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Outline

Objectives

• To provide an overview of 
instrumentation for space plasma 
physics

• To describe the basic principles 
behind the most frequently used 
measurement techniques

• To outline the particular difficulties 
encountered in building 
instruments for the space 
environment

The lecture is in 7 sections

1. Instrumentation for Space 
Physics
» e.g. The Rosetta Plasma Consortium

2. Techniques for Fields
3. Techniques for Particles
4. Performance, Characterisation 

and Calibration
5. Designing for the Space 

Environment
6. Digital techniques
7. Future developments
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1. Instrumentation for Space Plasma Physics:
The Rosetta Plasma Consortium (RPC)
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RPC: THE ROSETTA PLASMA CONSORTIUM 637

TABLE IV
Mass summary.

Unit Mass/kg.

IES 1.30
ICA 2.15
LAP sensors (2) 0.36
MIP sensor 0.27
MAG sensors (2) 0.09
RPC-0 (electronics of LAP, 3.28

MIP, MAG & PIU)
Total 7.45

TABLE V
Power summary.

Instrument Power/W.

IES 2.4
ICA 2.8
LAP 2.1
MIP 2.0
MAG 0.8
PIU (including power 2.0

conversion losses)
Total 12.1

Figure 2. A schematic diagram of the RPC consortium instruments.

Rosetta Plasma Consortium (RPC)

SPAT PG 2017 - Instrumentation - C Carr
4

Mass 7.5 kg
Power 12 W
Telemetry 350 to 5200 bits/s

Carr et al., 2007



Performance Parameters for RPC
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SENSOR Parameter Range
Energy	Range 4	eV	to	22	keV
Energy	Resolution ΔE/E=	0.04
Angular	Resolution	(el) 5°	x	22.5°
Angular	Resolution	(ions) 5°	x	5°	&	5°	x	45°
Energy	Range 10	eV	to	40	keV
Energy	Resolution ΔE/E=	0.07
Angular	Resolution 5°	x	45°

Mass	Range
Cometary	atomic	&	
molecular	ions

Electron	density	and	
variations 1	to	10 6	 cm-3

Electron	temperature 10	K	to	10 5	 K
Flow	velocity 0-10	km/s
Spacecraft	potential ± 10 V
Electron	density	and	
variations 2	to	10 5	 cm-3

Electron	temperature 30	K	to	10 5	 K
Flow	velocity 0.1	to	1	km/s
Plasma	waves 7kHz	to	3.5	MHz
Bandwidth 0	to	10	Hz
Resolution 31	pT
Dynamic	range ± 16384 nT

IES - 3D Ion & Electron Distribution with 
Field of View 90° x 360°

ICA - 3D Ion Distribution with Mass 
Resolution and Field of View 90° x 360°

LAP - Langmuir Probes (2x) Plasma Density, 
Temperature, Flow velocity, LF waves

MIP - Mutual Impedance Probe Plasma 
Density, Temperature, Flow velocity; HF 

waves

MAG - Dual Magnetometer Magnetic field 
vector



Instrumentation in Space and Planetary Physics
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1. Planet 
Mercury has a 
solid interior

2. Mercury 
should have no 
magnetic field

3. The 
Mariner 10 

mission

4. 
Magnetometer

5. Mercury 
does have a 

magnetic field
6. Maybe we 
should take 

another look at 
that theory?

In space and planetary 
physics,
time from theory to 
observation is typically
decades



2. Techniques for Fields

• We want to measure
• Electric Field
• Magnetic Field
• DC to typically 10’s kHz

• Additionally we might like to get 
other plasma properties
• Density
• Temperature

• In this section
• Double-probe E-field sensors
• Langumuir and Impedance probes
• Search-coil magnetometers
• Fluxgate magnetometers
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Context: 4 Cluster spacecraft
during testing at IABG Munich
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Cluster: Multi-point Plasma Physics in Polar Earth Orbit



ESS 265 Electric Fields 5

Double Probe

� � � � dBvE xu� )�) d/21

[Pedersen et al., 1998]
[N.C.Maynard, 1998]

E-field measurement - Double Probe (1)

Dual Probe Electric Field Technique
Example: Cluster EFW (Electric Fields and Waves)
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Active Measurements
Example: Rosetta LAP and MIP
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730 A. I. ERIKSSON ET AL.

Figure 1. Mounting of the RPC sensors on the Rosetta spacecraft. The LAP spherical probes, LAP1
and LAP2, are mounted at the tips of the stiff booms. Table II gives additional detail on the geometry of
the probe mounting. The LAP electronics boards are housed in the common electronics box, RPC-0,
described by Carr et al. (in press).

ment principles are outlined in Section 3. Section 4 is an overview of the instrument
design, and Section 5 presents the LAP team.

2. Scientific Objectives

The LAP science objectives relate to the general scientific objectives of the Rosetta
mission and of the RPC consortium. The special features of LAP make it particularly
useful for the following studies, among others:

1. By monitoring the development of plasma density, electron temperature, and
flow speed from the onset of cometary activity to the perihelion, LAP will
significantly improve our view of cometary outgassing and the formation and
structure of the cometary plasma environment.

736 A. I. ERIKSSON ET AL.

Figure 4. LAP hardware. On the left, one of the two probes; On the right, the top of the RPC-0
electronics box with the lid open, exposing the LAP analog board. The probe and its supporting rod
(stub) are made of titanium with a titanium nitride coating.

comet. In addition, the knowledge of VS can support the analysis of the data on
the low-energy ions and electrons from particle instruments like ICA, IES, and
ROSINA (e.g., Engwall et al., 2006).

