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Preface

Those who do not learn the lessons of experience
will be forced to repeat them.

(after philosopher George Santayana)

Space physics deals with the properties and physical processes that occur in the near
vacuum surrounding stars and planets. This volume of space is not empty but is permeated
by electromagnetic fields and waves and by particles, both charged and neutral. Exper-
imentally the science is largely pursued through in situ measurements by particles and
fields instrumentation.

This instrumentation is designed to collect and return quantitative data that will enable
scientists to validate or reject existing theories, formulate new questions, and broaden our
understanding of the world, the solar system, and the universe around us. However, for this
to happen effectively, it is essential that instrumentation be properly calibrated so that the
measurements obtained are an accurate characterization of the environment. Without such
an accurate calibration it is doubtful that the data obtained will be interpreted correctly.

Despite the importance of having accurate calibration, there are a number of reasons
why calibration may be incomplete or inaccurate. The fundamental approach to calibrating
an instrument, such as a particle sensor, is to determine the instrument’s response to a par-
ticle beam having well-defined (known) properties in energy, angle, cross-sectional area,
particle charge and particle mass. This is a time-consuming endeavor and it is clear that
measurements can only be made for a discrete subset of the entire parameter space. Further,
space research projects often have tight timelines for the development and deployment of
instrument hardware. Although there are always good intentions to set aside sufficient time
for a thorough calibration, experience has shown that unexpected delays accumulate, thus
reducing the time available for calibration.

In addition, there are differences in the absolute calibration (easily by a factor two)
between similar instruments calibrated at different institutions as well as between instru-
ments of different design intended to measure the same physical parameters. The situation
is further complicated because the parameters space physics instrumentation are intended
to measure do not have a calibration standard available in space to provide an absolute cali-
bration. This is in contrast to astronomy where standard candles are available in the form of
stars that have been well characterized from the ground. Also remote sensing instruments
have ground truth sites available to check on-board calibration. This underscores the need
for better traceability and a calibration transfer standard for space physics instrumentation.

Even when an instrument has been adequately calibrated prior to launch, that instru-
ment may degrade in the space environment and the initial calibration may no longer
be valid. Degradations can occur due to contamination (e.g. outgassing), environmental
effects (e.g. atomic oxygen, radiation), or aging. For example, bias voltages in open win-
dowed electron multipliers, such as micro-channel plates, need to be increased periodi-
cally, as the gain of the device decreases with the amount of extracted charge. These issues
become particularly important for in situ autonomous systems that are intended to provide
valid measurements over long periods of time.

XiX
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Another situation in which a single pre-flight calibration may prove inadequate is when
the data returned from space indicate that phenomena are occurring that are outside the
parameter space covered by the initial calibration. This can happen because many missions
are unique in that they sample regions that have not been explored before (comet missions,
solar polar orbit, interstellar space, Pluto) or regions that have not been explored in great
detail (Mercury, outer planets). Once some data has been obtained from these regions,
it may become clear that improving the instrument’s calibration in certain areas of input
space (e.g., for particular masses and energies) will become necessary to properly interpret
data obtained in unanticipated physical situations. Re-calibration may be attempted using
an engineering model as a surrogate for the flight instrument.

Multi-spacecraft missions involving a large number of identical instruments will place
an even greater pressure on instrument calibration. First, calibration is time consuming and
time at a calibration facility is limited. Calibrating at different facilities in parallel involves
dealing with differences in absolute calibration and different capabilities of the facilities.
Second, calibration in flight involves the difficulty of finding truly identical conditions in
space. Third, the role of multi-point measurements is largely to determine gradients in
physical parameters — which must be real and not artifacts of poor instrument calibrations
if the science goals are to be met.

Today, most of the calibration knowledge and experience has been handed down within
individual research groups. Some scattered reports exist on the calibration of space physics
instruments, but generally calibration reports in this field are not published (in contrast to
i.e. the Earth remote sensing community) since that task is often not considered science.
There is no textbook that describes in one place the details and intricacies of the calibration
of such instruments. However, thorough, exact and accurate calibration lays the foundation
for the analysis and proper interpretation of space physics observations that are vital to
progress in the field and, for that reason, should get the required attention. It is the goal of
this monograph to provide the information necessary to lay this foundation.

Space physics addressing the particle environment must deal with many orders of mag-
nitude dynamic range in particle energy range, flux, and density. In order to constrain the
scope of the book, the material concentrates upon instruments for atomic and molecular
particle measurements, both charged and neutral, with greater emphasis upon particle ener-
gies less than 100 keV. While material concerning neutral gas mass spectrometers designed
for ionospheric and aeronomical research is included in this monograph, discussion of
instruments dealing with typical planetary applications, such as lander instruments, laser
ablation mass spectrometers or combination instruments such as gas chromatograph/mass
spectrometers are not covered. However, many of the calibration methods that are dis-
cussed could be applied to those instruments with little modification.

The book is structured as follows:

Chapter 1 gives a brief background of the science questions important to the field
of space physics and outlines the measurement requirements necessary to address those
questions.

