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FORWARD

Exploration of the magnetic fields found in space has proven

to be a remarkably rewarding avenue of scientific investigation.
Anticipated progress will continue to present maior challenges

to scientists and engineers concerned with the development of
field measurement systems and spacecraft producing sufficiently
low magnetic fields. The effectiveness by which these challenges
are met will depend to a large measure on the quality and
timeliness of the communication between those engaged in

research and development and those in design and test.

The Symposium for Space Magnetic Exploration and Technology,
sponsored jointly by the University of Nevada and NASA -~ Ames
Research Center was convened to provide an opportunity for
scientists and enginears to exchange information on recent
developments bearing on generation, compensation, measurement
and calculation of very-low frequency magnetic fields. The
papers presented at this symposium are contained in these
proceedings. Results of recent spacecraft development programs
are described, together with reviews of recent research in
allied areas frequently used as resource and reference,

Ernest J. Iufer
August 28, 1967



Contributions of Magnetic Field Research to Space Science_
Alois W, Schardt ‘K ‘
National Aeronautics and Space Administra oan ‘S E3 - :5«25 E) Ei 23
N )

This meeting is concerned primarily with magnetic field measurements

and instrumentation; I decided, therefore, to introduce the subject

with a short survey of the scientific results which can be deduced

from measurements conducted in space, The scientific phenomena which
can be investigated with the help of magnetic field measurements are
sumnarized in Table I. Magnetic fields in the range from one to several
hundred gauss are predicted to be found near the major planets. In
particular, the radio emission of Jupiter can be explained if this planet
has a large magnetic field. There are theoretical reasons to expect that
other planets like Saturn, Uranus, and Neptune are also endowed with a
strong field. At the surface of the Earth, a magnetic field has a magni-
tude of 0.2 to 0.6 gauss. Geomagnetic investigations have been conducted
for centuries and still constitute a most fruitful endeavor.

The circulation of the Earth's core was deduced by Vestine et al.(l) on

the basis of secular changes of the main field snd is shown in Figure 1,
Closer to the surface of the Earth, large scale irregularities of the

crust also affect the surface field and initial atiempts have been made

to recognize these features on the basls of airplene surveys which may

be followed later with low altitude satellite surveys of the whole Earth,
The icnosgpheric current systems, such as Sg and the auroral electro-jet,
produce measurable changes of the surface fields and have been investigated
in detail with low setellites and sounding rockets. Of particular intere?t
are currents flowing around the geomagnetic poles as discussed by Akasofu 2).

A region of lower magnetic fields exists further above the surface of

the Barth, with a field strength in the range of 50 to 50,000 gamm:.

(1 gorma - 10-2 gauss). In this region, the magnetic field traps ener-
getic charged particles and produces the well known radiation belts.

In the radiation belts, the magnetic field determines the path of the
particles and, conversely, the particles react back on the magnetic field.
The main phase of a geomagnetic storm illustrates this process. The storm
field observed during the period from July 7-1k, 1966, is shown in Figure 2.
At the time shown by the arrows in Figure 2, the 0GO-III satellite passed
very rapidly through the radiation belts; it was thus possible to obtain

a nearly instantaneous measurement of the particle distribution near the
equator as a function of distance from the surface of the Earth. Dr. Frank%(ﬂ
data shown in Figure 3, give the flux of 31 to 49 keV protons as a function
of L. 'The L parameter represents essentially the distance at which the
trapped particles cross the geomagnetic equator expressed in units of Earth
radii; therefore, L=b is roughly 16,000 miles from the center of the Earth,
A relatively low flux existed prior to the storm; the total flux increased

3



TABLE I
MAGNETIC MEASUREMENTS

MAGNETIC FIELD MAGNETOMETER PHENOMENA OF INTEREST
1 -70 g Jupiter, Saturn, Uranus, Neptune
#
0.1 - 0.7 g Proton gprecession Main geomagnetic field
Rb or Ts vapor Motion of Earth's core
(Fluxgate) Crustal anomalies

Ionospheric current systems

10 - 50,000Y Rb or Cs vapcer Radiation Belts
Fluxgate Magnetic Sturms
Helium Bow Shock, Magnetopause

Venus, Mars

0.1 - 20Y Fluxgate Interplanetary field near Earth
Helium Solar Modulation

0.01 - 10Y (Fluxgate) Interplanetary medium at >5 A.U.
(Superconducting) Galactic magnetic field

1y = 10"2g



TABLE II

RESIDUAL SPACECRAFT FIELD IN 10-7g-

MARINER II 130
MARINER IV 35
MARINER V 12
ATS I 140
0GO 2
IMP I 0.5

PIONEER VX 0.25
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by an order of magnitude during the main phase of the storm, and then
decayed as the magnetic field recovere?. The diamagnetic effect of the
trapped particles found by Dr. Frank(3) is adequate to account for the
observed decrease in the main field. These measurements, I believe,
constitute the first time the ring current particles have been observed
and permitted a quantitative explanation of changes in the surface field
during a magnetic storm,

An example of magnetic field measurements beyond the radiation belts is
shown in Figure b (after Ness(%#)). The satellite moved avay from the

Earth towards the Sun. The dashed line gives the expected magnetic field,
based on an extrapolation of the geomagnetic dipole. In the region between
about 10 and 13 Earth radii, the field does not decrcase as expected, but
has a value of about 40 to 50 gamma, then decreases abruptly to a value
between 10 and 20 gamma. From 13 to nearly 20 Earth radii, the field
varies wildly in both megritude and direction with 10 resemblance to an
expected dipole extrapolation. Magnetic measurements, taken on an orbit

in vhich the satellite moves away from the Earth in the antisolar direction,
are characterized by a magnetic field which remains well above the extrapo-
lated dipole value out to 200,000 miles. On the basis of these measurements,
a model of the magnetosphere has beer formulated (Figure 5). The abrupt
decrease in field, shown in Figure 4, is called the magnetospheric boundery;
inside this boundary the influence of the Earth's magnetic field predominates,
outside the boundary is a transition region which is bounded on the solar
slde by a shock front. These features are produced by the interaction of
the solar wind and the magnetosphere. This phenomenon is analogous to the
flow of supersonic gas past an obstacle, In this case, however, the solar
wind plasma is collisionless and particle field interactions play a role
similar to that of molecular collisions in the aerodynamic case,

At this point, I would like to mention a new technique which has becn
pioneered by Dr. Luest of the Max Planck Institute in Germany. A
magnetic measurement gives the field vector at one point in space; as

the satellite moves, one can obtain & succession of such point measure-
ments., However, in studying such regions as the magnetosphere, we are
interested in plotting out megnetic field lines, and, if possible, follow
their motion with the plasma. If one releases an ion cloud in a magnetic
field, the motion of individual ions is restricted to spiraling around
field lines. Dr. Luest has released barium vepor in space which is sub-
sequently ionized by sunlight. The resulting Ba ions can then be observed
from the ground by optical techniques because the ions scatter sunlight
very efficiently. A number of such releases have been conducted successfully
both in the aurcral zone and under magnetically quiet conditions., In the
future, this technigue may also prove to be useful for investigating the
outer radiation belts and the tail of the msg:etosphere.

Since the Earth is a planet in the solar sys' -, the behavior of the Sun
and its influence on its environment is of msjo: interest teo us., Agair
magnetic fields play an important role in sclar phenomena. 1In situ
measurements at the surface of the Sun are impossible, but optical tech-
niques have permitted remote sensing of the solar magnetic field, At a
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sunspot, the field is substantially higher than in the surrounding areas.
The high field inhibits the circulation of the surfece material; therefore,
decreases the amount of heatl which can be convected out from the interior
of the Sun. At sunspots, continued convection of the plasma can produce
unstable field configurations. A triggering mechanism must exist which
permits the sudden release of this energy in a solar flare. In this
process, high energy particles are formed. These solar cosmic rays
constitute a substantial radiation hezard to manned operations in space.

The outer solar corona is sufficiently hot that the ionized hydrogen
existing in that region is no longer gravitationally bound to the Sun
and can escape at a slow rate. The escaping plasma, called the solar
wind, carries with it the solar field that existed in the outer corona.
Figure 6 shows an artist's concept of this process. The solar wind
has a density of a few protons per cubic centimeter and moves radially
away from the Sun with the speed of roughly a million miles per hour
(300 to 400 ¥m per second). The magnetic field lines determine the
trajectory of the solar cosmic rays.

A systematic study has been performed by Wilcox and Ness(5) of the
average structure of the extended solar magnetic field as observed
neaxr the Barth. They found that the field near the Earth has, in
general, the same polarity as the average polarity found at the

surface of the Sun, and that the field exhibits a distinct sector
structure., Four sectors of alternate fields directed towards and

away from the Sun, as shown in Figure 6, were observed in early 196L.
Sectors persist for many solar rotations and evolve slowly as the
surface field of the Sun changes. The corotation of this field structure
with the Sun is illustrated in Figure 8, 1In this instance, an apparent
reversal in field directio?63as observed, both with Pioneer VI and
Explorer XXVIII satellites\“/. It took 572 minutes for the field to
rotate from one spacecraft to the other; as shown in the insert of
Figure 8, the two measurements exhibit the same features.

Beyond the Earth, the exploration of the solar system out toward galactic
space offers many challenges. As the solar wind expands further, both

its density and magnetic field strength continue to decrease. Therefore,
at some distance from the Sun, estimated to occur between 10 and 100 A.U.,
the influence of the galactic medium will be observable., Even with present
rocket technology, a distance of 10 A,U, can be reached with a flight time
of a few years. It is therefore feasible to start exploring these features
within the next decade,

The fruitful methods of geomagnetic investigations can also be applied

to exploring other bodies in the solar system. Already, preliminary
measurements of the Moon's magnetic field and of the interaction of the
Moon with the solar wind were performed with Explorer XXXV, Ness et al.(7)
have shown that the Moon has a negligible magnetic moment and that no
shock is formed in the solar wind due to interactions with the Moon,
Interpretation of these measurements is complex, but it will be possible

12
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to determine the conductivity of the Moon and use this value as a basis
for placing an upper limit on the internal temperature of the Moon.

Mars resembles the Moon in some aspects, it would thus be most interesting
to repeat these investigations at Mars. An investigation of the strong
fields of Jupiter and other planets will provide important information,
not only on the internal structure of these planets which is responsible
for the strong fields, but also on their radiation belts.

In summary, the outstanding problems in space continue to pose major
challenges to everybody interested in measuring magnetic fields,
primarily on the low field end, .0l gamma accuracy. The design of

a spacecraft t¢ conduct such measurements will take even more effort
than has been expended on this problem in the past., Reliability
requirements will continue to pose problems because both the spacecraft
snd instruments will have to operate for many years. With present pro-
pulsion techniques, we have to allow almost two years to reach Jupiter
and several times that much to go beyond 10 A,U,

16
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A REPORT ON THE SECOND INTERNATIONAL CONFERENCE
ON MAGNET TECHNOLOGY

Dr. A. A. Halacsy

Professor, University of Nevadg N 6 9 ; 3 3 9 5 3
-~ B

The Second Irnernational Conference on Magnet Technology was
held at Oxford, England on June 10 - 14, 1967. It was a contin-
uation of the First International Conference on Magnet Technology
held at Stanford, California, two years ago.

The First Conference was sponsored by the Stanford Linear
Accelerator Center, Stanford University, and by the Lawrence Rad-~
iation Laboratory, University of California. Both,of course, are
supported by the U.S. Atomic Energy Commission. The Co-chairmen
of the first conference, Dr. Brechna and Dr. Gordon, expressed a
hope that this conference will continue and this materialized this
year when the conference was held in England and sponsored by the
Science Research Council of England, The Institution of Electri-
cal Engineers of England, the Institute of Physics, and the Phys-
ics Society of England, and the International Union of New and
Applied Physics. The host of the conference was the University
of Oxford and the conference was held in the Oxford College of
Technology, about two miles east of the center of Oxford. The
Chairman of the Conference, Mv. Pickavance, and most of the mem-
bers of the committees came from the Rutherford Laboratory, the
big nucléar research center of England.

The Conference was really international--even more interna-
tional than the first conference. Nine countries were represented
in the first conference--nineteen in the second one. Of course,
most of the total number of participants, which was over 300 this
year, came from England--around 130. The second group was repre-
sented by the United States, Switzerland and France. Each of these
had between 30 and 40 people at the Conference. About 15 Germans
were present, and four or five people from Italy and the Nether-
lands each. The rest of the countries were represented by one or
two people, but it was interesting to note that about eight or
ten people were from behind the Iron Curtain.

More than 100 papers were presented. This means that every
third participant presented a paper. We have about the same ratio
at our conference here. It indicates a very active participation
and looks very good. Still, 100 papers seemed a bit too much for
such a conference; particularly when one considers that all these
were jammed in two and a half days, the same time we have for 24
papers here. Too many papers jammed in a conference is a familiar
and ever-spreading disease of conferences today. Of course, the
Oxford Conference couldn't solve any of it except by scheduling
two or even three parallel sessions. We all know that this is
not too good, because some people would like to participate at
two or three sessions simultaneously. We aim to avoid such a sit-
uation at this present conference, and we will have time for dis-
cussion. The lack of time for discussions was felt very badly at

19



the Oxford Conference, where only one and perhaps two discussions
were permitted afte¥ -each paper. The rest was advised to contact
the author personally. This is, of course, not a unique exper-
ience at todays conferences, but certainly is not a good one and
certainly is destroying the very idea of a conference. It is my
personal opinion that papers cannot be uniform to the same length,
and discussions limited to the same number of minutes. Sometimes
five or ten minute presentations are more valuable than a three
hour talk. Some subjects need an hour presentation whereas some
subjects can be presented in ten minutes. As a consequence of
the lack of sufficient discussions and as far as I know, at least
two groups decided to get together rather informally next year,
just to exchange notes and opinions, and discuss their common
interest freely. One group is interested in super—~conductive
magnets, and another group is interested in magnetic field cal-
culations. This latter group is close to our subject in our pre-
sent conference, and I was asked to get this group together some
time next year. So if anybody is working on magnetic field analy-
sis or calculations, please keep in contact with me, sign up and
you will be welcome to a completely informal discussion next sum-
mer.

We, here at this conference, are discussing magnetics related
to rather very weak magnetic fields whereas the Oxford Conference
discussed magnetics in connection with rather high magnetic fields,
and high power. Still, about one-fifth of the papers presented
dealt with subjects interesting or related to weak magnetic fields
too. 4

It was also most interesting to note the great change in
thinking about super-conductive magnets. I well recall the feel-
ings at a cryogenics conference about four or five years ago
where the general opinion was that in spite of advances in super-
conductive technology, super-conductive magnet coils are and will
not be economic ever. This opinion is completely reversed today,
and the biggest single group of papers, more than a quarter of all
papers presented at the Oxford Conference were on super-conductive
coils. Superconductivity is interesting to us here, because and
for instance: Space-technology is interested in super-conductive
magnetic shielding, then strong magnetic fields are required in-
side the satelites for their operation and super-conductive mag-
netic coils are very reasonable in order to produce such fields
or to replace permanent magnets. A French paper presented definite
results by using super conductive cores instead of iron, in
magnets. The rare metals like holmium and dysprosium, are use-
ful for this purpose. It is known for approximately 10 years
that these metals, which are not ferro-magneti- at room tempera-
ture become ferro-magnetic at super-conductive temperatures and
saturate higher than iron. The price is beginning to come down,
and therefore they can be considered as core material in super-

20



conductive magnets, where iron is useless. A super-conductive
mass-spectrometer is already using these materials as core in
France.

More than a quarter of the papers dealtof course with high
pover magnets for high energy physics. These are accelerator
magnets, mass-spectrometer magnets, bubde-chamber magnets, vev-
ious other magnets for plasma research, etc. Magnetooptics was
also discussed.

About a tenth of the papers dealt with power supplies for
magnets. This group is also disinteresting for us here, so I
won't mention much about it except that several power supplies
for high stability and high accuracy were reported. Such highly
accurate power sources of course are interesting in any magnet
laboratory, so in a magnet laboratory for investigating weak
fields too.

Two groups of papers were really interesting to us in
connection with weak magnetic fields. First, papers on the
measurement of fields. Such papers were about 10% of all the
papers. Second, papers on calculation of magnetic fields,
and also some papers discussing production of homogenious fields.

All these papers, which are mostly interesting to us, came
from only three countries. Most of them came from the United
States. The rest from Switzerland, and from England.

Half of the papers on measurement of fields were presented
by people of the Lawrence Radiation Laboratory. Six Lawrence
Radiation Laboratory papers numbered from seventeen to twenty-
two could be considered as sections of a long paper. They
described the Lawrence Radiation Laboraiory "Rapid-Mapper" Magnet
Measuring System, developed during the ccurse of processing about
four million magnetic field measurements ia the past four years.
The Rapid-Mapper performs a variety of automatic and semi-manual
D.C. measurements. In the automatic mode, the machine positions
a probe sequences the measurements and records the data for
computer analysis. The third generation of "Rapid-Mapper" is
now in the planning stage and will be controlled by a digital
computer. In addition to its predecessors it will be able to
make digital pulsed field measurements and will also do error
checking at the time of measurement. It is to be used first for
magnetic studies on a 200 GEV accelerator model.

A rotating coil gauss meter is the sensor in the system.
AC signals are detected with 0.01% resolution and with 0.1% accu-
racy. Techniques of using search coils and integrators have been
improved during the past few years to an accuracy better than 0.01%
of this combination.
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The probe is positioned along a line with an accuracy of
0.0005, inch.

The flux standard is a square root flux standard stable to
0.01% and adaptable from one million to one hundred million max-
well turns. Power is generated by reversing the magnetization
of a temperature controlled and temperature compensated toroidal
transformexr. The core of this transformer is made of a nickel-
iron alloy with a square hysteresis loop. One of the latest
measurements with this Lawrence Radiation Laboratory system was
reported as made in March 1967, on an alternating gradient cyclo-
tron magnet at Texas A & M University. Similar measurements
are planned for the alternating gradient cyclotron at the Univer-
sity of Maryland next fall.

Of course, the Lawrence Radiation Laboratory "Rapid-Mapper"
was designed for measuring rather high fields in specialized
magnets. The Swiss report from CERN, the European Center for
Nuclear Research, was more interesting. They reported on a
technique used for the rapid field mapping of a big ring magnet.
Two "field-locked" proton-~-resonance magnetometers are used, and
the frequency difference between a reference unit and mapping
unit is recorded automatically. Each unit has a systematic error
less than 2 ppm, and a statistical error of the same order on
individual measurements. Proton-resonance is also used for
field-stabilization and it may be interesting in low-field
laboratories as such.

Another CERN report dealt with a permeameter for testing
toroidal steel samples. The classical Rowland method is used
with semi-conductor switching and electronic integration. The
curve of first magnetization, coercivity and remanent field is
measured.

A report from the Rutherford High Energy Laboratory listed
the three main disadvantages of nuclear magnetic resonance equip-
ment. First, the method does not give a direct and automatic
measurement of the field; second, difficulties can arise in mag-
nets with field gradients, and third, there are problems with
regard to signal to noise ratio. To overcome these disadvantages, a
high stability Hall effect probe system was developed. Recognizing
that the Hall~coefficic ts are sensitive to temp rature, tempera-
ture effects have been reduced by closely controlling the temp-
erature of the Hall plate by mounting the plate inside a "change-
of-state' type oven. The remaining cyclic variation in tempera-
ture is 0.002 C. The changes in Hall voltage due to temperature
variations are *hen in the order of 1 ppm, which is about the
same as reported for magnetic resonance methods. The control
current of the Hall plate is supplied from a source with a long
term stability of better than five parts in one hundred thousandths.
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The Hall voltage is measured with a digital voltmeter. The long
term stability of the system was found to be better than 1/2000f
a percent over a period of two weeks.

A report from Argonne National Laboratory described a
high speed digital field measuring system used for a bubble-
chamber magnet. The system measured 1728 field points during
a 17 second circular sweep with a polar coordinated manipulator.
The resolution was about 10 gauss in a 46,000 gauss field.

There was a unique paper--Number 36, by Dr. Colonias of
Lawrence Radiation Laboratory, describing .the technique by which
a magnet-geometry--that is, a two-dimensional section of an iron-
core is drawn on cathode ray oscilloscope screen using a light
pen. When a computer program is used for magnetostatic programs,
the output of which is connected with the same cathode-ray tube,
the field appears in the form of a mesh of equipotential and
flux lines. The dimensions of the core can be altered by using
a light pen and the resulting new field appears again automatic-
ally on the screen.

Five other papers dealt with magnetic field calculations.
The only one not from this country was from the Swiss Oerlikon
Company which recently merged with the Brown-Boveri Company.
They are world-wide known producers of beam handling magnets for
high energy physics experiments and they presented a two-dimen-
sional method particularly suited for super-conducting magnets
with constant current density windings. The method uses infinite
harmonic series.

Dr. Beth of Brookhaven National Laboratory explained the
very ingenious new method of calculating field energy and forces
on conductors in a two dimensional magnetic field. He maps the
physical area by a transformation into a plane, the two axes of
which are the vector-potential and the scalar-potential; an area
of this new vector-and scalar-potential plane is proportimal to
the field energy. This seems to be a very powerful technique--
particularly if one is interested in forces on conductors. Of
course, the vector and scalar-potentials must be known by some
other method. Though Dr. Beth's method is for two dimensional
cases, it would be interesting to investigate if it would not
be adaptable for three dimensions as well.

Dr. Foss of Carnegie University described his computer
program, which is a modified relaxation program for calculating
magnetic fields, basically in two but possibly in three dimensions,
and also in the presence of a magnetizable material. It is a
kind of program ¢f an alternating relaxation calculation of the
flux density and the permeability. It is written in Algol and
requires about 4,000 instructions and calculates an average mesh
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point in about 300 memory cycles. The program was designed mostly

for the needs of magnets used in higher energy physics., It looks rather
complex, and in order to be useful for a rather detailed study of a mag-
netic field, needs a computer with an extrem elygreat memory which hardly
exists today.

1, myself in cooperation with Professor Clark and Mr. Dunks of the
University of Nevada, presented a paper on three dimensional calculation of
a magnetic field. It dealt with the three dimensional fields without iron.
It is, in cssence a computerization of Biot-Savart law. The computer program
is extremcely simple, and may form a part ¢’ a more sophisticated cal-
culation of the magnetic field of satellites. It is recognized that any magnetic
field is composed of a field of magnetomotive force gradients generated by
currents or magnetic moments of magnetizable materials, which magnetic
moments in turn are generated by the electric currents, or may be magnetic
moments of permanent magnets. The field of electric currents can be
calculated, as presented at Oxford and we ar~ working now on the other
parts of the more generalized case. It is hoped that more would be recady
for reporting by next summer.

A calculation of magnetic fields can go in two directions. The usual
way is tolist currents and magnetic materials with magnetic moments and
then calculate the field. Such calculations ar~ needed mostly in High Energy
Physics, which instigated interest in such calculations originally. However,
it must be recognized that the aim is to build magnets for a desired magnetic
field and not to calculate the field of an existing magnet. This, of course,
requires work in a direction exactly opposite to the one done today. This
reverse process encounters considerably greater difficultics than taking a
magnet and calculating its field and this is the recason why very little was
donec in that line so far. The process was almost always to choose a magnet,
calculate its field, then modify the magnet. alculate the field again, and
so forth until the desired field was arrived at. This background explains
the great importance of Dr. Halbach's paper from Lawrence Radiation
Laboratory which described the PISA system. PISA means a Program for
Inversion of System Analysis which determines the geometry of a magnet
for producing the desired field. It is most likely that a tremendous amount
of work will develop for this same purposc in the futurc.

Visits were arranged to principal sites of British nuclear rescarch,
as for instance to the Rutherford High Energy Laboratory which, as most of
you know, is adjacent to Harwell, and to the Culham Laboratory. Of coursec,
scveral other visits were made possible. Scveral factories offered tours
of their facilities producing power supplics, and materials and equipment
for supcr-conductive magnets and for instance, 1 visited the Daresbury
Nuclear Laboratory close and in cooperation with Liverpool
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University which was opened just last May by the Prime Minister
of Britain. These excursions contributed a lot to the value
of the Conference.

Conferences, of course, have their social side too,
and so the Second International Conference of Magnet Technology
also included several other activities—--a civic reception by
the Mayor of Oxford in the City Hall, a conference banquet,
visit to Stratford-on-Avon to the Shakespeare Memorial Theatre
for a performance of Coriolanus which was instead of Macbeth
because the principal actor of Macbeth was seriously ill. The
Macbeth performance originally planned gave rise to the wonder-
ful idea to include quotations from Macbeth in the Conference
program. Those were very appropriate and with real English
humor. One affixed as a motto to the list of session Chairmen
was: "Oh, who can be roused, amazed, temperate and furious,
loyal and neutral in a moment."
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ABSTRACT

To describe completely secular variation, data are needed from
preobservatory time, and archaeomagnetic studies provide such information.
Archaeomagnetism uses the standard instrumentation of paleomagnetism
and determines the paleodirection of the geomagnetic field from the
direction of remanent magnetism of specimens of baked clays. Specimens
for these studies are collected from fire hearths or kilns at various
archaeological sites and range in age from 300 B.C. to modern. Tae
dating is based on a tree-ring chronology.

Results suggest that values for inclination of the earth's magnetic
field, as adjusted to Tucson, Arizona, range from 40° to 6C° and can be
represeiited on an irregular curve., Changes in declination are from
13%E to 13°W,

Secular variation as indicated by a polar data representation
curve (PDRC) has a 1350-year period of counter-clockwise motion that
encircles the present geographic pole. The PDRC has three small
clockwise loops, approximately 120° apart, and of about 200-400 years
duratign. The angular standard deviation of all site mean directions
is 5.9%.

% School of Geology and Geophysics, University of Oklahoma, Norman,
Oklahoma,
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INTRODUCTION

The remanent magnetism in baked clay associated with fire hearths,
burnt walls or floors of prehistoric Indian dwellings, records accurately
the direction of the earth's magnetic field. It can be used to extend
our knowledge of geomagnetism beyond that available through direct
measurements represented in observatory data., The resulting data can
document the amplitude and time variation of secular variation and can
be used indirectly to establish a magnetic chronology for dating
archaeological sites. Archaeomagnetic measurements of the type discussed
in this paper were first made by Thellier and Thellier (1,2) and their
methods have been followed by many other investigators throughout the
world. The results presented have been determined for specimens of baked
clay collected from archaeological sites in Arizona, New Mexico, and
Texas over a geographic area approximately 1,000 km in diameter.

DISCUSSION OF SAMPLES AND DATING

The materials used in these experiments were collected mainly from
the peripheries of fire hearths of dated Indian sites. Dating of the
sites is based on a tree-ring chronology and the sites range in age
from 300 B.C, to modern. Work is now progressing to extend the ages
studied back to some 5,000 years B.C. The fire hearths, more or less
circular in shape, generally occupy either a central position in the
room or to one side directly in front of the entrance. In either position,
they are not a random feature in the ancient dwelling, but a structure
specially constructed for its purpose and lined with special clay brought
in from the outside, The thickness of the clay lining ranges from about
0.5 inch to several inches, and some hearths have a raised rim of clay
extending several inches above the general level of the floor., The
finished hearth is between 8 inches and 3 feet in diameter, and between
6 and 12 inches in depth. Before collecting specimens from a given fire
hearth, the geomagnetic characteristics are determined in the vicinity
to assess the presence of anomalously magnetic effects. The procedures
used assure that the magnetic field at the sample site corresponds to
regional patterns of geomagnetic variatiom.

Ideally the specimens collected are small columns about 1,25 inches

high and 1.25 inches in diameter, They are made by carefully excavating
the material from around the core using small probe-like tools. The

~ columm remains attached at the base until a cubical brass mold is placed
over it and filled with plaster. Orientation of the mold is accomplished
by use of a special device which contains a compass needle and two precision
levels perpendicular to each other. The resulting sample is an oriented
column of baked clay embedded in cube which presents a uniform geometrical
shape for subsequent measurements.

EXPERIMENTAL METHODS

- Eight to ten individually oriented specimens are collected from a
fire pit. Measurements of the direction of the remanent magnetism is
made on an astatic or spinner magnetometer (3). In using the astatic

magnetometer, the specimen is centered below the magnet suspension and
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measurements of deflection are made in the 0%, 90°, 180°, 270°, and 360°
positions for each face of the cube, This procedure allows the determi-
ration of each of the orthogonal coordinates of the magnetic vector
eight times. From the resulting measurements, the direction and ampli-
tude of the remanence can be calculated and various precision paramete:rs
indicative of the internal consistency of the measurements estimated.
Reproducibility of the direction, as determined by repeated measurements
on the same specimen, is within 0,29, To assess the magnetic stability
of the specimens measured, thermal demagnetization experimerts and
storage tests are performed.

RESULTS

Results are presented for the time span 600 to 1600 A,D., (Figure 1)
with magnetic measurements made on some 70 fire hearths that have mean
directions which can be caiculated at the 95 percent covfidence level to
lie within a cone with a 3° or less radius inscribed about the mean.

When corrected to Tucson, changes in inclination are found to range from
40° to 60°, A minimum inclination occurred at 3800 A,D., with a value

of 4092, and a second minimum of 45° occurred at approximately 1550 A.D.
Maxim 'm inclinations occurred around 500 A, D. and 1150 A, D,, with values
approa.:ing 60°, Modern-day measurements also give inclinations of
approximately 600, Changes in declination range from some 13°E to 13°W of
true north. Easterly declinations were recorded around 600 A.D., again

at 900 A.D. and 1550 A.D. and also in modern times. The most westerly
declination occurred during 1200 A.D. The curves representing changes in
declination and inclination are irregular, but may be capable of resolving
some frequencies of secular variation, The curve showing changes in
inclination for the years 600 to 1200 A.D. suggests major variations with
a period of about 800 years. During the years €00 to 1000 A,D., declination
seems to have had a variation with a frequency of approximately 400 years,
and this value, which is about one-half that of inclination, seems to
agree quite well with the model that attributes secular variation to
westward drift. The curve representing declination for the years 1200 to
1500 A.D. seems to suggest variations with a period of 70 to 100 years;
sgain this is about one-half the period represented by the curve for
inclination. The data on magnetic directions can be used to develop a
polar data representation curve (Figure 2) which would show the position
of the calculated magnetic pole for a dipole field as representative of
the measured values of declination and inclination. The resulting polar
data representation curve encircles the present geographic pole in a
counter-clockwise manner with a 1350-year period. The curve has three
small clockwise loops approximately 120° apart, These loops seem to
develop over 200 to 400 years. The average pole position calculated for
all of the sites studied so far would be essentially coincident with

the present geographic pole, 88.5°N and 105.C°W, The angular standard
deviation of the various site mean directions about this over-all
direction is 5,9°, This value is a statistical representation of secular
variation for the range of the time studied and should be useful in
interpreting other paleomagnetic results,
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o
THE ARGONNE 16-FT BORE SUPERCONDUC%

J. R, Purcell
Argonne National Laboratory, A:gzonne, Illinojp

INTRODUCTION - This paper describes the design appi’!)ach for
building a 16-ft bore superconducting magnet for the large 12-ft liquid
hydrogen bubble chamber under construction at Argonne National Lab-
oratory. Both conventional (hollow copper conductor) and supercon-
ducting coils were designed in considerable detail and compared on a
parameter-to-parameter basis. The superconducting coil was chosen
because it compared favorably with the conventional coil, Its design
appears to be safe, feasible, and reliable, and - in addition - large
savings in power costs can be realized.

The magnet system is designed to provide an 18 kG field. To
produce the same magnetic field in a conventional coil, 10 MW of power
is required plus an additional 750 kW for the cooling-water circulation
pumps. The power requirements of the superconducting coil are not
expected to exceed 200 kW, which is almost entirely for refrigeration,
This expectation is based on steady-state operation and will depend to
some extent upon the efficiency of the thermal insulation,

Detailed capital cost estimates were made for both the conven-
tional and superconducting systems, Although the superconducting
coil and refrigeration system are considerably more expensive than
the conventional copper coil, this disadvantage is counterbalanced by
the fact that the 10 MW power supply and cooling systems are not
needed. Within the accuracy of the estimates, the capital costs of the
two systems are the same. Operational costs are much lower for the
superconducting system.

The superconducting magnet utilizes a 1600-ton, carbon-steel
return path and the coils are enclosed in a toroidal container, A
cross section of the bubble chamber is shown in Fig, 1. Completion
of the magnet system is expected in early 1969,

*
Work performed under the auspices of the U, S, Atomic Energy
Commission,
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SUPERCONDUCTORS AND STABILITY - The 12-ft hydrogen
bubble chamber's energizing coil is designed for fully stabilized oper-
ation based in part on other work, (1,2,3) Thus, disturbances that
tend temporarily to upset the superconductor or even short sections
of defective superconductor, will not have a detrimental effect on the
operation of the coil.

Copper was chosen as the stabilizing material for the coil
because it has high electrical and high thermal conductivity, because
it has adequate mechanical strength, and because its low temperature
properties (electrical, thermal, and mechanical) are well known,
Furthermore, it is readily available in the required quantities, and
its fabrication techniques are simple and well established,

SUPERCONDUCTING COIL - The coils are wound from a com-
posite strip conductor of copper and superconduztor, measuring 2-in
wide by 1/10-in thick, Calculated stable curr«:.t for this conductor
is about 4200 amps with the normally observed heat transfer rate of
0.5 W/cm2. Turn-to-turn insulation is 10-mil teflon containing about
15% glass fibers, The teflon remains somewhat flexible, even at 4K,
which will reduce stress concentrations.

The coil has an inside diameter of 16 ft. It consists of two
stacks of pancakes; the top and bottom stacks are separated by about
24 in, Details of the coil construction can be seen in Fig, 2, The
coils are held in position by an aluminum tie rod assembly, which
clamps the coils to the 4-in thick girder ring. Aluminum is used for
the clamping bolts to maintain clamping force on the coils as the sys-
tem is cooled down, The coefficients of thermal expansion are such
that the clamping forces increase somewhat at 4K, Aluminum spacers
between the coils (not shown) are located every 6 degrees and are
faced with thin electrical insulating material, Coefficient of thermal
expansion matches the coefficient of the copper-teflon composite of
the coil, resulting in very low shear forces on the coil spacer inter-
face.

The interaction of the coil current and the magnetic field gives
rise to radial and axial forces (J X B) on the coil. The integrated
effect of the radial component of the force is to induce tensile (hoop)
stress in the conductor in the circumferential direction, The maxi-
mum hoop stress in the windings is 6000 psi at the 18 kG operating
field, This stress level is safely supported by the stabilizing copper
portion of the composite conductor withnegligible resistance increase
due to stress, No additional reinforcing is required., The elimina-
tion of the need for reinforced conductor greatly simplifies the con-
ductor configuration and circumvents the problems of induced internal
thermal stresses due to the difference in the thermal expansion be-
tween the basic conductor and suitable reinforcing materials,
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Temperatur= stratification in the helium container is prevented
by introducing a mixture of gaseous and liquid helium at the bottom of
the tank under the lowest coil, The rising gaseous helium provides
sufficient stirring action to maintain a uniform temperature distribu-
tion,

The weight of the coil conductor is approximately 100, 000 lbs,
almost all of which is copper, A cooldown time of about sixty hours
is required to cool the conductor and kelium vessel,

Table 1 - MAGNET PARAMETERS

Design Field 18 kG
Design Current 2000 amps
Stable Current (Calculated) 4200 amps
Resistance Ratio of Copper 170-200
Conductor Dimensions 2-in x 0, l-in
Total Conductor Weight 100,000 1bs

Weight of Superconductor (NbTi) 4000 lbs

Hoop Stress on Conductor 6000 psi

The magnet windings are protected against a sudden release of
the stored magnetic energy in the event that a portion of the coil
reverts to the normal (i.e., resistive) state. A large resistive
region may be caused by the drop of the liquid helium level below the
top of the coil and the subsequent loss of cooling. Two means of pro-
tection are provided. The first method consists of a '"dump resistor"
(see Fig. 3) which is always in the electrical circuit, connected in
parallel with the coil, Should a resistive region develop in the coil,
the power supply will be disconnected from the circuit and the coil
current will flow through the dump resistor. The energy stored in
the magnetic field is then dissipated in the dump resistor at an initial
rate of approximately 0.8 MW (2000 A at 400 V for designed operating
conditions).

The second protective measure is simply a large vent line that
will automatically relieve pressure well below the pressure rating of
the helium vessel, These vent lines are sized to carry away the
helium fluid at a rate greater than that which can be gencrated by the
magnet being 100% normal, In this condition the magnet would be
generating about 200 kW of power. With the liquid helium removed,
the entire coil will become normal and the power will be uniformly
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dissipated throughout the windings, If the full-stored magnetic energy
of 80 MJ at 18 kG is absorbed by the total thermal mass of the wind-
ings, the coil will rise to a temperature of about 90K, Once the liquid
helium has been removed from the tank, the temperature rise of the
coil will not result in any serious pressure rise of the system,

MAGNET CONTAINER - The magnet coils will be installed in an
annular stainless steel vessel which contains liquid helium, This wi.l
be surrounded by a refrigerated shield maintained at a temperature of
50K to 70K to intercept heat leakage into the vessel, As may be seen
in Fig, 1, openings in the vessel between the upper and lower coils
provide passageways for the particle beams tv enter the bubble cham-
ber without passing through either the coils or the container material,

The coils and containment vessels will form a single assembly
14, 6-ft ID x 18,4-1t OD x 10-ft high, which will be supported from the
magnet yoke by eight vertical tubes, These tubes will also provide the
passages through which electrical power, refrigeration, and instru-
mentation are brought to the coils.

Because of the holes in the top of the iron, the net force on the
coil assembly centered between the pole faces is expected to be
approximately 50,000 lbs downward, The weight of the cryostat will
impose anadditional load of 200,000 lbs, Vertical adjustmentof 1/2-ir.
in either direction from center is provided to account for mechanical
error in coil position, variation in iron permeabilities, and other
affects which tend to perturb the downward force, The force on the
coil assembly in the vertical direction changes approximately 400, 0CO
Ibs per inch of displacement, The eight vertical supports are designed
to support one million pounds in tension., The radial instability forces
calculated to be approximately 60,000 lbs per inch of radial displace-
ment from magnetic center, This force will be transmitted to the ircn
by the radial support members (see Fig, 4) located at 90 degree inter-
vals, The system is designed to support a transverse load of 500, 000
lbs,

REFRIGERATOR - The steady-state refrigeration requirement of
the magnet is estimated to be less than 50 W, but a reasonable cool-
down time can be accomplished only with a larger refrigerator. For
this reason, and to provide a margin of safety in operation, the refrig-
eration capacity has been set at 400 W at 4, 2K, An additional 500 W of
refrigeration at 50K to 70K is provided for thermal shield cooling,

POWER SUPPLY - The power supply capacity is 2000 A at 10V
with a current regulation of 0, 1%, With the magnet's 40-H inductance,
the power supply will charge the magnet at a rate of 0,25 A per sec-
ond, A full charge will thus be accomplished in about 2, 25 hours,
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MAGNET INSTRUMENTATION - The magnet temperature will
be monitored throughout the coils during cooldown, using thermo-
couples down to 40K. At lower temperatures, gallium arsinide dicdes
will be used.

Potential taps will be placed across every joint within the coils,
These will detect bad joints or normal reg.ons between the joints, A
separate coil will be wound within the magnet to measure dB/dt, When
"ais is amplified and connected in opposition to the L(di/dt) signal, the
resultant signal will represent normal regions within the magnet - even
during transient conditions,
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REVIEV OF SUPERCONDUCTING MAGNETOMETERS*

Victor W. Hesterman, William S. Goree,and Frank M, Chilton
Low Tomperature Physics Department
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Menlo Park, California

— N69-33956

Applications of several of the unique properiies of the superconducting
state to measure small magnetic fields will be reviewed. The techniques to
be described depend primarily on the following properties: zero electirical
resistance, allowing the flow of wersistent currents; the Meissner effect,
which is the expulsion of the magnetic field from the interior of a solid
superconductor when it 1s cooled below its transition temperature; fluzoid
quantizationj and superconducting tunneling.

We will deseribe geveral different magnetometer circuits and discuss
their relative merits, methods of signal readout, potential improvements, and
intrinsic noise sources. One type of circuit consists of a superconducting
pickup coil woend on a core that is thermally switched between the super-
conducting and normal states. It can make use of the Meissner effect, the
quantized-flux effect, or both. Another type of circuit uses the magnetic
field dependence of the critical dc Josephson tunneling curxrent. Field
sensitivities in the range 10™® to 10™° Gauss have already been obtained.
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I. INTRODUCTISS

Much interest has been generatc. in the last several years in the use
of the unique properties of superconductivity to detect and measure ex-
tremely small magnetic fields (10~® Gauss and smaller). These basic prop-
erties-~zero resistauce, Meissner effect, quantized flux, and Josephson
tunneling--are discussed, and the various types of magnetometer hased
on these properties are reviewed to clarify their common features and
their basic differences. The sensitivity to magnetic fields for actual
devices is given and the various sources of noise are considered. The many
other applications of superconductivity are too numerous to be covered in
this paper, but it is worth mentioning a few to give an idea of how super-
conductivity is developing as a practical tool.

II. PRINCIPLES UNDERLYING APPLICATIONS OF SUPERCONDUCTIVITY

Zero Resistance

The most evident property of the superconducting state is that of zero
resistance. This was the property noticed by Kamerlingh Onnes in 1911 when
he discovered superconductivity. The resistance to electrical current flow
drops to zero in a fairly narrow region around the transition temperature,
Tc' The narrowness of the region of temperature is typical of phase changes,
and in a pure Type I superconductor, the transition is narrower than a milli-
degree.

In superconductors carrying currents, zero resistance results in behav-
ior at all frequencies that is analogous to the high frequency behavior of
normal good conductors. The currents are confined to the surface of the
conductor. Further, zero resistance with Maxwell's equations implies the
exclusion of changes of magnetic flux,

-

2B/t = 0 )

within the body of a2 superconductor. In Eq. (1) E is the magnetic field and
t is time.

Meissner Effect

An even more general magnetic field exclusion is observed in super-
conductors. The Meissner effect pertains to

B=0 ()
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inside the superconductor. Equations (1) and (2) apply deep within the body
of a superconductor. Near a surface an exponential decay

|B(z)| = [B(O)le"Z“ : (3)

is observed. In Eq. (3), z measures the distance from the surface into the
superconducting sample and A is the London penetration depth, which is typ-
ically of the order of 1000 A. The flux exclusion represented by Eqgs. (1-3)
is the principle behind superconducting magnetic shields. By switching a
superconducting sample back and forth from superconducting to normal, the flux
exclusion of Egs. (1-23) can be used to measure magnetic field strengths.

Fluxoid Quantization

The superconducting state is a macroscopic quantum state. Thus, classi-
cal qua .tities like the velocity of the current carriers, the electrons, are
defined in the sense of an expectation value using the wave function for the
superconducting state. Just as in the quantum behavior of atomic systems,
the existence of the wave function implies various interference effects. One
of these interference effects is quantized flux. Quite analogous to the Bohr-
Sommerfeld quantization condition, a superconductor obeys )

—

) ©@mv =22 A) * dx = ph 4)
S c

In Eq. (4), ; is the superconducting electron velocity, K is the electro-
nagnetic vector potential, and k is Planck's constant. The electron charge
and mass are -e and m, respectively. They appear as 2e and 2m due to the
electron pairing that causes superconductivity.

In a wide variety of circumstances, one can consgider a contour for this

line integral that is deep within the body of a superconducting sample where
v = 0. The second term of the integral is proportional to the magnetic flux,
s

§K-d§ = fvxﬂ'dg = [Bds ,

linking the circuit. In these circumstances, then, the flux is quantized
(flux quantum wnit = § = hc/2e >~ 2 x 10~7 Gauss-cm?).

Josephson Tunneling

Another interference effect associated with the superconducting state
can be seen in the tunneling that takes place from one superconductor to
another through a nonsuperconcuacting layer. Such a system is usually called
a "Josephson junction.” The phase of the superconducting wave funciion on
crossing the nonsuperconducting barrier satisfies two equations.
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3b/dt = 2eV ()

2m - - - =
§ = hr v _+dx - 2—?-rA-dx, 6>
hody 1

where & is the phase difference and V is any voltage across the junction.

The essential property of these junctions that makes them so useful is that
the magnetic field can penetrate the junction thus providing us with a tool
for changing the phase of the s.pervonducting wave function. One aspect of
this is called "the dc Josephsor eZicet.” In this effect, the voltage across
the junction is zero, but a sup:<.corrent can flow if there is a magnetic field
penetrating the junction, or i. a phase difference is imposed, say by an ex-
ternal source of current. This possibility of a supercurrent in the absence
of voltage is implicit in Egs. (5) and (6). For a junction that is small
enough, the maximum zero voltage current flowing, I » across the junction
has a dependence on the external magnetic field similar to that in Frauenhofer
diffraction.

I | sinm /|, (¢))
where § is the flux in the junction measured in units of the flux quantum
hc/2e.

Two thin junctions connected in parallel exhibit a diffraction-interference
pattern

: 1os - so2 oM R
Imax o I/ﬁéJ |sin niJ cos[n(§c QJ)] + sin 52 sm[n(§c 2§J)]| (8)

In Eq. (8), %_ is now the average of the flux in each of the two junctions,
while § is the flux difference and @c is the total flux through the closed
loop or circuit containing the two junctions.

If the junctions are equal, Eq. (8) reduces to the usual optical dif-
fraction-interference formula

I« | sin ne/md cos(m(z 2] |. (8"
If § £ 0, then Eq. (8) is not the same as the corresponding optical

formula, the distinction being between the real part and the modulus of the
complex integral for imax' Note that § # O implies tha%_the interference is
not complete. At an interference minimum I o« sin® 6§(cos Tﬂb)/ﬂ§J instead
of zero. Because of the difficulties inherént in fabricating junctions, an
incomplete interference is the usual situation (see Fig. 1). In principle,
the incomplete interference could also be used as a direct measure of fiuld
gradient.

If a voltage is present, which from Eq. {6) implies that the phase is
time-dependent, rapid current oscillatioms across the junction are observed.
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This is called the "ac Josephson effect."” The frequency of these current
oscillations obeys the relation

ha = 2eV, (9)
which follows directly from Eq. (5).

The Josephson interference effects reduce measqfement of magnetic fields
to counting fringes and reduce measurement of voltages to frequency deter-
minations, both of which can be done with extreme accuracy.