4. Instrument Description

4.1. SENSORS

The LAP sensors are spheres of 2.5 cm radius, mounted on 15 cm “stubs,” which,
in turn, are attached to the ends of the spacecraft booms by a “foot” (Figure 4).
Probe 1 (often referred to as P1 or LAP1) is mounted on the “upper” spacecraft
boom, also carrying the MIP antenna (Trotignon et al., in press). This boom, which
is 2.24 m in length from hinge to probe, is protruding from the spacecraft at an angle
of 45◦ to the nominal comet direction (the z axis in Figure 1; see also Table II). By
pointing to the comet, probe 1 will get access to a plasma flow from the comet as
undisturbed as possible by any spacecraft sheath or wakes, without interfering with
the field of view of other instruments. Probe 2 is mounted on the “lower” boom,
1.62 m in length, which also carries the MAG sensors (Glassmeier et al., in press).
The distance between the probes is 5.00 m, and the probe separation in the nominal
comet direction, relevant for flow measurements with the interferometry technique
(Section 3.2), is 4.55 m.

722 J.G. TROTIGNON ET AL.

Figure 5. Structural and thermal model of the MIP sensor and flight model of the electronics card.

• Langmuir probes
• Measure V vs. I characteristic of plasma by 

sweeping a voltage in the range ±20V
• Mutual Impedance probes

• Pair of Tx/Rx antennae
• Measure capacitive impedance of plasma

• Yields:
• Plasma density, temperature, waves to few MHz 

Brace

Eriksson et al., 2007
Trotignon et al., 2007



LAP/MIP Results for
10km Orbits

• 6.2 hour periodicity 
in electron, ion and 
neutral density

• Comet has 12.4 
hour rotation period
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Edberg et al., 2015

Geophysical Research Letters 10.1002/2015GL064233

Figure 1. Time series of Rosetta RPC-LAP/MIP data from the bound orbits at 10 km distance. The individual panels show
(a) the cometocentric distance of Rosetta, with the inset showing the trajectory of Rosetta around the comet in CSO
coordinates with time color coded along the track, (b) sweep data from LAP1 where the bias voltage is shown swept
from −18 V to +18 V and the collected current is color coded, (c) active spectrogram from MIP, (d) derived ion density
from the LAP1 sweeps (black) and electron density measured by MIP (red), (e) ROSINA/COPS neutral density, and
(f ) latitude (black) and longitude (blue).

[Geiswiller et al., 2001]. The electron density is plotted in Figure 1d, together with the LAP1 sweep-derived ion
densities. The electron and ion densities are found to typically be of the order of 100 cm−3, at 10 km distance
to the comet when at ∼3.1 AU from the Sun, but the ion density can occasionally be a factor of 5–10 higher.
Note that in this interval the MIP LDL mode density saturates above about 350 cm−3 due to the frequency
limit of the instrument.

The gas formed from sublimation is flowing radially outward with a velocity of the order of about 700 m s−1

[Gulkis et al., 2015] and is being partly ionized, through predominantly photoionization. The density of the
neutral gas, measured by the ROSINA/COPS, instrument are plotted in Figure 1e. Our measurements at 10 km
indicate that the ratio between plasma density and neutral density is typically 1–2 ⋅ 10−6, when comparing
Figures 1d and 1e. The peaks in ion, electron, and neutral density (coinciding with dips in spacecraft potential)
occur when Rosetta is above the neck area, i.e., in between the two main lobes of comet 67P at longitudes of
approximately +60∘ and −120∘ and creates a 6.2 h periodicity to the data. This has been seen since arrival at
the comet in early August.

Photoionization of H2O, CO, and CO2 produces electrons with a temperature of about 10 eV [e.g., Cravens et al.,
1987]. These would cool due to collisions if the neutral density was high enough, but the LAP measurements

EDBERG ET AL. PLASMA AROUND COMET 67P 4



Magnetic Field: AC ‘Search Coil’ Magnetometers

• Simple loop antenna will measure 
time-varying magnetic field

• Use of a coil (1000’s turns) 
greatly improves sensitivity

• High permeability core 
concentrates magnetic flux and 
further enhances performance

• Three perpendicular coils for the 
three components of the AC field 
vector

• Sensitivity poor at very low and 
high frequencies

• Use of flux-feedback can flatten 
the response curve
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Figure 8. Typical frequency characteristic of an induction coil
sensor.

the weight being the core). The sensitivity in this case was
10 µV (nT Hz)−1 [34].

The detailed design and optimization of an extremely
sensitive three-axis search coil magnetometer for space
research is described in [35]. The coil magnetometer
developed for the scientific satellite DEMETER had a noise
level of 4 fT Hz−1/2 at 6 kHz. To obtain the desired resonance
frequency and a resistance noise above the preamplifier voltage
noise the diameter of copper wire of 71 µm and number
of turns of 12 200 were selected. The core was built from
170 mm long 50 µm thick annealed FeNiMo 15–80–5
permalloy strips, with a cross section of 4.2 mm × 4.2 mm.
The mass of the whole three-axis sensor and the bracket was
only 430 g.

There are commercially available search coil sensors. For
example, MEDA Company offers sensors with a sensitivity
of 25 mV nT−1 and noise at 10 kHz equal to 10 fT Hz−1/2

(MGCH-2 sensor with a core length about 32 cm) or at 0.2 Hz
equal to 2.5 pT Hz−1/2 (MGCH-3 sensor with a core length of
about 1 m) [36].

