototype
level, and therefore two boxes are visible. They are
combined into a single print for the flight model. The
lower part houses the rest of the electronics.

Figure 2. Sample electronic board of flight electronics
during assembly phase. Main and power board are
stacked to fit in the main electronic box.

Main Controller and Digital Design

Digital electronics is based on fault-tolerant Gaisler
LEON3FT soft core processor embedded in a XILINX
Virtex-4 FPGA. The space-qualified Virtex-4 is operated at
125 megahertz, and the soft core runs at 25 megahertz clock
speed. The FPGA is controlling the peripheral drivers via
Serial Peripheral Interface (SPI) busses (see Figure 3). A
high-speed 10-bit ADC clocked at 2 gigahertz acquires TOF
spectra continuously based on the trigger by the extraction
pulser. It receives the detector signal via an impedance
matched pre-amplifier stage and a low pass filter. Upon
trigger, the ADC digitizes the signal for the duration of a
TOF spectrum length. The data are passed to the FPGA for
histograming TOF spectra over the integration time via a
fast BRAM buffer system of the Virtex-4. Histogrammed
spectra are then stored into flash memory for later download
to ground.

An Advanced Microcontroller Bus Architecture (AMBA)
consisting of an advanced peripheral bus (APB) and an
advanced high-speed bus (AHB) interconnects peripheral
modules to the LEON3FT CPU. The fault-tolerant memory
controller interfaces to external 8 mebibytes (MiB) MRAM
and to external SRAM via a 32+8 bit data-bus. The flash
memory controller connects to an external flash device via
an isolated 8-bit data-bus. Multiple SPI busses running with
different speeds control external DAC and ADC devices for
housekeeping collection and voltage control. The FPGA
design is organized into modules, each dedicated to operate
a certain part of the hardware like high voltage pulser,
filament, sensor heating, sensor low and high voltages,
high-speed ADC to sample the detector signal, and the
spacecraft interface.
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Figure 3. Block diagram of neutral gas mass spectrometer electronics. The system contains three boards on which
units for signal processing and sensor controlling are integrated. An FPGA with an implemented microcontroller
system controls the periphery integrated on the power and pulser board. Different FPGA units are connected with
AHB and APB bus. The power board provides power to different boards where needed. Connections from low and
high voltage electronics to the different boards are omitted for simplicity.

The configuration of the FPGA, its monitoring and the boot
sequence requires a separate controller and external
memory. As the Virtex-4 device only supports legacy one-
time programmable memory devices (PROMs) to configure
itself after power on reset (POR), an external radiation
tolerant Atmel ATmegaS128 micro computing unit (MCU)
is used to stream the configuration from the
reprogrammable MRAM. Besides the configuration bit-
stream for the FPGA, the MRAM holds the application
firmware of the LEON3 CPU. Having a reprogrammable
code source for the FPGA allows for much more flexibility
in the software development at lower cost than the boot
PROM solution.

The MCU boots from internal flash memory. Once the
MCU runs, it loads the FPGA configuration image into the
FPGA and releases the FPGA from its reset state. Upon
reset, the LEON3 runs a bootloader from MRAM to copy its
application firmware from MRAM to SRAM and transfers
execution to SRAM. The FPGA requires no further access
to MRAM afterwards.

Housekeeping data of all relevant peripheral modules
inform about the present state of the instrument. The HK
ADCs are located on the electronic boards (mainboard and
power board), and connected to the FPGA via several SPI
busses. FPGA is capable to check a maximum of 56 crucial

system parameters like voltage, currents and temperatures at
1 kilohertz, which are digitally low-pass filtered. The main
controller sets the system into a protective state in case of
HK limit violations. Overvoltage and overcurrent protection
catch an event within < 10 milliseconds. In case of an event,
voltages for consumer modules are switched off, latest HK
data are collected and transferred to BUNI.

NGMS receives tele-commands and timecodes from BUNI
over one line of the redundant command RS485 link (125
Kbit/s), and transfers HK and science data products to
BUNI on both lines of the redundant data RS485 link (1
Mbit/s).

Power Control Design

The NGMS electronic system creates its own DC voltages
needed for operation on secondary side, as spacecraft
provides +27 volt with a maximum of 25.0 watt on the
primary side. On the primary side, common-mode chokes
prevent from radio frequency and electromagnetic
interference followed by a Latch Up Current Limiter (LCL)
protecting instrument electronics and spacecraft form over
current. Filters damp noise and distortions. Input voltages
and currents are filtered as well.



