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Mars	  Magnetic	  Field	 J.E.P. Connerney et al.

Fig. 1 Map of the magnetic field of Mars observed by the Mars Global Surveyor satellite at a nominal 400 km
altitude (after Connerney et al. 2005). Each pixel is colored according to the median value of the filtered radial
magnetic field component observed within the 1/2° by 1/2° latitude/longitude range represented by the pixel.
Colors are assigned in 12 steps spanning two orders of magnitude variation. Where the field falls below the
minimum contour a shaded MOLA topography relief map provides context. Contours of constant elevation
(−4,−2,0,2,4 km elevation) are superimposed

so if these features are indeed transform faults then the Mars crust formed via sea floor
spreading as on Earth (Connerney et al. 1999; Sleep 1994).

The magnetic record is complemented by geomorphological analyses that are suggestive
of plate tectonics having occurred on Mars early in its history. The alignment of the great
volcanic edifices on Mars is consistent with plate motion over a mantle plume (Conner-
ney et al. 2005) or, conversely, volcanic chains formed above subducting slabs (Sleep 1994;
1994; Yin, personal communication 2012). The topographical relief along much of the di-
chotomy boundary has been interpreted as a series of ridge/transform fault segments (Sleep
1994). A recent structural analysis of the Valles Marineris fault zone (Yin 2012) likens this
trough system to the left-slip, transtensional Dead Sea fault zone on Earth: an undisputed
plate boundary. It is difficult to understand how such a structure evolved on Mars in the
absence of plate tectonics.

Is it possible that a warm and dense atmosphere on Mars was supplied by outgassing
associated with plate tectonics? If so, the Mars dynamo may have been instrumental in both
the supply and maintenance of an early dense atmosphere. The fate of Mars’ atmosphere
may well be inseparable from cessation of plate tectonics and the demise of the dynamo; a
marker for the evolution of Mars as a planet.

2.2 Interaction with the Solar Wind

Mars stands as an obstacle to the solar wind, the high velocity (supersonic) stream of plasma
emanating from the Sun. The expanding solar wind drags the frozen-in interplanetary mag-
netic field (IMF) along with it, and forms a multi-tiered interaction region about Mars as
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Fig. 4 Plasma and magnetic field environment of Mars according to the multi-fluid magnetohydrodynamic
simulation of Dong and colleagues (Dong et al. 2014). Upper left panel is a meridian plane projection of
the magnitude (color) and direction (arrows) of plasma velocity near Mars. Lower left panel shows the sim-
ulated magnetic field lines and magnetic field magnitude (colors) in meridian plane projection. Large field
magnitudes very near the planet’s surface are due to strong crustal magnetic fields, primarily in the southern
hemisphere, but strong fields due to the solar wind interaction are also encountered at altitude on the day
side of the planet. Rightmost panels illustrate flow velocity (upper) and magnetic field magnitude (lower) in
greater detail and unencumbered by flow and field vectors

In collisionless plasmas, waves provide one of the main ways of distributing energy
across the system. Ion cyclotron waves are produced when ions move in resonance with
the magnetic fields. This produces fluctuations in the magnetic field with frequencies that

J.E.P. Connerney et al.

Fig. 3 Plane projection of the magnetic field geometry above the intensely magnetized southern highlands
based on the crustal magnetic field model of Connerney et al. (1999). This figure illustrates the field geometry
that would be encountered during periapsis passes along a line of constant longitude (near 150 degrees east)
and centered at 50 degrees south latitude. Similar “mini-magnetospheres” may be encountered above much
of the magnetized crust, depending on spacecraft altitude and solar wind conditions

are encountered (equatorial fountain effect and electrojet), and in response to the im-
position of electric potentials (in particular, auroral ovals). By analogy to magnetized
planets, field-aligned currents, called Birkeland currents, flow along the magnetic field
and deposit energy into the electrically conducting ionosphere, particularly during so-
lar storms, leading to auroral displays. Auroral emissions have been observed on Mars
(Bertaux et al. 2005; Brain et al. 2006; Lundin et al. 2006; Brain and Halekas 2012)
in association with the most intensely magnetized regions of the southern highlands. On
Earth, and other planets with (dipolar) magnetic fields, auroral displays are most often
observed in the polar regions. In contrast, on Mars, auroral emissions are observed in
association with intense crustal magnetic fields that are strong enough to sustain mag-
netic fields to great heights, well above the ionosphere. Figure 3 illustrates the complex-
ity of the magnetic field observed in a meridian plane projection over the southern high-
lands, extending throughout the Mars upper atmosphere and ionosphere. The MAVEN
spacecraft will sample the magnetic field and plasma environment throughout this region
from about 120 km upwards, during “deep dip” campaigns and nominal orbital opera-
tions.

The crustal fields are strong enough to dramatically alter the nature of the interaction
with the solar wind, as can be seen in the multi-fluid magnetohydrodynamic simulation
(Dong et al. 2014) illustrated in Fig. 4. Field magnitudes are appreciably larger in regions of
strong crustal fields than they would otherwise be, creating “mini-magnetospheres” where
charged particle motion is guided by persistent, and stable, magnetic geometries. The ge-
ometry imposed by strong crustal fields dictates where field lines threading the ionosphere
link with the solar wind and distant plasma environments, giving rise to deposition of en-
ergy and aurorae. The strong crustal fields can also impose a polarity and geometry in the
magnetotail as they are drawn tailward by the solar wind (Brain et al. 2010). Numerical
simulations have amply demonstrated that the strong magnetic fields associated with the
southern highlands have a shielding effect that reduces the ion escape flux (Ma et al. 2004;
Dong et al. 2014).

