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INVESTIGATION SUMMARY

‘Energetic Ion Mass Spectrometer

A summary of the proposed energetic ion mass composition
experiments for the Spacelab missions is presented in the following.
The objectives of the experiments are: 1) to investigate the source
region or regions for the energetic ion population in the magneto-
sphere; 2) to investigate ion energization, transport and loss
mechanisms; 3) to detect the minor constituents of the ion popula-
tion; and 4) to perform active tracer experiments. The instru-
ment proposed for the measurements covers the energy range
from thermal energies (~1/10 eV) to 40 keV and is capable of resolv-
ing ions with rigidities up to 24.5 MV/c (Bp = 8.2 x 10" gauss cm)
with a mass resolution Am/m = 0.1. The geometric factor is large
enough to measure the anticipated fluxes of minor ion species (e.g.
06+, Hey**, He3z* if of solar wind origin and He,*, Nt, N,*, Net, Fet
if of ionospheric origin) in the energetic ion precipitation and will
also be used to measure the more rare constituents of the ionospheric
plasma.

The instrument proposed for the mission is composed of
an electrostatic analyzer followed by a magnetic spectrometer and
simultaneously measures the energy per unit charge (E/Q) and mass
per unit charge (m/Q) of the ion species. This device is similar in
principle to ones used by the NRC group for sounding rocket experi-
ments, but has been scaled up to give a larger geometric factor. An
electromagnet is used for momentum analysis to extend the operational
energy range over a much wider domain than possible with the permanent
magnets used in previous space flights. Retarding potential analysis
followed by preacceleration has been added before the cylindrical
plate electrostatic analyzer to extend the energy range to thermal
energies and to increase the geometric factor for low energy ions.
This feature is identical to that used by the Lockheed group on
their ISEE and Dynamics Explorer satellite instruments.

The sensitivity and mass resolution capabilities of
this instrument exceed by orders of magnitude any previously flown
instruments since it is only the large weight carrying capability
of the Shuttle which makes this instrument feasible for space ex-
periments. In previous spacecraft experiments the momentum analysis
performed by the magnetic field portion of the instrument was com-
promised by the weight and, to a lesser extent, the power available
for any one instrument. This implied that the mass resolution and
geometric factor for high rigidity particles was seriously degraded,
making high resolution and high sensitivity mass composition mea-
surements of keV to tens of keV heavy ions impossible. The Spacelab
mission presents the first opportunity to make such measurcments in
the region of momentum space which is so important to the under-
standing of basic magnetospheric processes.

It is anticipated that results from this program will in-
crease our understanding of processes involved in the injection,
energization, transport and loss of magnetospheric ions.
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‘1. SCIENTIFIC OBJECTIVES

_ Mass composition measurements of ambient magnetospheric
ions have recently given new insight into magnetospheric processes,
We propose to expand and improve on these measurements as well as
to use. the,direct detection of ion tracer releases to improve our
understanding of these mechanisms. The major objectives for this
mission are outlined-below.

‘a) . Energetic Ion Source Regions

Ion mass composition measurements have been made in the
past to determine the source regions for energetic magnetospheric
ions. The two possible source regions, the solar wind and the
ionosphere, have significantly different charge states and minor
ion species composition. The dominant ion species in the solar
wind are H* and He,**. The next most abundant species is three
to four orders of magnitude down in intensity from H*. The icno-
spheric¢ composition at low altitudes is both variable and strongly
dependent on magnetic latitude. At latitudes below about 60°, the
composition is dominated by H' and He,* at altitudes above about
1000 km. At latitudes above about 60°, verticle profile data on
the ionospheric composition are limited, but the dominant ion from
the F-region peak up to altitudes of about 3000 km is often OF.
The minor ionospheric ion constituents at high altitudes are not
well known; indeed, one of the objectives of this program will
be to measure these ions. Recent measurements indicate that Fe®
ions are sufficiently abundant at ionospheric altitudes to be
detectable in the energetic population, assuming an ionospheric
source.

