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1.0 TInftroduction

Mahy scientific disciplines have been remarkably stimulatedjby the
technological developments of satellites and space probes. With these
sophisticated, self-contained and automatically operating wmanned
laboratories 1t has been possible to place sensitive instrumentation at
very remote distances from the earth's surface and at unique positions
within the sblar system and thereby measure important physical parameters
in situ., One of the more significant parameters is the magnetic field and
its spatial and temporal variations, since it ;'.s the most important force
field affecting the motion of charged particles and ionized gases beyond
the earth's atmosphere, Because most of the matter in our universe
appears to be in tThe form of magnetized plasmas, the magnetic field
plays a fundamental role in the dynamical behavior of ocur astrophysical '
énvironment.

This paper presents a review of thoge spacecraft instruments which
have provided measurements of the magnetic fields of the earth; mMoOoN 5
Mars, Venus and interplanetary measurements of the extended solar field
obtained near the ecliptic between the orbits of Mars and Venus. A
-chronological summary of spacecraft to be discussed-in this article is
presented in Fiéﬁre 1 in the form of a bar graph extending throughout
the data lifetime of the magnetometer experiments. A tobtal of 51 separate
or paired spacecraft launches have occurred since 1958, each instrumented
with one or more magnetometers. This graph illustrates the advances

made in the technology and reliability of the Lifetime of such experiments.

Up until 1965 only 2 spacecraft, the USA Explorers 14 and 18, had operational



‘ 1ifetimés of more than 6 months with the others restricted to weeks or
even days. The increased lifetimes combined with a larger number of
lawnches yielded a situation in which simultaneous magnetic field data -
from two or more spacecraft have been available since 1965. Since these
spacecrait also frequently carry particle detectors and plasms probes, the
chart is of general interest for such simultaneous observations.

While the exploration of space can be expected to continue, it is
clear that the decade of the 1960's represented an-especially vigorous
and. productive period for the study of magnetic field, plasmas and
energetic particles whose uniqueness shall not be matched in the future,
This appears certain due to the reassessments of priorities and expenditures
for such activities by those nations which have thus far conducted such
investigations,

A critical turning point has been reached an& a review of the successiul
experiments at this juncture, the entry into the 1970's is timely. The
fact is that, during the past 12 years since these studies began,. over
50% of all of the magnetic field experiments have been conducted within
the past 5 years. More relevant, however, is the situation regarding the
acquisition, analysis and interpretation of these data. More than 80% of
all the magnetic field data obtained has been collected during the past
i years and of thig legs than 25% has yet been adequately or even partially
studied. Thus, in the future, more emphasis will be placed on the
evaluation of experimental data already available amd less on the acquisition
of as much new data, TIn this spirit it is hoped that this review will be

most useful to provide s reference for the characteristics of each experiment.

-
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Significant discoveries concerning the magnetic fields in space
have already been made, many of them in the spirit of exploration of the
unknown. The more récent experiments have been of a second or third
generation, with respect té instrument development and their objectives
being directed towafd more gpecific quantiéative studies elucidating a
partiéular‘physical phenomena. The proper understanding of the characteristics
of the instruments is necessary to an evaluation of the significance of
'newly found or as yet unexplained phenomena., Moreover, many studies have
or will require the intercompariscn and correlation of -simultaneous
observations of the same or complementary physical parameters from different
rositions in space.

This review will begin with a discussion of the fundamental principles
of operation of the different types of magnetometers which have been
developed Tor gpace flight, measuring the weak magnetic fields in space.

‘A discussion of their operation on the two types of attitude stabilized
spacecraft, fixed and spinning, follows. Aspects of these devices as
sources of magnetic field data and the subsequent processing of this data
.to obtain unique information will then. be given. A discussion of the

most frequently ﬁsed coordinate systems and thg properties of vector field
averages Tollows.

The next part of the review consists of a discussion of the specific
characteristics of those instruments which have been flown in earth orbit
(in Section 5)‘and those flown on lunar or planetary and interplanetary
missions (in Seection 6). The last section discusses the fubure programs

which will be carried out in. the 1970-1975 period. It should be noted



b

that no explicit discussion of rocket magnetometers is.included except
insofar as the operating principles are identical. ' A short surveﬁ of

those studies conducted in the USA up to 1967 is given by Cahill (1967).
Earlier reports including limited discussions of magnetometer inétrumen%ation
have been given by Cahill (196hb) and Cantarsno and Mariani (1966). Earlier
reviews of general magnetic field instrumentation techniques have béen

given by Fromiﬁ (1952), discussing the fluxgate magnetometer and an

excellent discussion‘by Grivet and Malnar (1967) of the fundamental physical

£

principles of atomic or guentum magnetometers. The USSR program up to

LT T T |

1965 has been briefly reviewed by Fraziéf:(i968);

Tables I and II present a chronolég;;al listing of the 60 separate
magnetic field experiments to-be—diséuéégd in Sections 5 andr6; with
technical performance characteristics qé;ééﬁh,the spacecraft ana instruments
summarized for easy comparison. The sgbsence of specific data 6n certain
ingtruments is due to lack of pdblisheé ;f:priva@gly“éommunicaied data.
In certain instances, the operational characteristics of an instrument are
%ufficiently complex that they Eéhnot be properly simplified for inclusion
of all of‘the necessary'modés1aﬁd ﬁetails. For a correct ﬁnderstanding
of an individual experimént, éhe reader should utilize fhe corresponding
discussion in Sections 5 of 6. | '

The definitions of the column headings which are not clearly self-
explanatory are: '

P.I. Prineipal Investigator responsible for experiment

APO Apogee, Aposelene or Aphelion (AU) for e;rth,_lunar or

solar orbits



-5 =
PERT Perigee, Periselene or Perihelion (AU) as abéve
INCLIN Geographic, selenographic or Helioceqtric Tneclination of orbit
PERIOD  Orbital period in hours except for heliocentric orbits when

asterisk indicaftes period is in days

INSTRUMENTATION F(j)

I

Fluxgate magnetometer with J sensor axes

5C(3)

BBJQC

Search coil magnetometer with J sensor axes

Rubidium vapor self-oscillating magnetometer
using xx isotope

OUTPUT Basic experimental daba interface with spacecraft, with D
meaning digital data and A analog data
QUANTIZATTION Intrinsic digitization uwncertsinty, in v, associated

with expéfiment, spacecraft telemetry system and ground
data processing
S/C FIEIDS Net spacecraft field at sensor pogition

BANDPASS Detector bandpass, before on-board processing.
SPIN PERIOD Period of rotation for spin stabilized spacecraft

A5 = Attitude §ﬁabilized with gas jets

GG = Gravity Gradient attitude stabilized

M3 = Magnetically Stebilized

In 2ll the individual entries a question mark means no data available, ST

means See Text for deseription and bar means not relevant,

1.1 Brief Summary of Major Results

Magnetic field experiments, their data analysis and inberpretations
have led to a considerably revised view of the field structure of the distant
geomagnetic field and in interplanetary space than prevailed before space
studies began. A primaxy phenomens of speclal interest connecting these two

regions is the supersonic flow of the solar wind plasma, the expansion of
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the golar corona into interplanetary space, carrying with it magnetic ;‘ields
of solar origin, as show.n in Figure 2a., The s:'.tructure of the int.erplaneta;qy.
medivm itself has thus far been most clearly revealed in gtudies of the
magnetic gtructure of 1nterplanetary space with the cla.ss:Lf:Lcatlon of
gignificant features shown in Flgure 2b ‘

The interaction of the sclar wind plasma with the earth-’s magnetic
field confines it to a‘region of space called the magnetosphere and also
forms the geomagnetic tail, as shown in Figure 3a. The existence of the
detached collisionless bow shock wave and Tthe éeomagnetic tall were two of
the important discoveries of the past decade of magnetic field studies. The
interaction of the solar wind with the essen"tia.ll3‘r unmagnetized and
atmosphere~free moon leads to a completely different set of flow characteristics.
As shown in Figure 3b, the creation of a plasma wake and un|1bre. behi:nd the_
moon occurs as a result of the sbsorption of solar particles by the lunar
surface and leads to the absence of a shock wave or sheath region surrounding
the moon. The solar wind interactions Wwith the planets Mars and Venus,
although poorly studied, appear to be intermediate between the earth and
the moon. It is not known if a.Martian magnetic field exists which
ig gufficiently strong to deflect the solsr wind flow. In 'l';he case of
Venus, it.1g clearly the ionesphere which deflects the flow and causes the
development of a é‘;etached bow shock wave. .

The above remarks are sufficient for our purposes here in esta.'bllsh:mg
the general nature of the phenomena which the experlments to be discussed
have revealed. There are several review papers dealing with the topic )

of the solar wind (Hundhausen, 1968; Parker, 1065) the interplanetary

rs
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magnetic field (Dessler, 1967; Ness, 1969 ; Wilcox, 1968 ), the
geomagnetosphere field (Fairfield, 1968 ) and tail (Ness, 1969 ) and

the solar wind flow past the moon (Ness, 1970 ), which should be

consulted for additional details. No effort has been mfde to inelude a, complete
bibliography of all published papers which have results from the data

obtained by eaéh experiment, However, references to the more important

papers discussing the instruments) data analysis procedures and

interpretations will be given..



2.0 Magnetometer Fundamentals

The measurement of the interplanetary-magnetic field, the fields of
the moon and planets and the distant geomagnetic fieid has required the
:development of highiy‘sensiﬁive and accurate instruments which function
over a wide dynamic range, from fractions of a vy (ly = ILO-5 éauss) to 0.7
Gauss. in addition, stringent requirements for extremely low weight,
low power and small volume necessitated the re&esign or imaginatl ve
adeptation of c}assically used techniques in order to measure magnetic.‘
fields in space from a totally new kind of laboratory bench, the spacecfaft.

The advent of solid state devices in electronics such as transistors
and more recently large scale integrated circults using MOSFET's has
permitted the techﬁology of magnetometers to rapidly advance and satisfy
the unique needs for space applications. Indéed, the present state of
the art is such that the prineipal limitations of precisze magnetic field
measurements of high accuracy are due to the magnetic noise generated by
the spacecraft and not the basic instruments themselves. It is also true
that frequently insufficient telemetry bandwidth for communication of data
restricts the time resolution of the data well below the capability of
the ingtruments.

This gection will discuss the five baéic types of magnetometers
which have been developed and used for space measurements; they are:

2,1 Induction or search coil,

2.2 Fluxgate or saturable core,

2.3 Proton precession,

2.4 Alkali vapor self-oscillating, and

2.5 Helium vapor low-field
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The order of thelr presentation reflects the historical sequence of their
development and use as well ag an increasing complexity in their principles -
of operation. It should be noted that of these instruments only the Rubi&ium
vapor and Lhe proton precession instruments are absolute in their measure-
ments since their cali@ration depends upon fundamental atomic constants.
The other devices are all relative, requiring a calibration of their
performance in a facility established especially for that purpose.

An effort is.made to include a digcussion of possible error sources
in each type of magnetometer and both the advantages and unique merits
ag well as disadvantages of each. 8Specific applications to space studies
on spacecraft, presented in Sections 5 and 6, alsc includes discussions
of the possible error sources of each experiment,

A1l magnetometer experiments can be analyzed in terms of thé block
diagram shown in Figure 4 for a universal spacecraft. instrument. The
basic detector system consists of a sensor, and possibly a calibration
subsystem, with the necessary electronics to present the information on
the magnetic fileld as a voltage, current, or frequency modulated signal.
Subsequently this analog signal is processed, elther by the instrument or
the spacecraft electronics, to prepare it for data transmission. Tbis
may also include analog or digital operations which perform.mathematicél
" computations on the d;ta because of experiment design or because of
spacecraft imposed conditions. Following the ftransmission and reception

of these data, the telemetry signal is decoded and ground data processing

Fd

~

occurs to convert the information into the necessary format for dataranalysis.
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In this section we are concerned only with the operation of the

sensor, primary electronics and the calibration subsystem, The last item
will also be discussed in Section 3 on the operation of experiments on the

two types of spacecraft which carry such instruments.

2.1 Inductionuor Search Coil

Conceptually, the siﬁplest type of instrumentation for measuring the
magnetic field is the induction msgnetometer., The basic principle of its
operation is Faraday's Law of magnetic induction, whiqh states that a time

-3

varying magnetic field B(t) generates an electric field, E:
vxE=-38 2,1.1
sk

With a loop of wire describing a closed path in space, the time rate of
—3
change of total magnetic flux threading the loop area, A, can be determined

from the integrated electric field along the loop as:

. da 2.1.2

o =

— — - =

§E ras =fPvxEa=-fP
Generally a solenoidal coil of W turns is used enciosing a ferromagnetic
core which increases the magnetic flux threading the coil, The integrated
electric field, the output voltage V, is then given by:

—,_"

v = § E+ds = - ANy~ %%¢ * 10'8 volts/Gauss/cm? 2.1.3

where A is measured in cm?, p” represents the effective magnetic permesbiility
of the core material, and B, represents the field component perpendicular

to the coll area A or equivalently parallel to the solenoid’s magnetic axis.
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It is clear from this equation that the induction magnetometer
does not respond to a steadyor time stabionary magnetic field, and may
be insensgitive to slowly fluctuating fields. The frequency response

characterigblcs are represented by the transier function
F “-:8 2
V= -oANp " B 107 V/I/em 2.1.h

where By is the amplitude of a midgnetic signal varying sinusoidally with
time at a frequency T = w/Bﬂ. Thus it is seen that the induction magnetometer
sensitivity increases lineariy'with frequency and this indicates why this
type of in;trumeht is generally employed for measuring fluctuating fielas
and only rarely, and in speeial circumstances, for the measurement of -
steady fields. WNote &lso that it is sensitive only to the component of
the field variations parallel to the magnetic axis of the coil+core,

The analysis of the signal generated by such an instrument is derived

-

using Figure 5a, in which Si represents the axis of a mono-axial sensor
and § the magnetic field, The coordinate system in this figure is called

mn

"payload" and assumes that the sensor position relative to %he gset of XP— ?p'zp
coordinates 1s known at all times. For the case of spin stabilized. spacecraft,
the %P axis is normally seleé%ed to be coincident with the instantaneous
spiﬁ axis while the Xb-Yﬁ plane includes a vector from the spacecraft to
the sun. Thig diagram will be generally useful for the discussions of all
magnevometers and their data analysis since it forgs a natural reference
system for directional measurements on spacecraft.

The component of the magnetic field which induces a signal in the
¢oil is E . E so that equation 2.1.3 becomes, with the gain factor K defined

as N Au” 10—8:



Here the cqmplex silgnal output froq an induction magnetometer is revealed
with the three terms in brackets representing contributions due to,
respectively:
1) Motion of the coil, about its center, in the stationary field F,
2) Expliecit time veriations of E, and"
3) Tmplicit time variations of ; due to displacement ox convgctive
motion. of the coil with the velocity'; relative to tThe maghetic

—

field F, -

Note that the terms 1) and 3) are not equivalent since there is no net
displacement of the coil in 1) bu only a timé varying aspect of the €o6il
geometry with respect to the fieldug. o e

No technique exists which can uniquedy separate or idéntify the
relative contributions of these three terms by analysis of the dutput_
slgnal. However, depending upon the characteristics of.the spacecraft
and the spectrum of the magnetic field, it is possible to make certain
plausible assumptions regarding the relaﬁive:significance of each term.
In practice usvally only one or at most two of thé térms,must be considered
as contributing significantly. to the signal and on this basis two versions
of this type of magnetcometer have been developed. Rather than to postpoﬁe

the specific :description of these gseparate versions to Section 3, they

shall be discussed in the following paragraphs.

The first use of an induction hagnetometer for space magnetic field

‘measurements was on the spin stabilized spacecraft Pioneer 1 (Sonett et al.,



-13 -

1960) to measure the ambient magnetic field in space, undistorted by the

magnetic field of the spacecraft. In this application the sensor, a coil
wound on a core, was fixed rigidly to the spacecraft .perpendicular to the
nominal spin axis and rotated with the spacecraft at a rate W, SO th;t

-

the three components of 3, become (coswget, sinwg, b, 0).. Thus Equation

2.1.4 is given by:

-
-

V = KugF cos & sin (wgoteqp)-K[S+ 2L + J.vF-5) 2.1k
Qb .

Through use of a bandpass filter éenterea at the nominal apin
frequency and telemetry of the output waveform, the signal thus detected
can be inspected and the spin modulation readily verified with amplitude
proportional to F cose and phase, Pp megsuring the direction of the
magnetic field component transverse to the sbin axls. A portion of,the
block diagram in Figure 6 represents %his version of the induction ‘
magnetometer,

However, if the field.g itgelf varies at frequencies within the
bgndpass'or related to the spin rate and axis in a unique way, the ocutput
waverorm may be severely distorted from its nominally sinusoidal variatiog.
Both amplitude and phase modulatioﬁ occur in a manner which cannot be
uniquely separated from that due to the rotation of the spacecraft.
Congiderable complexity and ambiguity can also. occur if the spacecraft
is not simply spinning but is also precessing and nutating. The magnetic
field, as represented in FigureIE, will then,include variations dependent
upon the exact motion of the spacecraft as it affects the direction angles
¢ and gp. An analysis of the output signal under such conditions has

been given by Sonett (1963},
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Becauge of itg inherent increasigg sengitivity as the frequency of the
magnetic field fluctuations inecreases, the induction magnetometer has been
most frequently employed To study the explicit time variations of the
magnetic fiélds in siace. This is especially tyue for those gpacecfaft
of fixed or slowly chagging attitude; or even spin stabilized spacécraft
when thé spin rate is much l;wer than the frequency range of interest.

Under these conditions, this version of the induction magnetometer
is normally employed with three orthogonal sensors and identical electronics
for each axis. A block diagram illustrating the design of this version
forka single axis is showm in Figure 6. (The presence of a reject filter
may be necessary because of spacecraft genefated fields). The on-board
processing of the signal may inclu@e a series.of overlapping bandpass
filters, whose outpuﬁs‘aie samplea at ééia%ively low rates to yield -
average, peak or mean square estimates ofl the signal strength in each
frequency band. A correct power spectrum is obtalined only if the signal
is rectified; square@ and then averaged. -

The low pass chanpel output permits the reconstruction of the actual
outpuﬁ waveiorm on.the ground and subsequent studies of the characteristics
of the fluctua@ioﬁs;such as polarizabion and the orientation of the normal
to the plane of polarizatioﬁ. This information is of much more value in
ascertainiﬁg the. type Sf }1uctuation studied with respect to wave mode than
if only tpe spectrum %s available, This depends to some degrée upon the -
naiure‘of the medium in which the fluctuafions are obgerved and the time-
frequency styucture of the spectrum. The use of the bandpgss filters and.
spectral.énalyéérs ig necessitated by the insufficient teleﬁetry data

bandwidth to transmit all the data in the low pass channel mode,
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The design and fabricabtion considerations for optimum performaﬁce
of the induction magnetometer detector are of specific interest for its
overail performance, The geometry of the colil is clearly selected to be
circular for a maximum ratio of coil area to circumference, which Is a
measure of the ratio of the gain of the coil to its weight. In order to
reduce weight, the detector sensitivity can be increased considerably by
the use of a ferromagnetic core and fortunately not in proportion to the
incréase in weight. Both the geometry and the permeability of the core
material, p,, determine the effective permeability of the core, y’.

The geometry affects it because of the variable demagnetizing factordf;

as:
He

1 e 2,1.6
by~ (o o)l ™

p* =l

The factor, L, has been tabulated for a number of geometries by Bozorth
(1951), It is found that u’ increases significantly with length to
diameter ratio, I/D. For moderate values of L/D between 5-50 and very

high permeabilities of core material, A:l-2x103

Bo » then p” is between
20—500po.

" The design of the coil is not based only on the total mass available
for the detector system and consideration of the effective y” for various
core designs, Two other factors affect the coil parameters:

1) the intrinsic thermal noise (Johnson noise) which depends upon
the real part of the coil impedance, and

2) the natural resonances of the coiltcore system itself,

The latter phenomenon automatically limits the spectral response of
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induction magnetometers -essentially to the range below and up to the
resonance frequency, Above this, the gain of the coil is no longer
dependent upon the frequency as in Equation 2.1.4t but instead decreases
rapidly at a rate dependent upon the exact egquivalent circuit for the coil+
core -system. -The resonance occurs because of the capacitance which ig
formed between the succéssive windings and between the coil and the core,
This problem can be alleviated .somewhat but not -eliminated by the forming
of the coll into several separate coils {on spools or bobbing) ané
gspacing them on the order of the width of the coils.

The thermal noise problem forces the usge of legs than the maximum
number of turns that would be possible if a fixed weight of wire were

capable of being fabricated with the smallest diameter wire that could be

mechanically handled. The root-mean-square noise voltage is given by:

Vong = /EKRTAT 2.1.7

where K is Boltzman's constant, R the real part of the impedance of the
coil+core detector system, T, the temperature and Af the width of frequency
pass band, Normally the design strategy is to equate tﬁis nolse power to
the ninimum detectable signal which it is desired to measure and then
determine the corresponding physical parameters for the coil+core, Due
consideration must algso be given to the noige and impedance characteristics
of the instrument pre;amplifier. A method for systematically designing an
optimumly sensitive monoaxial induction magnetometer taking these several

factors into account has been given by Inouye and Judge (196L4).
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In those cases where only the spectral power levels in various
frequency bands are desired, Cantafano and Pallottino (1968) have studied
the use of two parallel induction magnetometers with a cross-correlation
of their separate outputs after bandpass filtering. This powerful technique,
developed in statistical communication theory, yields an estimate of the
power for eac% band of the spectrum that is independent of the noise
characteristics of the individual detectors. Hence it permitse the design
of an experiment with an improved signai-to—néise rabtlo. By the use of
substantially.sﬁmller cores and coils, leading to much higher rescnance
frequencies, the net performance of the detector system is substantially
improved over that of a single sensor design by factors up to 50, as
measured by signal to noise ratio. Equivalent noise power spectral
densities of J_o‘”/f2 P /Hz are achieved by this technique, with resonance
frequencies of 12KHz.

In certain regions of space, such as the megnetosheath and the
interplanetary medivm, the motion of the magnetized plasma past the space-
craft occurs at velocities of 200-800 km/sec. This is many times larger
than the propagation velocity of waves and disturbances, which is normally
on the order of 50 to 100 km/sec. Thus, in these regions of space, the
signal output consists of a cont;ibution due to the third term in
Equation 2,1.% which cannot be readily assessed as to its relative
importance but is probably the dominant term. The velocity of the space-
craft, here and in other regions of space, is sufficiently low, that
only during perigee passes or fiybﬁ'trajectories is it potentially high

enough to be important in the interpretation of the data. Thus the
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induction megnetometer signa} output can be generally considered to
be rather complex and only in the mégnetosphere is its interpretation

relabively straightforward.,

2.2 TFluxgabe or Saturable Core

The fluxgate magnetometer is concepiually the next most simple
instrument for the measurement of magnetic fields and the one which
has been most frequently used. It is baséd upon the non-linear characteristics
of a magnetically saburaeble reactor or ssaturable transformer, which is
used as the sensing element (Geyger, 196l4). In the fluxgate magnetometer,
the measurement of the second harmonic of the input frequency bhecomes .
a direct measure of the extermal magnetic fiela in which the sensor, a
saturable transformer, is placed, The word "Fluxgate"” refers to the
gating of magnetic flux in the detecting element and the nature of its
origin will become evident after a discusiion of its operating principles.

The analysis of the fluxgate magnetometer operation is frequently
carried out by means of a diagram similar to that showm in Figure 7, The
non-linear or hysteresis characteristics of the core maberial for the
saturable transformer' are assumed to bé combinations of simple linear
segments in thée B:=H plane, A triangular drive waveform of freguency l/T
is used as the input signal with amplitude Hyp, and is applied thfough a
primery coll winding on the core. The core mabterial saturates when H
reaches + Hp, when the“magnetic induction is ¥Bg., The triangular waveform
possesses only odd harmonics and although in DPractice g ginusoidsal drive
waveform is employed, the use of this simplified triangular waveform will

not invalidate the prineiples upon which the instrument is based. It is
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2assumed that an ambilent éxternal magunetic field, of intensity +AH, has
biased the drive field intensity in the core as shown.