Interaction	  with	  the	  Solar	  Wind	The MAVEN Magnetic Field Investigation

Fig. 2 Schematic of the solar wind interaction with Mars (from Brain et al. 2015). The solar wind carries
with it the interplanetary magnetic field (yellow) as it streams (dashed lines) toward the bow shock (green)
upstream of Mars. Intense crustal magnetic fields (orange) impose structure throughout localized regions of
the upper atmosphere and ionosphere

it interacts with the extended atmosphere and electrically-conducting ionosphere (Fig. 2).
The characteristics of the solar wind interaction with a weakly magnetized, or unmagnetized
body are in some regards similar to the flow about a magnetized planet (Luhmann et al. 1992;
Brain 2006), but for the lack of a global-scale magnetosphere within which the motion of
charged particles is governed by an intrinsic planetary magnetic field.

Since the solar wind is supersonic, a bow shock forms upstream of Mars (Fig. 2). The
slowed, shocked solar wind flows around the obstacle within the magnetosheath, a turbulent
region (Espley et al. 2004) bounded by the bow shock and a lower boundary, often referred
to as the magnetic pile-up boundary (Bertucci et al. 2003), or alternatively the induced mag-
netosphere boundary (e.g., Brain et al. 2015) or induced magnetopause. It marks the narrow
transition between plasma dominated by ions of solar wind origin and plasma dominated
by ions of planetary origin; it is often approximated by a paraboloid of revolution about the
planet-Sun line. The magnetic field extends well downstream in the anti-sunward direction,
in effect draped around the conducting obstacle, to form the magnetotail, by analogy with
the magnetotail that forms downstream of a magnetic planet. A magnetic planet imposes a
geometry and polarity on the field in its magnetotail, whereas the magnetotail formed down-
stream of an unmagnetized body changes direction in response to changes in the direction
of the interplanetary magnetic field.

However, Mars is neither an unmagnetized body, such as Venus, nor a magnetized
body, like Earth. Where the Mars crust is intensely magnetized it can establish order
over scale lengths of hundreds of kilometers much in the way the Earth’s field does. In
the Earth’s upper atmosphere and ionosphere, a complex system of currents flow in re-
sponse to solar heating of the atmosphere, particularly where horizontal magnetic fields

IMF	  <-‐>	  The	  Martian	  crustal	  magnetic	  field	  and	  atmosphere	  
-‐>	  Atmospheric	  Escape	  	第46回火星勉強会	 4	
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・	  Spacecraft	  magnetic	  field	  requirement	  
-‐>	  not	  to	  exceed	  (NTE)	  2	  nT	  static	  and	  0.25	  nT	  variable	  
-‐>	  The	  static	  fieldは，周期的に計測され，分析的に修正されていくから
限界値が大きい．	  
	  
	  
・	  The	  magnetometer	  sensor	  location	  	  
-‐>	  Solar	  arrayの末端に設置．	  
-‐>	  技術的に発生してしまうmagnetic	  contaminationが検知された．	  
-‐>	  magnetic	  screeningで解決．	  
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IUVSScience	  Requirements	
・火星を取り巻く磁場の大きさと向きを計測すること．	  
	  
・他の測器に磁場の方向を提供すること．	  
	  
・3nTから300nTまでのダイナミックレンジをとる．	  
	  
・1%もしくはそれ以上の精度と分解能．	  
	  
・20秒もしくはそれよりも細かい時間分解能を得るのに十分なサンプルレート．	  
	  
・磁場測定におけるハードウェアの冗長性を完全にする．	  
	  
・25度もしくはそれよりもよいsensor	  orthogonalityとalignment	  knowledge．	  
	  
・sensorのthermal	  control，operating	  and	  non-‐operatingのために磁化しない
a/c	  heaterを提供．	
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Table 1 Magnetometer sensor performance

Sensor type Dual tri-axial ring core fluxgates

Accuracy 0.05 % absolute vector accuracy

Intrinsic noise level 0.015 nT (most sensitive range)

Attitude knowledge Better than 0.05 degrees

Zero level stability < 1 nT

Dynamic ranges (digital resolution)a 512 nT (0.015 nT)

2048 nT (0.062 nT)

65536 nT (2.0 nT)

Intrinsic sample rate 32 vector samples/second

Radiation total ionizing dose (TID) > 50 krad (at component level)

aMeasurement uncertainty is ½ of the digital resolution, or quantization step size.

instrument dynamic ranges. Since MAVEN’s mission plan does not target specific lati-
tudes/longitudes, we need be prepared for the maximum field magnitude that might be ex-
perienced above the surface of the planet at altitudes in excess of ∼100 km. This study
used the extensive MGS database and demonstrated that a dynamic range of 512 nT might
only rarely be exceeded during the entire mission, including the “deep dip” orbits. The mag-
netometer system provided as part of the Particles and Fields Package meets and exceeds
the Project requirements with a pair of independent magnetic sensors with the performance
characteristics listed in Table 1.

4 Investigation Design and Spacecraft Accommodation

4.1 Investigation Design

The MAVEN particles and fields instrumentation form an ensemble of instruments (“Parti-
cles and Fields Package”) controlled by a single hardware-redundant data processing unit
(PFDPU) interfacing to the spacecraft. The PFP (Fig. 5) services the Solar Wind Electron
Analyzer (SWEA) instrument (Mitchell et al. 2014), the Solar Wind Ion Analyzer (SWIA)
instrument (Halekas et al. 2013), the Langmuir Probe and Waves (LPW) instrument (Ander-
sson et al. 2015), the Extreme Ultraviolet (EUV) instrument, the Solar Energetic Particles
(SEP) instrument, and the SuperThermal And Thermal Ion Composition (STATIC) instru-
ment (McFadden et al. 2015) in addition to the Magnetometer instrumentation (MAG). The
MAVEN magnetic field investigation (MAG) consists of two independent and identical flux-
gate magnetometer systems that are interfaced to and controlled by the PFDPU. The parti-
cles and fields electronics package is a stack of individual electronics boxes (Fig. 6) that
service each of the instruments; two of the “slices” are occupied by identical magnetometer
electronics frames that service the two magnetometer sensors. Each electronics box is fully
shielded and each draws power from the redundant power supplies within the PFP.

