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F O R W A R D  

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 major 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 engage6 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 beariils on generation, compensation, measurement 

and calculation of very-low frequency magnetic fields. The 

papers present:ed at this symposium are contained in these 

proceedings. R12sults 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 t o  Space Sc i e ~ c e  - 
Alois kl. Schardt 

National Aeronautics and Space A d m i n i s t r a X o n ~  6 9 ' 2 9 5 2 
A IAl 

This meeting is concerned primarily with magnetic f i e l d  measurements 
and instrumentation; I decided, therefore, t o  introduce the  subject 
with a shor t  survey of the s c i e n t i f i c  r esu l t s  which can be deduced 
from measurements conducted i n  space. The scientific phenomena which 
can be investigated with the  help  of magnetic f i e l d  measurements are 
summarized i n  Table I. Magnetic f i e l d s  i n  the  range from one t o  several 
hundred gauas a r e  predicted t o  be found near the  major planets. In 
part icular ,  the  radio emission of Jupi ter  can be explained i f  t h i s  planet 
has s large magnetic f i e ld .  There are theore t ica l  reasons t o  expect tha t  
other planets  l i k e  Saturn, Uranus, and Neptune a re  a l s o  endowed with a 
strong f i e ld .  A t  t he  surface of the  Earth, a magnetic f i e l d  has a magni- 
tude of 0.2 t o  0.6 gauss. Geomagnetic investigations have been conducted 
for  centuries and sti l l  const i tu te  a most f r u i t f u l  endeavor. 

The ci rcula t ion of the  Earth's core was deduced by Vestine et  al. 
7 

( l )  on 
the b a s i s  of secular changes of t h e  main f i e l d  e.nd is shown i n  Figure 1. 
Closer t o  the  surface of the  Earth, large scale i r r egu la r i t i e s  of the  
crus t  a l so  a f f e c t  the  surface f i e l d  and i n i t i a l  attempts have been made 
t o  recognize these fea tures  on the  bas i s  of airplane surveys which may 
be followed l a t e r  with low a l t i t u d e  s a t e l l i t e  surveys of the  whole Earth. 
The icnospherlc current systems, such as Sq and the  auroral  electro-Jet ,  
produce measurable changes of the surface f i e l d s  and have been investigated 
i n  d e t a i l  with low s a t e l l i t e s  and sounding rockets. Of  par t icular  in tere  t 
a r e  currents f loving around the  geomagnetic poles as discussed by Akasofuf~). 

A region of lower magnetic f i e l d s  ex i s t s  further  above the  surface of 
the  Earth, with a f i e l d  strength i n  the range of 50 t o  50,000 gamm~. 
(1 gsrmna - 10-5 gauss). In t h i s  region, the  magnetic f i e l d  t raps  ener- 
ge t i c  charged pa r t i c l es  and produces the well known radiat ion be l t s .  
In the  radia t ion bel ts ,  the  magnetic f i e l d  determines the  path of the  
pa r t i c l es  and, conversely, the  pa r t i c l es  react  back on the  magnetic f i e ld .  
The main phase of a geomagnetic storm i l l u s t r a t e s  t h i s  process. The storm 
f i e l d  observed during the  period from July 7-14, 1966, is ahown i n  Figure 2. 
A t  the  time shown by the  arrows i n  Figure 2, the  OGO-I11 s a t e l l i t e  passed 
very rapidly through the  radiat ion bel ts ;  it was thus possible t o  obtain 
a nearly instantaneous measurement of the p a r t i c l e  d is t r ibut ion near the 
equator a s  a function of distance from the surface of the  Earth. D r .  Frank's (3) 
data  shown i n  Figure 3, give t h e  f lux  of 31 t o  49 keV protons as a function 
of L. The L parameter represents essent ia l ly  the distance a t  which the 
trapped pa r t i c l es  cross the geomagnetic equator expressed i n  uni ts  of Earth 
rad i i ;  therefore, ~ = 4  is roughly 16,000 miles from the center of the  Earth. 
A r e l a t ive ly  low flux existed pr ior  t o  the storm; the  t o t a l  f lux increased 
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by an order of magnitude during the main phase of the storm, and then 
decayed as the magnetic f i e ld  recovere . The diamagnetic effect  of the P trapped particles found by Dr. Frank() i s  adequate t o  account for the 
observed decrease in  the main f ie ld .  These measurements, I believe, 
consti tute the first time the  ring current par t ic les  have been observed 
and permitted a quantitative explanation of changes i n  the surface f i e ld  
during a magnetic storm. 

An example of magnetic f i e ld  measurements beyond the radiation be l t s  is  
shown in  Figure 4 (a f te r  ~ e s s ( ~ ) ) .  The s a t e l l i t e  w e d  away from the 
Wrth towards the Sun, The dashed l ine  gives the expected magnetic f ie ld ,  
based on an extrapolation of the geomagnetic dipole. In  the  region between 
about 10 and 13 Earth rad i i ,  tho f ie ld  does not decrcase a s  expected, but 
has a value of about 40 t o  50 gamma, then decreases abruptly t o  a value 
between 10 and 20 gamma. Warn 13 t o  nearly 20 Earth radi i ,  the f i e ld  
varies wildly i n  both magcitude and direction with iIO resemblance t o  an 
expected dipole extrapolation. Magnetic measurements, taken on an orb i t  
in  which the s a t e l l i t e  moves away from the Earth i n  the antisolar direction, 
a re  characterized by a magnetic f i e ld  which remains well above the  extrapo- 
lated dipole value out t o  200,000 miles. On the  basis  of these measurements, 
a model of the magnetosphere has been formulated ( ~ i g u r e  5). The abrupt 
decrease i n  field, shown i n  Figure 4, is called the mgnetospheric boundary; 
inside t h i s  boundary the infl-uence of the  Earth's magnetic f i e ld  predominates, 
outside the boundary is a t ransi t ion region which is bounded on the  solar 
s ide  by a shock front. These features are produced by the interaction of 
the  solar wind and the  magnetosphere. Tblb phenoruclnon is analogous t o  the 
flow of supersonic gas past  an obstacle. In t h i s  case, however, the solar 
wind plasma is coll isionless and par t ic le  f i e ld  interactions play a role  
simiiar t o  t ha t  of molecular coll isions i n  the aerod.yn8mic case. 

A t  t h i s  point, I would l i ke  t o  mention a new technique which has been 
pioneered by Dr .  Luest of the  Max Planck Ins t i tu te  i n  Gemany. A 
magnetic measurement gives the f i e ld  vector at one point i n  space; as  
the  s a t e l l i t e  moves,-one can obtain a succession of such point measure- 
ments. However, i n  studying such regions a s  the magnetosphere, we are  
interested i n  plott ing out magnetic f i e l d  lines, and, i f  possible, follow 
the i r  motion with the plasma. If one releases an ion cloud i n  a magnetic 
f ie ld ,  the  motion of individual ions is res t r ic ted t o  spiraling around 
f i e ld  lines. Dr. Luest has released barium ve.por in  space which is sub- 
sequently ionized by sunlight. The result ing Ba ions can then be &served 
from the ground by optical  techniques because the ions scat ter  sunlight 
very efficiently.  A number of such releases have been conducted successfully 
both i n  the aurcral  zone and under magnetically quiet conditions. In the 
future, t h i s  technique may a l so  prove t o  be u se fu l  for investigating the 
outer radiation be l t s  and the tail. of the maf;.;!.et~sphere. 

Since the Earth i s  a planet in the solar sy::: - ,  .the behavior of the Sun 
and its influence on its environment is of m , ) r c  interest  t o  us. Agair 
magnetic f ie lds  play an important role i n  sols.? phenomena. In  s i t u  
measurements a t  the surface of the Sun are impossible, but optical  tech- 
niques have permitted remote sensing of the solar magnetic f i e ld .  A t  a 





h
rc
 

i-' 
a

,
*

d
 

&
=
I
d
C
Z
 

U
P

3
 2
.
4
 

I: 
C
*
 

G
c

1
 
4
 

m
 
0
 
3
2
2
.
4
 

o
.
-
r
s
c
,
 d
 

+
a
 

k
4

 
a

)'L
lc

ld
 

S
 0

,z
 0
 

L. 
S

Ifk
r
, 

z
a
 
a
+
 

o
w
-
 

-
3
 0:: 

a
 

M
 

~
c
d
3
+
-
'
c
S
!
 

cd 
P

J
3

=
 

S
J
-
4
 0
 

x 
c
 a

a
 * 

3
 
.r
( 

o
u
 g
d
-
-
 

Z
d

d
?

s
3

 
r

n
u

9
,s

 

0
 c
 s 
0
 
.r

( 4
 +I 

9
.
4
 O
c
d
 
0
 

.P
I u

a
i, 

r
l

a
)

 
.c

(
h

 



sunspot, the f i e ld  is  substantially higher 'than i n  the surrounding areas. 
m e  high f ie ld  inhibits  the circulatian of the surfece material; therefore, 
decreases the amount of heat which can be convected out from the inter ior  
of the Sun. A t  sunspots, continued convect5.on of the  plasma can produce 
unstable f i e ld  configurations. A t r i ae r ing ;  mechanism must ex i s t  which 
permits the sudden release of t h i s  energy in  a solar f lare .  In t h i s  
process, high energy par t ic les  are  formed. 'These solar cosmic rays 
constitute a substantial radiation hazard t o  manned operations i n  space. 

The outer solar corona is sufficiently h ~ t  tha t  the ionized hydrogen 
existing i n  tha t  region is no lower  gravitationally bound t o  the Sun 
and can escape at a slow rate .  The escaping plasma, called the solar 
wind, carries with it the solar f i e ld  tha t  existed i n  the outer corona. 
Figure 6 shows an art ist 's .concept of t h i s  process. The solar wind 
has a density of a few protons per cubic centimeter and ntoves radial ly  
away from the Sun with the speed of roughly a million miles per hour 
(300 t o  400 lun per second). The magnetic f i e ld  lirres determine the 
trajectory of the  solar cosmic rays. 

A systematic study has been performed by Wilcox and ~ e s s ( 5 )  of the 
average structure of the extended solar magnetic f i e l d  a s  observed 
near the EBTth. They found tha t  the f ie ld  near tfie Wrth has, i n  
general, the same polari ty as the  average polari ty found at the 
surface of the Sun, and tha t  the  f i e ld  exhibits a d i s t inc t  sector 
structure. Four sectors of a l ternate  f i e ld s  directed towards and 
away from the Sun, as shown i n  Figure 6, were observed in  early 1964. 
Sectors pers is t  for  many solar rotations and evolve slowly as the 
surface f i e ld  of the Sun changes. The corotation of t h i s  f i e ld  s t r u c t ~ r e  
with the Sun is i l lus t ra ted i n  Figure 8. In  t h i s  instance, an apparent 
reversal i n  f i e ld  directio as observed, both with Pioneer VI and 
Explorer MIII satellitesy6y. It took 57s minutes fo r  the f i e ld  tr, 
rotate from one spacecraft t o  the other; a s  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. A s  the solar wind expands further, both 
its density and magnetic f i e ld  strength continue t o  decrease. Therefore, 
at some distance from the Sun, estimated t o  occur between 10 and 100 A.U., 
the influence of the galactic medium w i l l  be observable. Even with present 
rocket technology, a distance of 10 A.U. can be reached with a fli-ght time 
of a few years. It is therefore feasible t o  start exploring these features 
within the next decade. 

The f ru i t fu l  methods of geomagnetic investigations can a lso be applied 
t o  exploring other bodies i n  the solar system. Already, preliminary 
measwements of the Moon's magnetic f i e ld  and of the interaction of the 
Moon with the solar wind were performed with Explorer XXXV. mess - e t  81. (7 
have shown tha t  the Moon has a negligible magnetic moment and tha t  no 
shock is formed in  the solar wind due t o  interactions with the boon. 
Interpretation of these measurements i s  complex, but it w i l l  be possible 
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t o  determine the conductivity of the Moon and use t h i s  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 
t o  repeat these investigations at  Mars. An investigation of the strong 
f ie lds  of Jupiter and other planets w i l l  provide importent information, 
not only on the internal  structure of these planets which is responsible 
for the  strong f ie lds ,  but a l so  on the i r  radiation bel ts .  

In  summary, the outstanding problems in  space continue t o  pose major 
challenges t o  everybody interested i n  measuring magnetic f ie lds ,  
primarily on the low f i e l d  end, -01 gamma accuracy. The design of 
a spacecraft tc conduct such measurements w i l l  take even more e f for t  
than has been expended on t h i s  problem i n  the past. Reliabil i ty 
requirements w i l l  continue t o  pose problems because both the spacecraft 
and instruments w i l l  have t o  operate for  many years. With present pro- 
pulsion techniques, we.have t o  allow almost two years t o  reach Jupiter 
and several times that  much t o  go beyond 10 A.U. 
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Figure 1 - I r ro ta t iona l  pa r t  of core surfacc veloci ty for  epoch 
1 9 6 ~  (reference 1) 

Figure 2 - DST f i e l d  of magnetic storm i n  July 7-14, 1966 
(reference j ) 

Figure 3 - Flux of low energy protons constitutinp, the  r ing  
current of ~ u l y  1966 magnetic stwm (reference 3) 

Figure 4 - Magnetic f i e l d  data from o r b i t  No. 11, January 5, 1964, 
of Explorer X V I I I .  Th i s  is an outbound traverse of the  
Magnetopause and bow shock (reference 4) 

Figure 5 - Model of the t e r r e s t r i a l  magnetosphere (reference 4) 

Figure 6 - Model of Interplanetary Space 

Fi&re 7 - Sector s t ruc ture  of so lar  magnetic f i e l d  during 
December 1963 t o  February 1964 (reference 5 )  

Figure 8 - Pioneer V I  and Explorer X X V Z I I  record of s o k  
magnetic f i e l d  ro ta t ion  (reference 6)  



A REPORT ON THE SECOND INTERNATIONAL CONFERENCE 
ON MAGNET TECHNOLOGY 

w -  
D r .  A. A. Halacsy t - 

Professor ,  Univers i ty  of N e v a d p  N 6 9 - 3 3 9 5 3 
- - 

* - A H  
The Second I r k r n a t i o n a l  Conference on Magnet Technology was 

he ld  a t  Oxford, England on June 10 - 1 4 ,  1967. It  was a cont in-  
u a t i o n  of t h e  First I n t e r n a t i o n a l  Conference on Magnet Technology 
held  a t  S tanford ,  C a l i f o r n i a ,  two > e a r s  ago. 

The F i r s t  Conference was sponsored by t h e  Stanford  Linear  
Accelera tor  Center ,  S tanford  Univers i ty ,  and by t h e  Lawrence Rad- 
i a t i o n  Laboratory, Univers i ty  of C a l i f o r n i a .  Both,of course ,  a r e  
supported by t h e  U.S. Atomic Energy Commission. The Co-chairmen 
of  t h e  f i r s t  conference,  D r .  Brechna and D r .  Gordon, expressed a 
hope t h a t  t h i s  conference w i l l  con t inue  and t h i s  m a t e r i a l i z e d  t h i s  
year  when t h e  conference was h e l d  i n  England and sponsored by t h e  
Science Research Council  of England, The I n s t i t u t i o n  of E l e c t r i -  
c a l  Engineers of England, t h e  I n s t i t u t e  of Physics ,  and t h e  Phys- 
ics Socie ty  of England, and t h e  I n t e r n a t i o n a l  Union of  N e w  and 
Applied Physics.  The h o s t  of t h e  conference was t h e  Univers i ty  
of Oxford and t h e  conference was h e l d  i n  t h e  Oxford Col lege  of  
Technology, about  two mi les  e a s t  of t h e  c e n t e r  of Oxford. The 
Chairman of t h e  Conference, M r .  Pickavance, and most of  t h e  mem- 
b e r s  of t h e  committees came from t h e  Rutherford Laboratory,  t h e  
b i g  nucl6ar  r e sea rch  c e n t e r  of  England. 