5. Frequency response of search coil sensors

It is obvious from equation (1) that in order to obtain any
output voltage signal from the sensor the flux density must be
varying with time. Therefore, the coil sensors are capable of
measuring only dynamic (AC) magnetic fields. In the case of
the dc magnetic fields the variation of the flux density can be
‘forced’ in the sensors by moving the coil. However, the term
‘dc magnetic field’ can be understood as a relative one. By
using a sensitive amplifier and a large coil sensor it is possible
to determine low-frequency (mHz) magnetic fields [16, 17].
Thus, it is also possible to investigate quasi-static magnetic
fields with fixed-coil (unmovable) sensors.

AC magnetic fields with a frequency up to several MHz
can be investigated by means of coil sensors [37]. In
special designs, this bandwidth can be extended to GHz range
[38, 39]. An example of the typical frequency characteristic
of a coil sensor is presented in figure 8.

According to (7) the output signal depends linearly on
frequency, but due to the internal resistance R, inductance L and
self-capacitance C of the sensor, the dependence V = f (f ) is
more complex. The equivalent electric circuit of an induction
sensor is presented in figure 9.

R0

RL

C

C0

Figure 9. Equivalent circuit of induction sensor loaded with
capacity C0 and resistance R0.
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Figure 10. Frequency characteristics of the induction coil loaded by
the resistance R0 (the coefficient α = R/R0).

The output signal increases, initially almost linearly with
the frequency of measured field, up to resonance frequency

f0 = 1

2 · π ·
√

L · C
. (18)

Above the resonance frequency the influence of self-
capacitance causes the output signal to drop.

Analysing the equivalent circuit of the sensor, the
sensitivity S= V/H can be expressed in the form [40]

S = S0√
(1 + α)2 +

(
β2 + α2

β2 − 2
)

· γ 2 + γ 4

, (19)

where α = R/R0, β = R ·
√

C/L, γ = f/f0 = 2 · π · f ·√
L · C.

The absolute sensitivity S0 can be described as S0 =
2 × 10−7 ·π3 · n · D2. The graphical form of the relation (19)
is presented in figure 10.

The sensor loaded with a small resistance R0 exhibits a
frequency characteristic with a plateau between the low corner
frequency

fl = R + R0

2 · π · L
(20)

and the high corner frequency

fh = 1
2 · π · R0 · C

. (21)

A frequently used method for the improvement of
the sensor frequency characteristic is the connection of an
integrating transducer to the sensor output. Another method is
a load of a sensor with a very low resistance (current-to-voltage
converter). For low value of load resistance R0 (high value of
α coefficient—see figure 10) we can operate on the plateau
of frequency characteristic (in the so-called self-integration
mode).

R35



Magnetic Field: DC ‘Fluxgate’ Magnetometers

• Principle:
• Time varying current i1(t)

modulates the magnetic 
permeability of two Permalloy rods

• This modulates the flux due to the 
external DC field B

• Hence we get a time varying 
voltage u2(t) which is proportional 
to B

• Interpretation:
• The flux due to B is ‘gated’
• External field is modulated 

from DC (hard to measure)
to AC (easy to measure)

• Ring-core geometry brings 
symmetry and closed drive flux
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1.1. HISTORICAL OVERVIEW 7

Physico-Technical Research Institute [7, 15, 60] in 1944. The fluxgate contained
a rod (wire) core, fed with a relatively strong drive current. The sense coil was
wound around the core (Fig. 1.4a). In case of a constant external field H0, a second
harmonic EMF in the sense coil was created. The mechanism of the EMF creation
is not trivial. They found the dependence of the longitudinal component of induc-
tion, caused by the external field, on the intensity of the orthogonal field, caused
by the drive current. This is an effect similar to that studied by Harrison. The
authors not only demonstrated these effects, but explained both effects and helped
to develop fluxgate theory. The best parameters of fluxgates with perpendicular
fields were discovered after replacing wire cores with tubular ones [3, 63, 64]. The
tubular fluxgate scheme is shown in Fig. 1.4b.

1.1.3 Aeromagnetics Forcing the Development

Intensive study of fluxgates and fluxgate devices started with the exploration and
application of aeromagnetic surveying.

This method was started in Russia by A. A. Logachov using an induction
magnetometer with a rotating multi-curve coil [24]. The magnetometer was fixed
on an aeroplane, the first experimental flight taking place in 1936. Due to its
efficiency this method soon became one of the main ones in carrying out magnetic
prospecting work and geological charting.

Figure 1.5: Fluxgates, used in aeromagnetometers: a) with matching wind-
ings; b) with separate windings.

Not long before the Second World War, V. Vaquet drew the attention of Amer-
ican scientists to German works on fluxgates. Americans started carrying out re-
search on a grand scale, taking into consideration different variants of fluxgates,
until they focussed their attention on the design shown in Fig. 1.5. They designed
improved electronic contacts, used synchronous detecting and field compensation
for improved accuracy. Americans invented a method of automatically orientating

B

External 
field



Tri-axial Fluxgate

• Two orthogonal ring-core sensors
• Each can measure the field in 2 

orthogonal directions in the plane of 
the ring-core

• Ceramic mounting for stability
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Cluster Fluxgate Magnetometers

• Unique ‘3D’ capability from four point measurements 
e.g. speed and orientation of the bow-shock  
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3. Charged Particle Measurements

• We want to measure:
• Ions and electrons
• Their energy distribution
• Their directional distribution