Chapter 2 describes the particle detectors that are currently employed and a subset of
the many instrument designs incorporating such detectors that are used in experimental
space physics research. Emphasis is given to instruments whose calibration and in-flight
operation are discussed in more detail in subsequent chapters. Although the book focuses
on particle instruments, a brief discussion of wave instruments is included because wave
measurements provide independent information about certain aspects of the local charged
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particle environment that are often used for in-flight cross calibration with particle mea-
surements.

Chapter 3 describes the preflight calibration techniques. This material includes infor-
mation about the proper design of the laboratory calibration facility but concentrates upon
what aspects of an instrument warrant careful calibration and how to perform those tasks.
The importance of determining in the laboratory the out-of-band or undesired responses
on the part of an instrument is discussed because such responses are often significant in
space operation.

Chapter 4 discusses techniques to assure proper calibration is verified and maintained
once the instrument is in space and to identify and compensate for instrument degradation
that will occur over time.

A brief summary and outlook chapter concludes the book and is followed by a number
of appendices, which hopefully will be useful in the daily work.

The editors greatly appreciate the work of all working group participants as well as the
external referees.

This book would not exist without the generous support provided by ISSI, who made
resources available to support this project. We especially thank the ISSI staff for their
warm hospitality that made this project possible and enjoyable.

Martin Wiiest, David Evans and Rudolf von Steiger
Bern, August 2007
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Introduction

MARTIN WUEST!, GOTZ PASCHMANNZ, AND DAVID S. Evans?

VINFICON Ltd., Balzers, Liechtenstein
2International Space Science Institute, Bern, Switzerland
3Space Environment Center, NOAA, Boulder, CO, USA

1.1 Particle Environments

This book is about calibration of particle instruments that are being flown on spacecraft
to investigate the plasma and neutral gas environment of planetary upper atmospheres,
ionospheres, magnetospheres, interplanetary space, and eventually, interstellar space. In
these regions one finds particle populations that have very different energy ranges, direc-
tional characteristics, mass and charge composition, intensities, and time variations. In this
chapter we will introduce some typical characteristics of these environments and the impli-
cations they have on instrument design and calibration. We also briefly describe how basic
measurements are converted to meaningful physical quantities used in scientific research.

To illustrate the range of intensities and energies that can be found in the various parti-
cle populations encountered in the heliosphere, Figure 1.1 shows the flux levels and ener-
gies of oxygen ions, which extend over 18 orders of magnitude in flux and seven orders of
magnitude in energy/nucleon.

As another example, Figure 1.2 shows the differential energy fluxes and the energy
ranges encountered in various regions of Earth’s magnetosphere and the adjacent solar
wind. For ions, the fluxes have a dynamic range of seven orders of magnitude. For electrons
the dynamic range is less severe but still more than four orders of magnitude. The particles’
energy ranges extend over nearly four orders of magnitude in either case.

Turning to neutral gas measurements, Figure 1.3 demonstrates, for the case of Earth’s
atmosphere, the large dynamic range in gas densities that instruments have to cope with.

1.2 Measurement Requirements

Depending on the particle characteristics — their energy range and directional
characteristics, their mass and charge, their intensities, and time variations — quite different
measurement techniques and instrument designs must be employed. These are discussed
in detail in Chapter 2. Here we only point out some general design considerations.

Fluxes, Energy Ranges, Time Resolution

For the case of Earth’s magnetosphere and its environs (cf. Figure 1.2), an ion instrument
with a fixed total geometric factor would have to cover a dynamic range in count rates of
seven orders of magnitude, which is not presently feasible. Thus one either has to divide
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Figure 1.1: Typical oxygen spectra for different populations of particles in the heliosphere. Adapted
from von Rosenvinge et al. [1995].

the task between different instruments, or provide a means to change geometric factors. For
electrons the dynamic range is less severe but still more than four orders of magnitude. In
either case, the instruments would have to cover an energy range of nearly four orders of
magnitude.

Naturally, the particle environment and the science objectives also drive the time res-
olution with which the measurements need to be made. The highest demands arise from
measurements of plasma discontinuities and their substructures in the solar wind or the
magnetosphere that can pass over a spacecraft within less than a second; or the measure-

ment of particles above narrow auroral arcs that low-altitude spacecraft cross within tens
of milliseconds.

Angular Coverage
A rough idea about the needed angular coverage can be obtained by considering three
characteristic velocities: the thermal velocity of the particle distribution, V;j, their bulk
velocity, Vj, and the spacecraft velocity, V..

If Vp, is much larger than V;, as is the case for ions in the solar wind, particle velocities
are constrained to a narrow range of directions and magnitudes, and an instrument there-
fore needs to cover only a limited range of directions and energies, but with high angle and

energy resolution. In this case a three-axis stabilized spacecraft is adequate as long as one
axis faces the Sun.
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If the opposite is true, i.e., V;, much smaller than V;j, particles will arrive from all
directions and an instrument will therefore have to cover the complete 47 solid-angle
sphere. This situation applies to solar wind electrons and to much of the plasma in Earth’s
magnetosphere. The necessary 3-D coverage (energy, azimuth-, and elevation-angles) is
easy to achieve on a spinning spacecraft. In this case a single instrument can sequentially
sample all directions, but the time resolution will be limited to the spacecraft spin period.