Individual and independent a/c heater electronics assemblies provide thermal control for
the MAG sensors and are also accommodated on separate cards elsewhere within the PFP.
These are powered directly by the spacecraft, providing uninterruptible power for sensor
thermal control regardless of the state (on or off) of the PFP. The a/c heaters are proportional
controllers that maintain sensor temperature within comfortable operational limits. They are
designed to insure that no dc currents can circulate in the resistive heater elements that are

・ターゲットとする高度：125〜400km	  
・MGSのデータベースを使用．（deep	  dipも含め，この観測で512nTのダイナミック
レンジを超える可能性を証明．）	  
cf.）火星 ：全球的に ±512nT	  から ±2048nT	  	  

（2つのセンサー）	
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Fig. 5 Schematic diagram of the Particles and Fields Package (PFP) and science instrumentation that it
services. The PFP Digital Processor Unit (PFPDPU) consolidates instrument power service, command, and
telemetry functions for the suite of instruments, presenting a single electrical interface to the spacecraft

Fig. 6 The Particles and Fields
electronics stack, accommodates
electronics frames for each of the
instruments in the suite, in
addition to redundant power
supplies and command and data
handling digital processor units

placed underneath the sensor base and within the sensor thermal blanketing. (The spacecraft
heaters are direct current powered and are therefore not suitable for use in proximity with a
magnetic sensor).

The magnetometer sensors are located at the very end of the solar array panels on modest
extensions (.66 m in length) designated as MAG “boomlets”, placing them approximately
5.6 m from the center of the spacecraft body (Fig. 7). Magnetometer sensors are best ac-
commodated remotely, as far from spacecraft subsystems as is practical, to minimize the
relative contribution of spacecraft-generated magnetic fields. Care is taken to minimize the
magnetic signature of spacecraft subsystems, of course, but one of the most effective ways
to reduce spacecraft-generated magnetic fields is to separate spacecraft systems and sensor,
taking maximum advantage of the 1/r3 diminution of a magnetic (dipole) source with dis-
tance from the source. Thus magnetometer sensors are often accommodated on a lengthy
dedicated magnetometer boom that is deployed after launch. Alternatively, they may be
accommodated at the outer extremity of the solar arrays, taking advantage of an essential
appendage that also deploys post-launch. MAVEN took the latter approach, much as its
predecessor Mars Global Surveyor did (Acuña et al. 2001).

PFDPU:	  a	  single	  hardware-‐redundant	  data	  processing	  unit	  	  

・2つのセンサー	  
・2つのパワー供給源	  
・独立した	  a/c	  heater	  

J.E.P. Connerney et al.

Fig. 5 Schematic diagram of the Particles and Fields Package (PFP) and science instrumentation that it
services. The PFP Digital Processor Unit (PFPDPU) consolidates instrument power service, command, and
telemetry functions for the suite of instruments, presenting a single electrical interface to the spacecraft

Fig. 6 The Particles and Fields
electronics stack, accommodates
electronics frames for each of the
instruments in the suite, in
addition to redundant power
supplies and command and data
handling digital processor units

placed underneath the sensor base and within the sensor thermal blanketing. (The spacecraft
heaters are direct current powered and are therefore not suitable for use in proximity with a
magnetic sensor).

The magnetometer sensors are located at the very end of the solar array panels on modest
extensions (.66 m in length) designated as MAG “boomlets”, placing them approximately
5.6 m from the center of the spacecraft body (Fig. 7). Magnetometer sensors are best ac-
commodated remotely, as far from spacecraft subsystems as is practical, to minimize the
relative contribution of spacecraft-generated magnetic fields. Care is taken to minimize the
magnetic signature of spacecraft subsystems, of course, but one of the most effective ways
to reduce spacecraft-generated magnetic fields is to separate spacecraft systems and sensor,
taking maximum advantage of the 1/r3 diminution of a magnetic (dipole) source with dis-
tance from the source. Thus magnetometer sensors are often accommodated on a lengthy
dedicated magnetometer boom that is deployed after launch. Alternatively, they may be
accommodated at the outer extremity of the solar arrays, taking advantage of an essential
appendage that also deploys post-launch. MAVEN took the latter approach, much as its
predecessor Mars Global Surveyor did (Acuña et al. 2001).
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Fig. 21 The MAVEN spacecraft and coordinate frames. The spacecraft payload +z axis lies close to the
boresight of the high gain antenna and the x and y axes are in the plane of the forward deck; the solar array
hinge axes are parallel to the payload x axis

observations are also provided in spacecraft payload (“pl”) coordinates, suitable for use in
association with measurements obtained by other instruments on the spacecraft. The space-
craft payload coordinate system and the MAG sensor coordinate systems are illustrated in
Fig. 21. Note that the outer solar array panels are rotated about the spacecraft x axis by
±20 degrees; this configuration is designed to assist spacecraft stability during the deep dip
passes through the extended Mars atmosphere.

Science archive products are pushed to the SDC on a regular schedule.