The Conference was r e a l l y  in ternat ional - -even more in te rna -  
t i o n a l  than t h e  f i r s t  conference.  Nine c o u n t r i e s  w e r e  r ep resen ted  
i n  t h e  f i r s t  conference--nineteen i n  t h e  second one. Of course ,  
most of t h e  t o t a l  number of p a r t i c i p a n t s ,  which was over  300 t h i s  
yea r ,  came from England--around 130. The second group was repre-  
sented  by t h e  United S t a t e s ,  Swi tzer land and France. Each of t h e s e  
had between 30 and 40 people a t  t h e  Conference. About 15 Germans 
were p r e s e n t ,  and four  o r  f i v e  people from I t a l y  and t h e  Nether- 
lands  each. The rest of t h e  c o u n t r i e s  were represen ted  by one o r  
two people,  b u t  it w a s  i n t e r e s t i n g  t o  no te  t h a t  about  e i g h t  o r  
t e n  people were from behind t h e  I r o n  Cur ta in .  

More than  100 papers  were presented .  This  means t h a t  every 
t h i r d  p a r t i c i p a n t  presented  a paper.  W e  have about  t h e  same r a t i o  
a t  our  conference here.  I t  i n d i c a t e s  a very  a c t i v e  p a r t i c i p a t i o n  
and looks very good. S t i l l ,  100 papers  seemed a b i t  t o o  much f o r  
such a conference; p a r t i c u l a r l y  when one cons ide r s  t h a t  a l l  t h e s e  
were jammed i n  two and a ha l f  days,  t h e  same t i m e  w e  have f o r  24  
papers here.  Too many papers  jammed i n  a conference i s  a f a m i l i a r  
and ever-spreading d i s e a s e  of conferences todhy. Of course ,  t h e  
Oxford Conference c o u l d n ' t  s o l v e  any of it except  by schedul ing  
two o r  even t h r e e  p a r a l l e l  sess ions .  W e  all know t h a t  t h i s  i s  
n o t  too  good, because some people would l i k e  t o  p a r t i c i p a t e  a t  
two o r  t h r e e  s e s s i o n s  simultaneously. W e  aim t o  avoid such a sit- 
u a t i o n  a t  t h i s  p r e s e n t  conference,  and w e  w i l l  have t i m e  f o r  d i s -  
cussion.  The l ack  of time f o r  d i s c u s s i o n s  was f e l t  very badly a t  



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- 
culaQions. 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 af the papers presented 
dealt with subjects interesting or related to weak magnetic fields 
too. 

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- 



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 deqlt;of course with high 
power magnets for high energy physics. These are accelerator 
magnets, mass-spectrometer magnets, bubtle-chamber magnets, vrr- 
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 Labora~3ry "Rapid-Mappertt Magnet 
Measuring System, developed during the ccurse of processing about 
four million magnetic field measurements Ll 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. 



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 
transformer. 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 maqnet 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 thkrd, there are problems with 
regard to signal to noise ratio. To ox7ercome these disadvantages, a 
high stability Hall effect probe system was developed. Recognizing 
that the Hall-coefficit7ts are sensitive to temr rature, tempera- 
ture effects have been reduced by closely controlling the temp- 
erature of t\e Hall plate by mounting the plate inside a "change- 
of-state' type oven. The remaining cyclic variation in tempera- 
ture is 0.002 PC. The changes in Hall voltage due to temperature 
variations are then 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. 



The Hall voltage is measured with a digital voltmeter. The long 
term stability of the system was found to be better than V2000f 
a percent over a period of two weeks. 

A report from Argonne National Laboratory described a 
high sp9ed 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 proportknal 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 of 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 



point in about 300 memory cycles. The program was designed nlostly 
for the needs of magnets used in higher cnergy physics. It looks ra ther  
complcx, and in o rder  to  be useful fo r  a rather detailed study of a mag- 
netic field, needs a computer with an extrem elyg-at memory which hardly 
exists  today. 

I, myself in cooperation with Professor  Clark and Mr. Dunks of the 
Ullivrrsity of Nevada, presented a paper on three  dimensional calculation of 
a nlngnctic field. It dealt with the three  dimensional fields without iron. 
It is ,  in cssence a computerization of Biot-Savart law. The computer program 
i s  cxtrcn.cly simple, and may fdrm a par t  o '  a n o r e  sophisticatcd cal-  
culation of the magnetic field of satellites. It i s  recognized that any magnetic 
field i s  composed of a field of magnetomotive force  gradients generated by 
cur ren ts  or magnetic moments of magnetizable mater ia ls ,  which magnetic 
moments in turn a r e  generated by the e lectr ic  currents ,  o r  may be magnetic 
moments of permanent magnets. The field of electric cur ren ts  can be 
calculated, a s  presented a t  Oxford and we a r p  working now on the other 
par t s  of the more  generalized case. It is hoped that more  would be ready 
for reporting by next summer.  

A calculation of magnetic fields can go in  two directions. The usual 
way i s  t o l i s t  cur ren ts  and magnetic mater ia l s  with magnetic moments and 
thcn calculate the field. Such calculations ar,? needed mostly in High Energy 
Physics, which instigated interes t  in such cakulat ions  originally. Howcvcr, 
i t  mus t  be recognized that the a i m  i s  to  build nlagnets for a desired magnc-tic 
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  difficulties than taking a 
magnet and calculating i t s  field and this i s  the reason why very little was  
done in that line so  far .  The process  was almost always to choose a magnet, 
calculate i t s  field, then modify the magnet. i3alculate the field again, and 
s o  forth until the desired field was arr ived at. This  background explaiiis 
the grea t  importance of Dr. Halbach's paper from Lawrence Radiation 
Laboratory which described the PISA system. PISA means a Program [or 
Inversion of System Analysis which determines the geometry of a magnet 
for producing the desired field. It i s  most  likely that a tremendous an~oun t  
of work will develop for this same purpose in thc future. 

Visits were  arranged to principal si tes of British nuclcar research,  
a s  for instance to the Rutherford High Energy Laboratory which, a s  most (:f 
you know, i s  adjacent to Harwell, and to thc Culham Laboratory. Of course,  
several  other visits were  made possible. Several factories offerrd tours 
of their  facilities producing power supplies, and mater ia ls  and equipnicnt 
fo r  super-conductive magnets and for  instance, 1 visitc.d the Darcsbury 
Nuclear Laboratory closc and in cooperation with Livcrpool 



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 variat ion,  data a r e  needed from 
preobservatory time, and a r  chaeomagnet i c  s tudies provide such information. 
A r  chaeomagnet i s m  uses the standard instrumentation of pa leomagne t i s m  
and determines the  paleodirection of the geomagnetic f i e l d  from the  
d i rec t ion  of remanent magnetism of specimens o£ baked clays. Specimens 
fo r  these studies a r e  collected from f i r e  hearths or  k i lns  a t  various 
archaeological s i t e s  and range in  age from 300 B.C. t o  modern. Cle 
dat ing is based on a t ree-r ing chronology. 

Results suggest tha t  values fo r  incl inat ion of the ear th ' s  magnetic 
f i e ld ,  a s  adjusted t o  Tucson, Arizona, range from 40° t o  6C0 and can be 
represented on an irregular  curve. Changes i n  declination a re  from 
1 3 ' ~  t o  13OW. 

Secular variat ion a s  indicated by a polar data representation 
curve (BDRC) has a 1350-year period of counter-clockwise motion tha t  
enci rc les  the present geographic pole. The PDRC has three small 
clockwise loops, approximately 120' apar t ,  and of about 200-400 years 
duration, The angular standard deviation of a l l  s i t e  mean direct ions 
is 5.g0. 

* School of Geology and Geophysics, University of Oklahotna, Norman, 
Oklahoma . 



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 ka 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 bdsed 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 t o  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 tan 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 variation. 

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 
column 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. 

EXP W IEiENTAL 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 



measurements of deflection are made in the 0°, go0, 180°, 270°, and 360° 
positions for each face of the cube. This procedure allows the determi- 
nation 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 parameters 
indicative of the internal consistency of the measurements estimated. 
Raproducibility of the direct ion, as determined by repeated measurements 
on the same specimen, is within 0.20, To assess the magneuic stability 
of the specimens measured, thermal demagnetization experimscts and 
storage tests are performed. 

RESULTS 

Results are presented for the time span 600 to 1600 A.D. (Figcre 1) 
with magnetic measurements made on some 70 fire hearths that have mean 
directions which can be calcul.ated at the 95 percent cor~fidence level to 
lie within a cone with a 3' or less radius inscribed about the mean. 
When corrected to Tucsor,, c!ianges in inclination are found to range from 
40' to 60'. A minimum inclination occurred at 800 A.D., with a value 
of 400, and a second minimum of 45-0 occurred at approximately 1550 A.D. 
Maxim- 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 1 3 O ~  to 1 3 O ~  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 600 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; 
again 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 measdred 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 averagd pole position calculated for 
all of the sites studied so far would be essentially coincident with 
the present geographic pole, 88.5O~ and 105.0°~. The angular standard 
deviation of the various site mean directions about this over-all 
direction is 5.g0. 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. 



Figure 1 .  Change of the geomagnetic fLeld in southwestern United States .  
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Figuue 2. Archaeomagnetic polar data representation curve for 

southiorestern United Stares. 
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J. R. Purcell  
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INTRODUCTION - This paper describes the design app&ach for 
building a 16-ft bore su,perconducting magnet for the large 12-ft liquid 
hydrogen bubble chamber under construction a t  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 a r e  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 super conducting systems. Although the super conducting 
coil and refrigeration system a r e  considerably more expensive than 
the conventional copper coil, this disadvantage is counterbalanced by 
the fact that the 10 MW power supply and cooling systems a r e  not 
needed. Within the accuracy of the estimates, the capital costs of the 
two systems a r e  the same. Operational costs a r e  much lower for the 
superconducting system. 

The superconducting magnet utilizes a 1600-ton, carbon-steel 
re turn path and the coils a r e  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. 





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. 2r 3, Thus, disturbances that 
tend temporarily to upset tht: superconductor or even short sections 
of defective superconductor, will not have a detrimental effect on the 
operation of the coil. 

Copper was chosen a s  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) a re  well known. 
Furthermore, it is readily available in the required quantities, and 
its fabrication techniques a re  simple and well established. 

SUPERCONDUCT.ING COIL - The coils a r e  wound from a com- 
posite strip conductor of copper and supercondt.:tor, measuring 2-in 
wide by 1 / 10- in thick. Calculated stable currer-t for this conductor 
is about 4200 amps with the normally observed heat transfer rate of 
0.5 W/ cmZ. Turn-to-turn insulation is 10-mil teflon containing about 
15% glass fibers. The tefl.on remains somewhat flexible, even a t  4K, 
which will reduce s t ress  concentrations. 

The coil has an inside diameter of 16 ft. It consists of two 
stacks of pancakes; the top and bottom stacks a r e  separated by about 
24 in. Details of the coil construction can be seen in Fig. 2. The 
coils a r e  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 a s  the sys- 
tem is cooled down. The coefficients of thermal expansion a r e  such 
that the clamping forces increase somewhat a t  4K. Aluminum spacers 
between the coils (not shown) a r e  located every 6 degrees and a r e  
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 a t  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. 

34 





Temperat.ur2 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 gareour helium provides 
sufficient stirring action to maintain a uniform temperature distribu- 
ti on. 

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. 1-in 

Total Conductor Weight 100,000 lbs 

Weight of Superconductor (NbTi) 4000 lbs 

Hoop Stress on Conductor 6000 psi 

The magnet windings a r e  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 h r g e  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 a t  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 a re  sized to carry away the 
helium fluid at  a rate greater than that which can be generated 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 will be uniformly 





dissipated throughout the windings. If the full- s tored magnetic energ.,r 
of 80 MJ a t  18 kG i s  absorbed by the total thermal  m a s s  of the wind- 
ings, the coil will r i s e  to a temperature  of about 90K. Once the liquid 
helium has been removed f rom the tank, the temperature  r i s e  of the 
coil will not resul t  in any ser ious  p r e s su re  r i s e  of the sys tem,  

MAGNET CONTAINER - The magnet coils will be installed in a n  
annular 's tainless s t ee l  vessel  which contains liquid helium. This wi1.l 
be surrounded by a ref r igera ted 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 part icle beams to enter  the bubble cham- 
b e r  without passing through ei ther the coils  o r  the container material .  

The coils and containment vessels  will fo rm a single assembly 
14.6- f t  ID x 18.4-ft OD x 10-ft high, which will be supported f rom the 
magnet yoke by eight ver t ica l  tubes. These tubes will a l so  provide the 
passages through which e lec t r i ca l  power, refr igerat ion,  and instru- 
mentation a,re 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 cryosta t  will 
impose a n  additional load of 200,000 lbs . Vertical  adjustment of 11 Z ir. 
in either direction f rom center  is provided to account for  mechanical 
e r r o r  in coil position, variation in  i ron  permeabil i t ies,  and other 
affects which tend to per turb  the downward force.  The force  on the 
coil assembly in the ver t ica l  direction changes approximately 400, OCO 
lbs per  inch of displacement. The eight vert ical  supports a r e  designed 
to support one million pounds in  tension. The radia l  instability forces  
calculated to be approximately 60,000 lbs per inch of radia l  displace- 
ment f r o m  magnetic center .  This  force  will be t ransmit ted  to the i rcn  
by the radia l  support members  (see Fig. 4) located at 90 degree inter-  
vals. The sys tem is designed to support a t ransverse  load of 500,000 
lbs. 

REFRIGERATOR - The steady-state refr igerat ion requirement of 
the magnet is est imated to be l e s s  than 50 W, but a reasonable cool- 
down t ime can be accomplished only with a larger  ref r igera tor .  F o r  
t.his reason,  and to provide a margin  of safety in operation, the ref r ig-  
era t ion capacity has been s e t  a t  400 W a t  4.2K. An additional 500 W of 
refr igerat ion a t  50K to  70K i s  provided for  thermal  shield cooling. 

POWER SUPPLY - The power supply capacity is 2000 A a t  10V 
with a cur ren t  regulation of 0. 1%. With the magnet 's 40-H inductance, 
the power supply will charge the magnet at a ra te  of 0.25 A per  s ec -  
ond, A full charge will thus be  accomplished in about 2.. 25 hours. 





MAGNET XNSTRUMENTATION - The magnet temperature will 
be monitored throughout the coils during cooldown, using tberrno- 
couples down to 4QK. At lower temperatures, gallium arsinide diodes 
will be used. 