II1. FLUX-MOTION MAGNETOMETERS

Basically the flux;motion maghetometer generates an emf by changing the
coupling between the magnetic¢ field being measured and a sense coil. One
method makes use of a superconducting core inside (or near) the sense coil.
This core is periodically heated and cooled between the superconducting and
normal states. This thermal switching (which can be at kHz frequencies)
causes a flux change in the semse coil, which induces an emf in the coil be-
cause of the Meissner effect, the quantized-flux effect, or both.} ** For the
Meissner effect, the amplitude of this emf will be linearly related to B,
the magnetic field at the modulator; whereas, for the quantized-flux effect,,
it will consist of a series of individual quantum steps as shown in Fig. 2.
Application of the quantized-flux effect requires that the core be multiply
connected (e.g., a hollow cylinder) and small enough so that the individual
quantunm-flux steps will not be washed out by noise. (The quantized-flux
modulator that has been used at Stanford Research Institute was about 0.025 mm
in diameter, whereas the Meissner core was about 1 mm in diameter.) 1if the
quantized-flux core has a significant wall thickness compared to the London
penetration depth LA in Eq. (3)], then both the Meissner effect and the
guantized-flux effect will be obtained as shown in Fig. 2(c). A magnetometer
that uses only the quantized-flux effect generally will nol he absolute,
since only relative changes about a single quantum step can he detected.
This c¢an be overcome if{ the core is cooled in a zero field environment and
the number of quantum steps are counted as the field is applied, or if the
output is nulled so that operation is always on one quantum s?z2p, or if B is
less than @o/A.

Ancther method of changing the fiux iinking the coil is to mechaniecally
move a superconducting body in the vicinity of a sense coil. This Lechnique
is heing used at Stanford Universily by Professor Fairbank's group.3 Their
approach is Lo use a superconduciing layer on an cscillating guartz crystal
placed close to a coil Boih planar aad cylindrical gecmelries are being
invesiigated.
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These various methods of generating an emf in a superconducting coil
can be treated alike as far as signal readout is concerned. The general
idea is to get the maximum voltage output prior to room temperature amplifi-
cation so that the maximum signal-to-noise ratio will be obtained. The ulti-
mate sensitivity of a superconducting magnetometer is limited by intrinsic
or by intermediate-state noise in the superconductor. The readout circuits
that have been used are not basically unique, but they do make use of super-
conducting components, which give them some unusual qualities. In ordinary
electronic circuits, a signal source has some internal resistance associated
with it. 1In the cases being considered here, this internal resistance can
be made to approach zero. (This assumes that eddy-currents in the modulator
core can be reduced arbitrarily close to zero.) Thus, the load and source
resistance cannot be matched. The inductive reactance of the source can be
canceled by proper turning with capacitive reactance. The maximum output,
therefore, depends on the circuit Q (Q can be as high as 10*). The maximum
Q may be limited by that which can be tolerated from a circuit stability
viewpoint or by how long a time constant can be tolerated. (A high Q requires
that the measured field is not changing very fast, i.e., the time constant
T = 2Q/w, where W = 27 times the frequency of the measured field.) The sense
coil and connecting wires can have zero resistance so that losses and Johnson
noise will approach zero. This zero resistance also allows us to obtain very
high Q t'med circuits for high voltage amplification; if necessary, a super-
conducting capacitor also can be used te increase Q. Transformers can be
wound with superconducting wire so that impedances can be matched conveniently
without lowering the Q. Superconducting shields can be used to prevent ex-
traneous pickup in the transformer or other parts of the circuit. The read-
out circuit used at SRI is shown in Fig. 3. In this circuit the tuning is
accomplished in the secondary of the transformer because this requires a
smaller capacitance.

The maximum power output of the Meissner or quantized-flux magnetometer
prior to amplification (assuming zero source resistance and an optimized cir-
cuit) is given approximately by® r*

P = KB’V ¢°1Q, (10)
o] [+

where K contains numeric:l constants and the coupling coefficient of the
transformer, B is the magnetic field being n~asured, f is the frequency of
modulation, V& is the volume of the sense coil, and ¢ is the percent modu-
lation of its inductance. This equation states that Py is proportional to
the change in magnetic field energy each cycle (i.e., v o?) times the Q of
the circuit, times the number of times per second that this energy is changed.
It is, therefore, advantageous to make f and « as large as possible by proper
core design,

Eddy~currents that flow in the core when it is ir the normal or the
mixed state retard the motion of the magnetic flux within the core. This

limits the maximum frequency of modulation for a given «. Thermal time
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constants also can limit th- modulation frequency. The Meissner cores tested
al SRI have been thick-walled cylinders cast on a coaxial resistive heater.
This geometry was used because it was easy to construet, and the initial em-
phasis was on circuit operation and feasibility. Figure 4 shows the construc-
tion of these cores. The thermal time constants for this type of core are

ol the order of 5 psec; however, this geometry is quite unfavorable as far

as eddy—-currents are concerned, and the normal state L/R eddy~current time
constants are of the order of 0.5 msec (in the partially superconducting
state, L/R would be longer). Experimentally, the modulation dropped signi-
ficantly at about 500 Hz.* It should be possible to build a laminated core
of superconducting and insulating layers that would reduce eddy-currents and
thereby greatly improve the ot product .

The sensitivity of a1 of the flux motion magnetometers can be increased
by use of a magnetic field amplifier. This consists of a large supercon-
ducting single-turn coil for sensing the B field, which is coupled to the
maghetometer's previous sense coil. Either direct connection® or mutual
inductive couplinga can be used as shown in Fig. 5. The loop made up of coils
1 and 2 is entirely superconducting so that a persistent current, i, will flow,

hich is equal to
v 4 M (4 (B-Bo) + ]

L = L, + Ie ’ (11)

itere M is the turns, A, the area, and I the inductance of coil 1 and N,
ky. .nd le the same for coil 2; By is the field present when the loop first
4.-came superconducting (Bp can be made zero by momentarily heating a smail
ragion of this persistent loop while coils 1 and 2 are in zero magnetic field)
and Qo is the flux quantum. Normally, A (B-By) >> @0. The field B; that this
current 7 produces at the modulator is given by

By = Ipe/Nafg. (12)
Therefore, the field amplification factor, Af, is equal to
Af = Ba/B-Bp = MAle/NoAz(ln+le) . (13)

However, I is related to A1 and Ip to Ap. Maximization of A_ must include
thuse relationships, which depend on the particular coil geometry assumed.
Large amplification can be obtained by making coil 1 large in area and of
one or few turns and using wide strap conductors to keep its inductance, I,
small. Field amplification factors of 50 have been obtained with quantized-
flux circuits used at SRI, and significanlly higher factors should be obtain-
able, The leakage inductance of the wires comnecting coils 1 and 2 must be
kept small compared to I and Iz so that none of the flux, BAj, will be lost
due to leakage flux. TField amplification is important because it increases
the sighal before the noise of the modulator is introduced. Therz are three
pos. .ble disadvantages in the use of field amplifiers: spalial resolution

is decreased; the probe is somewhat bulkier; and in the Meissner-effect, the
mechanical motion, and the single Jusephson magnetometers, the absolute feoature
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is sacrificed~-i.e., only a change in magnetic field can be measured unless
the magnetometer is cooled in zero field or if the sense coil is rotated
180 degrees. These are not serious limitations for most apnliicaticns.

If we rewrite Eq. (10) to include the field amplification factor, Af,
we obtain

P = KBV oF QX" . 14)
o ¢ b

Increasing V will reduce the maximumr obtainable A as well as the &t product.
Thus, determination of the optimum modulaior size becomes very complicated.

In magnetometers that have been built, the quantized-flux modulators have

peen much smaller than the Meissner-effect modulators {(0.025 mm vs 1 mm in
diameter) ,®* but they have had a much higher Ft productavé (about 0.1 x 10° Hz
¥s, very roughly, 0.5 x 300 Hz).

The quantized-flux modulator makes use of the volume of the hole of the
modulator core and, therefore, will have some advantage as far as noise and
eddy-currenis are concerned. It is currently somewhat more difficult to
build reliable quantized-flux modulators, but this might be improved by future
developments. The first quantized-flux modulators were intentionally made
very small se that the individual quantum steps could best be resolved for
the basic investigation of flux quantization.5 We note that

B=6 /A

s (15)
L]

where éo is the flux quantum wnii (2 x 1077 Gauss—cmz) and B, the field in
the modulator core, is the quantity sensed. A small area. A, results in a
larger and more easily measurable B for an individual quantum of flux. Now
that flux quantization is to be used for an instrument, tae very small size
does not necessarily give optimum magnetic field sensitivity.

If the signal-to-noise ratio is limited by the noise of the room tem-
perature amplifier, then improvement may be obtained by using superconducting
properties to consiruct a low frequency (i.e., below 10 MHz) parametric ampli-
fier with which power gain can be achieved at liquid helium temperatures. Its
primary advantage is the possibility of achieving high gain with very low
noise. The time varying reactance can be a modulator very similar to the
sense coil and core used in the magnetometers discussed above. Although para-
metric amplification is not new, its application to low frequency (i.e.,< 10 Miz)
amplification at liquid helium temperatures is very new and has exciting pos-
sibilities,s’7 not only for magnetometers but for other devices where very
low noise amplification is important (i.e., infrared bolometers). Perhaps,
the main reason that parametric amplification has not been used 2% low fre-
quencies is the lack of a good high Q, time-varying reactance and high Q
circuits at these low frequencies. Superconductivity can easily provide both
of these requirements. Very little experimental work has been done to date
in this avea,”
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IV. JOSEPHSON JUNCTION MAGNETOMETER

The property that makes the Josephson junction so suitable for use as a
magnetometer is its high sensitivity to magnetic fields. A very small mag-
netic field, B, applied to the junction alters the phase difference of the
superconducting wave function, thereby changing the junction's critical cur-
rent Ic [1 is the tunneling current above which a voltage appears across
the junction as given by Eq. (M1l Thus, if a dc bias current is applied
that is slightly above ¥ , a change in voltage results from an applied field
change. This is illustrated in Fig. 6 where the V-I characteristic is shown
for two different values of B. Not all actual junction characteristics
appear as shown in Fig. 6 because of nonunifonnities,a impurities in the
junction,9 and perhaps other unidentified reasons.

Josephson junctions can be constructed by several techniques. One method
is to vapor deposit a superconducting layer, which is then oxidized to form
a layer of oxide about 20 R thick. Another superconducting metal film is then
deposited on top of the oxide layer, thereby forming a planar junction. Junc-
tions also can be made by point contact® **° and by mnarrow constrictions11 in
a superconducting thin film. A very simple method of constructing a tunneling
Junction was suggested by Clarke.l? A ball of solder (using conventional tin-
lead radio solder) is cast around a 2-mil niocbium wire that has been stripped
of insulation and allowed to oxicize. The solder will not wet the wire but
can be made to encompass it, thus forming a cylindrical junction. These have
been called SLUGs.}!® In a SLUG, the cylindrical field in the junction, B_,
is established by passing a current through the center wire. The cylindr{cal
Junction has the virtue of being shielded from stray magnetic fields by the
superconducting solder.

Since the insulation is so thin, irregularities and imperfections can
be a serious problemr for any type of Josephson junction. Control of the
insulation thickness is desirable since the critical current is an exponen-
tial function of tlhe thickness. Thicker insulation results in a lower criti-
cal current. Typical critical currents are from 1 to 500 pa.

Electrical readout from a Josephson junction can best be accomplished
by replacing the dc bias current (see Fig. 6) with a sinusoidal current that
is centered about I = 0 and whose amplitude is adjusted so that its peaks
occur on the steep part of the V-I characteristic. The amplitude of the
resulting ac output voltage will be related to the magnetic field. This ac
voltage can be amplified with a high Q tuned circuit and then fed to a phase-
sensitive detector in a manfler similar to that shown in Fig. 3 for a flux-
motion magnetometer.

Two Josephson junctions can be used to build a more sensitive magnetom-
eter, as shown in Fig. 7. In this case, the current I that can flow before
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a voltage, V, is developed is given by Eq. (8). The increased s=2nsitivity
compared to the single junction is a result of the interference effect since
A is greater than A . The active area, A , is limited by an effect similar
to the Meissner effe‘(]:t,13 i.e., only the etges of a large junction are effec-
tive. The maximum area, A , is limited by the current change, AI = & /L,
which can be detected with the existing noise level B °

Greater sensitivity can be achieved if the magnetic {ield is sensed with
a one-turn superconducting coil and the single or double Josephson junction
is used to sense the magnetic field due to this current.'® This is illus-
trated in Fig. 8 for a cylindrical junction (SLUG). Since the flux is con-
served in the superconducting coil, the applied field, B, times the coil
area, A (shaded area apove the axis), must be equal and opposite to the flux
produced by I  (the cross-hatched area below the axis). Note that the field
in the junctign due to I (i.e., B)) is much larger than the applied field.
Essentially, this is a f?eld amplitier coil similar to those described for
the flux-motion magnetometer described above (see Fig. 5). It senses a large
amount of the uniform magnetic field and concentrates it in a small region
near the wire. The field amplification factor, Af, for a cylindrical junction
on a round wire is given by

Af = BJ_/B = A/2wrL" , (16)

where L is the total inductance of the loop, A its area, and r the radius
of the wire. This assumes that the loop was made superconducting in zero
field. The junction can be separated from the loop by use of a low-inductance
strip transmission line (a pair of closely-spaced strips) and placed in a
superconducting shield.? A field amplifier built at SRI% had a measured
amplification factor of about 20. Larger values should be possible.

V. SENSITIVITY AND NOISE

The Meissner-effect magnetometers studied at SRI probably exhibit the
maximum noise of any of the devices we are considerirg. With these magne-
tometers we have measured fields as low as 107® Gauss without the use of a
field amplifier. The same detectors also have been used in a system for
measuring static magnetic susceptibility where sensitivities as good or better
than the best magnetic balance have been obtained.? The quantized-flux mag-
netometer is approximately one order of magnitude more sensitive in its pres-
ent state than the Meissner-effec. devices we have studied, giving a sensi-
tivity of 1077 to 5 x 107° Gauss.® Even better sensitivities have been
obtained with Josephson junction detectors. Weak-link tunneling junctions
have been used in various configurations to obtain magnetic field sensitivity
as good as approximately 10"10 Gauss.lo The measurements by Vant—Hu1114(dis—
cussed earlier) of thermal magnetic noise in supelconductors were made using
a double junction Josephson interferometer where the instrument noise level
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was approximately 1/1000 of a flux unit. Tnis noise igvel corresponded to
voltage fluctuations of 107*% to 107*° volt 1in the sample. Clarke*® has de-
signed a very simple technique for building Josephson junction devices and has
constructed magnetometers with sensitivities of 1078 Gauss and dc voltmeters
with sensitivities as good as 107*% to 107*® volt. We have used Clarke's
technique to build a magnetic field gradiometer with which field gradients of
approximately 10”7 Gauss-cm have been measured.:

Although superconducting instrumentation is a new area of research and
development , devices several orders of magnitude more sensitive than those
possible with other techniques have been built and demonstrated, both in the
laboratory and, in some cases, in the field.

A thorough understanding of the noise associated with superconducting
devices is needed before the ultimate sensitivity can be predicted. This
noise can be considered in three separate categories:

1. External noise produced by external or environmental sources, such
as rf pickup and temperature fluctuations.

2. Transition or intermediate state noise caused by operating the super-
conducting device in, or switching it through, the state between
normal and superconducting.

3. Intrinsic noise characteristic of the superconduciing state.

The noise from external sources has set the most severe limitations on
sensitivity in most superconducting devices. 1In the following discussion,
external noise includes noise from device components that are normal metals
and from superconductors heated above the critical temperature during opera-
tion of the device.

The response of Josephson junctions is very sensitive to electromagnetic
radiation, especially in the microwave frequency range, and special care must
be used to avoid external noise from radio stations, etc. High-frequency
filters in all electrical leads to the junction have been used by Mercereau'®
to reduce rf pickup.

Recent measurements by Vant-Hull et al.** of the fluctuations in magnetic
field near a Type I superconductor both above and below its critical temper-
ature indicate that the Johnson noise is reduced below the noise level of the
measuring instrument at the superconducting transition, =~ 107%® yolt, These
measurements can be used to set a lower limit on the noise spectrum of quantized-
flux and Meissner devices, since in these devices, a superconducting element is
intentionally heated above its critical temperature once each cycle. While
the temperature is > Tc, this thermal noise certainly will be present. Addi-
tional noise will be caused by eddy-currents. We feel that the noise due to
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eddy-current shielding of the flux motion in Meissner-effect magnetometers

is a most serious limitation. This is because the sensitivity of a Meissner
magnetometer depends on the rapid movement of magnetic flux contained within
the core by thermally cycling a superconducting core. Core materials with a
large Meissner effect, i.e., Type I superconductors such as tin and indium,
also have a very low residual resistivity, leading to large eddy-currents and
efficient shielding.

Another noise source associated with thermally-switched superconducting
devices is the boiling of liqguid helium in contact with the device and the
associated temperature fluctuations. Noise of this type has been identified
by Johnson and Chirlian'® in cryotrons, by SRI in the Meissner-effect magne-
tometers,* and by Bussieres and Leonard'” in heated wires immersed in liquid
heliur. Pierce® has found that this type of noise can be reduced in quantized-
flux masnetometer circuits by mounting the modulator horizontally in the helium
bath ani! winding the pickup coil with space between turns so that gas bubbles
can readily escape from the space between the modulator and the pickup coil.
Also, the diameter of the pickup coil is made about twice that of the modu-
lator. This allows heiium to circulate freely around the modulator, and the
corresponding reduction in noise and increased operating frequency appears to
more than compensate for the reduced coupling between the modulator and the
pickup coil.

An example of transition noise is fluctuations in the Meissner effect
from cycle to cycle, possibly caused by flux trapping. This may produce noise
analogous to shot noise in semiconducting devices, bec.use the flux is quantized
and deviations in the amount of flux excluded each cycle would be in the in-~
tegral flux units. A possible intermediate state noise source in quantized-
flux magnetometers is associated with the transitions at « half integral flux
quantum, At these points the current must change from pius to minus its maxi-
mum value. We have observed a definite width to this transition® but have
been unable to analyze it precisely.

The rate of the flux exclusion process used with the Meissner-effect
magnetometers is drastically limited by eddy-currents, especially during the
transition to the superconducting state when the resistance approaches zero.
Any variation in these eddy-currents would appear as fluctuations in the emi
generated by switching the modulator. Josephson junction devices depend, in
general, on the operating characteristics of the junction or junctions when
the tumneling current exceeds the critical o: zero voltage value. As we have
discussed earlier, when a tunneling junction is operating in the region above
the critical current, the tunnel current oscillates at the Josephson frequency,

v = 2eV/h , Qa7)

and the phase of the paired electrons continually changes in time. Burgess'®
and Scalapino19 have discussed the possible thermal and shot noise power spec-
trum for tunnel junctions. Also the fluctuation of the superconducting order
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pa-ameter has been discussed by these authors and by Ferrell.20 Kamper21 has
noted that the line width of the high-frequescy radiation from a Josephson
Junction is an extremely semsitive measure of ~he Johnson noise in the voliage
bias. He has described the use of this line widih as an absolute thermometser
for temperatures as low as a millidegree. Of coursa, this is not an intrinsic
noise source; but since the junction must be biased ai a finite voltage, it is
a practical limit to sensitivity.

Noise intrinsic to the superconduciing state has received very little
experimental or theoretical study. Several experiments to measure noise in
persistent curreants have served only to set limits on the noise power.%3»23
A recently published paper by van Ooijen and van Gurp<% reports observ=d noise
which they have ¢’ aracterized as shot noise. This is presumably due {o random
motion of the quantized fluxoids. Vant-Hull et al. *% studied the thermal-
magnetic noise of niobium above g2nd below its critical temperature, T , and
found little decrease in the noise at T . Th: is in contrast to thegr
studies of Type I superconductiors wherecthe noise decreased by almest two
orders of magnitude at T . These noise studies and the reproducibility and
stability of junction coﬁstruction aave not advanced far enough to calculate
accurately the noise specirum of a given device, but progress is being made
in this direction.

VI, GENERAL APPLICATIONS AND FUTURE PROSPECTS

We have described the physical principles involved in superconducting
devices and specific applications of these principles to devices for measur-
ing magnetic fields and, in several cases, for measuring very small voltages.
0Of course, these unigue properiies of superconductors have been applied to
other areas of instrumentation and device development far too aumerous to
cover 1n this paper. A few examples of these other applications will suffice
to give a general idea of the possible widespread vre.

The gzero resisiance property has been used in the construction of high
field solenoids, eleciromagnetic cavities, and computer elements, Quantized
flux has been used for computer elemenis and for the production of true zero
magnetic field environments. Josephson tunneling has been used as a radia-
tion detector in the microwave and infrared spectrum, where power as small
as 107'® watt for a l-cycle bandwidth has been detected. In a recent ex-
periment tunneling has been used to measure the fundamental constant e/h
about one order of magnitude more accurately than previously known.2® A
razther complete survey of the literature on superconducting devices, which
includes numerous refercnces on those and other applications, was published
in March 1967 and lists approximately 1300 references of specific devices,
patents, and research related to devices.?® This indicates the considerable
amount of basic research and experimental data available to those interested
in applying the unique properties of superconductors to devices.

61



Much work remains to be done before the ultimate performance of super-
conducting devices can be realized. Probably the most significant area for
investigation is that of noise and noise limitations. We have described
several of these factors such as thermal noise, shot noise, thermal fluctu-
ation in tunneling junctions, eddy-current noise in thermally-switched super-
conductors, and pickup from external sources. In general, this description
is not complete in that exact equations or design formulas for calculating the
noise power spectrum are not yet available. In many cases, the construction
techniques of the devices introduce considerable error into the performance
and make it even more difficult to compute an accurate noise spectrum.

We feel that the prospects for future application of superconductivity
to devices are very bright. Magnetic field sensitivities as good as 10712
to 10~12 Gauss, bolometer sensitivities to the order of 10~'% watt/cycle
bandwidth, and voltage sensitivities as good as 107'° volt may be possible
once a better understanding is obtained of the noise properties of super-
conductors.
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SYMPOSIUM
ON
SPACE MAGNETIC EXFPLORATION AND TECHNOLOGY

An Ultra Sensitive Magnetometer and Gradiometer Using
Weakly Coupled Superconductors

A. L. Morse and D. L. Judge

TRW Systems, Space Sciences Laboratory N é é : é 3 9 5 7

In a superconductor the relatively weak interaction between elec-
trons via distortion of the crystal lattice is no longer masked by ther-
mal disorder. The electrons then tend to arrange themselves in a
regular lattice in somewhat 1e same way as a liquid upon solidifica-
tion. This produces a correlation in electron position and momentum
which makes it impossible for one of these electrons to gain ox lose
less energy than that required to remove it from the elecfron lattice.
Since the energy lost per collision, which gives rise to ordinary ohmic
resistance, is much smaller than this energy gap, resistance vanishes.

With the discovery of flux quantization( 1 and superconducting tun-
neling(2) with its associated very low saturation current, it became
possible to design and construct magnetometers of muchgreater sengi-
tivity than previously thought possible. Flux densities as low as 10~
gauss have been detected with a TRW cryogenic magnetometer and it
is expected that this threshold value may be lowered three or four
orders of magnitude in the near future. Such sensitivity permits a
determination of magnetic gradients and even higher multipole mo-
ments in the earth's field, from which it is possible to determine
the nature and source of various anomalies such as those asso-
ciated with the magnetopause.

Many of the dynamic characteristics of a superconducting cir-
cuit are determined by the inductance and capacitance of its compo-
nents. At low frequencies the inductance is predominant, leading to a
relation between the voltage history and the current given by
I=L-1SV(t)dt, where L is the inductance and V(t) is the voltage
imposed across the circuit. If the external flux @ through such a
loop is changed by an amount A®, there will be an induced EMF
given by V(t) = -d®t)/dt so that AL = -L-1fd® or Al = -L-1 (A®), and
since the flux associated with a current I through an inductance L is
given by A® = L{AI), the total flux will remain constant, It is pos-
sible to concentrate essentially all of the induced flux in one part of
the circuit. This flux concentration can be made quite large, for
example, by forcing all of the circulating current through an ex-
tremely short and narrow neck. Since a superconductor becomes
normal when the local field exceeds a certain temperature dependent
critical value, it is possible to determine when the induced flux
causes saturation by observing the inductive voltage kick when the
narrow neck becomes normal.
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Using only these characteristics of a superconductor, viz., the
perfect conductance below a critical current or flux density, itis fea-
sible to construct a magnetometer that would determine the change
in flux between successive measurements. The induced current
flowing in the superconducting circuit could be determined at any
time in one of the following ways. The required critical current could
be reduced until saturationis reached by 1) varying the flux concentra-
tion near the neck, for example, by closely approaching the narrow
neck with a superconducting plane,  2) increasing the temperature
of the neck, or 3) imposing a suitable magnetic field parallel to the
plane of the superconducting loop. Alternatively, the current could
be increased to the critical valve by 4) changing the flux in the loop
a known amount, 5) adding an external current through leads attach-
ed to each side of the loop or neck, a known fraction of which would
add to the current flowing through the narrow neck.

The sensitivity of the above method is determined by the fol-
lowing considerations. First, the circulating current associated
with a flux change of 1 gamma-cm?2 or 10-5 maxwells is about 10-5 amps
ina low inductance(10- 8henrys) 1 cm? loop. Ifthis currentwere inter-
rupted in 100 psec, there would be a resultant voltage pulse with an ampli-
tude of 10-9 volts, which would be difficult to detect. Therefore a less
direct approach is required. If two approximately equal narrow
necks, or more generally, weak links are used, and an external cur-
rent is applied so that it flows in parallel through each link, then
when one of the links saturates, all of the external current will be
forced to flow through the other link and will immediately cause it
to saturate. Thereafter a voltage will appear across the parallel
combination determined by the "normal" resistance of the links.

This method requires that the external current be greater than half
the saturation current of the strongest link, and the signal is a
change in the net critical current of the order of 10-5 amps/gamma
of flux change during the time both links are superconducting. It
also requires that when the first link reaches saturation, its resis-
tance jumps to and remains at a finite level, that is, its resistance
cannot be a function of current only as was first assumed.

With the discovery of flux quantization a number of the above
problems were eliminated. If a superconducting ring is formed
which contains a nonintegral number of flux quanta, sufficient cur-
rent will spontaneously flow around the ring to bring the number of
flux quanta to the nearest integer. The necessary energy is pro-
vided by a de:rease in the latent heat of the superconducting phase
transition, i.e., the total energy is substantially lower with the
electron correlation broken at one or more points with an insulating
gap or barrier, This provides a potential which motivates correla-
ted pairs of electrons to cross the barrier if possible, and reform
or rejoin the electron lattice on the other side. This process is
similar in many respects to that involved in forcing an ice cube
through a screen or mesh. Since only correlated electrons which
can lose no energy are involved, there can be no dc voltage drop as
long as the correlation is maintainedand adc current flows. Similarly,
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ifadcvoltage is maintained there canbe no dc current flow., Electron
pairs crossing a barrier with a voltage drop, V, must lose all the energy
they gain on the way across in one step as they "condense" or recor-
relate on the other side. This leads to the production of a photon of
energy E = hf where E = 2 eV, and a frequency of f = 2 eV/h., These
effects, associated with weakly coupled superconductors were first
predicted theoretically by Josephson, {3) and weak links having these
characteristics have become known as Josephson Junctions.

Superconducting circuits involving Josephson Junctions can be
adequately described by three very simple equations [Equations (1),
(2), and(3)]. Thefirstof these states that the super current through a
point junction is proportional to the discontinuity of the super wave
function at the junction, and hence to the sine of the phase shift
across the junction. The second equation states that the phase shift
around any closed path.lying within a superconductor must be 2 wn
where n is an integer or more simply that the super wave function is
single valued, and that the phase shift around a closed loop is pro-
portional to the amount of flux enclosed by the loop. This condition
leads immediately to flux quantization when the closed path lies
entirely within a superconductor. The third equation states that the
phe se difference between two superconductors which are not con-
nected is arbitrary but the time rate of change of the phase shift is
proportional to the voltage difference between them.

These three equations along with the conventional equations of
E&M completely describe superzonducting circuits, In the following
pages two superconducting circuits will be analyzed to illustrate the
application of these equations,

Ij =1 sing (1)
i — - 1 f——» v

- fv«p-di-ﬁ-o. B.d5=a/a (2)

9 - 2ev . (V
5t = h 2“(@ (3)

o

where
Ij is the Josephson current
Im is the maximum current that can flow without

loss of correlation

¢ 1is the phase discontinuity of the superwave
function

& is the flux quantum given by &_ = h/2e
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The Response of a Single Point Contact Josephson Junction

In such a geometry, (see Figure 1), only Equations (1) and (3)
are needed. Here C is the capacitance between the two superconduc-
tors, and R the impedance of the voltage source v. The current
flowing through the junction at time t is given by

t
_ . f2e
IJ = Im sin ('-.H' f Vv dt) (4)

-

where ¢ ={2e/h)fV dt is a voltage impulse and is analogous to the
relation p = F dt for momentum. A voltage impulse of one nanovolt-
microsecond (i.e., 10-15 volt-sec), produces a phase change of

3. 04 radians. This response of 3.3 x 10- 16 volt-sec/radian or

5. 74 x 10-18 volt-sec/degree is the same for all superconductors.

r= R
....L..@
g \4

| S S

Figure |
The voltage, V across the junction, will be given by

d(CV)
dt

=I-1
J

or

t
. -V {2
oV = Lz )—Ims‘n<-—ﬁ?-/ th) (4)

o]

In terms of the phase across the junction Equation (4) becomes

2 2el
d¢ . 1 do m .= _ZS:) v(t)
p: t*ve @ T re s¢t\w) ®RC (5)

The nature of the variation of ¢, the phase shift across the junction,

can be seen by considering the result of a step change inv att= 0,
For t < 0, we have

VO
(])2(]50, VvV =0, I=-§~
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and

. !
51n¢>0— '«‘.[;;-

for t > 0 we have

¢ =9, 69(t)
2 I v +0v
d (6 9¢) 1 d(69) , 2¢ m . _{2e) "o
42 RC & '®m T ° [% ¥ 5¢“’] = (Tr) —RC

Since 6¢ is small,

sin (¢ + 6¢) = sin¢ _+5¢ cos ¢

leaving

2 2el
d7(5 ¢) 1 d ( m ) _{2e\ ov
32 YR @ O t\pe— o8 9,)0¢ =\) v (O)

From Equation (6) it is evident that there will be a resonance of

the system at
‘o 1 ZeIm cos ¢
2w h C

This is not the "quantum" frequency, however, which is produced
when v/R > I, but simply describes the tendency of the phase to
overshoot when adjusting to the value required for the junction to
carry the "demand" current. If the applied voltage contains a high
frequency ac component, there will be a nonlinear reactance caus-
ing the average dc voltage drop across the junction to be an integral
multiple of the Josephson voltage associated with the frequency of
the ac component as given by Equation (3) with

59 - = fh
St f and V e

Figure 2 shows several oscilloscope traces obtained with such a
system using a frequency of 900 MHz. The vertical deflection is
produced by the voltage across the junction while the horizontal
deflection indicates the current through the junction.

The Response of Two Parallel Point Contact Josephson Junctions

in the case of two parallel point contacts as shown in
Figure 3 the analysis is as follows,
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Figure 2. V-1 Characteristics of Pb Josephson Junctions
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Let ¢4 and ¢, be the phase shifts across junctions 1 and 2,
respectively, I{m and I2yy their maximum currents, Ij and I the
instantaneous currents, %the external mugnetic field and A the area
enclosed by the superconducting loop. Further, let the magnetic
flux within the loop due to I{ and Iz be given by LI and L3I,
respectively.

From Equation (2) we have

L B-A+ LI, +L,),
5[v¢-d1=21r 3 =2m+ ¢, +¢,
(o]

/

and from Equation (1)

B.ZA+LI, sing, +L I sing
14m 1t Lolom 2
21r< - ‘I’o ) =2m+t ¢, +¢, (9)

If L11 1m/ @0 and LZIZm/ @o are<< 1

B. A
¢1+¢2=-~@0 - 2mn

and

I= I1 + I2 :Iim sin ¢ +12rn sin ¢,

and the maximum current is

2 2 ; 1z
Lo " N ™ Tom = #im Toay, €08 To“
This "interference" of the wave function phase at the two junctions
results in the parallel combination having a maximum resistanceless
current which varies with the magnetic flux and has a period of e .
When (L1I1n-/8,) and (L2121/ &) are >>1, Equation (9) becomes:

. . BA
= {2 - ——
L111m sin ¢1+L212m sin ¢, <1rn q)o) <I>o
The maximum current that can be carried with both junctions super-
conducting, assuming that junction two is the first to reach satura-
tion, is given by:
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m L1 L L

ZTnd L
1= °-BA-/2-1)12m (10)
1 1

If I is varied at a rapid rate compared to the rate of change of
BA/ &, this maximum will vary by an amount

AL = (n/L)) @ (11)

with a flux period of BA = @o.

Note that in Equation (10} the inductances L and Lz will be of
opposite sign since currents in opposite sides of the loop will pro-
duce fluxes of opposite signs. The mean value of I, will be given by

T = [1 " (-L?_/Ll)] i,
and the fractional variation is given by:

AL JT ==8 J{L, - L)L,

In order to make the variation in I, easily observable ii is essential
that the inductances be made small. This requires the use of con-
ductors of large cross section and counter flowing currents wherever
possible. In order to be sensitive to a given component of a field,
field gradient, etc., it is possible to construct a circuit of such
topology that the total flux threading the closed superconducting lcop
is proportioral to the quantity desired. Figure 4 shows the geometry
for measuiing two of the six components of a field gradient. Simi-
Jar more complicated arrays could be used to measure any of the
higher multipole rnoments of a magnetic field. It is estimated that
using two loops of 10 cm diameter and a base length of 160 cm one
could detect field gradients of the order of 10-13 gauss/cm. This
esiimate assumes a 1 percent measurement of the critical current.

Figures 5 and 6 show schematic diagrams of the device as
might be used when working with standard laboratory dewar systems.
For space applications, the device would be constructed as in
Figure 7 with liquid helium being continuously pumped through the
system.

The operation of the system as shown in Figures 5, 6, and 7
is as follows:

1) A sinusoidal voltage is applied through leads (a) causing
curreat to flow through the superconducting header (c),
through the two weak links (i), and *-ia the superconduc-
ting circuit (g) around the holes (h).
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Figure 4. Schematic Geometry for a Gradiometer
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Figure 6. A schematic representation of a gradiometer using a thin
superconducting film (g) having weak links at (i). Other
symbols are as indicated in Figure 5.

Figure 7. A schematic configuration for a gradiometer of high sensi-
tivity. Such a system, shown here in longitudinal cross
section, is designed for a continuous flow of He through
its vacuum insulated tubing. Lengths of several meters
or more are quite feasible. The weak link can be of
either the form indicated ir Figure 2 or Figure 3. The
superconducting circuit otherwise consists of a lead
coating on the inner tubing.
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2) When the supercurrent through either of the weak links
(i) exceeds the saturation value, a voltage is developed.
between (c) and (g) which is sensed with the voltage
leads (b). If the flux through the two holes (h) is zero,
the current at which (i) saturates will be maximum and
equal to twice the saturation current of either weak link,
If the two fluxes are slightly different an initial circu-
lating current will be present which will add to the drive
current at one weak link and subtract at the other,
causing a voltage to appear at (b) for a smaller drive
current., The useful signal then arises from the voltage
which appears when the drive current exceeds the maxi-
mum Josephson current for either junction. To deter-
mine the critical drive current it is necessary to know
only the dri 2 current funcvion and the time, relative
to a fixed reference, at which a voltage appears across
the junction. For example, for a sinusoidal drive cur-
rent, the current increases fromt =0to t =7/4 and
there is a unique relation between the current required
to produce saturation (maximum Josephson current),
the time at which it occurs and the appearance of a
voltage across the junctions., The system can thus be
calibrated in terms of AB, the difference between the
fields seen by the two holes (h) versus the time in the
current cycle at which a voltage appears across the
voltage leads (b).

Figure 8 shows the external circuitry associated with the labora-
tory measurements of the response of the various devices discussed
previously.
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Superconducting Shielding

The perfect conductance of a superconductor combined with the
Meissner effect makes it possible to construct regions which are nearly
field free, The limitations in using this technique are due both to the
presence of holes and impurities in the snielding material, and to the
self -limiting action associated with the increase in field strength and
hence, decrease in T at the perimeter of a region where the flux has
been excluded. At the same time there is a decrease in field strength
in the direction of the field which aids the growth of the superconducting
region in these directions. As a result it is possible to obtain complete
field exclusion upon cooling only if the superconductor is relativelylong
and thin, with its long dimension lined up with the magnetic field. In
other cases superconducting domains are formed which grow as the
temperature is lowered, trapping much of the flux in region that are
kept normal by the increased field strength. The flux trapped in this
way, or by holes and impurities, is sufficiently mobil that the field
inside such a shielded region is modified by fluctuations in the exter-
nal field.

The magnetic shielding provided by even an extremely crude
superconducting envelope however is sufficient to reduce the magnetic
fluctuations within that region by a factor of 105. In the present
Josephson junction investigations we have employed a lead tube having
a diameter of 3 inches and a length of 7 inches. The wall thickness of
the tube is about 1/16 inch. The ends of the tube are about 90 percent
closed, small openings being required for the passage of liquid He
throughout the volu'ne enclosed by the lead, as wellas for the passage
of mechanical apparatus and electrical leads. This shielding system
just described is ty no means cited as an example of the best one can
do. Professor Fairbank of Stanford University has proposed a shielded
system in which one would use a "sack" covered with a thin niobium
film. This arrangement is to be folded into an extremely small volume
cooled below its critical temperature in as low a magnetic field as pos-
sible and then opened up to its full volume. Any flux which is trapped
in the -. ¢k remain constant (a property of superconductors) and thus in
opening the sack the flux density must decrease. The efficiency of this
process, of course, depends upon the ratio of the volumes before and
after extending the sack, One can, of course, imagine a number of
variaticns on this technique.

A pump-like arrangement, thatis, acylinder and piston is another
way to achieve the same result. In any case, whatever method may be
selected is virtually guaranteed to be far superior to the presently
popular technique of using mu-metal or by trade name, netic and co-
netic foil. Typically, a well designed mu-metal shield provides a
shielding factor of no more than 50 to 100 at the very best. This is to
be compared with the lead tube discussed earlier having a shielding
factor of 105, Of course the price one must pay is that of working with
a shield at liquid He temperatures.
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Research now underway, by some groups, on practical ways to
build high temperature superconductors provides encouragement that
in the not far distant future the use of superconductors will not be
restricted to cryogenic temperatures. Even without such advances,
regenerative dewar systems and new thermal insulators make it
presently feasible to orbit cryogenic experiments.
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1. Introduction

The pion focusing horn of the Argonne National Laboratory
includes eight rirgs - with a total weight of ten tons - wound
of transformer-type strip steel (1). Each ring is provided with
76 symmetrically placed toroidal exciting turns; and, the assembly
of eight is enclosed by a single-turn toroidal shell., The toroidal
shell is to conduct the secondary current, i.e., 300 kA peak. These
exciters are the largest toroidal windings wound on laminated iron
ever achieved.

Crucial for the successful design of a horn is to make
sure that the azimuthal B field is sufficiently free of asymmetries,
which would result in eccentric forces on the mechanically weak inner
conductor, from interaction with the secondary current. The analysis
of the stray field of a steel core with toroidal winding is carried
out in this paper. Reported also are measurements, which were to
demonstrate sufficient symmetry of the toroidal exciter windings.

Actually, the magnetic fleld was demonstrated to be 0.2
to 1.0 gauss in the cross-direction to the inner conductor when the
exciter turns were fed with d-c current of 400 amperes.

* Vogel, Los Alamos Scientific Laboratory, formerly Argonne National
Laboratory
Vegors, Idaho State University

£ VWork performed under the auspices of the U. S. Atomic Energy
Commission, at the Argonne National Laboratory.
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2. Field Mesgsurements

The two types of exciters shown in Fig. 1 exist. The
fields m“.(x"e measured with a hall probe in a house made of 1/8-in.
plate steel. The fields plotted over exciter d-¢ current in Fig. 2
are typical for exciters of the type shown in Fig. la, whereas the
fields of the type shown in Fig. 1b were somewhat less than those
of Fig. la.

Figure 2 shows two curves, one for a winding with rather
poor symmetry; and, one for a winding as typically produced for the
horn. The poorly-symmetric winding produces a radial fiéld component
of substantial magnitude, as one would expect ~- because the asymmetry
can be reploced by superposing a single current-carrying conductor and
a symmetrically-wound toroid.

The well-adjusted winding shows a nonlinear rise with
exciter current seen in Fig. 2. The nonlinear field is caused by
the inside end of the 14 mil-thick strip steel of which the core is
wound. At that edge, the reluctance of the stray field through air;
and, the reluctance of the thin space between the innermost and the
next lamination, are in parallel. This gives rise to a stray field
of the order of 0.5 to 1 gauss when the core is excited to saturation,
as seen in Fig. 2.

We shall now show that the field we measured cannot be due
to the finite - although symmetric - spacing between conductors.

3. Calculation of the Stray Field in the Inner
Space of a Toroidal Winding when the Winding
has Azimuthal Symmetry and is Wound on Stee]

In Fig. 3, equal and like current filements of strength I
are placed equidistant from the center of a rognd iron ring of radius a,
having a permeability u. Laplace's equation V¥ = 0, written in polar
coordinates r,¥

oy 1% 1 o
S t*rIwtTIW (1)
Jr r

Separation of variables is achieved with the integral ® = R Y a:d the separa-
tion constant n2, The standard solution in parameter form is then

2]

, O

Y = (A cos ny + B sinn‘l’) A+ BY
L n n o o
2 . (2)

R =né'1 \Cnr + Dnr )4- Co + log r
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By symmetry, and since no current exists at r = 0, we must have
A =B = C = Do 0. With the origin of Y at the center of a

fglament, synnnetry requires, that B, = 0. Since we have no current
in the center, dR/dr cannot have a singularity in the space 0 S r < ¢;
and hence, Dn = 0. Thus,

0

s _ N n Ly
131- . C,¥ B, sinnf (3)

n=1
where sub I indicates 0 s r < ec.

As a result of the assumed symmetry, the field must be
invariant under rotation of 2 w/N. Hence, the magnetic potential in
the region I can be wrltten as

= k"”1 Ak £V sin xwy (%)

A markedly simple method to find the boundary conditions
in region II, i.e., for ¢ = r <a, is by considering the magnetic
moment m induced by the conductors; and, superposing the field from
the filament and that from tre magnetic moment induced in the iron.

In polar coordinates, the magnetic potential of a single
current filawent referred to an origin not at it, is given byl
¥, I Vo (_g‘{l

+ e R
Ir

n=1

forr>c

where ¢ is the distance filament to origin. We require the radial
field of I at the iron boundary r = a, which is, for N equally spaced
conductors

YN

5 2y
Ho= A2 <IL - S) sin (aw) (6)
r r=a ¥=1
w KN
_ {13 WY (e
- Hy = - - 5-‘;,2' e o 5, oS {xny) (7

This field will induce a magnetic moment m at the surface
point (a,¥). Since the iron boundary is round, the normal component
of field intensity at this point is = 2mm; where the signs apply to

lc:t‘. Appendix I
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the outside (+) and the inside (-) of the boundary, respectively.
Hence, the continuity condition for the flux density can be written

/ \ ‘
J, r2mj =k \H - 2m) (8)
W~ 1
r -
and thus, 2w = ——og H =y H (9)
r
. o KN
or, with Eq. (6), IN <« /c\
em =y F 5\5,' sin kNY (10)
k=1

Eg. (10) gives the distribution of surface polarity expressed as
a Fourier series. FEach component produces a magnetic force (2)

H. A [er " Sun Ky

c
g = -5 Y \;:2) cos Ky (11)
Yy

fore<r<a

Superposing the field from the filament and that of the induced
magnetism yields

w XN kN

IN </ IN % /er) .

By = - 5% [1 * '\%) cos (kN‘i’)] - Y 5. gz o8 k¥, (12)
k=1

and

__In T ey (a > o en
H, = - 5% & [; - ‘=) | sin kay (13)

As regards the space r < ¢, we have to subtract the current
NI/2n from Hy and take into account that ¢/r > 1, which means, that
according to Appendix I we must write r/c instead. Thus Eq. (12)

becomes
/ © {iN Sl
\ ' - /e\ .
Hy - = - Jalgr o \%/’ (1 +y ‘a )cos km{] (1)
“r<e k=1
Similarly, Eq. (13) becomes
Ny kN 2kMN,
\ A 1 / \', Y. ’
/Hr,, = _21N_ B %} (1 -y g Jein wy  (15)
r<ec k=
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Comparison of Eq. (14) and (15) with (4) shows, that the integration
constant in Eq. (4) is given by

N c KN
‘%{ - ll y \a./ ¢
which is easily verified by differentiating Eq. (4).

With the geometry of the toroidal windings (ef. Fig. 1),
Egs. (14) and (15) yield negligible field inside the toroid.

An important conclusion with respect to the space r<c is,
that the current filaments can virtually mask the effect of the
iron if N is sufficiently large so that

/e
Y \3/

This is the case in the horn with -g ~0.95, N = T6.

< <13,

This means that the roundness of a fictitious cylinder
tangent to the winding (i.e., r = ¢) and the azimthal symmetry
are responsible for the attenuation of the field at r<e, whereas
the roundness of the iron does not matter. It is for mechanical
reasons only that the iron must be round witnin close tolerance,
because a symmetrical toroidal winding is difficult to achieve on
an unround core.

Conclusions

The calculations showvn deronstrai> that the field due
to the conductor spacings is negligible as long as the spacing is
uniform.

The Tield measurements demonstrate that the field in the
cross-direction to the inner conductor, i.e., near the center of
the toroid, is sufficiently independent of the excitation current,
i.e., 0.5 to 1 gauss at 400 A excitation. It was shown, that this
field saturates as a result of its origin from the end of the steel
strip of which the core is wound. Hence, when the horn is pulsed
o 300 XA (i.e., 5 kA in the excitation turns) the radial field
component at the conductor is expected to be Br ~ 1 gauss.
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Appendix I

Magnetic Potential of a Current Filament
Referred to an Origin not at It

Inspecting Fig. 4, one can write for a pair of equal and unlike
current elements

21 HY )

- Y =
T rararws for 0 (1)

By o, @ o
I = 'f .:':_' _1 cos n ‘Ir n '= 1,3,5-0.0 (2)
n=1 ¢/r<0

Similarly, for & pair of equal and like current elements, we get

I = T-c T*C
271 Hy =
¥ v N .
and = = % /s <§/ cosn¥Y n=0,2,h,... (3)
=0 C/r<o
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By superposition, we get the field of one current element of strength
I

=)
I v ’c) .
H. I L -] COS n b4 ns= 0,1,2,300-. (ll-)
Y~ 2mr nao\r e/r<0
Similarly I /¢

T =2 L5/

If -S; > 0, then the expression in parenthesis is to be replaced by %
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ABSTRACT

Most coil systems produce uniform fields over a region that is
roughly spherical. The system is more efficient if the shape of the
region of uniformity matches the experiment.