• Ideally over all directions (4π sr)
• All as a function of time

• Additionally for ions we would 
like to know
• Their mass
• Their charge state

• E.g. to distinguish O+ from O++

• In this section:
• Particle detectors
• Electrostatic Analysers
• Composition Analysers
• Example instruments

[Rosetta]
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Charged particle detectors: 
The Micro-channel Plate (MCP)

• Need to count individual ions / 
electrons

• To make a charge big enough to 
read with electronics, we need 
charge amplification

• Technique similar to 
photomultiplier tube

• 105 charge gain
• Charge collected 

at an anode
plates

• Pinpoints
location of
incident particle 
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2. Theory of operation 
The theory of channel multiplication has been adequately 

covered by many authors11,16-17). The aim here is to present 
results from a simple theoretical analysis which pertain to 
particular MCP design parameters. We shall consider here 
the phenomena of ion feedback, space charge saturation, and 
dimensional scaling. Recently, a computer model has been 
developed18) which uses Monte Carlo methods to predict the 
performance of straight channel multipliers. It is well to 
keep in mind that predictions based on this model are in 
much closer agreement with experimental data than those of 
the simple theory considered here. 
 
 
2.1. THE STRAIGHT CHANNEL ELECTRON 

MULTIPLIER 
 

A diagram of a straight channel electron multiplier is 
shown in fig. 2. Pictured here is a simple mechanism where 
an incident electron produces G secondary electrons. The 
kinematics are such that G2 secondary electrons are produced 
in the second stage, G3 in the third, etc., so that the overall 
gain G is given by G =Gn. According to Schagen17), 
assuming that the secondary emission is normal to the 
channel walls, 

V
Va

aV
AVG 24

0 2/12
¸
¹
·

¨
©
§  (1) 

where V is the total channel voltage, 
V0 is the initial energy of an emitted secondary electron ~1 

eV, 
D  is the length to diameter ratio, and 
A is the proportionality constant in the assumed relation 
G =AVc

1/2, (2) 
 
where Vc is the electron collision energy in eV, and A~ 0.2. 

As V increases, so does G, the secondary electron yield, since 
each collision then occurs at a higher energy Vc. At the same 
time, the number of collisions within the channel must decrease, 
resulting in an extremum in the G vs V characteristic. A measured 
characteristic curve is shown in fig. 3 for a Galileo MCP with 
straight channels. Rather than exhibiting a maximum, the curve 
levels off at large V; this is due to secondary emission which is 
not orthogonal to the channel walls. We note here that the 
computer model of Guest18) does show good agreement with 
experimental data. 

Eq. (1) also exhibits an extremum in D, suggesting that there is 
a gain for which the inevitable variations in a from channel to 
channel have minimal effect. From eq. (1) and the condition 
d(lnG)/dD = 0, we find that 

 
5.162/13.3 0

V
V
AVaM    (3) 

 
and 
GM =exp (0.184A2V) =exp (0.0074V), (4) 
 
where GM and DM are the values of C and D at the extremum. For 
V = 1 kV, GM = 1635 and DM = 60. According to Guest18), DM 
=V/22 so that DM = 45. In any event, D is typically in the range 
40-60 for MCPs used in image intensification. 
 
 
 
 

 
 
 

 

Fig. 2. A straight channel electron multiplier. Fig. 3. Gain vs voltage characteristic for a straight 
channel MCP and a Chevron. 

INPUT CURRENT SIGNAL 
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Reprinted from Nuclear Instruments and Methods, Vol. 162, 1979, pages 587 to 601 
 
 
 

MICROCHANNEL PLATE DETECTORS 
 
 

JOSEPH LADISLAS WIZA 
 
 
 
 

1. Introduction 
 

A microchannel plate (MCP) is an array of 104-107 

miniature electron multipliers oriented parallel to one 
another (fig. 1); typical channel diameters are in the range 
10-100 Pm and have length to diameter ratios (D) between 
40 and 100. Channel axes are typically normal to, or biased 
at a small angle (~8°) to the MCP input surface. The 
channel matrix is usually fabricated from a lead glass, 
treated in such a way as to optimize the secondary emission 
characteristics of each channel and to render the channel 
walls semiconducting so as to allow charge replenishment 
from an external voltage source. Thus each channel can be 
considered to be a continuous dynode structure which acts 
as its own dynode resistor chain. Parallel electrical contact 
to each channel is provided by the deposition of a metallic 
coating, usually Nichrome or Inconel, on the front and rear 
surfaces of the MCP, which then serve as input and output 
electrodes, respectively. The total resistance between 
electrodes is on the order of 109 :. Such microchannel 
plates, used singly or in a cascade, allow electron 
multiplication factors of 104-107 coupled with ultra-high 
time resolution (< 100 ps) and spatial resolution limited 
only by the channel dimensions and spacings; 12 Pm 
diameter channels with 15 Pm center-to-center spacings are 

typical. 
Originally developed as an amplification element for 

image intensification devices, MCPs have direct sensitivity 
to charged particles and energetic photons which has 
extended their usefulness to such diverse fields as X-ray1) 
and E.U.V.2) astronomy, e-beam fusion studies3) and of 
course, nuclear science, where to date most applications 
have capitalized on the superior MCP time resolution 
characteristics4-6). 