DC/DC converters provide voltages for analogue and digital
instrument electronics on the secondary side. Opto-couplers
and transformers serve as galvanic separation between the
primary spacecraft and the secondary side.

Sixteen independent voltages allow for an operation of the
instrument according to the current environment.
Temperature compensated Low Voltage (LVPS) and High
Voltage Power Supplies (HVPS) both use two-stage DC/DC
converters. Nine LVPS allow IOS and ion mirror voltage
configuration between £100 volt. However, rails of voltages
are restricted according to the needs in the IOS to save
power (see Table 1). Ion optics, high voltage pulsers and the
detector require nine high voltages up to —5 kV. To safe
further power, only seven HVPS with following voltage
divider provide the voltages. The 12-bit resolution ensures a
step size small enough to tweeze the instrument. All power
supplies are designed to operate with low load and may
operate as source or sink.

Table 1. Rails of the low and high voltage power supplies
with its step size derived from their DAC.

Power Supply l%z:)i‘lv/ez/ lga I;lp /erV Step Size / V
LVPSI -100 100 0.049
LVPS2,4,5,7,9 -100 0 0.024
LVPS3,8 0 100 0.024
LVPS6 0 5 fixed
HVPS1,7 -5000 0 1.221
HVPS2,3 -2700 0 0.659
HVPS4 —600 0 1.000
HVPS5,6 -3200 0 0.781

High-Voltage Pulser Control Unit

A high-voltage pulser switches the voltage applied to an
electrode of the ion-optical system between LVPS and
HVPS (-600 volt) within nanoseconds rise time to the
needed HV potential. Two pulsers are available and each
one has its own LVPS but the same HVPS voltage. The
clock of the primary pulser (defining the repetition rate)
triggers the secondary pulser, when used, and the data
acquisition. Rise time of the primary pulser is 3.3
nanoseconds. The rise time of secondary pulser pulses is
slightly slower to reduce EMC induced into the drift tube.
Repetition rate, both pulse widths, the delay between the
pulses and the delay between primary pulse and data
acquisition are adjustable.

Filament Control Unit

Tonization of molecules in the ion source is realized by
electron ionization. Thermionic electron emission is a well-
established technology to create an electron beam and
consist mainly of a thin metallic wire, which is heated until
electron emission occurs. Given the highly non-linear

relation between electron emission and heating current of
the filament [12], a fast and stable control loop is needed to
maintain constant electron emission.

Therefore, this control loop consists of control circuitry in
the FPGA and the filament power stage including a two-
stage proportional-integral (PI) controller operating at 30
kilohertz. At this frequency neither the ion storage source
nor the data acquisition are influenced. The filament
controller operates with two control loops, with the inner
loop controlling the heating current and the outer loop
controlling emission current. As electron emission is
essential for functionality of the instrument, NGMS
implements two redundant filaments with its drivers.

Heating of the capillary bringing the sample gas from the
GC system and the gas inlet itself is crucial to avoid
condensation of gas inside the capillary and the ion source.
A dedicated heating resistor is included in the instrument.
To maintain a commanded temperature, the heater driver
heats the ionization region of the ion source with up to 3.0
watt with a PWM signal applied to the heating resistor.

High-Speed Data Acquisition

An incoming ion package creates charge pulses on the
detector leading to voltage peaks of nanoseconds length.
Therefore, the system has to be capable to acquire data at 2
gigahertz sampling frequency. The detector signal line is
terminated into 50 ohm to prevent signal reflection. The
front-end signal input line is split up into two acquisition
paths with different gain. High gain and low gain mode.
This allows to adapt dynamic range and sensitivity of the
acquisition system according to the measurement situation.

After low pass filtering of the input signal (to assure
Nyquist frequency limit), the 10-bit TI ADC10D1000
continuously samples the signal in double edge sampling
(DES) mode. Digitised data are sent via low voltage
differential signaling (LVDS) to the FPGA, where it is
temporarily stored into the 552 kibibyte of fast BRAM. To
reach higher signal-to-noise ratios and reduce total data
volume, the acquired waveforms are histogrammed during a
programmable integration time. Once a histogrammed
spectrum is completed, it is stored into 2 gibibyte NAND
flash memory.

Flash access time limit the repetition rate of the histogram
acquisition. Accounting transfer of page data from the
FPGA to the flash device, the limitation is defined by the
time needed by the flash to program ~4 kibibyte page data
to memory cells. Thanks to the flash controller in the FPGA,
we optimized time consumption, using two-plane page
programming. The transfer takes only about 50
milliseconds, which provides enough margin to handle
interfaces of higher priority in parallel. The implemented
double buffer system ensures continuous data acquisition.
Downloading spectra of a measurement campaign is
possible either uncompressed or compressed with SPIHT



algorithm [13], that has been customized to optimize the
compression for the histogrammed TOF spectra.