Mass composition observations indicative of both solar
wind origin and ionospheric origin have been reported in the liter-
ature. However, the relative contributions of the two source re-
gions to the hot magnetospheric plasma is uncertain at this time
and remains the subject of considerable scientific interest. A
major deficiency of the previous measurements has been the lack
of adequate sensitivity to observe routinely the minor solar wind
constituents which have entered the magnetosphere. One of the
goals of this proposal is to utilize the greatly increased sen-
sitivity to expand these investigations and to extend them into
as yet unexplored mass and energy regions.

Although the possibility of detecting energetic heavy
ion species such as isotopes of Argon, Krypton and Xenon is remote
(using the sensor proposed here and assuming normal solar and
atmospheric abundances), the cosmological significance of these
measurements relating to the earth's accretion rate is important
enough to dedicate some time to a scarch {or thesc clements in
the precipitation. A natural evolution of the instrument described
here would involve an increase in the instrument geometric factor,
and therefore size and weight, to make the detection of these species
feasible. A geometric factor increase of one order of magnitude
should be adcquate and would imply roughly a factor of ten increase
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in instrument (magnet) weight. The final design of the scaled-up
instrument would depend on results from the first gencration experi-
ment.

" b) Ion Energization Mechanisms

Several energization mechanisms for solar wind ions
appear in the literature and these processes are sensitive to the
m/Q of the ion being accelerated. The limited range in energy,
mass and rigidity of ions detected until now make conclusive
comparisons between theory and observation difficult. The detcc-

* tion of O% and He'* ions in the magnetosphere have added an unex-
pected complexity to magnetospheric processes. These data indicate
that the ionosphere is also an important source for energetic ions.
Several theories have been presented which predict the energiza-
tion of ionospheric ions, the energy source being either the ring
current particles or electrostatic acceleration associated with
auroral electron energization processes. The relative importance
of these energization mechanisms remains uncertain.

The simultaneous measurement of energy spectra of several
ions, particularly ones widely spaced in m/Q and rigidity, can be
used to test the validity of these mechanisms. To this end the
spectrometer described in the following has a greatly increased
sensitivity and will have sufficient mass resolution, for high
rigidity ions, to make the necessary spectral measurements of the
heavy ion population. o

c) Field Line Tracing

Naturally occurring heavy ions serve as good tracers of

- convective electric fields. The heavy ion composition can be used
to identify a flux tube since at low energies all heavy ions will
remain fixed to a particular field line which can then be identi-
fied at some later time by its composition. Using this method of
identification, convection of field lines through the magnetosphere
may be followed.

For example, assuming a solar wind injection, coordinated
- solar wind and low altitude observations will allow one to observe
the regions and times for solar wind entry into the magnetosphcre
as a function of ion mass. Similarly, with an ionospheric injec-
tion event various ion clouds may be observed as a function of
latitude and local time as they are convected and energized in the
magnetosphere. As will be discussed later, observations of ener-
getic ions at low altitudes can be significantly perturbed by
charge exchange effects and such effects must be considered in
modeling the events.

: Active experiments involving the injection of casily
identificed heavy ions (e.g., lithium or barvium) into the magneto-
sphere and solar wind are also planned. This technique offers a
method of uniquely tagging field lines in a controlled fashion.
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Direct detection of these ions at various times after injection

will provide valuable information on both entry, .if the release

occurs in the solar wind, and energization mechanisms. Hence, a
mass spectrometer capable of resolving the tracer ions from the

ambient is required. This instrument should obviously have the

largest possible geometric factor to maximize the detection pro-
bability and a high mass resolution to reduce the background’ due
to the ambient. With such a device the motion and energlzatlon

of tracer ions can be monitored directly.

As a first step toward successful tracer experiments, a
survey of the ambient (background) ions with an instrument suitable
for active tracer experiments must be undertaken. To date, this
has not been done.