The MCP is the result of a fortuitous convergence of 
technologies. The continuous dynode electron multiplier 
was suggested by Farnsworth7) in 1930. Actual 
implementation, however, was delayed until the 1960s 
when experimental work by Oschepkov et al.8) from the 
USSR, Goodrich and Wiley9) at the Bendix Research 
Laboratories in the USA, and Adams and Manley10-11) at 
the Mullard Research Laboratories in the U.K. was 
described in the scientific literature. These developments 
relied heavily on a wealth of information on secondary 
electron emission12) and earlier work on the technique of 
producing resistive surfaces in lead glasses by high 
temperature reduction (250-450 °C) in a hydrogen 
atmosphere13. Finally, since most of the electrical 
performance characteristics of channel multipliers are not a 
function of channel length, l, or channel diameter, d, 
separately, but only a function of the ratio l/d =D, an almost 
arbitrary size reduction is possible. Such size reduction may 
be achieved by glass fiber drawing techniques which form 
the basis of fiber op tic device fabrication14). In addition to 
a significant dimensional reduction resulting from these 
methods, a logarithmic compression of repetitive 
manufacturing steps is also possible, i.e., one can achieve a 
structure with ~106 holes requiring ~2 x 103 fiber alignment 
steps by a draw/multidraw technique. 
Prior to the application of reliable fiber drawing techniques, 
however, the first operational MCPs were built between 
1959 and 1961 at Bendix Research Laboratories15). The 
first models were assembled from thousands of single 
channel electron multipliers (~ 150 Pm channel spacing) by 
bonding them together with a low melting point solder or 
frit glass. 

Fig. 1. A microchannel plate, (cutaway view) 



The Electrostatic Analyser (ESA)
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• Voltage V applied across circular 
conducting plates

• Principle: 
• Normally incident ions (or 

electrons) with a precise E/Q
ratio follow a circular path 

• Other ions (electrons) will hit 
the plates

• V can be varied to select 
for E/Q

• Practice:
• For a given V the analyser

passes ions with a small range 
of E/Q and entrance angle α
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‘Top-hat’ Electrostatic Analyser

• Hemispherical geometry
• Rotationally symmetric 

about dashed line
• Field of view 

typically 5°× 360°

• Ring-shaped detector for 
azimuth angle 
• Typically 5 to 15°

resolution

• Problem:
• Fixed elevation angle

• Solutions:
• Spin the spacecraft
• Additional electrostatic 

deflection plates 19
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Example: Rosetta Ion/Electron Sensor (IES)

• Dual ‘top hat’ analysers for ions and electrons
• External electrostatic deflectors extends FoV to 90°× 360°
• Ion energies from 4eV up to 22keV

SPAT PG 2017 - Instrumentation - C Carr
20

RPC-IES: THE ION AND ELECTRON SENSOR OF THE ROSETTA PLASMA CONSORTIUM 705

Figure 4. Photograph of completed IES instrument shortly before the integration with the Rosetta
spacecraft. The red “Remove before Flight” cover is seen protecting the entrance grid A thermal
blanket cap covers the upper portion of the detector assembly.

A photograph of the instrument, taken shortly before integration with the Rosetta
spacecraft, is shown in Figure 4.

3.2. IES ELECTRONICS

A cross section of the integrated IES sensor and electronics package is shown in
Figure 5. The top three electronic boards comprise the high-voltage subsystem,
which produces the electron and ion MCP operating voltages, the deflection poten-
tials for the electron and ion ESA, and the voltages for the entrance angle deflection
electrodes. The bottom two boards in the electronics enclosure contain the sensor
controller circuitry. The main functions of the sensor controller are to control the
IES operating modes, acquire real-time data from the sensor, histogram the data,
and store it for downloading to the RPC Plasma Interface Unit (PIU) through an
IEEE 1355 interface. This circuitry includes an RTX 2010 microprocessor and two
field programmable gate arrays. Figure 6 shows a photograph of the assembled
system, partially folded open to illustrate the use of a flexible cable to connect the
two portions of the instrument. Figure 7 shows a schematic block diagram of the
IES electronics.

706 J. L. BURCH ET AL.

Figure 5. Cross section of the integrated instrument.

3.2.1. IES Detectors

3.2.1.1. Description. Highly integrated discrete-anode detector assemblies have
been developed for IES. A z-stack of annular MCPs is mounted in proximity to
each anode. The anode design depends upon species: electrons or ions. Both use a
16-channel discrete approach. The 16 available channels are distributed differently
for the two species, which allows for high-resolution solar wind measurements
using the ion anode. Electron anode active surfaces operate at high positive volt-
age and therefore must be capacitatively coupled to the charge amplifier inputs.
The anodes are fabricated from multi-layer polyimide printed wiring board. In the
case of the electron anode, HV capacitors are built into the printed wiring board.
The ion anode couples signals conductively, using connections (vias) through the
board. In both cases, the MCP charge pulses are coupled to 16 independent charge
amplifier/discriminator pairs. This circuitry is provided by two commercially avail-
able Monolithic Octal Charge Amplifier and Discriminator (MOCAD) chips. The
MOCADs are mounted on the back of each anode. The electrical interface to each
detector requires high voltage for the MCPs, low voltage power for the MOCADs,
sixteen digital signal lines carrying digital event pulses, a simple digital stimula-
tor for testing the MOCADS and downstream data system, and associated ground
wires.