Potential taps will be placed across  every joint within the coils. 
These will detect bad joints o r  normal regions between the joints, A 
separate coil will be wound within the magnet to measure dB/dt. Whert 
-3is is amplified and connected in opposition to ths L(dildt) signal, the 
resultant signal wil l  represent normal regions wlthin the magnet - eve1 
during transient conditions. 
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REVIEW OF SUPERCONDUCTING MAGNFTOB~ERS* 

Victor W. Hesterman, William S ,  Goree,and Prank M. Chilton 
Low Taup?rature Physics Department 

ord Research Institute 
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ABSTRACT 

Applications of severs1 of the unique propertkes of the superconducting 
state to measure small magnetic fields will be reviewed. The techniques to 
be described depend primarily on the following properties: zero electrical 
resistance, allowing the flow of yrsistent currents; the Meissner effect, 
which is the expulsfon of the magaetic field from the interior of a solid 
superconductor when if IS cooled below its trznsjtion temperature; fluxoid 
quantization; and superconducting tunneling. 

We will describe eeveral 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 wound on a core that is thermally switched between the super- 
conducting anc? normal states. 1% can azke use of the Meissaer effect, the 
quantized-flux effect, or both. Another type of circuit uses the magnetic 
field depenclence of the critical dc Josephson tunneling current. Field 
sensitivities in the range lo-' to 10" Gauss have already been obtained. 

* 
Work supported by NASA-Ames Research Center. 
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Much interes t  has been generarci i n  the l a s t  several years i n  the use 
of the mique propert-fes 0-6 supe~conductfvity t o  detect and measure ex- 
tremely small magnetic f f e l d s  (10'~ Gauss and smaller). These basic prop- 
erties--zero resistance, Meissner e f fec t ,  quantized flux,  and Josephson 
tunneling--are discussed, and the V ~ P ~ O U S  types of magnetometer based 
on these properties are  reviewed t o  c la r i fy  their  common features and 
thefr  basic differences. The sensi t iv i ty  to magnetfc f i e ld s  fop actual 
devices is given agd the various sources of noise a re  Considered. The many 
other applications of superconductivity are  too numerous t o  be covered i n  
t h i s  pager, but it is worth mentioning a f e w  t o  give an idea of how super- 
conductivity is developing a s  a practical  tool. 

If. PRINCIPLES UNDERLYING A P a f  CATIONS OF SUPJGRc0Nf)UCTIVITY 

The most evident property of the super~onducting s t a t e  is that  of zero 
resistance. This was the property noticed by Kamerlingh Onnes i n  1Sllwhen 
he diseovered superconductivity. The resistance t o  e l e ~ t r i c a l  current flow 
drops t o  zero i n  a f a i r l y  narrow region around the transition temperature, 
T . The narrowness of the region of temperature is typical of phase changes, 

C and i n  a pure Type I supercondrtctor, the transit ion is narrower than a m i l l & -  
degree. 

In superconductors carrying currents, zero resfstance resrllts i n  behav- 
Por a t  a l l  frequencies that  is analogous t o  the high frequency behzivior of 
normal good conductors. The currents are  confined t o  the surface of the 
conductor. Further, zero resistance with Maxwell's equations implies the 

- exclusion of changes of magnetic f lux,  

within the body of a superconductor. In Eq. (1) is the lnagnetic f i e ld  and 
t is time. 

An even more general magne'fiic f ie ld  exclusion f s observed fn super- 
conductors. The: Maissner effoct  pertains t o  



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

is observed. In Eq. (3), z measures the dist%nce from the surface into the 
superconducting sample and X Is the London penetration depth, which is typ- 
ically of the order of 1000 a.  The flux exclusion represented by E q s .  (1-3) 
is the principle behind superconducfing rnarnetic shields. By switching a 
superconducting sample back and forth from superconducting to normal, the flux 
exclusion of Eqs. (1-2) 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 

.-+ 4 

In Eq. (4), v is the superconducting electron velocity, A is the eiectro- 
s 

magnetic vector potential, and k is Planck's constant. The electron charge 
and mass are -e and m, respectively. They appear as 2e aad 2m due to the 
electron pairing that causes superconductivity. 

In a wide variety of circumstances, one can co~sider 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 

linking the circuit. In these circumstances, then, the flux is quantized 
(flux quantum unit =. So = hc/2e 2 x 10'~ ~auss-cm2). 

Josephson - Tunnelis 

Another interference effect associated with the superconducting.state 
can be seen in the tunneling that takes place from one superconductor to 
another through a nonsuperconlacting lager. Such a system is usually called 

I t  a "~osephson junction. The phase of the superconducting wave function on 
crossing the nonsuperconducting barrier satisfies two equations. 



where g i s  the phase difference and Y is any voltage across the junction. 
The essential  property o f  these junctions that makes them so useful is that 
the magnetic f ie ld  can penetrate the junction thus providing us with a tool 
for  changing the phase of  the stpextoptducting wave function. One aspect of 

11 th i s  i s  called "the dc Josephson s5icst. In t h i s  effect  , the voltage across 
the junction is zero, but a ~l ; r ;<.cu~rent  can flow i f  there is a magnetic f ie ld  
penetrating the junction, QZ 1~ a phase difference i s  imposed, say by an ex- 
ternal source of current. This possibility of a supercurrent i n  the absence 
of voltage is  implicit i n  Eqs. (5) and (6). For a junction that  is small 
enough, t h e  maximum zero voltage current flowing, I , across the junction 

Ip x has a dependence on the external magnetic f ie ld  simlfar t o  that  i n  Frauenhofer 
diffraction . 

I a I s in  ni 1 '  
max J 

where 8 is the flux i n  the junction measured i n  units  of the flux quantum 
hc/2e. 

Two thin junctions connected i n  parallel  exhibit a diffraction-interference 
pattern 

TI 
I l / i ~ ~ ~  isin mgJ c o s ~ ~ ( g c - ~ ) l  + sin2  ti^ sintn(@c-2@J) I 1 
max 

In Eq. (8 ) ,  g is now the average of the flux i n  each of the two junctions, 
J 

while 6 is the flux difference and @ is t h e  t o t a l  f lux through the closed 
C 

loop or  c i rcui t  containfng the two junctions. 

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

I I s in  $/nSJ cos[n(Pc-f 11 I 
max 

If 6 f 0 ,  then Eq. (8) is not the s-me as the corresponding optical 
formula, the distinction being between the real  part and the modulus of the 
complex integral for f . Note thad. 6 # 0 implies that the interference is 

max TI 
not complete. A t  an interf erence minimum I a sin2 &g(cos miJ)/nb instead 

max 
of zero. Because of the difficulties inherent i n  fabricating junctions, an 
incomplete interference is  the usual situation (see Fig, 1). In principle, 
the incomplete interference could ajLs6 be used as  a direct  measure of f ie ld  
gradient. 

If a voltage :s present, Which from Eq. (6) implies that the phase .is 
time-dependent, rapid current oscillations across the junction are  observed. 
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This is cabled the  " ac Josephsoll e f fec t  ." The frequency of these current 
osc i l l a t ions  obeys the  r e l a t ion  

hw 5 2eV, 

which follows d i rec t ly  from Fq. (5). 

The Josephson interference e f f e c t s  reduce measurement of magnetic f i e l d s  
t o  counting fr inges and reduce measurement of voltages t o  frequency deter- 
minations, both of which can be done with extreme accuracy. 

I I I . FLUX-MOTION MAGMETOMETERS 

Basically t h e  flux-motion magnetometer generates an emf by changing t h e  
coupling between t h e  magnetic f i e l d  being measured and a sense c o i l .  One 
method makes use of a superconducting core ins ide  (or near) t h e  sense co i l .  
This core is periodioally heated and cooled between the  superconducting and 
normal s t a t e s .  This thermal switching (which can be at kHz frequencies) 
causes a flux change i n  t h e  sense c o i l ,  which induces an emf i n  the  c o i l  be- 
cause of the  Meissner ef  f e e t ,  the  quantized-flux e f fec t  , or both.' #' For t h e  
Meissner e f f e c t ,  t he  amplitude of t h i s  emf w i l l  be l inear ly  r e l a t ed  to B, 

t h e  magnetf c f i e l d  a t  t h e  modulator ; whereas, f o r  t h e  quantized-flux e f fec t  ,. 
it w i l l  consist  of a series of individual quantum s teps  a s  shown i n  Fig. 2. 
Application of the  quantized-flux e f fec t  requires tha t  the  core be multiply 
connected (e.g., a hollow cylinder) and small enough s o  tha t  t h e  individual 
quantum-flux s teps  w i l l  not he washed out by noise. (The quantized-flux 
modulator t h a t  has been used at Stanford Research I n s t i t u t e  was about 0.025 mm 
i n  diameter, whereas the  Meissner core was about 1 mm i n  diameter.) If  the  
quantized-flux core has a s igni f icant  wall thickness compared t o  t h e  London 
penetration depth [A i n  Eq. (311, then both the  Meissner e f fec t  and the  
guant2zed-flu effeot  w i l l  be obtained as  shown i n  Fig. 2(c). A magnetometer 
that  uses only the  quantized-flux e f fec t  generally w i l l  not be absolute, 
s ince  only re l a t ive  changes about a s ingle  quantum s tep  can be detected. 
This can be overcome i f  the  core is cooled i n  a zero f i e ld  environment and 
the  number of quantum s teps  are  counted a s  the f i e l d  is applied, o r  i f  the 
output is nulled so  that  operation i s  always on one quantum sf zp, o r  i1 I3 is 
l e s s  than 5 /A. 

0 

Another method of changing the ffux l inking tho   oil is to mechaniaally 
moqe a superconducting body i n  the  v ic in i ty  of a sense c o i l .  This to~hn ique  

T i  

is being used a t  Stmrord University by ProPes.sor Fairhank's group." Their 
approach i s  t o  use a superconducting layer on a n  c sc i l f a t ing  quartz crystal 
placed close co a c o i l  Both planar &id cyl indr ica l  geometries a re  being 
investigated. 
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These various methods of generating an emf i n  a superconducting c o i l  
can be t rea ted  a l ike  a s  f a r  a s  s ignal  readout is concerned. The general 
idea is t o  get the  maximum voltage output p r io r  t o  room temperature amplifi- 
cat ion s o  tha t  the  maximum signal-to-noise r a t i o  w i l l  be obtained, The u l t i -  
mate s e n s i t i v i t y  of a superoollducting magnetometer is limited by i n t r i n s i c  
o r  by intermediate-state noise i n  the  superconductor. The readout c i r c u i t s  
tha t  have been used a re  not basical ly unique, but they do make use of super- 
conducting components, which give them some unusual qua l i t i e s .  In ordinary 
e lec t ronic  c i r c u i t s ,  a s ignal  source has some in te rna l  res is tance  associated 
with it, I n  the  cases being considered here, t h i s  in te rna l  resistance can 
be made t o  approach zero. (This assumes t h a t  eddy-currents i n  t h e  modulator 
core can be reduced a r b i t r a r i l y  close t o  zero.) Thus, t h e  load and source 
res is tance  cannot be matched. The inductive reactance of t h e  source ca11 be 
~ a n c e l e d  by proper turning with capacit ive reactance. The maximum output, 
therefore,  depends on t h e  c i r c u i t  Q (Q can be as  high a s  lo4) . The maximum 
Q may be limited by tha t  which can be to lera ted  from a c i r c u i t  s t a b i l i t y  
viewpoint o r  by how long a t i m e  const'ant can be to lera ted .  (A high Q requires 
tha t  t h e  measured f i e l d  is not changing very f a s t ,  i .e., t h e  t i m e  constant 
7 = 2Q/w, where w = 2n times t h e  frequency of t h e  measured f i e ld . )  The sense 
c o i l  and connecting wires can have zero res is tance  so tha t  losses  and Johnson 
noise w S l l  approach zero. This zero res is tance  a lso  allows us t o  obtain-very 
high Q t u e d  c i r c u i t s  f o r  high voltage amplification; i f  necessary, a super- 
conducting capacitor a l so  can be used t o  increase Q. Transformers can be 
wound with superconducting w i r e  so t h a t  impedances can be matched conveniently 
without lowering the  Q. Superconducting shie lds  can be used t o  prevent ex- 
traneous pickup i n  t h e  transformer or  other pa r t s  of the  c i r c u i t .  The read- 
out c i r c u i t  used a t  SRI is shown i n  Fig. 3. In t h i s  c i r c u i t  t h e  tuning is 
accomplished i n  t h e  secondary of t h e  transformer because t h i s  requires a 
smaller capacitance . 

The maximum power output of the  Meissner o r  quatized-flux magnetometer 
pr ior  t o  amplification (assuming zero source resistance and an optimized c i r -  
cui t )  is given approximately by3 f4 

where K contains numeric;..l constants and the  coupling coefficient  of the  
transformer, B is t h e  magnetic f i e l d  being ceasured, f is the  frequency of 
tnodulation, V i s  t h e  volume of the  sense c o i l ,  and cu is the  percent modu- 

C 
l a t i o n  of its inductance. This equation s t a t e s  tha t  Po is proportional t o  
the  change i n  magnet-ic f i e l d  energy each cycle (i .e, , B ~ V  9) times the  Q of 

C the  c i r c u i t ,  times the  number of times per second tha t  t h i s  energy is changed. 
It is, therefore, advantageous t o  make f and ci as  large as  possible by proper 
core design, 

Eddy-currents tha t  flow i n  the  core when f t  is ir: the  normal o r  the  
mixed s t a t e  re tard  the  motion of the  magnetio f lux  wlthin the  oore. This 
l i m i t s  the  m a ~ t i m u ~ a  frequency o f  modulation fo r  a given a. Themal time 
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eonst  a n t s  a l s o  can l i m i t  t h- modulat ion f roquancy . Thc Meisstlor cores  t e s t e d  
a t  SRX have been thick-walled c y l i n d e r s  c a s t  on a c o a x i a l  r e s i s t i v e  h e a t e r .  
Th i s  geometry was used because i t  was easy t o  c o n s t r u c t ,  and t h e  i n i t i a l  em- 
phas i s  w a s  on c i r c u i t  opera t ion  and f e a s i b i l i t y .  Figure  4 shows t h e  const ruc-  
t i o n  o f  t h e s e  c o r e s .  The thermal time c o n s t a n t s  f o r  t h i s  t y p e  o f  c o r e  a r e  
of t h e  o rder  o f  5 p s e c ;  however, t h i s  geometry is q u i t e  unfavorable as f a r  

as eddy-currents are concerned, and t h e  normal s t a t e  L/R eddy-current t i m e  
c o n s t a n t s  a r e  of t h e  o rder  of 0 .5  msec ( i n  t h e  p a r t i a l l y  superconducting 
s t a t e ,  L/R would be longer ) .  Experimentally,  t h e  modulation dropped s i g n i -  
f i c a n t l y  a t  about 500 ~ 2 . ~  I t  should he  p o s s i b l e  t o  bu i ld  a laminated c o r e  
or superconducting and i n s u l a t i n g  l a y e r s  t h a t  would reduce eddy-currents and 
thereby g r e a t l y  improve t h e  cr2 f product . 