The resulbant magnetic'flux linking a secondary sensing coil,
operaﬁing on Faraday's law of magnetic induction, is then cobtained by
following along the B-H hysteresis curve to obtain Bp, as shown. The
output signal induced in the coil is proportional to the time rate of”

* change of the "flux" which ig alternately switched or "gated" to plus

and minus saturation, It is seen‘to consist of an interlaced train of
identicai posiﬁive and.negative pulses of width oI which are non-uniformly
spaced in time. Successive pulses are separated by either BT or (1-8) T.

‘It is this alternating saturation of the core in opposite directions

which "gates the flux" in the sensing coil in the time sequence shown.

The gating occurs as the result of driving the core intéd the flux saturation
condition, which then leads to a complete circuit of the hysteresis curve.

A Fourier analysis of the output waveform of éﬁi yields the formula
shown in Figure 7, with the indicated values for o and B. Note that o is
independent of AH and that B depends only upon the ratic of AH/Hb. In
the absence of an external magnetic field, i.e., NE=0, the bracketed term

becomes

+2 k=1,3,--. Od.d.
0 k

(L -cos (km)] = { 2.2.1

il

0,2, ... even

This means that even harmonics of- the primary frequency occur only in the
preaénce of an external magnetic field, AHAO. Since the amplitude of the
harmonics decreases with thelr erden k, it is clear that the best one %o
use is the second harmeonic because it leads to a maximum signal at least

twice as. large as the next even harmoniec.
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The amplitude and phase of the second harmonic are important in
" gquantifying the magnitude and direction of the ambient magnetic field.
In order to study this relationship, the ratio of the second to the first
harmonic is formed:
~iT(1-
1-e~iT(1-AH/Hp)2 rsin oMy

STy R — 2.2.2

Assume that the field to be measured, pAH, is much smaller than that of

the drive field, Hj and the drive field HD is much larger than the coerciwe
force HC requlred to drive the core into saturation so that o << 1,

This equation becomes:

~1+isi .
1-1+isin(2nAH/Hp) =g 8 o 2.2.3

1+1-isin(mAH/Hp) Hp,

This states that the second harmonic is jQOO out of phase with the
primary, with the sign indicabting the sense of the field AH relative to thé
core axis, and the amplitude is linearly dependent upon the value of ﬁH/HD.

{

This summarizes the operating principle of the FTluxgate magnetometer: the
instrument is a device which measures the magnetic field qompénent parallel
to the core axis. The frequency response characteristics depend upon the
drive frequency and amplifier -electronics and the desired noise level in a
complex manner. As with the induction magnetometer, the deéign of an
optimum instrument includes a considefation of not only the sensor but

also the electronies.

A block diagram of & simplified fluxgate magnetometer is shown in

Figure 8. Here a primary frequency- is first generated and then doubled
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for comparison with the filtered and amplified second harmonic. In
other designs, The primary'drive frequency is obtained by a divide-by-
two operation from a reference oscillaﬁor that is run at essentially the
second harmonic, The use of a narfow bandpass filter and a very stable
oscillator are essential‘so that tie response of the instrument over the
operating range is a fixed linear function of the input and to reduce the
noise level at the output. In order to improve on the stability of the
magnebometer, a magnetic feedback loop is often employed as shown in
addition to purely electronic feedback used for amplifier gain stability,
The.detected output is then low pass filte?ed to provide a volbage which
is proportional to the magnetic field. TIn order to verify the sensitivity
of the instrument, that is, the change in field AB required for a certaln
rd
change in the Putput, AV, 1t is possible To add a known field to the
sensor and measure the change in the output,-%% (gammas /volt).

The foregoing simplified analysis-has assumed a parallelogram hysteresis
curve fortthe B~H saturable core characteristics and used a triangular
waveform for the primary frequency. Neither of these assumptions nor the
neglect of eddy currents induced in the core mabterial, however,,negate‘
the operating principles. See Williams and Noble (1950) for a discussion
of the analysis using a 5ine wave drive.. In practice a more serious
problem arises since the measurement of weak magnetic field means that the
magnitude of the second harmonic is only 10"6;}:2 of the primary. The
accurate measurement of such smal} signals is not easily accomplished: with

the use of a gimple bandpass filter especially under the limitationsg on

welght, power and volume imposed on space applications.
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A solution to the problem of detection of a small second harmonic
signal is. to configure the core and the primery and secondaxy coils so thab
the secondary. coil is.insensitive to the primary s;gnal. This can be
accomplished in several ways, as shown in Figure 9. The geomebry shown.
in 9b illustrates the use of two coreg, side by side, around which a common
secondary‘rgsﬁbnds_onlyyto even harmonics because the primary coil is
wound in series- opposition on tﬁé cores. Thigs introduces & 180° phase
shift in the.contribution; of the primary frequency to the induvced voltages
from the two separate cores. The degree to which ‘exact cancelling of the
primary signal occurs depends upon the two cores being magnetically
idgntical to each other and wound in the same fashion. By careful treating
of core material and precise quality- ¢ontrol selecting matched pairs, in.
addition to using a variable number of.windings on each core to trim the
sensor system to-precise equality, the Ideal situation is approximated.

. Typical drive:frequencies of.1~2 KHz are-used in this type & fluxgate
SEnsor,

Another approach to the problem of primary-secondary decoupling by core
and coil geometry is the "HeTiflux" sensor shown in Figure 9c. Here the
two coils are wound orthogonal to each other around a helical core which
is overlapped on itself as shown. This deometry has additional advantages
becauge the thickness of The core material, which is a tape wound on a
ceramic tube, can be made very thin. This reduces the amount of drive
current necessary to switch the core material from positive to negative
saturation, lowering the hysteresis loop losses, as well as the eddy _

current lossges.
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This Heliflux geometry also permits the use of higher operating
frequencies, as opposed to the twin core geometry, since in order to switch
all the material in the core, eddy current losses prevent full penetration
to the center of thg core. The use of higher operating frequencies will
intrinsically increase both these losses but may permit lighter Weigh£
components in the electronics and permit higher operating efficiency in the
electronics. This geometry of the fluxgate magnetometer sensor isg the
one which has been most widely used by the USA and ESRO. It is a patented‘
design of the E. 0. Schonstedt Instrument Company‘oereston, Virginia
(Schonstedt, 19593 1961). Typical drive frequencies of 5-20 KHz are used
in these sensors.

An alternative closed magnetic fiux loop geometry, éalled the Ring
Core (Gordon et al., 1968), has recently been developed and is shown in
Figure 9d. A toroidal core of permeable material, which can be a very thin
tape, is wound with a concentric circular solencidal primary winding while
the secondary is wound as a linear sclenoid around the entlre coretprimary
coll gsystem. The directional characterigtics of the sensor depend on the
geometrical axis of the secondary since the primary ceoill and core have no
directional sense except with respect 4o the external magnetic field. This
geometr& offers the possibility of a two component magnetometer on a single
core, as well as the advantages of thin core material discussed pfeviously.
This type of core geometry has yet to be used in space magnebometers.

Regardless of the various éeometries as described above, there are
a nmmber of problems intrinsic to fiuxgate magnetometers which arise from

several sources. TFirstly, it is absolutely egsential that the primary



- 24
waveform be free of 'second harmonic distortion. Otherwise the.output

will contain a spurious second harmonic content. Most important, however,
is the need for full saturation of all of the core material in opposite
polarities on each half cyele so ‘that any residual magnetism of the core

[

is Pully removed, or "shaken out”
2

as it is fr;aquently described. Failure

to utilize a core with zero residual ﬁagnétism will Jlead to a second harmonic
signal that is legitimately due to a magnetic field, but unfortunately is
that due o the permanent internal magnetism of the core itself. These
"Magnetic memory" effects; or "zero level' offsets, can arise from a
number of sources aﬁong which primarily are variability of material N
properties,  mechanical or thermally induced gtress and incomplete saturation.
The latter occurs becavse not all the magnetic domains in the core are
periodically reversed as the flux 1s gated in the core.

Thete is no way t;a eliminate permanently the possibility of memory
gffects. This is true regardless of the mechaﬁical, electrical and
magnetic flux path of the sensor. While in practice, it i1s now possible
to consider the stability of zero levels of some fluxgate magnetometers to
be better than 1-3 gammas over periods of many months, these are not adequatbe
Tor many studies in space. The only way to determine the amount of zero
level offset uniguely is to physically reverse the sensor by éxactly 180°
in the magnetic field being measured. This must be done with regpect o
its magnetic_axis and not the geometrical axis since the two may not be
colinear or even parallel. By averaging the two values of the measurements
thus obtained, taking into &ccount correctly the reversed directional sense

of the detector, the zero level offset, &V, is obtained:
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5V = 5 [(v+8V) - (v-8V)] 2.2.4

The measurement, of the wector magnetic field feqpires the use qf
three monoaxial fluxgate magnetomebters. Since the sensors are of modest
but finite size, roughly that of a short pencii, théytanhot all be located
at the same point with a common megnetic center, The spatial éradient of
the field to be measured is éuch that generally a separation-of the three
gengors by several cm., is_unimportant. They are then mounted in a
geometry as to minimize the electrical and magnetic cross coupling between
separate sensors. The mechanical adjustment of such units is conducted on
a hunt-and-try basgis, Some desisgns, particularly in the USSR programs,
have Tfound it necegsary to use separate drive frequencies for each axis to
eliminate cross-coupling although this requires more weight, wvolume and
power in the electronics since a common-primary frequency camnot be used.

Pregently the gtate of the art of fluxgate magnetometry is such that
intringic noise levels, due to thermal and magnetic material sources, yield
field eguivalent RMS deviations of 0.1 gamma or less for pass bands of
0-10 Hz. The dynamic rancge of such ingtrumentg can be’several hundred.
E£2mNa, to'sevefal thousand gamma and technigques exist for extending the
ranges beyond this (see Section %.0). The spectral npise’characteristics
o%er the frequéncy range zero to several Hz is %néwn to be a steeply
falling function of freguency. By careful selection of the individual
sensor cores and their coil windings, it is possible now to échieve

sensitivities of 0.02 to 0.03 gamma RMS noisze equivalent.
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The advanteges of these instruments for the measurement of magnetic
fields is multifold: precise continuous vector data with passbands up to
several 10's of Hz, lightwelght, rugged and low power. The one disadvantage,
" %he zero level uncertainty associabed with memory effects, can be overcome
on spin stabilized spacecraft antomatically for two axes and for the third
with a flipper., to be described in section 3.2, When compared with the
induction magnetometer, the fluxgabe noise figures are such that they
possess superior performance up to about 10 Hz, Beyond this range the
intrinsic lncreasing galn of the induction magnetometer makes it the

superior device.

2.3 Proton Precession Magnetometer

This instruvment was the first of several "quantum” or absolute
magnetoneters which were adapted from téfrestrial models and developed
explicitly for space applications. Its operation 1s based upon the magnetic
proéerties of the fundamental atomic particle, the proton, the nucleus
of the hydrogen atom. The measurements made with such an dinstrument are
referred To as absolute because the calibration of these instruments is
universal, depending only upon the fundamental atomic constant, the
gyromagnetic ratio for the proton.

The operation of the instrument can be deseribed in either quantum
mechanical or elaésical.mechanibal terms. Both shall be used since a
guantum-mechanical description will be necessary in the analysis of the'
operation of the alkali vapor and heliwm vapor magnetometers. The classical
description shall be given first as it hasg given the name to this type

of magnetometer.,
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The sensing element iis a sample of hydrogeneous liquid material such
as water, alcohol or n-heptane., Because of The magnetic moment of the
hydrogen nucleus, the sample can be magnetically polarized, albeit quite
weakly even if & strong field, Hb, of several hundred Gauss is used. The

—

sample volume V will become magnetized with thé”magnetic moment M given by:

— 2 —
Mm=XnvE 2,.3,1
kT P .

where n is the concentration of hydrogen nuclei, p‘is the nuelear magnefic
moment (Bloch, 1gk6),

Following the removal of the polarizing field, this net magnétic
moment will be forced to move in a precesgional motion gbout the ambient
mzgnetic field because the Torce exerted on it is a torque given by ﬁix E .
where H is-the external nagnetic field. The motion is governed by-the

equation’:

- =

= (MxH 2,3,2
(X)YP 3

-
dM
at

where Yp is the gyromagnetié ratio., a measure of the proportional%ty between

the magnetic moment and the angular momentum of the ﬁroton.

The processional motion around the ambient field occurs-at the frequency
given by v, \Ei and it is this frequency which is the parameter to be
measured to yield information on the scalar magnitude of tﬁe magnetic field.
Since the frequency depends linearly upon the field magnitude and the
gyfbmagnetic ratio, which is the same for all hydrogeﬁ nuclei, this
instrument 1s absolute insofar as Yp is a parameter which represents a

fundapental property of nature. For-the proton, the value of Yp is
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(2.67519+0.00002) x 10% sec/Gauss so that the precession frequency, £

i
is determined by bthe field intensity F as
£y = 4257, 7 F (Hz/Gauss) 2.3.3

For the relatively strong fields of the earth,'aﬁproximately 0.3 to 0.7

Gauss, the frequency ranges from 1.2 to 2.9 KHZ.‘ However in the much

wegker fields in interplanetary space-tﬁe frequency is less than 1 Hz,

This is so low as to be difficult to instrument appropriately and too low

to accurately measure a varying magnetic Tield, As a resulbt, these

ingtruments have been used primarily in studies of near earth magnetic fields.
The alternative quantum mechanical analysis follows and the discussion

of the actual instrumentation to measure the precession frequency shall

be given at the end of this section. The proton is a two-level quanfum

aystem in the preseﬁce of a magnetic field because it possesses a magnetic

moment which is aligned parallel to its angular momentum associated with

the spin of the proton. In an external magnetic field there are two possible

equilibrium positions for this magnetic moment: aligned parallei (minimum

energy) or antiparallel (maximum energy) to the magnetic field. Tn a

state of thermal eqﬁilibrium, the relative population of these two states,

or energy sublevels Nﬁ and W,, is given by statistical mechanics as:

N
= o-2H/KT 2.3.h

where K is Boltzman's constant and the other parameters are as defined
before. This separation or splitting of the energy stabes into sublevels
in the presence of an exbternal magnetic field is an effect known as Zeeman

splitting.
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In order to measure the magnetic field strength, a means must be
found for either determining the relative populations of N?/Na or for
measuring the change in energy as they move from one state to the other.
The proton magnetometer is based upon measuring the energy change associated
with the trangitiong from one sublevel to the other. Thig is sceonmplished
by'appiica$ion of a strong polarizing field which changes the population
so that mainly one sublevel is occupied. By observing the relaxatlion of
this modified distribution to a final equilibrium state in the magnetic
field, H, the energy separation canbe measured by observing the emission
of energy.

This corresponds to meaguring the frequency, v, of the emiftted quantized
radiation, which is related to the mégnetic field by:

v =Y |5 | 2.3.k
2
Thus this measurement of the energy difference between the two pogsible
energy sublevels of the proton is exactly.equivalent to the measuremant.of
the precession frequency of the macroscopic megnetic moment of the
polarized sample.

In practice, the thermal energy and interactions between the nuclear
moments lead to a decay of the net magnetic moment, as the protons begin
to incoherently precess, at a rate determined by the transverse relaxation
time, T5. That is, ﬁ effectively decays as:

[ & ~5/T, 2.3.5
where T, ranges from approximately 1-10 seconds. A measurable precession
signal is available for only a limited time which depends upon the' specific

. Ve
properties of the sample used and i1ts temperature.
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A simplified bloek diagram- of 2 proton precession magnetometer is
given in Figure 10b, A solenoidal coil is employed with'its aﬁis colinear
with the X axis as shown in Figure 10a. A polarizing field is gpplied for
a btime léng compared to the thermal relaxation time, Tl, for the pérticulaé
semple material. A switch then connects the coil to a sensitive amplifier,
whiéh may be followed by a frequency metef to determine the precession -
Trequency. The precession frequency is detected by Faraday's law of
induction as discussed in Section 2.1 for the induction magnetometer in
the case where the magnetic field is changing periodically with the
precession frequency. The simplicity, ruggedness and absolute calibration
‘of the data obtained from this type of instrument make it valuable for
those applications where only the-ﬁmgmitude of the field is required:and
not the direction. If the field is vérying, then an average field.will
be measured since any freguency meter will count the average period over
the counting interval.

One problem which arises in the use of this instrument is due to the
variable signal to noise ratio due to the variation of the angle between
the coil axis, g, and the unknown field, f. Although the frequency of
precession is indeéendent of‘this angle, the net detected signél is not,
vaxrying as sin2 9 where 6 is the angle‘betweén the two directions, s and ;.
Null zones exist in which the instrument éannot produce measurable
precession gignals, These problems can be overcome if the
spacecraft ig slowly rotating and tumbling in space so that the relative
orientation of the field and coil axis are changed., If this is donme too

Tast, however, it induces another signal in the coil whose contribution can
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distort the pure precession signal. The most common solution is the use of

two proton magnetometers with their coil axes oriented at 90O to each

other so that regardless of the direction of the field at least one of the

magnetometers has a favorable signal to neise ratio,

The problems which this instrument presents for space applications are:

1)

2)

3)

4)

5)

Discontinuous measurements of the field, the interval between

measurements being required for the polarizetreadout cycle. This
is o minimum of gbout 5 seconds.

Relatively large current requirements, albeit intermittently,
3

for the polarization current. These are on the order of 5~20
amps. The decay of the polarizing current ﬁust be fast, on the
order of a few | seconds in order to avoid an adisbatic relaxation
of ﬁ after which no precession would occur,

A spetially homogeneous magnetic field must be present-at the

sample or the relaxation Time T2 will be significantly decreased
to a value less than 0.1 gecond. This may be an insufficlent time
to perform a precise meassurement of the frequency.

The rotation of the spacecraft introduces an error in the resonant
frequency of amplitude proportional to the ratio of-the spin rate
to the gyromagnetic ratio., This can thus epproach ly for 1 RPM
in the geomagnetic field éi the earth's surface.

Design of high gain, low noise, broad band amplifier and possibly

a frequency meter for counting the precession frequency signal.

However, in certaln applications these disadvantages are outweighed by the

uwnique advantages of the absolute measurement of the field magnitude. And
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indeed. the development .of lightweight low-power wersions for rockets
and spacecraft have made this instrument a ubtilitarian device for certain

space studies.

2.4 Alkali Vapor'Self—Oscillaﬁing

‘ The alkalil ﬁapor magnetometers are guantum devices which,‘like the_
proton magﬂetameter, depend upon the intrinsie'magneﬁie pfoﬁerﬁiee of the
fundamentallﬁartieles in'the atem (Bloom, 1962). But.here éhe ﬁménetic
properties are those of the electrons and the quantum.eﬁeraeteristies of
the electron spin systems. The senéing elemen£ in fhe insffﬁments is &
glasgss cell containing a vaﬁor phase of the corresponding al%ali metal,
among which Rubidium and Cesium hame thus far been used. The Zeeman
splitting of the energy states of the atam is dependent ‘upon tﬁe-magnetlc
fleld strength but in a rather compllcated Way'because of the complex
nature of the electron spin systems, The process of modlfylng the relative
populations of the various sublevels is accomplished in a diffefent fashion
as 1s The detection of the energy changes between ﬁhe split sublevels, when
compared to the proton magnetometer. o

The operating principles can be-illustrated with the aid of a

diagram for the hypeffine energy ievel structure for the Rb85 iso%ope
showny in Figure 11. The principlee for Rb87 and‘Csl33 are the same
although there are differences in éhe exact structure of the sebievels
and éorrespondiné differencee in the numerical pérametérs relating field
and frequency, The important feature of the diagram is that iﬂ the ground

state (5 %51) and the first excited state (5 Pl), the p0331ble configuration

of the energy structure is separated or split 1nto 7 sublevels for F=3 and
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5 sublevels for F=2. The energy differential separating these sublevels
from each other is dependent nonlinéarly upon the magnetic field intensity.
The deviation from linearity becomes important at the large fields near the
earth's surface, -

By use of a process called “optical pumping"” first demonstrated by
Dehmelt (1957), the state of the atoms in the sensing element can be altered
go that upon relaxation they become preferentially distributed into only
one of the possible ground states. This is accomplished by illuminating
the vmporain the gas cell with photons {of the correct quanta) to raise
them to the first excited state. In this process the atoms in the gas cell
absorb energy from the incident 1light beam and because circularly polarized
light is used, the excited states can be reached only with a change in
the magnetic quantum sublevel of Am= +1 (or -1) depending upon the sense
of the polarization relative to the direction of the beam or the optical
axis of the exciting lamp-gas cell system (see Figures 11b and 12a).

After excitabion, the atoms will spontaneously decay to their ground
states by the emission of energy but because of the mixing among the
excited phases which takes place, the decay .occurs with equal probability
for Am = 0, +L or -1, Thus the final state of the absorption gas cell is
that all the atoms become trapped in the m=+3(or-3) sublevel, since they
are not able to make the transition to the excited state from that sublevel
(see Figure 11), In this case the atoms are said to be "pu_;nped" into a
preferred metastable state where they can no longer absorb energy.

The magnetic field is measured by determining the energy difference

between the sublevels and this can be accomplished by forcing a redistribution
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of the.atoms by the application of energy with the .correct quanta to-
disturb the metastable equilibrium, In faét, this turns out to be. an
RF electromagnetic field at the correct frequency and subsequent to its

application, the gas cell once more becomes caﬁable of absorbing
energy. .

A:-block disgram of a simplifiedsalkali vapdr magnetometer is shown
in Figure 12a. -Here resonance radiation light from a.Rb85 lamp is
obtained by means of an RF electrodeiess discharge using a small glass
bulb containing the Rb metal. The light is optically collimated and
passed through an interference filter that removes light at a wavelength
A=T800 A® which would cause redistribution of the atoms in the ground
state and preclude achieving é non-uxiiform distribution of the atoms in-
the ground state. A circular polarizer then leads to the guantum selection
rule favoring one or the other extreme sublevel in the split ground states.
Finally the light is passed through the gas cell where the vapor absorbs
some of the incident energy until it becomes preferentially pumped. With
the use of a collimating optical system and a photo-cell detector sensitive
to light-of the wavelength.in' the incident beam, the output ‘can measure the
optical transparency of, or transmission of light through, the gas cell.
' When the cell is first illwminated i+ becomes transparent shortly
after first being-somewhat opague as energy 1s abgsorbed by the gas cell,
If now_an external RF magnetic field is applied at right angles to the
optical axis (assumed parallel +to the external field}; the atoms willbe.
redistributed to the various sublevels and the opacity of the cell will

Increase. If the frequency of the RF field is made to gweep across the -
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spectrum a decrease in light transmission on the order of 10-20% will be
observed at that frequency corresponding to the splitting of the energy
sub-levels.

This in fact is the Laxrmor frequency of the electron spin system in
the clagsical mechanical analysis of nuclear resonance. 'However,,this
method 1s no better than the proton magnetometer since there is still
not a continuous measure of the magnetic field unless a servo-contrclled
sweep oscillator is used to maintain the transparency of the cell at a
minimm and the freguency monitored.

By suitably modifying the system, as shown in Figure 12b, the
modulation of the transmitted light itself can be effected at the Larmor
frequency. This is accomplished by using a feedback loop with the
sppropriate phase shift and loop éain which then creates a magnetometer
which spontaneously self-oscillates at the Larmor frequency. The condition
for resonance requires that in thig system, with the optical and RF axes
colinear, a 900 phase shift be used to compensate for the -909
phase shift which occurs bgﬁween the RF field and light modulation. The
0 to 180O phase shift selector is required to choose the proper phase
since the direction of the field may change relative to the optical axis
of the system and the sense of the circular polarizer is fixed. 3By.
measuring the freguency of the feedback loop a measure of the intensity;
of the magnetic field ;% achieved.