The time resolution can be increased by placing a number of such detectors around the
spacecraft circumference, at the expense of increased calibration requirements. Resource
limitations not withstanding, one could deploy enough detectors so that their azimuth
acceptance angles abut, and thus sample the full distribution instantaneously. The time
resolution would then be limited only by the counting statistics. A more practical solution
is to use fewer detectors, but equip them with electrically steerable azimuth acceptance
angles to fill in the gaps that would otherwise remain. Multiple instruments, designed with
this feature, may also provide for full angular coverage on non-spinning, three-axes stabi-
lized spacecraft.

If in addition to V}, < V}, the distributions are axially symmetric with respect to the
magnetic field, then 2-D measurements (energy and pitch-angle) are adequate. This is the
case for auroral electrons, for example.

A special situation arises if Vi, is much larger than V;j, and Vj, is small as well (as
is typical for low-altitude spacecraft). In this situation all particles will be incident on a
forward facing detector aperture (“ram direction”) at an energy determined by V. and
particle mass.

Ion Composition

Measurement of the ion mass- and charge-composition is important for two reasons. First,
it provides information on the origin of the plasma. A good example is the distinction
between solar wind and ionospheric origin of plasma in Earth’s magnetosphere through
the measurement of helium and oxygen ions and their charge state: He?" ions indicate a
solar wind origin, while O™ ions indicate an ionospheric source.

The second reason is the effect of even small abundances of heavy ions for the plasma
mass density. For example, the presence of only 6 % by number of oxygen ions will cause
an almost 100 % increase in the mass density. The mass density, in turn, is what matters in
many quantitative relations, such as momentum balance, or the Alfvén velocity.

Neutral Gas Composition

In general, mission requirements dictate the gases desired to be measured while the pres-
sure/flow regime and the speed of the gas relative to the spacecraft or probe dictate the
type of gas inlet system. In the case of the orbiter or flyby instruments, atmospheric gas
with no winds observed in the spacecraft frame of reference has an equivalent energy
that depends on the mass of the gas and the spacecraft speed. The energy is %M VSZC =
5.182 x 1073M V2 eV where M stands for the species molecular weight in u (atomic
mass units) and Vi, is the spacecraft speed in km s~!. Room temperature gas at 300 K has
0.039 eV energy, independent of mass. The gas speed in the spacecraft reference frame
ranges from 1 km/sec for the Rosetta comet Churyumov-Gerasimenko orbiter to as high
as 68 km s~! for comet Halley. This is an energy range of the order of electron volts to
several thousand electron volts.
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Another aspect of upper atmosphere sampling is the vehicle gas flow regime. The
gas flow around the vehicle can be described by the Knudsen number, Kn, (equal to the
ratio of the atmosphere mean free path to a typical vehicle dimension). It can range from
continuum (viscous) flow (Kn<1) to free-molecular flow (Kn>>1).

1.3 Conversion to Physical Quantities

To convert the raw measurements (i.e., counts collected as a function of energy, angle,
particle species, etc.) into physical quantities, the instrument characteristics, i.e., the total
geometric factor as function of direction, energy, mass, must be known (see Chapter 3
for details). Depending on the nature of the data and/or their intended use, different phys-
ical quantities are being used to characterize and quantify the properties of the particle
populations.

1.3.1 Particle Fluxes

Particle intensities can be characterized in a number of ways (See also Table D.2).
Some common choices are:

e Number flux. This term refers to the number of particles passing though a unit
area per unit time, usually integrated over energy and angle. The units are parti-
cles (cm?s)~!, which strictly speaking should be called number flux density. The
unit area is usually understood to be oriented perpendicular to the particle’s velocity
vector.

e Differential directional number flux. This means particle flux per unit energy (com-
monly in units of eV) and solid angle (sr), usually measured over a range of energies
and directions. Usually referred to as j, with units (cm? ssreV)~l.

e Differential directional energy flux. Often denoted (EJ). Units are eV(cm? s sr
eV)~!. For a typical plasma instrument this quantity is directly proportional to its
count rate. Some examples are given in Figure 1.2.

e Total energy flux. This denotes particle flux integrated over the energy range of an
instrument at some fixed direction (or integrated over angle). Units are eV(iem?s)~ L.

Conversion to flux sometimes requires making assumptions about the nature of the
underlying distribution functions. For example, omnidirectional detectors have no intrinsic
angular resolution. Thus the conversion to particle flux requires some assumption regard-
ing the angular distribution of the incident particles.

1.3.2 Velocity Distribution Function

The velocity distribution function, f(v), refers to the number of particles per phase
space volume (denoted as phase space density), as a function of particle velocity. Units
are s> m©® or s> cm™®. Sometimes s> cm™3 km™3 are used to indicate that densities are

commonly in cm™3 while velocities are in km s~
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Modern 3-D plasma instruments acquire thousands of samples per distribution. For
example, an instrument that samples 30 energies E, 16 azimuth angles ¢, and 8 polar
angles 6, will collect a total of 3840 count rate samples, C;jx = C(E;, ¢}, k), per space-
craft spin. To transmit these distributions with full energy/angle resolution as often as
they are measured usually far exceeds the telemetry allocation. Reduction of the num-
ber of energy/angle samples before transmission, application of efficient data compression
schemes, the reduction of the distribution function to a set of its moments (see below), or
a combination of these measures, are possible solutions to this dilemma.