7 Summary

The MAVEN magnetic fields investigation will provide accurate vector magnetic field ob-
servations throughout all phases of the mission at sample rates of up to 32 vector samples/s,
depending on telemetry allocation. The instrumentation provides two-sensor vector mea-
surements for spacecraft magnetic field mitigation and complete hardware redundancy for
risk mitigation. Magnetic field vectors are provided in-flight for use by other payloads in
optimizing data collection and telemetry utilization. Spacecraft maneuvers (MAGROLLS)
will be performed during science operations approximately every two months to monitor
spacecraft fields and sensor offsets, and a series of additional in-flight tests have been per-
formed to diagnose and correct for small-amplitude spacecraft-generated magnetic fields.
These data, together with the synergistic particle observations acquired by the PFP instru-
mentation, and observations of plasma waves, ultraviolet emissions, and mass spectrometry,
will form the foundation of a comprehensive study of the Mars atmosphere and its evolu-
tion.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Inter-
national License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if changes were made.
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Ring	  core	  fluxgate	  magnetometer	  (FGM)	  
	  

	  	  	  	  ・ 3つのdynamic	  ranges	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  1)	  	  	  ±	  65,536	  nT	  -‐>	  range5	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  2)	  	  	  ±	  2048	  nT	  -‐>	  range3	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  3)	  	  	  ±	  	  512	  nT	  -‐>	  range0	  
	  	  	  	  ・ 	  分解能：	  0.015	  nT(16-‐bit	  A/D)	  
	  	  	  	  ・  Flight	  model	  1	  (FM1)	  :15.2	  kHz，Flight	  model	  2	  (FM2):16.3	  kHz	  	
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Fig. 8 Schematic of a single-axis fluxgate magnetometer (afterAcuña 2002) utilizing a tuned ring-core sen-
sor and a shared 2f sense and feedback coil

in the sensor to zero, which results in a sensor with very high linearity. The output voltage is
linearly related to the ambient field aligned with the axis of the sense/feedback coil. Several
dynamic ranges may be implemented by selection of different feedback resistors using field
effect transistors to perform the switching function.

A vector instrument (Fig. 9) incorporates three single axis analog circuits like that shown
schematically in Fig. 8, or possibly four if a redundant axis is included. The three component
(x, y, z) analog outputs are sampled on the same clock transition 32 times each second by
dedicated 16-bit Analog-to-Digital Converters (ADC) that follow anti-aliasing single pole
low pass filters (−3 dB at 16 Hz). All four ADCs are controlled by, and read by, a digital
processor that formats the data for transfer to the PFPDPU, along with housekeeping data
(temperatures, voltages, current measurements) sampled sequentially by a fourth dedicated
engineering ADC.

The MAVEN sensor (Figs. 10 and 11) utilizes two ring core sensing elements, each
of which sits inside of a pair of nested sense/feedback coils. This design uses the pair of
orthogonal sense/feedback coils to detect both components of the magnetic field in the plane
of the ring core, and to null the field in the plane of the ring core. Since each sensor element
measures the field in two orthogonal directions, one may either have a redundant measure of
the field along one axis or one may simply drive the redundant sense/feedback coil to null
with the output from the companion sensor. The MAVEN magnetometers use this approach
to null the field along the redundant axis. This design achieves superior linearity in strong
fields relative to designs using single axis sense/feedback coils and it uses only two ring
core sensing elements instead of the three required for a vector instrument otherwise. Each
sensor assembly (Fig. 12) is permanently mated to an optical cube that defines the reference
coordinate system for the sensor.

5.1.2 Analog Design

The FGM electronics (analog and digital) for each magnetometer are mounted in a sin-
gle card frame in the PFP stack (Fig. 13). The thermal controllers for the sensors are
mounted back-to-back on a small circuit board stiffener (Fig. 14) mounted elsewhere in
the PFP (instrument interface board) to avoid the possibility of interference with sensi-
tive analog circuitry. The MAVEN magnetometer electronics were developed with many

検知素子	  
（ニッケル鉄合金）	

Fluxgate	  Magnetometer	  (1)	

The MAVEN Magnetic Field Investigation

Fig. 12 Assembled sensor
assembly. Once assembled, all
parts of the sensor assembly
remain assembled except for the
lower part of the carbon
composite mounting bracket
assembly (black) that attaches to
the MAG “boomlet”. The top
part of the mounting bracket with
the attached optical cube remains
in assembly with the sensor block
throughout the entire test and
calibration program

Fig. 13 Magnetometer analog
and digital board (one of two
identical assemblies) in its
shielded frame, top cover
removed for viewing. The analog
portion is to the left, where the
sensor cable connector J25
resides, and the digital portion is
to the right. The FPGA is the
large square device on the upper
right

Fig. 14 Magnetometer a/c heater board (one of two identical assemblies, mounted back-to-back) in its carrier
frame. This assembly is mounted on the PFP instrument interface board

The two magnetometer AC heater circuits require separate +28 V supplies (+24 V to
+36 V) and operate independently and autonomously from the sensor electronics. These
power lines pass through the PFP but are powered independently of the PFP so that the
MAG sensors are supplied with operational and survival thermal power regardless of the
state of the PFP. Each AC heater circuit operates autonomously when the nominal space-
craft bus unregulated power is applied and requires no commands or external configuration.

J.E.P. Connerney et al.

Fig. 10 Expanded illustration of
the sensor assembly showing the
type LE phenolic sensor block
(green), nested sense and
feedback coils (red), base (blue),
thermal isolation feet (light blue),
clam-shell protective cover (tan),
and carbon composite mounting
bracket assembly (black) with
attached calibration cube

Fig. 11 Photograph of the
MAVEN magnetometer sensor
assembly showing the phenolic
sensor block (brown), nested
sense and feedback coils, and
sensor printed circuit board. The
sensor is provided with a
(shielded) pigtail connector to
insure that interconnect hardware
is kept at a sensible distance from
the sensor; nevertheless, all
components installed on the
MAG boomlets are subject to
enhanced magnetic screening
prior to use

tion through the entire dynamic range. All range and instrument control functions are im-
plemented in hardware. The FGM powers up in operational mode autonomously, sending
telemetry packets to the Particles and Fields Digital Processing Unit (PFDPU) immediately
and without need of further commands. A limited command set allows us to tailor the science
and engineering telemetry to available resources (via averaging and decimation of samples
or packets) and to uplink changes in the parameters that control various functions as desired.