Two problems arise in the accurate and continuous measurement of a

magnetic field by such instruments. As is the case with the proton

magnetometer, the signal amplitude and thus the signal to noise ratio of
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the sensging element is dependent upon the orientation of the field
relative to the optical axis as sin 2@. Thus three null zones exist, two
near the poles, as with the proton magnetometer, and also a large zone
near the equator, for 6 = g0° + 11°,

A much more serious problem, however, is that of the slight but
increasingly important dependency of the resonant frequency on +the magnitude
and direction of the magnetic field. This is because the frequency
corresponding to the Zeeman splithting of the energy levels is a nonlinear
function of the field intensity, and is not the same between adjacent energy
levels. Tor a magnetometer this means that a resonance conditioﬁ exists
over a finite and variable band of frequencies related to the magnetic
Tield in a complex manner. Thus the frequency will change as the
orientation of the field changes. For the Rb85 diagram shown in Figure 11
the 6 frequencies for the transitions bétween sublevels m = +3 to -3

are given by the Breit-Rabi formulae as (Farthing snd Folz, 1967).

2
fus = + 359B
Ty = 1} h.66737B + { % 215 5 2.Lh.1
2

where f. = the frequency (Hz) for the transition between the m and [m-sgn(i)] sub-
level. This means that the resonance frequency of the single gas cell

system i1s biased higher or lower than the center frequency by a non-negligible
amount in strong fields, that is greater than l'OLL gamma,s. This is because

the resonant feedback loop cannot resolve the 6 very closely spaced lines

and instead operates on an effectively "smeared" line width composed of the
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6 lines. The maximm heading error for Rb

85

in a field of 0.5 Gauss is

33

thus 186y, for Rb87 it ias 82y while for Csl it is only 6y. In practice

the heading errors are less than these values and thus a.Cesium magnetometer

is the most accurabte single gas cell alkalil vapor instrument.

85

An elegant solution to this "heading error' problem for the Rb - and -

Rb87 isotopes (Ruddock, 1961) which consisted of using two cross=-coupled
self-oscillating magnebometers is shown in Figure 13. Here the photo-cell
smplifier output of one gas cell is used as the inpué to the RF coil of
the other, With this design, there is complete symmetry of the response
characteristics of the magnetometer for variable field orientations and
except for the same signal-to noise-ratio problem which remains, the
resonant frequency will be independent of the orientation. This occurs
because when one gas cell is being pumped into the m=+3 state, it implies
that the other is being pumped into the m=-3 state. The transfer function
of the-feedback lcop depends upon the product of the individual lines
and so with the complete symmetry of the instrument response to an external
field the smeared resonance line width is made symmetrical and the loop
@wﬂ%aﬁmewmwfmwmwofmeGﬁmswat
f = 466737 B 24,2

The problem of the null zones can only be golved by reorienting the.
magnetometer continuously in order to mainbain an adequaté slgnal~to-noise
ratio or to use a’'pair of magnetometers, as done with the proton pregeésion
system. However, since thé gsignal-to-noise ratio is dependent upon sin 28

this means that the opbimum angle between the two axes is 45°. In practice

o
an angle of 55 has been used, leaving only two small null zones, elliptical



- 38 -

regions of spproximately 20° by 10° in size. The outputslfrom the two
units are then mixed before subseguent pfocessing.

Other problems exist than the theoretically based ones just discussed
in connection with the actual fabricabion and operation of such devices.
The temperature of the resonance excitation lamp and the gas absorption
cell must be Independently controlled and confined with limits éf
approximately 2-5 °C in order to maintain adequate signal streﬁgth.‘ The
temperature controls the pressure in the gas cell ané this in turn ¢ontrols
the rate at which collisions of the atoms with the walls of the cell occur.
The collisions result in enhancing the velaxation process g0 that unless
limited by either the use of special coatings on the walls and/or the use
of a buffer gas, the atoms cannot be pumped. The pumping must occur |
faster than the natural depumping for the magnetometer to self-oscillate,
Such temperature conbtreol 1s achieved tﬁ?ough the use of additional power
to actively thermostat the uﬁits. of cgurse extreme care must bhe taken
in the windiﬁg of theée heating coils to avold generating magnetic fields
which would be sensed by the magnebtometer.

Within the electronics gystem, all sources of phase shift spurious
to those required must be eliminated, whether they be temperature or
frequency dependent. This becomes extremely difficult when considering
the wide range over which an electronic system must operate to cover the
range of field strengths to be measured‘in space, Goiﬁg from 0,5 Gauss to
0.5‘gamma spans 5 decades and this 1s simply not feasible with a single
low noise high gain amplification system. Normally a much smaller range
is selected as the objective, and.frequencyrengeé up to the order of 3.5

decades can be built., The instruments which have been employed in space
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- studies ﬁave either been able to provide measurements of relatively low
£ield strengths or high.

For th§ other alkali vapor systems which have ﬂeen developed and

used on spacecraft the resonance frequency is different, For the Rb87.
isotope the resonance frequency is 6.99632 Hz/gamma while for the cst33
isotope it is 3.49869 Hz/gamma. Of these three, the first two have been
used on satellites while the last one has besn only used in rockebs
(Cloutier and Haymes, 1968), although a satellite version has been developed
(Dolginov et al., 1969 ). The selection of which of these shall be used ,
depends upon several considerations, among which are

1) Resonance frequency and range of operation

2) Widﬁh of resonance line

3) Temperature range of gas cell and lamp

Ly Power required (~3 wétts per lamp and 0.5 watts per gas cell).

In 21l of these self-oscillating magnetometers, the wnits provide
continuous absolute measurements of the intensity of the magnetic field,
The power required for these instruments varies among designe?s but ranges
between 3 to 10 watts continuous plus 1-5 watts for heater power.

A problem common to all ‘of these magnetometers is the width and
asymetry of the resonance line, which is dependent upon the nonlinear
_Zeeman splitting, the Doppler broadening associaked with collisions of the

atoms in the gas cell with its walls and the Intensity of the pumping light.
This broadened and possibly asymmetric resonance line leads to three problems:
1) Accuracy of-measurements which ig limited by the resolution

and heading errors (if present)
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2) Iow field response limited by resonance line width which means
that fields <3y cannot be measured.
3) Response to fluctuations limited to being legs than resonance line
width (< 20-50 Hz)}, and '
4) Intrinsic noise level proportional to rescnance bandwidth
Thegse factors cpmbine in magnetometers bullt for space applications so
that absolute accuracies of better than 0,1y with sensitivities of 0.0ly‘
in fields of 50-100y are possible. The Lermor freguency is so high tha@
thése‘quantum magnetometers can be used to measure the weak fields in the

distant magnetosphere and in interplanetary space.

*

2.5 Helium Vapor Masgnetometer

The vector low field Helium vapor magnetometer is another "quantum' |
instrument whose operation depends upon the magnetic properties of the
two electrons in the Helipm atom. There is no direct determination of
the Zeeman splitting of the energy levels of the electron apin system,
Jhowever, as in the alkali vapor gelf-oscillating instruments discussed in
Section 2.4, and the device does not oscillate at the Larmor frequency.
The operation is somewhat analogous toc that of a fluxgate magnetometer,
in that:

1) a primary sweep frequency is the means whereby information on

the magnetic field at the sensor is obtained,

2) the instrument measures the components of the magnetic field, and

3) it is not an ebsolute instrument because its calibration is

not -dependent upon fundamental atomic constants.
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The original instrumentation development has been discussed by
Slocum and Reilly (1963). A brief summary of its operating principles
shall be given here, depending heavily upon the d:escription of the optical
pumping and optical transmission properties of the alkali vapor absorption
cell given in Section 2.4. As in those devices, the basic sensor is an
absorption cell whose Llight transmission characteristics are detected to
determine information about the externsl magnetic field.

The energy level dilagram forx L"He is shown in Figure 14 for those
level;'s involved in the optical pumping process. Helium can exist in two
states, para-and -ortho-,but transiticns between them which produce optical
radiation are forbidden. The instrument uses the optical pumpi.ng process
to create an unequal distribution over the magnetic sub-states of metastable
ortho-helium, which camnot spontaneously decay by any radiative process.

The absorption of pumping light from an RF electrodeless discharge effectively .
transfers the atoms from the 18 o parahelium ground state to_a. "non-uni:é‘orm
dis:tribution in the 251 metastable level, which is the ground state for
orthohelium,

The Helium atoms are "pumped" when the parahelivm atoms, excited
to the 2 3P0,1,‘2 levels by absorption of energy at frequencies corresponding
to the transitions Do’ ID:L and Do, spontaneously decay to the 2 381 level
'bl{t with a net change in their magnetic sublevels of either Am = +1 (or -1).
An unmequal distribution of sub-levels results with the use of circularly
polarized light, which is selectively absorbed by the Helium vapor ag the
electron spin systems become‘oriented, that is polé.rized by the ILight.h

The information on the external magnetic field is obtained by

disturbing the "pumped" state and detecting it as a modulation of the
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pumping light beam. This occurs because the pumped gas is more transparent
than the unpumped. gas. Unlike the self-resonance magnetometers of Section
2.4, however, the method of orientation detection and disturbing is not
based on the absorption of RF energy whose frequency ig the Larmor Trequency.
Rather the vafiation of the status of the atoms in the aﬁsorption cell is
observed by detecting the variation in the transparency of the cell as it

is exposed to a known magnetic field of wvariable orisntation.

The optical pumping process depends upon the gense of polarization
of the pumping light and the angle 8 between the magnetic field and the
optical axis of the instrument., For circulariy polarized light, the
svb~-levels will have a non-uniform population, all atoms in either the
+1l or -1 sublevels depending upon the sense of the external magnetic field
component parallel to the optical axls. In the absence of such a component
the populations of all three Sublevéls will be the same.

By systematicallyAvaryiﬁg the direc?ion of the magnetic field at the
cell, the transparency can be systematicallytmodified and detected in the
modulation of the transmitted light, which will vary as cosge. Thus with
an exﬁefnal magnetic field sweeping in a plane, as shown in Figure.lS,
the trangparency of the cell will be varieq as the atoms change from the
+1jpopulation to the -1 population. The frequency spectrum of the amplitude
variations of the modulated light reflects the status of the net magnetic
field at the absorption cell. In the absence of an external magnetic field,
the frequency content of the output signal will consist of a second
harmonic of the sweep frequency. However, if a steady external magnetic
Tield is present at the absorption cell then there will be a Fundemental
frequency camponént whose magnitude and phase are related to the external

field component in the sweep plane.
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With reference to Figure 15, the ambient field to be measured is

EA'while the sweep field Hé has components in the X-Z plane given by

(g sin o t, Hy cos o t). The relative transparency, §T,of the cell is

given by:
; 2
§ T = ER cos~ @ 2.5.1

which is:

L2
1 + Ha cos wh
o7 = (Hpg, + Hg )

2.5.2
il
[(EAZ+ H. coswt)e+ ( H, sin wt)2]§

S HﬁX
Assuming that Hy <.<1HS, valid for the null detector mamner in which the

device will be operated yields

coswt -5 H, sin ot + ... 2.5.3

= y 2
§T = HS cos 2ut + Ay

H
o AZ

Thus the operation is rather different from a fluxgate in that the
presence of a second harmonic does not carry the information but rather it
is the fUndameﬁtal frequency which does. The functional dependence of the
light transmission properties of the absorption cell is the source of this
characteristic behavior,

The addition of ‘o feedback loop which generates a steady magnetic
field at the cell to exactly cancel the external magetic field and
reduce the first harmonic to zero then leads to a mag etometer which measures
two components of the magnetic field. By use of a gweep vector in a
second plane orthogonal to the first, a three component measurement can be

performed by switching the system repeatedly between the two planes. The



_ ol -

magnitude and phase of the fundamental harmonic carries the information
about the éwo components in each plane and by monitoring the current
required in the feedback coils to reduce the first harmonic to zero-a
measurement of the magnetic field is made. A simplified block diagram
of a.Helium vapor magnetometer of the type just discussed is shown in
Figure 15, with an IR detector shown since the resonant radiation to
excite the abtoms has the wavelength of approximately 1.08 A°, A phase
sensitive detector is used tomeasure the fundamental frequency component
and drives the feedback coils which cancelsthe external field.

These instruments are thus relative devices which depénd upon
calibration of the external magnetic field to current relationship
existing between the absorption cell+feedback coil system. The usé of a
Helium vapor cell which must be stimulated by an external magnetic field
sweep 1s somewhat like the fluxgate sensor since it is the magnetic state
of the sensor which leads to the eventual field measurement. One advantage
of this device is that there is no phenomenon analogous to magnetic
memory effects in the genscr and only the stability of the eleectronies
is a source of error. These devices use calibration systems simiiar to
fluxgates for their sensitivity but there is no way to verify the zero
level of the electronics.

These devices use on the order of 5 watts power mainly because of the
RF spectral lamp bub are not as temperabure sensitive as the Rubidium and
Cesium systems. The dynamic range depends wupon the electronics design
and the ﬁoise level upon the electronics feedback loop. The BMS equivalent
noise in a 1 Hz bandpass is 0,2y and the magnitudé of the field in the

sweep vector is 50-200y. The frequency of the sweep vector, on the

order of 100-200 Hz, limits the response characteristics to less than 10 Hz.
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2.6 Instrument Testing and Calibration

One of the most time consuming but absolutely essential parts of the
fabrication of épacecraft instrumentafion is that of test ﬁnd calibration
of the performance of every flight unit under enviromnmental conditions
expected to occur during launch and operation. This proves to ge an
extremely difficult task for magnetic field experiments since special
facilities are required Fo'simulate the physical conditions in space and
at the same time to be capable of reducing the ambient magnetic field in
the test environment to the very weak values to be subsequently measured.

The tests thét must be performed are:

1) Zero-levelstability, long term;

2) Sensitivity or noise spectral density;

3) Frequency response characteristies;

ﬂ? Variation of the above with tempersiture and pressure; and

5j’ Stability of the above Tollowing environmental changes and
launch simulation _

The use of large coil systemg which cancel the geomagnetic field has
become a étandard method to simulate the weak fields in space as well as
the use of specially constructed non-magnetic thermal simulators adapted
to operations within such coil systems. Frequently, it is ﬁossible to
measure only the operaticn of the instrument withéut the presence of the
spacecraft in such facilities and this precludes a complete end-to-end test
of the entire instrument. This becomes a possible error source if the
instrument utilizes long booms and éssocia$ed cabling to place the sensors

at remote distances from the main electronics assemblies.
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Typical operabting ranges for the main electronics units on .spacecraft
are -10 %o +50 U while maintaining calibration to that nominally desired
in the original. instrument design. The sensors, being placéd at more
remote, positions must. withstand temperatures from -75 °C .to +75°C and this
may require additional power to.provide thermostatic control under adverse
conditions. 8Since the temperature variations are not precisely predictable
in advance, the prudent instrument desigﬂer also includes a temperature
monitor within the sensor and perhaps also within the electronics o
provide in-flight. data.

The long-term testing of the relative ingtruments suech as the fluxgate,
the search coil and the heliumm vapor devices, requires a servo-controlled
feedback system to maintain the field in the test coll Tacility steady
within the variation desired. In the absence of such a system, there can
only be a verificabion of the zero levels of the fluxgate by reversing
the sensor in a fixed field. This calibration will not work for elther
of the other two devices and another maegnetometer must be employed, such
as & proton or Rb vapor absolute insﬁrumeﬁt. In this case, the sensitivity
of the units can be calibrated hut they cannct bg operated at extremely
small fields with any confidence.

The deteymiﬁaﬁionaof the gensitivity or noise éharacteristics of the
gsengorg is made difficult by the ambient fluctuations of the earth's
magngtiq field. This requires that an especially quiet period be chosen
or that during such tests the sensor be placed within a magnetic ghield
to’aﬁtenﬁate the fluctuations. This of course must also be done within
a coll facility so that the instrument is'ope?ating in a linear portion of

its operational range.
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In the previous sections descriptions of the five basic types of
ingtruments which have been or are being used for space magnetic field
iﬁvéstigations have been presented. The specific configuration and
selection of‘anyone of the basic types to be used on a particular -
spacecraft depends primarily upon the philosophy of the principal
investigator, the objectives of the study armd the characteristics of

the spacecraft.



3.0 Response on Spacecrdflt

The Instruments discussed in Sections 2.1-2.5 have been employed on
dgfferent:spacgcraft-in:a number of distinct-configurations, The primary )
concern in the selection of both instrument and experimental system design,
is whether thespacecraft is atbitude stabilized by-an .active control
system using -gas jets. or. o passive system uding magnetié'%orques or-gravity "
gradient torques of the earth's fiel’s, or gyroscopically by spin
stabilization., The majority of spacecraft which have included magnétomﬂters
have heen spin stabiliéed, which offers a number of advantages for thege:
experiments and also for other experiments such as particle and plasma
detectors, The principal advantage gained and common to all experiments
is an intrinsic directional scan -of the angular acceptance aperture of
the instrument over a much larger region of space than on an attitude
stabilized spacecraft. In the case of magnetic field experiments this
means determining separately the effects of the magnetic field of the
spacecraft and hence the accuracy of the measurements, for the field
components perpendicular to the spin axis (seé section 3.2). In the
following sections, the mathematical analyses of the several versions of
magnetometers, as adapted to flight on the two types of spacecraft will be

presented,

3.1 Response on Fixed-Attitude Spacecraft

The use of induction magnetometers on these spacecraft is generally
limited to those experiments which have as their objective the detection

of explicit time variations of the magnetic field and may include 1-3
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detectors. The use of a fﬁiaxial set of fluxgate magnetometer sensors
permits theqﬁirect determination of the vector magnetic field within the
accuracy limited by the stability-of the zero levels and the magnitude of
the spacecraft field's contributions to each component wvalue.

The use of any of the "atomic" magnetometers permits only a
detexndnatién of the magnitude of the total magnetic field, and not its
vector direction, unless additional electronics are included, The
purpose of these units is to provide the capability for the addition of a
seéuence=of accurately known bias magnetic fields. With a properlf
gselected series of such biag fields it becomes possible to convert the
magnitude data into component measurements.

Consider the unknown external field F with components Fy, Fy and F,.
If a bias field (Bi) can be added (and subtracted) for a pair of daba
points then the component of the field Fi can be determined. This is

derived for the x component, By, as follows: let R, be the resultant

field including the bias field (i), then

2 _ 2 2
(R)S =F" =2 BB, + By 3.1

Now, the value of Fx is obtained from®the separate measurements R, and R_ as:

=+ =1 3.2

The time regquired Lo obtain a complete vector measurement is then 6 times
the interval required for msking one measurement and may become long if
the field is weak and a high degree of precigsion is desired. It also requires

that the field be constant over the measuring interval.
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This technique is of limited value unless the bias field value can be
varied, even if the vector field to be measured is constant over the
measurement time. This is because the error in determining a component
from a pair of biased measurements depends upon the ratio of the field to
the bias value. This can be geen in the following development. Iet &

represent a small variation in the parameters Fx’ Ry, R_ .

-1 3.3

If R, and R can be determined to 0.1%, a reasonable value, so that

3

| 68y |<10™ R
then
x| 5208 [ I Bl 3.
F B,] =

Hence regardless of whether the ratio BX/F is large or small, the
fractional error in determining the x component of ¥ may become very
large, In order to cover a wide range of field magnitudes with a uniform
accuracy, the magnitude of the bias fields must be varied. Thus far,

only fixed magnitude bias fields have been used on spacecraft which have

carried these absolute magnetometers.

3.2 Response on Spin Stabilized Spacecraft.

The analysis of the output of a mono-axial deftector, such as a fluxgéte
sensor or a search coil detector, on & spinning spacecraft is straight

forward if there is no precession or nutation of the instantaneous spin
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axis. The following development will assume & payload coordinate

system fixed in inertial space with thg %P axis parallel to the spin axis
(ESC) and. the XP - ZP plane selected to include the spacecraft-sun line
(see Figure 5). The detector system will be assumed to be fixed rigidly
to the structure, which is‘spinning at a constant rate, W Let the
magnetic field T be represented by a vector at the polar angle ¢ and the
azimuthal angle P> while the ith component seﬁsor is represented by a

-3
unit vector Si in the direction (ei, ¢%i)' Thus the orthogonal components

-3 -

of F and S are: -

=1
F = (F sin o cos I sing sin F cosw
( P> B > ) 3.2.1

S; = (sin 8, cos (Wget+0gi-gei ), sinf sin(W_ tre,;-9;), cosb,)
The parameter 9o represents the electronic circult delay or phase shift
at frequency Wy and.q%i the angular offset of the sensor from fThe
spacecraft reference meridian plane, the plane defined at =0,

The instantaneous output of the sensor is then

- =

G; [FeS + Zi] = Output = Dy 3.2.2

where Zi ;t'epresents the deviation from absolute zerc of the apparent zero

level of the sensor plus the component of the magnetic field of the spacecraft
‘- .

parallel to the sengor axis. Gi ig the ’functional gain of the sensor which

relates its output (normally. in volts) to its input (mormally in vy). There

may be a nonlinear relationship bebween input and output although in this

analysis we shall assume that G; is a linear multiplicative factor (volts/v).

Substituting 3.2.2 into 3.2.1 and collecting terms, we obtain
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D, = G;[Fcos ¢ cos @;+ sin o SineicosKmsct+¢gi"¢ei'?F)+Zi] 3.2.3

Tt is seen that this consists of:

(1) a steady cémponent depeﬁding upon the amplitude of the external
field parailel to the spi£ axis plus spacecraft field and the
inaccuracy of the sensor, and

{(2) a component Varyiﬁg at the spin rate which is proportional to the
compongﬁt of the -external magnetic field perpendicular to the spin axis.

Thus, even for th;se experiments' in which' the
spacecraft field is non-negligible and the accuracy of the sensor
unknowm, (Z;70), it is possible to determine the field transverse
to the spin axie within the uncertainty of the semnsibivity or
gain factor (Gi) of the sensor. This is because the amplitude
of the spin modulated sgignal is independent of Zi and depends

only upon F sin « sinei. That is

max[D, (+) -min[D, (t)] =2 F G; sing sing, 3.2.4

In a sense, the use of a spin stabilized spacecraft introduces a
signal at a carrier frequency whose amplitude and phase is modulated by
the external field component transverse to the spin axis. There is no
menner in which the external field component parallel to the spin axis can
be uniquely determined however. Hence the necessity for long booés to
put the sensor at a remote distance from the contaminating field of the

spacecraft is necéssary. On an attitude stabilized spacecraft it is
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impossible accurately determine the field within the uncertainty placed

by the spacecraft field itself, regardiess of instrumental accuracy.
Assuming the existence of a sufficiently long boom to eliminate the

spacecraft field as a source of error, there still remains the uncertainty

in tﬁe accuracy of the absolute zero level of the sensor system. This

can be determined for those sensors which are mounted perpendicular to the

spin axis (8; = 90°) since data obbained at intervals of one-half a

rotation (At =ﬁfwsc) can be used to determine Zi. That is
5 [0y (%) + Dy (t+ifwg )] = 2,6y 3.2.5

This then suggests that if a means for reorienting the sensors while
in flight exists so that periodically each one is perpendicular to the
spin axis, their zero level can be monitored. In the event of variations,
these can be incorporated into the analyses to yield more accurate data
than would be avail%ble without this reorientation. The development of
lightwelght non-magnetic mechanical devices for reorienting sensors in-flight
has progressed rapidly since the first such unit was flown on Pioneer 6 -
in 1965 (Bauernschub, 1967). Normally these devices reorient a sensor
(or triaxial sensor set) by 180° (or 90°) sbout =an axis perpendicular
to the spaéecraft spin axis. '

For instentaneous accurate measurements of the vector magnetic field

in space, it is necessary to have a triaxial sensor set which measures
three orthdgonal components in a time interval short compared to the time
constant corresponding Lo the instrument passband and the most rapid

fluctuations of the ambient field expected. In order that the spin
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modulatbtion by the external field be detected with little distortioﬁ; this
reqﬁires théb the ﬁassbéﬁd 6f the =ensor system e#tend éo w>w.,. The
gampling rate of the sengor system, and problems related to the presence of
fluctuatlons of relaﬁlvely'31gn1f1cant amplltude Tor w =2 ws does not
affect the determlnatlon ‘of the 1nstantaneous maghnetic fleld However,
determlnlné uniquely the relatlonshlp of succe531ve vector meaéureﬁents
mgy'be'impossible énd fﬁié problem ghall bé discuséed in Seétion h.1.