The s e n s i t i v i t y  of a1 of t h e  f l u x  motion magnetometers can be increased 
by use of a magnetic f i e l u  a m p l i f i e r .  T h i s  c o n s i s t s  of a l a r g e  supercon- 
duc t ing  s ing le - tu rn  c o i l  f o r  sensing t h e  B f i e l d ,  which is coupled t o  t h e  
magnetometer's previous  sense  c o i l .  Ei t h a r  d i r e c t  connection3 o r  mutual 
induc t ive  coupling2 can be used a s  shown i n  Fig .  5. The loop made up o f  coils 
I and 2 is e n t i r e l y  superconducting s o  t h a t  a p e r s i s t e n t  c u r r e n t ,  t ,  w i l l  f low, 
which is equal  t o  

i2i.el-e Nl is t h e  t u r n s ,  A1 t h e  a r e a ,  and I,l t h e  inductance o f  c o i l  1 and .NS , 
h:i, .nd t h e  same f o r  c o i  1 2 ; Bo is t h e  f i e l d  p resen t  when t h e  loop f i r s t  
t - ~ ~ . ~ a n e  superconducting (Bo can be made zero  by momentarily heat ing a s m a l l  
r ,)gion of t h i s  p e r s i s t e n t  loop while c o i l s  L and 2 are i n  ze ro  magnetic f i e l d )  
and ip is Lhe f l u x  quantum. Normally, A1 (B-Bo) >> Go. The f i e l d  B;, t h a t  t h i s  

0 
cur ren t  i produces at t h e  modulator is given by 

Therefore ,  t h e  f i e l d  anlplif i c a t i o n  f a c t o r ,  Af, is equal  t o  

However, LL is r e l a t e d  t o  A1 and t o  & . Maximizat ion of A must incl:.tk 
f 

t h e s e  r e l a t i o n s h i p s ,  which depend on t h e  p a r t i c u l a r  coil geometry assumed. 
Large mcpl i f i ca t ion  ean be obta ined by making c o i l  1 l a r g e  i n  a rea  and of 
one o r  f e w  t u r n s  and using wide s t r a p  conductors t o  keep its inductance,  ha, 
small.. F i e l d  ampl i f i ca t ion  f a c t o r s  of 50 have been obta ined wi th  quantiaed- 
f l ux  c i r c u i t s  used at SRI, and s i g n i f i c a n t l y  higher f a c t o r s  should be obta in-  
a b l e .  The leakage inductance of t h e  wires connecting c o i l s  1 and 2 must be 
kept small compared t o  Ll and b s o  t h a t  none of t h e  f l u x ,  BA1 , w i l l  be l o s t  
due t o  leakage f l u x .  F i e l d  ampl i f i ca t ion  is important because it inc reases  
t h e  s i g n a l  before  the noise  of t h e  modt~lalor i s  in t roduced.  Therz are t h r e e  
pos,*ble disadvantages rn t h e  use of Fie ld  amplj fiers : spatf  a1 r e s o l u t i o n  
is decreased;  t h e  probe is somewhat bu lk ie r  ; and i n  t h e  Meissner-ef feat, the 
mechanical mot i o n ,  and t h e  s i n g l e  Josephson magnetometers, t h e  absof u t e  Paatrira 
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is sacrif iced--i .e . ,  only a change i n  magnetic f i e l d  can be measured unless 
t h e  magnetometer is cooled i n  zero f i e l d  or i f  the  sense coil. is rotated 
180 degrees. These are not serious l imi ta t ions  f o ~  most appliezti~zs. 

I f  we r e m i t e  Eq. (10) to Include the  f i e l d  amplification fac to r ,  
w e  obtain 

' 

Increasing V w i l l  reduce t h e  maximum obtainable A as w e l l  as the  a2f product. 
C Thus, deterrnmation of the  optimum modulator s i z e  gecomes very complicated. 

In magnetometers tha t  have been b e l t ,  t h e  quantized-flux modulators have 
aeen much smaller than the  Meissner-effect modulators (0.025 mm vs 1 nun i n  
diameter) ," but they have had a much higher a2 f *" (about 0.1 x lo5 Hz 
vs,  very roughly, 0.5 x 300 Hz). 

The quantized-flux modulator makes use of the  wolme of the  hole of the  
modulator core and, therefore,  w i l l  have some adwantage as  f a r  a s  noise and 
eddy-currents are concerned. It f s  currently soxeu.Plat more d i f f i c u l t  t o  
bu3.3-d r e l i a b l e  quantized-f lux modulators, g3uZ t h i s  might be improved by fu ture  
developments. Tae f i r s t  quantfzed-faux modulators were intentionally made 
very small s o  t h a t  the  individual quantum s teps  could best be resolved fo r  

5 t h e  basic Invest igat ion of f lux  quantization. W e  note tha t  

where @ is t h e  f lux  quantum uni t  (2 x ~auss-cm2) and B,  t h e  f i e l d  i n  
0 

t he  modulator core, is the  quantity sensed. A small area,  A, r e s u l t s  i n  a 
la rger  and more e a s i l y  measurable B fo r  an ilxdivZdual qamtum of f lux.  Now 
tha t  f lux  quantization is t o  be used f o r  an instrument, t.le very small s i z e  
does not necessarily give optimum magnetic f i e l d  sens i t iv i ty .  

I f  the  signal-to-noise r a t i o  is limited by t he  noise of t h e  room tem- 
perature amplif ier ,  then improvement may be obtained by using superconducting 
propert ies  t o  construct a low frequency ( i - e . ,  below 10 ?,!Hz) parametric ampli- 
f i e r  with which power gain can be achieved a t  l iquid  helium temperatures. Its 
primary advantage is t h e  poss ib i l i ty  of achievillg high gain with very low 
noise. The time varying reactance can be a modulator very s i m i l a r  t o  the  
sense c o i l  and core used i n  the  magnetometers discussed above. Although para- 
metric amplification is not new, its application t o  low frequency ( i .e . ,<  10 MHz) 
amplification a t  l iquid  helium temperatures is very new anc! has excit ing pos- 
s i b i l i t i e s  ," g7 not only f o r  magnetometers but fo r  other devices where very 
low noise amplification is important ( i . e . ,  infrared bolometers). Perhaps, 
the  main reason tha t  parametric amplification has not been used a.S low fre- 
quencies is t h e  lack of a good high Q,  time-varying reactance and high Q 
c i r c u i t s  a t  these low frequencies. Superconductivity can easily provide both 
of these requirements. Very l i t t l e  experimental work has been done t o  date 
i n  t h i s  a rean7 



IV. JOS!3PHSON JUNCTION M A G N E W ~ S i  

The property that makes the Josephson junction so suitable for use as a 
magnetometer is its high sensitivity to ragnetic 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 I [I is the tunneling current above which a voltage appears across 

C c 
the  $unction as given by Eq. (713. Thus, if a dc bias current is applied 
that fs slightly above I a change j.n voltage results from an applied field 

c ' 
change. This is illustrated in Fig 6 where the V-I characteristic is shown 
for t w o  different values of B. Not all actual junction characteristics 
appear as shown in Fig. 6 because of nonuniformities ,8 impurities in the 
junction 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 thick. Another superconducting metal film is then 
deposited on top of the oxide layer, thereby forming a planar junction. Junc- 
ti ons also can be made by point contact8 and by narrow constrictions" in 
a superconducting thin film. A very simple method of constructing a tunneling 

12 junction was suggested by Clarke, A ball of solder (using conventional tin- 
lead radio solder) is cast around a 2-mil niobium wire that has been stripped 
of insulation and allowed to oxiGize. The solder will not wet the wire but 
can be made to encompass it, thus forming a cylindrical junction. These have 
been called SLUGS .12 In a SLUG, the cylindrical f geld in the junction, B - , 
is established by passiatg 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 pr0ble~ for any type of Josephson junction. Control of the 
insulation thickness is desirable since the critical current is an exponen- 
tial function of tile thickness. Thicker insulation results in a lower criti- 
cal current. Typfcal 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 manner similar to that shown in Pig. 3 for a flux- 
mot ion magnetometer . 

Two Josephson junctions can be used to build a more sensitive magnetom- 
eter, as shown in Fig. 7. In this ome, the current I that can flow before 



Fig. 6 V-I Characteristic of a Josephson Junction 
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Fig. 7 Magnetometer Tlsing Two Josephson Junctions 



a vol tage,  V ,  is developed is given by E q .  ( 8 ) .  The increased s 3 n s i t i v i t y  
compared t o  t h e  s i n g l e  junct ion is a r e s u l t  of t h e  in te r fe rence  e f f e c t  s i nce  
A is g r e a t e r  than A . The ac t ive  a r ea ,  A , is l imi ted  by an e f f e c t  s imi l a r  

c j 
t o  t h e  Meissner e f f e c t  ,I3 i .e.  , only t h e  e$ges of a l a rge  junct ion a r e  effec-  
t i v e .  The maximum area ,  A is l imi ted  by t h e  cur ren t  change, A1  = + /L, 

c ' 0 
which can be detected with t h e  e x i s t i n g  no ise  level.' 

Greater s e n s i t i v i t y  can be achieved i f  t h e  magnetic L'ield is sensed with 
a one-turn superconducting c o i l  and t h e  s i n g l e  o r  double Josephson junct ion 
is used t o  sense t h e  magnetic f i e l d  due t o  t h i s  current  .la This  is i l l u s -  
t r a t e d  i n  Fig.  8 f o r  a cy l ind r i ca l  junct ion (SLUG). Since t h e  f lux  is con- 
served i n  t h e  superconducting c o i l ,  t h e  applied f i e l d ,  B ,  t i m e s  t h e  c o i l  
a r ea ,  A (shaded a r ea  auove t h e  a x i s ) ,  must be equal and opposi te  t o  t h e  f l ux  
produced by I ( t he  cross-hatched a r ea  below t h e  sxis). Note t h a t  t h e  f i e l d  
i n  t h e  junct ign due t o  1 ( i .e . ,  B.) is much l a r g e r  than t h e  appl ied f i e l d .  

P Essen t i a l l y ,  t h i s  is a f ~ e l d  ampli'Pier c o i l  s imi l a r  t o  those  described f o r  
t h e  flux-motion magnetometer described above (see Fig.  5) .  I t  senses  a l a rge  
amount of t h e  uniform magnetic f i e l d  and concentrates  it i n  a small  region 
near  t h e  wire .  The f i e l d  amplif icat ion f a c t o r ,  A f ,  f o r  a cy l ind r i ca l  junct ion 
on a round w i r e  is given by 

where L is t h e  t o t a l  inductance of t h e  loop,  A its area ,  and r t h e  rad ius  
of t h e  w i r e .  This  assumes t h a t  t h e  loop was made superconducting i n  zero 
f i e l d .  The junct ion can be separated from t h e  loop by use  of a low-inductance 
s t r i p  transmission l i n e  (a p a i r  of closely-spaced s t r i p s )  and placed i n  a 
superconducting s h i e l d  .* A f i e l d  amplif ier  b u i l t  a t  SRI* had a measured 
amplif icat ion f ac to r  of about 20. Larger values should be poss ib le .  

V. SENSITIVITY AND NOISE 

The Meissner-effect magnetometers s tud ied  a t  SRI probably exhib i t  t h e  
maximum noise  of any of t h e  devices w e  a r e  considerivg. With these  magne- 
tometers w e  have measured f i e l d s  a s  Low a s  lov6 Gauss without t h e  use of a 
f i e l d  ampl i f ie r .  The same de tec tors  a l s o  have been used i n  a system f o r  
measuring s t a t i c  magnetic s u s c e p t i b i l i t y  where s e n s i t i v i t i e s  a s  good o r  b e t t e r  
than t h e  bes t  magnetic balance have been obtained." The quantized-flux mag- 
netometer is approximately one order of magnitude more s e n s i t i v e  i n  its pres- 
ent  s t a t e  than t h e  Meissner-effect devices w e  have s tud ied ,  giving a sensi-  
t i v i t y  of lo-? t o  5 x lo-' Gauss ." Even b e t t e r  s e n s i t i v i t i e s  have been 
obtained with Josephson junct ion de tec tors .  Weak-link tunnel ing junct ions 
have been used i n  various configurat ions t o  obtain magnetic f i e l d  s e n s i t i v i t y  

10  as good a s  approximately lo-'' Gauss. The measurements by  ant-~~11' (dis- 
cussed e a r l i e r )  of thermal magnetic no ise  i n  supelconductors were made using 
a double junction Josephson interferometer where t he  instrument noise  l e v e l  
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was approximately 1/1000 of a f l u x  u n i t .  Tn i s  n o i s e  i o v e l  corresponded t o  
v o l t a g e  f l u c t u a t i o n s  of 10'-l8 t o  10-l9 vo1.t i n  t h e  sample. c la rke12  has de- 
s igned a very s imple  technique f o r  building Josephson junc t ion  devices  and has 
cons t ruc ted  magnetometers wi th  s e n s i t i v i t i e s  of 16' Gauss and dc vo l tmete r s  
wi th  s e n s i t i v i t i e s  a s  good a s  10-l4 t o  lo-'" v o l t .  We have used C l a r k e ' s  
technique t o  b u i l d  a magnetic f i e l d  gradiometer wi th  which f i e l d  g r a d i e n t s  of 
approximately Gauss-cm have been measured.' 

Although superconducting ins t rumentat ion is a new a r e a  of resea rch  and 
development, devices  s e v e r a l  o r d e r s  of magnitude more s e n s i t i v e  than  those  
p o s s i b l e  wi th  o t h e r  techniques  have been b u i l t  and demonstrated,  both i n  t h e  
l abora to ry  and,  i n  some c a s e s ,  i n  t h e  f i e l d .  

A thorough understanding of t h e  n o i s e  assoc ia ted  wi th  superconducting 
devices  i s  needed before  t h e  u l t i m a t e  s e n s i t i v i t y  can be p r e d i c t e d .  Th is  
no i se  can be considered i n  t h r e e  s e p a r a t e  c a t e g o r i e s :  

1. Exte rna l  n o i s e  produced by e x t e r n a l  o r  environmental s o u r c e s ,  such 
as r f  pickup and temperature  f l u c t u a t i o n s .  

2 .  T r a n s i t i o n  o r  in te rmedia te  s t a t e  n o i s e  caused by opera t ing  t h e  super- 
conducting device  i n ,  o r  switching it through,  t h e  s t a t e  between 
normal and superconducting.  

3. I n t r i n s i c  n o i s e  c h a r a c t e r i s t i c  of t h e  superconducting s t a t e .  

The no i se  from e x t e r n a l  sources  has set t h e  most s e v e r e  l i m i t a t i o n s  on 
s e n s i t i v i t y  i n  most superconducting dev ices .  I n  t h e  following d i s c u s s i o n ,  
e x t e r n a l  no i se  includes  no i se  from device  components t h a t  are normal metals  
and from superconductors heated above t h e  c r i t i c a l  temperature dur ing opera- 
t i o n  o f  t h e  device .  

The response of Josephson junc t ions  is  very s e n s i t i v e  t o  e lect romagnet ic  
r a d i a t i o n ,  e s p e c i a l l y  i n  t h e  microwave frequency range,  and s p e c i a l  c a r e  must 
be used t o  avoid e x t e r n a l  n o i s e  from r a d i o  s t a t i o n s ,  e t c .  High-frequency 
f i l t e r s  i n  a l l  e l e c t r i c a l  l e a d s  t o  t h e  junct ion have been used by ~ e r c e r e a u "  
t o  reduce r f  pickup. 