This paper describes a technique for determining the arrangement
of the coils to produce prolately or oblately spherodial volumes of
uniformity. The method is tased on expanding the field along a ray
in a basic set of polynomials, as, for example, Tschebyscheff polyno-
mials. Systems with very high uniformity may be designed to produce
highly eccentric volumes of uniformity.

The results are presented in a form so that given the eccentricity
of the region and the degree of uniformity, one may uniquely determine
the coil configuration and currents. Although only circular coils are
considered, the method is directly applicable to square and other
geometrically shaped coils.

KEY WORDS--~coils, coil systems, eccentric volume of uniformity, field
free, fields, homogeneous magnetic fields, magnetically clean,
magnetic field free, Tschebyscheff, Tschebyscheff approximation,
uniform fields, uniform magnetic fields,
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INTRODUCTION

In many experiments, the presence of the earth's magnetic field
is undesirable. When such experiments are performed on the surface of
the earth, something must be done to reduce the effect of the earth's
magnetic field. One way to do this is to generate a field of the same
intensity but in a direction opposite to that of the earth's field. The
problem then becomes one of producing a field that is essentially uniform
over a region which for the desired uniformity will be referred to as the
volume of uniformity.

For many experiments the well-known Helmholtz arrangement of two
circular coils is adequate. The size of the volume of uniformity was
increased greatly by Braunbek by the use of four circular coils all
having the same value of ampere turns.(l) In Braunbek's system the
field varies less than one part in 107 over a sphere whose diameter is
roughly the same as the spacing between the two innermost coils. Also,
equal ampere turns allows all coils to be connected in series to simplify
current control., The same convenience is provided if the ampere turns
are an integral ratio. A much larger volume with the same uniformity
can be obtained by using more than four coils; however, spacing between
coils may limit the size of an object that may be introduced into the
coils to one smaller than the volume of uniformity.(2)

Recent interest is in very large coils systems for testing of space
craft in a magnetic field-free region. When the coils become very large,
the circular shape becomes impractical to construct. For this reason
polygonally-shaped coils have been considered.(3) It has been indicated
that polygonal coils produce essentially the same uniformity as circular
coils if in a system of N coils the polygons have at least 2N sides. (4)
However, it should be noted that some square coil systems are equivalent
to comparable systems of circular coils. (5) '

Practically all of the coil systems designed have used the same
criterion for uniformity. This consists of arranging the coils to cancel
as many as possible of the coefficients of the Maclaurin series of the
axially directed field component, expanded about the center of the coils,
usually along the coil's axis. For circular coils this method produces
a region which is very nearly spherical as was shown by Garrett. (6)

Space vehicles are often of a shape which is more nearly oblately or
prolately spherodial; in which case, a spherical volume of uniformity

is not necessarily optimum.

This paper describes a technique for determining the arrangement of
four circular coils to produce prolately or oblately spherodial volumes
of uniformity. FEven though only circular coils are considered, this
technique is applicable to polygonal coils as well; the field equations
for circular coils need only be replaced oy those for the polygon system.
The method being described will be referred to as the polynomial method.
In a system of an odd numer of coils the mid-plane coil obstructs access;
for this reason only an even number of coils is considered. 0dd numbered
coil systems may be examined by allowing the two inmer coils to coincide
in the x-y plane.

MACLAURIN SERIES METHOD
It is desirable to review briefly the Maclaurin series method since
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it forms the basis for the polynomial method.

One of the two vanishingly thin circular coaxial coils of the pth
symmetric coil-pair is located at z = (Fig. 1). The radius of the
coil is r The coil's spherical coordgnants are (r_, # ). Due to the
axial symmetry of the coil, the field is independent®of %he azimuthal
angle 8.

The magnetic scaler potential for the region inside the coil is
given by

Vf'—‘—‘g—‘—'[l*up—(H )Z (—) (u,)ﬁ(u)] (1)

where = cos @

3p= cos 0. P

The axially directed component of the magnetic field intensity of
the pth coil is

H _ _ aVp

-— e

e D z (2)

Using the following relation

é . [+" B ] = aro B, (w) 3)

the axially directed field intensity becomes
H PLP (l"' p) Z [ (mn) Pﬂﬂ(u") P (“)]I" %)

The total axially directed field is obtained by summing equation 4 over
p. Since the coils occur in pairs symmetrical about the origin, all
terms involving odd powers of r are zero. The result can be written

o
Ho=2 Gan ™ Bo(a) o )
=0

Equation 5 may be thought of as the power series expansion for the
field about the origin along any ray. For the z axis, u = 1, the power
series coefficients are

< ([-up®) !
Z hp tp (z:,,) B wes (2p) (6)

where L is the total number of coil pairs.
The Maclaurin series method of solution requires that a9, be zero
forn= 1, 2-~-=- (2L - 1). TFor a system of four coils this requires
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(l—‘&!") P3/(’u.) /n3 +—T ('-u:) Ral(“z) /rz =0 a)
(("‘ﬁ.") PS‘I(Uc) /ns -+~ T(l"u:) PSI(uL) /rtSSO b) (7)

(i-u}?) Pq((u.) /r," + T (1-ud) P1 I(dz) /rl" =0 c)

where T = nyi,/nyi,.
Solving equation 7a for T

3
(t-u%) P, '(u.) Yo

T_=;— 8
C1-ud) Pilewy w3 ®
Eliminating T in equation 7b gives
12 ' ¢
N Py twy Ps (u2)
v} Ps‘Can P3'(un) 2
Substituting eq.ation 8 and 9 into 7¢ yields
) P { { 2
Bitay Py ~ KY Ps'u)] =0 (10)
where K = P '(ul)P "(u)/P.'"(u Y2 which is constant when coil pair
number one is fixed. en the coefficients of the derivative of the
Legendr.: functions are introduced, there results
2 =
As u2 +Ag ul + A ut + Ay +Ro=0 (11)

where A8 = 1407.65625 - 1550.390625K
Ag = -1905.75 + 2067.1875K

A, = 767.8125 - 836.71875K
A, = -.05 + 98.4375K
Ay = 3.28125 - 3.515625K

Thus the solution involves finding‘the positive real roots of equation 11
which is quartic in uy“; if equation 8 and 9 give realizable values, then
this root corresponds to the value given by Pitmann and Waidelich. (7)
When this value of u, is substituted into equation ) and equation 8, the
value of T obtained may be irrational. The solution that gives a value
of T that is a rational fraction can be determined by an interation process.
The field produced by the coil system when based on the Maclaurin
series method is maximally £lat at the center of the system. The devi-
ation of the axially directed component of the field (the field error)
is due principally to the first non-zero term in the power series. 1In
the case of four coils, it is proportional to the eighth power of the
distance from the origin.
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POLYNOMIATL SERIES METHOD

A technique is now given for specifying the axial field component
along a ray at any angle to the coil's axis in terms of a series of
polynomials. Arranging the coils to cancel lower order terms, other
than the constant, yields a field whose major error term has the char-
acteristics of the first non-zero polynomial term. By change of scale,
the volume of uniformity may be extended a considerable distance along
the ray with a decrease in the size of the other dimensions. For a
prolate shape the field is expanded along the coils' axis; for the
oblate case it is expanded along the ray from the center of the system
normal to the axis. _ y using the polynomial method the field may be
made to oscillate : out the desired vaive over a specified distance
along the ray; as . result, the approximation for the polynomial method
is no longer best at the origin but the error is spread out along the
ray. i

The metiod used to evaluate the coefficients is based on the fact
that any polynomial can be uniquely expressed as a linear combiration
of a basic set of polynomials, where basic implies that there is one
polynomial of each degree and the highest order coefficient of each
polynomial is not zero.

The power series expression for the axially directed component of
field (equation 5) along a ray § = @,', may be terminated after N + 1
terms. The value of W is chosen as {arge as one likes ir order to
describe the field to the desired accuracy. The truncation yields

)
Hs Z a, ” 12)
where a5, {cos ¢ .
Slnce the tielﬁ is an even fuuction, the basic set of polynomials

is ~“72sen to be of even order

M
Qo N =2 qrn 120 M=0,}z,... N . (13

nzo

Solving equation 13 for 2N yhen M = N and substituting into equation
12 reduces the field expression by two degrees and adds one term involving
QZN(I)
0“

-1
Q.
Ht =§ all\ rz“ d 1 Qz“ (") (14)

where azn(l) 2n(°) - 9N,n azn(O) The process may be thought of as
v, N
adding a term involving Q(r) to the 2nth order power series and sub-
tracting the proper amount from each coefficient of the power series to
account for its presence; the coefficient of Q, (t) being chosen to
completely absorb the term involving 2N, The process is continued by
aprlying it to the series part of equation 14 and repeating for each new
series that arises. If the process is continued N + 1 times, the
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truncated power series equation 14 is completely converted to a truncated
series of polynomials

N
H?_ = "Z_&Cau Ql“ (?‘)

(15)
o -
NPIRG ; 9
where Cut = :"Z: Lk) O")-J ; bLJ

..———-—-—-—""‘

9ee
and dij (\N-I)z dgj (k)__ Qoi-i, &

(k) Y
du-k e J_.(o)’ i L=y
9 Nk N-K 12y 9y O
With a system of L-coil pairs, (2L - 1) of the lower order coef-

ficients of equation 15, other than the constant term, may be reduced
to zero by proper size and orientation of the coils in the system.
is given by

This
N

© ‘
z b 4, =0 t=h2, ... (26-1) (16)
J-\

Substituting from equations 15 and 6, equation 16 becomes

~up?)
Z "am Z",Lp“ o) quu (“P) Pzn(c°5¢ J=0  maipae-y . (1D
nom r
FOUR-COIL SYSTEM USING TSCHEBYSCHEFF POLYNOMIALS

The set of equation 17 are solved using a basic set of Tschebyscheff
polynomials for a system of four coils. The power series coefficients
for the four-coil system are from equation 6

((—lh (l-u-.,)
Qrn= 0y, m zne:("‘)+T

{
L (2ne) Pznﬂ (u"\] P&u ((Os ¢ll) (18)

where T = n,i /nlil.

The conditions for canceling the three polynomial
coefficients €95 S and Cp WAY be wiritten

'F“ + T'rﬂ. =0 a)
fu+Tfau=0 b) (19)
f3l + T'rh.. =0

c)
N (i-uj) )
where .F‘j = nZ. bi.n - ‘:"m Pauu (uj) Pz,h (Cas ¢.’)
=1
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Solving equation 19a for T

1=~ (20)

eliminating T from 19b and 19c¢ yields

‘F\‘ “t).

Lhal i
i @D

1= fue £y

From equation 17 it can be seen that for large r_ the solution for
a system using the polynomial method approaches as a Eimit the solution
to the system when the power series method is employed. The power series
solution can be found directly and for large r; it gives a local point
for starting the numerical solution of equations 21.

As with the power series method, the value of T may be irrational
and a second interation is necessary to obtain values of T that are
rational fractioms.

The Tschebyscheff polynomials are a natural choice for the basic
set of polynomials because of their equal ripple characteristics. The
Tschebyscheff expression for the field, along a ray at an angle @.' to
the Z axis, after the maximum number of coefficients have been made to
vanish, is

Hi)‘,’ =Cot Cg TG(") + Clo.‘-:o Cr) v (22)
Most deviation of the field from g is caused by c8T8(r). Let
T 4 n
[gry =2 Egan (23)
hzo

4
. n
The field is approximately Hwz,¢/ = Co +Cg "i;o":ef‘“ Yoo

The power series expansion for the field along a ray at an angle ¢1' to
the z axis is truncated at n = 4

4
H;,‘;’ . é:’ [Q L] Pzn (cos ¢c')] \“z“. (24)

Equating coefficients of like powers of r in equation 23 and 24 yields

QAo £’— Co‘(’ Cs

; (25)
Qe = Cg tgan / Pyy(cosd’) n=lteq .

Substituting equation 25 into equation 12 and dividing by <o yields
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He + Cs _;tﬁﬁﬁf- v:p ; 2
feo = |+ 8 5 S T (cas 8 2n (@) (26)

Approximate equal error contours result from the plot of

\C { CS 4 'Lg,?.n

n
= ——
O = Tcal Ca %; Pan (Cos ) Pra o (27)

for ey equal to a constant. When multiplied by |c,/c, | equation 27
gives the deviation of the field from c¢, normalized to c,.

Figures 2 and 3 are the universal equal error contour maps that
result when Q ' takes the values of 0° and 90° respectively. These
maps are appllcable to any four circular coil system whose coil orien-
tation is specified by the Tschebyscheff polynomial method. The values
obtained are approximate but give a very good indication of the size
and shape of the volume of uniformity.

PRODUCING A DESIRED ECCENTRICITY IN THE VOLUME OF UNIFORMITY

The practical problem of coil design is, given the size and shape
of the volume of uniformity, the degree of uniformity and the desired
ampere turns ratio, to find the size and spacing of the coils. Figures
4 through 8 were produced in order to facilitate .2 solution of this
problem. Figure 4 gives a plot of the normalized field error, ey> Vrs.
the eccentricity of the volume of uniformity. Eccentricity is defined
as the ratio of the length (z direction) to width (normal to z axis) of
the volume of uniformity.

In designing the coil system ey is determined from Figure 4 for the
desired eccentricity. The normalized maximum field deviation divided by
ey ylelds leo/cnl; this is the ordinate for Figures 5 through 8. Approx
imate values for all coil dimensions may be determined from these curves.
Turns ratios other than those given may be approximated by interpolation.
The values thus obtained may be used as a starting point for the numer-
ical solution of equation 20.

Consider a numerical example., A system is to be designed to pro-
duce a field uniform in the axial direction to within 0.001% over an
ellipsoid with an eccentricity of 2 and a unity ampere turns ratio.
Figure 4 gives ey = 11.35 (from which lcg/co( = 8.82x10° ) Approximate
values are read from Figures 5 through 8 and used to start the iterative
solution.

The iterative solution of equation 20 yields

u) = 0.282000 r, = 3.227527
u, = 0.757110 r, = 3.640996
cg = 0.402412 cylcy = -8 52x10~7

= 1.000000
The final step in the design of a coil system should be an actual

field plot to determine the field variation for the particular systems.
The axial field was evaluated for the example, using the eliptic intezral
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method. (6) Equation 12 could also have been used to evaluate the field
error. The variation along the axis and radially is plotted in Figure
9. The eccentricity as determined from Figure 9 is 2.18 which compares
well with the value desired. The maximum dimension of the volume of
uniformity is 1.09 as determined from Figure 9. The actual desired
maximum dimension is divided by 1.09 to determine the scale factor for
all dimensions,

SUMMARY

A method has been given for designing a coil system that will
produce other than a spherical volume of uniformity. 7The results
indicate that such a system may have much smaller coils when the
eccentricity of the working region is high than would a system with a
spherical volume of uniformity. The results are presented so that one
may determine the unique system that has the desired eccentricity, degree
of uniformity and ampere turns ratio.
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SUMMARY Néé:é3960

ot e

This paper describes a micraweve motor, its characteristics and
properties obtained experimentally in addition to the analytical
derivation of induced voltage, current and prodnced toraue. Motors with
a power input of aporoximately 2 Watts operating at a frequency in the
neighborhood of 3300 Mc have been built and tested experimentally. The
lower limit of operating speed was 20 RPM, the upper limit approximetely
1200 RPM, The motor has the advuntege of simple construction, contains
no commutator; when used ir & wave guide reversal of direction of rotation
is easily accomplished., Since the microwave energy can be transmitted
over large distances the microwave motor may find use and application in
control and actuation of space vehicles or components for space program,

INTRODUGT IO

With the space age deveiopment the possibility of utilization of
microvave energy for conversion to mechanical energy may gain a new interest
and application, At the present it is possible to produce high microwave
power and transmit it to sowme receiver in space. At the receiving eund,
however, 1t may be necessary to use large antennns in order to concentrate
the microwave energy. In addition it may he necessary %o employ waveguide
end operate the microwave motor such that part of the rotor cirecuit will
be inside of the waveguide, The purpose of the wavegulde is to gulde the
nicrowave power to the rotor circuit; however, it is not essential for the
operation of the moter, :

Basically the motor resembles a standard D.C. wotor except it does
not have a mechanical commutator in the rotor circuit. Typical coustruction
is shown in Figure 1, The pickup antenna on the yotor can be mounted in-
side of a wave guide as it is indiceted in the Fig., 1 by dash lines. Dipole
or loop antenna can be used in order %o pick up the microwave energy. The
principle of operation is ss follows: The rotor antenna picks up the wmicro~
wave euergy, bthe diode rectifies the current which in turn flows in the
rotor coil: the current interacts with the perwenent magnet field and pro-
duces a torque, The geometry must be ssymmetrical with respect to the ro-
tational axis, otherwise the average component of toraue would be zero,
Many antenna configurations are, of course, possible and sowme of them were
made and tested experimentally. (Ref. (1) (2) (3) (#) ). Dr, Ishii and
essociates first suggested and investignted experimentelly different

Blectricel Engineering Department, Marcuette University, Milwaukee, Wis,
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anteuns arrengements cutside and iraide of a2 wave guide. These investi-
gatore aiso found experimentally the relations betweern the speed and the
frequency of ope~ - :a, conditions for speed reversal and speed vs. in-
put power relatic There is no general analysis aveilable for the micro~
wave motor, Thie pager provides the first step and its aim is to derive
the equations for voltage, current and torqgue for loop antenmas in the
rotor circuit,

ANALYSIS

This snalysis is cairied out for a rectangular antenna loop. Since
the plane of the antenna loop must be arranged asymmetricelly with resvect
to the rotaticnnl axis and with respect to the wave propagation direction
and since it is advantageous to use simpler form of harmonic functions,
three different coordinate systews are used: =, y, z; X y. z\ =xV y¥ 3",
The £, ¥y, 2 system is gselected such the! the wave propagatiorn is in the
positive direction; the flux density weve then has components By, B, and
3,. The x, y, 2 system is stationary with respect to the stator (Fig.24.)
The X, ¥) z’ system is associsted with the rotutionel sxis and is chosen in
such a fasioa that the z' axis is the axis of rotation of the rotor, The
x', ¥', 2! coordinate system is also staticnury (Fig. 2B). Thke x", y", 2"
cpordinate sysiem is tied to the antenna loop &nd is pickel :such that the
width of the antemne loop is in the x* directicn and the height in the y ¥
directicn. This system rotates with the antenna, which is rigidly connected
to the rotor {¥ig. 20). In order to relate the rotating system (x", y*, z")
with the stationary systens an angle 6 is used; @ is equal to zero when the
projection into xy (or x'7') plane of 2" axis and negative y axis coincide
as seen in Fig, 3. This figure shows the top view 57 the antenna arrange-
ment for =0, The reason for this choice of coordinates is the simpler
form of the trausformation relatione., From this it follows that

@=apt +& (1)

where Wy represents the mecnanical angular velocity of the rotor and g

is some = initie) angle, Clockwise ro%ation has been assuned, With the ro-
tating and statisnary coordinmte systems established, the next step is bo
Tind the megnitude of the flux element through the surface element of the
aatenna,

d]z: -ﬁ.d—:ﬁ‘—' B. TdA (2)

B is the flux density vector, r is the unit vector perpendicular to surface
of the antewnn, ard d4A is the area elewent of the antenna., The eguation of
the flux density is

B= 1 B(y,t) + § By(y,t)+ k By(y,t) (3)
wkere i, J, k are the unit vectors of the x, y, 2 coordinate system and

By(y,$)= B, sin (@t - Ky)

Fy{yit) = ®, sin (et - Ky)

Byvi8) = B sin (b ~ Hy) (%)
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are ithe components of the flux density vector pvropegating in the positive
direction of the y-axis. @, is the electrical angular velocity of the
waves - it 1s assvmed %o be equal for all three components - and K re-
presents 2 I £/v expression (f is the frequency of the wave and v is
velocity of 1light). The element d8 « F dA is obtained in the following
fashisn: A unit vector r perpendicular to the antenna plene can be .e-
presented as

r=g+p (s)

(Fig.4) Hhen the antenne rotates the end point of the vector p describes
2 circle which hag an equation
2 2 2
x 4y = cosf3 (6)

where /5 is the angle between z"and y“ coordinates and it is constant.
Because of the relation bHetween x , y', 2' and x, y, 2z coordinate system
which is expressed as .

x! 1 0 0 x
1 = 0 cos & sin& y
z? 0 -sin ol cos of z (7)
it follows that 2
xz *- yz + 2y §-i-1:1-§- ¥ cos & sin “*3.1_320_(_ 5'2 sin%el = coszﬁ (8)
¢os cos et

vhere o 1is the angle between the axis of rotation (z') and z coordinate.
It is z1ls0 & constant, With

X< cos f3 sin @ (9)
2 2 2o -2, 2 2
v ..Co8 cos Zcos"e cos" B cos @  (10)
2 a1nZ
coszo£ + 2 sinag + 33923‘-
cos o
ari

22 = sin“ef cos® p cos> @ (11)

Then the cquatisn of the f; vector becomes:
f) = -1 cos}} sin @ -~ J cos el cos 3 cos @ -~ k sine cos[s cos @ (12)

Since the vector g can he expressed as
E:-jsinpsine( +ksin/3coso( (13)

tlen from Bgs. (5), (12) and (13)

r=-1 cosfd sin € - J (cosec cos /3 cos @ + sin B sinal ) ¢
+k (sin cos - sin & cos® cos 8 ) (14)

Also the equation of the antenna plane is:
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- xcosf3sin @« y (coset cos Pcos @ +sinpsinat ) +
+2 (8in B cos & - sinet cos Bcoe @)= 0 (15)

From Rqs. (2), (4) and (14) we obtain:
ad=[13 sin(@ t-ky) + 3B, sin( & t-Ky) +
+kB, sin( wet-Ky)] . [ =1 cos 3 sin @ =J(cos o cos 3 cos @ +
+8in B sin o ) +k(sinﬁcosx-sin«cos/bcosﬁﬂd& (16)

The aren element dA has, of cour=e, -—onstant magnitude, independent of @
and could be written as:

@ dd = dxt!? dy" (17)

From Eq. (7) and because of

x! cos @ sinfdsin@® -cos3 sin @ x'
y'{=| ~sin ® sin A cos @ -cos (3 cos @ h AR
z! 0 cos 3 sinp PAR (18)
it follows that
- - r -
[ x cos @ sin 3 sin @ ~cos /3 sin @ xt*
)| -cosgl sin 8 cosel sin f3 cos 8 - ~cos e cos@ cos 8 =] y'!
~3in « cos B -gsinet sin /A
z -sin ot sin © gin of sin P cos @ + ~sin of cos f3cos O+ ]| 2!
» 4cos & cos 3 scos et sin A .J

. 4

(19)
Since the antenna lies in the x'' y'! plane (z'!' = 0)- we obtain from Egs,
(16) and (19)

d = /-~B_ cos f3 sin @ sinfw _t-K(~cos ol sin @ x'' +
f [1-(:508 o sin A cos O[- 8in o cos piIyr)] -
~By{cosof cos Bcos € +sinPB sina ) sinf @ t -
K(-cos ek sin @ x'' + (cos ex sin @ cos @ - sinet cos 3 )y")J-l-
+B_(sin fAcosot = sin ek cos B cos @ ) sinf W t -
«K(=cos o sin @ x'* + (cos o sinfAcos @ ~ 21ne¢ cos By ")]ﬁx' 'gy"
20

)
if we set:
8 = cososin ®
b = cos % s5in /3 cos @ ~ sin et cosf3
¢ = cos f3 sin €
n® cosotCOsS Acos @ + sinet singsd
ns= sin A cos X - sine cos /3 cos @ (21)

and integrate dovgr the whole area of the santenna we obtain
= - I"a) e <y 1 -
f _{ of ( B.c slnjat K(-ax1? by }]

B m sin Ja/ t=K(-ux'' + by'')] +
+BZ n sinf“gzt-x(-ax" +by")]) dxt? dy's (22)
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Before we carry out the integration it seems necessary to add a few remarks.
First of all, with some simplifications, as for example whenl = 0, /3 = O,
then a & sin 8, b e O, ¢ ™ sin @, m = cos & n » O one ohtains an integral
where b is equal to zero. (The choice of ot = 0 and B =¢) corresponds to
the case where the propegation direction and the unit vecter F are perpendi-
cular to the axis of rotation). It is thus necessary to substitute the values
of a, b, etc., into this integral first and not after the intezretion has
been carried out, becesuse one would obtain expression of the form 1/0. Also,
the integration is carried out in the x''y'! coordinates, It is, however,
possible to integrate in x, y, coordinate system, but the limits of inte-
gration are more involved,

Integrating Eq., (22) one obtains the total flux:

2c B
0 % ws-=Z sin (Kad) [ cos ( @ t~Kbh) - cos (e _t)7 +
K ab ) [ € © J
Eg_?x sin (Kad) [cos ( @ t~Kbh) ~ cos ( a}et)] -
K= ab _
..2n By sin (Kad) /[ cos ( W gt=End) = cos (W ob) [ =
2
K< ab
- I.:Iég;{) sin (Kad)L(ch + mIBy - n’Bz-)][ cos ( wet—m‘h) -
- cos (@ t)] (23)

The induced voltage can now be calculated from Eq. (23) by taking the total
derivative with respect to time, It is to be remembered that a, b, ¢, m, and
n contein @ (Zqse 5, 21) which in turn is a time function (¥q.1l). Since
a >>>a) the rotational component can ve completely neglected, Then

e <
the equation of induced voltage becomes:

2 &
2. e - - - si ~Kbh)
°= o= sin (Ked) (cBy + By - n3,) [ siu (@ t) - sin (o t-Kbh) .

For a, b, ¢, m, and n the values from Eq. (21) can be substituted.

The electromegnetic torque can be derived from the coenergy. TFor a
doubly-excited system the coenergy is

k¢ g 2 L, i # Ipg ip 1 (25)
field o5 Lgg ig + o5 Ipyp iy g <p 1g 5]
where Lgo, Lyp, and I‘rs are the self=-and mutusl inductances of the stator and
rotor coils, 3. and i represent the stotor and rstor current respectively,
The torque can then be derived as

|
1= 4 2 fleld (26)
Pig. 5 represeats the completely general conditions of position between
antennn, rotor coil, horn and statlonary stetor., The rotor circuit does
not contain any ferromagnetic material, thus L, _ will Ye constant and in-
dependent of ¥ , The self-inductance of r-tor will depend upon % and
could be represented as:
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L I.m”2 cos 2 % + higher order terms in % (27)
For the mutual inductance between the stator and rotor winding we can
write

I'ar = I‘sro cos '? (28)

In order to determine the conditions for an aversge torque the rotor cur-
rent must be found. Because of the rectifier in the antennm circuit, the
current in the antenna loop is a halfwwave rectified sine wave which has
an applitude equal to:

2 @ sin (K cos ot sin @ 4d)

I = nnnnn D S P T W et BN 4 2t T 2 S D 0 Bd e B B e v o B0 W [ ]

Anb x° coes el 8in @ (cos X sin B cos @ ~ sin o cos/d)

‘[Bx cos[&sine-o-By (cos ot cos B cos  + sine sin/_’,) -

- B, (sin/3 cosol = sin & cos /3 cos @ )j ;‘- (29)

where 72 is the impedance of the antenna loop. The average value of the
current, as it follows from Hq. (29), will then flow in the rotor coil,
Since the Eq, (29) contains sine and cosine terms of the angle 6, the sign
of the whole expression will also change, Thus Hg. (29) should be evalu-
ated for given parameters and variable 8, and then the absolute value
taken as the resulting amplitude, From Figure 5 it follows that

= '5‘ -Y+o-¢

b6=% 1+ -2'-
e0~-¢ Y (30)

Substituting this expression into the torque relation and from Eqs. (27),
(28), and (29) one finds

7=y ? [(-5 (%) sin2(@=-@ - ¥ )4 derivatives of higher
order of inductfince compbnents of the rotor “Lg, oin (8 - @ -~ ¥ )iqi;

(31)

The conditions for existance of an average torque can now be sebt up. The
rotor current in Bg. (31) will be of the form:

1= %lent = -,%‘-[%v + higher order terms in O] (Fig.6) (32)

Putting Eq. (32) into Eq. (31) establishes the conditions for which the
torque compouent will be independent of @, If i, conbtains a term pro-
portional 4o sin 2 ¥, the first purt of Eq. (31) will preduce a torque
component which is independent of @, Thus in this mode an average btorque
will be produced,

DISCUSSION AN E(PERTMINUAL IV

Th

The analysis was car ied out considering the B-field only; then the
voltage can Ye derived fr.m Faraday's law, The resulbing voltage and cure
rent equation is rather involved, but not diffieunlt,
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Much of the experimental data are available as given in the refer-
ences, The salient features and characteristics are given here, In the
experiments the microwave frequency was approximately 3.4 GHz and the
flux density of the permanent magnet had a magnitude of .10 to .20 W/mz.
The microwave input power was on the average 2 Watts., With these basic
quantities the following characteristic and properties were obtained by
test,

a) The lower limit of speed obtained is approximately 20 RPM, the
upper limit 1200 RPM, The speed devends upon the incident power,
shape and geometry of the mntenna snd somewhat upon the microwave
frequency, Lower speeds were obtained when using the loop anlannes,
higher speeds when using dipole and reflector-type antennas in a
wave guide, Spe:d control and direction of rotation can be ac-

complished by using the microwave motor in a parametric mode.(Ref.6).

b) The speed vs, input power characteristic is a linear relation up to
approximately 2 Watts; above 2 Watts the characteristic displays
saturation and an increase in input power does not produce pro-
vortional increuse in speed,

c) For an operatisn of a rotor anteana in a wave guide the speed
“hanges rather rapidly from zero to & maxiwmum value when the fre-
quency is changed by approximately 2%. For a dipole, two-folded
dipole antenna and loop antenna the speed is much less sensitive
to frequency changes,

d) The rotor coil current is in the neighborhood of 30 mh, ¥ith this

" value the torque produced would be .06 o 107° WM per cm of rotor
conductor length end per cm of rotor radius, If, for example, the
coil has 1000 turns and the coil ls 2 cm long the total torque

should be approximately .20 , 10™7 WM which compares with the experl-

nental data., The efficiency is ti.en approximgtely 1%,

CONCLUSTON

This paper presents theoretical analysis and elso salient results of
the experimental investigations. The mode of operation of & microwave
motor was dewonstrated snd experimentanl evidence supports the feasibility
of conversion of microwave eneryy into mechanical energy.
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vidth of the antenna loop

frequency of the flux density wave

vector in the axis of rotation. (Fig. L)
height of %“he antenna

unit vectors in x, y, %z coordinnte syster
rotor current

stetor current

average value of the rotor current

vector perpendiculer to the axis of rotation (Fig. 4)
unit vectosr normal to the antenna plere
veloclity of light

area of the antenna

BxBsz X,¥,% components of the flux density waves

averege value of antenna current

2 Wtlv

gelf-inductance of rotor coil

average velue of the self-.inductance of the rotor coil

(%) % « dependent component of the rotor coil self-inductance

gelr-inductance of stator coil

m:tual induvctance between stator and rotor coil

amplitide of the mutunl inductance between stator and robor
torque

field electrouagnetic coenergy

impedance of the an.enna loop
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angle between the axis of rotation and z coordinate (z' and 2)
angle between the axis of rotation and y'' coordinate (=' and y*')
Pig. 5

angle between stator axis and rotor coil axis (Fiz. 35)

Eg. (1)

Eq. (1)

Fig. 5

Fig. 5
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angular velocity of rotor
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Abstract - e s o

A vector magnetometer employing a scalar alkali-vapor
sensoxr and single switchable bias coil is described.
Mathematical analysis of the magnetometer signal for a
spinning vehicle is performed, and the vector field
components in the vehicle coordinate system are extracted.
Use of a vehicle aspect device is discussed, and the
translation of the field vector from the vehicle coordinate
system to a ground-based geographic coordinate system by
vehicle aspect information is performed. Electronics
techniques and data reduction methods are described, and
the problems of vehicle precession (coning) and time-
dependent reference vectors are treated. The theoretical
resolution of the magnetometer system is stown to be %ess
than £ 1 gamma scalar magnitude, and less than + 0.01 .
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In oxder to obtain meaningful vector information on
magnetic fields associated with ionospheric current systems
at high dip-latitudes, one measures the vector components
in a vehicle coordinate system, and then translates the
results to a ground-based reference system by knowledge of
the vehicle attitude. This places severe requirements on
both the magnetic sensor and the vehicle aspect sensor, since
the expected change in magnetic field inten§&ty as the vehicle
penetrates the current sheet is of ordexr 10 of the ambient
field intensity and the change in the direction of the field
vector is a fraction of a degree. 1In addition, the high spin
rate of spin-stabilized sounding rockets (~10 rps) results
in rapid changes in the vector components; the magnetometer
must be able to track component changes which may be as
large as 100,000 gammas per revolution. The aspect sensor
must also respond to the rapid aspect changes caused by spin.

Alkali vapor magnetometer sensors are capable of meeting
the sensitivity and dynamic range requirements mentioned above,
but such sensors measure only total field magnitude. They
may be converted, however, to vector instruments by the ad-
dition of a magnetic bias system.

Consider the case of a scalar magnetometer with a single-
axis bias fixed with respect to some vehicle coordinate system
such that the bias axis lies in the yz-plane and is inclined
an angle ¢ from the y-axis, as shown in Figure 1. Assume
in this case that the magnetometer sensor has no null regions,
and that the ambient field of magnitude B is inclined at an
angle § from the z-axis with angular velogity . At time
t = 0, let the vector B lie in the yz-plane, Then if B
i the bias magnitude, thHe components of the vector sum o
Bg and BO as a function of time are:

B = B sinfsinst (1)
X 9

B = B sinfcosit + B coss (2)
y g o
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FIG. 1

Vehicle Coordinate System
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FiG. 2

Total Field Trace
120



= B cos§ + B sine
BZ g g o € (3)

The sensor output as a function of time is then:

2 2 2 f2 2
= + B + = /B  + B + ins G esi i
BT ng v BZ g o 2B0Bg(51n cosv+cosesinfcosit)
(4)

Making the transformation cosit = 1-2 sin2 +t we obtain
2

B = J%z + B2 + 2B B (cos(8+c) ~ 2 cos ¢ sin 8 sin2 w t) (5)
T g o) og 5

where B is the magnitude of the total field (sum of ambient
plus bids fields) seen by the sensor. This may be written in
the form,

BT = Jﬁﬁl - k2 sin2

©
2

t (6)
where,
2 2
X=B 4+ B + 2BB cos (6 + =) and
g9 o (Oe |

k2= 4B B sin 6 cos
o_g

(D]

X

In this form B_ may be recognized as an elliptic function of
the second kind. In the special case of § = 0, B is a
constant, For a bias vector aligned along the y—gxis (e = 0),
the function reduces to the form:

B = JBZ + Bi + 2BoBg sin 6 cos wt (7)

T
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For a bias that is switched alternately on and off at some
multiple of the apparent rotation period of B , the functional
value alternates as shown in Figure 2. For kgown values of

B , = and i, recovery of the parameters B and ¢ from the
fOnctional values may he effected by one 8f vhe methods outlined
below:

(a) Direct integration of B_(t)

Since an alkali vapor magnetometer produces as a signal a
freguency proportional to the field scalar magnitude, integration
of B_(t) may be accomplished electronically through direct
counting of the frequency f(t) = 3.49854 B_(t) over some time
intexrval. Because of the periodicity of the elliptic function,
integration over integral multiples of the rotation period

of the vector B will yield a result which is more sensitive
to changes in tHe magnitude of B_ than to changes in 6. (This
may be easily seen by analogy to%a circular function (sine or
cosine) for which integration over a complete cycle yields a
result completely independent of the amplitude of the rotating
component of the vector.) The integral is wost sensitive to
the value of § when the interval is one-half cycle or less,
centered about a maximum of f(t) (¢t = 2nn, where n = 0, 1,

2, « « .). By the symmetry of the function about the maximum,

integration over the range it, = (2mn - & ) to itz = (2rm + & )
yields twice the value of the integral: ©
/”2ﬂn + &
i 2 -
! i 2 .
E (k,éo) = Jii 447— k 51n2£3 dt (8)
|

2Tn 2

_J %

which is an incomplete elliptic integral of the second kind.
The correspcnding equation for freqguency count C over the

interval t. to t_ is:
i 1 1 2

ct2 _ tl = 3,49854 (2) E(k,@o) (9)
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For a freguency count over some time (t4 - t_) with the
bias off, we obtain C = 3,49854 (£t - é ) B. If we
t4 - t3 4 3 G

solve this equation for Bg, then equation (9) for Cy ¢

becomes an equation in § alone, since all other parameters
are known, This equation may be solved numerically for €

on a digital computer, either by series approximation of the
elliptic function or by interpolation of tabulated values of
E (k, @o).

(b) Measurement of B_(t) maximum

This is a simplified case of the previous technique in
which integration is replaced by exact measurement of the
functional value at its maximum value, In this case, B is
found by the same method as before, but the value of & s
obtained directly from the eguation:

. N o2 . 2 2
sin {5 + ) = BT(max) - (Bg + BO) (10)

2B B
o g

which was obtained by setting 1t = 0 in the general expression
for B . Electronically, an oscillator may be phase-locked to
the fgequency f£(t) until a maximum is detected, at which point
the oscillator is de-coupled and held to the peak frequency
by phase-locking the oscillator to itself. Count of the
frequency of the oscillator over some period of time then
yields BT(max)'
For the special case =-0, an alternate method employing
only the function f£(t) with the bias on is useful., 1In this
method, the minimum and maximum values of f(t) are measured,
giving the two relations:

2 ~ B2 + B2 + 2B B sin § {(11)
T(max) — g o} o g
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2 2 2 .
T (min) = Bg + Bo - 2BOBg sin § (12)

Addition of the twourelations gives a result independent of §,
which may be solved for Bg to yield:

2 2
= + B -
g B*(rfna:»() + (min) Bo
2

(13)

Substitution of B into either the maximum or minimum relations
yields the value de © directly.

(c) Determination of phase with bias on.

In this method, the values of B (t) at two times t_, and

t2 = tl + T are compared. At the time when BT(tl)l= BT(tz),
5
wt, = m and Lst_ = 311, so that:
1 - 2 -
2 2
B (t) = /B2 + B° =B (t.) (14)
T 1 g o T2

This relation may be solved for B ,and measurement of either
the maximum or minimum value of Bg(t) may be used to evaluate 9.

The previously derived relations represent physically the
case ¢f a coordinate system fixed with respect to a spinning
vehicle containing a scalar magnetometer sensor with fixed
bias system. The quantities «t, ?, and B_ fix the vector
components of B_ in the vehicle coordinatd system, and the
translation of doordinates from the vehicle system to a ground-
based system may be accomplished by determination of vehicle
attitude relative to some vector whose coordinates are known
in the ground-based system,

For the purpose of analysis,it will be assumed that
vehicle attitude relative to this vector will be expressed
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by an angle ¢ between the vector and the vehicle spin axis

when the vector lies in some plane fixed relative to the vehicle
and containing the vehicle spin axis. For the present purpose,
let this plane be the vehicle yz-plane, which also contains

the bias axis. Assume_also that the direction of the geo-
magnetic field vector B is known in the ground-based

goordinate system, and %hat any observed change in the vector

B may be referenced to the unperturbed vector direction and
mggnitude. Let a_ and ¢_ denote the zenith angle and north
azimuth angle of in geographic cocrdinates, and oo , 8 and

o , B represent tHe corresponding angles for the re¥eregce

vector V and the vehicle spin axis 2z, respectively., Let ¢

denote the angle of vehicle spin between the time vector V crosses
the yz-plane and the time a maximum occurs in B_(t). The relative
orientations of the vehicle axis, the reference vector, and

the field vector are shown in Figure 3,

The evaluation of the vehicle attitude in the geographic
coordinate system, assuming a_ and B_ are known, is straight-
forward, Denoting the great circle arc between B_and V as P,
by the spherical law of cosines we obtain: 9

- r - . L
Y = ArccostcoschosaV + sxnaB51navcos(BB Bv)] (15)

Let the angle at V between B and the zenith be X. ‘Then by
the spherical law of sines:

_ . - Lol
X = Arc§1nL31nchos(pB BV) /31an (16)

Substitution of § and ¥ into the law of cosines allows solution
for 2, the angle at V between the vehicle spin axis and the
zenith:

Q= Arccos[(cos% -~ cospcoso)/siny sino]— X (17)

The vehicle axis zenith angle may now be obtained:

a, = Arccos{cosavcosc + sinavsinc cosQ}. (18)
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Likewise, the vehicle axis azimuth angle is:

8 = 8_ - Arccos G - c i i ]
2 v o [(cos cosonz osuv)/s1na251nav . (19)
The angle & corresponding to the above azimuth and elevation
of the vehicle axis is given by:

d = Arccos[(cosw - cosecoso)/sinesino]. (20)

For the case of a vehicle outside the atmosphere, the
vehicle attitude should be a smoothly varying function of the
time (precession and nutation). Any discontinuous change in
the apparent vehicle attitude wmay be interpreted as a change
in the direction of B , since the other reference vector V is
precisely determined.” The apparent change must be along a_,
contour of constant o, so that the change in direction of B
may be separated into a change in 8§ and a change in §.

If the change occurs at some time t _, let ¢, 6, and @
denote the measured values at t_  when the change occurred.
The direction of the new field vector B may be found, and the
component changes easily extracted.

Consider the spherical triangles pictured in Figure 4,
Let § be the great circle arc between the old field vector
B and the new field vector B’ and let m be the angle at the
vghlcle axis between the zenifh and the old field vector. We
then obtain:

aé = Arccos[cosaz cos8’ + sina,_ sinf‘cos(n + & - @')1,
(21)
and
7 [ v . ]
= - A £ . o a_s
BB BB rccos[(cos; COSQ.,COS B)/51n pSina B]' (22)
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where,

Arccos?

Il

vy

coshcos8’ + sindsind’cos(d - ') 1, (23)
J

Il

M Arccos[cosaB - cosazcose)/sinazsinej. (24)

The changes in the components in a geographic ccordinate
system are therefore:

A = . . _ F 7 . '
AB (EAST) B931naB81nBB B981na BS1nBB (25)
N ~ [ 0 ' ’
= cos -
AB (SOUTH) B951naB By B951na BcosBB (26)
4 ’
B (VERTICAL) = B cosqg_ —- B cosa 27
AB ( 1 ) g B g B (27)

For a vehicle which has no angular motion except spin, the
elements 6 and % should be constant in time due to the vehicle
motion, so that any change in the field direction will be
readily recognized. The more gei.~ral, realistic motion of the
vehicle above the atmosphere is that of combined spin, precession,
and nutation. A complete analysis of the dynamics of the
vehicle requires introduction of technigues not pertinent to
this discussion, but in general the various motions may be
described by superposition of cyclic functions. The precession
motion may be viewed as periocdic motion of the vehicle spin
axis in a cone centered about a4 fixed direction in space, and
nutation as a modulation of the coning motion by still another
periodic function. For a well-balanced vehicle, nutation
effects are minor, and will not be considered in the following
discussion. When precession is significant, extrapolation of
the vehicle position depends on the form of the precessional
curve expressed in geographic coordinates. This shape is in
general rather complicated, as will be seen from the following
analysis. Let o and B respectively represent the zenith angle
and north azimutf angleg of the center of precession, Let ¢
represent the half-angle of the cone, and w (t - t_ ) the phase
of the coning motion measured along the coné from ghe highest
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point of the cone, as shown in Figure 5,

The zenith angle and north azimuth angle of the vehicle
spin axis are given by:

i

A

Arccosrcos cosf + sino sin £ (t - ]
” ] a ina si pcosac( to) (28)

3
2

g - Arccosr(cosp - cost. cosa. )/sina sing ] (29)

c L c z c z
Extrapolation of a precessing vehicle's attitucde thus

requires fitting a center of precession and precession half-

angle to a known portion of the curve of the vehicle's attitude.

A further complication is introduced by the possibility
of the reference vector direction being a function of time,
or vehicle geographic position, or both, The following analysis.
uses the solar aspect angle as an example.

Because of the change in the vehicle's latitude and
longitude and the westward movement of the sun with time during
a flight, the sun's geographic attitude vector changes direction
(with time) in the ground-based coordinate system. Knowledge
of the sun's declination (6), the equation of time (E), Local
Standard Time (LST), and the vehicle latitude and longitude
as a function of time allow the sun vector direction to be
expressed in the ground-base coordinate system, Let the vehicle's
latitude and longitude be represented by A and L, respectively.
Denoting the standard meridian for the time zone by L , the
hour angle H of the sun in degrees at the vehicle longitude
is given by:

H = 15(12h -~ ILST - E) - (L - LS) (30)

From the diagram given by Figure 6, it may be seen that the
solar zenith angle at the vehicle position is:

a, = Arccosfsinksiné + cosXcosécosH] (31)
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The solar azimuth is given by:
Bv = Arcsin[cos&sinH/sinav] (32)

The vehicle position obtained from radar tracking data allows
the determination of the solar vector direction at any time
in the flight,

The analysis thus far has assumed no restriction on the
field of view of either the aspect sensor or the magnetometer
sensor. When the actual angular field of view of both are
considered, care must be taken to optimize a vehicle trajectory
and attitude with respect to the direction of the sun and the
field, In some instances, the configuration of the bias coil,
magnetometer sensor, and solar aspect sensor within the vehicle
must be altered. 1In addition, severe coning may not be
tolerated, so that vehicle dynamics must also be considered.

Errors and Approximations

By equation 7, the change in 6 with respect to a change
in the total (measured) field is:

de ZBT

|

2
,\/(ZB B cosuut)2 - (B 2 _ B2 - B2)
o g T g o]

B

N
- B B coswt cosb (33)
o9g

If the value of B used is a maximum of the elliptic function,
then wt = 0, Taklng values of BT, B , and 6 computed from an
actual flight (NASA 14.243 UE, t = 07+ 77 seconds), which

were 55746 gammas, 53204 gammas, and 9.1l degrees, respectively,
we obtain:
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do -3

55; ~ 6 x 10 degrees/gamma (34)
For a cesium vapor magnetometer sensor with a resolution of
less than 1 gamma (scalar ), the angular accuracy is thus less

than .0l degree,

The angular resolution in the angle ¢ is governed by the
uncertainty in the measurement of the time between the maximum
in the total field B; and the yz-plane crossing of the reference
vector. A maximum .resolution of 0.1 degrees is practically
attainable by solar or lunar aspect devices now in use.
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COMPUTER ATIDED ANALYSIS AND DESIGN
OF SPACE INSTRUMERT SYSTEMS

TNTRODUCTTON Robert M. Mufior : N 69 - 3399 6 2
N VN

Fach of us has either directly or indirectly come in contact with the
general purpose digital computer and it should be no surprise that the digital
computer has invaded the field of space instrument system development. The
scientific community has come to regard the computer as a valuable tool for
performing wmany useful functions and my objective will be to show how a
general purpose digital computer can be used with some material berefit in
the development of a space instrument system. The topics to te discussed
are more or less generally related to the development of any instrument
system but the emphasis will be pla:ed on a noncomprehensive set of problems
related to the development of a fluxgate magnetometer system at the Ames
Research Center. Since a large scale general purpose digital compufg?Egﬁch

e T0LO/TO9k DCS system in use presently at Ames has such great computing
power it will certainly not be possible to discuss all the potential uses
in space instrument design. However, some of the more important aspects of
circuit and system design along with certain computer experiwments made to
test the mathematical model of a simulated instrument system will. be dis-
cussed. Several examples will be presented as case histories of some of
these methods and it should be relatively easy from these to conceive many
other areas within the design and development task where the computer can
be effectively used.