It should be noted that for low altitude injections
the average tracer ion energy at injection, using shaped charge
techniques, or the spacecraft orbital velocity, would be approxi-
mately 10 to 100 eV or of the same order as the ambient thermal
plasma high energy tail. The spectrometer must therefore be
capable of operating at low energies and, in fact, to complete the
ambient ion survey, should be capable of analyzing to thermal (or
ram) energies. This instrument has this capability although
only the minor or trace ion constituents of the thermal plasma
will be monitored. The dominant ion species would saturate the
detector and should be measured using standard sensors.

d) Coordinated Investigations

. Several spacecraft carrying ion mass spectrometers may
be operated during the Spacelab flights (e.g., ISEE, DE, GEOS II,
AMPTE, PIE II, etc.). Coordination of observation from these
spacecraft along with simultaneous measSurements from sounding
rockets and ground-based (optical) facilities will be undertaken

to investigate the spatial distributions of the various ion popula-
tions. These measurements will be conducted during the investiga-
tions discussed previously. If tracer ion releases are to be
performed during the first mission, efforts will be made to-coordi-
nate the mass spectrometer observation periods with the release.

Ion releases from the C.R.M. as well as SEPAC will be of particu-
lar interest here.

2. ORBIT CONSIDERATIONS

Charge exchange reactions can occur between precipitating
ions and atmospheric constituents at low altitudes, thus changing
the m/Q of the primary ion beam. Using the mean COSPAR international
reference atmosphere, it can be shown that the unperturbed primary
fon beamw will be obscrved at 100 km altitude. However, since tho

atmospheric density may increase or decrecase by an order of magni-
tude at these altitudes, depending on solar activity and latitude,
the primary ion beam may or may not rcach the sensor in its unper-
turbed charge state. Valuable observations, therecfore, may be made
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at 400 km. However, a preferred orb1t would be a few atmospheric
scale heights higher (i.e., 500-600 km).

It should be noted that contaminant gas surrounding the
Spacelab may also cause significant charge exchange effects, hence
.a monitor of the local gas pressure is required to correct for
periods of high ambient pressure associated with engine firings,
etc., as well as to define the atmospheric conditions.

Clearly, if high latitude (auroral) data is to be obtained
the orbit inclination should be at the maximum allowable. A polar
orbiting spacecraft would be ideal; however, even a 57° inclination
(launch from K.S.C.) would place the spacecraft in the auroral zone
over northern Canada near local midnight.

3. INSTRUMENT DESCRIPTION

The instrument described in this section will be used
as the basis for design trade-off studies during the PDP phase.
The two groups involved in the study will contribute equally to
-this portion of the program. The Instrument Control and Data
Handling system is to be developed by LMSC and the sensor is to
be primarily NRC's responsibility.

As the basic design criteria we have required that the
instrument have a mass resolution (Am/m) of 0.1 for ions with
rigidity (mv/Q) up to that of 20 keV O* ions, which is an mv/Q
of 24.5 MV/c. Equivalently, in a magnetic field B, since
Bp = mv/Q where p is the ion radius of curvature in the field,
the maximum ion Bp will be 8.2 x 10% gauss cm. The instrument
must also have an energy resolution AE/E of 0.1 and a geometric
factor (G.F.) large enough to allow for detection of the minor
constituents of the energetic ion population (G.F. ~ 10! cm? sr).
To perform the energy and mass analysis a combination of electro-
static and magnetic analysers shown in Figure 1 was chosen from
among many possible designs considered. This design was selected
to take advantage of the large area and near omnidirectional ion
- source (the magnetosphere). A focusing magnetic deflection system
was selected to give both high sensitivity and low background.

a) Momentum Analy:zer

To achieve a constant mass resolution independent of
particle rigidity and a wide operational range, a magnetic analyzer
formed with an electromagnet was chosen. This is a standard confi-
guration for laboratory mass spectrometers. First order focusing
using shaped pole pieces is employed to get the maximum geometric
factor for a given poleface arca (or magnet weight). The magnetic
analyzer focuses a parallel beam of pavticles euntering the curved
pole face to a point which is at the centre ol the channel clectron
multiplier array shown in Figure 1. Depending on the mass resolu-
tion and geometric factor requirements, the CEM clements may be
operated either independently or various elements summed., This
function is controlled by the instrument control and data handling
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section. In the highest mass resolution mode only the centre
elements are used while the end elements monitor the '"background"
rate.