Power and Thermal Interface Each magnetometer sensor board receives power from
the PFDPU. There are two magnetometer boards in the MAVEN implementation and each
board receives an independent power service from the PFDPU in order to maintain hardware
redundancy. The magnetometer electronics requires ±13 V from the PFDPU service. The
MAG electronics uses local linear regulators to produce the required internal voltages for
the analog reference voltage VREF (+11.4 V), current source (−8.5 V), sensor analog to
digital converters (+5 V and −5 V), and digital logic levels (+3.3 V and +2.5 V). There is
no EMI filter on the MAG electronics board for the ±13 V power supplied to MAG as this
function is provided by the PFDPU power service.

外観	

簡単な概略図	
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5.様々な大気光emission観測に特化!
6.かなり優先的に観測sequencyが組まれている

IUVSThe MAVEN Magnetic Field Investigation

Fig. 9 Simplified block diagram of one of the two identical MAVEN vector magnetometers. The tri-axial
fluxgate sensor (left) is mounted on the MAG “boomlet” at the end of the solar array and harnessed to the
electronics package mounted in the spacecraft body. The analog and digital electronics (right shaded portion)
is contained on a single multilayer electronics board that is contained in a shielded enclosure (frame) within
the PFP assembly

of the same electronics parts used for the Juno instrument, which was built to operate in
a more demanding radiation environment; as such, the MAVEN instrument substantially
exceeds the mission radiation requirement. The sensor assembly is passive and radiation
tolerant.

A common drive circuit in the analog electronics drives the two sensor ring cores cycli-
cally into saturation using a dedicated toroidal winding on each ring core. The ambient
magnetic field in each sensor is sensed by synchronous detection of the second harmonic of
the drive frequency, the presence of which reveals an imbalance in the response of the per-
meable ring core due to the presence of an external field (Acuña 2002). As with any fluxgate,
care must be taken to insure that the spacecraft does not generate interference at harmonics
of the drive frequency which could confuse the signal otherwise attributed to an ambient
magnetic field. The two magnetometers operate independently, and to ensure that one does
not interfere with the other, they are driven at different frequencies derived from the master
clock. Flight model 1 (FM1) uses a drive frequency of 15.2 kHz, and flight model 2 (FM2)
uses a drive frequency of 16.3 kHz. This results in ample separation of the second harmonic
frequencies (30.4 kHz for FM1, 32.5 kHz for FM2).

The appropriate instrument dynamic range is selected, automatically, by range control
logic within the field programmable gate array (FPGA), resulting in autonomous opera-

・3成分(もしくは4成
分)のアナログ出力
は，anti-‐aliasingの
単極ローパスフィ
ルタ(16Hzで-‐3	  dB)
を伴う16bitのA/D
変換によって毎秒
32回サンプルされ
る．	  
	  
・すべてのA/D変換

は，温度，電圧，電
流とともにPFPDPU
のデータを移行す
るデジタルプロセッ

サーによって制御
および読み込まれ
る．	

Fluxgate	  Magnetometer	  	  (2)	

センサー1つずつにこのシステム	
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IUVS J.E.P. Connerney et al.

Fig. 15 Simplified block diagram of one of the two identical MAVEN a/c heater electronics assemblies. The
tri-axial fluxgate sensor (left) is mounted on the MAG “boomlet” at the end of the solar array. The heater con-
trol electronics (right shaded portion) is contained on a single multilayer electronics board that is integrated
with the PFP instrument interface board (in order to minimize potential interference with sensitive analog
electronics). A transformer-coupled heater monitor is made available to the spacecraft engineering telemetry
so that the thermal power delivered to the MAG sensors may be monitored when the MAG electronics is
powered off

The heater pulse width modulator (PWM) starts to activate at approximately +30 ◦C and
continues to increase power as the measured temperature drops to approximately −15 ◦C,
at which point the heater is fully on. The maximum power dissipated in the 80 ! heater
is dependent upon the (unregulated) power supply voltage; in orbit about Mars, each sen-
sor consumes approximately 1 W thermal power to maintain the sensor thermal environ-
ment.

The heater circuitry resides on a daughterboard resident on the power supply circuit
board in the PFDPU; it is physically separated from the MAG sensor electronics. A sim-
plified block diagram of the heater circuit is shown (Fig. 15). The AC heater contains a
transformer-coupled input that receives 3.3 V level logic pulses from the DPU at a fre-
quency of 131 kHz and a duty cycle of approximately 50 %. This is used to synchronize
the AC heater pulse width modulation (PWM) circuitry to the PFDPU clock. In the event
that AC heater circuit power is on and the DPU clock is not present, an on-board oscil-
lator set close to the sync frequency will operate the PWM circuit. When the PFDPU is
active, the heater excitation frequency is synchronized to the PFDPU clocks. This is done to
minimize potential interference with other sensors (principally the Langmuir probe) on the
payload.

Each magnetometer heater circuit provides a transformer-coupled heater monitor as an
analog output to the spacecraft. This service is provided in order to gain visibility into heater
operation at times when the PFP (and MAG) is powered off. The voltage output of the heater
monitor is proportional to the power dissipated in the 80 ! sensor heater resistance, provid-
ing an indirect measurement of sensor temperature that is available in spacecraft telemetry.
The primary purpose of this service is to provide verification of proper functionality of the
sensor heaters in the absence of engineering telemetry from the PFP.

Fluxgate	  Magnetometer	  	  (3)	
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Fig. 16 Instrument autonomous
range selection algorithm
increases the instrument dynamic
range to prevent saturation in
response to an increasing (blue)
magnetic field magnitude in any
of the three vector components
and decreases instrument
dynamic range in response to a
decreasing field (red). The
algorithm uses “guard bands” to
prevent rapid back and forth
changes in dynamic range
(“toggling”) in the presence of
field fluctuations near range
limits. Nominal threshold values
(as a percent of the dynamic
range in parentheses) are shown
as well as nominal dynamic
ranges and quantization step sizes

parts are required to meet a linear energy transfer (LET) threshold against latchup and sin-
gle event effects (SEE) of 75 MeV cm2/mg (or undergo additional radiation testing). The
MAVEN electronics design and implementation closely follows that of the Juno magne-
tometer investigation (Connerney et al. 2015), which was designed for a more severe radi-
ation environment (50 krads TID). The MAVEN magnetometers were built from the Juno
parts list and as such greatly exceed the MAVEN radiation requirement.