SPACE TNSTRUMENT SYSTEMS

Space instrument systems are certainly not entirely separable from other
ground based and flight instrument systems but there are certain characteris-
tics which do prevail more frequently in the space instruments and which are
troublesome enough to be worthwhile considering. Most space instruments are
relatively uniquc. Production runs for space instruments, if they can be
called that, are usually keyed to very few of a kind and often each instru-
ment within a run differs, at least in small ways, from others within the
same run. The uniqueness of the space instrument is important in that it
allows new state-of-the-art ideas to be implemented but at the same time, it
denies sufficient use experience to provide satisfactory estimation of per-
formance and reliakility by prior experience. The first launch of many space
instruments usually gives the experimenter his first real loock at instrument
performance in the operating environment.

Short development cycles are commonplace for space instruments. The
crisis atmosphere generated by the launch schedule is felt very strongly after
an instrument has been accepted for space flight and, to a lesser extent, the
same pressure applies even before such instruments are proved to be more or
less feasible for space flight. Commercial instrument systems, although
bound by a number of other restraints, are seldom bound by schedules as con-
fining as the launch schedule.

No user feedback is possible with the space instrument. To some degree
flight qualification programs make up for the lack of user feedback which is
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'provided commercial instrument manufacturers by those who buy and use commer-
cial laboratory test equipment. These users form a block of interested
critics and can provide a manufacturer the benefit of suggested changes or

at least a demand for improvements. All this of course takes time, time which
is usually not available in the short development cycle for space instruments.

Space instruments are as a rule very high precision devices. The cost
of the space mission, and scientific curiosity in general would seem to be
Jjustification enough for the demand for high precision but additional impetus
for high accuracy instrumentation is given by those who select flight payloads
because the competition between various experimenters proposing for the same
space mission is keen, and the better instruments are flown. In conjunction
with this requirement for high accuracy, the space instrument system is usually
very light weight, low in power consumption and small enough to fit in the
flight payload.

There are a number of other differences between space instrument systems
and other instrument systems but these I believe are a representative set and
each constitutes a major difficulty in the development process, a difficulty
which can to some extent be alleviated by means of intelligent use of a digi-
tal computer.

CYCLE OF DEVELOPMENT

There are probably as many ways to produce a satisfactory design for a
space instrument as there are space instruments but engineering techniques do
become somewhat stylized and the more successful techniques are well known and
are disseminated in the literature. Instruments don't always go through the
stages of system design, circuit design, breadboard fabrication and breadboard
testing but they often do and some of these steps can be computerized.

If we consider a space instrument such as the Ames Magnetometer [Ref. 1],
the cycle of development probably starts with the choice of a general approach
to make the physical measurement, in this case the fluxgate technique for
measuring the interplanetary magnetic field. The choice of general approach,
however, does not lend itself to computer aided methods. We have to rely on
human beings with their unique judgement factors and enlightened preferences
for this phase of development.

Once the general approach has been selected, the development cycle con-
tinues with a feasibility study which is usually conducted to see if the
desired physical parameters can be measured and the desired engineering and
scientific objectives can be accomplished altogether. Here again the computer
cannot help very much although it can assist in some of the routine tasks of
bookkeeping and mathematical analysis that may go along with a feasibility
study. The designer usually depends upon his experience, ability, and judge-
ment to say whether an instrument is indeed fessible. If it is, he can proceed
directly to the third step in the cycle, the instrument system design.

System design is a well-developed engineering art and can be assisted
greatly by computer methods. 1In the example to be presented later, the Ames
version of a topological network analysis program of Calahan is used with
inputs in the form of the poles and zeros of system transfer functions to provide
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a Bode analysis of system stability for a version of the Ames Magnetometer.

The IBM control system analysis program MAOLX is very useful in providing

root locus analysis of continuous and sampled data systems but no example of
the use of this program will be given at this time. Having selected a satis-
factory instrument system, we can now proceed to the Lth step, the development
of subsystem components and circuits necessary to perform the system functions.

Many seminars and symposia have been held in the last two years c¢. com-
puter aided circuit design and analysis. As a matter of interest, Dr. Calahan
from the University of Michigan conducted such a course at Ames recently.
[Ref. 6] It is clear from current theory and practice that the computer can
perform the analysis functions of circuit design better and faster than any
designer can do by hand. ECAP, NET I, SCEPTRE, POTTLE, CIRCUS, and many
other programs are available to do general circuit analysis. An example of
circuit analysis using the topological analysis program of Calahan will be
presented later. A comparitive description of the various methods of circuit
analysis is given in reference [3]. Although there are many analysis programs
in existence, very few network synthesis programs are available in generally
useful form. In the near future more attention will probably be given to
the activity of computer aided synthesis but at the present time the designer
fulfills this function and the computer checks his results. In some cases
analysis programs have been used in feedback schemes to arrive at an optimized
circuit or system design after having started from only a general concept of
system topology. This approach is costly in computing time and subject to
certain difficulties which arise from the definitions used for the optimum
solution. When better synthesis programs are made available, the computer
will be even more effective in space instrument design.

Now, with system design and circuit design complete, it is possible to
proceed to a breadboard stage and check the results of the effort made here-
tofore. PFabrication and test~ of an instrument system in breadboard form gives
the designer a verification c¢. rebuttal of his efforts and no completely
adequate computer simulation of the breadboard phase is possible because
hardware usually speaks for itself. Approximations that are made for the
sake of analysis are sometimes not adequate and adjustments of values for
circuit elements, tuning of filters, selecting of transistors and related
activities will always be a part of the development of the spece instrument
gystem so long as real-world components are used but the computer can replace,
or at least augment, many of the tests that are usually done in breadboard
hardware. Transfer functions through the breadboard instruments can be simu-
lated on the computer if enough is known about the system design. If a mathe-
matical model has been used in the development of the system, this mathemati-
cal model along with whatever modifications necessary due to circuit and
sub-system design should suffice as the basic computer model for performance
simulation. Problems not readily amenable to analysis by hand methods can
be solved more eagily within the computer. If tests indicate that changes
in system characteristics are necessary, it is probably more easy to effect
these changes in the computer than it would be in breadboard hardware. An
example of a new method of system simulation using the theory of digital
filters will be presented later to illustrate how the computer can aid in the
space instrument system design process.
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In summarizing the roll of the digital computer in the development of
space instruments, it can be seen that the computer is readily adapted to
system design and analysis as well as subsysten and cireuit analysis. The
computer can be used to simulate a completed system design and provide
some information that heretofore has been provided only in breadboard tests.
If used in this way, the computer expedites the development process and makes
it easier to obtain a more reliable design. The cost of developing a capa-
bility in computer aided design and analysis techniques canot be entirely
neglected. For those who have access to a large scale computer the Aiffi-
culty lies mainly in acquiring a repertoire of useful programs and subroutines
for doing their kind of work and for those who are not so fortunate, comput-
ing services can be obtained from any one of a large number of organizations
specializing in renting computer time through the use of teletype terminal
units located in the users facilities and connected to a time-shared computer
by means of telephone lines.

COMPUTER ATDED SYSTEM DESIGN

One version of the Ames Magnetometer designed for measuremeat of the
magnetic field on the surface of the moon is presently being developed jointly
by Ames and Philco Ford Space and Reentry Systems Division. Figure 2 shows
the functional block diagram of the sensor electronics subsystem for this
Lunar Surface Magnetometer. 'The main point of difference between the sensor
electronics subsystem of this mission and others such as the one presently
flying on the interplanetary monitoriag probe spacecraft lies in the addi-
tion of an integrator in the forward path. The integrator changes the opera-
tion of the subsystem from a type O servo to a type 1 servo. For those not
familiar with this terminology, it simply means that the design with an inte-
grator is theoretically capable of operating without static errors-due to
changes in the performance of components within the forward path. This
approach was selected because tempevsture variations on the surface of the
moon are expected to be much larger than those encountered in most spacecraft
and such a subsystem design should, with some reservations, allow satisfac-
tory operation at these temperatures. The design temperature range is -30
to +65° Centigrade.

An interesting problem which turned up during the course of development
of this subsystem and which will be discussed briefly here was the saturation
of the input to the integrator at frequencies above 10 cycles. This problem
was not discovered until late in the development cycle and the computer was
used effectively to demonstrate the nature of the problem and show means of
correcting it. TFigure 3 shows a mathematical model of the sensor electronics
subsystem of the Ames Iunar Surface Magnetometer. The characteristics of those
elements of the forwarxd path excluding the integrator were analyzed in labora-
tory tests and approximated by the filter function shown in the left hand block.
Figure b shows a comparison between the performance characteristics of the
actual system with those of the mathematical model as derived by means of
computer analysis. Using the mathematical model of Figure 3, a frequency
analysis was made of the total cloeed loop system and found to be satisfactory
as shown in Figure 5 but when an investigation was made of the fiuctuations
of signal at the input to the integrator, a problem was discovered., Signal
levels were found to be as much as 20db beyond the full scale capability of the
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‘hardware. The problem did not manifest itself until signals a.prvaching fuil
scale were encountered at frequencies between 10 and 500 HZ. (See Figure 6)

In order to remove this problem, it was necessary to increase the gain
of the integrator to a point which caused a system instability. The gain
was high enough to cause the poles of the system closed loop transfer char-
acteristic to lie in the right half plane and it became necessary to apply
some form of compensation to regain the stability that we formally had.
Without going into any great detail at this point because time will not
allow it, I will merely indicate that, with the aid of the computer, many
types of compensation were investigated and it was found that complex zeros
placed judiciously in the S plane were a satisfactory form of compensation
and an RIC network placed at the input to the integrator can easily provide
such compensation. Figure T shows the saturation characteristics once again.
From this figure it is clear that the system will not saturate until the
frequency of approximately 500 cycles is reached and then if additional dy-
namic range of § db were allowed, no saturation would occur at all. Better
forms of compensation using more complex networks are certainly possible but
for this design study, the effort was stopped at this point and the feasi-
bility of implementing complex zero compensation within the constraints of
weight and power was investigated.

COMPUTER AIDED CIRCULT DESTGN

In order to maintain some continuity in the discussion an example of
a computer aided circuit design was selected from the sensor electronics
system shown in Figure 2. That block in Figure 2 titled Second Harmonic
Filter represents a fairly complex 6th order band pass filter with two rejec-
tion points, one at approximately 6 KHz and the other at approximately
12KHz. The synthesis of the filter was performed by hand using approximate
methods which are too lengthy to be discussed here; however, Figure 8 shows
the synthesized circuit configuration. The fundamental design problem rests
in ascertaining whether the approximations made in the synthesis procedure
are valid. Calculations of the 6th order filter with real values of circuit
Q are simply not practical to do by hand. Several days of computation were
necessary to check the results based on analysis of the lossless prototype
of this filter.

Again the topological circuit analysis program was used to analyze the
frequency and time responses of the second harmonic filter but in this case,
resistance, capacitance and inductance values were used as inputs to the
program rather then the mathematical description of the circuit or transfer
function. 'The result of the computer analysis obtained after approximately
half a minute are shown in Figures 9 and 10. From the computer studies of
the filter we obtain a verification of the fact that the assumptions made
in synthesis were practical assumptions. The attentuation at noteh frequencies
with practical filter Q's is seen to be approximately 60db and phase char-
acteristics within the passband are not drastic enough to cause any significant
probler of system instability. All this was done in a very short time without
the need for producing breadboard hardware but, hardware tests did confirm
these results. The dissimetry noticable in the pass-band of Figure 9 is due simply
to a lack of perfect tuning of the coils and is not an essential part of the
design. ’
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SATURATION CHARACTERISTICS OF THE INTEGRATOR INPUT
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MAGNETOMETER SYSTEM SIMULATLON

Perhaps the most effective use made of the digital computer in the

design of the Ames Magnetometer system has been in hybrid system simulation.
Figure 1l shows a functivrael block diagram of the magnetometer system includ-
ing not only sensor electronics subsystems but also the spin demodulator sub-
system, the sampling filter, and the sampler, each a part of the flight hard-
ware. Along with these elements of flight hardware, it is necessary to include
the simulated magnetic field input and a data reconstructica filter in order

to perfornm meaningful tests on the systems ability to measure magnetic field.

The general approach adopted in this computer breadboard system simulation was
as follows:

1. A mathematical analysis was performed on each subsystem component
and a mathematical model in the form of a subsystem transfer func-
tion in the frequency domain was developed for analog sub-systems.
The digital sub-systems and logical operations are already in a
form convenient for computer processing.

2. A digital filter approxirating the transfer characteristics of
the analog subsystems was synthesized by means of the bilinear
transform method. Digital functions werz accepted without
transformation.

3. A program relating the digital filter equivalents of each of the
subsystem components was written to simulate the entire system in
numerical form in the computer.

The process seems a bit complicated av first glance but when looked at care-
fully, the largest difficuity is seen to be that of generating the digital
filter equivalents to analog subsystem transfer functions. Again the computer
has been a great help in this area. We are at present developing a generally
useful digital filter synthesis program to perform this function and when
completed this program will reduce the difficulty of the task to that of
merely obtaining analog transfer functions in the S domain, an operation which
is usually performed by the designer whether using the computer or not. For
those interested in digital filters, Rader and Gold [Ref. 5] and Chapter 7

>f Kuo and Kaiser's book [Ref. 2] provides a good starting point.

System simulation is by no means a new discipline, many compiler programs
with various levels of capability exist. Thomas Naylor et. al. [Ref. Tl
and Kuo and Kais~o et. al. [Ref. 2] discuss many software packages that help
eage the burden of simulating some classes of systems. SIMSCRIPT, SIMPAC,
and BLODI, are a few of the many simulation languages of general utility.
Because each of these compiler languages has certain limitations and because,
to use them effectively requires special training in the semantics of the
language, the approach adopted here was to retain the flexibility provided
by the higher level language, Fortran IV, at the expense of a somewhat longer
programming time. Where many different simulaticns of a particular type ave
encountered, the special simulation languages offer a real advantage.

The results of one preiliminary test performed in the computer on a simu-

lated version of the Ames Magnetometer are shown in Figura 12. The objective
of this test was to demonstrate the kind of output that would result in the
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‘time domain if the system were subjected to a random variation of magnetic
field input and if no sample riltering were employed. This should show
graphically what the effects of sample aliasins are when presented as a
time history. As you can see, there is not much significance to the rela-
tionship between the random variatle inputs and the reconstructed outputs.
These data contain larpge errors due to signal aliasing.

The errors discussed here are produced in any sampled data system
vhere the data band is allowed to extend beyond half the sampling frequency
or the niquist frequency. This is so because the spectral distribution of
the sampled data of one frequency bani is overlayed or summed with that of
another data band. The I andemental sampling theorem |[Ref. 8] has been
violated and our elffort was directed toward measuring the effect quartitative-
ly.

Atter performing a number of similar experiments using sample filters
of various orders in conjunction with a random number generator simulating
the interplanetary field, it was found that the second or third order filter
with a cutoff frequency of approximately 0.3 HZ provides an adequate attenua-
tion of the aliasing frequency spectrum. Tigure 13 is a plot of error versus
the order of the rcample filter.

Though it is certainly possible to compute errors in the time domain
for simple data input functions such as sine waves, it is extremely difficult
to do this for the more complex waveforms such as the random input used in
this model of the mapnetic field. A considerable amount of beneficial systems
information can be derived on breadboard hardware tesis but in hardware it
is very difficult to change parameters such as filter order. This however
represents no difficulty to the computer. It simply means the change in
the difference equation representing the sample filter subsystem.

The approach of system simulation is certainly not new but the methods
suggested by this procedure are relatively new. In tus recent past the
analog computer and the digital differential analyzer, a specialized form of
digital computer, have been used to do this but there capability was quite
limited because of the requirement for nonstandard hardware and the difficulty
of programming such devices. The techniques employed in this simulation are
completely adaptable 1o the general purpose digital computer which is widely
used today. HNo fundamental computer languapge limitatior exists however most
of the circuit analysis programs as well as the system simulation program dis-
cussed here were written in Fortran 1V.

CONGLUSTONS

The original objecilve of this psper was to discuss the relationship
between the computer and space instrument system desipn especially the design
of the Ames ™ gnetometer. A number of advantapes and disadvantages of sysiem
and subsystem design have been discussed and an example of the system desipn
of the sensor electronics subsystem of the Ames Magnetometer was given as an
illustration. A large number of digital computer programs for cireuit aralysis
were mentioned and an example of circuit analysis of a 6th order filter used
in the magnetometer sensor electronics was presented. The big advantape
of both system and circuit analysis by computer lies in the Fact that the com-
puter can perform these functions faster and more accurately than the designer
can do by hand. The third &nd perhaps the most important means of using the
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cor outer in the design development cycle by simulating the performance

of the total integrated system was also discussed. A new method of
approximating the transfer functions of subsystem components by generating a
difference equation of the digital Tilter equivalent of the subsystem and
integrating a number of difference equations thus found into a computer model
of the total system functioning in the time domain provides answers for
sysiem performance that are too difficult to derive by conventional methods.
An example investigation of sample aliasing in the Ames Magnetometer System
was presented.

The benefits of using the digital computer in space instrument system
design are many and the penalities, once a digital computing capability has
been established, are relatively few. The largest single penality for those
who already have a computer is that of obtaining and putting into use the
already available analysis programs. As additional program materials in both
the analysis and the synthesis disciplines become available, the advantages
of computer aided design will become greater and the disadvantages will become
less making it possible to do even more careful and sophisticated design.
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DIGITAL OFFSET FIELD GENERATOR
FOR SPACECRAFT MAGNETOMETERS

Snare, R.C., Spellman, G.N., "Digital Offset Field Generator For Spacecraft
Magnetometers", Spacemagnetic Exploration and Technology Symposium,
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A digital offset field generator has heen developed which accurately
extends the dynamic range of a sensitive magnetometer., This system enables
the use of a sensitive magnetometer to resolve small magnetic field
flactuvationg in the presence of fields of large value. The circuitry ls
described in some detail'and (ts applicatina in instramentg Tor the Firs
Applications Techpology Setellite and Lle fifth Orbitirg Geopnycical
Ovservatory is discussed.

ARSTRACT

'

Key words: 0Offset Field Generator, Magnetometer

INTRODUCTION

The design of a magnetoreter for svace flight oftern involves a irade-
off between dynamic range and resolution. The magnetowcier for near earth,
highly eccertrie orbits presents a problem as it requires a large dynaric
range to remain linear at both perigee and apogee. An example of this
large dynamic range is the field seen by the first Crviting Geophysical
- Observatory (0GO-1) with perigee and apogee values which vary between roughly
ha,000Y and 10Y.

There has been significant interest recently in resolving small field
changes of less than 1y at flux levels as large as 60,000Y. A magnetometer
system has been developed whick employs an accurate offset field generator
that provides a wide dynamic range for a high resolution magnetometer. This
system has been successively used on instruments for the first Appliecations
Technology Satellite (ATS-1) and 0GO-E.

linstitute of Geophysies and Planetary Physics, University of California
‘at los Angeles.

2Marshéll Iaboratories, Torrance, California.
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EARLY MAGNETOMETER DEVELOPMENTS

Many early spacecraft magnetometers were designed to provide a single
output from each axis. The maximum output would be scaled to represent
the meximum value of the field expected for the planned orbit or, as in
some cases, the maximum value of the field expected in certain regions of
interest., This selection criteria often resulted in an instrument of large
dynamic range. The resolution of such an instrument was limited by the
resolution of the data system and instruments with a resolution of ten
gamma or a hundr:d gamma were not unusuval,

A techniqu= used on a variety of spacecraft instruments was to provide
several different values of ‘dynamic range. The dynamic range was selected
by a ground command transmitted to the spacecraft or possibly the range
was automatically selected during flight by a detector cirenit of the
instrument. Examples of this type of instrument are fluxgate magnetometers
for Explorer 6 with ranges of 25V, +50Y and +10,000Y (Coleman, 1960) and
for 0GO-1 with ranges of +30Y and +500Y (Heppner et al., 1967).

A magnetometer was prepared for the ABLE-5 spacecraft which provided
automatic scale switching with dynamic ranges of 132y, 1320y and +3200Y.
Upon ground command these scales could be increased to +SOOY, 4SOOOY and
+50,005V respectively. This provision was to be activated durlng launch
of the spacecraft such that the magnetometer would remain on scale during
the boost phase. Also included was a system which upon ground command
could apply offset fields to the sensor in steps of 4Oy with a total range
of =160Y to 200y. The purpose was to provide a means of offsetting space-
craft fields such that the magnetometer could operate in its most sensitive
mode in the presence of a spacecraft perm field which mig't ordinarily
keep the magnetometer on one of its less sensitive scales (G.M. Takahashi,
1960). While this technigue enhances the resolution of the instrument when
operating in low fields, the resolution of the least sensitive scale is
often less than desirable. ‘

An early automatic »ffset field generator was used on the magnetometer
for Sputnik 3 as reported by Dolginor et al., 1961. The system provided
sixteen offset steps, each of 3907V to  offset a magnetometer with a dyramic
range of 12 ,400¥. Thus -the system had a total dynamic range of 43,000y,
The system used several rotary stepping switckes and was operated from
batteries (Fig. 1). Although the usefulness of the offset field generator
was demonstrated on Sputnik 3, the accuracy of the system left something
to be desired by todays standards.

DIGITAL OFFSET FIELD GENERATOR

The purpose of the offset field generator is to apply a localized field
at the sensor which opposes the ambient field and places the basic magne-
tometer within its linear dynamic rangé:; This is accomplished by supplying
stable currents in discrete steps to an auxjiliary coil wound-arouwnd the
magnetometer sensor. This extends the dynamic range of the overall Jinstru-
ment without altering the resolution of the basic magnetométer,

The block diagram of a magnétqmeter and offset field generator is
shown in Fig. 2. The basic magnetometer is of the gaturable core, closed
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loop type with ample feedback to insure stable gain, linearity and flat
frequency response. The analog output of the basic magnetometer may be
scaled to prodnce the desired resolution.

The purpose of the level detectors is to indicate an off scale con-
dition of the basic magnetometer. When this cceurs a count is either
added to or subtracted from the up-down counter. BEach binary in the up-
down counter drives a switch of @ ladder-adder type digital to analog
converter (Fig., 3). The output of the ladder-adder is a linear function
of the state of the '1p-down counter. The calibrate resistor (R, of Fig. 2)
scales the current applied to the sensor coil and is selected during system
calibration. When the ountput of the basic magnetometer activates either
level detector, the of'fset field generator applies an incremental offset
field to the sensor such that the basic magnetometer output is returned
to center scale.

It will be noted that the offset coil on the sensor is returned to
V./2. Vhen the count in the up-down counter is 10000..., i.e., tke most
significant bit is a "1" and all others are "O", the output voltage of the
ladder-adder will be V /2. In this condition no current will flow in the
coil and the zero offset condition is established. The ladder output
voltage may vary up or down from Vh/2 and provide both positive and neg-
ative values of offset fields.

CIRCUITRY

The 0GO-E and ATS-1 magnetometer while different in many respects,
share the same bvasic circuit blocks. The following is a description of
some of those blocks with special attention given those. factors which
effect the accuracy of the system.

The up-down counter is of a standard type using Texas Instruments
integrated circuits: The binaries are the SN510A type and the routing
gates use the "pulse-exclusive-or" type SN5131. The output of the SN510A
binary is capable of driving both the relay and the solid state switch
modules which will be described later.

The up~down counter is controlled by two threshold circuits which
sense the zero volt level and the five volt level at the basic magnetometer
output. The threshold ‘circuit uses a 2N2060 matched differential pair of
transistors as shown in Fig. 4. The threshold eireuits are switched within
5 millivolts of the desired threshold over the temperature range of
-15°¢ to +55°C.

A digital to analog conversion ladder was.construeted as shown in
Fig. 3. The equivalent circuit fof-the ladder ‘eshvérter -can be arrived
at as shown in Fig. 5. It can be seen that regardless ofr the-gtate of the
ladder switehes (Slws ), the output impedance of the ladder rémaifs ffixed ™
at R.

The accuracy and stability of the digital to analog conversion pers-
formed by the ladder is dependent on the ae¢uracy and stabjlity of the
ledder resistors, the reference voltage Vﬁ and the offset voltage of each
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Fig. ¥  Threshold detegtor schematic diagram (V is connected
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switeh. Tt is seen thal an extremely stable reference voltage must be
generated. The reference voltage supply uses a highly stable Fairchild
reference dicde (Fig. 6). This diode has a temperature coefficient of

5 uwv/CO. The Zener reference source is buffered by a d.c. differental
amplifier. This ampiilier has a very high open loop gain and is fed btack
to a closed loop gain of unity, The large open loop to closed loop gain
ratio can give rise to oscillation problems in this type amplifier.
However, in this application the frequency response ig carefully rolled
off to a very low value. The nigh open loop to closed loop gain ratio
gives the advantage of a high input impedance and a low output impedance.
Both of these characteristics are requirements. This Zender diode,
although extremely stable, has a high dynamic impedance. The current
through this diode must be invariant. The voltage supplied to the Zener
is pre-regulated (+20V + .14%) and the buffer amplifier must have sufficient
input impedance so as not to load the Zener's circuit. The input stage
of the reference amplifier uses a matched pair of transistors. The
tracking of the VBE offset between the two sides of this pair is better
than 5 wV/CO. The total drift of these amplifiers has been measired to
be less than 350 wV over a 40°C change in temperature.

The switch Sl and adjacent resistor (Fig. 3) correspond to the most
significant bit of the ladder. An error in the val.ie of tte resistor or
an increase in the offset associated with S] is more critical than an
equal error in one of the less significant bits of thre ladder. Con-
giderations of speed and system reliabilily make the use of semi-
conductor switches preferable to relay switches, however, ths offsel voltage
associated with transistor satiaratis- carn be oxoeggi e in the mor sic-
=~iTicant tit pasitions. System accuracy consideratiorz ray Jd'ctate tre
use of relays for ithe most significant bits. Careful selection of relays is
required as an offset voliage way be generated by the potential betveen
dissimilar metals used in a relay. The error vollage cased by an offsct
in tne ladder switches is given by equation 1 as reported by Arthur, 1:Ch.

v ay QY
AV~gs ME + w5 AE, +ooov g AR (1)
1 e n
Where E is the voltage supplied by the switch Sn and V is the ladder oni-
put voltage. It can be seen trat the outpu:t error is most sensitive o
variations in offset voltage of the most significant bit position (AR).

The accuracy requirements for each switch in the ladder decrease from
tke most significant bit position to the least significant position. Tt
is therefore possible that a good compromise between ladder speed and
accnracy is to use relay switches in the most significant positions and
transistor switches in the least significant positions. It is seen that
as the ladder is counting either up or down the ecyeling rate of the switches
decreases as you progress from the least significant bits to the most
significant bits.

The semiconductor switch used on the offset field generator is slown
in Fig. 7. This circuit offers a maxjmm offset of less thran 750 uv at
0°C. The worst case variation of .this offset has been shown to be less
than 400 uv over a 40OC range. This corresponds to an error of 16 x 10~3
percent of the reference voltage or 160 PPM.
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The ladder-adder resistors were precision wire wound resistors made of
Karma3 which was choser because of its non-magnetic properties and low
terperature cocfficient. All resistors vere custom wound from the same
speol of wire to insure the temperature coefficient of all resistors would
be identical and track one anoirer over the temperature range. The re-
sistors were selected to be within .N2% of the specified value at 250C
with a temperature coefficient of + SPPM per ©C. The change in outpat
voltage due to a temperature variation of 590C can be expected to be .)25%.

The error in output vnltage caused by a variation in the resistance

)
of an individual ladder resistor ;% :)has been analyzed by Arthur, 176k

The error depends upcr. the state of each switch in the ladder and can be
calculated for any state of the counter. The total variation in output

voltage wren the ladder is in its center scale position is approximately
equal to the trermal variations of an individual resistor of the cireaii.

The wirce wvornd arourd the sensor Lo porerate the offset field puct
be carefilly selected. It must Fave 2 very low temperat re coelf cert
27 reglistarce s-¢v tie current through the coil dnes not crange with the
temperature. The wire mist also be non-magnetic. There are a number of
excellent wire types which meet this reguirement, however, an added
requirement is that of low resistivity. The resistance of tris wire mast
be low enough such that the cowbination of the outpit impedance of the
ladder and coil resistance is not too lirge to allow the required current
to flow. The wire selected was Advance”, this ‘»re has a resistance of
approximately 2.54 ohms per foot if number 39 wire is nused. ‘

MAGNEIOMETER FOR OGO-E

The orbit for 0GO-E is highly eccentric with magnetic field values
ranging from roughly 40,000 to <10Y. Tt was required that the instrument
cover this entire range of fields with the best resolution obtainable. The
spacecraft has a pulse code wodulation data system with eight bit digit-
ization of the OV to 5.12V input voltage. This corresponds to a resolution
of 20 millivolts. The basic magnetometer sensitivity was selected such that
20 millivolts represents 1/3Y. This gives a dynamic range of :167 certercd
about +2.5V for the basic magnetometer ouwtput. The least significant offset
step of the offset field generator was scaled for 16y. To conserve power
the instrument has two offset field generators, a coarse offset field
generator with seven bits a2nd a medium offset field generator with six
bits. The least and most significant bits of tnc medium offset field
generator are scaled for 16y and 512Y respectively. The least and most
significant bits of the coarse offset Tield generator are scaled for

3Karma » 8 trade name of Driver Harris Company

L . s
Advance, a trade name of Driver Harris Company

163



1,924y and 65,536y respectively. As previously mertioned, when the most
significant switch of each ladder is on and all other switches are off,
both offset field generators are in the zero offset condition. The dynamic
range of the two ladders sre +496y to «512y and 64,512y to -65,536y. The
total dynamic range of the instrument which is the sum of the coarse and
medium offset field generators and the basic mignetometer is +64,924y to
-66,064y. The magnetometer can resolve 1/3y even in the presence of a
field of maximum value. It should be made clear that this is the resolving
power of the instrument and not its absolute accuracy.

The seven bit coarse offset field generator uses relay switches. The
resistors for the coarse ladder are 375 Q and 750 Q. The coarse offset
winding on the sensor has a coil constant of 22Y/ua and has a d.c. resistance
of 135 Q. The calibrate resistor is approximately 300 Q and is the same
type of resistor as those of the ladder-adders. The seven bit medium offset
Tield generator uses semiconductor switches. The resistors for the medium
ladder are 25K Q and 50K Q. The medium offset winding on the sensor has
a coil constant of 7.5 Y/ua and has a d.c. resistance of 132 Q. The cal-
ibrate resistor is approximately 27K Q.

The room temperature accuracy of the instrument at +19,000Y was found
to be within 50Y or .5%. Some of this error can be atiributed to the test
facility and to errors in the alignment of tle sensor assembly within the
test chamber. Some of the inaccuracy may be due to errors in the original
set-up and calibration of the magnetometer. Tt is difficult to determine
the exact amount of error tc assign to each factor.

Temperature tests have been made over the range of 0°C to +50°C on
both the sencor assembly and the electronics package. Variations were
found to be within 30Y of the room temperature value at 110,000y or 3%.
Some error can be attributed to thermal variation in the sensor assembly
holding fixture which changes the sensor alignment as a function of
temperature.

It can be seen that this type of instrument is limited by the test
and calijbration facility available. In our case the magnetometer may be
more accurate at high field values ihan the test facility. Alignmenrt of
the sensor assembly within the calibration coil is another serious protler.
The orthogonality of the calibration facility coils and the orthogonaliiy
of the sensor assembly elements also limit the accuracy of the measorenmnents.

The 0GO-E magnetometer rtas three orthogonal axes each with coarse
and medium offset field generators. For additional information on thre
0GO-E magnetometer see Snare and Benjamin (1966).

ATS-1 MAGNETOMETER

The ATS-1 spacecraft was placed in schyncronous equitorial »rbit at
5.6 earth radii on December 6, 1966. The spacecraft was spin stabilized at
190 rpm. The magnetometer has two sensors whicr lie in a plane thet also
contains the spin axis, with each sensor at 150 to the spin axis (Barry
and Snare, 1966). The outputs of tre two basic magneiometers are passed
through sum and difference amplifiers to resolve the {ields normal end
parallel to the spacecraft spin axis. The dynamic range of each tasic
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wagnetometer was +50Y, 190y and +200y. The instrument remained in the
most sensitive cordition (+50Y) except when the normal field was greater
than the dynamic range of the basic magnetometer. Wher the normal field
exceeded the dynamic range, the instrument awtomatically switches to a
sensitivity of greater dynamic range.

The nomwinal field at the positisn n? the spacecraft was expected to be
125y witr a diurnal variation and solar wind modulated variatione of =nknown
amplitude. Another significant factor was that the instrument was mounted
on a magnetically dirty spacecraft. The magnetometer sensor .as mounted
on a hoom whose total length was a spectacular seven inches. The perm
field of the spacecraft and stray fields due to current loops at the
Incation of the sensor was unknown wvhen the instrument was being designed.
Because of these variations in the geomagnetic Tield and the mncertainty
of the spacecraft fields, an offset field generator was ased in con-
Jinetion with each magnetometer axis.

Each offset field generator had six bits. The least significant step
was scaled for 25Y. The zero step of the ladder was offset 125y and the
ladder had a dynamic range of -675y to +925Y. This zero step offset was
selected because of the nominal orbital field value of 125y. With tre zero
offset, the offset field generator had an even range in each direction
of 1800y.

Because of the limited dynamic range of the offset field generator,
solid state switches had low enough offset voltage such that relay switches
were not required. The resistors of the ladder were 25K 0 and SNK Q. The
coil constant of the sensor winding was 15.3 Y/ua and a d.c. resistance
of 150 Q. The calibrate resistor was approximately 25K Q.

To date the ATS-1 magnetometer has been successively operating n
orbit for nine months with a total operating time of 4599 hours.
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Average Interplanetary Magnetic Field for
Angular Momentum Calculations

Jerry L. Modisette

N69-33964

-

Modisette (1967) and Weber and Davis (1967) have analyzed the angular momentum
lost from the sun to the solar wind, and have shown that the torque on the sun can
be calculated by assuming the solar wind plasma to rotate as a rigid body out to
the Alfve'n radius and to be discoupled at greater distances. Dicke (1964) had
predicted a similar result from unpublished work. Modisette (1967) also showed
that the torque on the sun is, to a close approximation, proportional to the square

of the radial component of the solar magnetic field.

The proper value of the average solar magnetic field is of considerable astrophysical
interest, since as shown by Figure |, the e~folding time for decay of the solar
rotation becomes equal to the age of the sun at a surface field of about 3 gauss.
Stronger fields produce shorter decay times, while weaker fields such as the

generally quoted | gauss produce insignificant decays in solar rotation.

Because the torque is proportional to the square of the field strength, small areas
with strong fields can be important contributors to the effective solar field, which
Is the rms average. For example, if 10% of the surface is covered with a 10 gauss
field, this area alone would produce an rms average field of about 3 gauss, even

if there is no field on the other 90% of the surface.

There are two sources of data available for determining the average solar magnetic
field. There are direct measurements based on observations of Zeeman splitting
of lines in the solar spectra, and there are inferred values obtained by extrapolat-

ing the field measured in interplanetary space. In a sense both sources amount
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to extrapolations as far as the torque is concerned since it is the radial component

’ . . .
of the field at the Alfven radius which actually determines the torque on the sun.

Bumba and Howard (1965) have published maps of the solar magnetic field for
August 1959 and February 1964. The periods shown represent a time of peak solar
activity and a minimum period. From their field maps it is possible to integiate
aireas within contours and calculate average fields, However, one immediately
has the problem of deciding what field strengths to consider as contributing to
the interplanetary field, since for very strong fields one would not expect the
field lines to be drawn out into space. Table | shows the results of averaging

the fields with fields stronger than 10 gouss omitted from the calculation.

Table |
August 1959
Fraction of B 2
Contour Area Enclosed avg A Area (QA) B
2 gauss 0.53 4 gauss -0.28 4.5
6 gauss 0.25 8 gauss 0.14 8.0
10 gauss 0.1 10 gauss 0.h I.0

15 gauss negligible

"B =\4.5) +(8.0) + (11.0) =4.8 gauss
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Februgryil‘?é{’

Fraction of B 2
Contour Area Enclosed “avg A Area (AA)B
2 gauss 0.145 4 0.130 2.1
6 gauss 0.015 8 0.0l4 0.9
i0 gauss 0.001 10 0.00l 0.1
15 gauss negligible

B =V2.1+0.9+0.1 = 1.8 gauss

Note: The field is taken to be zero outside the 2 gauss contour, Assuming the
average field outside the 2 gauss contour to be one gauss increases the rms

average by 0.05 gauss for August 1959 and by 0.2 gauss for February 1964.

The 10 gauss cutoff was selected rather arbitrarily as corre:. .ading to the stronger
s ) 2 .

fields observed at | AU (= 20 gamma based on a |/t ex* alation), and because
the dimensions of stronger field regions are so small that the fields are Lelieved

to be closed at the sun.

It is apparent from Table | that the stronger field regions are the major contributors
to the rms average, so that the question of what fields are drawn out into space

is quite important.

The magnetic field in interplanetary space is of more immediate interest in
deteimining the torque on the sun, since it obviously has been drawn out and
will contribute. Most of the measurements, unfortunately, have been made at
times of relatively little solar activity, so that an average over a solar cycle

cannot be made based on interplanetary measurements alone.
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Meosusements of the interplanetary magnetic field have been reported for
Masines 1l (Neugebauer and Snyder, 1967), Pioneer V {(Greenstadt, 1966), and
lmp 1 tWilcox, et al., 1967). Inaddition, C. P. Sonett aad David S. Colburn
have made lmp 11 doto available to the author. Table 11 shows the rms averages
obtained. Table 11 also shows the corresponding soler field, obtained by extrap~

olating the interplanetary measurement back to the sun by an inverse-square law.

Icble Il
Vehicle Date Interplanetary Field Solar Field
Pioneer V March 12-May &, 1960 6.7 3.19 gauss
Mariner 1 Aug. 25-Nov. 15, 1962 4.67 2.1 gauss
lwp | Dec. 10, 1963-Feb. 12, 1964 3.08Y 1.56 gauss
Jmp 18 Oct. 22-Dec. 29, 1966 4.47 v 2.06 gauss

i appears from Table 1 ond Table 1l that the rms magnetic field of the sun varies
from one or two gauss at sunspot minimum fo about five gauss at sunspot maximum
with the rms average over a sunspot cycle being 3-4 gouss. However, this result
depends rather heavily on the cutoff selected in analyzing the solar measurements.
interplanetary field measurements through solar moximum will establish the average

with greater confidence.

An overage magnetic field of 3 or 4 gauss gives a torque on the sun producing an
e-folding decay of the sola: rotation :n 3 io 6 billion years which is comparakle
to the age of the sun. It is possible that at other periods the sun was more
active and Fad a stronge: magnetic field. It appears that magnetic forques are
capable of explaining the small amount of the solor sys:em angular momentum in

the sun.
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It should be emphasized that the rather high value of the field results largely
from strong fields existing a small part of the time. It is therefore important
that accurate measurements of these fields be extended over the entire solor

cycle, ond thai rms averages be carefully dete-mined.
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DEMAGNETIZATION METHODS FOR SPACECRAFT
SYSTEMS AND COMPONENTS

Charles A. Harris Néé ;33 9 6 5

Goddard Space Flight Center
Greenbelt, Maryland

INT<OCDUCTION

Since the commencement of the magnetic test programs
for the IMP and OGO spacecraft systems and components,
demagnetization has been employed as a means of restoring
the object to a nearly zero virgin magnetic state. Between
- 1962 and 1963 D.C. demagnetization was employed at the
Component Magnetic Test Facility (CMTF). More receptly
demagnetization has been performed by substituting a 60 Hz
A.C. field for the D.C. schedule. Under normal conditions
a ferromagnetic material can be demagnetized by the applica-
tion of a demagnetizing force with an initial field strength
amplitude equivalent to the coercive force of the material.
A field of this magnitude would then ensure removal of the
remanence resulting from prior saturation of the material.

However, in the testing of the spacecraft subsystems
there are practical reasons why the demagnetization field
magnitude has been maintained at a level of 50 Oersted or
less. For example, facilities to generate more intense
fields throughout larger volumes are either very costliy orx
are incompatible with requirements for generating gradient
free low intensity fields (zero to a few gammas) needed for
other magnetic tests. In addition, some spacecraft carry
on-board permanent magnet devices (mass spectrometers,
klystrons, compensating magnets) whose intended function
would be impaired by even partial demagnetization. There
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is the possibility of inducing damaging mechanical and
electrical forces with the spacecraft by exposure to very
intense fields. Also, apart from the deliberate magnetiza-
tion of permanent magnets and the magnetic inspection of
components and welds, it is extremely unlikely that com-
ponents or subassemblies will be exposed to magnetizing
fields in excess of 10 or 15 Oersteds except under con-
trolled test conditions Therefore the 50 Oersted level

of field should result in completely demagnetizing "soft"
ferrous materials whici: have low coercivity and, in addition,
reducing the field strength of "hard" ferrous materials
which have not been magnetized with fields above this
level. This will not reduce the moment of an ALNICO magnet
however, and therefore will not alter the operating charac-
teristics of components which include magnets. Figure 1,
therefore, presents examples of the hysteresis curves for
both hard and soft ferrous materials and indicates the wide
difference between the two saturation levels.

The sequential exposure of a component or assembly
to a known magnetization field followed by demagnetization
provides a well defined magnetic history for the test item
and is a wmeans of establishing a relatively stable and
predictable magnetic characteristic. Even if the exposure
sequence is omitted, demagnetization alone can still be
used to establish a relatively stable magnetically clean
condition. Therefore there is a continuing need for improved
methods to accomplish this task. As a result, a series of
tests have been performed in order to compare the relative
merits of A.C. and D.C. demagnetization techniques and to
enable the selection of the method most suitable for demag-
netization of spacecraft systems and components. In order
to demagnetize materials properly, the following procedures
should be included in the process.

1. Gradual and continuous reduction of the area under
hysteresis curve to zero by cycling through a series
of gradually diminishing hysteresis loops.

2. Maximum amplitude ox initial field strength equal
to or in excess of the maximum coercivity of the
material tc ensure removal of the saturated remanence,

3. Return of object to a demagnetized isotropic condition
similar to a virgin state by producing a scattering
effect which in turn results in a completely random

orientation of the domains in the nmaterial.
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While the aforementioned requirements can be satisfied
by either A.C. or D.C. demagnetization processes, a thixd
method which does not satisfy these conditions can also be
used for demagnetization. This technique, normally called
the "recoil method," is not customarily employed since it
actually results in-a pseudo deperm by leaving the test item
in an anisotropic condition. By trial and error the mag-
netization of "softer" elements is reversed to provide com-
pensation for the remanence of the "harder" element;. The
stability of such a multipole system comprising both soft
and hard elements would then be uncertain. Therefore, only
the A.C. or D.C. demagnetization processes have been investi-
gated.

TEST OBJECTIVE

In order to evaluate the demagnetization techniques a
series of tests was designed which would provide the follow-
ing information:

1. Effectiveness of demagnetization process in reducing
the residual field intensity.

2. Data to be used in comparing the results between 60 Hz
A.C. and D.C. demagnetization.

3. Relationship between intensity of applied field and
remanent magnetization of object.

4. Comparison between 3-axis and single axis (moment)
demagnetization.

5. Feasibility of demagnetizing in earth's ambient field.
6. Other miscellaneous factors affecting the demagnetiza-
tion process (L/D ratio, shape, eddy current loss).

some of the problems and limitations of the two general
categories (A.C. and D.C.) of demagnetization techniques
involve:

1. Induction of large circulating currents within the
spacecraft circuitry associated with 60 Hz A.C.

2. High current switching requirements which ave handled
by relays for D.C. depermirg.

3. InduceR” voltages which can affect cancellation coils.
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While these problems are not insurmountable, it would
appear that they should be taken into consideration and
included in the actual demagnetization requirements.

From the standpoint of the problems associated with

(1) and 3) those demagnetization systems which include
either A.C. or D.C. pulsing demagnetization are undesir-
able. A proposed solution would be to develop a D.C.
rotation demagnetization capability which could be sub-
stituted for both the D.C. (pulsing) and A.C. systems.
Whereas, the 60 Hz A.C. deperm can employ a variable auto-
transformer to vary the field, the D.C.—pulsing system
requires a succession of field pulses of revarsed polarity
which can be diminished to a minimum field strength mag-
nitude of zero. The sequence for such a system is dis-
played in Figure 2. The proposed D.C.— rotation method
employs a diminishing D.C. field (refer to Figure 3)
similar to the D.C. pulse deperm of Figure 2 but excludes
the field reversal requirements. As seen by the test item,
the D.C. field effectively becomes a low frequency A.C.
field in view of the fact that the object is rotating in
the applied D.C. field. There are several advantages

to this system which make it more preferable to either tiwe
A.C. or D.C. pulsing systems; for example, power supply
problems are simplified; ambient field effects are can-
celled; there is greater uniformity and control of the
deperming process; and though automatic controls are con-
venient, they are not mandatory. The last and final

test objective then is to compare all three methods of
demagnetization in order to determine if the D.C. rotation
technique would indeed be practical.

TEST RESULTS

Prior to the actual deperm tests, consideration was
given to the selection of test samples which might corres-
pond to expected spacecraft components. Thus, one sample
was obtained which represents an actual spacecraft ele -
tronics subassembly while the others were selected to
represent various thicknesses and lengths of objects. The
particular rods which were selected had approximate
demagnetization factors which varied from 0.08 to 0,001 and
contzined low or moderate eddy. current loss characteristics.

178



/

D.C. POWER SUPPLY OUTPUT

TIME ——————

~g— J0NLINOVN

tt//r///l/’/

™ %///////,
AN

PULSE INTERVAL & POLARITY.

| %7///////////%
N

_FN////////////

%ﬁ%ﬁ

3AILISOd

M

AT

. |

m Ly

N

|

B |

3AILYO3IN

.‘I.I|III FANLINOVN

Figure 2-D.C. Pulse Demagnetization Sequence.

179



FIELD MAGNITUDE (GAUSS)

60

40

20

— o — o)

T——-—-? GAUSS

-60
o

R 5 6 7
TIME (MINUTES)

Figure 3-D.C. Rotation Deperm Sequencé.