One problem which must be considered in the selection of
the sensing element is its response to contamination from Spacelab
venting. Channel electron multipliers are less sensitive than
other open-ended (discrete dynode) devices to the contaminants
expected in the payload bay and thus are the preferred devices;
however, we propose to study the response of the sensors to conta-
minant gases to ensure reliable operation. Ease of replacement of
the electron multiplier after each flight is also important in the
selection of the sensing elements.

Stray electric and magnetic fields may also interfere
with some of the low energy measurements proposed. Ions with
energies greater than a few hundred electron volts should, however,
be relatively unaffected by the anticipated contaminant fields.

To minimize this problem the spectrometer should be located in a
region removed from insulating surfaces and high dc electric and
magnetic fields.

Stray magnetic fields will also be produced by the
electromagnet. A scale model of the analyzer was constructed and
some initial tests conducted. The stray field was measured and,
when scaled up to the flight unit, will be below the earth's
field at a distance of ~3 m from the instrument with no magnetic
shielding. Some shielding is required for proper operation of
the instrument and more may be added as required to reduce the
stray field. -

A magnetic field strength of 10 k gauss (1 T) is needed
in the gap to focus 20 keV O% ions. To estimate the peak power
and current, the coil was assumed to be wound with #8 AWG wire.
Three hundred and twenty turns at 25 amps will produce the 10 kg
field. This implies a peak IR power dissipation of 200 Watts.
The dissipation averaged over all operating modes and energies
would be much lower (~50 W). Some savings in power can be made
by going to more exotic windings; however, these figures serve as
good estimates of the maximum power used by the electromagnet.

Other characteristics such as weight, inductance and
time constant are listed in Figure 1. Although only rough esti-
mates, the response time and mass of the system appear to be
acceptable from an engineering viewpoint. The analogue control
signals for the electromagnet power supply will originate in the
instrument control section. The current supply circuit will
operate on a feedback system, the primary field sensor being a
magnetometer mounted in the gap. Using this type of feedback the
coill will be driven to produce an overall response time of the
electromagnet system of approximately 1/10 the magnet time con-
stant (50 ms). Rapid changes in field require increased instan-
taneous power dissipation. To reduce the instantaneous power
requirements to <200 W a small capacitance storage (~10,000 uf
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at 100 V) may be required for rapid increases in current. If all
rapid changes are limited to decreasing field conditions no encrgy
storage is required.

A drawing indicating the mounting and overall dimensions
of the instrument package appears in Figure 2. During the PDP
phase consideration will be given to mounting ICDH and some of the
power supplies separate from the sensors.

b) Electrostatic Energy Analyzer

The energy analysis is performed using two systems, a
retarding potential analyzer (R.P.A.) for low energy (0-50 eV)
ions and a cylindrical plate electrostatic analyzer (C.P.E.A.)
for high energy ions (less than 40 keV/Q). To retain an energy
resolution AE/E of the order of 10% and still keep the deflection
plate size to a minimum and the geometric factor at a maximum, as
defined by the magnetic spectrometer pole face separation, a set
of three concentric cylindrical plates will be used. The centre
plate will be operated at roughly the mean of the potentials
applied to the two outside plates. Collimators will be inserted
between grid G3 and the C.P.E.A. (see Figure 2) to produce the
nearly parallel beam at the exit aperture required for the magnetic
analyzer.

The C.P.E.A.-electromagnet system will be designed to
be floated up to -3 kV. This option will be used to preaccelerate
ions between the R.P.A. and the C.P.E.A., thereby increasing the
detection efficiency and geometric factor for low energy ions. .