In determiﬁing the-;ector ﬁagnetic field, it is necesgsary to determine
the effects of errors in the numerical values of-thg paramefers W 9¥,
Qg » @éiand_zi. Aggume that a triaxial sensor system ig placed on a
spin stabilized spacecraft with sensor orientation as shown in Figure 5b.
From‘the ahove discussibn, it ig clear_that an optimum orientation for
the three orthogonal sénédrs is to have 2 of them transverse to the spin
axis while the third is parallel to 1t Then through use of a slngle
reorientation dev1ce, with its axis transverse to the spin axis, the sensor
parallel to w%c can be exchanged with one of the transverse sensors, as
~ shown in figufe'Sb and 50: This permits the determination of all three
sengors! zero levels and by periodically élternating the sensor set
between the two‘positions shown in Figure .5b a continuous monitoring of the
zero levels can be maintained. Note that if the spacécraft field transverse
to the spin axis is non-negligible at the sensor position, then it is
impossible to determine’ the zero level for the array sensor parallel %o the

spin axis. This 1s because Z; may include different contributions from

the spacecraft field in ‘the two positions showm in 5b and 5c.
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For purposes of the error analysis in this section, it will be assumed
that Zi # 0. To convert the triaxial measurements made on the,rotéting
épacecraft to the non-rotating payload system as a function of time, it is
necessary to know the relative orientation of the sensor system as a function
of time. Normally this is accomplished with knowledge of the sampling
time of the sensors (ti) relative to .the time at which an aspect sensor
"looks" in a particular direction. Most commonly, a "sun-sensor' is
employed which produces a, signal pulse at that moment (tg,) that the
sun illuminates a photosensitive-diode whose viewing aperture is restricted
\
t0 & meridisn plane containiné the spin axis, With knowledge of the
relative geometry of the magnetomeber sensor system and the “sun-sensor',
only the time difference between the sample time and the sun pulse as well as
"the spin period is required, ‘
The position of the spin axis in inertial ccordihates is establishéd
_by use of one (or preferably) two other aspect sensors. One sensor
neasures the polar angle of the sun and this limits the position of the
spin axis to lying on a conical surface centered on the spacecraft sun line.
Another independent measuremen@\is necessary -and can be provided by a
third aspect sensor which utilizes the lunar or terrestrial albedo to
yield another conical surface on which the spin axis may lie. (See Albus
and Schaeffer (1963) for a discussion of such support instrumentation
used in the Explorer and IMP series of spacecraft). The intersection of
" these two surfaces has one (or two)} solutions, and usually vehicle

launch dynamics selects the correct solution. It is also possible to

use the directional characteristics of the spacecraft antenna to establish
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theigizg,ang.pogitiqn of .the second qoﬁical surface, as was done in the
Pioneer 6-9 program,.

LEf the spin period is incorrectly kmown, by an amount &wge, this will
introduce an apparent phase distcrtioq.whiqh is linearly.dependent upon

the time difference G?iTtsun) and the error in the spin rate. That is

Suﬁ)awsc 3.2.6

el = (- t

Problems of this qature are generaily restricted to époraﬂic erroneocus.
data transmissions of spin period data. However, a very,unique example
of this type of problem occurred on Lunar Explorer 35 when the optical
shadowing of the spacecraft by the moon eliminated the solar illumination
and thermsl input .for a sufficiently long period (up to 1 hour) so
that the lowered temperatures led to a contraction of the structure. The
concomitant decrease .in angular moment-of inertla led to an increased
spin rate in order that.angular momentum be conserved. While the change
in spin rate in the lunar shadow was only 0.1% under full solar illumination,
the spacecraft completed up to lO3 rotations In shadow. This led to
phase errors of up to more than 3600 using the pre-shadow or post~-shadow
spin rate data. The necessary mathematical analysis to reconstruct the
variable spin rate from data taken by this spacecraft both pre-and post-
shadow has'been presented by Taylor (1968).
'

Assuming. the spin period is aceurately known, however, there remains

the task to determine the effects of errors in the other parameters. Such

errors can arise from a number of physical sources:
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1. Non-orthogonality of the triaxial sensor axes (internally):

iy =

8153 # 031 # 3)
2, Non-orthogonality of triaxial sensor axes (externally)

4

(s:L o , # 0, 8, .wsc# 0, S

—

3 X w, #0)

Inaccurate geometry of sensor set relative to sun-sensor (Gq@i)

sun)
Electronic phase shift errors (89.4)

A

3.
4. Timing errors: in sampling Si or sun-sensor (&ty, 6t
5.
6.

Gain errors (6Gi)
Items 1-3 are mechanical in origin and may vary depending upon which of
the two possible positions the sensor ig in ag shown in Figure 5b and 5c.
Ttems -6 are electronic in origin and are sensitive to both spin rate
and temperature variabtions.

With values of ti’ tsun and w the components in payload coordinates

ae?

(Pi)-are determined from the triaxial sensor set outputCDj) as
3
P, = ¥ R.. D 3.2.7
sop 1303

where Rij represents the direction cosine between the ith payload axis
and the jth detector axis. The instantaneous position of each of the
detector axes can be computed and the rotation matrix Rij takes the

familiar form:

+ cos Al +cos A2 0
Rij = [ .+ sin Al +sin A, o ]
o 0 1

where &; = g © Qg1 = ez 3.2.8
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After substitution of 3.2.3 and 3.2.8 into 3.2.7 we obtained,
after some algebraic manipulations, for the transverse components:
o ;
X = % {FGi sin @ gin ei[% cosgp(ltcos2h;) +

D .
i=l .
1 s . . elels =
2s:meFs:.naAl] + Gy (Fcosacosei+zi) ¢ Al} 3.2.9

A gimilar expression is derived for YP,

2
_ . . S _
YP = 3 {FG:_L sine sin 6; [5 sin qp(l-cos 24,)

i=1 3.2.10

1 A .
+5 cos g sin 2Ai] + Gi(Fcos @ cos 9, +7;) cosAi}
The component parallel to the spin axis, Zp - is given essentially by
edquation 3.2,3 with i = 3.
The effects of errors in the determination of Xp and Yp are evalugbed

from
5
% = E]_ ﬁan 3.2.11

where. a,, represents 'bhe'parameters 955 Gis Pais Pai and Z; which is
3 = = anQ - _ _ _ o
evaluated at the nominal wvalues el = 92 = g0%; o Pon = By Vo1 + 90" ,

ZEO,G’E'-"- =l'

i Gl
For the }&-, component, the result is,

2

6%, = F iz=l{pos( Ay )[8Z;-sin o sei]
-Sin(QwSC't+2cpi-ch)sin ] Gegy” 3.2.12

+3[cosgp + sin (205, T+ + QPF)]sin = &G; }
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where @, =cpSi - 9y and chi = by - 8,5 A similar expression

can be derived for §Y,, It is seen that errors in the angle, 6ei, and
zero level accuracy, 8Zi, introduce varistions in the transverse components
at the spin rate, w,,., Uncertainties in the gain Ffunctions, Gi’ will
introduce errors both steady state and at a second harmonic of the

spin rate., Uncertainties in either the position or the phase delay. 6¢i,
will introduce both first and second harmonics of the spin rate.

The significance of these errors in experiments performed thus far
hag varied widely. In cases where the spacedraft hag been magnetically
contaminated and/or the zerce level has changed, the presence of a
harmonic at The spin rate has permitted the determination of the
error from inflight measurements. The very interesting feature of a
second harmonlc of the spin rate assoclated with both phase and gain
errors has also heen obgserved. Impossible to didentify uniquely are these
errors in the steady value of the compogent dve to the gain errors, &Qi.
Errors in the parameters for the %p component introduce errors both
steady state and at the spin frequency but not at twice the spin freguency.

Generally, the experimental results have been analyzed and interpreted
in the time domain, l.e., a chronological data plot is constructed and d
ingpected. Ii the errors due to parameter vncertainties are sufficiently
large relative to The quantization uncertainty, then they can reaaily'be-
seen a8 sinugoidal variations. When small, however, then it is only
in the fregquency domain, when the spectra of the time series is obtained,

that the preéence of spectral.lines corresponding to the spin frequency

{and its second harmonic) are observed.
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Rather then reconstruct post-flight the measured vector magnetic
field in payload coordinates, triaxial fluxgate magnetometer experiments
on Explorers 33, 35 (and Pioneer 9) have used an on-board analog (digital)
spin demodulation system, The electronic unit esgentially generates sine
and cosine time functions synchronous in phase with the rotation of the
spacecraft and then multiplies the detector 1 and 2 outpubts by these
continuous values., Subsequent low pass filtering performs an integration
of these products and yields, upon summation, the component output., The
mathematical description is similar to that given in this section.

This method requires additional complex electronics, and restricts
the output bandpass of The detected signal to be well below the spin
frequency of the satellite. This constraint is independent of the telemetry
sampliné rate, Because of the errors-discussed in this section, unless
an independent test of the accuracy and gensitivity of the sensor system
is performed, the data may be subject to errors in the steady state
values due to gain shifts of the electronics which go undetected because
there is no method to determine if harmonics of the spin frequency are
present.

Actually there is no reason why a triaxial sensor set is required if
this method of on-board sjin demodulation is used. All that is necessary
is to employ a ¥Tilted single sensor and through vse of filbters, separate
the steady wvalue which-is due to the field component parallel to the spin
axis from the modulated value which measures the field perpendicular to

the spin axis. This version of a spin demodulator has yet to be flown.
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However, in the Explorer 10, 18,_21 and 28‘expériments, single fluxgate
se}nsors were employed which yielded complete vector measurements in post-
flight date analysis.

Other techniques exist to measure the vector magnetic field but
using less than three sensors and gpecial on-board érocessing. One is
to employ a single detector mounted at a suitably chosen orientation to

the spin axis. On the Pioneer 6, 7 and 8 space probes the sensor was

oriented with 8, = 54° 45t for which the cosine 87 = /3/3 or tan 6y= /2.

Thus if t =+, . +—20_ , yiglds
2 -l 3y
SC

5(ty) = 8 (b33) =8(t3) * 8(t; 5) =0 ' 3.2.13

For tThis orientation, the sampling of the sensor at intervals of 1/3 the
spin period leads to an orthogonal set of measurements. The only problem
1s that the 3 components are not sampled simvltaneocusly and hence if
relatively large field fluctuations occur near or above the spin frequency,
then the field vehtor reconstructed may-be in error.

Another technigue, implemented on the ATS-1 satellite, uses two
sensors mounted in a common meridian plane of the spacecraft but on
opposite sides of the.spin axis and at angles of h50 to the spin axis.
(91=92 = h50, Pen =Pyt 1806) Through-ihe use of simple differencing
and swming electroniecs, the value of the field component peipendicular
to the spin axls and in the plane .of the sensor set is measured. The

reconstruction of a vector field requires data measurements obtained

over (wt; - @)= 0 %o 360° in order to determine the maximum and

A
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minimum values of the difference signal. Another two sensor detector

system was used on Explorers 15 and 26, with 6. = OO,_62 = 900‘and the

1
sinusoidally varying signal from detector 2 used to determine the

vector component of the field transverse to the spin axis.. This also
requires daba obtained over 3600.

With due regerd for the errors involved, it sppears that the use
of a triaxial fluxgate sensor and 2 simple reorientation device coupled
with the intringic gpin of a rotating spacécraft offers ﬁhe.best
opportunity to provide accurate meagurements of the vector magnetic
fields in space. This is because of the numerous self-consistency checks
inﬁthe data set obtained, which permit +the verification of'pebformaﬁce
inflight. The problem of rapid fluctuations affecting the reconstruction
of an instantaneous vector magnefic figld is independent of telemetry
rate ‘and depends only upon the time interval between sémpling the thfee
orthogonal components., Use of less than three sensors can %ead to

- gituations in which these fluctuations affect éhe reconstruction of a

yector field.,

3.3 S8pacecraft Magnetic Interierence

— The accurate measurement of the Verﬁ week magnetic fields and their
Tluetuations in space places severe requirements on limiting the magnetic
fields which originate from the spacecraft s%ructqre, électronic gubsystems,
power sources and other experiment instrumentation. The goal of all
magneticqexperiments jg ‘to have these noige sources contribute‘a signal

less than the intrinsic noise sensitivity of the sensor (or quantization
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uncertainty) at %he sengor position and over the pass band of the Sensor.
Almogt 211 materials are magnetic and possibly ferroﬁagnetic to some
degree and this is especially time for electronic components. It is
obvious that a non-ﬁagnetic ‘boom must be used to place the gensors at

a sufficiently remote distance from the spacecraft so’ that the design
goal can be met., In realizing this objective technically, care must also
be exercisged in ﬂesigqing the electrical power system so that circulating
currents do not generate large and variable magnefic fields.,

The design goals of reducing spacecraft fields to less than 1 vy
between 0-1 Hz at the sénsor position have been achieved on spacecraft
in the HEOS, IMP and Ploneer series. The vefification of these levels
is baéed upon extensive ground testing since there‘exist no methods to
pro@iﬁe certification of the spacecraft flight interference except on
the basis of the dabta self-consistency. Thig section shall briefly
discugs-the methods for buildiné a minimally magnetic spacecraft, the
test program followed through spacecraft integration and finally the effects
of the measurements and iInterpretations of non-negligible spacecraft
fields. The test program for the IMP-1 (Explorer 18) spacecraft has been
surmarized in detail,by:Parsons and Harris (1966). /

In the structural design of the spacecraft, due consideration must
be given to the use of minimally magnetic materialé such as aluminium,
magnesium and certain kinds of fiberglass and stainless steel. Some
man-made materials utilize "filler" substances which in fact are ferro-
magnetic and should be avoided. The electrical design of subsystems and

experiments should use non-magnetic electrical circuit equivalents where
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posgible dnd all “interconnections should also be of non-magnetic material,
Certain devices, such as travelihg-wave tubes, relays, motors and particle
detectors may be based upon the uge of-magégts in various geometries aéd
strengths, The ledkage flux from such units should be,ané can be reduced
by proper design modifications without adversely.affecting the device
performance. In some cases this consists -0f using trimming magnets to
cancel the intrinsic external magnetic fields of some devitces.

The spacecraft power syshbems generally use solar cell panels and
batteries and in the future RTG (Radioisotope Thermo-electric Generators)
dﬁﬁices;- For all electrical current flow, %he ﬂesﬁguidingprinciple, and

one that has worked very successfully is that of self-compenéation. In

this approach gll current flow,.be it in solar panels, sub-systems or
power distribution systems,employs return current paths which are in

as close geometrical proximity to each source current-as ppssible. The
use of twisted-pair cables and either w&res or current sheets flowing.
immediateiy‘behind each solar subarray are used, as well as -arranging
the variocus subarrays in an alternating pattern of thelr electrical

geometry.

One of the most important aspects of the elecirical power system
is bo use two wire distribubtion to each of the subsystems and instruments
and a floating grouﬁd between spacecraft strucbure and each svbsystem
except at one point. The purpose of this is to eliminate ldrge and
variable ground loops. It should be'noted that these self-compeﬁsation
methods are also very helpful for reducing generalized EM interference and

as such repreéent good engineering practice. The methods discussed in
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this section have been used in USA and ESRO spacecraft, It is known
that USSR spacecraft freguently use a compensation system employing

permanent magnets to reduce spacecraft fields,

3.4 Spacecraft Magnetid“Tesﬁing

Because of the two types of magnetic interference encountered, steady
and fluctuating, the testing of spacecraft magnetically-has been conducted
in two separate ways. All terrestrial tests require the use of a large
coil facility which eliminates the eaxth's field so that the measurement
of weak fields can be carried out successfully with h;gh aceuracy. In
normal order of testing. the sequence ié:
1. Static field. (as received at facility),
2. Static field, after exposure to a strong steady field of 20-50 Gauss,
3. Static field, after "deperming"
4, Static field, induced by geomagﬁetic field,
5. Dynamic field, all subsystems opera$ingfin vﬁrious mnodes and
6. - Solar cell array field.
The measurements themselves have as a goal obtaining an equivalent magnétic
field mapping of the spacecraft field near the sensor position. Since
the normal fluctuation of the geomagnstic field is on the order of 1 vy or
more it is common practice to perform measuremEnté at distances much
cloéer to the spacecraft than the sensor will be’in flight and to extrapolate
these measurements to the sensor position to obtainits accurate determination.
The extrapolation usually assumes a dipolar behavior for the field along

the boom axis, but this is also measured during the -test program.
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The purpose of the -exposure and deperming actions is to reveal the
amount of the relatively "soft" permeable material in the spacecraft, as
well as to subsequently reduce the residual magnetic moment as muach as
possible. This is usually quite effective, although tl:zere were early
concerns over the effects of the deperming operation, bec;use it is
accomplished by placing the spacecraft in a rapidly oscillating field
of decreasing amplitude. The concern was based on the induction of '
significant and deleterious cﬁrrenﬁs in either the electrical or mechanical
systems in response to the changing magnetic flux, No known failures of
spacecraft have been abttributed to these magnetic tes£ procedures, While
it would be desirable to use déeperm field magnitudes much larger than those
enployed and in some cases this has been done (Fiel, 1968), experience
has shown that adequate demagnetization occurs with the values quoted.

They were selected on the basis of field strengths .,to which the spacecraft
were exposed during launch sgimulation testing. There was also early
concern’ that during launch the spacecraft would be magnetized by the
earth's magnetic field but ground tests simulating launch conditions
indicated this does not occur.

The final test in the séquence is that of exercising the spacecraft
electrically to measure fluctuating and steady magnetic fields. Frequently
it 1s not possible to simultaneously illuminate the solar arrays, which
are mounted on "paddles" exterior to the spacecraft or attached rigidly
to the body of spacecraft. Under these circumstances, separate tests
must be conducted. Wormally tests 1-5 are conducted geveral timgs before
end after environmental tests, after final calibration and before shipping

to the lsunch site.



- 67 -

It shovld be noted here that the tests discussed agbove indicated
pe;formanée only on the assembled gpacecraft. In the HEOS, IMP, 0G0 and
Pioneer programs, however, these btests were begun at subsystem level
and. continued from prototype through to flight instrumentation. The
rationale was to i&eqtify the possible sources of large magnetic fields
sufficiently early in the spacecraft program so that modifications .could be made
to reduce their effects.

Thig gection hag discussed thoge procedures developed for magnetic
testing of USA and ESRO spacecraft, The author is not familiar with
the procedures followed in the USSR té map ‘the magnetic Tields of
gpacecraft, From -The published reports of problems with spacecraft
magnetic fields, it appears plausible that no special efforts to design
and fabricate magnetically clean spacecraft have yet occurred., The

solution has been to use booms and compensating magnets as effectively

as possible,
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4.0 Data Processing

The primary purpose of the measurements obtained by‘magnetometefs is
to reveal information about the characteristics of the magnetic field
in space. One of the most important serial elements in these experiments
is the commumication of the measurements via The spacecraft telemetry
transmission channel, The overall design of the experimént inciludes a
congideration of the properties of the telemetry system since they can
directly affect the quality of the results even if all other aspects of
the instrument design have been optimized. This section will discuss
those considerations which have.influenced the conceptionsl design and
technical implementation of magnetic field experimenta., The block diagram
of Figure U4 will be referenced in this discussion.

The output signal from the various bypes of magnetometers present
their information either as a variable voltage ranging between some
fixed limts, or as a variable frequency signal. The signal in this form
is referred to as being an analog signal and the magnetometer instrument&tion
itself may perform no additional processing of the data. The spacecraft
telemetry encoder is then required to transform the signal into a form -
appropriate for the telemetry transmitbter. For some spacecraft systems,
the encoder includes a VCO (Voltage. Controlled Osecillator) whose output,

a variable frequency signal, is used to directly modulate the telemetry
transmitter carrier. On the ground after reception and recording, a means
of measuring the fregquency, either from the V(0 or the instrument itself

must be devised,
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A problem for the continued and generalized use of the analog on-board
information encoding approach is that of limited time access to the telemetry
commnication chanﬁél. In almost all spacecraft there exists only one
channel for information transmission s¢ that all experiments must time share
the available capacity. This means that if a multiple axis sensor is to
be employed, there cannot be simvltaneous transmisgion of all axes but
rather that this must occur in time sequence. If the time iﬁterval'between
successive samplings of the three axes is large, then it may not be
possible to accurately determine the vector magnetic field.

A solution to this problem is to employ-a tempo¥ary analog memory.
such as a set of capacitors, whiéh can "store" the multiple sensor data
set obtained for subsequent "read-out" by the télemetry system, While
thi s approach is valid but difficult to accurately implement for voltage
signals, it fails with the quantum magnetometers.

The need. for improved precision, larger dynamic range, simultaneous
.component measurements and the varying capabilities of telemetry encoders,
led to the on=-board digitization of magnetometer data. Digital memories
-of tens of bits are easily implemented without magnetic core devices. In
such instances the instrument must then include an analog-digital converter
with word sizes typically of 8~10 bits indicating quantization uncertainties
of 1 part in 256 to 102k of the total dynamic range. The choice of logical
word size is influenced by the physical word size of the spacecraft telemetry
systen.

The choice of the quantization step size is based on combined

considerations of desired dynamic range and intrinsic noise level of the
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sensorg. Assuming a normsl distribution of detector noise, then the
peak=peak noise limits are approximately 5 times the RMS value, eﬁMS‘
Hence, if sengitive and advanced methods of data analysis-such as power
spectral studlieg are to be-uéed in studying fluctuations, then it is
reagsonable to choose the gquantization step size equal to GBMS'= An even
better technique is to utilize the power spectral noise dengity characteristics
of the instrument, and not the BRMS noise level which intégrates the
noise spectrum. ‘'This maey indicate that quantization to fractions of RIS
are reasonable for the study of fluctuations in certain frequerncy bands.
With the inftrinsic RMS nolisge levels of senﬁors being 0.05-0.1y, dynamic
ranges of 50 to 100 gamma are possible Wi%h 10 bit converters.

Clearly for studies of the fields in space, such ranges are
insufficlent and means of range extensioﬁ must be employed. In practice,
this problem has been approached by two methods, see Figure 16:

(1) Use of multiple ranges, which are selected either by ground

command. or self-contained electronics, The leads to a fixed
relative precision, given as a percentage of the dynamic range.
(2) to include separate bias fields of Tixed magnitude in érder to
compensate for the field variabllity and offset The-dperating
point of the sensor. This leads to a fixed absolute precision.
The second method permits compensating spacecraft fields and with the
use of varisble offset field magnitudes, a very wide operabing range with
fixed precision is made possible. The selection of appropriate levels

can be effected either by ground command or on-board electronics.
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0f these two methods of range extension, that of multiple ranges
can be used on either spin stabilized or fixed attitude spacecraft. The
‘offset bias field. can be efﬁciently used only on thos:e with fixed attitude,
although, in the presence of a large fixed spacecraft field on a spin |
stabilized spacecraft, this offset field capabiiity is also of great

value.

k.1 Discrete Sampling and Aliasing

As a result of the time sharing of the coﬁmunication channel, the
magnetié- field becomes d.iscre'i;ely sampled, usually at uniform time
intervals: which are dependent upon the telemetry format repetition rate.
If the data signal is basically a variable frequency, then the value

obtained after digitization in fact represents a time average over the

digitization time interval Atg.

t+aty/2

1 .

. . (8)a §,1.1
<X > b, “‘rt-h(g) g

a/2
This time averaging is equivalent to a low pass filter operation on the
frequency s:pectrum of the field fluctuatic'ans. The filter's amplitude

characteristic is the familiar diffractiom function:
Amplitude = M] where £ -t
nE/fa 20ty

Thus high frequency fluctuations, f > s to which the sensor may

1
2Atd
regpond are gtrong stienuated.
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The data sampling rate, At, may be many times larger than Atd and.
under these circumstances the possibility exists for aliasing or spectral
ambiguity of fthe fluctuations to occur. This phenomena, is 11lustrated in
Figure 17, where a frequency higher than the critical. cut off, f,, or
Nyguist frequency (determined by the -sample rate) appears equivalent to
a much lower frequency. There is no way of determining which is the true
freguency after the data has been discretely sampled. This means that
successive data points cannot be uniquely related to each other with
regpect to the history of the field variations imbetween the sample points.