50 Gauss Depe::m Results - Figure 4, is a comparison
graph which indicates the percentage deperm results,
obtained with the various samples for each of the three
demagnetization states. In the case of four samples,
each method of demagnetization reduced the remanent 25
gauss exposure field magnitude at least 90%. While
there remained less than 5% difference between the three
methods, the D.C. rotation system produced the most
effective results in each case.

3.5 L/D Steel Rod - As depicted by Figure 4 which
includes the demagnetization results for the various
samples, only slight differences in the effectiveness of
the three methods could be found. The one exception was
the 3-1/2" 1. .gth rod which had a much greater thickness
(1 inch diameter). Here again the D.C. rotation method
tends to prove slightly more effective than the 60 Hz A.C.
and substantially more effective than the D.C. pulse
demagnetization. In addition to the 50 gauss field resuilts,
freatments involving variocus field levels were also per-
formed. . Figure 5 has then been prepared to illustrate
raphically the results obtained under these conditions.
‘Although the A.C. method proves effective when the demag-
netization field magnitude is less than 25 gauss, the
D.C. rotation method becomes more effective as the mag-
nitude is increased. Examining the results obtained with
the 1" diameter rod, the following facts can be noted:

1, At levels of 50 gauss the L.C. rotation deperm was
2-3% more effective than the A.C, deperm.

2. Increasing the D.C. rotation magnitudes from 25 to
50 gauss resulted in a 10% improvement in the deperm
results (£1-85% reduction at 25 gauss and 295% at

50-gauss) .

It is of particular interest to note the eddy current
effects which are attributed to the less effective A.C.
deperm. For example, as the diameter of & rod agpprosches
and exceeds 1" the eddy currents generated by a 60 Hz
field can become appreciable. 1In the case of a 1"
diameter rod the ratio of field applied (Ha) to surface
field (H.) would be aporoximately 0.9. 8o for a 50 gauss
60 cyclés A.C, field the rod will generate an opposition
field of 5 gauss (Hs=45 gauss). Furthermore, with a 2"

181



PERCENTAGE REDUCTION — $0-GAUSS DEPERM FIELD MAGNITUDE

iTEM L/D]
ELECTRONICS )
UNIT
SAE 1020 ROD |.
3-v2'x 1" 35
DRILL ROD 16
4" x &'
SAE 1020 ROD | ¢
4"x 174"
) s ///////////x////’//////////// L2
STEEL ROD 50 - 1 -
125" x 178"

Figure 4-Deperm Test Results,

182




RADIAL COMPONENT FIELD MAGNITUDE (GAMMAS)

3.5" SAE 1620 ROD

1

DC DEPERM (PULSE)

+\+

DC DEPERM

\ \ ’(}mmom \+\+
x\ Y
\x\‘ 'AC DEPERM
Q‘:s\\
L O p---—¢
10 20 30 40 50

OEPERM FIELD MAGNITUDE (GAUSS)

Figure 5-1" Diameter Rod Deperm Results.

183



diameter rod this ratio would approach 0.33 resulting in
a 1/3 field reduction. These eddy current effects could
be remedied by reducing the A.C. field frequency in which
case the Hé/HS ratio would diminish. However, this would
require sources of controllable, high power, low freguency
A.C. which are not readily available.

As a further note, there are instances where A.C.
will not always result in an isotropic distribution of the
material domains. This condition would prevail for a
magnetic substance which had a cubic anisotropy. This
material would be expected to have a domain distribution
at the demagnetization state which would be confined to
within 55° about the axis of the A.C. field. 1In order to
eliminate this prodblem, a rotating field capability would
be required.

Electronics Unit - The advantage of D.C. rotation
demagnetization in relation to field magnitudes in excess
of 25 gasuss is illustrated in Figure 6 which displays the
. test results for the electronics unit. Although the com-
position of this spacecraft subassembly is such that the
three methuds tested produce effective deperms, there is
still a decided difference between the results obtained
with each method. In addition to the comparison data
presented in Figure 6, the following tables summarize the
A.C. and D.C. rotation test results. As evidenced by the
hysteresis loop and :»ormal magnetization curve for the unit,
the 25 to 50 gauss (Figure 6) these curves would then have
to be readjusted.
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TABLE I

Summary of A.C. Test Results

By increasing the deperm magnitude by a factor of two
(25 to 50 gauss) the remanent perm magnitude was
reduced 60% (1.8 to 1.1 gammas).

By incorporating rotation of the assembly while deperm-
ing in earth's field, results comparable to a zero
(background) field deperm were obtained.

With the assembly and coil aligned east-west (D field
magnitude zero) a satisfactory deperm could be
obtained without rotation; however, the results were
less effective than a zero field deperm (remanent
field magnitude approximately twice as great).

Repetition of the deperm treatment (unit not
re-exposed) results in slight reduction of remanent
perm magnitude (5 to 10 percent reduction).

Application of the deperm field along three individual
axes of the assembly resulted in a cleaner deperm than
a single axis deperm (along moment). This included
either a single axis (moment) or 3 axis exposure.

TABLE II

Summary of D.C. Rotation Test Results

By comparison, the D.C. rotation method of demag-
netization resulted in the most effective deperm (2-3%
better than A.C.).

Although it was possible to vary the deperm cycle,
effective results were obtained by employing a minimum
of 7 to 10 complete field reversals.

A decidedly ineffective demagnetization treatment was
obtained when the sweep rate was accelerated or
diminished during the deperm sequence.

186




While the D.C. rotation deperm sequence consisting of

seven field reversals would prove effective when applied

to most materials, other combinations of field decrease and
assembly rotation could be selected. In this particular case
the speed of rotatior. r the assembly was 1 rpm which was
identical to the power supply sweep drive rate. Variation
of the deperm sequence could.be accomplished by adjusting the
rate of rotation of the assembly from O to 11 rpm and/or
setting the sweep drive at 1 or 10 rpm. Thus, the deperm
sequence could be shortened from a time interval of less than
7 minutes to just one minute if desired (rotation speed 10
rpm-sweep drive 10 rpm) while still obtaining the normal 7
field reversals. Obviously, these alternatives improve the
versatility of the system as compared to the 60 Hz A.C. de-
perm. The selection of sequences which include fewer or more
field reversals could be varied from test item to test item
as necessary. Actual results which were obtained for wvarious
rotation and sweep rates, the corresponding number of full
wave field reversals and the related increments of field
magnitude between each cycle are presented in Table III. The
data verifies the fact that little is to be gained from the
efficiency standpoint by prolonging the deperm sequence unless
there is a mechanical or other limitation on the rate of
rotation.

TABLE IIXI
D.C. Rotation Deperm Sequence (50 Gauss Field Magnitude)
Assembly | Power Supply | No.of Full | Approximate |
Rotation] Sweep Drive | Wave Field| Field Incre- Percent
Speed Speed Reversals | ment between | Deperm
(rpm) (rpm) (shots) shots (gauss) | Achieved
1 1* 7 8 97.5
2 1 14 4 97.6
11 1 75 1 97.7
1l 10%# <1l 50 0
5 10 3 14 95.4
7 10 5 10 97.5
1l 10 7 7 97.5

*Total time required 6-2/3 minutes (identical to D.C.
pulse deperm)

**Total time required 40 gseconds (normal A.C. deperm
<10 seconds)
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CONCLUSIONS AND RECOMMENDATIONS

The demagnetization tests which were performed
indicated the following:

1. Demagnetization with a pulsing D.C. field is the least
effective of all three methods.

2. Rotation of the object is desirable when an earth's
field deperm is attempted.

3. Although the results tend to favor the D.C. rotation
deperm over the 60 Hz A.C., effective demagnetization
of spacecraft subassemblies could be achieved by
either method. When eight IMP or OGO spacecraft

' assemblies were demagnetized by both methods the
maximum and minimum percentages of effective deperm
were as follows:

A.C. = 99 and 45
D.C. rotation = 99 and 46

In view of the favorable deperm results obtained with
the D.C. rotation method and especially because of the
advantages of such a system, i.e., variable frequency rates,
reduction of eddy current and rise time effects, and elimina-
tion of circuit breaking, it is recommended that this
method be utilized in the demagnetization of spacecraft.
Generation of non-alternating D.C. field presents no
difficulty and with the presently available Helmholtz coils
and turntables, the D.C. rotation method could be employed
in the demagnetization of the IMP or ISIS spacecraft in a
facility such as the ACTF.

188



P. W. Dro1l? and E. J. Iufer?

MAGNETIC PROPERTIES OF SELECTED SPAUECRAFT MATERIALS

NG9-33960

ny i

REFERENCE: P. W. Droll and E. J. Iufer, "Magnetic
Properties of Selected Spacecraft Materials,”
University of Nevada and Ames Research Center, NASA,
Cosponsored Symposium on Space Magnetic Exploration
and Technology (August 1967).

1

ABSTRACT: This paper summarizes the results of an
investigation of the megnetic properties of selected
spacecraft materials. Experimental measurements
describing the effecte of magnetic field exposure,
shock, vilbration, and temperature on the induced
and remenent dipole moment of Kovar, Dumet, Inver,
Nickel, 30:SS, 41055, and 416SS rod specimens are
presented. Analysis of the data indicates that
temperatures of 77° K to 390° K, shock to 50 g,
and vibration to 25 g produce negligible effects
on dipole moment for specimens having length-to-
diameter ratios of 5.5. The remanent and induced
‘xments of rod samples having length-to-diameter

tios of 40 or less are linearly related to mag-
netizing forces less than 25 oersteds. By means of
the date provided, predictions of the dipole moment
can be made for these materials if the alloy,
demagnetization factor, megnetizing field, volume,
and length-to-diameter ratio are known.

Nomenclature

B mognetic induction (Bp, residusl induction;
Byg, retentivity; Bg, saturation induction)

b diameter

H mognetizing force, magnetic field strength
(Hg » applied field; H,, coercive force;
Hep, coercivity)

I intensity of magnetization

L length

M magnetic moment

m length to diameter ratio

N desegnetizing fector
R measurement range

v volume

n permeability, normal

w! permeability, apparent

JResearch Solentist, Ames Research Center, NABA,
Moffett Field, Californie 94035,

Introduction

Recent emphasis on the systematic exploration of
the boundary of the Earth's megnetosphere and beyond
has served to set striect limitations on the magnitude
of megnetic fields produced by the spucecraft. To
assure that spacecraft fields do not degrade the
accuracy of the flight magnetometers, maximum field
intensities of 1 nanotesla (1 gamma) are being
specified for the complete spacecraft. This speci-
fication 1s related to current flight magnetometer
sensitivity of 0.1 nanotesle and the 4 to 10 nano-
tesla qQuiescent level of the interplanetary magnetic
field. As listed in Table 1, the fields of pre-
viously flown spacecraft (1), which were of suffi-
cient interest to be reported, range from
approximately 0.2 to 58.8 nanotesla at a range of
2 meters (nominal sensor location). Design of
spacecraft complying with 1 nanotesla, or less,
require close attention to the magnetic properties
of all materials used in fabrication.

Although achievement of a low-moment spacecraft
design would be realized by elimination of all
ferromagnetic materials, a large percentage of elec-
tronic parts etill contein magnetic materials.
Therefore, it is extremely useful to know the mag-
netic properties of these essential components to
provide a basis for design and prediction of
spacecraft fields.

Much information on the types of materials used
in the design of conventional magnetic circuits may
be found in the literature. The magnetic properties
of the materials studied in this report are inci-
dental to their application, and consequently,
little or no information can be found on their per-
tinent magnetic properties. Experimental measure~
ments have been made to provide the missing
information under conditions simulating the environ-
mental exposures occurring during the manufacture,
{transportation, and launch of spacecraft.

By means of the Tables and Curves found in this
report, it is posslible to make estimates of the
magnetic moments of spacecraft components.

Basic Relationships in Ferromagnetism

There are two basic megnetic quantities and an
arbitrary constant from which all other magnetic
quantities are derived (2). They are magnetic
induction, B, magnetizing force, H, and permeabil-
ity, po. Megnetic induction is the quantity mes-
sured by the mechanical force experlenced by a
current~carrying conductor in a magnetic field.
The measure of the ability of an electric current
to produce megnetic induction at a given point is
called the magnetizing force, H. Permeability is
the ratio of the magnetic induction to the
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corresponding magnetizing force. The valué assigned
to the permeability of free space, py, determines
the system of units and is equal to lx X 10~7 hen-
ries per meter in the MKS system and to unity in
the c.g.s8.~e.m.u. system used in this report.

With the definitions of B, H, and p, & dynamic
set of characteristics may be defined. If a
demagnetized closed ring specimen is subjected to
increasing values of H, there is a corresponding
but nonlinear increase in B. This effect is illus-
trated in Fig. 1, and is called the normal induc-
tion or virgin magnetization curve. The hysteresis
of the material is characterized by the partisl
retention of the induction when H is reduced to
zero. If the material were previously magnetized
to saturation, the induction retained is called the
retentivity, Bpg; for lower exposure levels, the
term residual induction B, is used. The negative
magnetizing force at which By becomes zero is
called the coercive force, Hp, and the moment at
which Bpg becomes zero is celled the coercivity,
Hog e

csmgnetic induction is made up of twoc components:
one induced in the space occupied by the specimen
(H) and the other dus to the intrinsic magnetiza-

-,..1 of the specimen (4nI). That is
B=H+ind
or o
7.B-H
= 1
: @

and I is the intensity of magnetization (3).
Bquation (1) is sometimes called the magnetic equa~-
tion of state because it describes the behavier of
ferromagnetic media in a magnetic field.

These equations assune homogeneity in the meg-
netic cireuit typified by torroidal core struc-
tures. However, spacecraft, magnetic material
shapes can often be approximated by slender cylin-
ders. The relatively high reluctance of space as
compared to that of the material causes the net
magnetizing foree inside the rod to be less than
the applied field. Classically this dimunition is
attributed to the formation of fictitious poles at
the ends of the rod. As a result, the hysteresis
curve for the rod specimen appears to be sheared in
comparison with the hysteresis curve of closed rings
as shown in Fig. 1.

For rod specimens (4) the equation of state is

= H - N

or the equivalent
= g - E ol ﬁ
o N( b )

Where H 1is the magnetizing field acting on the
middle of the rod, Hy, the applied field equal to
that which would exist if the specimen were removed
and B the flux density measured at the middle of
the rod. N represents the demagnetizing factor to
accommodate for specimen shape with a finite length
to diemeter ratio (m). It is assumed that H, B,
and I are parallel to Hy and uniform throughout
the specimen, which permits the vector notation to
be discarded.

The normal permeability of a ferromagnetic mate-
rial is defined as = B/H measured on a closed
loop specimen., The magnetic induction is measured
for known values of H, and p is calculated. For
a cylindrical specimen made from the same material
‘the effective permeability (u') is less and may be
defined by

-]

(2)
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. B
o _'I‘Io (3)

Substituting (3) and the definition of normal per-
meability into equation (2) ylelds

i - #_ N (%)
b=l p(u-1) kx
If u>>1
L1 N
Hoout o kg

For known values of Hg, N, and u the induction B
may be calculated from equation (3). Substituting
equation (4) into (2) yields

i = Ho{l + (N/4xt)] - (NB/4x)
1 - (N/hn)

(5
The intensity of magnetization is obtained by sub-
stituting (5) into (1) and
1 Ho[1 + (8/4n)] - (NB/bx)
1= 21; B -

1 - (N/bx)
The magnetic moment, M, of a body is equal to the
volume integral of the vector, I, and for rods,
assuming M is parallel to L is

M=1V

After calculating the magnetic moment of the rod,
the magnetic fields can bhe calculated at any range
using the dipole approximetion. The on axis field
of a magnetic dipole is given by

=24

RS

vhere R 1is the distance from the geometric center
of the specimen to the point of measurement. There-
fore, the external magnetic field produced by cylin-
drical shaped specimens can be calculated if the
permeability, magnetizing force, and the length-to-
diameter ratio is known. However, because of the
simplifying sesumptions, experimental measurements
are relied yron to determine the curve relating
perreability to the intensity of magnetization and
to find the curves for residual induction and
coercive fcrece.

Materials Selection

Seven ferromegnetic materials commonly used for
spacecraft electronic or structural purposes were
selected for this study. These materials and their
uses are listed in Table 2. The purity and some
properties of these materials, shown in Table 3,
vere verified by independent measurement. The
geometrical shapes of the specimens studied are
listed in Table 4.

Experimental Apparatus

The megnetic field measurements of the specimens
vere made in the Ames Research Center l2-foot coil
facility (5). The Barth's magnetic field was can-
celed to eliminste induced moments in the specimens
during residual induction measurements. High field



intensities were generated using a multiturn coil
approximately 10 cm leng and 10 om in diameter
~aich produced fields from zero to 300 gauss uni-
form to 3% over the volume of the specimens. The
low field intensities were generated using & sole-
noid 61 cm in length end heving & bore approxi-
mately 19 ca in diameter. The magnetic field
intensities of the specimens verc mpeasured with e
fluxgate megnetometer? sensitive to 0.2 gatme.

Experimental Procedure

Induction Measurement

The magnetic induction tests were performed on
Jemegnetized specimens. The stray fields of the
coil were coxpensated wsing circuitry built into
the pagnevtometer A&fter placing the specimens in
the unenergized coil, the curreat was adjusted to
provide a preselected magaetizing force end the
yesulting field intensity measured by the megne-
tometer was recorded. The specimen was then with-
dravn and demegnetized in preparation for the nex:
higher exposure levei.

Residusl Induction Measurements

The procedures used for the residual magaetic
induction measurements were similar to the tests
for megnetic induction. The depermed specimens
were placed in the coil and exposed to a known mag-
netizing force. After the coil was de-energized,
the residusl magnetic Tields of the specimens were
measured using the mognetozmeter under Zero ambient
f£ield conditions.

Coercive Force Measurements

Coercive forse measurements were made after each
specimen had been exposed to a knowm magnetizing
force. The residusl megunetic induction was brought
o Zero by spplying 2 momentary megnetizing force in
the direction opposite to the initial exposure.
Values for the ipitial exposure and for the reversed
exposure which reduced the residual induction tc
zero were recorded. Conventional cerreive force
measuremants are made dwring application of a mag-
netizing force vhich reduces the induction to zero.
However, for these st-dies, momentary exposures
were used te realistically simulate the exposures
received by spacaeraft.

Vibration and Shock Bffects Measurements

Vibration stresses were induced into the speci-
mens ysing 2 M.B. Electronics Model 2750MB ampli-
fier vith a Model ¢1l-D calibrator/exciter system.
The accelerometer used to monitor the g levels
was a Colurbia #odel 504-3 with a Model 602 Dial-A-
Gail amplifier. The drive unit was set up at a
resote location to avoid megnetic interference. A
nylon shaker fixture which held the specimens was
connected horizontally to the exciter system via a
182 en (6 £t) thin-walled aluminua push rod, 1.5 cm
in djameter. Dead Joad deflecvtion of the push rod
was reduced by use of & two point suspension pear
its center. The natural resonant frequency of the
rod and fixture was determined to be outside the

2forster-Hoover M. F. 5050
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vitration frequency band of interest. An accelera-
“ion level of 25 g was induced in the samples over
a freguency range of from zero to 2000 Hertz for a
period of time not exceeding 300 seconds to simulate
the launch environment. The specimens were first
vibrated vhile in a 25 oersted magnetizing force to
determine the induced moment effects and then
vibrated after a momentary exposure to a 25 oersted
magnetizing force to determine residual moment
effects.

The specimens were subjected to shock stresses
by dropping the specimens on a hard surface from an
elevation of approximately 30 c¢m to obtain a shock
level of approximately 50 g. Shock tests were per-
formed on the specimens after they were subjected
to = magnetizing force of 25 oersted to determine
if the residual fignetic induction would change.

Temperature Effects Measurements

The influence of temperature on B, stability
was determined by exposing speciwens to a 100 gauss
magnetizing force and then varying the temperature.
easurements of the megnetic fi23d intensity were
paTeamed on specimens at 30° K apu 77° K.

Error Analysis

The estimated error in the calculated induction
field values is <100%. The error is attributed to
the following: {(a) variations in properties result-
ing from composition or processing and (b} nonuni-
form magnetization intensity over the entire
eylindrical shape. The estimated uncertainty of the
calceniated values of magnetic moment obiained from
measurements of the external {ield is considered to
be less than 5% including random apd systematic
errors.

Temperature measurement uncertainties of 15° K
at the elevated temperature and 3° K &t the lovw tem~
perature resulied primarily from the inebility to
attach thermocouples directly to the specimens.

Bxperimentai Results

The zaterials tested can be divided inte iwo
types according to application: The first type,
consisting of Kovar, Invar, Dumet, and Nickel, is
used in the manufacture of electronic parts and is
presented together in the graphs. The secund type,
consisting of 416, 110, and 30% stainless steel, is
used in the manufacture ¢of structures and fasteners
and is similarly grouped.

Induction Properties

The induction moments of seven different mate-
rials were obtained for various length to diameter
ratios as a funetion of magnetizing force. Also,
the induction moment of Kovar was measured as a
function of length to Qiesmeter ratio at one level
of magnetizing foree.

The induction moments of Kovar, Invar, and Dumet
are shown in Fig. 2. The Kovar and Invar samples,
tested in configuration A (@ = 5.5) exhibit a very
linear response to megnetizing forces less than
100 oersteds. However, the Kovar and Dumet samples
in configuration B (m = 40), show a tendency to
saturate at the 100 oersted level. The test
results on the 4165S, L10SS, 304SS, and Nickel
semples in configuration A did not tend to saturate



as the magnetizing force approached the

100 cersted level. Figure 3 illustrates typicel
data as a function of magnetizing force. The
41085 and 416SS data are plotted as one curve
because their characteristics are very similsr,
see Table 2.

The effect of m on the induced moment of
Kovar samples tested in configurations B through L
at a magnetizing force level of 1 oersted is
shown in Fig. 4, and listed in Table 13. The low
level of megnetizing force was chosen to assure
that the specimen would not saturate in configura-
tion L {m = 2k0). However, the theoretical induced
moment curve does show a tendency to saturation at
high m values. The results of this test illus-
trate a very important design consideration. That
is, if a long piece of magnetic lead material were
reduced in length, by an order of magnitude, the
induced moment of the lead would be diminished by
approximately two orders of magnitude. Reducing
the m value is then an effective method of
reducing induced moment.

Residual Induction Properties

The residual induction moments of all the mate-
rials are shown in Figs. 5 and 6, and listed in
Tables 5 through 12. The resulis shown in ¥ig. 5
indicate that the residual induced moment of Kovar
and Dumet with high values of m(40) approach
saturation at relatively low levels of megnetizing
force. In fact, it could be inferred that they
will saturate very close to the 30 oersted level.
It appears that the knee of the Dumet curve is
-closer to the 20 oersted level. The Kovar and
Invar samples with m's of 5.5 show linear charac-
teristics over the magnetizing force range with
only slight tendencies to saturate. Curves simi-
lar in shape to the Kovar and Invar, m = 5.5, were
obtained for Nickel, 416SS and 410SS ac shown in
Fig. 6. A general comparison of Figs. 5 and 6
indicate that 21l of the materials except 304SS
are equally magnetic. Since 30488 is an austen~
itic stainless, it should exhibit lower
magnetizations.

Coercive Force Properties

The coercive force properties of all the con-~
figuration A materials except Dumet, were cobtained
as a function of magnetizing force. These results
are shown in Fig. 7. The data illustrate that
304SS is the only material exhibiting a linear
responsg to magnetizing force over the range of
zero to 100 oersteds. That is, -~ fixed percentage
of the magnetizing force, if applied in the oppo-
site direction in the sample will slways reduce
the residual induction to a zero value. It should
be noted that a similar condition exists for the
other materials at magnetizing forces less than
approximately 25 gersteds.

Vibration and Shock Effects on Properties

The vibration and shock levels which were deter-
mined from known levels of the THOR DELTA launch
environment, were induced into the specimens in
configuration A. The specimens were subjected to
vibration levels while in a magnetizing field of
25 oerpteds and again in zero ambient field after
momentary exposure at the same level. They were
subjected to shock stresses on the oxder of 50 g
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after a momentary exposure of 25 oersteds. The
results of those tests indicate that mechanical
effects on the magnetic properties of specimens with
m = 5.5 are negligible (less than 5%) for magnetiz-
ing fields of 25 oersteds.

Temperature Effects on Properties

The samples in configuration.A were subjected to
temperatures of 390° K and 77° K after exposure to
a 25 oersted magnetizing force. Data chtained with
specimens at these temperatures showad a’ negligible
change.

Discussion

Comparisons of experimental data with values of
induction moment calculated for Kovar (6), Invar
(7), Nickel (8), 41635 (8), are shown in Figs. 2
end 3.

Reasonably good sgreement is shown for all speci-
mens at the high levels of magnetizing force because
the permeability is becoming more nearly constant.
Better agreement could be obtained if equation (3)
were expanded to account for the nonuniform inten-
sity of magnetization in cylindrical specimens. A
closer aspproximation to B might be obtained by
integrating B over the length of the rod to find
some average value correction factor. Bozarth (3)
suggests the need for "some kind of averaging."
The figures indicate that the experimental and theo-
retical values agree within a factor which ranges
from about 1.2 to 2.

No theoretical model was found which would per-
mit accurate calculation of the residual induction
moment as a function of magnetizing force. An
attempt was made to apply a hypervolic demagnetiza-
tion curve approximation based on permanent magnet
materials to these specimens; however, the develop-
went proved invalid. In lieu of a mathematical
model, one can use the residusl induction moment
data contained in this report for estimating the
residual moment of parts. Recalling that the
induction B is always larger than the B,, for a
given exposure level, one may calculate a worst
case remsnient moment using the equations for
induction.

Conclusions

An analytical model of the induction moment of
rod specimens, based on formulas availsble in the
literature, was derived. Experimental verifica-
tion of the model was accomplished by demonstrating
the influence of permeability, demagnetization fac-
tor, magnetizing force, and volume on the materials.
The model was found to give a reasonably accurate
prediction of induction moment for specimens whose
length to diameter ratio ranged from 5 to 100.
Analysis of the induction moment experimental data
indicates the following: .

The calculated value of induction moment vas
always larger than the experimental value.

A1l of the controlled expansion alloys studied
have similar magnetic properties and their induction
moments are approximately linear for maghetizing
environments less than 30 gauss.

The magnetic moment of & eylindrical specimen cen
decrease two orders of magnitude for a decrease in
length to diameter ratio of one order of magnitude.

Efforts to develop an anslybical model for calou-
lating the coercive force and the residual induction



moment were not successful. The experimental mea-
surements covering the length-to-diameter ratios
and the magnetic field exposure levels of interest
in spacecraft design support certain generalize-—
tions: For any one material, the residual induc-
tion moments are at least an order of magnitude
less than the induction moments for a given meg-
netizing force. The residual induction moment mey
be linearly extrapolated to low field values for
magnetizing forces less than 25 gauss. For proba-
ble spacecraft exposuve field levels {1-10 gauss),
there is little basis for distinguishing between
the controlled expansion alloys on the basis of
their residual induction moments.

The coercive force measurement data indicate
that all of materials tested with a length to
diameter ratio of 5.5 are similar in their
response to megnetizing forces of less than
10 geuss. In addition, the ratio of the coercive
force to the magnetizing force tends to be a con-
stant value of epproximately 0.5 for the 10 geuss
field level.

From the standpoint of material selection,
there is apparently no basis for selecting Dumet
in preference to Kovar from a magnetic moment
standpoint .

The use of linear extrapolation techniques to
estimate residual induction moment of specimens
having length-to-diameter ratios in the order of
five is apparently valid for standard exposure
fields of 25 gauss or less.
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TABLE 1--Mognetic fields of some interplanetary spacecraft.

Post 25 gauss®

foaqd
Spacecraft Date etizing force Demagnetized
0Go-A (8) L/15/6k 1k46.8 58.8
Explorer (8) IMP-C 7/30/64 15.7 0.6
Explorer XXI (8) IMP-B  8/1L/64 12.3 0.5
Pioneer VI 12/16/65 1.6 0.2
Pioneer VII 8/17/66 1.5 0.2
8ppproximate measurement range, 2 meters.
TABLE 2--Materials selected for study.
Matexj;lals . ' Use ] Comment
Nickel Electronic components A standard lead material; good weldability
Kovar Electronic components Controlled expansion alloy; useful lead mate-
rial - has coefficient of thermal 2xpansion
matching glass
Dumet Electronic components Standard lead material, good weldability
Invar Electronic components Controlled expansion alloy

110 stainless steel

416 steinless steel
30k stainless steel

Structural

Structural
Structural

General purpose stainless steel. Excellent
availability; good resistance to chemicals
and atmosphere

Free machining modification of type 410

Low carbon modification of 30255. Excellent

atmosphere resistance and machinability
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TABLE 3--Chemical and physical properties of rod specimens.

Ma jor constituents, % gmi -
Material Source o i — Comment
c Cr Fe Mn RNi P 81 s Co B c
Nickel Pacific Metels 0.03 -—- -~ -—— BC* -— 0.08 -— 9.5 Cold drawn
heat £NTOS0A
Kovar  Westinghouse ——— -~ 53.00 0.6 29.00 --- 0.0b --- 17.53 82.8 Heat £920050
Electric Co. .
Dumet  General Elec- =~ === 57.00 1.00 L42.00 - - e e _— Has copper
tric Company sheath
Invar  Carpenter 0.08 - PC 087 35.% --- 0.3 - --~ 940 Cold drawn
steel heat #66719
41088  Carpenter 0.12 12.13 ¢ 0.53 --- 0.01 0.33 0.00 =--- 985 Cold drawn
steel heat #8104o1
41658  Ames Research 0.01 12.85 P¢ 0.82 -— 0.02 0.36 0.26 --- 985 Annealed
Center Stock grain eize
item AsT™ #9
304SS  Carpenter 0.07 18,30 PC 0.9% 8.47 0.03 0.64 0.02 --- 28.5 Cold drawn
steel heat #670ul
*Principal constituent - remainder of percentage.
TABLE U--Geometrical properties of rod specimens.
Configuration Length, ecm  Diameter, cm X:]]a-rém M
A 5.080 0.952 3.62 5.47
B 5.080 0.127 0.06 %0.00
c 17-62 0.127 0.10 60.00
D 10.16 0.127 0.13 80.00
E 12.70 0.127 0.16 100.00
F 15.24 0.127 0.19 120.00
G 17.78 0.127 0.22 1%0.00
H 20.32 0.127 0.26 160.00
I 22.86 0.127 0.29 180.00
J 25.50 0.127 0.32 200.00
K 27.94 0.127 0.35 220.00
L 3048 0.127 0.38 240.00
TABLE 5--Results of nickel tests.
[N/4x = 0.036, m = 5-4, V = 3.621 cm]
Mogne- L Field Field Induction Induction Rosidwatl Coercive
tizing . intensity, intensity, moment , moment , moment force,
force, p.zriﬁ theoretical, experimentsl, theoretical, experimental, experime 1’_' al experimental ,
oersted = ty gamma gamme. gauss-cm3 gauss—-cm® ¥perimental, oersted
gauss—cm®
0.5 »* —— k.7 -— 2.08 —— —
1.0 1000 5h.9 27.8 1.8 3.9 0.0 ———
5.0 720 271.8 124.0 38.5 17.6 0.2 2.3
10.0 o 528.1 280.0 .8 39.6 0.7 -—
15.0 287 1704 120.0 109.1 59.5 1.8 7.5
20.0 220 999.2 568.0 1.5 80.% 3.3 —r—
25.0 180 1217.3 7.0 172.% 101.5 5.2 12.9
35.0 - — — —— — 10.8 18.2
100.0 58 3754 .2 3313.0 53L.5 k69.1 7.0 k.

= -
Data unavailable.
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TABLE 6--Results of Kovar tests.
{N/bx = 0.036, m = 5.4, V = 3.6 cm3, R = 30.48 cm]

Re;j.dual

Magne- Field Field Induction Induction Coercive
tizing “022 intensity,  intensity, moment , moment, iﬁ:ﬁm force,
force, z: 111t theoretical, experimental, theoretical, experimental, ime { al experimental,
cersted ¥ gamma. gamma, gauss-cm3 gauss-cm3 experimental, oersted
gauss-cm?
0.5 1000 27.4 20.6 3.9 2.9 —— ——
1.0 2000 55.7 39.0 1.9 5.5 0.0 —
2.0 231 279.3 193.0 395 27-3 0.2 2.3
10.0 1600 555.3 388.0 178.6 5k.9 0.8 —
15.0 1300 829.6 580.0 117.% 82.1 1.8 71
20.0 1100 1301.8 769.0 155.9 108.9 2.9 -—
25.0 900 1369.4 946.0 193.8 133.9 L2 10.9
35.0 -_— _— — - — 6.6 4.2
100.0 200 4938.1 4330.0 699.2 613.1 184 26.1
TABLE T--Results of Kovar tests.
[N/4x = 0.0018, m = 40, V = 0.064 cm]
0.5 1000 6.4 3.8 0.9 0.5 _— -_—
1.0 2000 15.7 7.6 2.2 1.1 0.0 -—
5.0 2375 812 k7.5 1.5 6.7 1.3 —
10.0 1600 1k8.7 88.0 21.0 12.4 2.3 _—
15.0 1300 210.5 1%0.0 29.8 19.8 3.0 -—
20.0 1100 266.1 176.0 37-7 2h.9 3.6 —_—
25.0 900 309.5 210.0 43.8 29.7 3.8 -
35.0 — — —_— —_— — ba _—
100.0 200 527.9 L34 .7 61.4 k.3 —
TABLE 8--Results of Dumet tests.
[N/lx = 0.0018, m = k0, V = 0.06k cz3, R = 30.48 cm]
0.5 * — 2.7 — 0.4 — ———
1.0 * —_— 5.1 —— 0.7 0.0 -
5.0 * — 30.0 — L2 0.8 -
10.0 * — 68.0 — 9.6 3.0 -—
15.0 * —— 98.5 —_— 13.9 5.1 -—
20.0 * - 134.0 — 18.9 6.6 -
25.0 * — 163.0 — 23.1 7.6 -—
35.0 * - —_— — ——— 8.1 —
100.0 * -— 370.0 — 52.4 9.8 —
TABLE 9--Results of Invar tesis.
(N/bx = 0.036, m = 5.4, V = 3.6 em®, R = 30.48 cm]
0.5 * —— 21L.2 — 3.0 -— ——
1.0 85 b2,y Lo.0 6.0 5.7 0.0 ——
5.0 500 267.2 * 203.0 37.8 28.7 0.3 2.6
10.0 610 539.8 1.0 R 58.2 1.3 ——
15.0 y7ot 798.5 618.0 113.0 87.5 2.3 8.0
20.0 koot 105k.5 824.0 149.3 116.7 4.8 —
25.0 300t 1289.1 1006 .0 182.5 2.4 6.5 10.3
35.0 * ——e — ——— — 9.3 12.3
100.0 * -— 4135.0 -— 585 .14 19.4 21.0

*Data unavailable.
fExtrapola.ted . 19 S



TABLE 10--Results of %16SS tests.
(8/4n = 0.036, m = 5.4, V = 3.6 cm3, R = 30.48 cm]

Residual

Magne- Field Field Induction Induction Coercive
tizing Ngg.} intensity, intensity, moment , moment, 1nduc§:on force,
force, zbilit theoretical, experimental, theoretical, experimental, mﬁ !’; 21 experimental,
oersted ¥ ganma gamma geuss~cn® gauss-cp®  Sxperimental, oersted
gauss-cm®
0.5 » — 19.8 -— 2.8 —_— ——
1.0 500 50.3 36.8 7.6 9.2 0.0 ———
5.0 600 269.7 196.0 38.2 27.7 0.3 2.3
10. 760 54h .6 39%.0 171 55.8 1.1 —
15.0 647 811.8 592.0 1ik.9 83.8 2.3 6.8
20.0 550 1074.3 785.0 152.1 1.1 3-7 ——
25.0 ks 1330.5 964 .0 188.4 136.5 5.3 1.7
35.0 —— —— — —— _— 8.6 1k,
100.0 160 4785.8 %090.0 677.6 579.1 27.3 30.0
TABLE 11--Results of 110SS tests.
[N/4x = 0.036, m = 5.4, V = 3.6 cm3, R = 30.48 cm]
0.5 * —_— 19.8 — 2.8 -_— —
1.0 500 50.3 36.8 7.6 5.2 0.0 —
5.0 600 269.7 196.0 38.2 27.2 0.3 2.3
10.0 T60 5h% .6 39%.0 T7-1 55.8 1. -—
15.0 6u7 811.8 592.0 1k.9 83.8 2.3 6.7
20.0 550 107h.3 5.0 152.1 m.l 3.7 -—
25.0 —_— 1330.5 9%64.0 188.4 136.5 5-3 1.9
35.0 -— — —_— _— _— 8.7 ik,
100. 160 4785.8 kogo.0 677-6 579-1 27.2 29.9
TABLE 12--Results of 303SS tests.
[N/br = 0.036, m= 5.4, V = 3.62 cn3, R = 30.48 cm}
0.5 = _— 0.5 — 0.1 _— —
1.0 * —— 0.8 — 0.1 0.0 0.0
5.0 * — 3.0 — 0.k 0.0 3.0
10.0 * — 6.6 -— 0.9 0.0 -—
15.0 * — 10.2 _— 1.k 0.0 9.0
20.0 * — 13.5 —_— 1.9 0.0 —
25.0 * — 16.2 -_— 2.3 0.1 15
35.0 * — — — — 0.2 20
100.0 * — 8.0 _— 1.3 3.1 59.1
*Data unavailasble.
TABLE 13--Theoretical and experimental induction moments of Kovar as a function
of L/D ratio H, = 1 oersted, p = 2000.
Field Field Induction Induction
(1./p) N/4q oS Volume, Measurement, intensity, intensity, moment , momen?! ,
m ) cm? range-cm theoretical, experimental, theoretical, experimental,
gamma ganma, gauss-cm® gauss-cm3
240 6.2  0.385 152.4 3.1 1.7 54.6 01
220 7.4 0.353 139.7 3.6 2.0 k8.9 27
200 9.0 0.321 127.0 k2 2.0 L3.3 20.5
180 11.0 0.289 11k.3 5.0 2.6 37.7 19.4
160 1k.0 0.257 101.6 6.1 3.0 3.9 15.¢
140 18.0 0.225 88.9 75 k.7 26.3 16.5
120 25.0 0.193 6.2 9.2 6.3 20.4 13.9
100 36.0 0.161 63.5 11.6 9.1 14.8 1l..
go 5l.0 0.129 50.8 15.0 1i1.2 9.8 73
60 9.0 0.09 386.1, 19.7 20.0 5.4 5.5
Lo 180.0 0.064 25.h 27.1 - 2.2 ——
- - A b —
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STABILITY MEASUREMENTS OF FLUXGATE MAGNETOMETERS

W. I. Linlor, R. M. Munoz, and M. J. Prucha¥*

NG9 -33967

INTRODUCTION

Interplanetary magnetic fields are of great interest to space scientists.
Their intensities are relatively low (of the order of ten gamma, equivalent
to 107% gauss) compared to earth magnetic fields, implying that measurements
should be reliable to less than a fraction of a gamma uncertainty. Therefore
congiderable effort has been expended by spacecraft designers to provide a
vehicle which is "magnetically clean", as well as by magnetometer system
designers to obtain an instrument that is accurate and stable.

This paper has the purpose of describing stability measurements of the
Ames fluxgate magnetometer (1) particularly in regard to effects of tem-
perature changes. A brief descriptior will be given of the sensor for con-
venient reference. The associated electbronics is described in Ref. 1. Most
of the presentation will be concerned with the "offset", which can be defined
as the indicated reading in a "zero" field; alternatively, it is the algebraic
mean of readings along a given axis taken in the zero and 180-degree direc-
tions.

Prime interest is the stability (or comstancy) of the offset under
systematic variation of test conditions. Both the sensor and its associated
electronics may contribute to the value of the offset; variation of the
parameters that affect only the sensor or only the electronics determines
the relative contribution of each to the offset.

*NASA-Ames Research Center, Moffett Field, California
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DESCRIPTION OF SENSOR

A fluxgate magnetometer utilizes the nonlinear B~H characteristics of
magnetic materials when driven into saturation. Many alternative configura-
tlons are possible; the present arrangement consists basically of an iron
core, exciting winding, sense winding, and feedback winding. As shown in
Fig. 1, the iron core has the shape of a flattened ellipse or "race-track".
The ampere-turns of the exciting winding on each leg aid the other so that
the magnetic flux follows an essentially closed path within the irom core.
A photograph of the iron core and exciting winding is shown in Fig. 2.
Surrounding the iron core and its winding is the sense winding, shown in
Fig. 3. 1In the absence of an external magnetic field no voltage would be
induced in the sense winding of an "ideal" unit, because a flux change in
one leg would be counterbalanced by the flux change in the other leg. An
ambient magnetic field aliters the symmetry properties of the flux changes,
thus producing a second harmonic in the sense winding whose amplitude is
proportional to the component of the ambient magnetic field along the axis
of the sensor. A "feedback" winding which is similar to the sense winding
is added for circuit response reasons.

A simplified perspective drawing of the sensor is given in Fig. 4. A
functional block diagram of the electronics system is shown in Fig. 5. In
Table 1 is given a summary of the performance characteristics.

The material used as the core of the sensor is 4-T79 molybdenum permalloy
tape having a width of 1/16 inch and thickness of 0.0005 inch. Three wraps
of the tape are carefully wound on a ceramic core 1-3/4 inches long. The
exciting winding consists of approximately 700 turns total, divided equally
between the two halves on the legs of the core. The exeiting voltage is
sinusoidal, 4.0 volts peak-to-peak, 5 KC frequency; the exciting current
has the waveform sjjown on Fig. 6a, with a peak-lo-peak value of 180 milli-
amperes. The peak value produces a magnetizing force approximately twenty
times larger than that necessary to saturate the core. The sense winding
consists of about 3,000 turns, yielding a sensitivity of approximately 25
microvolts RMS per ganma at 10 KC. The feedback winding consists of about
T00 turns, producing a feedback constant of 20 gamma per microampere.

The induced voltage waveform in the core, obtained by a pickup loop
gurrounding one leg, is shown in Fig. 6b (superimposed on waveforms of
Fig. 6a). The induced voltage in the sense winding, for an essentially
zero ambient magnetic field, is shown in Fig. 6¢c, for which each vertical
division represents 0.2 volt, and each horizontal division represents 50
microseconds.

Because the primary concern of this paper is the stability of the sensor,

no description of the electronies will be given; the system is essentially
that described in Ref. 1.
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Pig. 1.
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NOTE: WIRE SIZE AND CORE
CIMENSIONS ARE EXAGGERATED
FOR CLARITY

WINDING

DRIVE
WINDING

FEEDBACK WINDING

Fig. b. Simplified view of Ames fluxegate sensor
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TABLE 1

SENSOR PERFORMANCE CHARACTERISTICS

Exciting winding voltage

Exciting winding current

Scale factor
Scale factor change with drive level
Feedback winding coil ednstant

Self-resonant frequency of sense
winding

Sense winding voltage
Second harmonic feed-through
Noisge

Size

Weighf
Power

Linearity

Full scale

206

4.0 volts sinusoidal, peak-to-
peak, 5 KC

180 milliamperes peak-to-peak

Approximately 25 microvolts RMS
per gamma at 10 KC

Less than 20% change for 20%
change in drive voltage

20 gamma per microamp

Greater than 150 KC

Less than 0.3 volts peak-to-

peak, with seeondary winding cables
attached.

Less than 1 gamma equivalent when
the drive contains 1 millivolt

of second harmonie

Iess than 0.3 gamma peak-to-peak
in the frequency band from d-c to
10 cps, measured for 1 minute

Approximately 2 inches long and
0.5 inch diameter

25 grams, less cable
Approximately 40 milliwatts

Within £ 1% of reading relative
to offset level

Plus or minus 100 gamma



DESCRIPTION OF FLUX~TANK

The 1ow6fleld enviromment for operation of the sensors is provided
by a “flux-tank”, comstructed by Marshall Taboratories, ML-186-1. A
schematic drawing is given ia Fig, T, with labels to indicate the major
components. The dimensions and materials of the four elosed-end con-
centric cylindrical cans are given in Table 2; the outer can is made of
steel for structural rigidity. The inner cans are made of high-permeability
mu=metal for magnetie shieldifng; they are supported and spaced from each
other by foam and epoxy plastie. Access to the interior is obtained by
removal of the top cover, which is an assembly of four separate slip-over
can lids.

TABLE 2
FLUX-TANK DIMENSIONS AND MATERYAL

Cylinder Thickness Height Diameter
Number Material Inches Inches Inches -
1 Mu-metal 0.050 26 8
2 Mu-metal 0.050 27-1/8 9-1/8
3 Mo=metal 0.050 32-7/8 14-7/8
4 Steel 0.090 34 16

K solenoid coil for calibration is mounted concentrically within the inner
shield can. It is 2h inches long, T inches diameter, having approximately 360
turns; it® ¢oil constant is 0.35 microamperes per gamma. Precision-regulated
current for the edil is supplied by the Marshall Laboratorles control unit
ML, 109-2, in decade steps calibrated in gammas.

Temperature variation within the flux-tank is obtained by circulation of
air thr¥éugh the interior. Heated or chilled air from an external source is
pumped inbto the manifold extending to the bottom portion of the flux-tank;
return gir is drawn from the top part. The air temperature within the flux-
tank is obtained by a mecu¥y-in~glass thermomeber, and also by measurement of
the resistance of a thermistor suspended about 5 inehes above the sensor.
Resolution of temperature measurements is approxima‘bely 0.1° C.

Sensor cables and thermistor leads are brought out of the flux-tank -through
a slot abt the top edge of the tank. The turntable control shaft (see below)
and the aif Hanifold pass through holes in the 1lid. The solenoid conmections
are built into the flux-tank through the bottom to an exbternal connector.

The sensor being tested is clamped in a holder mounted on a Hurntable
having its plane of rotation parallel to the axis of the flux-tank. When
the gensor is verbical, its axis coincides with the flux-tank axis. The
turntable is rotated by means of a 20:1 worm gear driven by a hand crank on
a8 shaft extending through the 1id assembly; one full turn of the crank rotates
the sensor by 18 degrees. Indexing is provided by a turns-eounting dial at
the hand erank.
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At a time t3, readings are taken at successive angular positions
of the sensor axis spaced 18 degrees apart, for a full 360-degree circle,
as indicated in Fig. 8. The total of 20 readings is taken in less than
two minutes. Thus individual offsets are obtained for 10 axes, spaced 18
degrees apart, and the average of these 10 values represents the offset
for the time t; .