Full 3-D distributions are not measured instantaneously, but their sampling is typically
spread over a spacecraft spin period. To construct the distributions one usually assumes
that no time variations occur while the distribution is being accumulated.

To generate the velocity distribution function of a given particle species requires the
conversion of the counts into phase space density as a function of velocity and direction.
For an electrostatic analyzer, f;jx o« Ciji/ v?j «» With a proportionality factor given by the
detector total geometric factor.

Details on the measurements of the velocity distribution functions may be found in
Fazakerley et al. [1998].

1.3.3 Moments

In many circumstances the quantitative analysis and interpretation of plasma measure-
ments requires the knowledge of the moments of the distribution functions. The definition,
computation and error sources of the moments, as well as their use are discussed in detail
in Paschmann et al. [1998]. Here we repeat only some of the basics.

The moments of the velocity distribution function, f(v), of a given particle species of
mass m are defined as

Mj=m ff(v) v/ v (1.1)

where v/ is a j-fold dyadic product, and d3v is the volume element in velocity space.

The moments commonly used are the zero-, first-, second-, and third-order moments,
i.e., the mass density, p, the mass flux density vector, pV, the momentum flux density
tensor, [, and the energy flux density vector, Q, respectively:

p =m/f<v>d3v (1.2)
oV :m/f(v)vd3v (1.3)
n =m/f(v)vvd3v (1.4)
Q= %ff(v)vzvd% (1.5)

Dividing p and pV by the particle mass m, one obtains the number density, n, and the
number flux density vector, nV, respectively.

From the zero- and first-order moments one can compute the average velocity, V, of
the particles, referred to as the bulk velocity:

V=(V)/p (1.6)
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Converting the momentum flux tensor and the energy flux vector to the frame where
the average velocity is zero, one obtains the pressure tensor, P, and the heat flux vector,
H:

P=N-pVV (1.7)
1 1
H:Q—V~P—EVTr(P)—§pVV2 (1.8)

Using the definition P = n kg T, where kp is the Boltzmann constant (1.38 x 10723 J
K1), one can convert the pressure tensor into the corresponding temperature tensor. Scalar
pressures and temperatures can be obtained from the trace of the associated tensors: p =
Tr(P)/3and T = Tr(T) /3.

From the measured count rates, the moments are computed according to the definitions
given above. But because the distribution function is only sampled at discrete velocities,
the integrations are replaced by summations, and usually the assumption is made that

£ (v) is constant over the integration volume elements, d>v. For details see Paschmann et
al. [1998]. See also Appendix D.3 for a listing of moments.

1.3.4 Gas Densities

For thermal neutral gas spectrometers in a moving spacecraft, the detector output can
be converted to the gas number density for several different geometries if the sensitivity of
the instrument is known for the gases being measured (see Sections 3.1.2 and 3.1.3).

1.4 Required Accuracy

An important constraint on instrument design and calibration is imposed by the mea-
surement accuracy required to answer a certain science question. This is illustrated below
by considering two extreme cases. First, a monitoring mission, such as the NOAA satel-
lites. Second, the four-spacecraft Cluster mission, where one of the goals is the determi-
nation of spatial derivatives of plasma and field properties.

POES

The Polar Orbiting Environmental Satellites (POES) operated by the National Oceanic
and Atmospheric Administration (NOAA) are in sun-synchronous, 98° inclination, low
altitude (nominally 840 km) orbits. The instrument complement includes a Space Envi-
ronment Monitor (SEM) designed to monitor the charged particle environment in the near-
space environment.

The principal purpose of the SEM is to monitor routinely the intensity, location, and
spatial extent of energetic charged particles at low altitudes over latitudes ranging from the
equator to the polar regions. The intensities and spatial extents of these particle populations
provide information about the levels of geophysical disturbance that affect, for example,
trans-ionospheric radio propagation. The observations also provide information about the
intensity and location of penetrating ionizing radiation for NASA’s manned space flight
program. On occasion the observations have assisted in the analysis and resolution of
anomalies experienced by other spacecraft and by ground systems.
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In order to appreciate the nature of the pre-flight calibration process and the post-
launch performance verification and monitoring for the SEM instruments, it is important
to recognize the difference between the monitoring nature of the NOAA-POES mission
and a scientific satellite program. The primary value of the monitoring function is perhaps
best summarized by the term “situational awareness”. This means, for example, provid-
ing information about the state of the space environment in terms of how “stressful” that
environment is in comparison with its quiescent state. Because of the qualitative nature of
“situational awareness”, there is less incentive (albeit still desirable) to obtain the high-
est quality pre-flight calibration of the instruments than in the case for scientific satellite
instrumentation.

Cluster

Cluster is a science mission consisting of four identical spacecraft flying in close formation
through Earth’s magnetosphere and its environs. A prime goal of the mission is the deter-
mination of spatial derivatives of measured scalar or vector quantities. Taking differences
between the magnetic field vectors measured at the four spacecraft positions, for example,
allows to calculate V x B, and thus to estimate the local electric current density directly
from Ampere’s law. Likewise, taking differences between the (scalar) plasma densities at
the four spacecraft positions allows to construct the magnitude and direction of the density
gradients.