A solution to this aliasing problem is to include in the instrument
in advance of the telemetry,a low pass filter with suitably chosen pass
band. However, for very low sampling rates, another problem arises and '
that is that such individval measurements of the vector magnebtic field may
be guite different from the real instantaneous Valueé. IT one is
concerned primarily with an accurate meagurement of the field wvector at-
each glven instant, then one may have to accept the possibility of
aliasing and be careful in the interpretation of the field fluctuvations,
as measured in spectral analyses. This is accomplished by choosing a
moderate bandpass of the instrument, sufficient to resbond raplidly
enough to the fluctuations, so that each measurement includes the major
fraction of the spectral energy.

Early experiments which were conducted violated this Wyquist criteria
and only recently have sufficiently high telemetry data transmission
rates been available to permit giving full consideration to this

)

problem, For the most part, however, it has not been a problem which has
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‘
led to misinterpretation of data since throughout the space environment
- studied the nﬁturally oceurying fluctuations have an amplitude spectrum
which falls off at least as fast as the freguéney increases. .Und.er this
conditvion, the amount of energy which is aliased is a small part of the
primary energy present iI;. the fundamental frequency 'banjd.
A more common Htype of aliasing which doeg occur ig when there is a
- spectral peak at f>fc,which then appears as a much lower frequency.
Under theée circumstances, as long as the investigator is aware of the
phenomenon o% aliasing, he will not attempt to make unigue interpretations
of such-data.' In practice significant spectral éeaks are generally
observed only in the case where spacecraft noise exists due to various
sub-systems or on a spin stabilized spacecéaft due to the types of errors
discussed in Section 3.2, For certain experiments, the design of an aliased
data system was a planned act which permitted exploring the field fluctuations.
at frequencies greater than tho:se limited by the Nyguist criteria as
détermined by the telemetry system. An example is the detection of rapid
fluctuations in the geo-magnetosheath and the stimuwlated waves from the
lunar wake.
The telemetry format for magnetic field sampling may be such that
although the datea sampling rate is uniform, there are also periodic -gaps
which occur due to other comstraints., In this case the treatment of the
aliasing problem becomes more involvéd but no édditional subleties must be
considered. The intrinsic features of aliasing in such .an interlaced data
stream, which is non-uniformly sampled, is the presence of a hierarchy of

Nyquist frequencies.
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.2 On-board Computers

The major fraction of experiments which have been conducted have
essentially been composed of a detector system with processing of the
gignal on the spacecraft only to prepare it for transfer to the telemebtry
data sysbem. In most instances the on-board processing wag that of signal
conditioning and more related to matbching of electrical inﬁerfaces and
sampling times, as for example by using an analog or digital "buffer"
memory to temporarily place the detected signals in storage until
subsequently transmitted. This’section shall be concerned with describing
certain experimenté which havé ineluded electronic subsystems which perform
analyses described by‘mathematicéi formulge whith usually were conducted
on the ground as part of the postufiight data analysis. Whlle a very
limited number of such subsystems have been developed and flown, they
already form the basis of what can be expected in future experiments.

The first computer employed in magnetic field measurements was the -
Time Average Unit (TAU) of Pioneer 6. 'As the distance. from the earth
increased, the spacecraft telemetry rate was reduced by up to a factor of
64, In addition during frequent telemetry "black-out" periods, the Pioneer 6
instruments were sampled at a very low rate over a time interval extending
up to 17 hours in lengbth, These data were stored in an on-board memory
systém for subsequent readout when ground antemma facilities became available.
The instrument sdmpling rabe changed from once every l.5-secénds to once
every 15 minutes, a factor of 600 to 1.

Over time intervals of this length, the use of a single sample to
represent the magnetic fileld may bez&;om?épproximation due to its intrinsic

fluctuations, The TAU was designed to provide the time average of the
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orthogonal components of the magﬁetic field for wvarisble time

intervals. That 1s, the computed output was
N i)
<X ({(t)> == X, (t+jAt k.3.1

where X; represents the ith component of The field at the jth instant.

For ease of implementation the choice of N was not variable but was fixed
to an integer power of 2, N = EK, the value of the exﬁonent, K, being
selected on the basis of the real time bit rate or the length of time
between sutcesgsive samples in the black-out mode, The averaging operation
in 4.3.1 was accomplished by shifting the binary point in an extended
range accumulator. In the cases of Pioneers 6, 7 and 8, K could take on
the value 2-4 or 6-8 so that up to 256 samples of data were averaged in the
longest time interwval.

The next computer to be flown was a spin demodulator on Explorers 33
and 35, an anéJOg data processor, whose mathematical analysié has already
been given in Section 3,2, The objective was to eliminate possibié data
aliasing, as discussed in Section 4.1, due to the low instrument sampling
rafe. A digital form of spin demodulator was used on Pioneer 9,

The most advanced computer flown to date has been the autocorrelation
computer of Explorers 34 and 41, The device computed sums of the
time lagged products which form the autocorrelation function.

The autocorrelation function for discrete data is defined as:

N-L
< xi(t)gi(t+T) > = ﬁlm { = % (6+jat)%; (H{I+IN6} -
W1 L k3.2

[ ZX(t+at)] [ 2 Xl(t+(a+L)At)1
(N-L)2 3=1 J=
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where ¢ = LAt. TIrom the autocorrelation function, the power spectrum
of ‘the fluctuations can he determined post-flight from the Epurier transform

_of h,3.2. as

s(f) =2 {i < Xi(t)Xi(t+T)> cos 2mft dr : h.3.3
In practice, only the first 8 raw lagged products (the term in brackets {}
in h.3.2) were cqmputed from 256 data points and transmitted, with the
necegsary normalizations obtained on the ground. The lagged products were
computed once every 20.46 seconds and the data transmitted from a buffer
during the suﬁ;equent~20.46 second intervals, This also permitted an

effective data compaction of 16:1, evaluated as:

8 bits/semple) x 256 samples - 16;i

if all the original data have transmitted. Since relative phase
information. does not influence the power spectrum (or autocorrelation
function), some loss of information has occurred. This is generally true
for all schemes which compress data by various technigues. - ‘

Tt should be noted that transmitting only the first raw lagged
product gives statistical information on the root mean square deviation

of the signal, if the average is available, since‘RMS deviation =

. /ig(x-dc>)2‘= —gX2-< 52 h.3.h
Wi=1 Vi i Wi=1 1 Xi . -3.
By Parseval's Theorem in Fourier Transform theory this is also a measure of
the total energy in the magnetic field fluetuation spectrum.

k.3 Special Coordinate Systems and Field Averages

In the interpretation of vector magnetic field measurements in space,

several different coordinate systems have been eﬁpléyed. The
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natural extension of the traditional geomagnetic céordina.tes using local
horizontal (H), vertical (Z) and declination (D) from the nominal magnetic
North-South direction has been employed in some studies. However, this
system fails to pexrmit an organization of data obtained in widely separated
placés at different times as the sensor is carried along by the spacecraft,
More importantly, other phehomena than the internal geomagnetic field
dominate these new regions of space and new coordinabes were developed
specifically with these facts in mind.

The study of the interplanetary magnetic field has been carried out
uging two.similar cartesian sy‘s‘oems. The solar wind flows approximately
radially outward from the sun and so one of the axes of these two systems
is colinear with to thig direction. In thé solar ecliptic .system shown in
Figure 18a, the —)ESE axis is directed from the place of observation to the
sun. For satellites in earth or moon orbit this means essentially parallel
to the earth sun line., The ESE axis is chosen to be normal to the ecliptic
ﬁla.ne pointing northward and YSE forms the 3rd axis coordinate system..

The rotational axis of the sun is nob normla.l to the ecliptic, and so
the heliocentric system shown in Figure 18b was introduced to take this
inte accoun®t and chooses ‘the axis for iD? t0 be parallel to the solar
rotation axis, ?2 . The _difference between these systems is eqgual to the 70'
difference of the solsr rotation axis from being perpendicular to thf-z
ecliptic. In view of the variability of the interplanetary field, this
small difference not yet proved significant and interpretations of data
in either system are eQL{iva:Lent. The R axis is directed parallet to the
ideal solar wind ;E‘iow direction and C_E" completes the right-handed coordinate

system.
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The obliquity of the terrestrial rotation,axis to the ecliptic is
23,4° and the non-axial dipole axis, M, of the geomagnetic field is.inclined
at 11.7Q to the rotation a;is. In the study of the sclar wind interaction
with the earth, it was found useful to take this into account and use the .
solar magnetosphere coordinate system. The XsMgZSMjplane of the system is
selected to include the dipole axis of the geomagnetic field so there is
a daily oscillation of this plane by i;l.Td-superimposed on an annual
variation of i23.h0. The XSM axis is selected to be parallel to the
XSE axis., The maximum deviation of the ESM axis from the ESE axié,
is 135,10. Solar magnetospheric coordinates have been useful also in
studies of the geomagnetic tail. However, since the origin of the tail
occurs ab approximately_lo BE on the geomagnetic equator, a seasonal
variation by +10 .sin 35.4° = +5.8 Ry of the field reversal region is
obgserved parallel-tg the ZSE'aXiS' -

The labest system introduced to study the deformed geomagnetic field

—

ig thabt using ‘solar magnetic coordinates. This system uses a Z axis

-

parallel to M, and chooses. ¥ = Ygq so that it is related to the SM

SM
the geomagnetic- latitude of the sub-golar point.

coordinates by a rotation by Xss‘about the ¥, . axis. Here, p represents

--In the representation of the magnetic field, a vector representation
of a magnitude and two anéies is freguently desired in polar coordinates.
When -the sampling: rate is higher than desired for ceritain large time
scale studies an average vector is needed. A method of averaging the
field is used which best represents the nature. of the field. Starting

from component averages and RMS deviations:
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the average field magnitude and the angles are computed from the component
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‘can be shown to be independent of the coordinate system used. For the
cases in which a sudden 180° reversal of the field occurs, the < X¥>~ <Xp >=

< X3 >= 0 and Fo,m~ O but Fl = F, Here the simultaneous dispiay of Fl and.

F2 on data plots can elearly indicate the nature of the fluctuations

within the averaged period. The closer F2 is to Fl’ then the more steady

the field has been during that time interval. Since averaging is san
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operation equivalent to a low pass filter operation, then amplitudes computed
over longer time interwvals may be less than over shorter time Intervals.

Tt should be remembered that averaging is a process uséful'both %or
eliminating the effects of noise as well as éatisfying the requirement

for data compression when details are not essential to the study being

conducted.
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5.0 Earth Orbit Magnetometers

Satellites in orbit about the Earfh have contributed most
importantly to our knowledge of magnetic fields in space, due to the
large number of sepaéate experiments which have been performed (greater -
than 40) and the relative case, technieally, of maintaining continuous
telemetry coverage of such satellites' data transmisgions. The
following éections describe those instruments which have yielded

results from such experiments while those to the planets, the moon

and interplanetary space are presented in Section 6.

5.1 U3SR Instrumentation

-

The USSR was the first nation to conduct magnetic field measure-
ments from a satellite with the successful launch of Sputnik IIT in
1958. The experiment was conducted under the direction of N. V. Pushkov
and Sh, Sh, Dolginov of the Instifute for Terrestrial Magnetism,
Ionoéphere and Radio Propagation (IZMIRAN) located near Moscow. Sirnce
that time, all the space magnetic‘field experiments conducted by the
Soviet Urilon either in earth orbit or to- the planets has been implemented
by the group working at IZMIRAN, The order of the presentation of
these studies is chronological and b& those satellites which have‘

formed part of a series of spacecraft.

5.1.1 Sputnik IITX
The Sputnik ITT satellite, launched 15 May 1958 carried into

gpace a gelf-orienting triaxial fluxgate masnetometer, Its operation
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ig identical in concept to those used in airborne magnetic surveys of
the terrestrial field for geological studies, mineral and petroleum
exploration and anti-submarine warfare. A comprehensive description of
the instrument has been given by Dolginov et al. (1960 ).

The three axes of the sensor were mounted orthogonally in a two
axig-gimballied support which was mechanically reoriented continuously
in-flight to maintain one axis of the system parallel to the instantanecus
magnetic field in space., This was accomplished by using the outputs of
the two transverse sensors as "error" signel inputs to a servo-mechanism
which then reoriented the sensor assembly until their two outputs were
gzero. The maximum rate af reorientation was hSO/gecond. The third
axis of the sensor set, maintained_parallel to the field to be measured,
yielded the scalar magnitude of the magnetic field.

By‘ﬁeasuring the position of the servo controlled support syshem
relative to the spacecraft it was possible to determine the spacecraft
orientation in space by comparison with the theoretical direction of the
geomagnetic field (Beletskii and Zonov, 1961). This attitude
determina&ion technique has been used extensively in other USSR spacecraft
programs such as the Proton Series (Sudorov and Prokhorenko, 1968).

This is a moderately effectivg method for spacecraft orientation
determinations at altitudes less than Y4 RE’ where the geomagnetic field
is known sufficiently accurately and the temporal variations are not
significant,

The Sputnik IIT sensor unit was located forward of the spacecraft

main body to reduce the spacecraft magnetic field contribution to the
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meagurements, 'waever, the reduction was sufficient to only reduce the’
%ield to about 3000y, as determined from both in-flight measu;eyents and
?rom terrestrial calibrations. Weo in-flight sensitivity calibrations
were performed. Since the altitude ranée of the spacecraft corresponded
to a range of the geomagnetic field of 30000-50000y, it was only at.

the highest altitudes that the spacecraft field would be\an important
source to consider in the evaluation of the experimental resulis, Here
the maximum attitude deviation would be on the order of 50 which leads
to an error of the magnitude which is a minimum, of only 0.8%. The
motion of the spacecraft consis;sed of a spin about the principal axis

at 0.001 Hz and a ﬁrecessional motion about the axis transverse to

th%s with a period of 136 seconds (Dolginov et al., 1959 ).

The d&namic range of the instrument was hOOdO i 16000y, the sensor
using a digital range switch and offset field generator to partially
compensate the field and thus to cover this wide range with uniform
precigion. The fixéd offset was 3000y for each step and the telemetry
system transmitted the uncompensé%éd regidual difference signal in the
range +2U0Oy with a sensitivity of 380vy/volt. Two analog outputs were
used for fields of positive and negative polarity. Assuming
that the gquantization uncertainty was based upon the use of a 5 bit
' equivalent telemetry chamnel, as in all other USSR space magnetic field
experiments, yields a resolution of #i0y. No information on the
gampling rate has ﬁeen giveh‘for this experiment.

The data from Sputnik IIT consisted mainly of measurements taken

over the Soviet land mass during a 22 day interval ending 5 June 1958.
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The interpretation of the scalar field intensity in terms of the
deviations from that predicted by extrapolation of earth based
measurements in the same region has been given in Dolginov et al. (1962 ).
An agreement to within 1% was found -and this was consistent with the
uncertainties in the spherical harmonic coefficientis determined from

Tterrestrial surveys.

.5.1.2 Electron Series

The Electron series, two sets of paired satellites, were launched
on 30 January and 1l July 1964 to study the radiatbion belts and
megnetosphere of the earth out to 1l Rg. The Electrons 2 and 4 were
each placed into moderabely eccentric orbits and both spacecraft included
two triaxial fluxgate magnetometers.with different sensitivities. A
comprehensive description of the magnetometer systems has been given-
by Aleksanyan et al (1966).

The sensors were mounted on a special non-magnetic boom with the
more sensitive unit mogt remote from thé'spacecraft, at 2.5 meters,
the other at 2.1 meters, with the three axes of the separate sensors
oriented parallel to each other. The dynamic ranges of the instruments on
Electron 2 were +120y and +1200y while those on Electron 4 were +240y
and +1200y. Two telemetry outputs for each sensor axis, digitized as
in Sputnik IIT, yielded quantization uncertsginties of +2y and +iy for
the more sensitive units and 120y for the in-sensitive units. The
sampling rates varied from one vector measurement with both sensors
every 2 minutes to one every 8 minutes. The sensitivity was calibrated

by addition of kmown fields to the sensors.
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The spacecraft rotation was used to chéck the zero levels of the
sensor and the gpacecraft fields at the sensor positions. Yeroshenko
(1966) has reported that from these data the drift of the zero level
of the more sensitive magnetometer was less than 5-6y on Electron 2.

The spacecraft fields at the sensors position were meagured on the earth's
surface to be less tThan the sengitivity of each magnetometer; that is:
2y and 20v for Electron 2.

The data from thgse satellites has been analyzed mainly in ferms
of the difference in magnitude between the observed field and the
predicted field extrapolated from spherical harmeonic representations:‘
As in otﬁer satellite programs, the magnetic field component measurements
were used 1o establish the spin axis orientation and direction for
other instruments on the same spacecraft. Studies of both the steady
state and storm time deviations of the measured field have been
presented by Dolginov et al (1966 ) and Yeroshenko (1966 , 1968).

A gingle axis induction magnetometer is also reported to have been
included in the instrumentation of Electron 3, launched with Electron U,
to study the pulsations of the geomagnetic field at low altitvdes., Thisg
device was sengitive to fluctuating fields with amplitudes greater than
25y for frequencies within the two passbands 1-10 Hz and 3«300 Hz
(Vernov et al., 1965). No results are publighed from these data.

5.1.3 COSMOS Series

The spacecraft COSMOS 26 and 49 represented the USSR contribution
to the IQSY World Magnetic Survey and the bilateral agreement bebween

the USA and the USSR on the peaceful uses of outer space. These spacecraft,
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launched into 49° inclination orbits on 18 March and 24 October 196k,
each carried two.protoh precesgional magnetometers providing scalar
measurements of the intensity of the geomagnetic field at altitudes
between 270 and 500 Km throughout thelr entire orbit. A description
of theﬁinstrumegt has been given in Dglginov et al. (1969b). ‘

The two detectors were placed at the end of a boom 3.3 meters in
length with the axes of their polarize~sensé coils oriented at an angle
of 90O to each other. A frequency meter covering.the range 800-2000
Hz utilized a series of 11 adjacent frequency bands, each with its owm
narrow band amplifier. to increase the .gsignal to noise ratio for the
precession gignal for subsequent on~bdard digitization.

Digitizing was accomplished by measuring the number of cycles of a
100 KHz reference frequency derived from a quartz oscillator which
occurred during 512 cycles of the precession signal., The system was
preceded by a searching counter which scanned across the 11 separate
sub~channels wntil it found one in which a cownt of 32 could be obtained
and .this channel's signal was then diverted to the digitiger for
counting. At the beginning of the next measurement cycle, the search
began at the previous sub-channel in which the count was performed
to minimize the search time: the minimum being 0.2 seconds, the maximum
0.6 seconds.

The two instruments were cyclically sampled at the rate of one
data point eac£ 32.76 seconds and the data stored in an on-board memory
system for subsequent readout when the spacecraft was over a telemebry
ground station, ' The spacecraft field at the sensor's position was notb

negligible and a~compensating magnet in the spacecraft was used to
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cancel the fields to a quoted accuracy of 2y. The accuracy of the
counting procedure to determine N was limited mainly by the signal to
noise ratio of the proton precession signal and the stability of the
reference oscillator.

The interpretation of these data has been based upon a comparison
with the theoretical predictions and the spherical harmonic coefficients
readjusted to yield a bétter fit (Tyurmina, 1968). The uncertainty of
The satellite positidn ig generaliy a source of larger errors than
either the precision of the measurement or the accgracy due to the
spacecraft fields., A special study of the Brazilian anomaly has also

been reported (Konovalova and Nalivayko, 1967).

5.2 USA Instrumentstion

Several groups and laboratories in tﬁe USA have conducted spacecraft
experimeﬁts to study the magnetic fields ig space. Frequently the
payload assignments for such studies included several launches with
identical or gimilar instrumentation. The following sectlons present
technical summaries of the instrument characteristics, the grouping of
descriptions being predicabted upon similar objectives or in some cases
the same group of experimenters. Generally the chronologicél sequence
of The missions has been used to order the presentabtions.

5.2,1 Pioneers I, V and Explorer VI

Pioneer I was launched 11 October 1958 and carried the first USA
magnetic field experiment on a spacecraft (Sonett et al. 1960 ). The

mission objective, to orbit the moon, was not achieved and instead
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the spacecraft reached an apogee of 93,000 Km before returning to‘
earth‘impact..,T;ansmission of data for apéroximately one day was not .
continuous but covered the two spatial regions 3.7-7.0 and 12.3-14.8 Rp-
_Explorer VI was launched 8 July,,1959 into an orbit with apogee 7.4 Rp.an
measured ﬁhg distant geomagnetic field for 8 weeks. Pionser V was

placed into a heliocentric orbit on 11 March 1960 and measured the
interplanetary magnetic field for 7 weeks,

The instrumentation on these three gpin-stabilized spacecraft were
nearly identical (Judge et al. 1960) and consisted of an induction
magnetometgr which measured the field component perpendicular to the
spin axis, While only the magnitude of the fileld was measured on
Pioneer I, both Explorer VI and Pioneer V carried an agpect indicator
to measure the angle of the field -component relative to the spacecraft
sun~line. Explorér VI also carried a fluxgate magné‘bometer to mea.sure'
the component of the field parallel to the spin axis, but no data were
obtained sincé it failed to operate as planned. The sensors were all
located within the main body of Tthe spacecraft.

The detector consisted of‘a coil of 30,000 turns of number LO
copper wire wound on an iron-nickel alloy core. A band-pass filter
with half-power width = 1.0 Hz centered at 2.0 Hz, the nominal spin
rate, was used to 1limit the spectral sensitivity of the instrument,
However, as Sonett (1963a) has shown, ambiguous spectral inversion or
folding can occur in such experiments and the output can be a mixture
of fluctuations at freguencies within the pass-band, 1.5-2.5 Hz and low
frequency modulations near =0. A photograph of éhe ingtrument is

shown in Figure 19.
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A non-linea£ amplifier was used with aubtomstic-gain-control to
extend the amplitude response characteristics to three decades, frdm
0.6 to l.é X 1o3y. The 15 second rige and 75 second. fall time constants
of the AGC circuit were highly asymmetric and influenced the response
to transients. The amplifier output, 0-5 volts, was used to both
directly modulate a subcarrier oscillator, and also to provide input
to a digital telemetry system., There were no in-flight sensitivity
calibrations. The received data was demodulated, digitized and then
computer processed to yield amplitude and phase information, A
sampling rate of approximately 600 Hz was employed and digiﬁgl filters
used to compubter analyze the data. Results from these experiment§
have a speclal interest historically in magnebtometer studies in space.
Investigations of tﬁe interplanetary magnetic field were discussed by
Coleman et al. (1960 ), and Greenstadt (1966). The extraterrestrial
ring current was studied by Smith et al (1960). The nature of the
termination of the geomegnetic field was presented in Sonett (1963Db)

and Sonett and Abrams (1963 ).

5.2.2 Vanguard ITY and Explorer X

The Vanguard ITIT satellite was the third successful launch of the
original USA-IGY satellite program. On 18 September 1950 it was placed
into a close earth orbit with the primaxry purpose being to determine if
an extraterrestriai ring current existed during the main phase of world-
wide magnetic storms. The instrumentation consisted of a proton-

precession magnetometer which operated by ground command and provided
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more than 4000 measurements of the geomagnetic field intensity in the
vicinity of 6 telemetry ground stations of the NRI~NASA minitrack
network (Heppner et al. 1960; Cain et al. 1962).