TESTS OF FLUX-TANK

Effects associated with the praesence of the flux-tank which might
alter the offset values were investigated. Basically these include the
gpace and time variations of the magnetic field within the flux-tank, pro-
duced by either internal or external causes. For example, a magnetic field
gradient within the tank could produce a pseudo=offset if the axis of ro-
tation of the sensor did not coincide with its "magnetic center.” As
another example, if the residual magnetic field within the tank changed
during the time required for taking data, the offset would be correspond-
ingly changed. Another effect could be eddy currents in the walls, pro-
duced by the sensor magnetic fields, whieh depend oa the angular position
of the sensor axis, thereby yielding offsets that are dependent on the
axis angle.

The residual magnetic field at the center of the flux-tank, with the
1id elamped in place and a settling-down interval of about fifteen minutes,
is less than 10 gammas, a typical value is 3 gammas. A magnetie field
gradient at the same place is about 3 to 5 gammas per inch. These values
do not vary by more than a few percent per hour during normal operatirg
conditions. Of course, the sudden alteration in the location of external
magnetic objects (such as the arrival or departure of a truck outside the
laboratory) is noted by a few gamma change within the tank. Temperature
changes of the tank affect the residual field: with the inside tempera-
ture at 0° G, the field at the center of the flux-tank is about 6 gammas,
at +h0° C it is about zero gammas.

Changes in the earth's magnetic field, or disturbances caused by
external currents produce less than 0.1 gamma change ingside the flux-tank.
An exploratory test to evaluate such effects was performed by placing a
solenoid coii (17 inches long and 11 inches in diameter) near the flux
tank; it was energized so as to produce a one-gauss magnetic field at the
surface of the flux-tank, thus simulating an approximate doubling of the
earth's magnetic field. With the axis of the external coil perpendicular
t0 the flux-tank axis at its mid-point, the offset of the sensor changed
by 0.05 gamma. With ‘the external coil coaxial with the flux-tank, the
offset of the sensor changed by less than 0.05 gamma. The residual field
within the flux-tank changed by less than 0.5 gamms for the perpendicular
case, and by about 2 gamma for the coaxial case. = :

Eddy currents in the bank walls appear to have negligible effect on
the offset. This was determined by measuring the offse¢t of a sensor for
test conditions as follow: a copper plate (L inches by 5 inches by 1/8
ineh thick) was held on a movable non-magnetic support at disbances of 3
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inches and 9 inches from the center of the sensor. Sensor offsets were
taken for these two positions of the copper plate, and turned out to be
identical. No change in the residual field was observed.

Rotation of the sensor about its "magnetic center" is determined by
values of the offsets for the axes that are spaced 18 degrees apart. 1If
the offset for the vertical axis is appreciably different from that for
the horizontal axis, for example, this is an indication that the gensor is
improperly centered in its holder. Tests were performed to evaluate effects
of positioning errors by deliberately moving the sensor in its holder. Re-
sults are given in Table 3, which lists the offset values for the ten axes,
for three positions of the sensor in its holder: a) the nominal position,
b) sensor displaced + 1/4 inch, c¢) sensor displaced - 1/h inch.

TABLE 3

EFFECT OF LOCATION OF SENSOR IN ITS HOLDER

Axis Angle N Offset in Gammas ) ]
Nominal Position +1/h inch -1/k4 inch

0 (vertieal) -0.90 -1.10 -0.15
18 -0.90 -0.85 -0.50
36 -0.90 -0.60 "=1.00
54 -0.90 -0.25 -0.95
e -0.90 -0.10 -1.60
90 (Horizontal) -0.90 -0.25 -1.55
108 -0.85 -0.45 -1.20
126 -0.75 -0.70 -0.65
14k =0.75 -0.95 -0.20
162 -0.85 -1.05 «0.05
180 (Vertical) -0.90 -1.10 -0.15
Average Value: -0.86 -0.63 -0.78

It is clear from these data that the location of the sensor in its
holder is important; however, averaging the offsets for the 10 angles tends
to compensate for location errors. The sensor ean be readily located in
its holder to within 1/32 inch.

For the stability ‘tests to be described later, the sensor was not
moved in its holder, and so offset readings as a function of time were very
little affected by misaligmment factors. Of course the sengor was adjusted
as closely as possible to the proper position, such that the offset values
were independent of the angular position of the axis.

The time required for taking the data (twenty readings) was less than

two minutes. During this interval the residual field and field gradient
within the flux-tank chahged a negligible amount.
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1t should be nched that the instrumentation provides a digital
read-out. Noige in t.e system limits observation of the value of the
magnetic field to about 0.l gamma, although interpolation is possible
to 0.05 gamma. The average of 10 observations is thus obtained with
an approxiﬂgte reliabillty of 0.01 gamma.

OFFGET DUE TO TAPE STRESS

A brief investigation of the effect of tape stress on the value of
the offset was made. A sensor was constructed on a ceramic core which
was deliberately parted in the middle, so that the tape could be stretehed
by a cord atbached to one part of the ceramic core, the other part being
anchored. The sensor was mounted in a fixed position in the flux tank,
with the cover in place. A nylon cord passed through a hole in the cover,
over a pulley, to a pan, which could be loaded with suiteble weights. The
sensor could not be rotated through 180 degrees, of course. The variation
in the indicated sensor reading as ‘the pan weight load was medified is
interpreted as the variation in the sensor offset. The temperature was
approximately constant. The results are given in Fig. 9. This shows a
definite Pelation between the offset and the strain, although there is no
simple proportionality. As an order-of-magnitude relation, the offset
was approximately 4 gamma for a tension of 10,000 pounds per square inch
on the magnetic tape. The result is not surprising, because magneto-
strictive effects of magnetic materials are well known.

These results suggest that changes of temperabure, producing stresses
in the tape because of differential expansion or contraction, can produce
variations in the offset of a sensor.

OFFSET DUE TO CIRCUIT VARIABLES

For the laboratory investigation of the cffset, various modifications
of the electronics ecircuit from the flight configuration were necessary,
such as insertion of meters and oscilloscopes, comnection boxes, ete. These
modifiecations in general produced an increase in the offset of a given sensor,
typically about 1/2 to 1 gamma. Even swibching instrument scale-ranges in-
troduced (in a special case) as much as several gamma offset.

Tn ordev to minimize offset effects of the instrumentation, a "standard"
set of circuit elements wag selected. All of the circuits remained energized
continuously during the tests. A sborage battery was employed to avoid line
supply problenms.

STABILITY MEASUREMENTS
With various preliminaxy investigations completed, *he main problem was

addressed: for a given sensor in a flux-tank, and a given set of electronies,
how constant are the readings with time?

212



O 70 u | 200 (7p]

w | g | ! 5

Doy L3 60 | WEIGHT +1!'5¢2
2k =

5 O ES __ | SENSITI ©

° 2 SO 5o [ SENSTVITY |68

g | t = - S

S -3t {E 2540] . SENSE 153

3 IGA?,\,"}M A W> | WINDING VOLTS |  —

-4 - TP 3301 7 02

= ]

-5 L ! 20 L -5

0 5,000 10,000 0 5,000 10,000

TENSION IN POUNDS PER

SQUARE INCH

Fig. 9.

TENSION IN POUNDS PER
SQUARE INCH

Strain test of sensor



As described previously, at %ime ty readings were takeun every 18
degrees, for a full 360-degree circle; the total of 20 readings was
taken in less than two minutes. Individual offst s were thus obtained
Por 10 axes, spaced 18 degrees apart, and the average of these 10 values
reprasgnted the offset for tiwe 4 .

At time i, similar vesdings were taken by the sape individual, and
8¢ on, Tor times Iz, T, ebc. The time interval between readings ranged
from 1 uninubtes to 20 minuies, devending on how rapidly the offsels
changed.

For each offset, the temperatures wers measured in the flux~bank,
in the room, and in the vicinify of the electronics package.

The duration of the time vs. offset runs extended $6 as much as three
weeks for some sensors. AT no time during the runs was the power turned
off, or modifications made ©o the sctup.

One effect became evident quite early: +the offset readings were
fairly steble in the morning, but showed "spikes” about 0.5 gamma high,
extending over several honrs, in the affernoon. Several alteranstive
explanctions were considered for this effect; such as an increase in
vehicular traffic in the afbernosn, or curvends, or power problems, ete.
Wone of these was adeguate or consistent. Tempergbure variation was con-
sideved a8 a possibility, but because the imcrease in temperature in the
flux-tank was only a few degrees dGuring the afternocn, this did not seem
safficient t0 camse differential-expansion strains (and magnetostriction
effects). Theve was a reluctance to heat the flux~bank deliberately,
because of the possidbility of tims introducing a major variable.

An example of the time vs. offset values is given in Fig. 10; the
temperabure within the fiux-tank is also plotted, showing an essentially
constant temperature (within 0.2 degree) in the morning, followed by a
one-degree iwerease in the aféerncon. The offset is seen to inerease from
0.1 gamma in the morning to 0.6 gemswa in the afternoon.

For the same sensor (E5) and electronics configuration, and with no
changes in the experimental conditions, ancther time vs. offset graph
is shown in Fig. 11. This shows an offset between 0.1 and 0.5 goamma.
The temperature within the fiux-tank was essentially constant during the
entire day, as closely as could be read (0.1 degree); such a constant
tempergbure was forbuitous.

The decision was then made t0 heat the flux-tank by the air line, with
an air flow vatbern that would avoid direct heabting of the sensor. There
were no other changes in the {test arrangement.

The effect of a temperature change for the test sensor (E5) is shown
in Fig. 12. The temperature was quite constant in the morning, during
which time the offset was essentially constant at 0.7 gamma following
which the afternoon temperature rise _roduced apn increase in the offset
to sbout 1.1 gamma. The next day the offset was back to 0.7 gamma in the
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morning. As soon as the temperature was deliberately changed, in this
case by cooling the tark air, the time vs. offset curve showed jagged
spikes. The spikes were both positive and negative, while the temperu-
ture was changing in only one direction (from 20° C to -4° C¢). As Fig.
12 shows, the spikes in this case were abovt 1 gamma in amplitule,
during time intervals of about 1 hour.

The effect of a temperature increase is shown in Fig. 13. The
same sensor (ES5) in the same configuration was employed as for the pre-
ceding tests. The temperature increased from -7° C to room temperature
(about 21° C) by room heat being conducted through the tank walls, that
is, there was no possibility of temperature reversals. Despite the smooth
increase in temperature, the sensor displayed offsets that followed no
particular pattern. The time vs. offset curve had jagged spikes nearly
a gamma in amplitude, ranging from 0.6 gamma to nearly 2.6 gamma.

Fig. 13 shows that when the temperature change became more gradual,
the spikes disappeared. However, the offset showed a variation from
0.4 gamma in the morning to about 1.0 gamma in the afternoon, while the
temperature increased by about one degree C.

Other sensors displayed much the same characteristics. TFig. 14
shows that for sensor ET, a temperature change from 22° ¢ to 40° C and
back to room temperature produced an offset variation from -1.9 gamma
to -1.2 gamma, including somewhat jagged spikes in the time vs. offset
curve.

Confirmation that the offset is produced by the sensor was obtained
by heating of the electronics (using an infrared heat lamp). With the
flux~tank maintained at room temperature there was no measurable change
in offset. The conclusion seems justified that the "spikes" in offset
are caused primarily by sensor temperature changes.

Various experimental gsensors were constructed with the goal of mini-
mizing temperature-produced magnetostrictive or related effects. Some
sensors were constructed with "cushions" of elastic material at one or
both ends. Other sensors had teflon coating between layers of the permalloy
tape to prevent possible binding. A sensor was constructed with a beryllium
core ingtead of the ceramic bobbin, so as to match the coefficient of ex~
pansion of the tape. These procedures reduced the offset variations caused
by temperature to some extent, but did not eliminate them entirely. Repre-
sentative results are shown in Fig. 15 for experimental sensor 10B (heating
above room temperature, followed by cooling). The variations in offset
with time are legss violent than for the previous gensors; however, varia-
tions of about one-half gamma during several hours oceurred.

For another experimental sensor, Figs., 16 and 17 show the variation
of offset with time for the respective situations of a) heating above room
temperature followed by cooling, and b) cooling below room temperature
followed by heating.

In Fig. 18, offset vs. time curves are given for a sensor which was con-
structed with great care, by experienced personnel. An offget drift of nearly
one gamma wag observed in the heating environment.
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The data obtained so far suggest that the "race-track" sensor con-
figuration may have basic difficulties associated with its construction.
This point of view is supported by tests of a "ring-core" sensor con-
structed by Mr. Dan Gordon and his associates at the Naval Ordnance
Laboratory (2). No description of the ring-core sensor will be given
here because it is described in another paper being presented at this
Symposium by Mr. Gordon. The offset vs. time curves for a ring-core
sensor are given in Figs. 19 and 20 for the respective situations of
a) heating above room temperature followed by cooling, and b) cooling
below room temperature followed by heating. Results of repetitions of
these same tests to check reproducibility are given in Figs. 21 and 22.
It will be noted that the excursions in offset with time caused by the
temperature changes are considerably smaller than with the "race-track"
Sensors.

PROSPECT FOR THE FUTURE

In order to obtain a magnetometer system whose precision and re-
liabil’ty is 0.1 gamma or bebter, the conclusion from the present in-
vestigation is that multi-unit sensor assemblies should be designed and
operated in combinations as follow:

a. Two or more sensors operating in rapid sequence from the
same electronics. Because offset drifts for one sensor are independent
of those for the other, whereas external sig -ls are correlated in time,
the occurrence of offset drifts can be identified. Thus, the ambient
nagnetic field can be measured to within the noise of the system, or
gbout 0.1 gamma.

b. Two or more sensors operating simultaneously, in opposition,
to yield the magnetic field gradient. Such measurements are a sensitive
method of measurement for local magnetic field sources, such as spacecraft
current loops. For special situations, this type of information would
yield a first approximation to Curl B.

¢. TFor arrays having three, four, or more vertexes, with three-
axis sensor units at each vertex, combinations of eleetronics can yield
simultaneous individual values, sums, differences, products, etc., thus
providing inforwmation regarding sensor drifts, magnetic field gradients;,
Curl B, energy density, and related quantities.
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APPENDIX - POSSIBLE FACTORS INVOLVED IN OFFSET

For convenient reference, the following is a list of manufacturing
or operating parameters which in princ»le can cauge offsets in the range
of a fraction of a gamma or more.

A.

Variations in manufacture of sensors

1.

2.

Different techniques by different workers

Different sources of supply of components

Manufacturing tolerances

1.
2.
3.
L,
5.
6.

Non-symmetry in tape and location on bobbin halves
Non-symmetry in number of turns and location on bobbin halves
Non-symmetry in location of drive and sense windings
Variations in tape winding tension

Variations in potting procedures

Variations in potting compound

Magnetic tape history

1.
2.
3.
L,

Composition
Manufacturing and annealing
Handling, bending, and cutting stresses

Exposure to magnetic fields

Sensor history

1. Shock and vibration

2. Exposure to magnetic fields

3. Exposure to temperature excursions
k. Annealing steps, if any
Impurities

1. Polishing of ceramic on wire brush
2. Iron dust within or on sensor
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3. TFile or screwdriver deposits
4. TImpurities in potting compound
F. Temperature (sensor and/ or electronics)
G. Temperature rate of change (sensor and/or electronics)
H. Temperature gradients (sensur and/or electronics)
I. Strains within sensor due to temperature coefficient of expansion
J. Strains within sensor due to mounting or handling
K. Humidity (sensor and/or electronics)
L. Effect of ends of sensor (remanent field effects)
M. Electronic factors
1. BSecond harmonic in sensor drive feeding through to sense winding
2. Second harmonic generated at "front end" of amplification chain,
due to non-linearity of response; i.e., large-signal effect of spikes in the
sense winding voltage
3. Interaction between feedback winding and sense winding

4. Bddy currents due to unexpected loops, producing timing asymmetry
effects

5. Effect of drive level
N. Flux-tank problems and effects

1. Magnetic field gradients; axis of rotation of sensor not coin-
eiding with its magnetic center

2. Effect of removing and replacing cover, altering gradients
3. Variable location of sensor in tank on successive tests
k. Effect of angular position of sensor in tank
5. Effeet of walls of tank
a. Eddy currents
b. Sources of remanent magnetism

¢. Time variation of remanent magnetism
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Temperature effects on tank remanent magnetism
Earth field fluctuations
Power line and earth current maghetic field variations

Tron object motions near flux-tank (trucks outside, etec.)

Circuit variables

11.
12.
15.
1k,
15.
16.

Power supply voltage fluctuations

Power supply second harmonics

Lead lengths and IR drop

Insertion or removal of voltmeters and ammeters

Instrument scale-range char ss

Insertion or removal of junction boxes

Insertion or removal of oscilloscopes

Use of coupling loops for waveform sampling

Plug contact effects: variable resistance and/or rectification
Faulty contacts within circuit

Thermoelectric loops

Battery effects in loops (including perspiration on plug contacts)
DC leakage into sense or feedback windings

Ground currents due to improper grounding or component failure
"Cross-talk" between adjacent circuits or experiments

Switching transients (random phase energizing)

232






LIST OF FIGURES

1. Core and drive winding schematic
2. Core assembly
3. Sense winding
4, Simplified view of Ames flux-gate sensor
5. Functional block diagram of the single axis sensor
electronics sub-gystem
6a. Exciting current waveform
6b. TInduced voltage waveform in core
6c. Sense winding voltage waveform
T. Schematic drawing of flux-tank
8. Axes for data
9. Strain test of sensor
10. Stability test, ES
1l. Stability test, ES
12, Stability test, ES
13. Stavbility test, BS
14, Stability test, ET
15. Stability test, 10B
16. Stability test, 12
17. Stabiliby test, 12
18. Stability test, LeM-C6
19. Stability test, ring core
20. Stability test, ring core
21. Stability test, ring core
22. Stability test, ring core

PRECEDING PAGE BLANK NOT FILMED.

234



Space Magnetic Exploration and Technology Symposium
August 1967, University of Nevada, Reno

A HIGHLY STABLE FLUXGATE MAGNETOMETER FOR SPACE EXPLORATION

D, I. Gordon, R, H, Lundsten, R, Chiarodo, H. H, Helms, Jr.*
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A new fluxgate magnetometer, highly stable with time and tempera-
ture, was developed jointly by the NASA Ames Research Center (ARC) and
the Naval Ordnance Laboratory (NOL). Incorporating ARC electronic cire
cuitry for drive and detection and an NOL ringecore as the magnetometer
sensor, the new magnetometer now has a zero offset level adjustable to
less than 0.1 gamma, which fluctuates less than x 0,1 gamma in 24 hours
at constant temperature, and shifts less than 0.4 gamma when temperature
is shifted from =30°C to + 60°C. Room temperature noise is less than
0.2 gamma peak=toepegk in the frequency band of 0-10 Hz. Stability and
noise measurements were made in the NOL superconducting shield as well
as in the ARC flux tank.

ABSTRACT

The electronics, developed by ARC, supplies fundamental drive power
with negligible second harmonic content for exciting the fluxgate
sensor. The detection channel receives the output signal from the flux=-
gate core sense winding, selects and amplifies only the seacond harmonic
component, and demodulates this to provide an analog output voltage pro=
portional to the field. Negative feedback from demodulator to sensor is
used for circuit stability and system linearity.

Core material for the highly stable sensor is NOL developed and
produced 6«81 Mo Permalloy tape, which is wrapped on a one-inch diameter
non-magnetic metallic bobbin, spot welded and then annealed at high teme
perature in a dry hydrogen atmosphere. The ringecore drive winding is
toroidal while its sense and feedback windings are solenoidal.

KEY WORDS

Magnetometer, fluxgate, stable, space magnetic exploration, Naval
Ordnance Laboratory, NOL, NASA, Ames Research Center, ARC, stability,
Permalloy, ringecore, sensor
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INTRODUCTION

In view of the fact that much about the nature and magnitudes of
space magnetic fields is unknown, it is necessary that field measuring
instruments have good resolution and accuracy over a wide dynamic range,
and that they maintain these capabilities over long periods of time and
with variations in temperature. In particular, recent experimenters
have indicated that space magnetometers should have the following
characteristics:

Resolution: + 0,2 gamma

Long term stability: Drift less than %* 0.2 gamma in
24-hour period at constant temp.

Operating temperature: -30°C to +65°C

Temperature sensitivity: Less than * 0.2 gamma change in
DC offset due to temperature
change

Absolute null offset in Less than 0.3 gamma

zero field:

This paper describes a highly stable fluxgate magnetometer whose
performance exceeds the fJove requirements. It consists of an elec-
tronics package containing driver and detection channels, developed by
the NASA Ames Research Center (ARC), and a ring-core fluxgate sensor
developed by the Naval Ordnance Laboratory (NOL), 1Its stability with
time and temperature was measured at NOL with the sensor in a super-
conducting shield (1), where static magnetic fields are less than 0.1
gamma and static gradients are less than 0.1 gamma per inch and where
- attenuation to a-¢ fields is ~10°. Measurements have also been made
using a flux tank (2) at ARC,

In its present state of development this magnetometer has a zero
offset which can be adjusted to less than 0.1 gamma and which
fluctuates less than + 0.1 gamma in 24 hours at constant temperature.
It also shifts less than 0.4 gamma in the temperature range from -30°C
to +:609C, Room temperature noise is less than 0.2 gamma peak-to-peak
in the frequency band of 0-10 Hz.

ELECTRONICS

The electronics system used with the NOL ring-core sensors was
developed by ARC and is described in detail elsewhere (3), (4). The
system provides a 5 kHz* sine wave drive for the sensor core and
detects the second harmonic output which is the predominant signal
developed for an applied d-c field.

* Nominal drive frequency
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The circuit consists of master oscillator, hinaries, drive
amplifiers, signal amplifiers, demodulator and associated filters.

A crystal controlled master oscillator provides a stable 20 kHz
square wave from which the sensor drive and detector reference signals
are derived. Two binary circuits are used to divide the 20 kHz
oscillator signal into 10 kHz and 5 kHz square waves, The 10 kHz signal
from the first binary is fed to a delay multivibrator and then to the
second binary. The multivibrator provides a time delay for synchronize
ing the magnetometer system.

The 5 kHz square wave output from the second binary contains about
0.1% second harmonic which must be reduced before it can be used to
drive the sensor core. Thisg reduction is accomplished by using a fourth
order band pass filter which produces a sine wave with less than 0.002%
second harmonic distortion, This signal serves as the input for a low
impedance amplifier which provides the sine wave voltage drive for the
sensor core,

The signal output from the sensor due to the external field is
preamplified by a low distortion emitter follower. This amplified
signal contains, besides the second harmonic (10 kHz) due to the de-
tected field, a large fundamental component (5 kHz) due to feedthrough
from the drive to secondary windings. There are alsc present third and
fifth harmonics of similar magnitude as well as other odd harmonics.

In order to eliminate these odd harmonicsz the ovtput from the pres
amplifier is filtered by a 2.5 kHz ‘band pass filter at 10 kHz with 70 dB
attenuation at 5 and 15 kHz,

The filtered signal is further amplifiec oy a gdignal amplifier with
a 5:1 sensor feedback retio and a voltage gain of 70 dB., The amplified
signal is converted into a low frequency analog sigr=-' between dc and
approximately 100 Hz by a demodulator circuit. A f£i. :ion of the dee
modulator output voltage is fed back to a set of windings on the sensor
core in such a phase as to cancel part of the field seen by the sensor,
This feedback is used to increase the system's linearity for large
ranges of field, and to increase stability against voltage changes in
the system.

SENSOR

The sensor is of ringmcore construction, with the drive windings
wound in toroidal fashion on the ring, See Figure la. Sense and feed=
back windings are wound as solenoids on a fiberglassefilled epoxy bobbin
of rectangular cross=gection, as shown in Figure lc. The assembled
sensor is shown in Figure 2. The use of a closed ~ingecore instead of
two parallel open cores was first demonstrated by weyger (5). The

primary advantages of closed core sensors aret (1) low driving power,
because of the lower magnetizing current required for saturation since

there is no self=demagnetization of the core, and (2) high resistanc~
to sensor perm because of more uniform magnetization of the sencor
volume due to uniform winding distribution over the whole core, i.e,,
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no end regions where the magnetizing field is low. Flattened toroids
(i.e., racetr- © _onfiguration) also have the abova two advantages, but
to a lesser ¢ , because the curved ends of tha rxacetrack are not
covered by megne.izing windings., Henc_, the spproximation to a true
closed core in & tape-wound racetrack is less then in a tape=wound
circular ring. The ringecore has additional advantages, First, because
of its circular symmetry, the ringscore can easily be rotated within its
sense winding for offset nulling without changing the alignment axis of
the sensor. This provides an additional degre 3 of freedom in making
the original zeroefield reading adjustment of the sensoreelectronics
combination. Second, fabrication of the sensor is relatively simple,
since "non-magnetic" metallic bobbins and bobbin core fabrication teche
niques can be usea Uniformity of tape tension during the tape wrapping
operation can easily be maintained, and because of the constant radius
of curvature thare ave no concentrated stress points in the tape of

the finished core. #&s a further effort at minimizing machanical stress
in the cores, and in improving unifornity of the end product, the NOL
procedure includes high temperature anneaiing of the tapew-wound bobbins
after the tapeswrapping operation. Third, toroidal drive windings are
easily applied with existing winding machines. When this procedure is
followed sensors with low ofiset, low noise, and high stability can be
produced with a high production yield.

SENSOR CORE FABRICATICN

In general, the investigetion of low noise materials for this
work was iimited to melybdenum-permalloy alloys because of theisr low
magnetostriction, low nagnetic crystal anisotrepy, low coercive force,
and high permcabilities. The fundamental mggnetostriction constants
for various crystalline orientations and for unoriented polycrystalline
materials are mainly a function of compesition and for binary nickel=
iron alloys these constants are known to become zexo in the 80 to 833%
nickel range. Since no particular effort was made to obtain specific
cxystalline orientations in the present study it was deemed desiralle
to use a composition having a zero magnetos*riction value for the poiye
crystalline unoriented condition., This alloy contains about 81.3%
nickel. Fortunately, s variation of cooling rate during the final
anneal atffects the atomic ordering of this allnay such that the crystal
anisotropy constant can be changed from positive to negative &and cone
sequently pexmits minimizing of the anisotropy energy.

The effect of molybdenum on the magnetostriction end crystal
anisotropy of nickelsitvon alloys has only been evaluated on a limited
scale. This work has been covered in a sho*i review by English and
Chin (6)., Previous investigation of low noise materials at NQL showed
the desirability of adding 4% or 5% molybdenum to the binary nickels
iron alloys. These studies led to investigation of alloys containing
higher molybdenum additions., Finally, an alloy consisting of 6%
molybdenum « 81,.3% nickel « rewainder iror was selected as being most
appropriate for *.. present application. Some magnetic data have been
reported on this alloy in the cube textured condition by Odani (7).
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In the present study the processing techniques, annealing cycles,
and thickness gauge were considerably different from those reported by
Odani; therefore, it cannot be assumed that the orientation textures were
similar in both cases. It is quite possible that a better defined
crystal orientation might provide even further improvement in the
properties obtained in the present development.

The 6 Mo « 81.% Ni-Fe alloy used in the subject magnetometer is
prepared by induction melting electrolytic iron and nickel in a hydrogen
atmosphere, adding moiybderum, and pouring in helium. The resultant slab
is hot rolled to 0.100" thickness and then homogenized for four hours at
850°C. The material is subsequently cold reduced to 0.008" thickness,
strip annealed in hydrogen at 1050°C, and then cold reduced about 94% on
a cluster mill to a final thickness of 0.0005". The material is slit to
desired width, cleaned, insulated with magnesium oxide, and finally wound
on a non-magnetic bobbin, Inconel X-750, which had previously been
machined to shape using a stellite tool. Each core contains exactly 12
*urns of 0.0005" material and the outer turn of tape is spot welded to
told the core shape during anneal.

The tape cores are firally annealed in pure dry hydrogen (dew
point < =509%F) for 1% hours at 1000°C and furnace cooled using a cooling
rate of approximately 35°G/hour through the critical ordering range
(600°C to 400°C).

SENSOR ASSEMBLY

The annealed bobbin core is wrapped with an insulating tape and
wound with 200 turns of #36 heavy formvar copper wire. This number of
drive windings gives the maximum sensitivity and a minimum noise figure.
A preliminary screening evaluation of sensitivity and noise determines
the bobbin cores to be used in sensors,

A glass=filled nonemagnetic epoxy (Reapoxy #111) is used to cast
a rectangular coil form. The sense windings of 2200 tumns of #44 H.F.
copper wire are vniformly distributed among the four grooves on the
coil form. The 1104 turns of the feedback windings, #36 H.F. copper wire,
are wound over the sense windings in the same manner. The start and
finish ends of the windings are then soldered to a terminal board that
is epoxied across one of the open ends of the coil form. See Figure lc.

To complete the assembly of the sensor, the bobbin core with its
drive windings is mounted on a phenolic turatabie {Figure 1b} and the
unit is then placed into the coil form. A 0.020 inch nonemagnetic axle
is fitted through holes in the coil form and turntable. This allows
the turntable to be rotated within the coil form so that zeroc offset
can be minimized. Drive winding ends and lead cables are then soldered
to the terminal board. A protective cover cast from epoxy is fitted
around ihe coil form and the terminal board end is potted to hold the
cabies and wires in position. Figure 2 shows the assembled sensor.
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FIG. 1 (&) Ring-Core With Toroidal Drive Windings
(b) Turntable for Ring-Core Zero Offsot Adiustment
(c) Sense and Feedback Windings on Rectangular Coi]l Form
for Ring-Core




FIG, 2 NOL Ring-Core Sensor and Cable Assembly
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Prior tc the stability tests of the sensor, minimum offset adjuste
ment is made by rotating the ringecore on its turntable. After adjuste
ment the ringecore turntable is cemented in place. Upon completion of
this operation, a phenolic cover is epoxied across the remaining open
end of the coil form and the sensor is ready for evaluation in the
superconducting shield.

PERFORMANCE EVALUATION IN SUPERCONDUCTING SHIELD

All sensors are evaluatad in the highly stable, low field environ=
ment provided by the NOL superconducting shield (1). The working volume
of the access dewar inside the superconducting enclosure has a 1.75%
diameter and a usable length of three inches. Typical values of field,
gradient and noise attenuation within this temperature access volume in
the superconducting shield are:

Field: <0.ly
Gradient: < 0.1 y/inch
Noise attenuation: Transverse == 5 x 10° at bottom to 10*
Axial - ;tx3‘1'07 at bottom to
2 x 10° at 3"

The temperature in the access dewar is controlled by a system
employing an air supply, a resistance heater, and a thermocouple~
controlled power supply. See Figure 4, The thermocouplé output is
sensed by a Keithley Micro-millivoltmeter. Using negative feedback and
a remote sensing power supply the temperature is .controlled to * 0.1°C
in the range of 59C to 60°C. The same feedback system is used with a
supply of evaporating liquid nitrogen to control to : 0.25°C in the
range of =30°C to 5°C,

Each sensor is evaluated for stability by measuring its offset
and noise values during a temperature cycle. The temperature cycle
consists of an hour at room temperature, a period of heating to 60°C
at a rate of ~ 19G/minute, an hour at 60°C, cooling to room temperature
at ~ 19C/minute, a half hour at room temperature, cooling to =30°C at
~ 29C/minute, an hour at =309C, heating back to room temperature at
~ 2°G{minute, and lastly one hour at room temperature.

The magnetometer electronics supplied by ARC is powered by a
8.3 volt wetecell battery which is continually kept at full charge by
a trickle charge device. The output of the electronics psckage is
amplified by a Dana d-c amplifier with a bandwidth of 0 to 20 kHz.
The amplified signal is fed into a Dytronics Filter set at a bandwidth
of 0 to 10 Hz and then into a Sanborn Recorder Type 320 where a plot
of signal vs time is obtained. A centinuous record of offset and
noise values for the magnetometer syste . vs time which can be related
to temperature is thereby obtained.
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RESULTS

Sample curves of offset vs time during the temperature cycling
evaluation tests in the superconducting shield are shown in Figure
4. Curve (a) is for a sensor of racetrack configuration supplied to
NOL by ARC, Curve (c) is typical of the ring-cores evaluated to date.
Average results for the first four ring-core sensors and data for the
racetrack sensor evaluated are as follows:

NOL Ring-Cores Rar strack
Fluctuations at constant temp. = 0.10 vy + 0.35 vy
Fluctuations during temp. changes + 0.15 y + 1.75 y
Offset difference/high-}ow temp. 0.35 vy 1.40 y
Offset difference/start to end 0.10 y 0.40 vy

These results were confirmed by ARC, who also made longer time
stability checks and showed that offset fluctuations were less than
+ 0,10 gamma in 24 hours at constant temperature. Room temperature
noise for the ring-core sensors fabricated to date ranges from 0.10 to
0.20 gamma peak-to-peak in the 0-10 Hz frequency baund.

CONCLUSION

Combining an NOL ring-core sensor with the ARC drive and de-
tection electronics produces a fluxgate magnetometer, which is highly
stable with time and with sensor temperature. Measurements in a super-
conducting shield at NOL and in a fluxtank at ARC show that zero
stability is exceptionally good, both for long periods at constant
temperature and during relatively rapid temperature transitions.
Differences in zero-offset level between high and low temperature
sensor conditions and between start and end of a temperature test cycle
are quite small. The improved operating stability of this fluxgate
magnetometer should be useful in meeting some of the higher performance
requirements for space magnetic exploration.
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A MAGNETOMETER TEST ENVIRONMENT USING AN
EXPANDABLE SUPERCONDUCTING ENCLOSURE

R. E. Brown *

N69-33969

ABSTRACT

‘A volume containing a reduced magnetic field may be obtained ine
side a lead foil sack by opening the folded sack at 4.29K when the
lead is superconducting. A multi=-stage magnetic flux vacuum pump
based upon this idea was used to reduce earth's field to below 1078
oersted in a volume of several cubic inches. The superconducting sack
shields this volume against the magnetic field fluctuations of the
laboratory environment. The estimated noise level in the low field
space is 107® oersted. A glass dewar inserted into the sack permits
working in the low field space at controlled temperatures near room
temperature. This system has had exten<ive use for the study of the
long term stability of fluxegate magnetometer sensors destined for use
in space exploration,

KEY WORDS

superconducting shield, magnetic shield, flux pump, magnetometer test

INTRODUCTION

hen placed in zero magnetic field, flux-gate magnetometers
gen..ally have a residual output signal called the zero offset. As
long as the zero offset is constant with time, magnetometer readings
may be converted to absolute field measuremeants bty subtracting the
zero offset signal. When a shift in the zero offset is suspected, it
may be redetermined by turning the sensor 180°, To reduce the number
of times this sensor reversal must be performed in flight, it is
desirable for magnetometers used in space exploration to have a stable
zero offset.

* U, 8. Naval Ordnance Laboratory, Silver Spring, Maryland
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The offset is customarily attributed to imperfections in both the
sensor and the . ssociated electronics. The test environment to be
described below was developed for use in a studv of the origin and
stability of the sensor offset alone (1). The requirements set by the
sensor study and met ot exceeded by this test envivonment were (a) A
magnetic field approaching zero (less than 10™® oersted) so that the
zero offset signal may be isolated and kept under continuous observae
tion. (b) A magnetic field that is uniform to within 10™® oersted
over the sensor volume, (c) Magnetic field fluctuations less than
10™7 oersted during a test period of several hours. (d) Control of
sensor temperature in the range =30°C to +60°C,

A test space containing a low magnetic field is commonly obtained
in one of two ways., Earth's fieid either is canceled out by a coil
system or is diverted around the test space by an enclosure of high
magnetic permeability. With sufficient expenditure of effort the res
quirements 13- ad above can perhaps be met by these more conventional
means. We decided instead to develop a test system using the magnetic
shielding capabilities of superconductors for two reasons. (a) The
potential for field reduction and noise suppression in a superconducting
enclosure is greater than with any other magnetic shielding method (2).
(b) There was a need to check magnetometer sensor offset studies per-
formed in a conventional flux-tank by making similar measurements in a
different kind of test environment.

THE MAGNETIC FLUX VACUUM PUMP

It was shown in a previous report (2) that magnstic noise attenua~
tion by a factor of gt least 107® could be obtained easily inside a
superconducting hollow cylinder, Since tne test environment required a
low magnetic field as well, the scheme shown in Figure 1 was proposed.
At A in the figure an axial magnetic field is depjcted inside a lead
foil hollow cylinder. At B the foil cylinder has been flattened at
room temperature so that a smaller megnetic flux is contained in the
cylinder cross=section. At C the lead foil cylinder has been reopened
after cooling it below the superconducting transition temperature of
the lead, The field configuration does not return to state A because
the perfectly conducting wails of the cylinder do not admit the excerpal
field, Thus the field inside the cylinder at C has been redu~.d from
its value at A,

A cascaded or multisgtage operation of this flux vacuum pump is
possible, After performing one stage of field reduction as described
above, the cascading can be achieved by inserting a second flattened
cylinder into the first. This second cylinder must be kept aboe its
superconducting transition temperature until it is in place in the re=
duced field vegion inside the first cylinder, When superconducting,
the second cylinaer may “e reopened, and the field inside should be
lower thar it was inside the first cylinder,
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In most of our later work a lead foil sack has been used, which
resembles a hollow cylinder closed at one end. The folding of the sack
is more intricate than simple flatteming. The field reduction factor
per stage of the pump can be as high as several hundred as shown in
Table 1, and it is found to be roughly constant per stage. The final
transverse field shoun for the second stage in Table 1 represents the
noise level of the flux-gate magnetometer used to make this particular
measurement, and the field reduction factor of 80 is thus a wminimum
value,

DETAILS OF CONSTRUCTION AND FLUX-PUMP OPERATION

The sacks are made of lead foil .0015 inch thick. This lead foil
was supplied on 18 inch wide Trolls by American Metal Glimax, Inc., who
make it for use in packaging. The lead is certainly of no more than
technical purity. Each sack is made from a rectangular piece of foil
28 inches long and 6.8 inches wide. The piece is folded double to
halve the long dimemnsion, and the edges are welded together by careful
melting with a flame. The result is a sack 14 inches leng and about
6.7 inches wide when flattened.

Four fingers made from L/8 inch thick cloth base phenolic are
glued to each sack with Weldwood Contazt Gement to form the structure
shown in Figure 2., In this figure the open end of the sack is at the
top and the welded seams are along the vertical edges. This particular
sack has been folded into its compact form and then unfolded so that
the creases show the folding scheme. On the right are two clips formed
from sheet aluminum that are unsed to fasten together the compact form
of the sack package. The nylon fishline attached to each clip enables
removal and retrieval of the clips when the sack is ready to be opened
in the liquid helium dewar. The sacks are generally used only once
although refolding results only in the appearance of a few pinholes in
the foil.

A handle 28 inches long made from 1/4 inch diameter thin wall
stainless tubing is attached to the top of each of the phenolic fingers
so that they may be manipulated from the top of the helium dewar when
opening the sack. Tne compact form of the sack package is shown on the
right in Figure 3 with the handles and aluminum fastening clips in
place. On the left in Figure 3 an opened sack is shown below the fixe
ture used for the opening opesration and with the silvered glass room
temperature access dewar extending into the sack. This access dewar
permits working near roem temperature in the low field space inside the
sacks, Its inside diameter is 1.75 inches and outside diameter 2.5
inches. The opening fixture fits into a 6einch inside diameter liquid
helium dewar. From the top of the helium dewar the operator canm pull
four traveling loops of nylon string in the opening fixture to apply
an outward force to each of the tubing handles at a point near the top
of the phenolic fingers. The lead foil easily underpgoes permanent
deformation at 4.29K without cracking or tearing. Although the foil
is stiffer at 4,29 than at room temperature, the force required to
open a sack is estimated to be ircreased by less than five times,
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TABLE 1

FIELD REDUCTION IN THE MAGNETIC FLUX VACUUM PUMP

Starting Field at
Bottom of Sack
(cersted)

0.3 axial
0.2 transverse

6 x 107% axial
4 x 107% transverse

Final Field at
Bottom of Sack
(osrsted)

First Stage

6 x 10™% axial
4 x 107% transverse

Second Stage

~ 10~° axial
< 5 x 107° transverse
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Field Reduction
Factor

500
500

~500
> 80



F1G. 2 The lead foil sack for one stage of the flux vacuum pump
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In the center of Figure 3 is shown a second stage folded sack
package hanging inside a glass vacuum jacket that has an open bottom,
The package hangs from a detachable hook at the top of the jacket. The
vacuum jacket keeps the *ead foil sack in the normal state when the
assembly is immersed in . 1id helium. A slight over-pressure of
helium gas applied at the top of the jacket prevents liquid helium from
entering the bottom opening. When the second stage sack is in position
in the lowered field region inside the first stage sack, liquid helium
is permitted to enter the bottom opening. The jacket is then detached
and lifted out of the helium dewar leaving the second stage package
behind, All materials that enter a low field region are checked to
assure non-magnetic character.

Figure 4 shows an overall view. The small coil system shown around
the plastic helium dewar reduces earth's field to about .0l oersted near
the liquid helium level. The operating sequence of the flux-pump is as
follows: The first folded sack is precooled in liquid nitrogen and
then lowered slowly into the liquid helium dewar filled to a depth of
about 16 inches. Presumably the normal-superconducting transition in
the lead foil occurs near the liquid helium level where the field has
been reduced by the coil system. After this first sack has been opened,
a second sack and its enveloping vacuum jacket are precooled in liquid
nitrogen and inserted into it. When the second sack has been cooled to
liquid helium temperature, the vacuum jacket is withdrawn, the second
folded sack package is punched through the bottom of the first sack, and
the remnants of the first sack are withdrawn from the dewar. This
latter operation prevents the physical situation from becoming teoo
cluttered, The second sack may now be opened. This cascading can be
carried egsily to higher stages, but we are at present unable to measure
the small fields that are expected to result.

PERFORMANCE OF THE MAGNETIC TEST ENVIRONMENT

Figure 5 shows the axial and transverse field profile inside the
access dewar for the first and second stage sacks. The zero position
is the lowest possible sensor position and is not the bottom of the sack.
The coil system that reduces ambient field to about .0l oersted near the
top of the sack has been left on during these measurements as it is
during sensor stability tests. The distorted field profile in the first
sack indicates the presence of trapped flux in the lead foil. The flux-
gate magnetometer used to make these measurements had a noise level
slightly less than 10™® oersted and indicated no fI~ld up to 4 inches
above the lowest sensor position in the second sack. Not all components
of the field gradient can be measured with high sensitivity sensors,
but no gradient as large as 107® oersted per inch could be found at the
lowest position in the second sack. The field profils in the lower
portion of the second sack has been found to remain unchanged for as
long as 100 hours.
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The attenuation of a magnetic signal applied at the top of the
sack is shown in Figure 6. This signal was 0,2 oersted in the worst
direction, which is transverse. The attenuation follows closely a
linear logarithmic law. The attenuation one would infer for the sensor
in the axial orientation and at the lowest position requires a long
extrapolation which may be questionable,

Temperatures above room temperature are obtained at the sensor
location in the access dewar by conducting a stream of heated air to
the bottom of the dewar. A copper=constantan thermocouple is attached
to the sensor under test, and the thermocouple output controls the
power supplied to a heater in the air stream. For temperatures below
room temperature the air supply is replaced by a stream of cold nitrogen
gas issuing from a dewar containing liquid nitrcgen and a heater of
fixed power input to induce a constant boilwoff, The thermocouple still
controls a heater in this gas stream., Temperature conttrol at the sensor
location is + 0.5°C in the range =30°C to +60°C,

The major heat leak into the liquid helium comes from the room
temperature access dewar. With this dewar in place liquid helium conw=
sumption is about 2 liters per hour, With the access dewar removed,
this rate drops to 3 liters per 24 hours. A better insulated access
dewar would diminish materially the operating cost. The system is
normally kept in operation for a week at a time.
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NEAR-EARTH MAGNETOMETER FLIGHTS
WITH THE OV1 SERIES SPACECRAFT

by

Kenneth O. Downing and Gordon D. Hall
General Dynamics Convair
San Diego, California
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INTRODUCTION

A relatively lavge number of the spacecraft currently being launched are in near-
earth orbits ranging from 100 to 1000 nautical miles. Of the many varieties of
experimenis being fiown into this region of space studies such as that of incoming,
trapped, and backscatiered energy particlec auroral and airglow distributions,
and others using directional detectors require that the spatial orientation of the
spacecraft be known in order that the data can be correctly interpreted. In these
regions of space the geomagnetic field predominates and the field vectors are
known to an-accuracy that encourages the use of a magnetometer solar aspect
system to detcrmine the spacecraft orientation. Assuming tkat the field dis-
tortions caused by the spacecraft are negligible and that a2 modern PCM telemetry
system is being used, the spacecraft attitude can be determined to an accuracy of
several degrees, especially if the solar aspect data is considered to be primary
and the magnetometer is usod io resolve the roll position of the spacecraft about
the sun spacecraft vector. Thus the magnetometer is being flown as a part of

the spacecraft engineering system rather than as an experiment for field studies.

NEAR-EARTH ORBIT CONSIDERATIONS

Since the near-earth magnetic field is typizally 10% gamma and higher, the
intrinsic field of the spacecraft can be much higher than is allowable for lunar

and deep space probes without introducing appreciable error into the magnetometer
data. Consequently the components and systems engineers have a far wider lati-
tude in the selection of materials and physical design than for deep space probes.
However, the economic and schedule requirements typical of near-earth space-
craft do not allow for excessive testing, overdesign, nor the luxury of extensive
redesign as the result of testing.
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The near-earth engineer has an additional concern: Although he is often allowed
ten milligauss or more intrinsic field at the magnetometer, the effective dipole
of the spacecraft will interact with the ambient geomagnetic field to produce a
torque on the spacecraft which may be significant if a low torque attitude coatrol
system, such as a gravity gradient device is being employed. Thus a boom in-
stallation for the magnetometer is not a solution to the stray field problem if
attitude control perturbations are present.

OV1 SPACECRAFT

General Dynamics Convair has successfully designed and flown numerous space-
craft of the OV1 series into these orbits, several of which have contained aspect
magnetometers including some which were stabilized by means of the Convair
Vertistat gravity gradient attitude control system. Our experience in the design
and test of these spacecraft may be of interest to others working on this type of
program as well as to engineers designing "nff-the-shelf" equipment.

The OV1 spacecraft consists of a right cylindrical section containing the experi-
mental payload and a faceted hemispherical solar cell dome on each end, Figure 1,
one housing the telemetry and power electronics and the other housing the space-
craft power battery. The magnetometers are mounted under the aft solar dome
(inside the spacecraft), Figure 2. .These are three axis flux-gate units commonly
of + 600 milligauss range, although -+ 200 and + 100 milligauss magnetometers are
also flown.