5.1.5 Performance

Performance of the magnetometers was monitored throughout the test program (Table 2)
using a series of calibration procedures repeated before and after significant environmental
tests. These calibration procedures are discussed below and in more detail in Connerney
et al. (2015). FM1 preceded FM2 through development and thus had a more extensive series
of calibrations.

A sensor with linear response may be characterized by the sensor model:

[B] = [A]

⎡

⎣
s1(c1 − o1)

s2(c2 − o2)

s3(c3 − o3)

⎤

⎦

Where the true field vector [B] may be expressed as a linear combination [A] of the
sensor response; here [A] is a nearly diagonal 3 by 3 matrix. The three components of the
sensor response in counts (ci ) are corrected for small offsets (oi ) and scaled to magnetic units
with scale factors (si ). In practice we use near-unity si that are slight corrections (< 0.3 %) to
the nominal scale factors (0.0156, 0.0625, 2.000 nT/count in sensor dynamic ranges 0, 1, 3;
these correspond to 512, 2048, and 65,536 nT full scale). The matrix A is often called the
“orthogonality matrix” and it is a function of the sensor construction and alignment to the
reference cube; it is used to express the measured field in the coordinate system defined by
the reference cube normal vectors. We compared calibrations performed prior to and after

Nominalな臨界値	

磁場強度が大きくなる	  
	  -‐>	  dynamic	  rangeも大きくなる	  
	  
磁場強度が小さくなる	  
	  -‐>	  dynamic	  rangeも小さくなる 	

Saturationを防ぐために…	
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Fig. 16 Instrument autonomous
range selection algorithm
increases the instrument dynamic
range to prevent saturation in
response to an increasing (blue)
magnetic field magnitude in any
of the three vector components
and decreases instrument
dynamic range in response to a
decreasing field (red). The
algorithm uses “guard bands” to
prevent rapid back and forth
changes in dynamic range
(“toggling”) in the presence of
field fluctuations near range
limits. Nominal threshold values
(as a percent of the dynamic
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parts are required to meet a linear energy transfer (LET) threshold against latchup and sin-
gle event effects (SEE) of 75 MeV cm2/mg (or undergo additional radiation testing). The
MAVEN electronics design and implementation closely follows that of the Juno magne-
tometer investigation (Connerney et al. 2015), which was designed for a more severe radi-
ation environment (50 krads TID). The MAVEN magnetometers were built from the Juno
parts list and as such greatly exceed the MAVEN radiation requirement.

5.1.5 Performance

Performance of the magnetometers was monitored throughout the test program (Table 2)
using a series of calibration procedures repeated before and after significant environmental
tests. These calibration procedures are discussed below and in more detail in Connerney
et al. (2015). FM1 preceded FM2 through development and thus had a more extensive series
of calibrations.

A sensor with linear response may be characterized by the sensor model:

[B] = [A]

⎡

⎣
s1(c1 − o1)

s2(c2 − o2)

s3(c3 − o3)

⎤

⎦

Where the true field vector [B] may be expressed as a linear combination [A] of the
sensor response; here [A] is a nearly diagonal 3 by 3 matrix. The three components of the
sensor response in counts (ci ) are corrected for small offsets (oi ) and scaled to magnetic units
with scale factors (si ). In practice we use near-unity si that are slight corrections (< 0.3 %) to
the nominal scale factors (0.0156, 0.0625, 2.000 nT/count in sensor dynamic ranges 0, 1, 3;
these correspond to 512, 2048, and 65,536 nT full scale). The matrix A is often called the
“orthogonality matrix” and it is a function of the sensor construction and alignment to the
reference cube; it is used to express the measured field in the coordinate system defined by
the reference cube normal vectors. We compared calibrations performed prior to and after

B:	  a	  true	  field	  vector	  
A:	  a	  diagonal	  3	  ｘ 3	  matrix	  (orthogonality	  matrix)	  
	  	  	  	  	  -‐>	  センサーの構造とアライメントに関する関数	  
	  	  	  	  	  -‐>	  the	  reference	  cube	  normal	  vectorによって定義される座標系で計測される磁場	  
	  	  	  	  	  	  	  	  	  を表現．	  
ci:	  count	  
oi:	  offset	  
si:	  scale	  factor	  -‐>	  near-‐unity	  
	  
振動テストの前後でキャリブレーションを比較したところ，0.03°	  もしくそれ以上のアライ
メントの安定性を示した．	  
また，全環境テストを通して，FM1とFM2のスケールファクターは，4x10-‐4以下の変化し
かなかっ.	

A	  sensor	  with	  linear	  response	  may	  be	  characterized	  by	  the	  sensor	  	  model	
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Fig. 18 Application of offset estimation to range 0 (±512 nT range) observations obtained during the second
cruise magroll exercise, using a six second lag for vector differences, during which the field rotates in the sc
reference frame by 12 degrees. The figure in the upper left is a diagnostic hodogram of By vs. Bx . In the
lower figure a time series of the field magnitude and the negative of the field magnitude is shown (dotted
lines) demonstrating little spin modulation in the magnetic field magnitude with the estimated offsets applied
to the vector observations

the passband (0–16 Hz) of the magnetometers. The periodic signal from these sources is
typically of low magnitude (0.1–0.2 nT) but has been observed (at least in one case) to
increase in magnitude at very low reaction wheel speeds (less than 0.1 Hz). The Project is
currently evaluating a proposal to bias the reaction wheel speeds to higher RPMs during
science operations to shift the interference above the magnetometers passband (or to as high
a frequency as is practical).