Recent measurements by Vant-Hull et a1.14 of t h e  f l u c t u a t i o n s  i n  magnetic 
f i e l d  near  a Type I superconductor both above and below its c r i t i c a l  temper- 
a t u r e  i n d i c a t e  t h a t  t h e  Johnson n o i s e  is reduced below t h e  no i se  l e v e l  of t h e  
measurlag instrument a t  t h e  superconducting t r a n s i t i o n ,  " lo'-'' v o l t ,  These 
measurements can be used t o  s e t  a lower l i m i t  on t h e  no i se  spectrum of quantized- 
f l u x  and Meissner dev ices ,  s i n c e  i n  t h e s e  dev ices ,  a superconducting element is 
i n t e n t i o n a l l y  heated above i ts c r i t i c a l  temperature once each c y c l e .  While 
t h e  temperature is 3 T t h i s  thermal no i se  c e r t a i n l y  w i l l  be p r e s e n t .  Addi- 

c ' 
t i o n a l  no i se  w i l l  be caused by eddy-currents.  We f e e l  t h a t  t h e  no i se  due t o  



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 o: liquid helium in contact with the device and the 
associated temperature fluctuations. Noise of this type has been identified 
by Johnson and chirlianl" in cryotrons, by SRI in the Meissner-effect magne- 
tometer~,~ and by Bussieres and ~eonardl~ in heated wires immersed in liquid 
helium. pierce3 has found that this type of noise can be reduced in quantized- 
flux u,dgnetometer circuits by mounting the modulator horizontally in the helium 
bath an1 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, tke 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 plus to minus its maxi- 
mum value. We have observed a definite width to thj s transition2 but have 
been unable to analyze it precisely. 

The rate of the flkx 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 emf 
generated by switching the modulator. Josephson junction devices depend, in 
general, on the operating characteristics of the junction or junctions when 
the tunneling current exceeds the critical or 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, 

and the phase of the paired electrons continually changes in time. ~ u r ~ e s s l ~  
and ~cala~inol~ have discussed the possible thermal and shot noise power spec- 
trum for tunnel junctions. Also the fluctuation of the superconducting order 



20 pa-meter has been disccssed by these authors a;?d by Ferrell. ~am~er~' has 
noted that the Pine width of the high-freque.-cy radiation from a Josephson 
junction is an extremely sensitive measru.e of :he Johnson noise in the voltage 
bias. He has described the use of this line warld~h as an absolute thermometer 
for temperatures as low as a millidegree. Of cows*, t E s  i s  nct an intrinsic 
noise source ; but since the junction must be biased ai a finite voltage, It i s  
a practical Ximit to sensitivity. 

Noise intrinsic to the superconducting strrte has received very little 
experimental or theox'etlcal study, Several experiments to measure noise in 
persistent: currents hawe seri--ed only to set limits on the noise power.""="" 
A recently published paper by van 00% jen acd van ~urp'# reports obserw-d noise 
which they have c:aracterized as shot noise. n l i s  is presumably due to random 
wotion of the quantized fluxoids. Vant-Hull et al. studied the thermal- 
magnetic noise of niobium above ;end below its critical. temperature, T and 

G found little decl-ease in the noise at 'Z . T i s  fn contrast to the~r. 
C 

studies of Type I supel-conductors whel-e the noise decreased by almcst two 
orders of magnitude at T . These noise studies and the reproducibility and 

C 
stability of junctfan construction have not advanced far enough to calculate 
accurately the noise spectrum of a given device, but progress is being made 
in this direction. 

Vf, GEMEWL APPLICATIOFS &XI FUTURE PROSPECTS 

We have described the physical principles involved in superconducting 
devices and speciflc applications of these principZes to devices for measur- 
ing magnetic fields and, in several cases, for masurinp very small voltages. 
Of course, these unique properties of superconductors have been applied to 
other areas ob instrumentation and device development far too :iilmerous to 
cover m this paper, A few examples of these other applications will suffice 
to give a general idea cF the possible widespread Irri .  

The zero resistance pmgerty has been used in the construction of high 
field solenoids, electromagnetic cavities, and computer elements. Quantized 
flux has been usod for computer elements and for the production of true zero 
eagnetic field envil-onments. Josephson tunneling has been used as a radia- 
tion detector in the microwave and infrared spectrum, where power as small 
as 10-l3 watt for a 1-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 k n ~ m . ~ "  A 
rather complete survey of the literature on superconductinq devices, which 
includes numerous references on those and other applications, was published 
in March 1967 and lists approximately 1300 references of specific devices, 
patents, and research related to de~ices.'~ This indicates the considerable 
amount of basic research and experimental data available to those interested 
in applying the unique properties of superconductors to devices. 



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 constructic>n 
techniques of the devices kntroduce 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 lo-'" 
to 10-l3 Gauss, bolometer sensitivities to the order of 10-lS watt/cycle 
bandwidth, and voltage sensitivities as good as 10'19 volt may be possible 
once a better understanding is obtained of the noise properties of super- 
cmductors. 
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SPACE MAGNETIC EXPLORATION AND TECHNOLOGY 

An Ultra Sensitive Magnetometer and Gradiometer Using 
Weakly Coupled Superconductors 

A. L. Morse and D. L. Judge - - 
TRW Systems, Space Sciences Laboratory a ' -  - 

K69-33957 - 
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 re same way a s  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 o r  lose 
less energy than that required to remove it from the electron lattice. 
Since the energy lost per collision, which gives r ise to ordinary ohmic 
resistance, is much smaller than this energy gap, .resistance vanishes. 

With the discovery of flux tquantization' l )  and superconducting tun- 
neling(2) with its associated very low saturation current, it became 
possible to design and construct magnetometers of muchgreater sensi- 
tivity than previously thought possible. Flux densities as  low a s  
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 a r e  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-lSv(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) = -dqt)/dt so that A1 = - L - l ~ d @  or A1 = - L - ~  (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 f ~ r c i n g  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. 



U~ing only these characteristics of a superconductor, viz., the 
perfect conductance below a critical current or flux density, it is 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 saturation is reached by I) 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 a r ~  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 garnrna-cm2 or 10-5 maxwells i s  about 10-5 amps 
ina low inductance ( 10-8henrys) 1 cm2 loop. If this current were inter- 
ruptedin 100 psec, there would be a resultant voltage pulse with anampli- 
tude of 10-9 volts, which would be difficult to detect. Therefore a less 
direct approach i s  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 wil l  immediately cause it 
to saturate. Thereafter a voltage wi l l  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 ~ e s i s -  
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 dazrease 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 electroils to cross the barrier i f  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 cilbe 
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 maintained and a dc current flows. Similarly, 



if a dc voltage is  maintained there canbe no dc current flow. Electron 
pairs crossing a bar r ie r  with avoltage drop, V, must lose al l  the energy 
they gain on the way across  in one step a s  they ttcondense" o r  recor- 
relate on the other side. This leads to the praduction 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 f i rs t  
predicted theoretically by Josephson, ( 3) and weak links having these 
characteristics have become known as  Josephson Junctions. 

Super conducting circuits involving Josephson Junctions can be 
adeauatelv described by three very simple equations [Equations ( i), 
(2), and (3)]. The f i rs t  of these states that the super current through a 
point junction i s  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 s n  
where n i s  an integer o r  more  simply that the super wave function i s  
single valued, and that the phase shift around a closed loop i s  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 
ph? se  difference between two superconductors which a r e  not con- 
nected i s  arbi t rary but the time rate of change of the phase shift i s  
proportional to the voltage difference between them. 

These three equations along with the conventional equations of 
E&M completely describe super-onchcting circuits. In the following 
pages two superconducting circuits will be analyzed to illustrate the 
application of these eqaations. 

I. = I sin $I 
J m  

where 

I is the Josephson current 
j 

Im i s  the maximum currant that can flow without 
loss of correlation 

i s  the phase discontinuity of the superwave 
function 

Q0 i s  the flux quantum given by = h/2e 



The Response of a Single Point Contact Josephson Junction 

In such a geometry, ( see Figure I) ,  only Equations ( 1) and (3) 
are  needed. Here C i s  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 

where qi =(2e /h ) J~  dt i s  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- volt- sec/ radian o r  
5.74 x 10-18 volt-sec/degree is the same for all superconductors. 

Figure 1 

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

v - v  v = - - 1 
( v  dt) R m 

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

2 ZeI, Q+i d.9 + - sin 9 = 
dt2 R C  'dt hC 

The nature of the variation of 9, the phase shift across the junction, 
can be seen by considering the result of a step c h a ~ g e  in v at t = 0, 
For t (: 0, we have 

V 



for t > 0 we have 

I 
1 d(6$) 2e m v t 6 v  

RC dt + 7; 7 sin + *$(tjl (%) o 
dt2 RC 

Since 69 is small, 

sin (9, + 69) = sin $ + 69 cos q0 
0 

leaving 

1 d (" "'m 
RC dt (69)  + cos ql ( 6 )  

dt2 

F rom Equation (6) i t  i s  evident that there will be a resonance of 
the system a t  

2eIm cos qo 
ZIT h C 

This i s  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 
car ry  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 a s  given by Equation ( 3 )  with 

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 Paral le l  Point Contact Josephson Junctions 

In the case of two parallel point contacts a s  shown in 
Figure 3 the analysis is as follows. 

69 





Let $1 and $2 be the phase shifts across  j-~nctions 1 and 2, 
respectively, I im and 12 their maximum currents,  11 an$I2 the 
instantaneous currents, the external mignetic field and A the area 
enclosed by the superconducting loop. Further,  let the magnetic 
flux within the loop due to 11 and I2 be given by L1I1 and L2I2, 
respectively. 

From Equation (2) we have 

and from Equation ( 1) 

B . A t  L1Ilm sin q1  + L21Zm sin P2 
G 

= 2 m t  + q 2  ( 9 )  
0 

If L 1I lm/ Qo arid L2IZm/ % a r e  << I 

and 

1 = 1  + I 2 =  1 I ln? sin P I  + 12m sin g 2 

and the rrlaximum current i s  

This "interference" of the wave function phase a t  the two junctions 
results in the parallel combination having a maximum resistanceless 
current which varies with. the magnetic flux and has a period of @ 

0' 
When (L1I I , /@~)  and (L21zm/ Go) a r e  >> 1, Equation (9) becomes: 

L ~ l ~ m  sin q l  i L ~ I ~ ~  sin $2 = t n  - - )  Q o 

The maximum current that can be carried with both junctions super- 
conducting, assuming that junction two i s  the f i r s t  to reach satura- 
tion, is  given by: 



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

with a flux period of BA = Go. 

Note that in Equation ( 10) the inductances Li and Lz will be of 
opposite sign since currents in opposite sides of the loop wi l l  pro- 
duce fluxes of opposite signs. The mean value of Im will be given by 

and the fractional variation is given by: 

In order to make the variation in I, easily observable it is essential 
that the inductances be made small. This requires the use of con- 
ductors of large cross section and counter $lowing 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 loop 
is proportional to the quantity desired. Figure 4 shows the geometry 
for measuring two of the six components of a field gradient. Simi- 
lar  more complicated arrays could be used to measure any of the 
higher multipole moments of a magnetic field. It is estimated that 
using two loops of 10 cm diameter and a base length of 100 cm one 
could detect field gradients of the order of 10-13 gauss/cm. This 
estimate assumes a I 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 4 
is as follo\vs: 

1) A sinusoidal voltage is applied through leads (a) causing 
curreilt to flow through the superconducting header ( c), 
through the two weak links (i), and 7-ia the superconduc- 
ting circuit (g) around the holes (h). 



(a) 

Figure 4. Schematic Geometry for a Gradiometer 

Figure 5 .  A Gradiometer Sensor 

a) Drive leads f ) Contact adjusting screw 
b) Voltage measuring lea.'q g) Superconducting circuit 
cf Supercollducting heade,. h)  Hole for flux 
d) Flexible superconduc ting sheet i j Weak links 
e) Thin insulating sheet 



Figure 6. A schematic representation of a gradiometer using a thin 
superconducting film (g) having weak links at (i). Other 
symbols a r e  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 
o r  more are y.uite feasible. The weak link can be of 
either the form indicated ir Figure 2 o r  Figure 3. The 
superconductirlg circuit otherwise consists of a lead 
coating on the inner tubing, 



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 f l u x  through the two holes (h) i s  zero, 
the current a t  which (i) saturates will be nlaximum aild 
equal to twice the saturation current of either weak link. 
If the two fluxes a r e  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 ar i ses  f rom the voltage 
which appears when the drive current exceeds the maxi- 
mum Josephson current for either junction. To deter- 
mine the crit ical  drive current it is necessary to know 
only the dr i  ;? current funczion and the time, relative 
to a fixed reference, a t  which a valtage appears across  
the junction. For  example, for a sinusoidal drive cur  - 
rent, the current increases from t = 0 to t = r / 4  and 
there i s  a unique relation between the current required 
to produce saturation (maximum Josephson current), 
the time at  which it occurs and the zppearance of a 
voltage across  the junctions. The system can thus be 
calibrated in te rms of AB, the difference between the 
fields seen by the two holes (h) versus the t ime 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 i t  possible to construct regions which a re  nearly 
field free. The limitations in using this technique a re  due both to the 
presence of holes and impurities in the shielding material, and to the 
self -limiting action associated with the increase in field strength and 
hence, decrease in Tc a t  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 i t  is possible to obtain complete 
field exclusion upon cooling only i f  the superconductor is relatively long 
and thin, with its long dimension lined up with the magnetic field. In 
other cases superconducting domains a re  formed which grow a s  the 
temperature is lowered, trapping much of the flu in region that are  
kept normal by the increased field strength. The flux trapped in this 
way, or  by holes and impurities, i s  sufficiently mobil that the field 
inside such a shielded .region i s  modified by fluctuations in the exter- 
nal field. 

The magnetic shielding provided by even an extremely crude 
superconducting envelope however i s  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 a re  about 90 percent 
closed, small openings being required for the passage of liquid He 
throughout the volume enclosed by the lead, as well as  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 Stadord 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 a s  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 

of course, depends upon the ratio of the volumes before and 
after extending the sack. One can, of course, imagine a number of 
variations on this technique. 

A pump -like arrangement, that is, a cylinder and pis ton is another 
way to achieve the same result. In any case, whatever methodmay be 
selected is virtually guaranteed to be far  superior to the presently 
popular technique of using mu-metal o r  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 i s  that of working with 
a shield at  liquid He temperatures. 



Research now underway, by some groups, on practical ways t6 
build high temperature superconductors provides encouragement that 
in the not fa r  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 i t  
presently feasible to orbit cryogeniz experiments. 
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1. Introduction 

!lhe pion focusing horn of the Argonne National Laboratory 
incXudes eight r i rg s  - with a t o t a l  weight of t en  tons - wound 
of transformer-type s t r i p  s tee l  (I). Each ring i s  provided with 
76 symmetrically placed tomida l  exciting turns; and, the assembly 
of eight i s  enclosed by a single-turn toroidal shell,  The toroidrtl 
shel l  is  t o  conduct the secondary current, i.e., 300 kA peak. These 
exciters are the largest  toroidal windings wound on laminated iron 
ever achieved. 

Crucial f o r  the successful design of a horn is  t o  make 
sure tha t  the azimuthal B f i e ld  is  sufficiently f ree  of asymmetries, 
which would result i n  eccentric forces on the mechanically weak inner 
conductor, from interaction with the secondary current. The analysis 
of the s t ray f i e l d  of a s t ee l  core with toroidal winding i s  carried 
out i n  t h i s  paper. Iieported also a re  measurements, which were t o  
demnstrate sufficf ent  symmetry of the toroidal exciter windings. 