To reliably measure such differences, particularly when the spacecraft are close together
and the differences are therefore small, is an experimental challenge. Take the case of
Earth’s magnetopause, where gradient scale lengths are typically several hundred km.
Using as an example a scale length of 300 km and spacecraft separated by 100 km along
the magnetopause normal, measuring densities with 10 % accuracy, one can determine the
density gradients with only 60 % accuracy. To increase this accuracy to 20 % would already
require a 3 % measurement accuracy for the densities. This is a tight requirement for the
calibration, albeit only required in a relative sense. Similarly, spacecraft at 100 km sepa-
ration in the magnetopause current layer will record magnetic field differences of order
10nT or less. To determine those with 10 % accuracy requires measurement accuracies of
1 nT or better.

Another goal of Cluster is to determine the orientation, speed and thickness of thin
plasma boundaries, such as the Earth’s bow shock, magnetopause, or the current sheet in
the magnetotail, from the timing of their passage over the four spacecraft. This goal puts
severe constraints on the necessary time resolution of the measurements, because these
boundaries can move very fast and pass over the spacecraft within a few seconds.

1.5 Error Sources

Sources of errors or uncertainties in the measurements and the derived physical quan-
tities are numerous. If the goal is to compute fluxes or distribution functions, then uncer-
tainties arise from

e uncertainties in geometric factor,

e degradation of detector efficiency,
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degradation of analyzer voltages,

out-of-band response,

e sensitivity to solar UV,

e dead-time effects at high count rates,

e poor counting statistics at low incident fluxes,

e aliasing caused by time variations in the incident particle population.

Some of these uncertainties are introduced by imperfections in design and/or calibra-
tion. Calibration concerns primarily the total geometric factor of an instrument, including
detector efficiency, or the determination of the energy- and angle-passbands. Any degra-
dation in detector efficiency after calibration introduces (unknown) uncertainties if such
changes remain undetected or cannot be quantified. Similar uncertainties are introduced
if the voltages applied to define the energy- and/or angle-passbands degrade in some
unknown fashion. Any responses to solar UV, or to particles outside the primary energy-/
angle-passbands can in principle be determined through extensive calibration, but com-
plicate the conversion to meaningful quantities, and thus fall more into the category of
design-driven uncertainties. Dead times in the detector or its associated electronics intro-
duce losses in counts at high count rates that can be calibrated out in some limited sense
only.

Low values of the counts accumulated per sampling interval introduce uncertainties
that have nothing to do with calibration, but are a fundamental experimental limitation.
Poisson statistics guarantees that their relative uncertainty decreases as one over the square-
root of the counts. A design with increased geometric factor is not a solution for this prob-
lem if the detector would then be saturated in other, high intensity environments. Time
variations in the incident particle distribution that occur within the accumulation time of
the measurements are an obvious source of errors as well. Speeding up the sampling solves
this problem only if the statistical error resulting from the reduced number of counts per
sample remains adequate.

If the goal is to compute moments of the particle distribution function, then additional
errors arise from

e limited energy range and/or energy resolution,
e incomplete angular coverage and/or resolution,

e spacecraft charging.

Obviously, if an important part of the incident distribution is not measured, because
it falls outside the energy- and/or angle-range of the instrument, one cannot expect the
moments, for example the particle number density, to correctly represent the incident pop-
ulation.

Spacecraft charging presents a special problem. If it is such that it attracts the particles
of interest (negative in case of ions, positive in case of electrons), then it increases the
energy of the incident particles. This energy increase can be corrected for if the value
of the potential is known. However, if the sign of the potential is such that it retards the
particles of interest, then there might be particles in the incident distribution that can no
longer reach the detector, with obvious consequences that cannot be corrected for.
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2.1 Introduction

This book describes methods of laboratory calibration and in-flight performance ver-
ification for space particle instruments. To perform those tasks properly requires a good
understanding of the instrument and its operating principle. This chapter describes the
basic operating principles of common particle instrument designs whose laboratory cali-
bration and post-launch operation are discussed in later chapters. This section is not meant
to be an exhaustive review of all instruments and their variants. For in-depth understanding
of the instruments, design guide lines or a particular instrument we refer to other review
papers or books such as Vasyliunas [1971], Wilken [1984], Benninghoven et al. [1987],
Cruise et al. [1998], Wertz and Larson [1999], Pfaff et al. [1998a], Pfaff et al. [1998b],
Balogh and Pedersen [2008], and to specific instrument papers.

A typical space flight particle instrument consists of several elements (Figure 2.1).
Which of the elements are present depends on the particular instrument technique and
implementation. First, there invariably is a collimator or gas inlet structure. This structure
essentially defines the field-of-view and shields the subsequent sections from unwanted
stray particles, photons and penetrating radiation. Following this section, in neutral particle
instruments only, there is an ionization element to convert the neutrals into ions that are
amendable for further analysis by electromagnetic fields or, when appropriate, by time-of-
flight techniques. After the collimator and ionization sections, there is an initial analyzer,
such as a solid-state detector or an electrostatic analyzer, where the charged particles are
filtered according to their energy per charge. This may be followed by a second analyzer
section that performs ion mass discrimination. Finally, the particle encounters a detector

11
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Figure 2.1: Major elements of a space flight particle instrument.
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that converts the arrival of the particle (and often its energy) into an electric signal that
can be further processed in a signal processing section. The resulting digital data is passed
to the spacecraft data handling system and relayed to the ground via regular spacecraft
telemetry. On the ground the raw data is further processed to obtain physical parameters.