We also observed variations in magnetic field associated with solar array operation that
we have identified with switching of one or more circuits residing on the outer solar array
panels. We originally detected a step variation if the field at the −Y sensor location (∼1 nT)
and the +Y sensor location (∼0.5 nT) during early cruise that occurred when the solar arrays
were essentially switched off via a command to reduce the state of charge of the batteries.
An additional in-flight test is planned prior to the start of science operations that will excite
individual circuits on the outer panels so we can uniquely identify the source and correct the
field, analytically, using spacecraft telemetry that identifies changes in switch state.

6 Operations and Data Processing

6.1 Science Orbits Operations

The magnetometers were powered again on shortly after the Mars Orbit Insertion (MOI)
maneuver and they are to remain on throughout the mission. Orbital operations then largely
consist of managing the instrument sample rate to conform to the instrument telemetry al-
location and planning spacecraft maneuvers designed to diagnose and track any changes in
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IUVS

Fluxgate	  Zeros	  and	  Static	  Spacecraft	  Field	  Determination	

目的：オフセットの安定性を見る・衛星由来の磁場の診断	  
	  “MAGROLLS”:	  周期的なMAGの構成シーケンス（science	  phase外）	  

	  1つの軸に対して〜12回転，2度/秒，6軸	  -‐>	  42分かかる．	  

In-‐Flight	  Calibrations	

J.E.P. Connerney et al.

Fig. 17 Magnetic field in spacecraft payload coordinates throughout the second cruise MAGROLL maneu-
ver on DOY 183, 2014, during which the spacecraft executes a rolls at 2 degrees/s about a principal axis
(near the z axis), followed by rolls about an orthogonal axis (near spacecraft x). Instrument dynamic range
was commanded to manual range 1 (±2048 nT) for the first few rolls about z, followed by rolls about both
z and x in range 0 (±512 nT), followed by rolls about x in range 1. After completion of the sequence, the
instruments are returned to autorange mode

which depend on deployments, and are not closely aligned with the spacecraft payload co-
ordinate system. For simplicity we refer to the roll axis closest to the spacecraft z axis as
the “z axis” roll, and that closest to the x axis as the “x axis” roll. Inspection of the vector
field during these rolls demonstrates that the rotation axes are not closely aligned with the
spacecraft payload axes in the cruise (stowed) configuration. Prior to Mars orbit insertion
(MOI) the boom-mounted auxiliary pointing platform (APP), laden with multiple science
instruments, remains attached to the body of the spacecraft.

We will use the term “offset” to describe the combined sensor zeros and spacecraft static
field in what follows. We use a statistical least-squares estimation algorithm described by
Acuña (2002) to estimate offsets. This method was developed to estimate offsets using the
Alfvenic properties of the solar wind, that is, the observation that magnetic field variations
in the solar wind tend to be variations in angular direction, preserving the magnitude of the
field. The method works very well applied to spacecraft rolls where the variations in the
vector field ought to preserve the field magnitude as well. The offset vector (O) is obtained
from a series of vector measurements (i = 1,2,3, . . . n) of the magnetic field,

O =
[
0.5(B i + B(i+l))!B i

]
[!B i]−1

Where the difference !B i = B i − B(i+l) may be formed using sequential measurements
of the vector field (l = 1) or measurements separated by l samples, chosen to provide a
suitable vector difference !B i , compared to measurement noise or instrument quantization
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Fig. 17 Magnetic field in spacecraft payload coordinates throughout the second cruise MAGROLL maneu-
ver on DOY 183, 2014, during which the spacecraft executes a rolls at 2 degrees/s about a principal axis
(near the z axis), followed by rolls about an orthogonal axis (near spacecraft x). Instrument dynamic range
was commanded to manual range 1 (±2048 nT) for the first few rolls about z, followed by rolls about both
z and x in range 0 (±512 nT), followed by rolls about x in range 1. After completion of the sequence, the
instruments are returned to autorange mode

which depend on deployments, and are not closely aligned with the spacecraft payload co-
ordinate system. For simplicity we refer to the roll axis closest to the spacecraft z axis as
the “z axis” roll, and that closest to the x axis as the “x axis” roll. Inspection of the vector
field during these rolls demonstrates that the rotation axes are not closely aligned with the
spacecraft payload axes in the cruise (stowed) configuration. Prior to Mars orbit insertion
(MOI) the boom-mounted auxiliary pointing platform (APP), laden with multiple science
instruments, remains attached to the body of the spacecraft.

We will use the term “offset” to describe the combined sensor zeros and spacecraft static
field in what follows. We use a statistical least-squares estimation algorithm described by
Acuña (2002) to estimate offsets. This method was developed to estimate offsets using the
Alfvenic properties of the solar wind, that is, the observation that magnetic field variations
in the solar wind tend to be variations in angular direction, preserving the magnitude of the
field. The method works very well applied to spacecraft rolls where the variations in the
vector field ought to preserve the field magnitude as well. The offset vector (O) is obtained
from a series of vector measurements (i = 1,2,3, . . . n) of the magnetic field,

O =
[
0.5(B i + B(i+l))!B i

]
[!B i]−1

Where the difference !B i = B i − B(i+l) may be formed using sequential measurements
of the vector field (l = 1) or measurements separated by l samples, chosen to provide a
suitable vector difference !B i , compared to measurement noise or instrument quantization

The	  offset	  vector	Diagnostic	  hodogram	  (By	  vs.	  Bx)	

offsetを導入する
と，変動が小さく
なっている？	  

-‐>磁場のベクトルの向きで調整．	

-‐>	  各センサー用のdecommutated	  telemetry	  fileへのオフセット変数の挿入	  	  第46回火星勉強会	 15	
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Fig. 19 Flow diagram of the
preliminary MAG data
processing. Preliminary
processing is done prior to receipt
of supplementary spacecraft
engineering data (e.g., solar array
currents), reconstructed
spacecraft ephemeris, and
attitude kernels, to assess
instrument health and safety and
to estimate sensor zeros and/or
static spacecraft magnetic fields.
Supplementary engineering data
and reconstructed spacecraft
kernels are typically available
with a few days to 1 week delay

packet contains sufficient information within its header to allow processing of the data that
it contains, from a magnetometer only perspective (i.e., excluding any spacecraft engineer-
ing data that may be required). The decom program produces a decommutated telemetry file
(“.dtl” extension) that is an ASCII stream of “keyword = value” pairs, utilizing a text format
similar to that employed by JPL’s NAIF text kernel readers.