Actually, the magnetic f i e l d  was demonstrated t o  be 0.2 
t o  1.0 gauss i n  the cross-direction t o  the inner conductor when the 
exciter turns were fed with d-c current o$ 400 amperes. 

* Vogel, Los A l m s  Scientific Laboratory, formerly Argonne National 
Laboratory 

Vegors, Idaho State University 

/ Work performed under the auspices of the U. S. Atomic Energy 
Comission, a t  t h e  Argonne National Laboratory. 



2. Field Measurements 

The two types of exciters shown i n  Fie;. 1 exist. The 
f ie lds  &e measured v i th  a hall probe i n  a house made of 1/8-iq. 
plate &eel. The f ie lds  plotted over exciter d-c current i n  Fig. 2 
are typical for exciters of the type shown i n  Fig. la, whepas the 
f ie lds  of the type shown i n  Fig. l b  were somewhat l e s s  t&n those 
of Fig. la. 

Fi@e 2 shows two curves, one for a winding Kith rather 
poor synmretry; and, one for a windine; as typically produced f o r  the 
horn. The poorly-symmetric wigding produces a radial f i e ld  component 
of substantial magnitude, a s  one would expect -- because the asymmetry 
can be replcced by superposing a single current-carrying conductor and 
a symmetr9cally-wourid toroid. 

The well-adjusted winding shows a nonlinear rise with 
exciter current seen i n  Fig. 2. The nonlinear f i e l d  is caused by 
the inside end of the 14 mil-thick s t r i p  s tee l  of which the core is  
wound. At t h a t  edge, the reluctance of the stray f i e ld  through air; 
and, the reluctance of the t h in  space between the innermost; and the 
next; lamination, are i n  parallel .  This gives rise t o  a s t ray f i e ld  
of the order of 0.5 t o  1 gauss when the core i s  excited t o  saturation, 
as seen i n  Fig. 2. 

We shal l  now show that  the f i e ld  we measured cannot be due 
t o  the f i n i t e  - although symmetric - spacing between conductors. 

3. Calculation of the Stray Field i n  the Inner 
Snace of a Toroidal Windim when the Windim 
h k  ~ z i m u t h a l  Smmetrs and-is Wound on s teer  

I n  Fig. 3, equal and l i ke  currer~t filaments of strength I 
are placed equidistant from the center of a ro nd iron ring of radius a, 9 havinq a permeabilitr p. Laplace' s equation V .i, = 0, written i n  polar 
coordinates r , 'i 

Separation of variables i s  achieved with the integral @ = R Y a:J the separa- 
t ion constant n2. The standard solution i n  parameter form i s  then 

n'? + B sin 
n 









By symmetry, and since no current exis ts  at r = 0, we must have 
A = Bo = C = D - 0. Witn the origin of Y at the center of a 

0 0 
dlament, symmetry requires, that  B ,  = 0. Since we have no current 
i n  the center, d ~ / d r  cannot have a singularity i n  the space 0 S r C c; 
and hence, D = 0. Thus, n 

where sub I indicates 0 5 r < c. 

As  a resul t  of the asswed symmetry, the  f i e l d  must be 
invariant under rotation of 2 Z/N. Hence, the  magnetic potential i n  
the regiol; I can be written as 

F 
9 = % rw s in  l r ~ ~  
I k=l 

A m k e d l y  simple method t o  find the boundary conditions 
i n  region 11, i.e., f o r  c * r <a, i s  by considering the magnetic 
moment m induced by the conductors; and, superposing the f ield from 
the filament and tha t  from tPe magnetic moment induced i n  the iron. 

In polar coordinates, the magnetic potential of a single 
current filament referred t o  an origin not at it, is  given byl 

f o r  r > c 

where c i s  the distance fifament t o  origin. We require the 178dial 
field of I at the i ron bou- r = a, which is, f o r  N eqwly spaced 
conductors 

This f i e ld  w5ll induce a magnetic moment m at the  surface 
point (a,~).  SZnce the i ron boundary i s  round, the normal component 
of f i e ld  intensity at t h i s  point is f 2m; where the signs apply t o  

'cf . Appendix I 



the outside (+) and the inside ( - )  of the boundary, respectively. 
Hence, the continuity condition for the flux density can be written 

and thus, 

or, with Eq. (6), a, I N  !c\ 2 m = y -  % - .  s in  kITi! 
2m kzl l a  (10) 

Eq. (10) gives the distr ibution of surface polari ty expressed a s  
a Fourier series. Each component produces a magnetic force (2) 

(11) 
!I .y 

f o r  c < r  < a  

Superposjng the  f i e ld  fromthe filament and tha t  of the induced 
magnetism yields 

and 

- H r - - -  s i n  kn'i! (13 ) 

A s  regards the  space r < c, we have t o  subtract the current 
~ 1 1 2 ~  from Hy and take in to  account that  c/r  s I., which means, that 
according t o  Appendix I we must write r / c  instead. Thus Eq. (12) 
becomes 

Similarly, Eq. (13) becomes 



Comparison of Eq. (14) and (15) with (4) shows, that  the integration 
constant i n  Eq. (4) i s  given by 

which is easily verified by differentiating Eq. (4). 

With the geometry of the  toroidal windings (cf. Fig. I), 
Eqs. (14) and (15) yield negligible f i e ld  inside the tomid, 

An important conclusion with respect t o  the space rcc is, 
tha t  the  current filaments can ertuaU3r mask the effect of the  
i ron if N i s  sufficiently large so that- 

/ =? 
2N 

y i--j ==<?. 

C This is the c=;&e i n  the  horn with - .v 0.95, N = 76. a 

This mans tha t  the  roundness of a f i c t i t i ous  ~ l i n d e r  
tangent Lo the winding ( i .  e. , r = c) and the azimuthal symmetry 
are responsible fo r  the  attenuation o f t h e  f i e ld  at ra ,  whereas 
the  roundness of t'ne iron does not matter. It i s  fo r  mechanical 
reasons only tha t  the  iron nust be round ~rit'nin close tolerance, 
because a symetr ical  toroidal winding i s  difficul+ t o  achieve on 
an unround core. 

Conclusions 

The calculations sho~m demnstrai? that  the f i e ld  due 
t o  the  conductor spacings 5s negligible as 3 3ng as the spacing i s  
uniform. 

The f i e ld  measurements demonstrate that  the  f3.eld i n  the 
cross-direction t o  %he inner conductor, i.e., near the center of 
the toroid, i s  sufficiently independent of the excitation current, 
i.e., 0.5 t o  1 gauss at 400 A excitation. It was shotm, tha t  t h i s  
f i e ld  saturates as a result of its origin fromthe end of the s tee l  
s t r i p  of which the core is  trouna. Hence, when the horn i s  pulsed 
t o  300 kA (i. e. , 5 kA i n  the excitation turns) the radial  f i e ld  
component at the conductor i s  expected t o  be Br w 1 gauss. 

!he round wound cores were manufactured at the West Allis, 
Wisconsin Works of the Allis ChaImers b7anufacturi~ Company; and 



some, concurrently, at the  Greenville, Pennsylvania Works of the 
Westinghouse E lec t r i c  Company. 

The symmetrical toroidal  windings were manufactured at  
t h e  Central Shops of Argonne National Laboratory; under the  sTlper- 
vision of H. W. Ostrander. 

The q n e t i c  and e l e c t r i c  measurements on production 
u n i t s  were carr ied  out by F. J. Mallen from the Argonne Fabrication 
and Procurement Services. Many of the  measurements on prototype 
windings were done by E. L. Williams and R, N. Woll. 
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Appendix I 

Wgnetic Potential  of a Current Filament 
Referred t o  an  Origin not at It 

Inspecting Fig. 4, one can write  f o r  a p a i r  of equal and unlike 
current elements 

f o r  '2 = 0 

Expanding Eq. (1)  around the  origin,  we get  

SimZlarly, f o r  r, p a i r  of equal and l i k e  current elements, we get  

2i1 By w 
and - = .- 

I 2 (5 cos n 'Y n = 0,2,4-. . . . 
n = ~  c / r <  o 



By superposition, we get the f i e ld  of one current element o f  strength 
I 

I ' c )  
*Y = L (5 cos n Y 

n=O 

If 2 > 0,  then the expression in  parenthesis is  to  be replaced by :. r 



SYSTEMS OF COILS TO PRODUCE 

MAGNETIC FIELDS OF PRESCRIBED UNIFORMITY 

IN REGIONS OF DESIRED  SHAPE^ 
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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 rased 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, 
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INTRODUCTION 

In many experiments, the presence of the earth's magnetic field 
is undesirable. When such experiments are performed 011 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 Jo 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. (1) In Braunbek' s system the 
field varies less than one part in lo5 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 ~arrett.(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. Even 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 ay those for the polygon system. 
The method being described will be referred to as the polynomial method. 
In a system of an odd nuner of coils the mid-plane coil obstructs access; 
for this reason only an even number of coils is considered. Odd numbered 
coil systems may be examined by allowing the two inner coils to coincide 
in the x-y plane. 

MACLAURIN SERIES METHOD 

It is desirable to review briefly the Maclaurin series method since 



i.t forms t h e  b a s i s  f o r  t h e  polynomial method. 
One of the  two vanishingly  t h i n  c i r c u l a r  coax ia l  c o i l s  of t h e  p t h  

symmetric c o i l - p a i r  i s  located a t  z = z (Fig.  1 The rad ius  of t h e  
c o i l  i s  r . The c o i l ' s  s p h e r i c a l  coordynants a r e  ( r  0 ) .  Due t o  the  

P P ' a x i a l  symmetry of the  c o i l ,  t h e  f i e l d  i s  independent of !he azimuthal 
angle  8. 

The magnetic s c a l e r  p o t e n t i a l  f o r  t h e  region i n s i d e  t h e  c o i l  i s  
g iven by 

where 5 = cos 0, 
U = C O S  p). 

The a x i a l l y  d i r e c t e d  component of t h e  magnetic f i e l d  i n t e n s i t y  of 
t h e  p t h  c o i l  i s  

Using t h e  following r e l a t i o n  

t h e  a x i a l l y  d i r e c t e d  f i e l d  i n t e n s i t y  becomes 

The t o t a l  a x i a l l y  d i r e c t e d  f i e l d  i s  obtained by summing equat ion 4 over 
p .  Since  t h e  c o i l s  occur i n  p a i r s  symmetrical about t h e  o r i g i n ,  a l l  
terms involving odd powers of r a r e  zero.  The r e s u l t  can be w r i t t e n  

Equation 5 may be thought of a s  the  power series expansion f o r  t h e  
f i e l d  about t h e  o r i g i n  along any ray .  For t h e  z a x i s ,  u  = 1, t h e  power 
s e r i e s  c o e f f i c i e n t s  a r e  

where L is  t h e  t o t a l  number of c o i l  p a i r s .  
The Maclaurin a e r i e s  method of s o l u t i o n  r e q u i r e s  t h a t  a2, be ze ro  

f o r  n = 1, 2----- (2L - 1). For a system of four  c o i l s  t h i s  r e q u i r e s  



Figure 1 pair. 

Figure 2.  Error contours for the prolate spheroidal case. 
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where T = n2i2/nlil. 
Solving equatlon 7a for T 

Eliminating T in equation 7b gives 

Substituting eqL.stion 8 and 9 into 7c yields 

where K = P3'  (ul)P7' (u ) /P5' ( u ~ ) ~  which is constant when coil pair 
number one 1s frxed. h e n  the coefficients of the derivative of the 
Legendre functions are introduced, there results 

where A8 = 1407.65625 - 1550.390625K 
A6 = -1905.75 + 2067.1875K 
A4 = 767.8125 - 836.71875K 
A2 = -.05 f 98.4375K 
A. = 3.28125 - 3.515625K 

Thus the solution invo ves finding the positive.rea1 roots of equation 11 1 which is quartic in u2 ; 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 u2 is substituted into equation 3 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 flat 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. In 
the case of four coils, it is proportional to the eighth power of the 
distance from the origin. 

9 3 



POLYNOMIAL SERIES METHOD 

A technique i s  now given for specifying the ax ia l  f i e ld  component 
along a ray a t  any angle t o  the c o i l ' s  axis  i n  terms of a se r i e s  of 
polynomials. Arranging the co i l s  t o  cancel lower order terms, other 
than the  constant, yields a f i e ld  whose major e r ro r  t e r m  has the c h a r  
a c t e r i s t i c s  of the f i r s t  non-zero polynomial t e r m .  By change of scale, 
the volume of uniformity may be extended a considerable distance along 
the  ray with a decrease i n  the  s i ze  of the other dimensions. For a 
prolate shape the f i e l d  is  expanded along the co i l s '  axis ;  for the 
oblate case it is  expanded along the ray from rhe center of the system 
normal t o  the  axis. :y using the polynomial method the f i e l d  may be 
nade t o  osc i l l a t e  ; *out the desired v a i ~ e  over a specified distance 
along the ray; a s  , resul t ,  the approximation for  the polynomial method 
is no longer best at the origin but the e r r o r  is spread out along the 
ray. 

The metrsd  used t o  evaluate the coefficients  is  based on the fac t  
tha t  any 2olynomial can be uniquely expressed as a l inear  combication 
of a basic set: of poIynomials, where basic inplies that  there is one 
polynomial of each degree and the highest order coefficient  of each 
polynomial is not zero. 

The power serres expression for  the axia l ly  directed component of 
f i e l d  (equatfon 5) along a ray 0 = 0 ', may be terminated a f t e r  N f 1 
terms. The value of W is chosen as large  a s  one l ikes  i n  order t o  
describe the f i e ld  t o  the desired accuracy. The truncation yields 

where a2n = a ,P n(cos @ll). 
Since the ded i s  an even fu;:ction, the basic set of polynomials 

is -"men t o  be of even order 

Solving equation 13 for  rZN when M = N and subst i tu t ing in to  equation 
12 reduces the f i e ld  expression by two degrees and adds one term involving 
Qm(') 

adding a term involving ~&(r)  t o  the  2nth order power se r i es  and sub- 
tract ing rhe proper amount from each coefficient  of the power series t o  
account for  its presence; the coefficient  of ~ ~ ~ ( t )  being chosen t o  
completely absorb the t e r m  involving r2*. The process is continued by 
a p l y i n g  it  t o  the series par t  of equation 14 and repeating for  each new 
series that  arises. I f  the process i s  contintred N + 1 times, the 



truncated power series equation 14 is completely converted to a truncated 
series of polynomials 

FI lo) 
where Cz; = & b ~ j  a%j 

j* b 

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. This 
is given by 

I4 

Substituting from equations 15 and 6, equation 16 becomes 

FOUR-COIL SYSTEM USING TSCHEBYSCHEFF POLYNOHIALS 

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 

where T = n2i2/nlil. The conditions for canceling the three polynomial 
coefficients c2, c4 and c may be written 6 

El (1- uZ) I 
where f;;= xb;, Pz~+t(~.i) P z , ( ~ ~ ~ ~ ~ ' )  

h='1 r~ 



Solving equation 19a for  T 

r 

eliminating T from 19b and 19c yields 

From equation 17 it can be seen that  for  large r the solut ion fo r  
a system using the polynomial method approaches as a gimtt the solut ion 
t o  the system when the power series method is employed. The power series 
solution can be found d i rec t ly  and fo r  large rl i t  gives a local  point  
for  s t a r t ing  the numerical solut ion of equations 21. 