3.2.2. IES Data Handling
The electron and ion data each are acquired at 16 polar angles, 18 azimuthal angles,
and 256 contiguous energy levels. The data are stored in compressed form in static
random access memory (SRAM) and uploaded to the PIU at an average rate of

J. Burch / SwRI



IES Sensor 

• Voltage set on deflection plates 
selects elevation angle

• Ions (or electrons) striking MCPs 
generate electron bursts which 
are collected at anodes

• Charge amplifiers and pulse-
counting electronics

• Sweeping the voltages on the 
deflection plates and the ESAs 
delivers ion and electron counts 
as a function of energy and 
direction

SPAT PG 2017 - Instrumentation - C Carr
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Figure 3. IES ESA. Shaded surfaces lie in a vertical plane through the center of the cylindrically
symmetric sensor.

at the poles of the analyzers and has the advantage that the focal point is located
outside the analyzers rather than within them, as is the case with spherical top
hat analyzers (Young et al., 1988). In addition, the IES entrance aperture contains
electrostatic deflection electrodes, which expand its azimuthal angle field of view
to ±45◦. With the typical top hat polar-angle field of view of 360◦, the IES acquires
a total solid angle of 2.8π sr.

Ions and electrons approaching the IES first encounter a toroidal-shaped
grounded grid encircling the instrument aperture (Figure 3). Once inside the grid,
the electric field produced by curved bipolar electrodes deflects ions and electrons
with an energy- and angle-dependent range of energies and azimuthal angles into
a field-free entrance aperture (see Table I for the nominal values of resolution).
The particles then enter the top-hat region and the electric field produced by the
flat ESA segments of the ion and electron analyzers. Particles within a narrow 4%
energy passband will pass through the analyzers and be focused onto microchannel
plates (MCPs), which produce charge pulses on the 16 discrete anodes that define
the polar acceptance angles.

J. Burch / SwRI



Rosetta IES Ion Measurements approaching the comet 

22Figure: J. Burch / R. Goldstein

H+

20th September 2014

He++

Identification 
of He+

(by charge
exchange)

Pick-up ions 
at low energy
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Solar wind deflection

23

October 2014 January 2015 
(~3AU) (~2.5AU)

IES measurements of solar-wind and cometary ions in the sensor azimuthal 
plane (averaged over elevation). Broiles et al.  A&A 2015.SPAT PG 2017 - Instrumentation - C Carr
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Ion Composition:
The Time-of-Flight Technique

• Principle:
• Incident 

ion has 
known 
E/Q

• Silicon detector
measures 
E=½Mv2

• Time-of-flight
gives v

• Technique measures E, M and Q
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e.g. Ulysses, ACE SWICS



Distribution of Charge States for Iron in the Solar Wind
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Alternative (smaller) Technique:
Rosetta Ion Composition Analyser (ICA)

• Ion electrostatic analyser followed by magnetic deflection
• Deflection distance measured by MCP

SPAT PG 2017 - Instrumentation - C Carr
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Figure 1. Photograph of the ICA Flight Model (FM).

et al., 1989). Furthermore an almost identical mass resolving ion spectrometer
has been flown on the Mars Express mission, the IMA sensor of the ASPERA-3
instrument (Lundin et al., 2004; Lundin and Barabash, 2004). IMA has performed
well so far during the Mars Express mission. One more copy, only slightly modified,
is part of the ASPERA-4 instrument (Barabash and The ASPERA-4 Team, 2006)
on Venus Express.

ICA consists of two parts. The cylindrical sensor unit contains an electrostatic
entrance angle selection filter, an electrostatic filter for energy-per-charge analysis,
a mass spectrograph, the detector assembly, and high voltage supplies. The data
processing unit contains the interface between the sensor and the Plasma Interface
Unit (PIU). The PIU is the common telemetry, command, and power interface
between all RPC instruments and the spacecraft, Carr (2006), this issue.

3.1. PRINCIPLES OF MEASUREMENTS

A cross-section of the ICA instrument is shown in Figure 2. Particles enter the
instrument through a 360◦ aperture covered with a grid. Behind the grid is an
electrostatic acceptance angle filter, a deflection system the purpose of which is to
deflect particles coming from elevation angles between 45◦ and 135◦ with respect
to the vertical symmetry axis. Particles passing the acceptance angle filter continue
into the electrostatic analyzer (ESA). Ions within a swept energy pass band will

RPC-ICA: THE ION COMPOSITION ANALYZER OF THE ROSETTA PLASMA CONSORTIUM 675

Figure 2. Cross-section of the ICA sensor showing the main components of the instrument.

pass the ESA. The ions are then deflected in a cylindrical magnetic field set up
by permanent magnets; the field deflects lighter ions more than heavy ions away
from the centre of the analyzer. The ions finally hit a microchannel plate (MCP)
and are detected by an anode system. The direction and mass per charge of ions are
measured simultaneously. The magnet assembly can be biased with respect to the
ESA to post-accelerate ions. This post-acceleration enables a selection of both mass
range and mass resolution. ICA is mounted such that the field-of-view is centered
on a plane that contains the Sun for nominal pointing direction, and also the comet
when in the vicinity of it (see Section 5.1 for further discussion on the field-of-view
of the instrument). The instrument characteristics are given in Table I.

3.2. ICA SENSOR

The ICA sensor measures the energy, mass, and arrival angle of positive ions. The
sensor covers the energy range 25 eV to 40 keV in stepped energy sweeps; each
sweep can contain up to 96 exponentially spaced steps. Particles enter the sensor
through a grid that can be biased negatively to 12 V relative to the spacecraft, to
repel thermal electrons and accelerate thermal ions into the instrument. This grid
can also be grounded to the spacecraft potential. Behind the grid is an electrostatic
acceptance angle filter, a deflection system whose purpose is to deflect particles
coming from elevation angles between 45◦ and 135◦ with respect to the vertical
symmetry axis. Particles passing the acceptance angle filter continue into the energy
filter, a spherical “top-hat” electrostatic analyzer (ESA). The dimensions of the
ESA is 45.0 mm (center radius) and 2.2 mm (distance between the two plates).
The ESA allows the passage of ions with energies within a prescribed passband.