Mission design, spacecraft design, hardware design choices as well as software com-
pression and binning schemes affect the performance of the instrument. Starting from what
environment needs to be studied (density, species, characteristic velocity if any, charac-
teristic Mach number if any, temperature (7', 7)), pressure tensor, distribution function
knowledge, intrinsic time of phenomenon, boundary types and characteristic lengths) mea-
surement requirements are derived such as geometric factor, signal to noise, mass range,
mass resolution, energy range, energy resolution, field-of-view, energy/angle resolution,
time resolution of measurement, and analyzer type.

In spite of the fact that space particle instruments have been constructed in a wide
variety of geometries and using many combinations of particle energy, charge state, par-
ticle mass, and species analysis, there are in fact only a few basic techniques that exist
for selecting particles with specific properties. These are analysis solely by static electric
fields, analysis solely by magnetic fields, analysis by combinations of electric and mag-
netic fields, analysis by time-varying electric fields (sometimes in combination with static
magnetic fields), analysis by determining a particles time-of-flight over a fixed distance,
and analysis by determining a particle’s rate of energy loss through matter.

Contemporary space flight instruments almost always use either open window electron
multipliers or silicon solid-state detectors to detect those particles that are passed by the
various analyzer elements. Because determining the performance of such particle detectors
is critical to the overall instrument laboratory calibration and because their post-launch
stability is always an important factor, their operation is discussed in detail in this chapter.
Since a Faraday cup is sometimes used as an integrating current detector in a few particle
detector systems and often forms an important element in laboratory calibration facilities,
the design and operation of a Faraday cup is also discussed.

The basic principle behind each of these analysis techniques is briefly described in this
chapter. Each section on analysis principle usually contains a more detailed description of
specific instruments in order to provide background for the material on the calibration and
in-flight performance verification of those instruments that appears in subsequent chapters.
Whenever a specific instrument involves a special feature, for example unusual collimator
design or a process to convert a particle from a neutral to an ion, that feature is highlighted.

Not discussed in any detail in this chapter is the electronics section of an instrument.
There are many excellent books on electronic design available such as Horowitz and Hill
[1989]; Tietze and Schenk [2006]; Cruise et al. [1998]; or Spieler [2005].
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This chapter also includes a brief discussion of plasma wave instruments because mea-
surements of certain features in the plasma wave spectrum contain quantitative information
about the local plasma number density. Independent knowledge of that density provides
a powerful constraint for the in-flight performance verification of particle instrumentation
as discussed in Chapter 4.

The chapter concludes with a brief discussion of some forms of on-board data com-
pression that must be taken into account in calibration and with a short list of instrument
problems and anomalies that laboratory calibration should be designed to expose.

2.1.1 Important Characteristics of Analyzers

When selecting an instrument for a particular mission or comparing different plasma
instruments certain key parameters have proven to be very useful. These are: energy or
velocity range, field of view, velocity space resolution (Av/v, AR2), and geometric factor
that determines sensitivity and temporal resolution. Also to consider are the temporal res-
olution for a two-dimensional and for a three-dimensional cut of the velocity phase space.
Equally important are resources that the instrument requires from the spacecraft such as
mass, power, size and telemetry rate.

Charged particle optics makes many references to photon optics such as spectrograph,
spectrometer, fringing fields, and aberration. For example a cylindrical ESA is a charged
particle optics analog of the scanning spectrograph in photon optics. But there is an impor-
tant difference between charged particle optics and photon optics: There is interaction
between optical properties and dispersion in charged particle optics. Details on charged
particle optics can be found e.g. in Wollnik [1987]; Hawkes and Kasper [1996] and others.

2.2 Detectors

There are relatively few detector types used in space physics to detect particles, either
charged or neutral. These include Faraday cup devices to measure the current associated
with charged particle distributions, windowless electron multipliers such as channel elec-
tron multipliers (Channeltrons) and microchannel plates that may be operated in either a
pulse counting or an integrated current mode, and solid-state or scintillation detectors used
for higher energy particles.

The succeeding sections discuss each of these particle detection technologies. We do
that early in the chapter, because detectors are such a critical component of an instrument
and later sections make often reference to a detector system.

2.2.1 Faraday Cups

Faraday cups are generally simple to construct and are fast, accurate, current collec-
tors. These collectors are connected directly to current measuring devices, and current
measurements as low as 10™15 A are possible with modern electrometers.

Measurement accuracy of a Faraday cup is affected by a series of secondary processes
created by particles impacting onto a cup, such as emission of secondary electrons and
secondary ions or reflection of charged particles, collection of electrons and ions produced
near the cup (for example produced by ionization of the residual gas or produced at the
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Figure 2.2: Schematic of Faraday cup as a particle detector.

aperture structure), current leakage to the ground, formation of galvanic elements due to
the use of different materials and the penetration of particles through the cup structure.