A s  with the  power series method, the value of T may be i r r a t i o n a l  
and a second in tera t ion is  necessary t o  obtain values of T tha t  are 
ra t iona l  fractions. 

The Tschebyscheff polynomials a r e  a natural  choice for the basic 
set of polynomials because of t h e i r  equal r ipple  characterist ics .  The 
Tschebyscheff expression for the f ie ld ,  along a ray at an angle 0 ' t o  
the  Z axis,  a f t e r  the  maximum number of coefficients  have been d e  t o  
vanish, i s  

Most deviation of the  f i e ld  from co i s  caused by c8T8(r). L e t  

4 
The f i e l d  i s  approximately i,4: CC. + Cs f e,+b r2" 

lr=O 

The power series expansion for  the  f i e l d  along a ray at an angle (if1' t o  
the z axis  i s  truncated a t  n = 4 

4 
Hs,di8 a r n-0 :4, 4. ( ( 0 s  w)J r2'. 

Equating coefficients  of l ike  powers of r i n  equattoil 23 and 24 yields 

Substituting equation 25 in to  equation 12 and dividing by co yields 
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yzR pzn (u) . (26) 

Approximate equal error contours result from the plot of 

for % equal to a constant. When multiplied by (c /c 1 equation 27 
0 gives the deviation of the field from c normalize3 to c 

0 0' Figures 2 and 3 are the universal equal error contour maps that 
result when 0 ' takes the values of O0 and 90° respectively. These r maps are applicable 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 DESIWD ECCENTRICITY IN THE VOLUPlE 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 .I: solution of this 
problem. Figure 4 gives a plot of the normalized field error, eH, 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 ex is determined from Figure 4 for the 
desired eccentricity. The normalized maximum field deviation divided by 
eN yields I c8/c0 I; 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 miform 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 eN = 11.35 (from which 1 cg/cO ( = 8.82~10'~) . Approximate 
values are read from Figures 5 through 8 and used to start the iterative 
solution. 

The iterative solurion of equation 20 yields 

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 



Figure 3. Error contours for the oblate spheroidal case. 

Figure 4. Eccentricity vs. normalized field error. 
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Figure  5.  Coordinates f o r  f i r s t  coi l -pa i r ,  9;  = 0". 

Figure  6. Coordinates of second coil-pair ,  9'1 = 0" 

9 9 



Figure 7.  Coordfnates of first coil-pair, = 90" .  

Figure 8. Coordinates of second coil-pair, @; = 9 0 0 .  

100 



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 
unif0rrni.t~ 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. The rtsults 
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 t5at has the desired eccentricity, degree 
of uniformity and ampere turns ratio. 
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Figure 9. Calculated field error for the example. 
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autenna arrangements cutside and icoide of a wave guide. These inves ti- 
gators a i so  found experimentally the relat ions between the speed and the 
frequency of ope- ' :,i, conditions f o - ~  speed reversalt 3nd speed vs. in- 
put power relat i :  Tiere is no gsneral snalysis aubklable fo r  the micro- 
wave rmtor, Thrs pager provides the I i r o t  s tep and its aim i s  to derive 
the equations fo r  voltage, current and torque for  loop a n t e m s  in the 
rotor  c i rcui t ,  

%is snalysis  i s  c a ~ r i e d  out f ~ r  a rectangular antenna loop. Since 
the plane of the antt~nne loop must 5e arranged asyme t r i c s l l y  with respect 
to  the rotat ionnl axis  and 1~5th respect t:, the wave propagation direction 
an4 since it, is advantageous to ase simpler f3rm of ha~.rnmic functions, 

I I  three dtfferent coordinate systems a r e  used: r, y, z; xi  y: z: x: yr z . 
The xr, y, z system is selected such t h t  the wave propagatior, is i n  the 
positive d.irection; the f lux denaity mve then has components &, B onil 
SZ. The x. y, a system is stetinnmy with respect to  the atntor ( f ' i g . ~ ~ . )  
The xi  y: ea system I s  nssoc i~ t ed  w i t h  the r o t a t i c m l  axis  ~ n d  i s  chosen in  
ench a fas ioa  thn t the z ' axi8 is the ax i s  of rota tion of the rotor. The 
x' , y l ,  2' coorilinate system is also  st,aticuir~ (Fig, 2B). Tke x", y", z N  
c:jordinete systzs is t i ed  to the antenna loop m d  is pickel such that  the 
vidth of the a n t e m  loop is i n  the x '; direc ti9z and the height in the y " 
direction. This ~yst,em ro ta tes  with the antenna, which is r ig idly  coanected 
to the m t o r  (Fig. 2G). I n  nrder to  relate the rotating system (x': y", zS) 
with the statiauury systeras an angle $ is used; 8 is equal to zero when the 

in%o xy (or x l j ' )  plane of z " ax is  and lie@ Live y axis c o i ~  iat? 
as  seen i n  Fig. 3. This figure shows the top view 3;' the antenna arrange- 
nent f o r  @= 0, The reason for  t h i s  choice of coordinates is the simljler 
form of the brausformtion re la t ime ,  F r ~ m  th i s  i t  follows t h t  

where WR rgoreaen%s bhe mechanicnl angular v e h c i t y  of the rotar  and S 
is some initkl angle. Clochgfse rota t ian has been assumed, Vith the ro- 
ta t ing asd s ta t i3mry zoorclim-te systeras establis!led, the next utep is t o  
f ind  the mgnitude of the flux eleneut thrsugh G ~ G  surface element of the 
as t enm. 

- 
% is tho f lux 5ensity vector, r is the unit  vec%r peqendicular tr, surface 
of the antema, asd dA is f i e  area element of the antenna. The equation ~lf 
the fhx ddes5 ty is 

ak?r.e i, 3, k are the wit Vectsrs of the x, y, I, coordinate system and 

3*(y,t)= Bs sfu ( met - w) 
$(p,t) z ?, aln ( d e b '  - W) 
B,(y, t )  = gZ s in  ( U,t - Xy) 
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a r e  the components af the flux density vector propag~tixw in the positive 
d i r ec t  i ~ n  of the y-axis. c3, is the eleo t r i c a l  ewilar velocity of the 
waves - i t  is assnloed ", be equal f ~ r  all three components - and K re- 
presents 2 Tf/v expretlaino (f is the frequency of the wave and v is 
velocity of light). Tie element ii; - 5 dA is  obtained in the f o l l o w i q  
fashim: h uni t  vector perpenaicult~r t o  the antenm plsne can be :e- 
presented as - r = Z + g  ( 5 )  

( 4 )  When the a n t e m  rota tes  the en4 point of the vector p describes 
a circle which tws an equation 

I s 
where /j i a  the awl@ between z' ,and y c.ordirates and it  is c~nstant. 
Because of the relabim between x , y', 2' and r, y, z c9ordinat.e srstern 
which is expressed as . 

0 
cos d 

o -sin 4 cos ot (7) 

s t  follows that #. 

2 2 s in  e4 sinzd 2 x +. y + 2y ------ y d s i n  y2 sin d r cos2p  coa at cos d 
vhere a< is the angle between the axis of rotat ion (s') and z coordiwte. 
It is also a constant. Vith 

x ~ 3 s  j3 s in  e (9) 

2 eon' 13 cos2 o 2 -  2 y = --------------- ---- --------- = cos 4 aos 13 css2 O (10) 

2 2 s in20< cos 04 + 2 s in& + o--~-- 

cos d 

- 
Then the cquatisn of the p vecCJor kcornos: 

Since the vector can he expressed aa 

" 
r = - i c o s p  sin O - j (eosoc c o s p  cos O + s l a p  sind ) + 

+ k  (aitij3 c o s d  - s i n d c o s f 3 c o u  8 ) ( 14) 

Also the equntian of the anteme plant? 5s: 
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- x cos A sin Q - y ( c o a d  cos  cos O 4 sin p s in d ) + 
+ z  ( e i n p c o s  oc - s i n &  cos h c o e  o ) = o (15) 

From Xqa. (2). (4) and (14) w e  obtain: 

The area element dA has, of courss, --mstant mgnitudo, indepenilent of 8 
and could 'be written ae: 

(b ~ . & t ' Q t '  (17) 

Prom Eq. (7) and because of  

COB p 

it followe that 

cos 8 sin f i  sin 8 -coa/j s i n  0 

-aiu 4 cos /3 -sinat  s i t&  
-sin ot s in  8 s i n  d sin 0 cos 8 + -sin ai cos /3 cos 0 + 

+cos d cos A + cos a~ s i n  

Since the antellha l i e s  fn the XI' 8" plane (zt = 0 )  we obtain from Eqs. 
(16) and (19) 

d $ = [-BI cos sin 0 sin[a),t-K(-oosot sin @ x t 8  + 
+(cos d sin A cos 0 - s i n  s( cos fi )yta )] - 
-~,(cos o( cos /3 cos 8 + s in  13 s i n  ) s inl  o t - 
-a-eos OC sin 8 xt + (COS I*. s in  COB 9 - 8% d cos /3 )yt * 0 + 
+B (sin p c o s  ot - sin oc cos p cos 8 ) a i n c  W t - 
-Kf-cos 4 sin xu + (cog oc. ainficos e - sine& cos R )y"Jkfi 1 ~ n 8  

(20)  
if we sat: 

a = cos 4 s i n  8 
b ,- coa x s i n 4  cos 8 - s i u  a( c o s p  
c r cos p sin 43 
m m cos a cos /3 cos 43 + sin s 3 n p  
a = s i n  p cou ot - sin* COS@ COB 0 

and integrate ov r the whole area of t.he antelvln we obtain a Q =-{ { (-%c s~n[~lltt-~(-arfifi +by"V - 
-B Y . six~~&,t-K(-cr" +%y~'U + 
+Bz n s in  ~ ~ t - X ( - a x l ~  +byt8)]) dx*'  Byt( 1- 



Before we ca r ry  out the in tegra t ion  i t  seems necesaRrjr to add a few remarks. 
F i r s t  of a l l ,  with some s i m l ) l i f i c ~ t i n n s ,  a s  f o r  emmple when& r 0, f i  r 0, 
then a P sin (t, b 0, c n s i n  9, m r cos t3, n a 0 one obta ins  an in t eg ra l  
where b is  equal to  zero. (The choice of o( = 0 an& P =@) corresponds t o  
t he  case wb.ero the propagation diract;ion 8113. the u n i t  vec te r  ? a r e  perpeudi- 
c u l a r  to  the a x i s  of ro ta t ion) .  It i s  thus necessary t o  s u b s t i t u t e  the values 
o f  a, b, etc., in to  t h i s  i n t eg ra l  f j w s t  and not ~ f t e r  the in tegre t ion  his 
been c a r r i e d  o u t ,  because one would obtain expression of the form 1/0. bleo,  
the in tegra t ion  i s  c a r r i e d  out  i n  tlic x''ytt coordimtes.  It  is, h~wever ,  
p o s ~ i h l e  t o  in tegre te  i n  x, y, c o e r d i n ~ t e  system, 5 u t  the limits of inte-  
gra  t i on  are more involved. 

In tegra t ing  F4. (22) one obta ins  the t o t a l  flux: 
2c Bx 

0 = -r-- s i n  ( m d )  [ cas  ( w t - ~ h )  - aos ( LJ ,tu + 
K a b  e 

2m!$l s i n  ( ~ e d )  L e o s  ( wBt-Y;bh) - cos ( a J e t ) l  - + --- 
K~ ab 
20 Bz s i n  ( a d )  cos ( ~ , t - l b b )  - cos ( det)J = ------ 
g2 ab 
----- , ,2 s i n  ( ~ a d )  f i c ~ ~  + m~ - d,g[coo ( o t -mh)  - Kb a b  Y e 

- cos ( m e t y  ( 2 3 )  

The induced vol tage can now be ca lcu la ted  from Eq. (23)  by takine: the t o t a l  
de r iva t ive  wi th  respect  t o  time. It is  to  be remembered that a ,  b, c ,  n, and 
n contain O (Xqs, 5, 21) which i n  turn i s  a time funct ion (3q.l). Since 

ue >>> Ccl the  ro t a t i m a l  component can be comgletely ncg1ecte;l. Then 
the  equation of induced zroltage becomes: 

For a, b, c, m, and a the values from Eq. (21) can be subst i tuted.  

The e l ec t romgne t i c  torque can be iler5ved from the coenergy, For a 
d3ably-excited system the  coenergy is 

k' ' 2 2 
f i e l d  = 05 Itss i8 + * 5  Lrr i, + I ~ s  tr i e  

where LSs, Lrr and I,,,, ere the sell-and mutun1 inductnnces o f  the s t a t o r  and 
r o t o r  c o i l s ,  is and ir represent  the s t o t o r  and r ~ % o r  cur ren t  respectively. 
The torque can then be fierived a s  - 

a " f i e l d  T = + ---------- 
a??? - 

Fig. :i represents  the completely general conciitions of  pos i t ion  between 
antennn, r o t o r  c o i l ,  h9m sad s ta t ionary  s t e  tor ,  The ro to r  c i r c u i t  d3es 
no t  contain aqv f e r romgne t i c  rmter ial ,  thus La, w i l l  5e constant and in- 
Oependeut of 2 . The self-inrfuc t a x ,  of r - t o r  w i l l  rieyend upon 2 ~ n d  
coul3  be represented as: 
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- 
'rr - 4 r o  + 4 r  2 coe 2 2 + h i ~ h e r  order tel-ms In 4 (27) 

For the mutual inductance between the s t a t o r  and ro tor  windinf: ue cRn 
wr i t e  

" 
'nro 

cos 2 
In order  t:, determine the  conditions f o r  a n  aver8i:e torque the ro tor  cur- 
r e n t  must be foui~d. I3ecnuse of the r e c t i f i e r  i n  the sn tenm c i r c u i t ,  the 
cur ren t  i n  the antenna loop 1s r~ hlf-wave r e c t i f i e d  s ine  wsve which has 
a n  n;apXitnde equcl to: 

- 2 a, a i n  (K c o s d  s i n  43 d)  
I&t - -----------"----"--"------"--"--------..------------ 

lC2 c a s d  s i n  O (coo o( s i n  p coa % - -.in ot coa13) 
0 

-S 

1 3 ,  EOS 13 s i n  @ 4 u (coe o( c9s /3 cos e + s i n  a i n p  ) - 
Y 

1 - R, ( s i n  /3 c o s ~  - s i n  con /3 coo e )] - 
Z 

( 29) 

where Z is tile impedance of the nntenm loop. The average value of  the 
cur ren t ,  a s  it follows from Xq, ( 2 9 ) .  w i l l  then flow i n  the ro tor  co i l .  
Since the Xq. (29) contains  s ine  anci cosine terms of the  angle 8, the sign 
3f the whole e q r e s s i ~ n  will a l s o  change. Thus 3%. (29) shoul9 be evalu- 
a t e d  f o r  given parameters and var iab le  8, and then the aboolute value 
taken as  the r e su l t i ng  amplitude. From P i a r e  5 it follows tha t  

Subst i tu t i ly :  this exgression in to  the torque r e l a f  ion end Prom Eqs, (271, 
(28). and (29) m e  findo 

2 - 
T = t  L ( g ( 2 )  s i n 2 ( e U  - y ) + derivat ives  of higher 

order  3f inductRnce ~ ~ m p f m e n t s  of the r o t o r r  -LBro s i n  (% - - Y ) i e i r  
(31) 

The coadi t ions f o r  existnnce of an  average torque cnn nDw be s e t  up. The 
r o t o r  cur ren t  i n  9q. (31) w i l l  be o f  the form: 

P u t t i n g  EQ. (32) in to  Eq. (31) estab?ishes the conditions f o r  whfch the 
torque component w i l l  be independent of 8. If i, contains a term pro- 
p o r t i o m l  Lo s i n  2 3, the first p r t  of Eq. (31) w i l l  p r ~ i u c e  a torque 
component vhich i s  independent of 8. Thus i n  t h i s  mode an average torque 
w i l l  be produced. 