Performance, Characterisation and Calibration

• Motivation:
• Validation of instrument 

performance
• Calibration against some 

traceable standard

• In this section
• Design Considerations
• Three ways to characterise an 

instrument
• Calibration

SPAT PG 2017 - Instrumentation - C Carr
27



Fluxgate Magnetometer Instrument for the 
ESA/CNSA ‘Double Star’ Mission

28
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Design Considerations

• Performance
• Measurement Range
• Resolution
• Frequency Response
• Noise
• Calibrated accuracy
• Stability (over time and temperature)

• Environment
• Reliability
• Thermal and mechanical stresses
• Radiation

• Resources
• Mass, power, telemetry
• Cost
• Schedule

29
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System Characterisation

We may fully characterise a system by measuring its
1. Transient Response 

(typically step-input y(t)=u(t))
2. Static Response 

(after transients decayed)
3. Frequency Response 

(response to sinusoidal input swept over some range of input 
frequencies)

30
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Static Response:
Deviation from the ideal

Non-Linearity

Hysteresis

31

Offset

All may introduce non-linear effects resulting
in artefacts in the data especially harmonic
distortion 
• Offset may be subtracted
• Non-linearity and hysteresis more pernicious

SPAT PG 2017 - Instrumentation - C Carr



Cluster Magnetometer Frequency Response
Bode Plot (Magnitude part only)
Bandwidth is defined as response from DC to ωc

32

-3dB

ωc

Bandwidth ~20Hz
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Uncontrolled External Input

Temperature-dependent static-
sensitivity and offset

Other environmental considerations
• Pressure, vibration, 
• Drift, ageing (electronic systems)
• Wear (mechanical systems)

33

SPAT PG 2017 - Instrumentation - C Carr



Calibration Principle

Compare against reference measurement 
with other input factors controlled / 
constant
• Cover parameter space 
• Control external factors such as 

temperature

34
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Calibration Principle

Helmholtz coils null Earth’s field and apply
test B

Temperature-controlled Box houses
Magnetometer under test

Reference magnetometer mounted
outside box

35
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Designing for the Space Environment

• Challenges
• Launch stresses
• Radiation
• Thermal extremes
• Vacuum
• Interference from other 

instruments or the spacecraft
• Reliability

• In this section
• The space environment
• Launch
• Interference and Contamination
• Use of Redundancy to enhance 

relaibility

SPAT PG 2017 - Instrumentation - C Carr
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Space Environment

• Radiation
• Radiation belts
• Solar events
• Cosmic rays
ØShielding and 

specialised electronics
• Thermal

• Extreme hot/cold
• Cycling between extremes, 

e.g. eclipses
ØDesign and prediction by modelling

• Solar UV 
(on exposed surfaces)

• Vacuum

SPAT PG 2017 - Instrumentation - C Carr
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Thermal stress analysis for Solar 
Orbiter magnetometer bracket



Launch

• Severe vibration during ascent
• Static acceleration
• Also transient shocks due to 

explosive deployments
• Fairing jettison
• Separation of spacecraft from 

launcher
Ø Mechanical design analysis and 

extensive testing

SPAT PG 2017 - Instrumentation - C Carr
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Cluster: first launch attempt, 4th June 1996
Kororou, French Guyana
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Cluster Rebuilt: 1998-1999
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Cluster spacecraft in preparation for thermal-vacuum testing 
in the IABG Space Environment test facility, Munich 



Cluster: second launch attempt, 16th July 2000
Baikonur, Kazakhstan
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Two Cluster spacecraft stacked on top of 
Fregat upper stage

Launch 16th July 2000
and subsequently 9th August 2000



Spacecraft Charging

• Electrostatic contamination due to 
charging of the spacecraft distorts 
low-energy particle trajectories
Ø Conducting surfaces
Ø Active potential control

SPAT PG 2017 - Instrumentation - C Carr
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Cluster:
Active spacecraft potential controller

Cluster:
Conducting ‘blankets’
Conducting solar panels



Magnetic Cleanliness

• Magnetic contamination due to 
currents and magnets used on 
the spacecraft
ØBoom-mounted sensors
ØMinimise sources by design

SPAT PG 2017 - Instrumentation - C Carr
43

Magnetic Testing at the MFSA facility (Munich)



Reliability and Redundancy

• Duplication of all instrument functions
• Design goal: avoid the possibility of ‘single-point failures’

SPAT PG 2017 - Instrumentation - C Carr
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Digital Signals

• Motivation:
• All modern instrumentation 

delivers a digital data output
• The trend is towards digitisation

as close as possible to the sensor
• This eliminates signal processing 

in analogue electronics
• Moves processing to the digital 

domain

• In this section
• Basic principles of sampling and 

digitisation
• Quantisation Noise
• Aliasing and the Nyquist theorem
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Sampling and Digitisation

Is a 2-stage process
Is not just a phenomenon of the digital age
All laboratory data is

1. Sampled (measurement taken every minute)
2. Digitised (number written in a lab-book)

46
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1. Sample & Hold circuit
(quantises time)

2. Analogue to Digital Converter
(quantises the measaurable)  

Electronic Digitiser

47
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Quantisation

Sampling quantises time into a set of discrete values
• Want regularly spaced samples (sampling time Ts)
• Variability or ‘noise’ on Ts is known as jitter
• Stable clock signal 