Escaping secondary electrons are minimized by a suppressor grid biased to about
—30 V placed directly in front of the collector plates or by biasing the cup together with
the measuring electronics and by geometric design where the collector plates are mounted
at the end of a long high aspect ratio tube such as a cylindrical tube (see Figure 2.2). To
measure very low ion currents an additional shielding cylinder should be used to screen
the Faraday cup from stray ions or electrons.

When taking the proper design precautions (see, e.g. Gilmore and Seah [1995]), Fara-
day cups are well suited for absolute current measurements because they are not affected
by the same gain degradation as channel electron multipliers or multichannel electron mul-
tipliers.

A discussion of the implementation of Faraday cups for use in measuring space plasma
properties is presented in Section 2.4. A Faraday cup detector in a plasma instrument is
described for example in Mel’nikov et al. [1965].

The Rosetta/ROSINA double focusing mass spectrometer includes a Faraday cup in
that instrument’s detector system in addition to microchannel plates and Channeltrons.
The long-term stability of the Faraday cup provides the absolute calibration for the other
detectors that may suffer degradation with time, as well as providing measurements during
times of exceptionally high fluxes [Balsiger et al., 2007]. Faraday cups also serve the very
important function of particle beam monitors in laboratory calibration facilities (see e.g.
Section 3.3.2 or Appendix C.2, Figure C.20).

2.2.2 Discrete Electron Multiplier

Open windowed discrete dynode electron multipliers utilize the same electron multi-
plier technology as the conventional photomultiplier tube although without the protective
glass envelope. The absence of a window permits entry of low energy particles to the cath-
ode of these devices initiating a cascade of secondary electrons whose numbers increase
from one dynode interaction to the next. The multiplication produces a detectable signal
at the final dynode of the chain (see Figure 2.3). The fact that the dynode structure is not
enclosed means that either the materials chosen must be stable on exposure to air or the
device is enclosed under vacuum and exposed only when in space. These devices are also
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Figure 3.30: Angular acceptance of the S-channel as a function of the azimuth and elevation angle
of the STEREO/PLASTIC instrument, for the flight models (FM1 and FM2) and the flight spare
model (FS). Data for the FM2 model have been taken with lower resolution. From Karrer [2006].

by the position resolving MCP detectors but in the calibration this angle is set externally,
and thus known more precisely, by the orientation of the instrument with respect to the ion
beam. Since the field-of-view is very narrow in the elevation direction small mechanical
imperfections show up readily. For example the center of the field-of-view in elevation
direction is not exactly centered at 0° elevation, or the collimating slit is not perfectly
aligned with the S-channel toroidal electrodes in the FM1 unit (see also Figure 3.26). Such
imperfections are not a problem for the analysis of data recorded with this instrument if
their effects on the instrument performance have been established in the calibration in
sufficient detail.

3.4.2.2 Calibration of the Solid-State Detectors

The kinetic energy of the plasma ion is measured with a solid-state detector, SSD [see
e.g. Knoll, 2000]. Since for the given energy range of the PLASTIC instrument of 0.2 to
100 keV/e many ions would fall below the energy threshold of a SSD (about a few 10 keV
for ions), ions leaving the entrance system are post-accelerated by a potential of up to
26 kV before entering the TOF section. Post-acceleration of ions after energy selection is
a common technique in instruments in this energy range. Despite the considerable energy
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Figure 3.31: Energy calibration of a SSD of the STEREO/ PLASTIC instrument, using y-rays and
energetic ions. Data from Daoudi [2005].

gain in the post-acceleration section, the ion energies for many species will be on the lower
end of the detection range of a SSD and a detailed calibration of the SSD energy response
is necessary for interpreting the energy measurements. The main problems of SSDs for
the energy measurement in medium energy ion instruments are the energy loss in the dead
layer of the SSD and the fraction of the ion energy that goes into nuclear stopping, since
only the particle energy that goes into electronic stopping gives the energy signal.

Calibration data for one of the SSDs of the PLASTIC instrument are shown in Fig-
ure 3.31. Gamma-ray sources of suitable energy are used to establish the conversion from
energy deposited in the SSD, the incident energy, and the channel number of the measured
energy provided by the read-out electronics (see also the discussion in Section 3.5.2.3).
A 33Ba source has been used for the measurements presented in Figure 3.31, an ' Eu
source was used for the RAPID instrument on Cluster [Wilken et al., 1997]. The relation-
ship between these two quantities should be a straight line, the calibration of the energy
conversion, which can be seen in Figure 3.31. Even though this is only a subsystem cali-
bration, it is important to use the flight version of the SSD read-out electronics for these
measurements. Since the capacitance of the SSD and the input capacitance of the first
amplifier stage affect the overall signal gain of the system it is necessary not to inter-
change amplifiers or SSD units. Energy calibration of SSDs is discussed in more detail in
Section 3.5.1.2).