The detector was a single cell of normal hexane, 1 ineh in diameter
and 4 inches long, wound with 600 turns of Ng. 15 Heavy Formuvlar
aluminum wire, The sample was located at the end of a short boom
approximately 0.5 neters long. A description of the instrument is
given by Mansir (1960). A current of 7 amps for 2.2 seconds was used
to polarize the gample following receipt of ground commsand. Subsequentl&
the coil was connected to an amplifier whose oubput was used to
modulate the telemetry carrier for 4,5 seconds., The amplifier pass
band was from approximately 350 Hz to 4000 Hz covering field strenghbhs
fram O.i to 0.9 Gauss. The daba were Gtransmitted, tape recorded and
subsequently digitized. The battery power supply supported the
operation of the instrument to the plamned life time of the experiment,
90 days.

Since a coherent proton precession signal lasted only about 2
seconds, the coil+amplifier acted as a sensitive magnetic antenna and
was responsive to electromagnetic fluctuations occurring naturally
in the geomagnetic field. An analysis of the whiktlers thus detected,
an unanticipated feature of the experiment, has been given (Cain et
al, 1961). Because the instrument is absolute, there was no necessity
to inclﬁde a calibration system, although when the signal was recorded
at the telemetry ground stations, a reference 100 KC signal of high

precision was recorded in parallel and used in the digitizing process.



- 91 -

Accuracy of the measurements was limited by‘spaéecraft magnebic
fields and the induced precession due to satellite rotation, and noise
in the reéeived signal. A consgideration of all these sources led
to error estimates with an RMS deviation of 3y. A more serlous
problem in the interpretation of daka was due to uncertaipties in the
satellite spatial position. This satellite data provided accurate
tests of the sgpherical harmonic representgtion of the geomagnetic field
(Cain and Hendricks, 196l4).

The Explorer X spiﬁ stabilized space probe was launched 25 March'
1961 into a highly ellipbtical orbit with apoéee = h6.7 R, at an angle
of ¢SE = 140° to the earth-sun line. Because it was battery powered,
it provided data only for the first out bound pass through the
;mgnetosheath (Heppner et al, 1963). The magnetic field instrumentation
éonsisted of a dual gas cell RbST alkali vapor instrument (see Figure 21) andtwo
monoaxial fluxgate mapgnetometers oriented at an angle of 570 45t fo
the spin axis. All three sensing elements were placed on the ends
of booms to reduce the possibility of spacecraft magnetic field
" contamination to less than lvy.

The performance of all instruments was successful up to 18 RE
when the higher than optimum temperatures of the Rb87 abgsorption
cell led to intermittent operation. This was caused by degradation
of passive thermal control surfaces on the sphere which supported the
gingle bias coil to convert the scalar instrument into, a vector
sensitive device. Forftunately there were simultaneous data from the

fluxgates, whose dynamic ranges were limited to +30y, so that a
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verification of their zero levels was possible., A sénsitivity
calibration was accoﬁplished by pericdically adding a known field
parallel to the sensors! axis.

The Rb87 signal was employed to directly phase modulate the
telemetry carrier while the fluxgate signal was used to provide input
to a voltage-controlled-oscillator (VCO) which also modulated the
trensmitter. Intermittent bursts of fluxgate data for 2 seconds
followed the long transmissions (137 seconds) of the Rb data.
Following ground station.recording., the data weve digitized
separately: the Rb87 data by a special purpose system similar to
Vanguard IIT which yielded discrete samples every 0.010 seconds and
the fluxgate data by aafank of comb=filters providing a digitization
with 1% precision every 0.040 seconds. As shown in Section 3.2, the
gpin-modulated output of a monoaxial fluxgate sensor can be used to
obtain “the vector magnetic field., This was accomplished in two ways,
by picking the maximum, minimom and associated btimes from a graphical
digplay of the data and by computer-processing the digitized signal
with numerical filters to yield the iqgtantaneous value, and the lst
and 2nd time derivatives. Either of these three parameter data sets
determine the vector field.

The results from these data were employed in assessing the nature
of the distant geomagnetic and the possibility of a permanent ring
current., Although trajéctory uncertainties precluded asbsolute conclusions
regarding the later feature, the data did help to clarify earlier

satellite results (Smith, 1962), Of special interest was the
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correlation of the magnetic field data with that of a plasma detector

(Bonetti et al., 1963) revealing the presence of the magnetosheath

inner boundary.

5.2.3 Explorers 12, 1k, 15 and 26

Thege four spinnstabilizgd apacecraft represented tﬁe succegsful
series of Energetic Paxrticles Explorers which were launched"into
moderately eccentric orbits on 15 August 1961, 20 Oct&ber 1962, 27
Oétober 1962 and 21 December 1964. Explorer 15 was launched into a
tighter orbit to study the artificial radiation belts which were
created b# the explosion of the USA Hydrogen bomb (Starfish) over
Johngton Island in the Pacific Ocean on 9 July 1962. Only 5 hours after
its launching, the USSR exploded their second high-altitude nuclear
wezpon of 1962 and Explorer 15 obtained a complete history of this
event as well as the subsequent third USSR nuclear explosion on
1 November 1962, On all of these, fluxgabte magnetometers were used,
although the instrument was changed from a triaxial. detector on
Explorers'ia and. 14 to a biaxial version on Explorers 15 and 26 in
order to provide telemetry for an additional energetic particle detector
to study the artificial radiation belts.

The detector assembly on all of these was mounted at the end of
boom, paralleling the nominal spin axis, and at approximately 0.9
meters from the spacecraft main body. The triaxiel sensor set was
oriented with one axis parallel to the center tube and the other two

transverse to it, with the biaxial wversion using only one transverse
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axis. These spacécraft were solar-array powered and transmitbed
ugseful scientific data for long intervals with Explorer 14 being the
first spacecraft with a magnetometer to operate for approximately
one year, This was significant for it meant that the seasonal variation
of the line of apsides of the satellite, relative to the e;ﬁ\.-:r‘th-sufl line,
swept out more than ?;600 and thus mapped the entire‘ region of gpace
surrounding the earth out to satellite apogee, 15 Rg.

The dynamic range of the instruments changed as more knowledge
coﬁcerning i':he magnetosphere Was acquired and ag different nominal
apogee digtances were gelected., The ranges chosen for the;se four
missions were +1000y, +H00y, 2000y and i2600\{ for each a;x.is so that only
data beyond 1.7 Ry or greater was obtained, The analog voltage outpub
from each axis was 0-5 volts and .use;i to control the output frequency
of a VCO between 5-15 KHz which then modulated the transmitter. The
entire spac'ecra.ft data ocutput was formatted into a 16 frame x 16
channel matrix or sequence of discrete frequencies in.a PFM encoding
scheme (Rochelle, 1966) which repeated every 5.12 s.econds. The
magnetometer outputs were sampled in either 3 (or 2) adjacent chennels
every framé so. that a briaxial (or biaxial) daba set was obtained
every 0.320 seconds., The time interval between successive a.};es being
sampled was 0.020 milliseconds. TFor Explorers 15 and 26 s series of
measurements wag necegsary to determine the transverse component from
the single sensor data by best fitting an assumed sinusoidal modulation
of variable amplitud.é and phase, The a,ccura.cs; of the mea.surane;ats was

Timited by the quantization uncertainties, which were larger than the
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spacecraft fields; assuming that the zero level errors of the sensors
were also small.-

Following transmission, reception and recording, the data were
digitized by a comb-filter bank with a precisicn of 1% (Explorers 12
and 14) or 0.1% (Explorers .15 and 26). This led to quantization
mncertainties of 10y, 15Y, 12y and +2y respectively. The increased
;precision-was a result of an improved signal o noise ratio possi‘bie
with the lower apogee orbits.

The spin rate of Explorer 12 was initially 27,8 RPM but increased
to a 32.6 RPM maximum due o solar radiation ﬁressure. The spin axis
remainéd close to its initial injection position. The spin rate of
Explorer 14 was initially 9.7 REM, incréasiné to ;L2.2 RPM by 30
November 1962, The precession of the spin-axis was initially 15°
half angle, decreasing to 30 b{rt then increasing to 72° by 30 November,
This large excursion continued for many months and considerably
complicated the analysis of data from directionally sensitive detectors.
The spin rate and orientatbtion flis’cory of Explorers 15 and 26 were
similar (Bracken et al., 1969).

The results from the Explorer XII experiment provided the first
multiple measurements of the dayside boundary to the magnetosphere
(Cahill and Amazeen, 1963; Cahill and Patel, 1967) and measurements
of th'.e digtorted nightside magnetosphere in the near earth
regions (<12 Rg» Cahill, 1964a). In addition the me;.surement of the
temporary inflation of the.magnetosphere during geomagnetic storms has
been reported and used in correlative studies with energetic particle

flux measurements (Cahill, 1966; Hoffman and Cahill, 1968).
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5.2.4 Explorers 18, 21 and 28: IMP Series

These three spin stabilized spacecraft represented the first.
three successful IMP (Interplanetary Monitoring Prdbe) satellites
launched. on 23 November 1963, 4 October 196k and 29 May 1965 into
highly eccentric orbits with pericds of “several days. These spacecraft
have also been referred to in the literature as IMPS A, B and C
(normally used internal to the project pre-launch) and as IMP'S 1, 2
and 3 (rormally referring to post-lawnch spacecraft). The experiment
degign, telemetry data allocation, readout and précessing were all
identical. The iﬁstrumenta$ion consisted of a -single cell~Rb87 self-
oscillating magnetometer .ahd two monoaxial fluxgate magnetometers: -
oriented/at angles of 30° and 60° to the spin axis (Ness et &l., 1964 ).
The sensing elements were located 1.0 'and 1.5 meters from the body
of the spacecraft regpectively and extreme care wis exercised in the -
design, construction and cabling so that a magnetically clean spacecraft
resulted (Parsons and Harris, 1965). These magnetic fields were less
than 0.5y at the sensor positions.

The scientific objectives of these magnetic field experiments were
primarily to measure the interplanetary magnetic field; the regionm-of
termination of the geomagnetic field and the distant geomagnetic fiéld.
The dynamic range of the instruments was consequently chosen to be
3-500y for the RbO7 instrument and +hiOy for each of the fluxgabes. The
data were transmitted in & hybrid PFM format based upon that used by
Explorer 12 but modified to take into account the much higher apogee

by reducing the VCO bandwidbth by a factor of-16., A sequence was'
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lengthened to 81.9 seconds, however, s; the bandwidth time product
remained constant,  thereby assuring a .similar S/N ratic to that of the
EPE series. The precision of the digitization remained at 1%. Ground
data processing was improved since it was possible to achieve through-
put at a much higher rate, This was accomplished by recording data at
the field stations at 1;7/8 ips and playing it back at 32 ips in the
special purpose IMP Tnformation Processing System,

The magnetic field data consisted of 1 sequence of Rb87 data
every 4 sequences, with discrete samples at intervals of 320 milliseconds,
The fluxgate data was digitized with a precision of +0.4vy at intervals
of 160 milliseconds during every fourth frame during the 3 non—Rb87
sequences. These dats were analyzed by linear digital filters, in a
menner similar to that used for Explorer X, to yleld a vector measurement
of the field evexy'eo.h6_seconds. These fluxgabe measurements were
subsequently averaged every‘h sequences to provide the 5.4 minute
gverages which were most widely used in the data interpretations.

The performance of these experiments was qulte successful although
_one of the fluxgate sensors on Explorer 28 failed during spin-up -and
boom erection shortly after launch. Also the performance of the Rb87
magnetometers was not as successful for most of the lifetime because
of the very weak magnetic fields in interplanetary space, the
correspondingly very low Larmor frequencies and the inferior performance
characteristics of a single cell system. However, the presence of a
bias coil both raised the operabting frequency as well as permitted

-
vector comparisong to calibrate the zero levels of the fluxgabe sensors.

A sensitivity calibration of the fluxgates was applied periodically,
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The in-orbit lifetimes of these spacecraft ranged from 4 months
for Explorer 21 and -6 months for Explorer 18 to.2 years for Bxplorer
28.. Although the apogee of Explorer 21 was lower than nominal, and
the spin rate was higher, the spin axis orientation in space for-all
3 spacecraft changed only slowly and there was negligible precession.
A photograph of the IMP spacecraft with the three magnetometer booms
clearly evident is shown In Figure 22.. The accuracy of the measurements
was Limited by the spacecraft filelds and the accuracy of the vector-
determinationwf the sensors results. The fields were estimabed as
accurabte to +0.25y and the directions to 4_-50. In a region of rapidly
fluctuating magnetic fields, such as the magnetosheath, Fredericks
et al., (1967) have pointed out.that the combination of the monoaxial
detector system and the assumptiong in the ma.l:y'sis'procedur\es might-
lead to larger errors depending upon the frequency characteristics
of the fluctuations. They suggested that these -causes could explain-
some of the differences between the results of Explorer 18 with other
satellites. Ness (196Tb) sl;owed. that the differences were more
Bpparent than real.

The results from the experiment on Explorer 18 provided the first
and repeated measurements of the earth's bow shock wave (Wess, et al,
1964 ), the first accurate measurements-of the interplanetary magnebic
field and its solar origin (Ness and Wilcox, 196k4-), the.sectoring
of the interplanetary medium (Wilcox and Ness, 1965), and provided, a
definitive mapping of the geomagnetic tail and its imbedded field

reversal region, the neutral sheet (Wess, 1965 ; Speiser and. Ness, 1967).
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Regults. from Explorer 21 confirmed the quasi-stationary sectoring of
the interplahetary mediumland provided a definitive mapping of the
distorted outer geomagnetic field (Fairfield and Ness, 1967 ) and the
ordered field of the magnetosheath (Fairfield, 1967). The long life
of Explorer 28 has provided measurements of the dynemics of the
interplanetary sector structure during the rising portion of the solar
activity cycle (Wess. and Wilcox, 1967) and the characteristics of

interplenetary shock waves (Taylor, 1969).

5.2.5 1963-38C, 1964-83C and DODGE

The US Navy satellite designated 1953—380 was launched on 28
September 1963 into a low altitude, approximately 1100 km, polar ‘
orbit. The spacecraft was magnetically s’cabili-zed with a large
permanent magnet (M=7 x 10LL Ga,uss-cm3) and achieved an alignment
within 160 of the local magnetic field direction throughout its orbit,
A triaxial fluxgate ma,gﬁe{:ometer was iIncluded in the instrumentation
complement although there was no boom to place the sensors at a remote
. distance from the spacecraft to rc-aduce magnetic field contaminabion.

One a:xié of ‘the sensor set was aligned parallel to the magnet
ax;is and the other two orthogonal. to 1t so that they responded to
transverse fluctuations of the local magnetic field. The
nominal oscillabion frequency of the spacecraft about the
magnetic field was approximately 100 seconds. The
range of these two sensors was + 2500y and the analog output of the
instrument was digitized on 'b“r.le ground with a'. resolution of +15vy. The

data sampling rate varied from essentially continuous, when in sight
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of a telemetry ground station and real time transmission was possible,
for one of the three sensors to a vector sample cnce every 22 seconds
when the spacecraft was gtoring data in its on-board memory. The
results from this experiment have been used to study the transverse
fluctuations of the ma..gaetic field in the aurcral oval (Zmuda et al.
| 1966).

~ The US Navy satellite d:esignated 1964-83C was launched 13 December
1964 into a polar orbit at approximatvely 1000 Km altitude. The magnetic
field experiment consisted of a single cell Rb85 self-oscillating
magnetometer and a complex system of a reversible moment (Mc= 7x 103
Gauss cm3) permanent magnet to calibrate Tthe large spacecraft generated
field. This 1is due to the presence of a much larger permanent
magnet (M = 1.5 x 107 Gauss-cm3) which was used to stablilize the
spacecraft with magnetic borques, The orientation of the optical axis
of the sensor unit was 45° to the magnetic axis of- the spacecraft, and
the sensor was located at the end of an extendable boom nominally 4.9
meters in length.

There was no positive ind.ication. of the full ext;ension of the
boom but with the consistency of the calibration resulbs it was assumed
that the boom was in a rigid configuration. These dats yie-lded‘estima.tes
of thé spacecraft field of 201 +18y for one polarization of M, and
183 + 18y for the opposite. The uncertainty of 18v is a megsure of
the accuracy of the scalar measurements, which ranged between 15000
to 31000y. An on-board counter measured the resonance frequency of the

magnetometer every 0.65 seconds with a precision of‘ 0.01% or better.
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The data, in the form of a digital number, were transmitted, recorded
and converted to field magnitude.

The expérimental resulbs were analyzed by comparison with a
theoretical field model a-,nd interpretation of residual magnitude
differenées, which contain unknown errors due to trajectory uncertainties.
The data mapped covered the region of the South Atlantic anomaly and
showed that during one geomagnetic. storm the perturbations at
satellite altitude was comparable in intensity to that observed on the
earth's surface (Zmuda et al., 1968).

The US Navy satellite DODGE, representing the Department of ngénse
Gravity Gradient Experiment, was launched 1 July 1967 into an
approximately synchronous orbit with period 22 hours. The spacecraft
included a triaxial'fluxgate magnetometer with a range of "+250y mounted
at the end of a boom 1,7 meters in length. The sampling rate of the
instrument was 0.8 Hz ;nd the ingtrument passband from 0.5 to 10 Hz.-’

No results have been been publishgd,from this experiment.

5.2.6 0G0 Series

The Orbiting Geophysical Observatory series of spacecraft
consisted of 6 very large spacecraft placed into earth orbits of two
different types (Ludwig, 1963). The 0GO's 1, 3 and 5 (also“known
pre-launch as 0GO's.A, C, and E) were designed to measure mainly the
magnetosphere, radiation belts, magnetosheath and interﬁlanetary'mediuml
from highlyfgpcentric Orbits and are referred t? as the EOGO spacecraft.
The 0GO's 2, 4 and 6 (or B, D and F) were designed to study mainly

the atmosphere and lower ionosphere of the Earth from Polar or high
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inclination, lcﬁ altitude orblts and were referred to as the POGO
spacecraft. These spacecraft were launched one each year over a
period of 6 years beginning in 1964, as shown below, with the two

sub-series alternating in seguence,

Spacecraft E/P Launch Date
0G0 - '1 E 5 September 196k
2 P 14 October 1965
3 E 7 June 1966
L P 28 July 1967
5 E L March 1968
6 P 5 June 1969

The sp;cecraft were all nominally designed 0 carry numerous
experiments, approximately 15-20, and to maintain a Tixed attitude
relative to the earth and sun directigns by use of an active atbitude
control system employing gas jebs, TFor a number of technical reasons,
several of the 0G0 spacecraft failed to achieve this goal of attitude
stabilization and in order to "save" these missions these spacecraft
were placed into a spin -htablliza2d mode., This severely compromised
many of the experiments' scientific objectives, and since no provision
had been made for this failure mode, the determination of the instantaneous
orientation of the spinning spacecraft was made exceedingly difficult
if not impossible,

Iong booms, ~6 meters, were included to place magnetometer sensors
at very remote distances from the main body of the spacecraft. The
spacecraft also carried dirgctional antennae for transmitting very -
high digital data rates, up to 64 Kilobits/second, as well as several

special purpose telemetry chanmnels for transmitting broadband analog
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signals. Each spacecraft carried a pair of dual cell alkall vapor
magnetometers (Rb85 or Rb87) and a ftriaxial induction magnetometer.
In addition the 0G0 1 and 3 spacecraft each carried a triaxial fluxgate
magnetometer while the 0G0-5 spacecraft carfied two separqtgltriaxial
fluxgate ﬁsgnétameters. The high data rates of these 0G0 - spacecraft
combined with their long lifetimes has generated the largest set of
magnetic field dsta ever cbtained. For a number of reasons the ma,jor

" fraction of these daba have not yet been analyzed.

5.2.601 OG’O"":L, 3’ 5 Alka.li V&FOI‘

‘The magnetic field experiments on the 0G0's 1, 3 and 5 included
a palr of dual gas cell Rb87 self-oscillating magnetometers capable
of operating over a wide range of field intensity. The optical axes
of the two senscrs were inclined at an angle of 5'5"3 to each other.
A spherical surface enclosed the 4 gas cell gecmetry and supported a
triaxial set of coils for carpyying a precisely known stable current
and thereby converting the scalar instfumﬁnt to a vector sensitive
device, The sphere was located a; the end of a 6 mebter boom which
also carried. the triaxial fluxgate. In érder to. avoid interference
between the two devices, a separation of 2 me?ers placed the fluxgate
sensors nominally 4 meters from the spacecraft. A photograﬁh of the
last section .of the magnetometer boom and the instrumentation is shown
in Figure 23. The frequency signal from the_Rb87 magnetometer was
vsed to modulate one of the special purpose telemetry channels and

the received data were processed on the ground with squipment similay

to that used in the Explorer X and 18 programs.
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Unfortunately, the fifst OGO suffered a series of technical
failures which left the magnetometer boom‘unereéted, and the attitude
control,systém:in-épérative gso ‘the spacecféft was spin stabilized-wifh
a rotation peried of 12 seconds., The magnitude of the spacecréft
magnefic field gradient at the RBO7 gengor position was sufficientiy
large fhaf coherent oszcillation Was‘not possible and no data was
obtained., The operation of the 0G0-3 and 5 alkali vapor magneﬁométérs
has been successful following the extension of the booms.. The data
was digitized at a standard rate of T samplgs/second'with a,p?ecisién
of 0,1%. A preliminary survey of these data (Heppner et al,, 1969)
has been conducted to study the spatial distribution of-small_amplitude

fluctuations of type PC - 1, 2, 3 and 4 in the magnetosphere.

5&2.6-2 OGO"“E’ 1]', 6 Alk&li V&POI'

The magnebic field experiments on the 0G0-2, 4 and 6
' 85

spacecraft included a pair of dual .gas cell Rb self-oscillating
magnetometers degigned to opé;ate at the high magnetic field intensities.
to be meagured at the low satellite altitudes. The geocmetry of the
gensors is similar to that of 0OGO's 1, 3 and 5 and the location is also
on the end of a similar 6 meter boom. A.photoggaph of the sensor head.
within the spheriecdl thermal control surface is shown in Figure 2k,
However, the objective of the experiment was the precise measurement

of the scalar magnetic field intensity so the spherical surface enclosing
the sensors did not carry any bias coils to provide bias fields for

vector measurements., The experiments on these 0GO's represented the

USA contribution to the IQSY World Magnetic Survey and participation in
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bi-lateral space studies with the USSR. Rb85 was chosen over Rb87
because of its lower resonance frequency and the conseguent -ease of‘
building a sensitive, low noise, high gain amplifier (Farthing and Folz,
1967).

Because of the close earth orbits, real time dats transmissions
from the satellite were not possible when the spacecraft were far‘frqm
one of the receiving ground stations. An~on-board tape recorder
provided a means of storing data obtained under guch conditions and
for subsequent transmission. The data, however, were required to be
in digital form and sc the experiment included two digitizers to count
the Larmor frequency and store it alternately for readout by the
spacecfaft telemetry system. The sampling rate of the experiment under
these conditions was 2 Hz and the sample quantization uncertainty
was ip.hBy. When real time transmission was posgible, the digital
readout operated in the same manner but simultaneously the signal was \
used to modulate one of the broad band Special Purpose Telemetry chamnels.

The performance of these experiments has been successful even
in spite of the failure.of the attitude control system on 0G0-2, which
did not directly affect the objectives of these experiments, An
analysis of the 0G0-2 data as related to the objectives of the WMS has
been given by Cain et al. (1967) and.compared with: COSMOS 26 and 49

results by Cain et al. (1968).

5.2.6.3 0G0-1, 3, 5 Fluxgatbes

The magnetic field ewxperiments on the 0GO-1, 3 and 5 spacecraft

inclvded triaxial fluxgabe magnetometers, to provide precise vector
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measurements of the magnetic fields in space. A series of -three
nearly identical instruments was employed by Heppner et al. (1967)
and a separate triaxial fluxgate was employed by Coleman {Snare and
Benjamin, 1966), All of these instruments pfovided.analog outputs
from 0-5 volts for each axis which were converted by a spacecraft
gubsystem to an 8 bit word representation for subsequent transmission.
The spacecraft data system used a POM telemetry format with a 128.
word frame 1e;‘1g'th that repeated at a rate dependtlant upon the transmission
mode. The variable bit rates of the spacecraft were 1, 8 and 64
Kilobits/second leading to frame rates of 0,868, 6;95 and 55,5/second,

The instrumentation by Heppner on 0G0O's 1 and 3 used two
different ranges,.+30y and +500y which where éampled at rates of
twice per frame and once per frame respettively. Thus the folding
frequency for spectral aliasing considerations was 0.868, 6.95 and 55.5
Hz and 0.434, 3.48 and 27.8 Hz respectively. The bandpass of the
. fluxgate wag fixed with the 3 db point at 12 Hz so that aliasing was
possible. .The digitizer yielded. precisions of +0.24y and. +3.5y
for the high and low sensitivity scales respectively.