(e.g. square-wave) 
will ensure regular, 
low-jitter sampling

Digitisation quantises 
the continuous analogue 
quantity (usually a voltage) 
as a discrete number 
• Introduces an error 

to the digitised signal
• Quantisation Error

48
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• Quantisation error 
will be – over a 
long series of input 
values – uniformly
distributed between 
±½ the resolution 
of the digitiser

• Quantisation adds 
noise

• RMS noise added is

49

NRMS =
qp
12

Quantisation error
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Nyquist Theorem

A signal can only be properly sampled if it has frequency components 
below half the sample rate
• Wagon-Wheel Effect
• This is Aliasing

50
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Aliasing

51
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Frequency-domain 
Characteristics of the 
Digitised Signal

next section. As an example of this, assume
fs = 100 Hz and the input signal contains all
of the frequencies 25, 70, 160 and 510 Hz added
together. The spectrum of the analogue signal
would show all these frequencies. The spectrum
of the digital signal shows the frequencies 25,
30, 40 and 10 Hz. The first is correct, but the
last 3 are aliases.

It gets worse. If we see a signal at 10 Hz in
the digital data we have no means of know-
ing if the original analogue signal was 10 Hz,
90 Hz, 110 Hz, 190 Hz etc. It could be that
all of these signals were present, so all of the
aliases would add on top of the real 10 Hz sig-
nal, thus destroying any knowledge we might
need about the amplitude of the original 10 Hz
signal. This illustrates a key point about alias-
ing: not only does it generate new false fre-
quencies, it can also destroy information about
the correct, lower frequencies. Because it is so
important, we will study this in more detail in
the first lab session.

The Frequency Characteristics of
Sampled Signals

One important point to start with is that a sam-
pled signal is fundamentally unlike any other
kind of continuous signal you will have come
across before. According to equation 5.1, the
original signal has been multiplied by a series of
delta functions to create what we might call an
’impulse train’. It is non-zero for values of nTs,
but zero in-between. This gives it a very com-
plicated spectrum, which we can see by taking
the Fourier Transform of equation 5.1 to get3

3We will cover the integral Fourier transform in more
detail later on in the course. In general, the mathemat-
ics for sampled signals and the equivalent transforms
into the frequency domain are rather involved and be-
yond the scope of this course. The result is quoted here
to give an understanding of the behaviour of the sam-
pled signal under the Fourier transform but you would
not be expected to know or derive this.

Fs(!) =
1

Ts

1X

n=�1
F (! + n!s) (5.3)

!s =
2⇡

Ts
= 2⇡fs

This shows that the spectrum of the sampled
signal is the same as the original signal, but re-
peated infinitely along the frequency axis. Fig-
ure 5.3 gives a graphical illustration of this.
Panels (a) and (b) show the original signal and
its spectrum. We can see that the signal is lim-
ited to a band of frequencies below the Nyquist
frequency, so we should be able to sample it
properly. In fact, we are sampling comfortably
above this at about 3 times the highest fre-
quency in the analogue signal. Note that this
signal and its spectrum is highly stylised; real
signals rarely have such neatly compact spec-
tra, as we shall see later, however it illustrates
a principle here.

Panel (c) shows the sampled version of the sig-
nal, in the form of an impulse train, and in
the spectrum (d) we can see the new repeating
frequencies generated by the sampling process.
The reason for this is not straightforward but
once understood does provide a rather satisfy-
ing explanation for aliasing. In equation 5.1
we can see that the original signal was multi-
plied by an infinite sequence of delta-functions
(the so-called comb function). Now, the Fourier
transform of the comb function happens to be
another comb function4. Further, multiplica-
tion in the time-domain is equivalent to con-
volution in the frequency domain. Therefore,
in the frequency-domain we expect that the
spectrum of the sampled signal is the spectrum
of the original signal convolved with a comb
function. This is why the spectrum repeats in-
finitely. Note that in the figure only the posi-
tive frequency range is shown. We know that
the Fourier transform generates negative fre-
quencies as well; this is what accounts for the
part of the spectrum labeled “lower-sideband”.
The spectra “copies” repeat each multiple of the
sample frequency. If we reduce the sample rate

4See the table of Fourier transforms in Poularikas

20
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Figure 5.3: Sampled Signals in the Frequency Domain (from Smith, www.dspguide.com)

21

Proper Sampling 
(obeys Nyquist)

Improper Sampling
(aliasing)
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Avoid Aliasing:
High design priority

• Anti-alias filter
» Filters the analogue signal
» Removes frequencies higher than the Nyquist limit 

53

SPAT PG 2017 - Instrumentation - C Carr



Future Developments

• Challenges
• Reducing mass
• Reducing power
• Smaller spacecraft
• Increasing the cadence for 

plasma distributions

• In this section
• Digital replaces analogue
• New sensor technologies
• MMS
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Digital Replaces Analogue circuitry

• Decrease the number of components
• Increase the reliability 
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Digital Fluxgate Magnetometer Electronics
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e.g. O’Brien et al., 2007



Particle Detectors

• Micro-machined Electrostatic Analyser

• Fast plasma distribution
measurement
e.g. MMS Fast Plasma Exp.
• 3D ion and electron distributions in 

150ms and 30ms respectively
• 8 ion and 8 electron analysers!
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MEMS Analyser
head compared 
to conventional 
electrostatic 
analyser
(Bedington et al.) 



‘Solid-State’  sensors 
e.g. magnetoresistive magnetometer

• Anisotropic magnetoresistive sensor replaces fluxgate
• Small / light / low-power
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MAGIC
Magnetometer
e.g. Brown et al., 2012
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