Debugging

Electrical Ground Support Equipment (EGSE) completely
simulates BUNI and implements debugging access to the
internal bus architecture of the FPGA. EGSE software
allows for sending all commands, monitoring housekeeping
data and acquired spectra, which are logged and displayed.

Radiation Mitigation

Local shielding of radiation sensitive parts assists software
radiation mitigation where necessary. Based on the
forecasted radiation environment on the Moon, the short
mission duration of at most five lunations, and the
implemented shielding the radiation hardness of the used
electronic components has been outlined to be at least 30
kRad of total ionized dose (TID). Calculation of the
probability of single event effects (SEU) in the
microcontroller and the FPGA yields one event every 10
days. To mitigate impact and risk of single event upsets the
FPGA registers are implemented with triple mode
redundancy (TMR) and scrubbing of the FPGA
configuration frames is performed continuously. Error
detection and correction codes (EDAC) on the SRAM
memory, block memory (BRAM) and CPU cache are
implemented to further improve reliability of the digital
electronics.

Measurements

We acquired mass spectra of residual gas during the first
instrument commission session with different waveform
accumulation numbers at two temperature levels to
characterize the behavior of noise in spectra. For the cold
case the temperature of the base plate, where the instrument
is mounted on, and which simulates the boundary to the
spacecraft, is —40°C and for the hot case it is +40°C. The
vacuum chamber showed a pressure of 2.71-10® millibar for
the cold case and 5.06-107 millibar for the hot case.
Additional atmospheric gas is added to the vacuum chamber
to achieve higher pressure in the hot case. We optimized the
voltage set of the ion-optical system manually for the cold
case and adapted only the MCP voltage and drift tube
voltage for the hot case. Filament emission current was set
to 200 microampere.

The numbers of accumulated waveforms commanded to the
instrument represent typical operation cases. Ten spectra
were acquired for each temperature case and waveform
accumulation number. Corrupt spectra were excluded from
data analysis when necessary. A custom made data analysis

software converts time-of-flight spectra into mass spectra
and calculates the window positions to extract the signals of
the mass peaks. For our studies, we decided to analyze m/z
44 where the CO, molecule appears. After offset correction,
the root mean square (RMS) of the voltage signal is divided
by the RMS of the noise signal, which is measured at the
end of the spectrum where currently no mass peaks appear.
Because we are interested in the voltage peaks in the
recorded waveforms, we define this amplitude ratio as
SNRv, which equals the square root of the commonly used
power signal to noise ratio (SNR).

3. RESULTS AND DISCUSSION
Measurement Duration and Accumulation Time

The waveform integration time directly influences the
maximum measurement durations. In exosphere-mode, a
waveform accumulation time of 100 to 300 seconds is
foreseen for integration, i.e., the summation of 1 million
TOF spectra. The integration time, or rather the number of
accumulations, is limited by the memory size of the buffer
system in the FPGA (BRAM). In GC-mode, however, the
integration time is given by the needed GC peak resolution
that results in integration times of 0.1-1 seconds for NGMS,
which are needed to optimally reconstruct GC peaks [14].
Integration time and pulser frequency are both variable. The
primary pulser extracts ions nominally with 10 kilohertz and
10000 waveforms are integrated leading to 1-second
waveform accumulation time in the buffer system.

Considering the horizontal resolution of 16-bit and the ADC
sampling frequency, an upper boundary of recordable
waveform length of 32.768 ps is given. This corresponds to
an upper mass range of about m/z =~ 1200, which could be
extended by adding more memory. However, the useful
mass range is often considered to be given by the mass
resolution, thus m/z < 1000, thus compatible with the
allocated memory.

As the ADC has a vertical resolution of 10-bit, a spectrum
in GC-mode with 1-second integration time contains 192
kibibyte of scientific data. This corresponds to more than 2
hours of measurements until the allocated flash memory is
filled with uncompressed data. Thus, a GC-NGMS
measurement cycle needs to be completed within this time.
Therefore, heating profiles in the GC instrument need to be
adapted to avoid extended retention time ranges. GC-NGMS
measurements performed with the prototype GC-NGMS
system [14] showed that accumulation time for the GC-
mode can be reduced due to the GC peaks appearing at the
gas chromatograph at much shorter times.