Once the energy conversion of the SSD is established, one can proceed with the ion
measurements. The energy losses, e.g. the fraction of the ion energy that does not con-
tribute to the measured signal provided by the SSD, are species dependent. Therefore, all
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species of interest have to be measured over the respective energy range, e.g. the energies
after post-acceleration. Since solar wind ions can have charge states of about +10 e and
more, quite high ion energies inside the instrument will be attained and the SSDs have
to be calibrated at these energies. Data from ion measurements at the MEFISTO cali-
bration facility are shown in Figure 3.31 as well. One can clearly see that the measured
energy for the different ions falls short of the incident energy (measurements are below
the straight line of the energy calibration) because of the various energy losses. For the
same ion energy, these losses increase with increasing mass of the ion. The relationship
between measured energy and incident energy is clearly non-linear for ions in this energy
range. Once the detailed relationship between measured energy and incident energy is
established, by fitting a suitable mathematical function to the data and inverting the func-
tion, one can deduce the incident energy of an ion from its measured energy (the measured
channel number). Knowing the energy of the measured plasma ion from the SSD detec-
tor and its £/Q value from the electrostatic analyzer one can deduce the charge of the
recorded ion, which will be discussed below.

3.4.2.3 Calibration of the Microchannel Plate Detectors

In the PLASTIC instrument, MCPs are mounted in a circular configuration with chev-
ron-paired MCPs in each quadrant (see Figure 3.24). Since two of the four quadrants
accommodate two SSD detectors, mounted concentrically with the MCPs, two sizes of
MCPs are required. The geometry of each MCP is a 90° circular arc. Each PLASTIC
flight model utilizes two pairs of small MCPs and two pairs of large MCPs. The main aim
of the MCP calibrations was to grade the MCPs for flight selection as well as to under-
stand the response of these particular MCPs. Tests were carried out on individual MCP
pairs, previously matched to same resistance by the manufacturer. The characterizations
focused on the MCP modal gain and background noise level response for various MCP
bias voltages. MCPs chosen for flight should exhibit high gain at moderate bias voltages.
This allows for a low initial bias voltage while attaining maximum detection efficiency of
single charge pulses. Additionally, the background signal level of the MCP in the absence
of a direct particle source should be at a minimum.

To characterize the detectors, an MCP pair and an anode assembly were mounted in the
MCP test facility of the University of Bern facing a ®3Ni beta decay source (see page 137)
[Blush et al., 2005]. Under vacuum the electron source could be shielded to allow for
background measurements to compare with electron irradiation measurements. The MCP
bias voltage was varied and for each voltage step a pulse height distribution (PHD) was
measured yielding the gain response, where the peak of the signal distribution gives the
modal gain. From the comparison of signal to background a measure of noisiness of the
MCP pairs is derived. These tests were repeated for all MCP detectors of PLASTIC. All
MCPs have been graded and selected MCP pairs have been integrated in the TOF section
of the PLASTIC flight instruments.

Figure 3.32, left, shows a plot of the modal gain (in number of electrons per incident
particle) versus MCP bias voltage for various pairs of the small MCPs. Small MCP gains
are typically in the range of 2x 107—1x 10% for measurements with bias voltages of 2400—
3000 V (about 1200-1500 V per MCP). The plots indicate high gain for moderate bias
voltages. Similar results were attained for the large MCP, although they exhibited slightly
lower gains of 6x10°=5x 107 in the test range of 2500-3100 V (about 12501550 V per
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Figure 3.32: Left: Modal gains for the small MCP pairs number S7 — S10 using a 63Ni electron
source. Right: Stop efficiency (MCP efficiency) for 3, 10, and 60 keV protons. All data are from the
STEREO/PLASTIC instrument. From Blush et al. [2005].

MCP). Figure 3.32, right, shows MCP detection efficiency for protons at energies of 3,
10, and 60 keV, the “stop efficiency”, measured in the PLASTIC EQM unit. Note that in
the investigated sector, the solar wind sector of the PLASTIC instrument, the incident ions
do not hit the MCP stop detector but the SSD detector, where the impinging ion releases
secondary electrons that are registered on the stop detector. Therefore, the initial MCP
tests with the 3Ni electron source were performed.

3.4.2.4 TOF Section Calibration

Mass spectrometric analysis is done with a TOF measurement, where the flight time,
t, of an ion along a known path of given length, L, is measured. The ion starts the time
measurement by passing through a thin carbon foil where it releases electrons, which are
registered on a start detector that triggers the time measurement. The time measurement is
stopped when the ion hits a stop detector. The stop detector can either be an MCP detector
or a SSD, where with the latter the secondary electrons released at ion impact are recorded
with an MCP detector. From the TOF the ion velocity, v = L/¢, is derived. With the
additional measurement of the kinetic energy of the ion by the SSD, Essp, the ion mass
can be calculated

m = =2Essp— (3.82)

where Egsp is the ion energy considering the correction for energy defect in the SSD.
Egsp is given by

Essp = Essp/essp (3.83)

where ESSD is the actual energy measured by the SSD and esgsp is the factor accounting
for the fraction of deposited energy in the SSD that does not contribute to the energy signal
(see page 191 and Figure 3.31). The ion energy at the entrance of the carbon foil is

E
Essp + Efonl = (§> 0 + Uyec Q (3.84)