As reported in Section 5.2,6,1, the 0GO-1 spacecraft_failed to
erect the magnetometer hoom so that a large (m'SOY)_spacepraft
field was present at the detector assembly, However, the.fluxgabte
instrument was capable of making measurements, albeit of a réduced
gquality, and provided the first high frequency time resolution study
of the structure of the earth's bow shock wave (Heppner et al, 1967).

Since there was no rubidium data to calibrate the zero levels of the
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fluxgates, only the magnitude of the component transverse to the spin

axis was asccurately measured. In the absence of aspect information it

was not possible to determine the phase angle of this field component.

The later 0GO's successfully achieved attitude stabilization as plammed.
Both fluxgate magnetometers on 0G0-5 included an automé,tic digital

compensatlon capabllity for offset range coperations. The instrument

of Heppner incorporated steps of 30y each which extended the range

of each axis to iﬁOOOy'While preserving a quantization uncertainty

of +0.12vy assoclated with the fundamental range of +30v. ’The

instrument of Coleman used two offset scales, one of 16y for each of

6L levels a.‘l.'.ld the other of 1024y for each of 128 levels. This leads

to a total offset capability of ;I-_65000Y while preserving the quantization

unecertainty of 10.0625\( associated with the fundamental range of

j;6y for each axis. The telemetry sampling ratés of both instruments

are related to the frame rate, those for the Heppner instrument being

{‘:he same as OGO's 1 and 3, while those for the Coleman instrument are

0.868, 6.95 and 55.5 samples/second., The bandpass of the Heppner

instrument is maintained fixed at 100 Iz while the Coleman -instrument

changes in response 16 the varying telemetry rate. The corner

frequencies for the low-pass filfers are 0.3, 2.5 and 20 Hz with a

roll-off of 24 db/octave by use of active four pole filters, These

later OG0 spacecraft have y:'L.elded additional information concerning

the fine gbtructure of the earth’s bow shock wave.
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5.2.6.L 0G0 1-6 Induction

Every OGO has included a triaxial induection magnetometer
sensitive to field fluctuations in the fregqueney range 0.0l to 103 Hz
(Frandsen et al., 1969). The instruments are all identical in the
mechanical geometry of their sensor units, using a coil of 105 turns
of No. h'?- copper wire wound on a core of laminated strips of high
permeability nickel-~iron alloy 27 cm. Jong with a cross section of
0.36 cm®, The three orthogonal sensors and their associated pre-
amplifi-ex:s are mounted at the end of a 6 meter boom to reduce
interference from gpacecraft generated fields. The natural resonance
of the sensors occurs near 700 Hz and thus limits the high. frequency
response.

The main electronics assembly on the spacecraft processes the
signal in a manner similar to that shown in Figure 6. Since the
power converters in some of the SC subsystems worked at 400 Hz,
there is a, notch reject filteI; in front of the main amplifiers. The
output was then applied to either a low-pass filter, whose corner
frequency depended upon the telemetry sampling ratesor to a series of
5 to 7 bandpass filterg with center freguencies logarithmically spaced
between 10 and 103 Hz., These later form a type of spectrum-analyzer
which wag used to study fluctuations. Special purpose telemetry did not
permit the transmission total broadband wave form except when in the real
time transmisgion.mode., Three gain levels of the main amplifiers were

posgible: 20, 40 and 60 db.
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Four separate designs were used on the 6 0G0 spacecraft, which
reflected both knowledge gaiﬁed concerning the occurrence of naturally
produced fluctuationg as well asg problems associated with spacecraft
interference, OG0's 1 and 3 were identical and represented an explora-
tory study of fiuwctuations in space, The Nyquist fregquencies for the
low frequency wave forms at the three telemetry rates were 2, 17 and
139 Hz with the time intervals between successive samples of the spectrum-
analyzer being 147, 18,4 and 2.31 seconds. The center frequencies of
the 5 filters were 10, 32, 100, 320 and 1000 Hz. The improvements to
the instrument design for the remaining O0GO's was in the spirit of
increasing the sampling rates of the waveform and spectrum channels
as well as introducing the use of a subcarrier oscillator chamnel to
tranémit the broadband data via special purpose telemetry.

The threshold sensitivity 6f the sensors was originally5planned te
be the RMS signal equivalent to the intringic noise of the instrument,
For OGO-1,the noise power decreased spproximstely as 73 until the
resonant frequency:was approached. For 0GO's 1=k, the minimum
detectable signal is 10’8y2/HZ for frequencies between 102-103 Hz, while
at 1 Hz 1t is lO'EVE/Hz. 0GO-5 had a sensitivity an order of magnitude
befter and 0G0-6 & factor of 20 better. No calibration of the
detector systems were performed in-flight. Numerous problems of
interference arose due to mechanical boom oscillations (at periods of
2.4 and 4 seconds) and mitual electromagnetic coupling between various
spacecraft subsystems and othef experiments which raised the effective

threshold sensitivity of the detector.
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The analysis and interpretation of data obtained with these
experiments has concentrated on the gpatial distribution of fluctuations
and their spectral characteristics., Noisy regions near the earth's
bow shock, the geomagnetic equator and the magnetosheath have been
identified (Hbizer et al., 1966; Russell et al., 1969; Olson et al.,

1969 and Russell et al., 1970).

5.2.7 Explorers 33 and 35: IMP Series

The two spin stabilized spacecraft Explorers 33 and 35 were part

of the iMP series bﬁt modified to.include a hth stage retromotor
since the objective was to place the gpacecraft into lunar orbit. These
spacecraft were called ATMP D and E prelaunch, the A representing
Anchored. Explorer 33 was placed into a highly eccentrlic earth orbit
on 1 July 1966 following an abortive éitempt to orbit the moon.,
Although Expibrer 35 did achieve a lunar orbit on 17 July 1967, the
magnetic field instrumentation shall be discussed in this section
since the mégnetic field experiments were almost identical on the fwe
spacecraft.,

There were two triéxial fluxegate magnetometer experiments on each
of these spécecraft with the sensors located on the ends of opposing

bocoms traﬁéverse to the spin axls and 2.1 meters from the center of )
the spacecraft. The fabrication of the spacecraft was constrained to
minimize magnetic field contamination and with the 90O flipper devices

of both experiments, each of the three axes =zero levels could be

accurately checked in flight,
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One experiment (Sonett et al., 1968 ) employed a three range
sensor (+20y, +60y, +200Y) with one axis parallel to the spin axis and
two transversé. The latber two sensors' outpubs were synchronously
demodulated on board to yield component measurements in a fixed payload
coordinate gystem. The sampling rate was not uwiform but averaged
one vector sample every 6.15 séconds during the scan of thé three ranges.
The data were low pass filtered with a corner frequency of 0.05> Hz -
since the Nyquist frequency was ~Q08Hz. The data were presented as
analog signals bebween 0-5 ¥olts to the PFM telemetry system and
digitization on the gfound. with l% precision yielded quantiza.t:_i.on
uncertainties of +0.2Yy, __4;0.6\{ and +2.0Y i-espectively. The sensitivity
of each sensor was calibrated once each day with the use of precision
current sources an@ the zero levels checked by daily flipping (900)
of the sensor set. The stability of the zero levels was found to be
1y during the first‘30 weeks .of operation for Explorer 33. An identical
instrument was flown on Explorer 35.

Results from these experiments have contributed to t.he ma.ppi'ng
of the geomagnetic tall and the tail magnitude gra.dien'l': (Sonett et al.,
1968; Mihalov et al., 1968) and the solar wind interaction with the
moon (Colburn et al., 1967) and the interplanetary sectorh structure
(Wilcox and Colburn, 1969). .

The other experiment (Scearce et al., 1969) employed a single
range detector of _1:61&\1 on Explorer 33 and a dual range detecitor of
iely and 64y on Explorer 35 which was automatically switched in flight

if necessa.r;g}. The three axes were sampled eséentially simul tameously

i
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(within 15 msec) and d.igi‘ti:,zed with an 8 bit digitizer within the
instrument. The reconstruction of the vector field occurred subsequently
on the‘ground.. daring ground data-processing. -The sampling.rate-was
once eac1:1 5.11 seconds with a range check.occurring every 8.0 seconds
on Explorer 35. The quantization uncertainty was +0.25y for Explorer 33
and j_O.rO9lw and 40,25y for Explorer 3>.. For most of the dabva obtained
by the Explorer 35 :i.nst:c‘ument; the range used was the more sensi-tivle
one, The bandpass of the insgtrument was 0-5 Hz, which permitted
alilasing of signals above the Nyquist frequency of C;.l Hz. “

This has permitted the accurate measurement of sudden changes,
in less than 5-10 seconds.'s uch as shock waves in the interplanetary
medivm-(Van Allen and Ness, 1967). A comparison of the two
magnetometer results-for the 15 Febrl;.ary 1967 event is shown in Figure 25.
Here the time delay and apparent slow rise time, ~25 seconds in the NASA
Ames instrument are spurious instrument effects. The rapid rise time,
< 5 seconds, is accurately measured by the NASA~GSFC instrument. Extending
the spectlral sens.itivit:y beyond the folding frequency also permitted
discbvery of rapid fluctuations near the moon that otherwise would
have gone undetected (Ness and S‘cha.tter’l » 1969). The sensitivity and
accuracy of the sensors was checked daily by the addition of precigely
known fields and flipping (900) of the sensor set with a self-contained
non-magnetic reorientation device, The zero levels of Explorer 33
remained constant within 0.5-1.0y for the f:i:rs‘b 27 months of operation
and those of Explorer 35 remained constant to within 0.5y for_ the

first 16 months of operation, The flipper device to reorient the triaxial

sensor set by 900 is shown in Figure 26.
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The results from these experiments have provided a mapping of
.the earth's bow shock aﬁd.geoﬁagnetic tail (Behannon, 1968), and
contributed to the study of wawves propagating upstream.frpm the bow
shock (Fairfield, 1969). The results from Explorer 35 have been
analyzed to provide definitive studies of the solar wind interaction
with the moon (Ness et al., 1967h; Ness et al., 1968 ; Ogilvie and
Ness, 1969; Whang and Ness, 1970), the phenomenon of particle shadowing
by the Moon (Van Allen and Ness, 1969) and the intrinsic magnetic

properties of the moon (Behannon, 1969).

5.2.8 ATS Series

The Applications Technology Satellites have as their prime
objectives the conduct of various engineering experiments at synchronous
altitude, They have, in addition, included experiments to measvre the
physical characteristics of th; space environment and under these
auspices two magnetometer experiments have been caryied.

The magnetic field experiment on ATS~1, launched 6 December 1966,
uséd a multiple offset range, blaxial fluxgate magnetometer with the
two sensors moﬁnted at angles‘of MBO to the spacecraft spin axis
(Baxrry and Snare, 1966). Because only two sensors were used, however,
one complete spin (0.65 seconds) of the spacecraft was ;equired to
obtain thé vector component transverse to the gpin axis., An on-ﬁoard
analog data processor formed the sum and difference between the two
outputs and this yielded information on the field parallel to the
spin axis and trafisverse to the spin axis respectively. The data was

transferred to a PFM telemetry system where the analog wvoltages, 0-5 V;
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were used as input to a VCO. 3Subsequent ground data processing -
yielded a précision of +0.125Y in the quantization uncertainty for
the lowest stale range of +50y. There were two more ranges possible,
+100y, +200Y, selected by an on-board system so as to avolid stepping
through the cycle each spacecrait rotation but able to accommodate
large, rapid variations which might occur.

In order to measgure the steady field of approximately 125v expected
in orbit and the large (~ ‘100\/) and possgibly variable magnetic field
of the spacecraft, an offset field generabtor of 6 levels of 25y each
was used to extend the range to +925y and -675y. The bandpass of the
instrument was basically 0-100 Hz, but was limited at the oulput to
0-2 Hz to avoid alissing. The spin fréquency'was 1.6 Hz,rather close
to the nominal ion cyelobtron frequency. The sampling rates were 3.12
Hz and 6.24 Hz for the processed parallel and transverse data.

A sensitivity calibration was applied periodically to the instrument
to validate the performance of the offset-field generator, the sum and
difference amplifiers and the f£light and ground data processing.
Accurate meagurements of the field component J&Lransverse to the spin axis
were possgible, as discussed in Section 3.3 The field component parallel
to the spin axis, however, could not be accurately measured and so
only variations of 'this guantity are determined.,

The results from this experiment have been used to study tﬁe day-
ﬁight asymmetry of the field at synchronous altitude dve to the
currents in the magnetopause (Cummings et al., 1968), fluctuations

(Curmings and O'Sullivan, 1969) and the unique cbservation in Janvary 1967
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of the magnetopause as it was depressed to less than 6.6 R Auring |
‘a large gecmagnetic storm (Cummings and Colemen, 1968).

The magnetic field experiment on ATS-5, launched 12 August 196;:;,
is identical to the 0GO-5 :experiment of Heppner, with a triaxial fluxgate
sensor using an offset field generator to extend the range to ilLOOOY
with a bandpass of 0-120 Hz (Skillman, 1970). The
data was transmitted both by a PCM telemetry system, in support of
engineering requirements of the spacecraft, and by the FPFM telemetry.
The sampling rates of the vector magnetic field are 0.337 Hz and 0.196
Hz respectively. The results from the experiment have been compromised

by a failure of the gravity gradient stabilization system.‘ The large space=

craft magnetic Tield was partially compensabed by several small permanent
magnets.

5.2.9 Vela and OV Series

The magnebic field experiments on the Vela seried of spacecraft,
part of the USA program for the detection of nuclear weapons explosions
in space, consigsted of single gxis induction magnetometers oriented
transverse to the spin axis of the spacecraft, A total of 'Four
experiments have been performed in the two pairs of E;elas, 24 and 2B
and 3A and 3B, launched 17 July 1964 and 20 July 1965 respectively.
The Vela 2 sensc-ars' outputs' were logarithmically extended over the
dynemic range of 0-36y while those of: Vela 3 were linea.z:ly extended
over the range 0-100y. The data sampling rates were 1 Hz and 0.5 Hz
respectively with the instrument bandpasses being 1.75-2.25 .and 1.87-:‘2.12 Hz.

The spin rates of the-spacecraft were ~2.0 Hz.
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The presence of a'largé and variable gpacecraft generated field
at the spin freguency of the satellites contaminated the data from ﬁhe Vela 2
spacecraft. The results from the Vela 3 spacecraft have been used
to study fluctuations of the magretic field near the bow shock and
the magnetosheath (Greenstadt et al., 1968).

The 0V3-3 and 0V5-5 spacecraft were launched as part of the US
Air Force's Orbiting Vehicle.program to ubilize obsolete launch vehicles
for placing spacecraft in orbit. A .triaxial fluxgate magnetometer.
was included in the spin stabilized OV3-3 payload launched into a polar -
orbit on'h'August 1966 and provided data for all three axes with a
quantlza$1on uncertalnty 0f +30y over the dynamic range of +6O ,000Y.
A biaxial fluxgate magnetcmeter was included in the spin stabilized
0¥5-5 payload launched 23 May 1969 into a moderately elliptical orbit
and provided measurements over the range of +100y with a gquantization
uncertainty of +ly. Ajboqm of 1.5 meters placed the OV3-3 sensor in
a pogition whére thg spacecraft £ield was 10y wﬁilg a mini-boom, as
shovn in Figure 27, placed the biaxial sensor of the 0V5-5 spagecraf%
0.15 meters from the body where the field was 5v. No results have

i

been reported from these experiments,

5.2,10 Explorers 34 and J1: IMP Series

The spin stabilized spacecraft Expilorers 34 and Ll represented
the last two of the initial IMP series with eccentric orbité. They
have also been referenced as -IMP-F and G prelaunch and IMP ) and 5
postlaunch. Explorer 34 was 1aunchgd on EMINEJ'1967 and performed

successfully for two years until perturbations of -the orbit forced
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- perigee to decay into the earth's atmosphere, Explorer -4l was launched
21 June 1969 and has operated successfully since then.

The magnetic fleld instrumentation was a triaxial fluxgate on
both spacecraft. The sensor. set on Explorer 34 was mounted with two
axes trangverse to the spin axis on one boom, diametrically opposite
another boom which carried a flipper device to reorient- the single
sengor paralilel to the gpin axis by 180°. As in the previous IMP
geries, great care was exercised to reduce the \ma.gnetic field
contamination of the spacecraft to a minimum. The placing of 3
sensors on two ldifferent booms was to attempt to balance the spacecraft,
both statically and dynamically, with minimum "dead" weight. On °
Explorer U1, the three sensors were mounted in a tria.}ciai set with a
900 flipper at the end of one boom. On each spacecraft a reorientation
of the sensor occurred every U days to permit calibration of the zero
levels of the individual axes. In addition a sensitivity calibration
was‘ effected once every 87.4 minubes by addition of a precisely known external
field.

The dynamic range of the sensors on Explorer 34 was +32y and
+128Y, switched by ground command, so that when the spacecraft was
most distant from the earth the instrument operated in the lower
range. When it approached closer to the earth it was placed in the
higher range, The a.na{.log voltages of the three sensors were digitized
by the spacecraft A/D converter with a precision of 0.5%, which

corresponded to +0.16y and +0.64vy quantization uncertainties. A

\
vector sample was obtained every 2,56 seconds while the bandpass was
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0-12 Hz. .An onboard autocorrelation comput®r, see Section 4.2,
permitted computing spectral estimates in the frequency band 0-3.125
Hz with a change of -axis occurring every 40,96 seconds. .

The experiment on E;qglorer 41 was similar to that on Explorer 3k
exce;pt as noted previously in the mechanical configuration of the
sengor set. The range switch was changed to an antomatic in flight
operation which 'g_:hecketi the range selection once each 40.96 seconds.
The ranges on Explorer 41 were +40y and +200, which with the spacecraft
analog-digital converter yielded precisions of +0.2v and +1,0v.

The autocorrelation computer was also changed so as tc; ‘improve the

precision of the.readout of the accumulated lagged pro&ucts. This

congisted of reducing the rate at which these data were transmitted
to once every.6l .k seconds. .

-The results of -these experiments have been important in the
study of fow frequency waves generated at the bow shock and propagated
~upstream (Fairfield, 1969), ‘th_e structure and physical parameters
deseribing the Rankine-Hugoniot conditions in interplanetary shocks
(Oglivie ‘and Burlaga, 1969y, and the earth's bow shock (Burlaga and
Ogilvie, 1968) and.the simultaneous observation with other spacecraft

of discontinuities in the interplanetary medium (Burlega and Ness, 1969).

5.3 ESRO Instrumentation: HEOS-1

Thex Européan_ Space Research Organization launched the spin-stabilized
Highly Eccentric Orbi‘tiﬁg Spacecraft, HEOS-1, on 5 D“e’cember 1968
with scientific objectives similar to the USA IMP series, The magnetic
field e@ex‘iment consisted of a triaxial fluxgate sensor mounted 2.0
mebers from the spacecraft and a monoaxial fluxge;'be sensor mounted

co~linear with spin axis sengor of the triaxial set but in board by
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1.0 meters. This single axis device was used to monitor the;'vaﬁ'atibn
of the gpacecraft field and to extrapolate it fo the triaxial sensor.
There is no wnique way to determine the zero-level. stability of

The triaxial sensor parallel tc the spin axis and only the consistency
of the data can yield an estimate, The zero level accuracy is estimated
to be 0.5y while it is ~'0,1ly for the 2 transverse axes,

A single linear range of +6hy with the 8 bit digitizer of the
instrument provided a resolution of +0.23y. The sampling interval of the
vector field was not uniform in time, but ranged between once every ‘
LB and 54 seconds. A complete measurement was made and transmitted
during each teélemetry frame (48 seconds in leﬁgth) but the sampling
time was determined by the relative phase of the sengsor axes with respect
to the satellite sun line. Each successive meagurement was performed
at a time which corresponded to a +9OO azimathal phase silift in the
sensor position with respect to the previous sample. Thus successive
measurements in four frames were made at times correspon@ing to the
phage of the sensor position given by @ = 0°, 90°, 180°% 270° ana 360°.
Since the spin period of the spacecraft was 6 seconds, this meant’ that
the sampling times vary from148-0 = 48 to L8 + 6.0 = 54 seconds.

The passband was 0-5 Hz so aliasing occurred except when in the memory mode.

The ingtrument also included' a 16 ,38h bit memory which could store
2048 words, which correspond to either 68é three component vector
or 2048 Z_D component measurements. The sampliing rate for a vector
measurement is once every 1/4 spin period or 1.5 seconds so that 17

minutes of data could be stored. The ZP component sampling rate was
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once gvery 180 milliseconds so that 7 minutes of date was stored. The
memory system was contingall:}r read out in the real time telemetry but
gt a very low rate which reguired 5.5 hours for a complete transmission.
The mar;gr*y system was actuated by either ground command, aiter which
I:(?ad.ou'l_:‘ was automatic and automatic cycling between readin and readout
followed or by ingtrument logic which used the Zp component

sensor to determine if the field rate of change exceeded one

~of two selectable threshold levels. At such times, the subsequent
daf:a were gtored in the memory for later transmission determined by
ground command. The two levels selected for HEOS-1 were 25v/second
and lQY/_second.

The resultg of this c—.jxperiment are being used to study the
interplanetary magnetic field and the bow shock-magnetosheath-
geomagnetic tail when the range of the instrument is not exceeded.

The daba are also being correlated with transient events in the

interplanetary medium (Hedgecock, 1970).



- la2l -

6.0 Iunar, Planetary and Interplanetary Magnetameters

The study of the magnetic fields in interplanetary space has been
accomplished not only from earth orbiting spacecraft but also from
those missions to the planets and the moon as well as those few deep
interplanetaxry space probes expressly developed( fo:;:' such pﬁrposes. The
placing of a spacecraft in orbit about the moon or another planet
represents an opportunity identical to that oi" an earth orbiting space-
eraft to study three major phenomenon:

1) Interplanetary Medium,

2) Solar wind interaction with planet (or moon)

3) Intrinsic planetary (or lunar) megnetic field
The follow_ing gections discuss those impaeting, fly-by, orbiting and
purely interplametery missions which have provided magnetic field

measurements relevant to these three problems.

6.1 USSR Tnstrumentation

The USSR launched the first spacecraft to study the magnetic field
of the moon with Luma 1 which flew by the moon at 7000 km on 3 January

1959 and Luna 2 which impacted the lunar surface on 3 September 1959,

6,1,1 Luna Serieg

The space probe Iuma 1 was launched on 2 January 1959 cerrying a
triaxial fluxgate magnetometer compriged of three separate monoaxial
instruments using separate drive frequencies and power supplies. The
dynamic range of the sensors was +3000y, which with the traditional

two channel, 5 bit equivalent digitizationwof the telemetry system and
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the 600v/volt sensitivity led to a quantization uncertainty of iy,
No regults were rep:oz_-";e’dA by the lunar {lyby poré:_ion_of J(_:he trajectory
and only the near earth results: have been discussed (Dolginov and
Pushkov, 1959).

The space p;'o_be Luna 2 was launched on 12 September 1959 and
ixistrumented Wijl.'-h‘a.‘ th@‘ee‘ component fluxgate magnetometer similar fo
that used on Luna _1‘ but with the dynamie range reduced by a fac”;'.or of
4 %o +750y so that the guantization wncertainty was +12y. The space-
craft spin period was 840 seconds about the major axis and there was
a precession transverse to this with a period of 86 seconds. The
sampling rate of the instrumen;c was approximately once per minute.