Noise trend for different operation modes
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Figure 4. Amplitude ratio SNRv follows random noise after filtering. Harmonics limit SNRv in the spectra.

At the same time, the integration time has to be reduced at
the beginning of the GC sequence to resolve the shortest GC
peaks well. An increase of the sampling frequency of the
GC output (decrease of the NGMS integration time) causes
a reduction of the maximum duration of the measurement
campaign given the allocated memory size (see Table 2).
Electronics is, however, easily capable to adapt to the
requirements inferred by the GC.

Noise Due to Mixed Board Design

In our measurements we can distinguish two major sources
of noise in the waveform acquisition system, random noise
and harmonic noise. Harmonic noise arises from cross talk
from oscillators of the electronics to the front-end
electronics and limit SNR of raw spectra to 37.6 decibel on
average (Figure 4, cold case raw), independent of the
number of accumulations. The random noise is assumed to
be a Gaussian distribution, thus the SNRv should scale with
the square root of the number of independent measurements.
However, SNRv values stay constant at 74+6 for raw
spectra over the measurement range of 10> to 10°
accumulated waveforms, meaning that the noise adds itself
in the same way to a spectrum as a signal does. This is true
when harmonic noise dominates the noise because of mixed
board design.

Incoming ions on the detector are amplified by a gain of
about 10° in the detector resulting in millivolt pulses for a
recorded ion, and being proportional to the number of ions
registered on the detector in a time sampling bin. Thus, the
waveform signal from the detector can be considered
perfectly repetitive, while the ion signal is stable, and the
SNRv should increase proportionally to the square root of
the number of accumulated waveforms if the noise would be
perfectly random.

Table 2. Buffer system leads to maximum measurement
durations. Accumulation time can be chosen by
software. Different configurations are indicated.

Proposed TOF Typlcal. Max.
Accumulation | Measurement
Mode Max. . .
Time Time
GC-Mode .
fast 32.7 us 0.1s 13 min
GC-Mode | 5, 5 I's 2 h 16 min
regular
Exosphere- | 35 7pus | 1005 11h 33 min
Mode ’
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Figure 5. Mass spectra of raw and filtered data of residual gas (cold case) with 10° integrated waveforms (GC-mode)
indicate the increased SNR after filtering. Harmonics are clearly visible in the upper right panel.

The limited volume and weight available for the electronics
of the NGMS instrument leads to a non-optimal placement
of electronic functional units with respect to noise
minimization. They are only partially separated on different
boards containing essential shielding only. Proximity of
low- and high-speed circuits as well as mixing of analog and
digital electronics lead to parasitic coupling effects. As the
clocks on the boards are synchronized with the acquisition
and sampling clock, fundamental and higher harmonic
frequencies appear almost perfectly correlated to the
measurement sampling times and will not average out with
increasing number of accumulations, which explains the
constant SNRv values for the range of accumulated
waveforms.

Harmonic Noise Reduction

However, by post-acquisition filtering we can reduce the
noise content in the waveforms already reasonably. To
increase SNRv three types of filters were applied to the raw
spectrum. Filtering in the frequency domain where clock
signals are visible as distinct peaks reduce most of the noise
present. Single frequencies are scaled and normal infinite
impulse response (IIR) filter notch filters are placed around
clock frequencies and multiples of them. Low pass filtering

with a cut-off frequency near the bandwidth of the ADC
around 500 megahertz (depending on the operation mode)
and a weak moving average filter decrease noise
additionally. Filtered spectra show significantly increased
SNRv, as shown Figure 4, (hot case filtered and cold case
filtered). The SNRv of the filtered waveforms follows the
expected random Gaussian noise curve (Figure 4, cold case
fit). In the cold case for 10° accumulated waveforms (1-
second accumulations for the GC-Mode) the SNRv has
increased to (4.61+0.13)-10* or a SNR of 93.3 decibel.
Other dominant mass peaks in the same spectra achieve
similar SNR. The maximum limit of the SNR considering
the full usable ADC range of 9 bits is 101 decibel.

Adapting to the Environment

Hot case measurements demonstrate the importance of
optimizing the voltage set applied to the ion optical system.
Mechanical elements expand slightly with increasing
temperature leading to a slight distortion of the ion optics. A
reduction in the signal could be compensated partially with
a higher MCP voltage but this also yields more noise in the
detector, and thus in data acquisition chain. These effects
dominate over the increase of random noise arising in
electronics and in the detector system. As hot case



measurements show in Figure 4, the uncorrected thermal
influence reduces the SNRv about a decade but the
instrument performs constant over time. This indicates the
potential of the instrument with dedicated fully autonomous
voltage set optimizer.