In the high energy modes the R.P.A. is set to repel
unwanted low energy ions. In the lowest energy mode the repeller
grid (G,) will be used to integral energy analyse the ions before
preacceleration. This approach is identical to that used by the
Lockheed group for the ISEE satellite mass spectrometer and is
the proposed method for the DE mission. Positive ions entering
the R.P.A. are analyzed in the 0 to 20 V range, accelerated by the
3 kV potential drop between G, and G3 and momentum analyzed and
detected in the negatively biased C.P.E.A.-magnetic spectrometer
system. At this time the C.P.E.A. is set to analyze 3 keV/Q
particles and is transparent to all low energy (<50 eV) ions.

The R.P.A. will have typically 32 voltage steps and will be con-
trolled by the instrument control logic and by the Spacelab
computer.

In the mid-energy range (20-200 eV) two sub-modes can be
selected. One uses 3 kV preacceleration and R.P.A. analysis to
give pseudo-integral energy spectra, as in the low energy mode.
The second mode uses no preacceleration and the C.P.E.A. to give
diftferential energy spectra with Al/E = 0.1,

In the high energy mode the R.P.A. 1s set to repel low
energy (50 eV) ions and the C.P.L.A. is used for energy analysis.
The preacceleration voltage can be set to either zero or 3 kV,
depending on the requirements of the experiment. The preaccelera-
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tion mode will be used to increase the cffective geometric factor
at the expense of cnergy resolution. With no prcacceleration the-
C.P.E.A. plates are operated in a balanced configuration with the
centre plate grounded and the two outside plates at voltages up

to 6 kV. The plate voltages will be adjusted so that the centre
trajectory energy will be the same in each half of the system.

The upper energy limit for heavy ions is set by the mag-
netic deflection system which was discussed previously. For ions
with m/Q < 16 the magnetic analyzer is capable of focusing energies
greater than 20 keV. Here the upper 1limit is set by the maximum
voltage which may be applied to the electrostatic deflection
plates. An upper limit near E/Q = 40 kV is estimated for these
light ions.

All instrument operational modes are independently
programmable via the Spacelab computer and instrument control
section; however, a number of preprogrammed scanning routines will
be available in the instrument. A typical example involves rapid
energy scans from 20 keV to 2 keV at one selected mass. Here the
energy would be stepped exponentially and the magnet current would
track one particular mass species. The maximum scan rate here would
be determined by the maximum allowable magnet dI/dt. The magnetic
field current supply will be designed to complete one scan in
50 ms. ‘ St

A second mode of operation calls for the scanning of a
two-dimensional matrix in energy and momentum space. In this mode
the magnetic field would remain fixed at a number of steps as the
energies are scanned. The maximum scan rate is then defined by
the C.P.E.A. high voltage supply rise time which will be 2 ms.

As an example an 8 x 8 energy momentum array may be measured in
~200 ms. In many instances the actual dwell times on each element
in these arrays will be determined by the requirement for statis-
tical accuracy rather than the instrument capability.

A crude small scale model of the instrument was built
and tested at the NRC laboratories. A scan of 2 keV beam emerging
from the He%t ion source is shown in Figure 3. This figure demon-
strates some of the strengths of the system as well as the problems.
We first note that the half width of the Het* peak (0.04) is well
within specification for single element detection at the focal
point. The H' peak is due to contaminants in the source. We
also note that the background is down by at least 10~% of the peak
which is essential for the mission.

The problem area lies in the low mass tail of the dis-
tribution which results mostly from inhomogeneities in the magnetic
field. This problem will be corrected in the flight unit by mag-
netic field trimming. Swmall angle scattering may also be a pro-
blem and will be minimized by more carcful baffling than prescnt
in the model.
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Many applications for the instrument require pointing
capability, therefore it is proposed that the instrument be mounted
on a small, modest accuracy, instrument pointing system. The
Spacelab computer will be used in conjunction with the output
from the magnetometer sampling the ambient field to either monltor
or actively point the mass spectrometer.
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