CONVAIR MAGNETIC TEST FACILITY

Tests on the Convair spacecraft are conducted at a new magnetic test facility
located at Convair's Kearny Mesa plant in San Diego. It is a twelve coil system
having four coils along each of three axes, one axis being north-south, one
cast-west, and the third vertical, Figure 4. The coils extend twenty feet along
each axis, and are squares twenty feet on a side, rather than the more common
circular design. The apertures to the working volume inside the coils are

4.7 feet by 5.1 feet in the north-south JYirection and 4. 7 feet by 4. 9 feet in the
east-west direction. The coil system is installed in a wood building assembled
with aluminum nails. The building contractor was made aware of our require-
ments and concern, and all construction materials, concrete aggregate, etc.,
were tested before being used. ’

Each of the twelve coils has a primary winding and two compensating windings,
Table I. The four primary coils along each axis are electrically connected in
series and are used to reduce the field to zero or to any specified value up to
50, 000 gamma at the center of the coil system, The compensating windings,
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Table 1. Four-square 20 ft. coil system specifications.

AXES
N-S E-W | VERTICAL
DIMENSIONS (FT.) 19.2 20.0 18.3
APERATURE (FT.) 4,7X5.1|4.7X4.9{4.9%X5.1
MAIN POWER WINDING
TURNS/COIL SET 80 8G 80
RESISTANCE/COIL SET (OHMS) 4.0 4.0 4.0
COIL SET CONSTANT (GAMMA/AMP) | 8,650 | 8,290 9,020
COMPENSATING WINDING NO, 1 10-20 |10-20 | 10-20
TURNS PER COIL
COMPENSATING WINDING NO, 2 1 1 1
TURNS PER.COIL
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Figure 1. OV1 spacecraft with solar domes installed.
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Figure 2. OV1 spacecraft with sclar domes removed showing magnetometer.
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Figure 4. Four-square 20 ft. coil system with OV1 spacecraft installed.
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which are electrically isolated from each other, are used to cancel any gradients
which exist in the working volume. These windings are capable of cancelling any
gradient up to 500 gamma per foot,

The system is designed to provide a working volume of five feet on a side within
which the field varies by no more than one gamma, end to end. There is a 10
gamma variation over a volume six feet on a side, a 50 gamma variation over a
volume eight feet on a side, and a 100 gamma variation over a volume nine feet

on a side. The system is not yet operating within these specifications; these can
only be accomplished with a closed-loop control system, extensive experimentation
to cancel the residual gradients, and the removal of presently installed electronics
and air conditioning equipment. The closed-loop control instrumentation and
power amplifiers have not yet been purchased; hopefully funds to bring the facility
to its design capability will become available within a year.

The coil system is currently in operation, although with less strict field tolerances,
to perform magnetic surveys of the OV1 spacecraft both to determine the space-
craft field at ihe magnetometer and to determine the effective dipole of the space-
craft in each of its three flight axes, pitch, roll, and yaw for those flying Verti-
stat attitude control systems.

MAGNETIC FIELD SOURCES

It is axiomatic that a low budget spacecraft never has a negligible magnetic field.,
The three common sources of this field are:

1. permanent magnets,
2. the induced field surrounding highly permeable material, and

3. electrical current loops.

To measure the effect of the spacecraft fields on the magnetometer data, the
flight magnetometers themselves are commonly used to make the measurements
although when time permits these are removed and a more accurate laboratory
magnetometer is installed in the same location. With the spacecraft installed

in the coils and the field reduced to near zero the field measured by the magneto-
meters is the resultant of permanently magnetized material and that produced by
current loops. Current loop effects are removed simply by turning off the
spacecraft; the remaining field is due entirely to the permanently magnetized
material, Current loop effects are then determined by operating the spacecraft
through each of its commanded operational modes. Because of the proximity of
the magnetometer to the battery the spacecraft is operated using the battery
during these tests. It has been established that the fields due to solar cell panel
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operation are small, apparently due to the intricate pattern of the wiring of the
series-parallel solar cell network.

The fields due to these two effects are assumed to be fixed in magnitude and
direction and so can be removed during flight data reduction. Where there are
permanent fields there also exist induced fields and these are not fixed, but are
a complex function of the ambient geomagnetic field. Consequently the typical
magnitude of the induced fields needs to be determined and then considered as an
error band around the flight data plots. The field in the coils is brought to a
magnitude approximating that at the nominal flight altitude. Magnetometer read-
ings arve taken, the spacecraft is rotated 180 degrees, and the readings repeated.
Sincc the permanent and current loop f elds rotate with the spacecraft, the
induced field is one half of the difference between the two readings. By repeating
this with the ambient field in several orientations relative to the spacecraft an
average value for the induced field is obtained.

MAGNETIC DIPOLE MOMENTS

Knowledge of the effective dipole moment perpendicular o each of the three
principal flight axes is required for Vertistat stabilized spacecraft because of the
low restoring torque of the gravity gradient system. In a typical installation for
5G0 nautical mile altitude, a 500 pole-centimeter dipole could produce attitude
errors of 19 to 10° depending upon the dipole orientation. The same dipole, how-
ever, if due for instance to a DC motor in the telemetry tape recorder would
cause a one milligauss field at the magnetometer--which is negligible.

To determine the dipole moment perpendicular to a given axis the spacecraft is
rotated about that axis in a zero field while monitoring the signal of a stationary
magnetometer probe located along the radial direction in the plane. Because of
the complex nature of the spacecraft field the probe must be some distance
large compared with the source separation to sense a dipole pattern. This places
the probe outside the working volume of coil system, but since the probe is being
held stationary in a fixed ambient field the ambient field can be compensated in
the magnetometer and accurate readings obtained. The strength and position of
the maximum and minimum points in the spacecraft field are noted as it is
rotated. The dipole moment in the plane is then calculated from the relationship
M= (5r3) B
max
where M is the dipole moment in pole~centimeters, r is the distance from the
probe to the axis in meters, and B_ ax is the maximum magnetic field amplitude
in gamma. The orientation of the dipole moment in the plane is determined by the
angular location of B, ... The dipole moment obtained by this method represents
the projection of the total dipole moment into the selected plane, the plane of
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rotation. The spacecraft frequently have multiple sources in a given axis. How-
ever, at large distances a dipole approximation is sufficiently accurate for the
magnetic moment determinations.

MAGNETIC DESIGN PROBLEMS

The OV1 spacecraft is basically an inexpensive carrier adaptable to a large
variety of experimental payloads. The physical envelope is quite restricted re-
quiring that the magnetometer be unavoidably close to other packages. Con-
sequently it is imperative that steps be taken during design phase to recognize
and avoid potential problems.

One of the problems is the permanent magnet parts in equipment--for instance,
DC motors in the tape recorder and latching relays in the command and logic
system. On OV1 these are placed on the opposite end of the spacecraft from the
magnetometer and the net effect on the data is one or two milligauss. More
important is the equipment mounted in the experiment payload section because of
its proximity to the magnetometer. In those cases where it does not affect the
operation of the equipment small bar magnets are epoxyed to the case of the dis-
turbing package and are effective in reducing the dipole moment and the field at
the magnetometer. In another instance, the packages were not compensated
individually, but several small magnets were attached to the spacecraft to reduce
the combined effect of all packages. Figure 5 shows a typical dipole moment
curve in the spin axis plane both before and after comgensation with permanent
magnets applied to the spaceecraft structure. The peak average field was reduced
from 26 gamma to 4 gamma, or a moment reduction from 800 pole-cm. to

120 pole-cm.

In a recent updating of the Vertistat gravity gradient system it became necessary
to reduce the stray fields of two wide gap C-shaped magnets employed in the
damping mechanism without reducing their field in the gap. This was accomp-
lished by replacing each C magnet with two bar magnets, the air gap on one end
acting in the damping mechanism and the one on the other end acting to counter-
act the stray fields of the first at large distances,

Shieldiny Hermanent magnets reduces the permanent field, but at the expense of
increasing the induced field by the addition of the high permeability shielding
material. This technique, although we do use it, is used with caution.

The choice of structural materials is important, although aluminum is so
universally used that there is seldom a problem here. However, a detector or
other package may contain permeable materials for other than structural
reasons, for example a transformer or shielding, Materials with effective
permeabilities greater than unity are acceptable provided that the induced field
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at the magnetometer is within tolerable limi‘z, For example, a rod one-half
inch diameter and six inches long if placed in a 0, 3 oersted field would induce the
following fields:

PERMEABILITY B (18 INCHES)
1.5 1.4 gamma
10 1.9
100 8.9
1000 48,

Even if the induced field is acceptable one must be concerned with the material‘s
remanence since spacecrait are commonly exposed to fields of 25 gauss during
flight acceptance vibration tests. If use of the permeable materiil is unavoidable,
it should place the package as far from the magnetometer as possible. To date
the remanence values have not been sufficiently high to require deperming of

the spacecraft,

The position of the magnetometers adjacent to the main power battery on the OV1
spacecraft has caused considerable comment. The effect of the battery is quite
small. The silver-cadmium cells have a negligible induced field. Typical
cperating current drain is 1. 5 amperes creating a field from internal battery cur-
rent of seldom more than one miiligauss at the magnetometer. Occasionally a
package will have a high current elay or calibration pulse which will appear as
a pulse on the magnetometer output, but these are ignored during data reduction.
Inside the battery, cell interconnections and heavy current wiring are arranged
o reduce the external field. This was not the case in the early OV1 batteries

in which the wire routing was down one side ot the battery and up the other.
Changing to a compensating wire and cell layout in the battery reduced the ex-
ternal field by a factor of two. Heavy current wire leading from the battery is
twisted pair, but elsewhere in the spacecraft no special precautions are taken,

The net field at the magnetometer of an OV1 spacecraft varies considerably from
one model to the next, depending on the experiment payload being flown. Typical
values are in the following ranges:

Permanent field 1 to 10 milligauss
Induced field 1 to 10 milligauss
Current loop fieid 0.5 to 1 milligauss

The effective spacecraft dipole moment is typically 400 to 700 pole-centimeters,
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In summary, by these techniques the OV1 spacecraft flown to date have been
magnetically clean--by the stanci ‘ds which they have had to meet. It is a low
budget and very practical approach t: the common problem of flying magnetometers
in the near-earth environment for purposes other than magnetic field studies.
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MAGNETIC CLEANLINESS PROGRAM FOR THE LUNAR SURFACE
AND PIONEER MAGNETOMETERS

L. Howard Roberts
Philco-Ford Corporation

Space and Re-Entry Systems DivisiN 6 9 - 3 3 9 7 1

This paper outlines the program required to build space flight equipment
conforming to strict "magnetic cleanliness" specifications. The selec-
tion of parts, materials and construction techniques utilizing both in-
tegrated circuits and discrete components are discussed in terms of the de-
sign and development of the Pioneer interplanetary magnetometer aund the
Lunar Surface Magnetometer. Magnetic test data produced by these pro-
grams are summarized and analyzed.

1.0 INTRODUCTION

This paper outlines the magnetic properties control program required to
satisfy strict "magnetic cleanliness" specifications. This work was
carried out on the Pioneer interplanetary magnetometer and the Lunar
Surface Magnetometer Programs, NASA Contracts NAS2-3397 and NAS2-3554,
The specification for these instruments is as follows:

"At the radius of three feet from the centroid of the in-
strument, the steady-state magnetic field induced by the
instrument shall be less than plus or minus 2 gamma and
the fluctuating magnetic field shall be held to less than
plus or minus 0.5 gamma after being subjected to a standard-
izing magnetic field of 25 gauss. Changes in operational
mode shall not change the magnetic field of the instrument
other than as noted above."

Forewarning of the severity of this specification was provided by the
fact that on a previous Philco-Ford contract, one subsystem of about 1/5
the complexity of either magnetometer was measured to have a magnetic
field of 20 gammas at 3 feet after exposure to a 25 gauss field. While
satisfying the magnetic cleanliness requirements of that program, the re-
sult pointed out that the magnetic cleanliness techniques then in prac-
tice would not be adequate for the magnetometers; i.e., based purely on
a parts count, either magnetometer might be expected to have a magnetic
field on the order of 100 gammas at 3 feet after a 25 gauss exposure.

Three basic guidelines were developed and served as the foundation of
the magnetic cleanliness programs:

1, Elimination of all "hard" {permanent) magnetic materials
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2. Reduction of fields due to "soft" magnetic material
3. Reduction of curremt-induced magnetic fields.

The implementation of each of these guidelines is discussed in Section 2.
Results and conclusions are presented in Section 3.

2.0 MAGNETIC CLEANLINESS PROGRAM

2.1 GUIDELINE 1: ELIMINATION OF ALL "HARD" (PERMANENT) MAGNETIC
MATERIALS

Any permanent magnet is constrained by the 2 gamma at 3 feet specification
and adds directly to the instrument magnetic field. Inclusion in the
design of permanent magnets would have required the use of other permanent
magnets to achieve cancellation. Associated uncertainties in the manmer
in which the magnets track as a function of time, temperature, and shock
were deemed unnecessary additions to an already complicated magnetic
cleanliness program. Permanent magnetic materials therefore were excluded
from use in the magnetometers. Implementation of this guideline was
achieved via materials, parts, and design specifications. As examples,
2-phase ac servo motors instead of dc motors and mechanically actuated
switches instead of latching relays were specified.

2.2 GUIDELINE 2: REDUCTION OF FIELDS DUE TO “SOFT" MAGNETIC MATERIAL

The utilization of “soft" magnetic materials was not permitted except
for Kovar or Nickel leads and cases, and magnetic circuits. "Soft"
magnetic materials as defined herein are those materials which may be
depermed to zero, but which acquire and retain a “magnetization" when
exposed to a magnetic field., It is this soft material which is most
detrimental to instrument performance, since, aside from the specifica-
tion, the magnetic field read by the instrument due to this source is a
pure uncertainty in the data. It is this area that received the primary
attention of the magnetics control program.

The magnetics control program was, in fact, primarily concerned with the
implementation of this guideline which was achieved via a combination of
parts selection, packaging, and screening.

2.2.1 Selection of Parts

The initial phase of the magnetic cleanliness program was to determine
which of the large number of part types available to the design engineers
were acceptable from a magnetic cleanliness standpoint. Subsequent
screening of 100% of all parts has shown that the parts are, in fact,
sufficiently repeatable to permit selection decisions based on a small
measurement sample.
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Integrated Circuits

The real purpose of the selection tests was to find an integrated circuit
package that would be acceptable from the magnetic cleanliness point of
view., Integrated circuits are of primary importance in this program since
on the order of 1000 are used in each magnetometer. Further, magnetic
measurement data was unavailable for integrated circuits of any description.
Some results of the integrated circuit selection tests are given in

Table 1.

TABIE 1 - INTEGRATED CIRCUIT MAGNETIC SIGNATURE DATA

PACKAGE LEAD MAGNETIC FIELD AT 3" AFTER 25 GAUSS
LENGTH EXPOSURE - MEASUREMENT IN LEAD AXIS
Fairchild 5/16" 310 Gammas
Black 3/16" 124 Gammas
Ceramic
(14 Lead) .030" 10 Gammas
Fairchild 3/8" 128 Gammas
B-H Forbes 3/16" 38.5 Gammas
(14 Lead) 0.1" 9 Gammas
0.06" 4.5 Gammas
Signetics 5/16" 300 Gammas
1‘,:2;:;23 Glass) .125" 31 Gammas
(10 Lead) 06" 17 Gammas
" Fairchild 3/16" 15 Gammas
TO-84
Package .03" 4 Gammas
(6 Lead)
Fairchild -
TO-84 Package .06" 15 Gammas
(10 Lead)

The integrated circuit packages selected for use are listed below in
Table 2.

TABLE 2 - APPROVED INTEGRATED CIRCUIT PACKAGES

PACKAGE /MANUFACTURER , _REMARKS
Fairchild BH/Forbes This package is a l4-lead, ceramic pack-
Flat Pack age and is the best package testéd to

date for logic circuits and should be
used vwherever possible. Unfortunately
this all glass package is not suitable
for the high power dissipating linear
circuits,
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PACKAGE /MANUFACTURER _ REMARKS
Signetics This package is a l4-lead glass and Kovar

package suitable for either logic elements
or linear integrated circuits. It is not
as good as the Fairchild BH/Forbes Flat
Pack for logic elements or the T0-84 for
linear cirxcuits but is much superior to
the standard TO-5 case which was deemed
unacceptable.

TO-84 The TO0-84 package is all Kovar with 10
Kovar leads. This package is somewhat
superior to the Signetics package from
the magnetic standpoint, and is a
standard package for some linear inte-
grated circuits.

Transistors

As in the case of integrated circuits, the large number of transistors
utilized in each magnetometer necessitated an investigation of the avail-
able packages to guide selection. Results of this study are presented
in Table 3.

TABLE 3 -~ TYPICAL TRANSISTOR MEASUREMENT DATA

“TYPICAL MAGNETIC FIELD AT 3" AFTER
PACKAGE LEAD LENGTH EXPOSURE TO 25 GAUSS FIELD - MEAS-
URING ALONG LEADS
TO-18 .06" 25 Gammas
Std. Nickel Can B ! .
T0-18 (Fairchild) .06" 13 Gammas
Nickel Silver Can , i ,
T0-18 (Siliconix) 06" 5 Gammas
Nickel Silver Can - _
T0-46 (Short 3/1e6" 15 Gammas
Version of T0-18) ) .06" 1 3 Gammas
Fairchild FK LI 5 Gammas
Package (4-lead
~ 80X80 Mil Ceramic) 06" 2 Gammas
TO-5 1/16" 60 Gammas
RO-~52A 1/16" 25 Gammas
(Short Version
_of T0-5)
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Here, the T0-46 was chosen as the standard transistor package, based on

a reliability and magnetics trade-off between the TO-46 and the Fairchild
FK package. Standard TO-5's were permitted only when absolutely necessary,
the more desirable choice being the RO-52A. Transistors with the TO-18
standard Nickel can were excluded from the design.

Diodes

The standard glass DO-7 diode case with Dumet or Kovar leads was utilized
wherever necessary. Some few reference diodes in standard TO-18 cans
were accepted since they derive from standard transistor lines and are

available in no other configuration.

Passive Elements

Resistors and capacitors are without exception specified to be nonmagnetic.
In some isolated instances, resistors with Kovar end caps were accepted.
For the most part, Angstrohm and Allen-Bradley resistors with oxygen-free
copper leads were chosen,

Tantalum capacitors presented a problem since the standard package, used
by all major manufacturers utilizes Nickel leads. Where the quantity
involved permitted, tantalum capacitors with 180 alloy leads were procured.

Magnetic circuits of both powdered iron and tape-wound cores were used.
Recognizing that the iron is prone to spreading stray field, care was
taken to achieve stray field cancellation.

2.2.2 Packaging

Reduction of instrument magnetic signature is achievable through the use
of advanced techniques involving lead clipping, orientation, and close proxi-
mity packaging.

Lead Clipping

It is apparent from the data listed in Tables 1 and 3 that if the speci-
fication of 2 gammas at 3 feet after 25 gauss exposure is to be met, the
minimum feasible lead length must be used. 0.060 inches was determined
to be the minimum lead length required for welding. To provide margin
for clipping error, pcssible re-work, and/or operator capability, a

lead leugth of 0.085 inch was specified for all components except for
the integrated circuits. For these, a cutting die allowed accurate
clipping of the leads to 0.067 inches on 5 integrated circuits simul-
taneously. The sophisticated packaging technique required to utilize
these short lead lengths is discussed in detail balow.

Measurements illustrated in Figure 1 indicated th~ necessity of also
clipping the four leads which exit fruw «ne sides o>f the I,C. case to
the 0.067 inch length rather than clipping thew t¢ be fiush with the
leads extending from the ends. Figure 1 presents data for a single
flat pack.
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FIGURE 1 - MAGNETIC FIELD VERSUS LEAD CONFIGURATION
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Based on the results shown in Figure 1, it is estimated conservatively
that the preferred clipping technique results in a net field reduction
of at least 1.7 gamma at 3 feet.

Cordwood Module Packaging

The technique utilized for discrete component packaging permits minimum
lead lengths. The cordwood module consists of a number of closely

packed discrete components suspended between two parallel 0.007 inch

mylar substrates, or Mylars. The leads on each end of a part protrude
through a Mylar unless the part with its clipped leads is too short to
bridge the gap which is sized to the largest part. In this case, an
additional length of 180 alloy ribbon is welded tc each lead on one side

of the part. All leads are required to extend beyond the Mylar sufficiently
to permit welding of a 0.010 inch by 0.031 inch 180 alloy interconmect
ribbon. After welding any excess lead remaining is clipped by hand.

Integrated Cixcuit Packaging

Perhaps the most novel feature of the packaging design is the method used
to package the integrated circuits. In addition to magmnetic cleanliness,
weight and volume constraints are also severe. A unique packaging approach
has been developed which satisfies all three requirements.

The normal method used to mount integrated circuits is to lay the flat
pack on a substrate, extend the leads horizontally, bend the leads down
to the substrate, and form the weld on the horizontal substrate. This
method is depicted in Figure 2.

Installation of an integrated circuit in this manner requires a lead
length of about 0.120 inches. The tecknique developed for the magneto-
meter programs is to form the substrate rather than the integrated

circuit leads. That is, the substrate, having the circuit connections,

is made of 0.004 inch Type G-10 glass epoxy with etched 10 ounce copper
traces. The board is heated to above its curing point while held in a
die. The result is illustrated in Figure 3. The integrated circuit leads
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FIGURE 2 ~ NORMAL INTEGRATED CIRCUIT INSTALLATION
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FIGURE 3 - PREFERRED INTEGRATED CIRCUIT INSTALLATION
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are then of minimum length, extending horizontally from the flat pack,
Note that the side-exiting leads which are also clipped to 0.067 inch
from the commer incorporate a 180 Alloy ribbon extension which is welded
to the copper pad on the substrate. Figure & depicts a substrate with
12 integrated circuits welded in place., Note that there are two differ-
ent package types mounted on the substrate. The only magnetic material
present on the substrate is the lead material on the flat packs.

FIGURE 4 - COMPLETED INTEGRATED CIRCUIT SUBSTRATE




In the early program stages, ap attempt was made to determine empiri-
cally whether or not there exists a preferred way to stack the integrated
circuits into modules; i.e., could the integrated circuits be installed
practically in a manner such that some of the circuits shield others.
Several configurations were investigated and the resulting date is given
in Table 4.

TABLE 4 - RESULIS OF I.C. GEOMETRY TESTS

E;—-ma CONFIGURATION _ |TYPICAL RESULTS (PERMED
ubstrate-to- 20 T0-84's

Substrate Alfgnment a. 5 srings of 4

alene*zt:s, vertically 47 Gammas at 6"
aligned

b. As in a but altsr- 61 GCammas at 6"

nate strings dLs-
aced ho

Lateral Separation 4 T0-84's

a. In-line, cases
t:ouching

. Ratn}.e
X 77180

Vertical Separation 20 TO»&'&‘a {5 Stacks,
%4 each)

a. .015" Separation 55 Gammas at 6"

b, .003" Separation ‘ 38 Gammuas at &"

The results indicate that the optimum packaging technique is to place
the I.C.'s in vertical stacks with minimum separation. This is fortunate,
since this represents the simplest scheme from the packaging standpoint.

43 indicated in the foregoing discussion, the integrated vircuit module
packagiog design is highly attuned to the magnetic cleanliness require-
ments. Examples of completed subsystems are shown in Figures 5 and 6.

FIGURE 5 - INTEGRATED CIRCUIT MODULE




FIGURE & « 1 .C./CORDWOOD

2.2.3 Sﬁrﬁﬁniﬂa

In order to meet the magnetic cleanliness requirements, all parts are
screened for magnetic properties, Data given in Tables 1 and 3 show the
large improvemeat made in part by clipping the leads. The part value
prior to lead clipping iz too large to provide meaningful information
about the part value when the leads are clipped, For this reason, all
parts with leads made of magnetic materiai have the leads clipped prior
to screening.

Parts screening is accomplished in a facility located in incoming inspec~
tion station. Parts are screened against pre-determined values, which
comprise a specification. Failure to meet this specification results in
scrapping of the part.

The screening -tation consists of a flux tank, perming and deperming
facilities, a Hewlett-Packard 428b Magnetometer, and various part hold-
ing fixtures, The fixtures are used toc hold the parts in quantities of
up to 10 at s fixed known distance from the magnetometer probe, This
method for holding the parts was implemented to expedite the screening
process and to standardize the geometry thereby minimiziog measurement
uncertainty,

Parts which are located in proximity to the magnetometer sengors are
screened to a much more eracting standard than those used in the elec~
tronics or mechanical subsystems. In the sensor area, parts uaust e non-
magnetic to within the sensitivity of the measurement apparatus. The
most vexing problem encountered in the screening at this level is that

brass, comnonly used to solder terminals, spacers, and even structural
elements, has traces of iron which render it unusable for this application.
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After all parts have been screened individually another screening i.
performed at the module or subassembly level. Here the intent is to
catch any gross mistakes which may have been introduced in subassembly
fabrication. One specific instance occurred when an assembly technician
replaced two non-magnetic screws in each sensor head by screws from

open stock after the proper ones had been misplaced. Undetected, this
action would have resulted in an error field of 2-10 gamma at each sensor.

The module screening results will be discussed in Section 3.
2.3 GUIDELINE 3: REDUCTION OF CURRENT-INDUCED MAGNETIC FIELDS

The approach to current-induced magnetic fields is simple, either reduce
the current loop area to zero or use a compensating loop. Attention
has been directed to the following areas:

a) Motors Bifilar wound motors are used to minimize
the effect of windings.

b) Power Linesg In all instances, power supply voltages,
internal or external are run with their
respective returns when making any inter-
connections in the system. The return is
run directly over (or vice versa) the
supply voltage, reducing the loop area to
the thickness of the motherboard. This
appears to be the minimum practical spacing.

c) Power Subsystem The primary sources of stray fields in the
power subgystem are the filter chokes. Here
there are many turns of wire carrying sub-
stantial currents. In all instances, comple~
mentary chokes are used. That is, either
an inductance is divided between two chokes
and the chokes mounted back-to-back, or one
choke is installed in the prmary leg and the
other in the return leg of a circuit. These
chokes are then installed to maximize
cancellation of their stray fields.

d) Sensor Heads Foth the Pioneer and lunar Surface (LSM)
Magnetometers require electric heaters in
the sensor areas. Both use dc current to
drive the heaters, The LSM is the more
critical of th, two, since the heater is
located within about 1 inch of the magnet-
ometer sensor and is activated for long
periods of time. Testing showed that
heatex elements can be fabricated to give
nearly perfect cancellation. However, all
heaters seem to have the problem that attach-
ing the leads to the heaters forms a current

280



loop of sufficient size to give a field
on the order of gammas at the sensor.

To solve this problem, two heaters are
used, wired in series and oriented such
that the fields from the lead area cancel.

e) Modules Nc attempt was made to configure the cord-
wood modules in a manner to minimize the
magnetic fields due to current flowing in
the components. The currents are generally
quite small, and analysis of the geometries
involved represents a formidable task.

The integrated circuits are another matter,
however. Here, the geometry is rathexr
simple and due to the fact that circuits
are packaged in an orderly fashion, some
care must be taken to prevent current-
generated fields since power on the order
of watts may be dissipated within the
integrated circuit modules.

The approach used to solve this problem
involved using a separate substrate, termed
a Voltage-Ground Plane, in conjunction with
each integrated circuit substrate. The
Voltage-Ground Plane, as the name implies
carries power and ground to the integrated
circuits. The Voltage-Ground Plane contains
holes appropriately positioned to fit over
the integrated circuits and is bonded to

the substrate. The power and power return
conductors are indicated in Figure 7. The
patterns are reversed in adjacent substrates,
rasulting in cancellation as illustrated in
Tigure 8.

3.0 RESULTS

Perhaps the most interesting result of the magnetic cleanliness program
involves the manner in which the contributions of individual parts sum
up in the total subsystem or system to give a net contribution. The
agproach implemented throughout the entire program has been to base con-
trol decisions on a linear combination of the individual part contributioms.
For example, it was on the basis of linear addition of part contributions
that the decisions were reached to use a 0.067 inch integrated circuit
lead length, and also to clip the side-exiting leads to 0.067 inch,

even though the latter necessitates approximately 3000 extra welds per
system, Also on the basis of linear addition, it was deemed necessary
to use a TO-46 transistor package tather than the more common, and less
expensive, T0-18 case.
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FIGURE 8 - EFFECTIVE FLAMENTARY CURRENTS IN
INTEGRATED CIRCUIT MODULES
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The results indicate general agreement with the assumption of linear
addition. It must be noted, however, that measurcment values for each
part that goes into a system are not recorded. For screening purposes,
the part is compared to a limit that has been previously established
from measurements on a numbexr of parts of this type. HNence, the only
knowledge available is that each part used contributes less than this
specified value. By reference to Figure 9 and 10, actual part value
may be compared to the specified part value for a relatively large
number of parts. From this data, means are established for each part
type and these numbers used to estimate the module signature, using
linear addition. These numbers may then be compared to the actual
measured values. In addition, the estimated module signature derived
by addition of part acceptance limit values is used as a gauge for
modules acceptance. These signature values are also presented.

The results of the magnetic cleanliness program may be seen from module
(subsystem) measurements pcesented in Tables 5 and 6. In Table 5,

the measured values are compared to estimates made using means deter-
mined from the data presented in Figures 9 and 10. In Table 6 the
measured values are compared to estimates made using the acceptance
limits for the ejectronic parts. An error coefficient is defined which
is simply the ratio of measured value to estimated value.

Figure lla presents both the distribution of the error coefficients
derived in Table 5, and the mean value of these coefficients. Figure 11b
presents the distribution of error coefficients derived from Table 6.
Although the mean value for error coefficients derived from Table 6 is
very nearly unity, this result is fortuitous since high accuracy was not
required for measurements intended for engineering evaluation only.
Furthermore, values for the off-axis components of the part field are
little better than engineering estimates, although data was taken on a
very limited numbexr of parts.

The most meaningful vesult derives from considering only the Y-axis
measurement for each subsystem. The Y-axis is colinear with the part
leads and concrete data is available for each part. For the estimate
using mean-values for parts (based on Table 5), the mean measured value
is 1.11 times the mean estimated value. For the worst-case estimate,
(based on Table 6) the mean measured value is 1.07 times the mean
estimated value. The consistency of these results indicates that
estimates using linear addition are probably accurate to within 10%

for this type of circuit packaging.

The extent of the program success in eliminating permanent magnetic
material is illustrated by the subsystem depermed values shown in
Table 7.
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FIGURE 9 - TRANSISTOR AND DIODE MAGNETIC DATA DISTRIBUTIONS
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TABLE 5 - MODULE TEST DATA AND ESTIMATES USING PART MEAN VALUES

ESTIMATE - MEAN

VALUES USED MEASUREMENT ERROR
(GAMMAS AT 12") | (GAMMAS AT 12") COEFFICENT
SUBSYSTEM X X Z2_] X Y Z X Y {2
LSM Scientific Sequencer 5.26] 6.74 .71] 5.00f 8.80} 0.15) .95 {1.3 }----
LSM Arithmetic/K Register 8.08) 9.23} 0.95] 3.9 |14.4 | 0.35} .48 |1.56{----
LSM System Timer 2.89) 3.14| 2.571 3.0 | 4.7 | 4.9 ] 1.04 {1.49] 1.9
LSM Site Survey 2.42) 2,67} .28} 1.4 | 6.5 .1 .58 | J4lf----
Pioneer Calibrator 12.49] 8.81} 6.81] 9.1 | 7.6 | 6.6 .73 1 .86 .97
Pioneer Sin/Cos Coeff Stor.| 1.37|12.45]| 8.20} 0.2 {13.0 [11.0 } ---- |1.04| 1.34
Pioneer Buffer Clock 5.58} 5.83] 3.48| 2.5 ] 6.5} 2.0 45 11,11 .58
TABLE 6 - MODULE TEST DATA AND ESTIMATES USING PART ACCEPTANCE LIMITS

ESTIMATE - PART

VALUES USED MEASUREMENT ERROR

(GAMMAS AT 12") | (GAMMAS AT 12") COEFFICIENT

__SUBSYSTEM X Y Z X Y Z X Y Z

LSM Scientific Sequencer 6.871 9.40] 1.02]15.00]| 8.80} 0.15 .73 b=
LSM Arithmetic/K Registor 9.85(11.7 | 1.3 |3.9 {14.4 | 0.35] .39} 1.23|---~
LSM System Timer 4.2 | 4.6 | 5.0 3.0 | 4.7 4.9 .7211.02) .98
LSM Site Survey 3.3 ] 3.3 34114 | 6.5 0.1 421 1,96)-~--
Pioneer Calibrator 4.2 110.2 | 7.6 9.1} 7.6 | 6.6 .631 .74) .87
Pioneer Sin/Cos Coeff Stor,.j 2.1 |18.3 [12.6 | 0.2 |13.0 ]11.0 ---1 .71] .87
Pioneer Buffer Block 6.6 ‘ 7.0 [ 4.4 2.5 | 6.5} 2.0 .38 .93 .46
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FIGURE
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TABLE 7 - LSM MAGNETIC SIGNATURE (GAMMA)

MEASURED - 12" TEST RADIUS
" PERMED - 25 GAUSS |  DEPERMED
X Y z X Y | z
. Sensor Electronics 6.3 13.5 4.8 0 3 3
Input Driver 1.3 .3 N 0 0 0
Sensor Driver .8 2.2 .8 .5 .5 .5
Power Filter 4 7.0 3.1 0 0 0
Engr Data Elex 14.5 8.9 11.3 .1 .1 0
Transformexr Module .6 1.2 1.4 0
MPX-A/D Converter 8.2 2.3 5.5 0 0 .1
Cal Offset Bias Gen. 9.4 3.8 3.1 .2 .1 0
Output Data Buffer .7 2 | 3.3 .1 .1 .1
Offset Command Logic 1.0 alo3s | 1 0
Engr Data Seq. .6 .1 i 2.8 .1 .1 0
Arithmetic Unit 3.9 A } 14.4 0 .3 .1
System Timer 3.0 4.9 : 4.7 .2 .3 .3
DC/DC Converter 2.1 3.6 2.7 0 .1 o2
Memory 12.0 20.1 { 15.0 o7 ‘ .1l .5
Scientific Sequencer 5.0 .2 8.8 S S S | 0
Site Survey 1.5 .1 6.5 0 .1 .2
Electro/Mechanical S/S 10.0 5.9 1.1 .2 .5 4
TOTAL 81.3 73.8 93.2 2.3 2.8 2.7
et e ]
Equivalent Field at '
36" (Total 3~ 27) 30 1 27 { 35 ! . 1.1 | .1 |
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A MAGNETICALLY SHIELDED CHAMBER
USED IN SIMULATING SPACE ENVIRONMENT
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Larry L., "A Magnetically Shielded Chamber Used In Simulating
Space Environment", Spacemagnetic Exploration and Technology
Symposium, (August 1967) University of Nevada, Reno.

ABSTRACT N69‘33972

A walk-in, magnetically shielded chamber used in the
testing and calibration of sensitive space-flight magneto-
meters is discussed. The chamber is a two-shield cubical
design, using a highly permeable, annealed shielding material.
The facility includes a large three-dimensional coil array
surrounding the chamber and a small, callibrated, double
Helmholtz coil array at the geometrical center of the caamber.
Within the Helmholtz coils is a non-magnetic temperature
chamber in which a magnetometer sensor can be subjected to
variations in the ambient temperature of ~500C to +100°Cc. A
non-magnetic fixture used for 360° rotation of a magnetometer
sensor is placed within the toemperature chamber. In gddition,
the magnetically shielded chamber is situated upon a non-
magnetic table which allows 360° rotation of the complete
facility.

Key Words: ©Shielded, Non-Magnetic, Space,Construction,
Helmholtz Coils, Temperature Chamber.

INTRODUCTION

In the development of relatively sensitive magnetometers,
it is necessary for the instruments to be tested and calibrated
in a magnetically quiet environment. The purpose of this report
is to describe a magnetometer testing facility which provides
such an environment in the laboratory. More specifically, this
facility performs three functions. First, the facility provides
a region in the laboratory which is relatively free from magnetic

lInstitute of Geophysics and Planetary Physics, University of
California at Los Angeles.
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field gradients and Jnagnetic noise. Second, it provides 1
means of generating’, within this region, the magnetic fields
which are desired ‘for testing and calibration of the magnet-
ometer probe, Third, it provides, within this same region, a
means of varying the temperature of the magnetometer probe
being tested.

The magnetic environment in the laboratory normally in-
cludes the following types of fields: the earth's magnetic
field which varies slightly with time, permanent magnetic fields
producea by ferromagnetic materials, time dependent magnetic
fields produced by electrical circuits in nearby machinery,
and induction fields produced by magnetically permeable materials
in the presence of ambient laboratory magnetic fields.

In such an environment, a calibration or accurerte study
of the performance of a relatively sensitive magretometer is
impossible., It is possible to remove the instrumcnt and test
equipment to a site which is suffiriently remote to be free
from the last three types of fields listed. It is then only
necessary to compensate for the earth's magnetic field and
its variations. An alternative to a remote test site is a
magneti 211y shielded chamber in which the shielding s pro-
vided by walls of relatively high permeability. It is a
relatively simple matter to construct a small chamber which
provides effective shielding against magnetic noise and which
is large enough to contain most magnetometer probes. However,
if it is desired to produce fairly uniform magnetic fields
within the chamber, it is necessary that the chamber be
sufficiently large that the walls do not appreciably infiuence
the magnetic fields produced at the center of the chamber.
Furthermore, since the properties of magnetically permeable
materials vary considerably with temperature, it is neces-
sary that any control of the temperature of the magnetometer
probe within the shielded region be performed by a temperature
chamber which is contained within the shielded volume and
insulated from the shielding walls.

In any such facility, the accessibility of the temperature
chamber and of the mounting fixtures for the magnetometer pirobe
whicn is to be tested must be considered. Such considerations
led us to conclude that a magnetically quiet spherical working
volume, eight feet in diameter, would be desirable. However,

a study of possible construction techniques indicated that a
cubical geometry could be obtained at considerably less expense.
As a result, the magnetically shielded chamber provides an

eight foot cubical working volume.

The cubical chamber that provides the magnetic shielding
has two walls separated by six inches. Each wall is covered
with a layer of 4-79 molybdenum permalloy steel .0T0 inches
thick. Access to the inside of the chamber is provided by an
inner and outer sliding door. Within the chamber controlled
magnetic fields are generated by a triaxial Helmholtz coil
array with a nominal coil diameter of 30 inches. A non-magnetic
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temperalu=-< chamber is centered within this coil array. The
completea facility is shown in Figure 1.

In this report, the details of the design during con-
struction of this facility will be described. In addition,
the results of various performance tests will be given.

CONSTRUCTION OF THE MAGNETICALLY SHIELDED CHAMBRR

As the first step in the construction of the shielded
chamber, a wooden framework was constructed from two by fours
and s' ~athed by 1/2-inch plywood sheets to form inner and
outer walls separated by approximately six inches.

This steel used %0 provide the magnetic shielding was
4-7T9 molybdenum permalloy in the form of sheets 0.0070 inches
thick. The metal sheets were precut to the patterns required
for the shielding chamber and then annealed by the manufac-
turer (Allegheny Ludlum Company). These sheets were glued to
the plywood walls of the wooden structure. The sheets used
on the inner walls were 8 feet in length and 19 inches in
width, while those used on the outer walls were 9 feet 'in length
and 17 inches in width. The sheets were attached with the
long dimension vertically on the outer wall, and horizontally
on the inner wall, The resulting shielded chamber is shown in
Figure 2. The spacing between the adjacent sheets on a given
wall was approximatelv 1/b4 inech. These quarter inch gaps
were covered by strips of shielding material 4 inches wide
and of the same lengith as the widexr sheets. Thus, considerable
overlap of the shielding material was provided in order c¢o
mininize magnetic flux leakage at the 1/k-inch gaps. These
b-inch strips had been predrilled before annealing to provide
screw holes every 5-5/8 inches along the length of the strip.
These strips were held in place by aluminum screws that pass
through b inches by b4 inches by 3/32 inch aluminum plates,
through the holes provided in tne strips, through the 1/i4-inch
gap between adjacent sheets of shielding material, and anchored
in the heavy wooden framework.

The 4 inch by b ineh by 3/32 inch aluminum plates immediately
ahead of the heads of the screws were included to distribute
the load produced by the screw over a wider area of the shielding
material ana thereby to minimize the stiess in tne shielding
material. These details are jllustrated in Figure 4. A similsr
method was employed to improve the shielding at the intersection
of adjacent walls. With this type of gonstruction, the gaps
between the overlapping magnetic shields are held to less than
0.002 inches.

Access t0 the inside of the shielded chamber is provided
by a rectangular doorway 38-1/2 inches wide and 82-1/2 inches
high. The design and construction of the doors with which to
seal this doorway to the 0.002 inch gap specifications was one
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of the more difficult tasks encountered in the development of
this faclility. 1Two doors were constructed, each of s heavy
wooden framework with the shielding material affixed to only
one side of each door in the manner Jjust deseéribed. The
wooden framework of the doors was from two by fours and 1/4
inch plywood. The docrs are 8 inches longer and 8 inches
wider than the doorway. They are mounted in such a way that
in 8 closed position, the shielding material on the doors is
pressed flat agsainst the shielding material of the chamber
walls in an areas 4 inches wide running around the edges of
the doors.

In order to provide sufficient pressure over this area
to insure the desired small gmp between the shielding material
of the doors and that of the chamber walls, the volume betueen
the inner and outer doors is evacuated slighily in the manner
employed by Patton (1962}. Both doors are mounted on heavy
horizontal aluminum tracks and use plastic rollers. The tracks
for the inper door are attached to the floor and ceiling of
the chamber and those for the outer door are attached to the
outside wall of the chamber at the same heights. The tracks
run parallel to the wall of the chamber which contains the
doorvay. The motion of the door from the closed to the opened
position 1s to first move the cuter door directly away from
the wall about 2 inches. The door is then rolled parazlilel to

the wall along the tracks until It is clesr of the doorway.

Two access ports 6 inches by 6 inches were provided for
test connections in opposite walls of the chamber just above
the floor level. A tlLird gccess port 12 inches by 12 inches
was provided in the center of tne ceiling for air conditioning.
In order %o minimize the leakage of magnetic fields through
the access ports, external shields are attached to the inside
and outside of each access port, as may be seen in Figure 2,

Tne cunamber was built upon a vooden pad constructed of
two by fours laid parallel to one ancither ani separated by
12 inches. The entire unit was then mounted upon an asluminum
turntadple to enable the rotation of the chamber aboutl & vert-
icai axis through the chamber's center. This turntable was
constructed by first mounting in the concrete laboratory floor
a square aluminum plate 59-3/4 inches on & side and 2 inches
thnick in such & way that the level is maintained to within
0.0001 inch. A circulsr vall race 54 inches in diameter had
peen cut ip the plate and 72 balls are used Lo distribute the
load. The balls sare bronze, 1.250 inches ip diameter, and are
held in position by a five section spacer. An aluminum plate
identical to the one mounted in the floor wss then placed upon
tne resulting ball tearings. Attached to this pilate is an
aluminum I-beam frame which provides the support for the wooden
pad carrying the magnetically shielded chamber. The completed
turntable is shown in Figure 3.
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For tne most par’, tne consiruction techniques employed
in tne fabrication of tne shnielucd chamber were relatively
standara. however, special handling was reguired for the
permalloy steei. Tne annealcd steel was shipisd from the factory
in special paddes containers. Tle sheets were handled with
Vacuum cups. Flexing of the sheets was avoided as much as
possible. Drilling, cutsing, bending, and heating were kept
to & practicsl min.mum, Wiviipg for lights and vacuum switches
was bullt into the wooden chawmber walls. Care was taken to
insure that all wiripg was ru. in tightly twicsted -airs carrying
tne input in returned strands to a given point. The completed
chamber was covered witn a 1/4 inch layer of wood in order to
minimize the possibiiity of dumage to the walls due to acci-
dental snocks.

RECTANGULAE COIL ARRAY

in order Lo meagure the performance of the shielded
chamber, it is gesiralle that uciform magnetic fields which
can be varied ipn orientation and magnitude somehow be generated
in the region containing i'e facility. Gince a coil array
which coulg provige suchn a uniform field would be much too
iarge to be contained in the limited space available in the
laboratory, such fields cannot in practice be provided. A
coil array consisting of three rectangular coils was con-
structed with tueir axes mulually orthogonal and with the
center of each coil array at the center ol the shielded chenmber.
The geometry of thesze coils, which had to be completely con-
tainea within the “aboratory, was far from optimum. However,
these ccils allow us t. obtsin valuable data concerning the
relative fieid attenuatiocn provided by the shielded chamber
for magnetic fields of various magnitudes and fregquencies. The
coils also allow us t¢ reduce the eartn'’s ambieni field on the
chamber wvall.

kacn of the six coils in this array was wound with two
turns of ten conducter ribten wire giving a total of Z0 turns
per coil., bhach conductor in the ten conductor ribbeon wire was
AWG 14 wire of tihe stsndard C-10 type with a resistance of
#.46 onms per 1000 feet. The various coil constants for the
three rectangular colls are given in Table 1.

TABLE I

HECTANGULAR COIL ARRAY SPECIFICATICKS

Coil Dimensions Separation
{feet) (feet)
Vertical 26.4 x 29.6 10,0
East~VWest 12.0 x 29.0 10.0
North-South 12.0 x 2h.p 10.0
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HELMHOLTZ COIL ARRAY

The magnetic fields st the center of the shield chamber
are controlled by a trisxial set of Helmholtz coils observabls
in Figures 1 and 5. The center of this coil array is ?@cataé
~at the geometrical center of the shielded chamber. Each coi
nas two windings. One vinding, the null coil, is normally
used Lo cancel any residual DC field within the chamber arg
the other winaing, the calibrate coil, is used to provide the
desired calibration or test field. The coils are wound oa
lucite foris which are mounted on brass angle brackets. FEach
coil consists of 25 turns of AWO 22 copper wire which has a
resistance of 22.76 obms per 1000 feet. The various ecoil
constants are given in Table 2 for each of the three orthogcnal
'Helmnnltz voils. L ,

TABLE 2

HELMHOLTZ COIL ARRAY SPECIFICATIUNS

Coil ‘Radius Radius, KQ Kn
{null) (cal.) {uafy ) Apaly)
v 35.12 em 36.07 cm 16.07 15.67
E-W L0.45 cam 41,40 em  1B.27 17 .82
 N-8 3777 em 38.7h em  17.12 16.73

‘The fields of the¢ Heimholtz coils are generated by cali-
brated currents prav1ae& by the control upit shown in Figure b,
The unit is basically a constant voltage source coupled to a
manually controlled resistive binary ladder, The fields for
“Le calibrate Helmholtz coil are manually switched using dials
calibrated in discrete units of 1v, 10y, 100y, and 1000y with
a range of * 13,3%332Y. JArouther diaml, not as sccuravely calibrated,
is mapually switched in units of 10,000vY with a range of + 1 gauss.

switched
with a reaaluﬁion ,,,,,,,, -
Another dial providés a field of + 1200¥ in units of

The polarity is changed by a DPDT toggle switch,

The fields for “he null Helmhaltz CQll are manua?g
usxng a potentiometer with a range of + 100
of O.1¥ .
100Y.