Optimization mainly includes finding an optimal voltage set
for the ion optical system. This optimization is necessary to
reach best performance because the data processing unit
only knows the voltages as digital values, and the
conversion to physical voltage changes with temperature.
Changing voltages on electrodes influences the quality of
the acquired spectrum. The optimizer analyses the TOF
spectra, rates them based on a merit function, and defines a
new voltage set according to an adaptive particle swarm
algorithm [15, 16]. After optimization, the system is ready
to perform stand-alone or together with the GC in
measurement campaigns. As measurements were performed
during early commissioning phase, an optimizer of this type
was not ready then.

Scientific Context of Measurements

The NGMS instrument provides a suitable dynamic range to
measure even trace quantities of species in the lunar
environment. Figure 5 shows a typical mass spectrum of the
measurement series with 1-second waveform accumulation
time representative for the GC-Mode. The filtered spectrum
features Gibbs overshoots to illustrate the consequences
slight over filtering on mass resolution. It has to be noticed
that the applied definitions of the SNR are not suitable to
determine exact instrument detection limits rather than an
estimation of the order of magnitude [20]. In a previous
study reporting on the prototype of the NGMS instrument
with more dedicated measurements and different SNR
definitions, a lower limit of the dynamic range was
demonstrated to be 10° for 1-second of integration time
[14]. Results of the present study are comparable to [14],
taking the different definitions of the SNR into account. We
conclude that the dynamic range is in a comparable range.
Therefore, in exosphere-mode, where low ambient gas
pressure of the lunar atmosphere of the order of 107'°
millibar [6] a dynamic range of > 10° , which seems to be
possible with this instrument, leads to detection limits for
partial pressures down to around 107!¢ millibar.

Resource Compliance

The energy efficient design owes mainly to the development
of the power control design. A significant reduction of the
power consumption was achieved by building customized
low-voltage and high-voltage power supplies. Additional
power-saving measures, like the power consumption of the

Table 3. Maximum power consumption of different
operation mode is shown. Nominal values depend on
environmental conditions.

Operation Mode Max. Power / W
GC-Mode 23.0
Bake-Out-Mode 20.0
Exosphere-Mode 19.0
Stand-By 6.8

fast high-voltage pulsers, the high-speed DAQ system, and
the filament controller were highly optimized. The system
described allows operation of the instrument at < 25 watt.
Nominal power consumption depends on the operation
mode (see Table 3). These values are, however, upper
limits, depending, e.g. on the required heating power in GC-
mode. Exosphere-mode operation consumes less power as
heater and secondary pulser are switched off. In bake-out-
mode, both pulsers are switched off.

Comparing similar instruments, power consumption of the
NGMS instrument and the RTOF instrument are in a similar
range, but overall mass is drastically reduced (see Table 4).
The smaller size of the NGMS instrument naturally leads to
a reduction in mass. However, the main reason to comply
with the mass, size and power allocated to the instrument is
improvement in electronics. This reduction in mass
establishes landing capabilities on the Moon.

Similar electronic technology is used in the Neutral Gas and
Ion Mass spectrometer (NIM) of the Particle and
Environment Package (PEP) experiment [17] in ESA’s
JUICE mission. As the JUICE mission foresees two Europa
flybys, where the radiation environment is severe,
significant radiation shielding mass has to be employed [18]
and accounted for in the mass budget of that system.

Table 4. Evolution of payload budget indicates a trend of miniaturizing. Shown power consumption represents:
RTOF mean value and data processing unit, NMS not specified, NGMS maximal value in GC-mode.

Instrument / Mission Power /W | Mass/kg Size / cm? Reference
RTOF / Rosina /Rosetta 27 14.7 114 x38x 24 [3], [21]
NMS / LADEE 36 11.8 - [19]
NGMS / Luna-Resurs 23 3.5 26x 15x 18 -




4. SUMMARY

The built electronic system complies with the challenging
mission requirements for a lunar lander. Size, mass, and
power consumption of the presented NGMS instrument is
unique in space-born mass spectrometers, especially
considering the scientific performance of NGMS.
Optimization of the ion optical system parameters allows
operating at different pressure and temperature ranges with
optimized performance. The instrument is capable to adapt
to changing thermal environments and covers the full range
of possible operation scenarios of GC and exosphere to
perform measurement campaigns with high dynamic range.
The instrument is capable to perform continuous high-speed
data acquisition at a low noise level. An enhanced version of
the NGMS electronic system will be part of the NIM
instrument to investigate Jupiter’s icy moons.
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