6.2.2 MAG Packet Processing

MAG packet processing operates on the dtl input files, converting instrument counts to mag-
netic field in nanoteslas, and engineering measurements in counts to engineering units, us-
ing calibration files for the instruments and conversion coefficients for engineering quan-
tities (currents, temperatures, voltages, etc.). A SCLK (spacecraft clock) conversion file,
provided by NAIF, is required to convert spacecraft clock words to Coordinated Universal
Time (UTC), and a leapseconds kernel file (“leap.ker”), also provided by NAIF, is required
to maintain accuracy of UTC time conversions. The input files may contain sensor data
from either or both of the magnetometers, depending on whether the two (independent) data
streams are merged, and as is the case in archive processing, may contain supplementary
spacecraft engineering data (e.g., solar array currents, solar array switch states, etc.) for use
in spacecraft magnetic field mitigation.

Archive processing adds access to reconstructed spacecraft ephemeris (SPK) and attitude
information (C-kernels) that are delivered somewhat later than the instrument science data
on a schedule dictated by the Project. The Project currently envisions a weekly delivery
of bested C-kernels, which are pieced together from a set of many smaller files that contain
overlapping data in places, abundant data gaps, and retransmission duplicates. The C-kernels
are required to render spacecraft position and magnetic field vectors in the desired coordinate

Data	  processing	  (1)	J.E.P. Connerney et al.

Fig. 19 Flow diagram of the
preliminary MAG data
processing. Preliminary
processing is done prior to receipt
of supplementary spacecraft
engineering data (e.g., solar array
currents), reconstructed
spacecraft ephemeris, and
attitude kernels, to assess
instrument health and safety and
to estimate sensor zeros and/or
static spacecraft magnetic fields.
Supplementary engineering data
and reconstructed spacecraft
kernels are typically available
with a few days to 1 week delay

packet contains sufficient information within its header to allow processing of the data that
it contains, from a magnetometer only perspective (i.e., excluding any spacecraft engineer-
ing data that may be required). The decom program produces a decommutated telemetry file
(“.dtl” extension) that is an ASCII stream of “keyword = value” pairs, utilizing a text format
similar to that employed by JPL’s NAIF text kernel readers.

6.2.2 MAG Packet Processing

MAG packet processing operates on the dtl input files, converting instrument counts to mag-
netic field in nanoteslas, and engineering measurements in counts to engineering units, us-
ing calibration files for the instruments and conversion coefficients for engineering quan-
tities (currents, temperatures, voltages, etc.). A SCLK (spacecraft clock) conversion file,
provided by NAIF, is required to convert spacecraft clock words to Coordinated Universal
Time (UTC), and a leapseconds kernel file (“leap.ker”), also provided by NAIF, is required
to maintain accuracy of UTC time conversions. The input files may contain sensor data
from either or both of the magnetometers, depending on whether the two (independent) data
streams are merged, and as is the case in archive processing, may contain supplementary
spacecraft engineering data (e.g., solar array currents, solar array switch states, etc.) for use
in spacecraft magnetic field mitigation.

Archive processing adds access to reconstructed spacecraft ephemeris (SPK) and attitude
information (C-kernels) that are delivered somewhat later than the instrument science data
on a schedule dictated by the Project. The Project currently envisions a weekly delivery
of bested C-kernels, which are pieced together from a set of many smaller files that contain
overlapping data in places, abundant data gaps, and retransmission duplicates. The C-kernels
are required to render spacecraft position and magnetic field vectors in the desired coordinate

A	  preliminary	  MAG	  data	  processing	  pipeline	  	  
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The MAVEN Magnetic Field Investigation

Fig. 20 Flow diagram of MAG final data processing. Final processing is done subsequent to receipt of re-
constructed spacecraft ephemeris and attitude kernels using the same program elements. Data files containing
time-ordered records of fully-calibrated magnetic field vectors, rendered in several useful coordinate systems,
are the archive data products. Each record contains spacecraft position rendered in the appropriate coordinate
system along with supplementary engineering data, where useful

systems. These vectors appear in Cartesian coordinates on output records, one record per ob-
servation, at the highest time resolution available, for science data archive. Archive process-
ing may also include spacecraft supplementary engineering data, merged with the instrument
science data in dtl files, should that be necessary in processing a correction for time-variable
spacecraft-generated magnetic fields. Where necessary engineering data is not available with
the required time cadence, interpolation of the engineering data may be required; if inter-
polation is not feasible, as an alternative, the magnetic field vectors may be averaged and
resampled, if necessary. Static spacecraft magnetic fields are compensated via subtraction
of a constant (for example, determined from a previous spacecraft roll maneuver, or MA-
GROLL calibration sequence) that is passed to the analysis program via the input dtl file.

紫外線高分解能分光によるリモート観測装置!
1.Laboratory for Atmospheric and Space Physics 
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2.Far-UVとMid-UVを広くカバー!
3.高分解能(これまでの周回機の中では最高)エッシェル
モードでD/Hを観測!

4.装置独自にスキャン機構を持ちイメージング観測 
(Articulated Payload Platform; APP and scan mirror)

5.様々な大気光emission観測に特化!
6.かなり優先的に観測sequencyが組まれている
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