According to Dolginov et al (1960 ) the errors associated with
the experiments zero levels and gpacecraft fields were such that the
accuracy was approximately 50-100y. The spacecraft gave similar
results to those of Luna 1 in the earth's radiation belts and upon
impact placed an wpper limit on the lunar magnetic field at the surface
of 100y (Dolgino¥ et al., 1961 ).

The Luna 10 spacecraft was launched into a lunar orbit on 2 April
1966 and measured the magnetic field in the vicinity of the moon from
220 km to 1100 km intermittently for 2 months. The instrumentation
copsi:sted of a tr;ga;:i,al fluxgate magnetometer, as shown in Figure.28,
with a dynamic range of 150vy. A comprehensive description of the
instrument is giveﬁ by Afanas'ev et al (1968). The usual two channel,
5 bi?‘f digitiza.tior}. of these analog outputs by the telemetry system

yielded measurements with a precision of +1.5y. No independent
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attitude determination system was employed so only the magnitude of
the magnetic field, and the components parr;\llel and pefpendicular to
the spin axis were determined. -

The magnetometer sensor was locabted at the end of a boom 1.5 meters
from the spacecraft surface., The sampling rate of the vector magnetic
field was once every 128 seconds. _The accuracy of the measurements
was estimated from in-flight data to be 9y for the component parallel
to the spin axis, 2.5y for the component perpendicular “E:o the spin
axis, yielding a, residual error of 10y for the magnitude., The data and’
their "interpretation relative to the moon and the solar wind interaction

with it have been given in Zhuzgov et al.,(1966)}, Dolginov et al., (1966,

1967) and Ness (1967a).

6.1.2 Venera Series

The spacecraft Venera 1 was launched on 12 February 1961 cerrying

a triaxial fluxgate magnetometer comprised of three separate momoaxial
instruments with their axes mounted orthogonal to each other. The
sensor assembly was placed at the end of a 2 meter boom. The dynamic
range of each axis was +50y and the quantization uncertainty was Fl.oYe
Only limited results were obhained durfi.ng a '‘short transmiszion while
enroute to the planet and no flyby results have been presented
(Dolginov et al., 1962 ).

The spacecraft Venera kU was l@.unched on 12 June 1967 and the bus
portion of the gystem was instgumented with a f:riax:ial fluxgate
magnetometer identical to that flown on Iuna 10, with a dynamic range

of +50v and a quantization uncertainty of +1.5y. The instrument sensor

el
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was mounted on a‘boom 2 meters long. The spacecraft bus pénetra,ted

the Venusian atmosphere on 18 October 1967 and reburned useful
measurements on the nature of the interplanetary magnetic field in

the vicinity of Venus and the solar wind interaction with the planet
(Dolginov et al., 1968 ). Estimates of the accuracy of the measurements
of 5y were given by the Investigators in their original publication,
These were obtai_ned from data during a short period when the spacecrafi
was rolled about the spacecraft sun line. The difficulty of accurately
determining the zero levels of the three sensors is illqstra.ted in

the comparison of simultaneous daba obtained by Venera‘ 4 with that

obtained by the USA space probe Mariner 5 (Dolginov et al., 1969a).

6.2 TUSA Instrumentation

(
There have been several series of highly successful USA spacecraft

misslons to the planets, the moon and to interplanetary space. The
follc;wing sections discuss these various programs in the order of their
performance chronologically and according to mission objectives., Unlike®
the USSR program there have been several groups which have participa.’b‘ed
in these studies and contributed to our understanding of the present

state of magnetic fields in space.

6.2.1 Lunar Experiments '

In addition to the early attempts in the Pioneer program to .
study the lunar magnetic field, there were two spacecraft in the Ranger
program which carried Rubidium vapor magnetometers. These latter two
missions wete not successful in returning.any-data due to vehicle

failures, The first successful experiments to study the lunar magnetic
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f;I.eld. wer;a those conducted on the Explorer 35 spacecraft
launched into lunar orbit on July 19, 1967. These instruments and
their results have already been discussed in Section 5.2.8.

The only other USA experiment has been part of the Apollo Iunar
Seientific Experiment Package (ALSEP) which was set up by astronauts
on the lunar surface on 18 November 1969 during the activities of the
Apollo 12 mission. This triaxial fluxgate magnetométer iz the first
such instrument to be operated on the lunar surface. -

The AISEP-1 tri’a.xia,l fluxgate magnetometer is comprised of three
sensors separated from each other by 0.8 meters mounted on three
separate booms 1 meter long above the lunar surface. A reorientation
of the three sensors is possible in a mechanically gimballed system so
that each one can be separately directed along any one of the three
orthogonal axes formed by the sensor set. This pgermitted 1':101: only a
determination of the zero levels of the sensors but also a
mea.sureme;'r—b of the gradient of the magnetic field within the sensitivity
limitations, which corresponds to O.My/meter.

The dynamic ranges of the sensors are: +L00Y, +200Y and +400y
which are changed by ground commend. The instrument included a 10 bit
digitizer which yields a quantization wncertainty of +0.1y, +0.2Y
and +0.4Y, The sa@ling rate of the instrument is 3.0 Hz and the
ingtrument includes a digitlal filter to_limit the data oubput ba.ndpass.

“to 1.5 Hz, There are no published results on this experiment.
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6.2.2 Mariner Series

The Mariner series, of fi‘xed attitude spacecraft have be,ervl used to
study the magnebic fields of the planets Venus and Mars and that of the
interplanetary medium between 0.7 and 1.5 AU. Two types of magnetometers
have been used in three successful missions. - A triaxial fluxgate
magnetometer was used- on the-Mariner .IT probe to Venus, which was .
launched on 27 October 1962 and flew past the plenet, the closest
approach distance being L0000 km  (6.6)Ry, on 14 December 1962. A
helium vapor maegnetometer was employed in the Mariner IV spacecrq.f:t
lsunched 28 November 1964 which passed by Mars at 13000 km (3.8 RM) on 15 July
1965. A gimilar instrument was also flown on the Mariner V probe to .

Venus launched on 14 June 1967 which passed by the planet at 4000 km
(0.6 Ry)son 19 October 1967.. .
The magnetometers in all of the Mariner programs were mounted
within the spacecraft assembly itself with no special boowms provided.
There were no efforts made to reduce magnetic field contamination from
the spacecraft in the Mariner IL program although the situation ‘
improved considerably in the Mariner V program-with demagnetizing of
the spaéecrafi being conducted.. Since ghese spacecraft are fixed
attitude, the determ'ina.tion of the zero ievel accuracy and the céntribut'ion
of spacecraft fields has been a contim}ing problem. Recently Davis ‘
et al. (1969) have suggested a technique for determining the effective.,
zero level of the sensor from a self-consistency study of the observed
discontinuities in the in{:erplane‘sa.ry medium,
The triaxial fluxgate on Mariner II was designed with two ranges.

_4_-80\( and 4350y . The gpacecraft digitizer of 8 bits transformed the



- 127 =
analog signal from 1-6.volts into a binary representation with a
quantization uncertainty of +0,3% and +L.37y. The spacecraft fields
were so large at the sensor position, ~ 100y that it was necessary
to operate the instrument in the less sensitive range for the major
fraction of the flight., A comprehensive description of the instrument,
the large and variable spacecraft magnetic field and data reduction
procedures has been given in Coleman (1966 ). All published Mariner 2 data,
except during the Venus flyby, was based on the low range dats.

The measurementof a vector magnetic field was accomplished by
the sequential sampling of the. three axes in 3.8 seconds, with 1.92

seconds between each component., Thus an instantanecus wector

measurement was not made and vector aliasing may have occurred., The
individual component measurements were performed once every 36.96
seconds during the cruise mode of the flight data and every 20.16 seconds
during the planetary encounter phase of the flight. The passband of
the instrument was 0-2 Hz, so compenent aliasing was also jpo_ssible.

A study of the magnetic field observations near Venus has been
given by Smith et al., (1965a) indicating no penetration of a shock or
magnetosheath. _Thé first study of an interplanetary shock wave was
conducted using Mariner IT data by Sonett et al. (1962 ). Studies of
the fluctuations of the interplanetary magnetic field hawve also been
conducted by Coleman (1966 ).

The instrument on the Mariner IV spacecraft was the fifst
space flight of a vector low-field Helium magnetameter. The dynamic
range of the sensor was _-!_:360\; which with the 10 bit digitizer of the

spacecraft yielded a quantization uncertainty of i0.3_6'y. The sampling
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rate of the instrument was 'not wniform in time, with- 4 measurements
made every 12.6 seconds during the first 5 weeks of- the mission
and every 50.4t seconds for the remeinder. For the fastest "sampling
rate the successive vector measurements were separated in time by
1.5, 0.9, 2.4 and 7.8 seconds. For the lower rate these separations
increased by a factor of 4 to be 6.0, 3.6, 9.6 and 30.2 seconds for
the major fraction of' the mission lifetime. 'Thus these data were -
mulitirate sampled and this may have -affected the spectral’ estimates
of the observed filuctuations. The passband of the inétrument was O-1
Bz so component aliasing wag also possible.

The results from these measurements have been\ used to study the
fluctuations and discontinuities in the solar wind (Siscoe et al. 1968)
and the radial gradient and sector structure of the interplanetary
magnetic field (Colemen et al., 1967 ; 1969 ). The flyby results
have been interpreted by Smith et al. (1965b) and Dryer and Faye-Peterson
(1966). .

The instrument, included in the Mariner V spacecraft was a similar
device to that used in Mariner IV but with a reduced dynamic
range of iEO}-w, Thus the spacecraft digitizer yielcfed a guantization
uncertainty of 10.2y., A comprehensive description of the instrument
has been given by Comnor (1968). There was an effort to reduce magnetic
fields- of the spacecraft by deperming it, and this led to a residual
field of approximately 8y, estimated both from ‘terrestria.l measurements
and two axis estimates of the spacecraft field obtained during a short

period of relling of the spacecraft about the spacecraft-sun line shortly

after launch. The basic method of debtermining the spacecraft field was
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the technique described in Davis et al. (1968). The telemetry sampling
rates weré similar to those of Mariner V with non-uniform spacing of the
{succéssive vector samples abt intervals of 1.8, 3.6 and 7.2 seconds.
The results from these measurements have been used to study the
nature of the fluctuations of the interplanetary magnetic field"(Belcher
et al., 1969) éﬁd‘the fluctuations of the interplanetary'magnetic field

and the solar wind inberaction with Venus (Bridge et al., 1967).

6.2.3 Pioneer Series

The follow-on series of Pioneer spin—stabilized'spacecraft were
designed to provide data on the interplanetary medium from heliocentric
orbits between 0.8 and 1.2 AU, OFf the 5 launches since 1965? L
spacecraft have been successfully orbited with slightly differing
orbltal pérameters and all caxrying fluxgate magnetometers., Stringent
controls on the fabrication and design of the spacecraft and its
instirumentation were exercised in order to reduce the spacecraft
magnetic fields at the sensor poslition to less Than 0.3y. The
sensors were located at the extremity of booms 1.6 meters in length,
and 2,1 meters from the center of the spacecraft. The spacecraft were
all oriented with thelr spin axes normal to the eéliptic for communication,
power and thermal considerations and all were rotating at approximately
the seme rate of 1 Hz.

The experiments on Pioneer 6, 7 and 8 were nearly identicel
and e@ioyed a sgingle axis sensor oriented at an angle of 5L b5t 4o
the spin axis. These instruments h@me been described comprehensively

by Scearce et.al., (1968). An on-board sampling system within the
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instrument useci the spacecraf‘q sun-pulse to provide a three times
spin rate sampling pulse. Thus v{ith the special orientation of the
sensor, three successive measurements at 1200 during the rotation
of the spacecraft formed an orthogonal set of data from which the
vector field wag determined. The time required for a complete
sample is 0.67 secconds so that these data are sensitive to veetor
aliasing. The pa.ss'. band was 0-5 Hz so component aliasing was also
posgible,

An instrument digitizer of 8 bits quantized the analog voltage
of 0~5 volts with an uncertainty that changed with spacecraft as
the ranges were changed. For Pioneer 6, the single range was +6hv,
for Pioneer 7 it was 132y and for Pioneer 8 a dual range of +32y-and
+96v was controlled by an on-board autometic range switch to maintain
the sensor in its optimum range. The resulbant guantization uncerfainties
were +0,25Y, 10,125y and +0.125y and +0.375Y respectively.

A mechanical flipper with a finite number of 180° reversals was
used on these spacecraft, the first such device flown in space,‘to
calibrate the zero levels of fluxgate magnetometers. These units,
combined with the small spacecraft field of less than O.5'\f indicated
from in-flight data a.n uncertainty in the zero levels of iO.ESY s
10.35Y a.r_ld. +0.15v respectively.

The daba sampling was of necessity synchronous with the spin
rate of the spacecraft and thus not W:'Lt‘;1 the telemetry readout. A
complete vector measurement was stored in @ memory ﬁuffer for
subsequent readout and additional data sampling inhibited uvntil this

stored data was transmitted, Since the spaéecra:f"b wa.s ‘ca.pable'-of
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opera%;ing in severai m&;des , real time (RT) and long time memors;
storage, and at 5 bit rates, 512, 256, 64, 16 and 8 bit per second,
the sampling rate of the instrument’s stored buffer véried over a
fac;oor of 64, At the higher bit rates a sample was transmitted on .
average eve:;'y 1.5 second's while for the lower bit rates of 16 and 8
BPS, the :i:nterval between successive readouts was 7 é.nd. 1L seconds
res;pe.c;sively. |
The use c;f an on-board computer. to adapt to these variable bit
rates px:ovid.ed separate component averages for these modes a,nd- bit
rates (se;a Section 4.2). When the spa.cecraff was in RT at 16 and 8 BPS. ,
a tc;tal of b and 8 successive measurements were averaged by this compuber.
W’t‘1en in the data storage mode, the instrument used 6k, 128 or 256
guccessive measurements to compute an average., This averaging of
the components permitted obtaining a statistically better estimate of
the wvector magnetic "field than if only a single value were transmitted.
The measurements from.‘these three spacecraft have provided data
for detailed studies of the interplanetar:;r magnetic field and its
fluctustions (Burlaga and Ness, 1968 ; Ness, 1969 ; Sari and Ness, 1968);
the discontinuity surfaces imbedded within the magnetized medium
(McCracken and Nedss, 19663 Burlaga, 1968; 1969) and the
collimation of cosmic rays (McCracken, Rao and Ness, 1967). Ploneer 7
data, at a distance of 1000 Rp downstream, from the earth, reported
observations of geomagnetic tail related effects (Wess et al., 196% ;
Fairfield, 1968). Ploneer 8, at 500-Rp as it crossed the tail region,

also reported tail related phenomenon (Mariani and Ness, 1969).



- 132 -

Similtaneous measurements of the plasma-magnetic field characteristics
across the neutral sheet were also studied on Pioneer 7 {Lazarus 'et
val, 1968},

- The Pioneer 9 spacecraft, launched on 8 November 1968, included
a triaxial fluxgate magnetoﬁeter and & O0° flipper at the end of a
boom similar to that of th;a Pioneers 6, 7 and 8. The instrumentation
included an on-board spin demodulation system similar to that employed
on Explorers 33 and 35 but using digital computations rather than
analog. In addition, a digital filter was inco;-porated to reduce the
data pass band so as to strictly observe the Nyquist c;riteria. for
uniquely reconstructing the field variations in bebtween successive
samples, The sampling rate of the instrument for the 5 bit rates are:
3.5, 1.8, 0.4k, 0.11 and 0,055 Hz,

The instrument has a single dynamic range of +200y which with
the instrument 10 bilt digitizer leads to quantization uncertainties

of +0.20y. No results have been reported from this experiment.
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7.0 -Future Programs

The investiga.tiqn of magnetic fields in space will continue
in the early 70's, although as indicated in the introduction at a
substanf:ially reduced rate. Those ESRO, German, Italian and USA
satellites for which magnetometers have already béen se;l.ected (or
a’re anticipated to be) for launch during the period 1970-1975 are
shovn in Table IIT, In keeping with the USSR past policy of not
providing advance information on satellite lsunch schedules and,

instrumentation complements, no information is available about the

fubture missions of the Soviet Union. A block diagram of a space. gualified
1 ok .
Cs 33 self-oscillating magnetometer is shown in Figure 29.

- There are several new scientific missions included in the list

which present unigue instrumentation requirements, The Pioneer F and

G interplanetary spacecraft, using a new spacecr;ft design and RTG power
system, will be launched into a deep space trajectory to" 5 AU and
hopéfully to intersect ‘the magnetosphere of Jupiter affer a flight

time of s_eve:{:'al years. The instr@ent will be ealied upon to oﬁerate
over an extreme range of field gtrengths, The very l(‘)W values of :che
interplanetary field bfai.mff:,r gpproximately 0.8y at 5 AU. In order to

make accurabte measurements of the direction of the field, a sensor with

s resolubion of a.n'-t leasgt +0.07y is necessary to provide a sensitivity

of 150. For the Jovian field, assuming a flyby trajectory at 3 planetary
radil, requires a range up to 1-5 Gauss meaning that the instrument

must operate over _6 to 7 decades. Such ingtruments have not yet 'begn

built. for space flight, and cleai'ly present a technical challenge to the

investigators. TFor subsequent missions to Jupiter, and especially.
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in the case of an orbiter, a similar wide range instrument with
high reliability to operate successfuily ovef 1oné %img intervels
will be required. fhis increased lifetime requirement is due to the
dlong flight time to the planet (approximately two years) and the |
long Jovian orbit periods, which are approximately several months
fof modéra%ely eccentric orbits. .

The German-USA solar probe HELIOS will‘ﬁasé'within CL3 AU of the
sun and the instrumentation will be required to ﬁrovide accurate
‘measurements for field strengths up to several hundred y. This will
not present a ﬁroblem for'thé investigators altﬁough the temperature
control of the gengor will be a crifiéal factor iﬁ the obeiation ofl
the sensor, .

The ESRO.GEOS, Italian SIRIO and USA ATS F'and G spacecraft are
all designed to operate in synchronous (i.e., 24 hour) orbit and
monitor the geomégnetosphere at differenf longitudes. No special
requirements are envisaged beyond the present state of the art for -

1
these instruments. This is also true for the continuing IMP sexies,
H and J being placed into nominally circular orbits abt 30-LO Rp while
IMP-I will be placed into the more traditional highly eccentric orbit
with apogee near L0 RE; The HEOS-A2 spacecraft will also be placed
into a“ﬁighly eccentiric orbit bubt with apogee within 30° of the qofth'
pole to explore the neubral points and nearby regions’ of the magnetosphefe,
The first Small Standardized Satellite, §3, will be placed into a

moderately eccentric earth orbit at low inélination to investigate the

dynamics of the 'inner magnetosphere.,
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Additional magnetometers shall be p;aced on- the surfdce of the
_moon and in orbit although the exact number is unknown it may'bé
more thaﬁ the several shown in Table III, There are no plans to
étudy further the magnetic field of Mars in the USA 197l Mariner
Orbiters or the 1975 Viking Orbiters -or landers. The field of Mercury
and the conbinued study of the solar wind interaction with Venus will
be studied from a single flyby trajectory of a Mariner class spacecraft.
A universal requirement of all these fubure missions will be for
a much longer life,ﬁhan the usual 6 months which was needed in the
decade of Tthe 60's. Also the increased sengitivities of the instruments,
the higher telemetry rates available and the need to investigafe more
quantitatively the rapid fluctuatians of the magnetic field will
demand that these spacecraft be designed and constructed to be
magnetically cleaner than meny of their predefessors. Since the total
spacecralt weight is also incregsed this implies that in some of these
programs, such as Pioneer T and G, extremely long booms (= 10 m) shall be
required to eliminate the effects of spacecraft generated fields. Also
the experimenters shall be called upon to process, analyze and
interpret much larger quanfities of data than many of them have been
able to, or have dven attempted to, handle in the past. -The essential
physics of many studies will reguire the close collaboration of
investigators on different spacecraft and with different instruments.
Continued efforts to reduce the power, weight and size of the
basic magnetometers will be important as the use of special purpose

computers to process the data or change the operabtional characteristics
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of the instrument demand. The use of ground commands for deep space
migssions like Pioneer F and G which .introduce round trip travel times .
of 1 hour or more for the dabta status-cornmand link will require the

use of sophisticated on-board logic to maintain an optimumly efficilent
instrument operating status. The same is -‘btrue of instrumentation used
in the USA Mariner Mercury-Venus f1yby mission, in which the total time
for crossing  the solar wind wake region of Mercury is only 8-12
minutes while the rouﬁd trip data status-command link time will be
approximately 15 minutes, Careful instrument design will be essential
to ascertain the best strategy to be employed in performing such

megsurements.
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10.0 LIST OF FIGURES

Figure 1 Satellites and Space Probes launched since 1958 which have

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10

carried magnebometers; circled numbers indicate number each
year. Bars extend:- throughout active life of experiments.
Characteristic archimedean spiral geometry of interplaneéary
magnetic field (a), and the spafiai and temporal scales of
variations observed near 1 AU (b).

Schematic diagram of solar wind interaction with earth (a)
with moon (b). l

Generalized magnetometer block diagram, (

Magnetic £ie1d and sensor positions as defined in payiload
coordirates (a)-and triaxial sensor orientation on spacecraft
boom, (b) and (e). E represents magnetie field vector and é;
the position of the ith sensor.

Generalized induction magnetometer block diagram.

Diaggram illustrating principles of operation of fluxgate
magnetometer.

Block diagram of simplified, generalized single component
fluxgate magnetometer.

Various geometries of saturable core sensing elements for
fluxgate magnetometers.

Simplified diagram classical mechanical analysis of principle
of operation (a) and block diagram (b) of proton precession

magnetometer.,
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Figure 11 Hyperfine energy levels for Rb85 isotope (a)‘and illustration
of progess of optical pumping” (b),

Figure 12, Block diagram of system to illustrate use of optical pumping

_process to measuyre -magnetic field, (a) and single cell self-
oscillating magnetometer (b). ’
Figure 13 Block diagram of dual-cell self~oscillating rubidium vapor
magnetometer. »
Figure 1k _deeman diagram‘for ordinary'hﬂe, the 238‘ level of orthohelium
is called metastable because it possesses a long lifetime,
Figure 15 Simplified block diagram of %ector Helium magnetometer,
Figure 16 Extension of dynamic range of magnetometer by use of: (a)
‘multiple ranges . (varisble sensitivity) . or (b) offset ranges
© (fixed sensitivity).
Figure 17 Illustration of phenomenon of “aliasipg" which ;gcurs in
discretely sampled data. Part (a) shows how two sine waves
at different frequencies f and f, possess identical values
at the sampling times t;. Part (b) illustrates how these
frequencies are related for different valﬁes of the alias
par;meter k,. Part (c) "folds" the frequency scale back on
itself using breskpoints at integer multiples of the cutoff

or Nyquist frequency fc =1

2A%
Figure 18 Summery of special coordinate systems used in interpretation
. of magnetic field data.
Figure 19 Search coll magnetometer used on the Pioneers I, V and Explorer VI

spacecraft.
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Proton precession magnetometer used on the Va'.ngua;r:d I1T

spacecraft. . -

Explorer X Dusl Gas Cell RbST Self oseillating magnebometer.

IMP 1, 2 and 3 spacecraft, ’

EGO-1, 3 and 5 Rubidium Vapor and triaxial fluxgs.t-e sengors

on gpecial boom.

EGO-2, 4 and 6 Rubidium Vapor double dual-gas cell sensor on
special boom.

Comparison of fluxgate magnetometer dats for interplanetary

shock wave of 15 February 1967 from the NASA Ames (Hirschberg et al.
1970) and NASA-GSFC instruments on Explorer 35.

Explorer 33 and 35 NASA-GSFC magnetic field instrumentation,
showin:g-fli'pper mechanism on left and "potted” in eccofoam
triaxial sensor at right.

0V3-3 spacecraft (part of the TRW tetrshedral satellite series)
with a biaxial fluxgate magnetometer mounted on the mini-boom.

Tana 10 triaxial fluxgate magnetometer (also used on ‘Venera. L.

Block diagram of USSR Cesium self-oscillating magnetometer
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