TEMPERATYRE CHAMBER

A means of temperature variation of & sensor over a wide
range was found to be necessary,. Most magnetic devices are
sensitive 1o the ambient temperature to some degree, and space
flight magnetometers which are 1o be ¢valuated must be calibrated
over the temperature ranges anticipated in -pace. ~
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The UCLA facility is now equipped with a second generation
tempergture system shown in Figure 5. From our initisl system
we Jearned that no wetallic materials should be ineluded in
the system near the sensors and definitely noct in any moving
parts of the system, For example, an aluminum nut used %o
position the probes was found to noet only contribute a magnetic
field but dts field was temperature dgependent.

Uur present system utilizes completely non-magnetic
materials; styrafoam walls, phenclic linen supports, and tygon
input-output lines. The styrsafcam box is containsed within the
triaxial Helmholtz coll array, and provides a working volume
18 inches high, 14 inches wide, and 1k inches deep. Hot or
cold nitrogen is introduced to and expelled from the chanber,
through 1/2" 1.D. tygon tubing.

The phenolic linen platform usecd¢ for mounting magrnetometer
probes may be seen inp Figure 5. The platform is sttached to
phenclic discs at the top and bottom of the chamber through
three 1/2" threzded phenolic rods. By adjustment of the support
nuts, a prove may be placed in the geometric center of the
Helmholtsz c¢oil arvay ard aligned in the plane of the coils.

The top and bottom rotating phenolic discs are coupled to the
stationary chamber through 1/8" teflon bushings to insure smooth
operation at both high and low temperatures. A phenolic shaft,
which is5 attached to the top disc, extends out of the chamber
with & polnter mitached Lo indicate the positicn of the probe.
The dimensions of the platform and chamber allow evaluatiion of
probes with a maximum overall dimension of 10 inches. The
permanent field of a sensor and the relative alignment of two
sengcrs in & probe capn be cetermined in &8 single operation

using two of the crihogonsal Helmhbholtz coils.

The temperature control system is basically a standard
liguid nitrogen system. Liguld nitrogen at 25 1blin.?2 is
supolied to & temperature control console which is located
approximately 15 feet from the chamber (see Figure 6], The
consoule then routes the nitrogen through either the heating
or cooling section and the hot or cold nitrogen (the nitrogen
is always gaseous before leaving the console) is routed to
the test chamber through separate insulated 1/2" copper lines,

The heating system consists of a 50 foot evaporation coil
made of 1/2" soft drawn copper tubing which is used to preheat
the liquid nitrogen. The preheated nitrougen is introduced into
a 4500 watt circulation heater which raises the nitrogen temp-
erature to any desired value up to 3008C. The het gas is next
flow-regulated by a 1/2" throttling valve which i¢ in series
with an electronically activated sclencid valve. 1In parallel
with the throttle and solenoid valves is & 1/4" tleed valve
which provides a ¢ontinucus, low volume flow of gas to reduce
temperature deviations from the desired value. The cooling
system 1s identical with the heating systen except no evap-
oration ccil or heater is used,
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The electronic control system consists of a stationary
thermister located within the chamber near the test specimen
which detects the ambient temperature. A level detector in
the console senses the thermistor output and activaier &
relay which in turn activates the proper solenoid valve, The
chamber and console then constitute a closed-loop system that
can maintain any temperature from -50°C to +100°C to within
+0.50C, By using nitrogen that is hottor or colder thswn *he
desired temperature the volume of gas required is substantially
reduced.

AIR CONDITIONING

Considerable care is taken to insure that the walls of
the magnetically shielded chamber are not subjected to sig-
nificant temperature variations. The outside walls of the
magnetically shielded chamber are protected from temperature
variantions by the laboratory wuir conditioning. Tt is also
necessary to protect the inside walls of the shielding chamber
fron temperature excursions which might be introduced duve to
heat produced by equipment operating within the shielded chamber
or due to losses from the temperature chamber located within
the shielded chamber. To do this, tspecial air conditioning
for the inside of the shielding chamber is provided. This
air conditicning is supplied by a unit rated at 23,000 BTU/Hr
and capable of an air flow of 800 Ft3/min.

The air conditioning unit is locate’® about 20 feet from
the shielded chamber. Connections from ... aluminum supply
duct is connected to the chamber with ¢! © rings so that the
rotation of the chamber is not impaired.

PERFORMANCE

To describe the performance of the magnetically shielded
chamber, we consider the attenuatlion characteristics and the
ambient interior field gradients. We distinquish the atten-
uation characteristics and the ambient intericr field gradients.
We distinquish the attenuation characteristics as two types,
that related to DC magnetic fields and tha% related to AC
magnetic fields. We will use the terms, DC attenuation and
ineremental attenuuwtion, respectively.

The DC attenuation is of the order 102, This value can
apparently be changed by simply deperming or perming the walls
if one defines the DC attenuation as the ratio of the externnil
field to the internal field. The magnitude of the interior
field at the center of the charler immediately after the shielded
chanbter was completed and pleced upon the rotation table was
about 40OY, The walls of the shielded chamber were then depermed
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using a small degausser and the center interior field decreased
tc about 30y. %“he field magnitude can be further reduced to
about 5y at the chamber center by careful deperming.

The . 2mental attenuation was detirmined by rotating
the chambe. 1 the earth's fie.. and by applying various AC
magnetic fields with the use of the large rectangular coils.
Another msthod inccrporated a portable rotating magnet which
was moved perpendicular to a chamter wall from a near distance
of 5 feet from the chamber wall to a far distance of 20 ft.
The coils and the rotating magnet wer calibrated in a location
far from any magnetic or permeable materials. These values
are comparable to those obtained for other magnetic shielded
chambers of similar dimensiouns.

We have used the rotation capability of the chamber to
determine the DC attenuation. This provides the DC atten-
uwation for the wall in the unpermed condition and is also
indicative of the incremental attenuation since the interior
field can be monitored as the chamber rotates in the uniform
earth's field. The field inside the shielded chamber was
determined by mapping the field component. at one foot
intervals.

The interior gradients were found te¢ be a function of
the deperming and perming of the chambex walls. For instance,
the gradients immecdiately after chamber assembly and btefore
the wall degaussing were about 20y per inch. Afiter the first
degaussing, gradients of about 1Y per inch were obtained.
Afver several degaussings, we now have gradients of about 0.2y
per inch within a 10 inch diameter sphere at the chamber
center. This is well within our main working volume as most
of our magnetometer probes have dimensions of less tiian 6 inches.

We have found that the laboratory noise was much less
then expected. During the day, we observe a field variation
within the shielded chamber of about 2v rms. During the late
evening and early morning hcurs we observe a field variation
within the shieldea chamber of about 0.2Y rms at frequencies
less than 10 cps. Consequeniliy, we have found it advactageous
to do our mecst seusitive tests during the late hours. We have
also been able to work with the doors upenm during the day.
This has not affected the gradients within the main working
volume to ar zppreciable extent nor has it affected our day
time noise levels. The open door also allows us constant visual
examination of the sensor orientations, and negates the require-
ment of enclosing a leaboratory assistant within the chamber
wvnere his movements may cause unnec. sary fieid variations.

FUTURE IMPROVHLMERTS

The facitity described has provided an ad~guate environ-
ment for all = its intended uses. However, in tne future we
anticipate naving larger dynamic range, and rore sensitive
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instruments. We are therefore planning improvements in the
following areas.

One area of future improvement 7111l be extending the
dynamic range of the Helmholtz coils to *+ 1 gauss. In recent
work it has been found desirable to produce fields in the order
of the earth's field, but the present coil system is constructed
of a wire size that will not support the current required
without joule heating which in turn (since we are using a con-
stant voltage system) gives rise to slow field drifts. With
a new set of coils we will have the capability of introducing
calibrated 1Y or more field steps superimposed on a gquiet
1 gauss fiela.

The styrafoam temperature chamber presently in use is
inefficient in that a good hermetic seal is not maintained.
A new temperature chamber is being planned that will provide
a better seal, with the anticipated result being a further
increase in the efficiency of heating and cooling. We
anticipate the temperature i{ransition time to be significantly
reduced when desired so that thermal shocks may be applied
to magnetometer sensors.

Since flight magnetometers in general are vector fieid
measuring devices there are usually three orthogonal sensors.
At present we can only rotate about one axis which evaluates
only two sensors at a time. In the near future we anticipate
installing a new fixture which will provide us with rotation
about two orthogonal axes, and will therefore allow compliete
evaluation of an instrument without ‘reorientation of the
probe on the rotating platform.

Due to the interest in and demand for very sensitive
magnetometers for space use with resolution of less than 0.01y,
we have plans to alter the magnetically shielded chamber itself.
This change will be to introduce a cryogenic magnetic shield
into the facility. With such a system, we expect to inecrease
our major attenuation factor and the incremental attenuation
factor to greater than 106. The cryogenic shield is to be
placed in the gecometrical center of the magnetically shielded
chamber. This is to reduce to a minimum the magnetic fields
and gradients which can be trapped in the cryogenic shield
when it goes superconducting. The cryogenic shield is to be
cylindrical with an interior diameter of 10 inches ard a long
dimension of 6 feet. 7Tt will be possible to rotate the shield
about its vertical axis and introduce a device to alter the
relative orientation of a probe within the ¢ryogenic shield.
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ist of Figures

Figure 1. The corpleted operational magnetically srielded chamber and
Helmholtz coil contrnl console. The system is used to provide a fleld
free region in whrich to test sensitive magnetometers.

Figure 2. The megnetically s¥lelded charber immediately after con-
struction and prior to installstion of the wonden protective cover'ng.

Figure 3. The aluminum turn table ~.pnn which the magnetically shielded
chamber was placed. The completed facility may be rotated 3602 atout
the vertical axis.

Figure 4. The Helmholtz coil control console used to control the
magnetic field produced by the Helmnioltz coils in tke center of thre
cr.amber.

Figure 5. The Helmholtz coil system, non-msgretic temperatare chamber,
and probe rotation platform. The systems are used in evaluating
sensitive magnetometers. .

Figure 6. The temperature control console wnich provides hot end cold
ritrogen gas to the non-magnetic temperature chamber. The system is
used to maintain any probe temperature between -SOOC and +170°C to
within #03.5°C.
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ABSTRACT

The first Aoplicz..nrs Technology Satellite was tested to determine
its magnetic prope: Lies. The test methods and results are discussed.

Key Words: Magnetic tests, Applications Technolngy Satellite.

N69-33973

INTRODUCTTON

In September and November of 1966 magnetic tests were conducted on
the Applications Techtnology Satellite (ATS-1) spacecraft at the Goddard
Space Flight Center. The tests were conducted in the then newly completed
40-foot coil facility located in a remote, relatively quiet area at the
Goddard Space Flight Centec. Due to the newness of tne facility, some
desired tests, sich as full solar simulation, were not possible, and ather
tests in which the automatic earth compensation system was employed were
of questionable value due to the fact that the system was only partially
completed.

The purpose of this paper is to present data on the types of magnetic
interference that affect relatively sensitive magnetometers or board space-
craft that have been designed without giving high priority tn magnetic
contuminat ion or isolation of the magnetometer sensor.

SPACECRAFT MAGNETOMETER

The instrument used in making the measuremen s described in this
paper was the ATS-1 fluxgate magnectometer. TIts operation has beer
described by Barry and Snare {J966). Basically, the instrumenrt consists
of twn fluxpate magnetometers with the sencors orierted normal to each
other, and at 459 with respect to the sovacecraft spin axis. The dynamic
range of each of these magrietoweters s +50Y. As shown in Figure 1, the
axis designated A measures fields along an axis which passes through the
main body of the spacecraft, and the B axis does rnot intersect the
spacecraft.

]Instihute of Geoprysics and Planetary Physice, University of California
at Los Angeles.
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The overall instrument has a dynamic range of +925y to -675Y which
is obtained by extending the range of the basic magnetometer with a
digital offset system. The bandwidth of the basic magnetometer is 57 Hz.
The large bandwidth is required to allow tracking of large field changes
by the digital offset system with sufficient speed to provide overall
field data up to frequencies of 2 Hz. The field data from the bssic
megnetometer are passed through & low-pass filter which cuts off at 2 Hz.
The telemetered data has a bandwidth of 2 Hz, which eliminates frequency
alijasing of field information.

Anotker feature of the magnetometer is that in the presence of a
large amplitude fluctuating field tie sensitivity is automatically
changed from +50Y to either +100y or +200Y depending on the fluctuation
magnitude.

SPACECRAFT MAGNETIC DESIGN

Figure 1 indicates the location of the magnetometer probe with
respect to the spacecraft. ‘The probe is located anly 6 in. from the
solar panels, and the total boom length is only 9 in. The boom length
and location were determined by considerations of shroud size and re-
lation of sensor to apogee motor rather than the optimum maghetic
location.

Due to the proximity of the probe to the spacecraft hardware, the
effects of magnetic materials becomes more pronounced. The only magnetic
specifications for the spacecraft were those imposed on the scientific
instruments. As a result hardware was designed giving main consideration
to size and weight, and in some cases to most desirable material. For
example, the housing of the Spin Scan Cloud Camera is made of Invar steel
as a low thermal expansion characteristic was desired.

D.C. MAGNETIC FIELDS

The D.C. magnetic field of the spacecraft, attributable to magnetic
materials on the spacecraft, was measured by rotating the spacecraft
through<360° in a zero field environment with spacecraft power off.

Magnetometer data were obtained by removing the spacecraft magne-
tometer probe from the boom and mounting the flight sytare magnetometer
probe. An inter-instrumant cable was connected from the flight spare
probe to the flight spare electronics located aspproximately Lo ft from
the spacecraft. The magnetometer was then powered and monitored by the
exper iment ground support eynipment (G.S.E.). 1In this configuration no
power was needed on the cpacecraft to determine the spacecraft permanent
field.

The spacecraft was rotated 3600, and the permanent field perpen-
dicular to the spin axis was taken as one-half the difference between
the 0° and 180° readings. The fields measured were +50y and +100¥ on
the magneton :ter's A and B ares, respectively. As stated earlier the
facility's automatic earth compensation system was not operational at
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this time, but the o° and 3600 field readings were in good agreement.
The recordings of the earth's field also showed no significant changes
during this test period, so these field values were taken as being due
only to the spacecraft.

The parallel component of the spacecraft's permanent magnetic field
was measured by holding the G.S.E. operated magnetometer sensor at the
location of the magnetometer boom and rolling the spacecraft up to and
away from the sensor. The fields measured were 2y and 25Y on magnetometer
axes A and B, respectively. The test was repeated several times, and
each test was in good agreement with the original test.

A significant source of D.C. magnetic fields was found to be current
loops in the spacecraft power system. As an exampie, we found a D.C.
field shift of about 20¥ as a result of cirrent being drawn from the solar
panels instead of from the spacecraft batteries.

One day of magnetic testing was devoted to commanding the spacecraft
into various operational modes and observing the D.C. magnetic field
changes at the magnetometer probe. Table 1 is a list of commands sent
and the associated changes in fields. These values are averages from up
to seven separate executions of the same command. WNote that many commands
create fields in excess of 10y, and also in general they are reversible,
e.g., regulator #2 on produced -42y chai.ge on A, and regulator #2 off
produced +42y change on A. In general the fields created by a particular
configuration of the spacecraft have no permanent effect; over a period
of time in orbit the signatures of these commands can be identified and
used to help reduce flight data.

-

A.C. MAGNETIC FIELDS

A second type of magnetic disturbance present on the ATS-1 prototype
spacecraft was what will be called A.C. magnetic fields. In fact some of
the fields, such as those observed from the University of Minnesota mag-
netic electron spectrometer experiment were caused entirely by alternating
currents in conjunction with the movement of magnetic materials, such as
the Spin Scan Cloud Camera.

Again referring to Table 1, these disturbances were observed to be
in the order of 10y as measured with the ATS-1 fluxgate magnetometer.
The basic bandwidth of the instrument is 50 Hz, so the actual peak field
amplitude of some of the spikes is unknown. In space flight the tele-
metered data from the ATS-1 magnetometer have a bandwidth of approximately
2 Hz. Therefore these sources of interference are not observed in the
space flight data. :

CONCLUSIONS

The pre-flight magnetic tests discussed have provided specific
magnetic interference data on each system of the ATS<1 spacecraft. These
data have proven useful in ¢raluating orbital data from the satellite
since its launch in Dece oer, 1966. However, insufficient time was allocated
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Table 1

Currert Inop Mairelic Fields

Conmmarnd No. Command Description A 4T

+23v anplied to s/c P

Xmitter and cncoder on ¢ 7 3
02 PCM enczoder #1 on -
N Ti Xmitter #4 on (Xetr #2 of'f) - L «
335 EME payload regulator on 41N R
9565 EME Power Buss on Pos :
3hy UCIA on iy 3
27T PCM Encoder #2 off ST .
027 Xmitters 2 and 4 off T
212 Xmitters 2 nn and i 2ff -5
127 PCM encoder #2 on -3
211 Repeater #1 mult. access orn - g )
001 Xmitter #1 TWT H.V. on +3 41
253 Repeater #1 off -7 -1
164 Xmitter #2 TWT #3 fil. on 3 0+ 3
126 Xmitter #2 TWD H.V. “n P+l
374 Repeater #2 off S B )
336 Repeater #2 milt. access mnde on + 5 +2
976 Pace #1 on; Pace #2 off - & a1

or
- 2 3]
2khs Pace #2 on; Pace #2 off +2 -1
k1 Phase shifter drivers on +2 .5
232 Xmitter #2 TWT #4 filaments on -2 +2
313 All pace off 16 -1k
207 Phase shifter drivers o.f -3 -3
357 Wideband Data Mode #1 on 1 b n
006 Spin Scan Cloud Camera Reg. on spike +3 -3
254 South Frame Limit noise +3 -3
060 Wideband Data Mode #2 on + 6 0
133 Spin Scan Cloud Camera Reg. off noise gone -~ 1 o]
376 Regulator #1 on +19 -1k
150 Wave form generator on/off 2Y p-p spikes
251 Regulator #2 on b2 469
275 Waveform generator #2 on/off noise ~25%yp-p 1Zyp-p
no effect

302 Regulator #1 off -13 +13
027 Regulator #2 off sbhz oz
124 Regulator on -h
230 Regulator off s bk
303 Experiment P.S. on 21 N
113 U. of Minn. on High freq noise, 6-3y p=-p .3 -3
172 U. of Minn. off -7 2
151 Bxperiment P.3. off -1, D
o7 UCTA off - h o
125 EME Payload Reg. off -l .
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tn this portion of the spacecraft testing. The ATS-1 program provided
three days for all magnetic testing of the spacecraft.

On many spacecraft programs, even those with stringent magnetic
specifications, a disproportionately small period of time is allocated
for magnetic testing. Usually some sort of perm-deperm test is scheduled
and, in some cases, the magnetic field of the spacecraft is mapped, but
usnally detailed testing with solar simulation is not provided. If test
time early in a program is made available, many sources of interference
can be investigated and, in some cases, significantly reduced.

Permanent D.C. fields, current loop D.C. fields, and A.C. fields
all contribute to masking the nature of the physical environment which
the instruments are trying to measure. Often these errors may be
removed from flight data. In some cases large amounts of time and
considerable data reduction expense occur when more stringernt magretic
control could be much more simply and economically applied.
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NEW NONLINEAR MAGNETIC ANALYSIS OF SATURATED
ELECTROMECHANICAL ENERGY CONVERTERS

by E. A. Erdelyi
University of Colorade, Boulder, Colorado

INTRODUCTION NG9O N 33974
A knowledge of the distribution of magnetic induction in~ ™
electrical devices is of great importance to the designer
interested in finding in advance the performance characteris-
tic of his design. The sndeavor to find the magnetic induc-
tion is as old as the art of designing electrical apparatus.

Many of the early workers attempted a rigorous mathe-
matical treatment that would yield explicit solutions based
on a number of simplifying assumptions, one of which was the
assumption of the infinite permeability of iron. A review
of previous mathematical and engineering papers dealing with
fields in rotating machines is given in Ref. 1, 2, 3, and 4.

With the development of modern rotating machines, the
solutions based on infinite or constant permeakility became
inadeguate., The author and his research group have been
engaged for some five years in establishing more accurate
numerical methods that consider the nonlinear characteristics
af the ferromagnetic materials. The method employed is
based on the numerical solution of the partial differential
eguation deseribing the potential fields in the cross-section of
rotating electrical machines. In this procedure, the so-called
magnetization characteristic, the relationship between the
magnetic intensity H and B is replaced by a curve that can
be expressed easily in an explicit formula. The class of
problems occurring in rotating electriecal machines are based
either on the nonlinear equivalent of the Laplacian partial
differential equation of the magnetic scalar potential or the
quasi«Poissonian partial differential equation of the magnetic
vector potential. Homopolar and heteropdlar machines are
analyzed . to demonstrate the method developed in the paper.

NUMERICAL SOLUTION OF THE NQNLI§E§R MAGNETIC
SCALAR POTENTIAL,

The Differential Equation

For electrical machines whose current-density fields in
a cross-section can be replaced by an infinitesimally thin
current sheet, the magnetic-field intensity vec¢tor H is best
found as the negative gradient of a scalar potential V. The
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scalar potential is the solution of a non-linear, quasi-
Laplacian that can be expressed as

2, A L 2 Ay
sxB3x) tsymsy/ =0 8

in rectangular coordinates or in circular polar coordinates as:

i) ay - av, _
=% (™™ ‘53;) + 5T {4 BG} 0 (2)

The scalar-potential concept can be used with advantage
for homopolar alternators. The cross—-section of the rotor of
this rotating machine does not contain current fields; the
current fields of the stator can be replaced by thin current
sheets.

Description of Homopolar Alternators

In a homopolar alternator the electromotive force in the
stator winding is induced by a variatien of the airgap flux
between a maximum value and a minimum value of the same
polarity. The flux-linkage charges are caused by the modu-
lation of a uni-directional flux, This modulation is
achieved by providing the rotor with saliencies as shown in
Fig. 1. The saliencies are called "teeth" in order to dis-
tinguish them from conventional salient poles. A period of
induced emf. in a conductor corresponds to a complete period
of flux modulation., The distance between two consecutive
tooth centers, or the distance between two consecutive axes
of symmetry of inter-tooth spaces, will correspond to the
double pole-pitch of a conventional synchronous machine. If
the rotor is provided with N saliencies, then N cycles of emf
will be induced ir each stator coil by a single revolution
of the rotor. At n revolutions per second the frequency of
the induced volitages will be

F = nN cps.

The stator of such a homopolar alternator consists of
two stacks of laminations separated by a circular excita-
tion ceil (or field coil) of rectangular cross-section, co-
axial with the shaft of the generator, shown eross-hatched
in Fig. 1. The stator laminations are the same as those of
an induction motor or of a syrchronous machine. The outer
cylinder completes the magnetic path as shewn in Fig. I.

The rotor of an HA is a solid forging, forming two iden-
tical toothed rings and a shaft. The left nnd rlght rings
are offset so that a rofor-tooth axis on tine left is on the
same generatiix as the inter-tooth axis on the right..

Assumptions
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Fig. 1. Cross Section of a Homopolar Alternator
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In order to bring the differential equation into the
realm of a numerical solution the following simplifying
assumptions are made.

1. The field is two-dimensional as shown in Fig. 2.
The solution thus will be independent of the z coordinate.

2. The magnetic potential at the boundaries AB and CD
and the potential difference between AB and CD in Fig. 2
are constant. The potential difference between AB and CD
will be denoted Ff.

3. The material is isotropic.
4. There are no current-densiiy fields at no-load.

5. The magnetization characteristic of the material
is represented by a single-valued function. The permeability
will be expressed by one or several equations of the form
4 = (a +b |H)™! or any other convenient form.

6. The slotting of the stator region is reglaced by a
homogeneous material of "synthetic" permeability?. This, to-
gether with an airgap increased by the usual Carter co-
efficient, will be used in the analysis instead of full con-
sideration of the slotting.

7. The shaft has a small bore in its center as shown in
Fig. 2. This is necessitated by the fact that some terms of
the partial differential equation become singular at the
origin of polar coordinates.

The Boundary Conditions and Field Vectors

The general solution of Eq. 2 must satisfy the following
boundary conditions:

Type 1. Boundary conditions at a contour of applied
potential (as contours AB and CD in Fig. 2). Here the poten-
tial is given as

V(r,p) = const (3)

Type 2. Boundary conditions at a line of symmetry (as
AD and BC in Fig. 2). The equipotentials at these lines must
be normal to the boundary. The condition to be satisfied is
therefore

Y
| <3

5 =0 (4)

Type 3. Boundary conditions at interfaces: Across bouad~-
aries at which there is a change of material, this means a
change of permeability. The normal component of the magnetic
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induction vector B and the tangential component of the magnetic
intensity vector H must be continuous. For boundaries Eg, FG,
and JI (in the g direction) this is expressed as:

av _ AV

kae)em- Kae):‘uro:n (5a)
aVv aVv

okar)air kar)iron (62)

For boundary GJ in the r direction:

av

av e QX (5b)
kar)air Kar)iron
avV _ Av

uo’kﬁvair - uks-é-)lron (6b)

Type 4. At interface corners (corners G and J in Fig. 2).
At such conditions Egs. 8a, 8b, 9a and 9b have to be simultane-
ously satisfied. .
The magnetic intensity is found everywhere by the formula
H~=-grad v 7)
and the flux density is found by the constituent relation
B =pnuH) (8)

where B is a nonlinear function of H, The permeability can be
conveniently expressed by one or several relationships of the
form f

_ -1 .
u = (a, + b [H]) (92)
where a, and bn are constants of the ferromagnetic materials,
Or in terms of the magnetic scalar potential

- 2 241/2, -1
= f{a, + 0] ) (F89) ] (9b)

An explicit solution of thé nonlinear partial differential
equation 2, satisfying the boundary conditions at the compli-
cated contours, cannot be found. A numerical method in which
the partial differential equation is replaced by difference
equations that are as numerous as the intersecting meshpoints

319



of a grid system becomes necessary. The continuous variable
is hereby repiaced by tle value of the potential at the dis-
crete gridpoints., For this purpose the cross-~section is sub-
divided by a convenient system of gridlines; these are either
radial lines or concentric circles, Since the side of the
saliency is not radial, it becomes necessary to replace the
side with finite steps as shown by the line J'G', G'J", J"G",
and so on,

In the numerical solution by relaxation a uniform mesh
may be chosen. The complicated geometry of the problem and
the fact that different domains have different characteristics,
suggest, however, that special care be taken in the choice of
the mesh. Inside a domain, the mesh chosen can be larger than
at the boundaries. Great precaution has to be taken at corners,
because at these points the gradient of the potential changes
rapidly. Thus, as seen from Fig. 2, in the interior of the
air and iron domains, large meshes are generally chosen. In
the various air-gap between the rotor and stator iron, the
potential gradient is large, and it becomes necessary to in-
troduce a finer mesh. Such a subdivision leads to square and
nonsymmetrical meshes.

It is of great computational advantage if each row con-
tains the same number of mesh points, and if each column con-
tains the same number of meshpoints, although the number of
mesh points in rows and columns is not generally the same. A
systematic method of programming is thus obtained.

Using a method explained in detail in Ref. 1, the follow-

ing difference expression for the gridpoint J,K denoted as 0
in an irregular mesh shown in Fig, 3 results,

kY Hogu Vg tRoy (BoVo+B,V,)

Yo~ &My Pl 11 Ry (BB ) (102)
where
Bg = GgMyrRox,1i By = OgiyyRoka (10b,c)
WTTEEY % EGEy a1
Qo = 2 Qs = 2
3 " BT LRy asa

Similarly the permeabilities are calculated and one obtains for
the permeability of point III on a tangential gridline of Fig. 2

- 'a+b/z )+ (g (15)
Mipr = 1 35,728, (Rzkas/}

Above equations refer to the so-called no-load operation of
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Fig, 3, Detail of Mesh
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the alternator. The load currents in the discrete conductors
can be replaced by the thin sinusoidally-distributed current
shee? at the bore. The scalar potential V then becomes dis-
continuous at the current density sheet. If the potential at
one side of the current sheet is denoted as V., and, on the
opposite side, as V,, the discontinuity will be
V1 - V2 = F (16)

The function F is actually the maghetomotive force dis-

tribution at the stator bore and can be expressed as

F - Fmaxcos(nT/x) (17)

where

Fnax = Amax(T/n) (18)

The potential at a meshpoint on the bore with current sheet
will now have two values given as:

_ %M V1teglyy Vg tRo,[ B8, (VoiF) +6,V, ] (19)

v 2
0 QMg +uglyrytRoy (BotBy)

The quantity (V,-F) is used if the point J;,K in Fig. 3 is on
the current sheet. For the potential at point J.,K+1 shown as

2 in Fig. 3 the quantity (V2+F) is used. The pe%meabilities are
calculated similarly.

The Iteration Metbod

Once the difference equations (Eqs. 10 and 19) are estab-
lished, an overrelaxation method is used for the simultaneous
solution of the N equations describing the potentials at the N
mesh points.

The nonlinearity of the problem suggests a reality of two
sets of quantities, These are the potentials and the permea-
bilities that are nonlinear functions of the potential gradients.
Experience has shown that a one-step solution for both quantities
converges slowly, if at all., 1In this paper alternating itera-
tions are used., In this method an iteration is performed first
for the potentials, assuming the permeabilities to be functions
of position only. As a second step the permeabilities are calcu~
lated by an iteration procedure from the gradients of the new
potentials, using Eq. 9b, The iteration processes are then as
follows:

First, an initial guess is made for the potential at every
point in the mesh., It is not necessary that these guesses be
too accurate, although the convergence is faster with accurate
initial guesses,

For convenience, the permeabilities at every point in the
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mesh are set equal to the permeability of air, and using the
assumed values of potential, a new set of permeabilities is
calculated, using Eq. 9b, Using the new values of permeability,
a new set of potentials is calculated using Eqs. 10 or 19,

This iteration procedure is continued until the potentials

that satisfy with sufficient approximation all N difference
equations are obtained.

In order to determine if the solutions have approximated
sufficiently the final values of the scalar potentials, the
differences of potential are calculated at certain selected
points from one iteration to the next, If the potentials do
not change appreciably from one iteration to the next, it is
assumed that the computations have converged to values suffi-
ciently close to the real solution,

A Fortran computer program for an IBM 7090 computer has been
used to obtain the following objectives:

1) To carry out the overrelzxation procedure;
2) To recalculate the permeabilities;
3) To test the solution for convergence;

4) To calculate the radial magnetic induction at the stator
bore, using Eds. 7 and 3. '

The flow chart and the computer program are described in detail
in Ref. 2 and 4.

The theory and the computer programs have been applied to a
wye-connected 8KVA 3-phase, 0.75 power factor homopolar alternator
operating at 18,840 rpm, The nominal frequency iz 628 cps; the
line~to~line voltage is 85 volts,

For the no-load computation the excitation between AB and
CD in Fig. 2 has been chosen as 1000, 1500 and 2000 ampereturns
respectively., The numerical solution has also been established
for purely reactive inductive loads for 60-amp. phase current
at 1500, 2000 and 2500 ampereturn excitation, The load current
establishes a 550~-ampereturn armature reaction,

The calculated results have been plotted in Fig, 4a for no-
load conditions. The resulting radial component of the airgap
magnetic induction is shown in Fig, 4b, A Fourier analysis
yielded the fundamental component from which the theoretical
no~load-acid-load characteristic has been established., The
agreement as seen from Fig. 5 is quite good when the complica-
tions of the problem are considered.

MAGNETIC VECTOR POTENTIAL OF METEROPOLAR MACHINgS®~10-

The cross-=section of heterOpolar electrical machines contains
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current fields even at no-load, as seen. The excitation cur-
rents in the field coils represent singularities of the
scalar potential field and Poisson's equations have to be
applied leading to the vector potential field concept. Ex-
perience has shown that the alternating overrelaxation
process leads to very slow convergence or to unstable solu-
tions.

The author and his associates have developed a method,
largely overcoming the difficulty of slow convergence, that
consists of the following:

1) The constitutional relation given by Eq. 9a is re-
versed and the form suggested by King

~o ~

H= B (20)

is used. In this eXpression y is the reluctivity of the
ferromagnetic material and is obviously the reciprocal of the
permeability. This assumption simplifies the partial differ-
ential considerably.

The nonlinear dependence of the reluctivity y on the mag-
netic induction can be described by one or several expressions
of the form 1

v=-c( - d|B|)” (21a)

where ¢ and d are material constants. At high saturation
levels the saturation curve can be approached by a straight
line. In ¢tnis region the reluctivity can be defined as

v=e-z|B|™" ‘ (21b)

2) A new method of,accelerating convergence, first in-
troduced by S. V. Ahamed and then extended by Erdelyi and
Ahamed8 is used. In the procedure, based on Stokes' theorem,
the line integrals of the magnetic intensity over closed paths
are compared with the enclosed currents. The ratio of these
quantities is then used to adjust the potentials in the cross-
section by block relaxation.

3) In the alternating process of iterations of poten-
rials and reluctivities, the latter are underrelaxed.

The Differential Equation of the Vector Potential and Boundary
Conditions

Assumptions are generally the same as for the scalar poten-
tial., It is FTurther assumed that the discrete currents in the
field winding and armature-~winding conductors are distributed
uniformly over the cross-section of the individual coils. 1In
the practical example the cylindrical surfaces on both sides
of the airgap are represented by planes. Here again only
two-~dimensional solutions are considered. The simultaneous
solution of Maxwell's equation leads into the assumption of
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a divergence-free vector potential, thence to the gquasi-
Poissonian partial differential equation
9 ( 3A \+ a (

ox

5% (22a)

in Cartesian coordinates. In circular polar coordinates the
vector potential is formed by the solution of the equation:

A 9 JA 1 9 QA (22b)

Var Tl Vo) v\ Vs T Y

The magnetic induction is then foind from the relations

B=curla (23)
This leads to tne field components
LY -2 (23a)
Bx 3y’ By = ay

in Cartesian coordinates and in polar coordinates

_ 1234, _ dA (23b)
B, = r 33! By = o

Fig. 6 shows a pole=pitch in the cross-section of a typical
heteropolar, salient-pole; synchronous machine. The following
boundary conditions have to be satisfied:

At air-iron interfaces, at air-current interfaces: The
tangential component of the magnetic intensity vector and the
normal component of the magnetic induction vector are con-
tinuous. 'This condition has to be satisfied also at infini-
tesimal distances from the corners formed by two intersecting
contours,

At no-load con@itions the field is symmeirical to the so-
called direct axis AB and CD. The vector potential is, in this
case, constant on the axis AB and CD. If one assumes also that
the field outside the contour of the machine is zero, then the
vector potentlal is constant over the whole path KﬁE . The

€2y  _{.B =0 (24)
3% D \ y)cn

The above symmetries and orthogonalities do not apply if the
armature conductors carry currents; the vector potential, how-
ever, remains a periodic function, the double pole-pitch as
its fundamental period. The vector potentlal at any point P
will be equal in magnitude and opposite in sign to the veector
potential P' en the same horizontal gridline a pole~pitech away.
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AR = -a(@), ) (25)

Discretization of the Partial Differential Equation and the
Grid Systenm ) o

As in the case of scalar potential problems the continuous
region of the cross-section shown in Fig. 6 is provided with a
grid system and the vector potential is then found only for
the intersecting gridpoints. Again, great care has to be
taker in constructing the grid system. A fine mesh is chosen
at boundaries as shown in Fig., 7. It is also advantageous to
let the contours coincide with gridlines. Slanted and leveled
contours are replaced by staircase-type contours.

Such a grid system leads to square and non-uniform meshes,
A typical mesh i~ shown in Fig. 8. The y's denote the reluc-
tivities over the area of meshes, and the J's denote the cur-
rent densities of the meshes. Current-density fields are in
air regions, i.e., regions of constant reluctivity.

The first-order approximation of the difference equation
at point 0 can be found by using Ampere's law as

Ap = M/N (26)
where
U= J, + Ajay (vyBy + vpgBg) + Ajan(VpyBy + vyppBg) +
Azo3(viggBy + VyBy) + Ago, (viyBg + Vi89)  (27)
and

N ='a1(vls4 + ”IIBZ) + “2‘“1151 + V11153) +
az(Vyyfy + vyyBg) + a4 (VpyBg + viBq)

The constants %y Gg 0a and 0y in 27 and 28 are defined
? H H

(28)

as .
0y = = — (292)
1 h1 (hl + h3)
2
On = —
3 h;(A; + Ky (29b)
P (30a)
%4 T T, (h f*h ) (30D)
4172 4
The constants By, By, B3, and 34 in 27 and 28 are defined
as
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_ 1
ST T (312)
by
f3 =~ W T By (31b)
2 h, + h,
hy
Bq ~ BT R, (32b)

The reluctivities are calculated from Eq. 2la or 21b using
the average values of the magnetic induction in the center of
the mesh. This can be shown for mesh 0184 to be

|
Bx 2h4 (33a)
and
A, - A, L+ A, - A
_ 0 8 4
By = 2h1 (33b)

The current density J, in Eq. 27 is the average value of
the current at gridpoint 0 and is defined as .

L Jyyhy + Jphyhy + Jghohiy + 3jhgh, o)
0 h, + By) (h; + B,
A, - Ay + Ay - A )2 (A = Ay + Ag - A,)27
8| - N/EK 1~ A * Ao~ A4)% (M " A * Ag T M) (s5)

2h4 2h1

This value of B is used in Egs. 2la,b for the calculation of re-
luctivity in the mesh 0184,

The reluctivities in the other three rectangles having grid-
point 0 as a joint corner are determined similarly. In order to
avoid a separate location in the computer program for the reluc=
tivity, the reluctivity of each mesh is assigned to the top-
right corner of a mesh,

The boundary conditions at interfaces are included auto-
matically in the difference formula Eq. 26, To satisfy the
periodicity condition, it is best to start by comparing the
lattice points on direct axes AB and CD. An additional gridline
C'D' is introduced (as shown in Fig. 6) a pole-pitch away from
the gridline next to AB for the execution of the periodicity

condition.
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The Iteration Procedure

Experience with several programs has shown that iteration
procedures of magnetic vector-potential problems are best
carried out in a sequence of three steps forming one iteration,
These are

1, Relaxation of the Potentials

2. Block relaxation for acceleration of convergence

3. Underrelaxation of reluctivities

Relaxation of the Potentials

Initial values are chosen for the potentials and estimates
made of the reluctivities. The potentials are then recalcu-
lated, replacing the original values with the values obtained
by the use of the algorithm of Eqg. 26,

Acceleration of Convergence by Block Relaxation

The current fields in the cross-section of the machine
constitute singularities in the scalar magnetic-field concept.
They do not represent singularities in the vector-petential
field concept; the effect of these fields, however, causes a
painfully slow convergence of the usual iteration procedure
and in many cases leads to divergent behavior. In order to
attain convergence, the effect of these fields has to be
brought into the calculation procedure in a more definite way.
This is accomplished by the use of Stokes' theorem and will be
best understood from Fig. 8., First, the line integral of H.
d? is formed on path I, consisting of the points ABCDA, and
then the surface integral of the current densities in the area
bounded by path I is found. The ratio of these two quantities
is denoted as Cy

cy = \533 d§'}/ \3’1?. d'i’) # 1 (36)

The value of Cy should be obviously 1 and will not even be
close to unity at the beginning of the iterations. In order
to correct tlis defect all vector potentials are multiplied
with Cy-

Next the line integral and surface integral are found for
the path II connecting points A BCD,A,,. The ratio of these
integrals is denoted as cCy;. If oraeg not to disturb the
potential relationship foaﬁd by the first block relaxation, the
vector potential AM in a point M just left of D2K2 is replaced
by AM defined as

Aly=cyplA'y = Ap) + Ay (372)
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where AN is the potential on a gridline just right of D,A, on
the same horizontal gridline as point M. The vector po%e%tials
on all gridpoints on the horizontal gridline left of M are
recalculated as

A'P = AP - (A'M - AM). (37b)

The process described for the integration path II is carried
out also for all other paths (IIX-IX shown in Fig. 9). After
all these relaxations the periodicity condition.will not be
satisfied. The potentials on AB and CD will not be equal in
magnitude. As an adjustment, the vector potentials of all
grid points of a gridline KM are reduced by

A = (1/2) [AQ},K) - A( K)] (38)

Jmax’

Underrelaxation of Reluctivities

The reluctivities can now be recalculated using Eqs. 21la
and 21b. Experience with similar programs indicates that the
iterations become more stable if the reluctivity changes are
kept in small bounds. For this reason the process includes an
underrelaxation of the reluctivities according to the formula

v =y, - (vn - v'n) (1/%) (39)

n+1

where v is the reluctivity used in the (n+l)st iteration,

y_ is tﬁil used in the nth iteration, and y'_ is the reluctivity
cllculated after the nth iteration. The maghitude of f is in
the range between 10 and 30, :

The Computer Programs

The computer programs, written in Fortran II language,
accomplish the following operations:

1. Relax the vector potentials at each gridpoint using
Eq. 26,

2. Carry out the block relaxation using Egqs. 36, 37, 38,
3. Underrelax the reluctivities according to Eq. 39.

4, Calculate the radial component of the magnetic induc-
tion along the armature periphery using Eq. 23a.

5, Check the convergence of the iterations,

Application of the Vector Potential Method and Solution Obtained.

The theory described in this paper and the computer program
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of Refs. 8-10 have been applied to large salient-pole syn-
chronous genersators and direct-current motors. Here only

the results of ‘:alculations carried out for a 2750 KVA,

2300 Vv, 3-phase, wye-connected, 60 ¢s., 900-rpm, 8-pole alter~
nator at rated current and seven different power-factor
angles are reproduced. The design data of the alternator
were obtained from the Large Apparatus Division, Westinghouse
Electric Corporation, East Pittsburgh, Pennsylvania. The
calculations were carried out on the CDC 3600 computer of

the National Center for Atmospheric Research in Boulder,
Colorado.

Load Conditions and Results

The radial airgap induction at the armature bore has
been found for 10,500 At/pole excitation at full load of 696A
at seven different ‘power factors. The plot of the results
are shown in Fig. 9. The induced voltages have been calcu-
lated and found to agree with an accuracy of three per cent
as compared with measurements.

CONCLUS ION

The methods of solution presented here for scalar-magnetic
and vector-magnetic problems are well suited for the predeter-
mination of the behavior of electrical devices incorporating
nonlinear ferromagnetic material. The quasi-Laplacian and
Poissonian partial differential equations apply to the quasi-
stationary regime of the devices and can be used with great
advantage for many other devices, like accelerator magnets,
for the analysis of magnetohydro-dynamic energy converters.
The computational procedures described could also be easily
adapted to heat-transfer, fluid-mechanics and other problems
of mathematical physics.
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INTRODUCTTON Né6g - 33975

Magnetic field effects upon biological systems have been demon-
strated with increasing frequency in recent years, and wmany reviews of
the subject have appeared (1-4). Negative experimental work (5-8) and
theoretical discussions:refuting the existence of any significént bio-
magnetic effect also exist (9-10). But qualifying factors that must be
considered are the intensity and the temporal aspects of the applied
fields and the complexity of the biologlcal systems under study.

Despite the broad range of recent experimentation, from plant
magnetotropism (11) to effects on the aging of wammals (12), two wajor
questions seem uppermost in this area; first, whether there is a limit
t0 the magnetic field intensity to which man way be osed without
harm, and second, whether fields of geomagnetic inten#ity have any bio-
logical significance.

Early studies and later surveys of incidental, brief exposures of
humans to strong fields have revealed only occasional -transient, and
apparently harmless, effects (5,6,13,14). Experimental exposures of
small primates to kilogauss fields for several hours have shown electro-
cardiographic changes; but, again, these are limited, transient and
apparently reversible without lasting damage (15). One effect, inciden-
tal to this discussion, is that of the wagnetic phosphene. Discovered
and confirmed in the early era of biomagnetic experimentation (16,1T),
it consists of a subjective visual sensation of light, sometimes faintly
blue, when the head is placed within a magnetic field in the kilogauss
range. It was soon found (18) that this occurred only in a changing
field, and both early and recent theoretical explanations (19,20) in-
voke the concept of induced electromotive forces, presumably occurring
within retinal cell visual pigment macromolecules.

Thus, the experimental application of varying magnetic fields to
living organisms introduces the problem of induced electric currents,
since, vwhile traditionally dismagnetic, living systems are by no means
dielectric. In order to reduce this problem, for this discussion, we
have chosen to limit our considerations to the effeets of D.C., or static,
magnetic fields.

lResearch Sclientist, Ames- Research Center, NASA, Moffett Field,
California 94035

2Presen‘l; Address: V. A, Hospital, Sepulveda, California

3pagearch Technologist. . 239



More chronic exposures to high fields have been limited to lower
life forms and, while some striking positive results have been reported
(21-28), some suggesting an effect of the magnetic field on biological
ion transport mechanisms (29-32), comparable situations involving man
are not anticipated on earth. Thus, while the first of our two ques-
tions is by no means definitively answered, it can be concluded that
exposures of only a few minutes' duration to the high fields around
presently available equipment have not been shown to present any sig-
nificant hazard.

Studies addressed to the second question have not been numerous
(33-39). Yet space exploration promises to put man into fields of only
milli-, if not micro-gauss strength (40); i.e., effectively eliminating
most of the geomagnetic enviromment to which he and his evolutionary
ancestors have became adapted (Table I).

By the use of the Ames space magnetic enviromment simulation
facility (Figure 1), we have cbserved (38) the effect of nullifying
most of the geomagnetic field upon an enzyme resporse of specialized
mamnalien cells, in viyo, to the inoculation of a foreign biopolymer.
Mice were placed within the nulled area of the activated coils during
the incubation period, then cells were taken from them for assay of
their enzyme content for comparison with cells from animals similarly
incculated but kept in a control area. The cellular response to inotu-
lation was significantly reduced in material from the animelds kept in
the nulled figld (Table 2). The following possibilities, singly, or
in combination, are suggested by these findings:

1. The rate of production of enzyme by the macrophages was
reduced.

2. A defective enzyme was produced.

3. The enzyme produced underwent accelerated denaturation
in the reduced wagnetic field.

The presence of paramagnetic trapsition wmetals in hydrolytic
enzymes of the type assayed in the above study suggests that magnetic
field effects on enzymes might derive from direct action on such metals.
Cook & Smith (41), Akoyunoglu (42) and Wiley and co-workers (43) have
all shown enhancement of enzyme activity following exposure to high
magnetic fields. But Maling & Weissbluth (8) found no effect when the
enzyme-substrate systems they used were allowed to react in 100 K-gauss
fields. Since none of these studies involved acid phosphatase nor the