DISCUSST 013 hlG 1 XLPIC!U~~~I'I'~LL lU"i' 
--UI.c-.--.---U------. 

The ana lys is  was car. led out conoidesihg the H-fielB only; then the 
v o l t ~ g s  can 5e derived frqJm Yarsdny'e law. The r e su l t i ng  voltage and cur- 
r e n t  equation is  rather involved, but not d i f f i c n l l .  

113 
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Much of the cxpesimental data  are aatti lable as given i n  the re fer -  
ences, The s a l i e n t  fea turos  tlnd ch t l rac t? r i s t ics  a r e  given here. I n  the 
experiments the microweve frequency w ~ s  approximately 3.b GXIR and the 

2 flu densi ty o f  the permanent mugnet had a mgnitude of .10 to  .20 w/% 
The microwave input power was on the ::veraf:e 2 iiatta. With these bas ic  
quan t i t i e s  the following c h ~ r a c  t e r i s t  i c  and propert ies  were obtained by 
t e s t .  

a )  The lower l i m i t  of speed obtained is approximntely 20 WM, the 
upper l i m i t  1200 HPIL The speed depends u p m  the incident gower, 
shape and geometry ~f the a n t e n n ~  and ~omewhat upon the microwave 
frequency, Lower speeds were o'btained when ns in!: the loop e.nLenaes, 
higher  speeds when using dipole  and ref l e c  tor- type ~ n t e n n a  s i n  a 
wave guide. SyetJ  cont ro l  and d i r ec t ion  of ro tn t ion  can be ac- 
colnplished by lasing the ~nicrownve ~ o t o r  i n  a parametric mode. ( ~ e f  .6). 

b) The speed vs, input power cha rac t e r i s t i c  i s  a l i u e ~ r  r e l a t i o n  up t o  
approximte ly  2 Watts; nbove Z Matts the c i - ~ r a c  t a r i s t i c  d i sp lays  
s a tu ra t ion  a ~ d ' ~ n  incrense i n  input power does not produce pro- 
por t iona l  increase i n  speed, 

c )  For an  o.j~eratisn of n ro tor  8ntennt-i i n  R wave f:uide the speed 
.-hanges rother  rapidly f r o 3  zero to a nrtxfmum value when the f r e -  
quency i s  chlxe3.  by approximately 2s. E'or c? dipole,  tvo-folded 
nipole  fintenm nnd loop nntenm the speed i s  much l e e s  s ens i t i ve  
t o  frequency chnngcs. 

d) The ro to r  c o i l  cur ren t  is i n  the ncighborh~o of 30 d, Hith t h i s  
vu lus  the torque produced u ~ u l d  be .06 . lo-' IJIJ! per cm of ro to r  
conductor lewtin un;l per om or' r o to r  radius. S f ,  f o r  exnmple, the 
c o i l  has 1000 turns 8n:l the c o i l  i s  2 cm long the t o t a l  torque 
should be approximr~tely .21b . 10-3 1JM whicn compares wi th  the experi- 
slental data. The ef f ic lezcy  is t:,en ~ p p r o x i m t e l y  16. 

paper prsaeats  theoreticril  nnalyais  and s l so  s ~ l i e n t  r e s u l t s  of  
the expcriroent~l  investigations.  The mode of operation of a microwave 
motor W R ~  demonstrated ~ n d  expe~imenta l  evidence supports the f e a s i b i l i t y  
o f  convarsion of micro1qt3ve enerty into mechanical ener r? .  

The uutlior wishes to  express h i s  s incere  gra t i tude  to D r .  'l'. K, I s h i i  
af V---lietto University f o r  hS.s i n t e r e s t  i n  the subject  and h i s  valued 
sugc, ins which are very much ~~pi>~eci t l tc?d.  
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Abst rac t  

A v e c t o r  magnetometer employing a s c a l a r  a lka l i -vapor  
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In  order t o  obtain meaningful vector information on 
magnetic f i e l d s  associated with ionospheric current  systems 
a t  high dip- lat i tudes,  one measures the vector components 
i n  a vehicle coordinate system, and then t r a n s l a t e s  the 
r e s u l t s  t o  a ground-based reference system by knowledge of 
the  vehicle a t t i tude .  This places severe requirements on 
both the  magnetic sensor and the  vehicle aspect sensor, s ince 
the expected change i n  magnetic f i e l d  in tens  ' t a s  the vehicle -B 
penetrates  t h e  current  sheet  is  of order 10 of the ambient 
f i e l d  in tens i ty  and the change i n  the d i rec t ion  of the f i e l d  
vector i s  a f r ac t ion  of a degree. I n  addition,  t h e  high spin 
r a t e  of spin-stabi l ized sounding rockets (-10 rps)  r e s u l t s  
i n  rapid changes i n  the  vector components; the  magnetometer 
must be able t o  t r ack  component changes which may be as  
large a s  100,000 gammas per revolution, The aspect sensor 
must a l so  respond t o  the rapid aspect changes caused by spin, 

Alkali  vapor magnetometer sensors a r e  capable of meeting 
the s e n s i t i v i t y  and dynamic range requirements mentioned above, 
but  such sensors measure only t o t a l  f i e l d  magnitude, They 
may be converted, however, t o  vector instruments by the ad- 
d i t ion  of a magnetic b i a s  system. 

Consider the case of a sca lar  magnetometer with a single- 
ax i s  b ias  fixed with respect  t o  some vehicle coordinate system 
such t h a t  the  b ias  ax i s  l i e s  in  the  yz-plane and is  incl ined 
an angle e from the  y-axis, a s  shown i n  Figure 1. Assume - - 

i n  t h i s  case t h a t  the magnetometer sensor has  no n u l l  regions, 
and t h a t  the  ambient f i e l d  of magnitude B i s  incl ined a t  an 
angle 0 from the z-axis with angular velogi ty u. A t  time 
t = 0, l e t  the vector B l i e  i n  the yz-plane. Then i f  B 
is the  b ias  magnitude, t ae  components of the  vector sum 09 
B and B a s  a function of time are: 
9 0 



FIG. 1 

Vehicle Coordinate System 

FIG. 2 

Total F i e l d  Trace 
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B = B cosQ + B s i n e  
z 4 0 

(3)  

The sensor  o u t p u t  a s  a f u n c t i o n  o f  t ime i s  then: 
- --- . . - ----- --- 

- 2 
BT - h: + B Y + 9 0 0 9 2B B (sinacosd+cos~sin~cos~t) 

Making t h e  t r ans fo rmat ion  c o s r t  = 1-2 s in '  &t we o b t a i n  - 

'2 - 
. . - - . . - -- . . . . - . . - - 

2 
--- 

2 B = ,/B + B + 2B B ( c o s ( ~ c ~ ? )  - 2 cos c s i n  cl s i n  ui t )  (5)  
7 9 0 0 9 - 

2 

where B is  t h e  magnitude o f  the t o t a l  f i e l d  (sum of ambient 
p l u s  bigs f ie lds )  seen by t h e  sensor .  Th i s  may be w r i t t e n  i n  
the form, 

where, 

2 2 
X = B + B + 2B B c o s  ( 6  + 1) and 

0 0 g 

2 
k = 4 B  B s i n  0 cos  s 

0 q 

X 

I n  t h i s  form B_ may be recognized a s  an e l l i p t i c  func t ion  of 
the second kind.  I n  t h e  s p e c i a l  case  o f  0 = 0 ,  B is  a 

7 constant .  For a b i a s  v e c t o r  a l igned  along t h e  y-axis  (E  = 0) , 
t h e  func t ion  reduces  t o  t h e  form: 

-. 

BT 
2B B s i n  0 cos  u t  

0 0 4 



For a b i a s  t h a t  is  swi tc f~ed  a l t e r n a t e l y  on and o f f  a t  some 
m u l t i p l e  o f  t h e  apparent  r o t a t i o n  pe r iod  o f  B , the f u n c t i o n a l  
va lue  a l t e r n a t e s  a s  shown i n  Figure 2, For kxown v a l u e s  o f  

Bo 
:. and i t  recovery of  t h e  parameters  B and 3 from the  

f u n c t i o n a l  va lues  may he e f f e c t e d  by one 8 f  -che methods o u t l i n e d  
be low : 

(a )  D i r e c t  i n t e g r a t i o n  of B ( t )  

Since an a l k a l i  vapor magnetometer produces a s  a s i g n a l  a 
frequency p r o p o r t i o n a l  t o  the  f i e l d  s c a l a r  magnitude, i n t e g r a t i o n  
of B ,,- (t) may be accomplished e l e c t r o n i c a l l y  through d i r e c t  
counting of  t h e  frequency f (t)  = 3,49854 B- ( t )  over  some time 
i n t e r v a l ,  Because of  t h e  p e r i o d i c i t y  o f  t&e e l l i p t i c  f u n c t i o n ,  
i n t e g r a t i o n  over  i n t e g r a l  m u l t i p l e s  o f  t h e  r o t a t i o n  per iod  
of t h e  v e c t o r  B w i l l  y i e l d  a r e s u l t  which i s  more s e n s i t i v e  
t o  changes i n  t a e  magnitude of  B than t o  changes i n  8 .  (Tbis  

9 may be e a s i l y  seen by analogy t o  a c i r c u l a r  func t ion  ( s i n e  o r  
cos ine )  f o r  which i n t e g r a t i o n  over a complete cyc le  y i e l d s  a 
r e s u l t  completely independent of  t h e  amplitude o f  t h e  r o t a t i n g  
component of  t h e  v e c t o r , )  The i n t e g r a l  i s  lliost s e n s i t i v e  t o  
t h e  va lue  of  6 when t h e  i n t e r v a l  is  one-half .  cyc le  o r  l e s s ,  
cen te red  about a maximum o f  f ( t )  ( ~ t  = 2 ~ ~ n ,  where n = 0,  1 ,  
2 . , , By t h e  symmetry o f  t h e  func t ion  about  t h e  maximum, 
i n t e g r a t i o n  over  t h e  range 2 t = (2nn - @ ) t o  it = (2311 + @ ) 

1 0 2 0 
y i e l d s  twice the  va lue  of t h e  i n t e g r a l :  

- 
i - - .-.--- 

E ( k ,  = v'% i 
J- 

i & k 2 s i n 2 & t  - d t  
I 2r n 
I - 2 

which i s  an incomplete e l l i p t i c  i n t e g r a l  of  t h e  second kind.  
The correspcnding equat ion  f o r  frequency count  C over t h e  
i n t e r v a l  t t o  t is: 

1 2 



For a frequency count ,over  some time (t - t ) w i t h  t h e  
b i a s  a f  f, we o b t a i n  C 4 

- t = 3.49854 (t4 - 23) B . I f  we 
t4 3 '3 

so lve  t h i s  equa t ion  f o r  B then equat ion  (9) f o r  C 
9 '  t, - t. 

L I becomes an equa t ion  i n  6 a lone ,  s i n c e  a l l  o t h e r  parameters  
a r e  known. This  equa t ion  may be so lved numer ica l ly  f o r  @ 
on a d i g i t a l  computer, e i t h e r  by s e r i e s  approximation of t h e  
e l l i p t i c  func t ion  o r  by i n t e r p o l a t i o n  o f  t a b u l a t e d  v c l u e s  of  
E (k ,  4 1 -  

0 

(b) Measurement of B - (t) maximum 

This  i s  a s i m p l i f i e d  c a s e  of t h e  p rev ious  technique i n  
which i n t e g r a t i o n  is rep laced  by e x a c t  measurement of  t h e  
f u n c t i o n a l  va lue  at i ts  maximum value.  I n  t h i s  c a s e ,  B i s  
found by t h e  same method a s  b e f o r e ,  b u t  t h e  va lue  o f  S 9s 
obta ined d i r e c t l y  from t h e  e q ~ a t i o n :  

2 
s i n  ( 5  + +;) = 2 2 

BT (max) - (B + Bo) 

which was ob ta ined  by s e t t i n g  ~t = 0 i n  t h e  g e n e r a l  express ion  
f o r  B . E l e c t r o n i c a l l y ,  an o s c i l l a t o r  may be  phase-locked t o  
t h e  fzequency f (t) u n t i l  a  maximum i s  d e t e c t e d ,  a t  which p o i n t  
t h e  o s c i l l a t o r  i s  de-coupled and h e l d  t o  t h e  peak frequency 
by phase-locking t h e  o s c i l l a t o r  t o  i t s e l f .  Count of  t h e  
frequency of  t h e  o s c i l l a t o r  over some per iod  o f  time then 
y i e l d s  BT (max) - 

For t h e  s p e c i a l  c a s e  2-0, an a l t e r n a t e  method employing 
only  t h e  func t ion  f (t)  wi th  t h e  b i a s  on i s  u s e f u l .  I n  t h i s  
method, t h e  minimum and maximum va lues  of f  ( t)  a r e  measured, 
g iv ing  tho  two r e l a t i o n s :  



2  2 - B + B~ - 2 B  B s i n  9 
B~ (min) - g  o 0 g  ( 1 2  

Addit ion of t h e  twoore la t ions  g i v e s  a  r e s u l t  independent of  6 ,  
which may be so lved f o r  B t o  y i e l d :  

4 
- 

B = J B T  + B 2  - B 2 
g  max ) 7. (min) o 

2 

S u b s t i t u t i o n  o f  B i n t o  e i t h e r  t h e  maximum o r  minimum r e l a t i o n s  
y i e l d s  t h e  va lue  8f d i r e c t l y .  

( c )  Determinat ion o f  phase with b i a s  on. 

I n  t h i s  method, t h e  v a l u e s  of  B ( t )  a t  two t i m e s  t and 

t2 
= t + n  a r e  compared. A t  t6e time when BT (t  ) BT (t 2 )  , 1 - 

'3, 
1 

~ , t  = n and h t  = 3n, s o  t h a t :  
1 - 

2 
2 - 

2 

This  r e l a t i o n  may be solved f o r  B ,and measurement o f  e i t h e r  
t h e  maximum o r  minimum va lue  of  ~ y ( t )  may be used t o  e v a l u a t e  9 .  

The p rev ious ly  de r ived  r e l a t i o n s  r e p r e s e n t  p h y s i c a l l y  t h e  
c a s e  o f  a  coord ina te  system f i x e d  with r e s p e c t  t o  a  sp inning 
v e h i c l e  con ta in ing  a s c a l a r  magnetometer sensor  wi th  f i x e d  
b i a s  system. F e  q u a n t i t i e s  s t ,  0 ,  and B f i x  t h e  v e c t o r  
components of B i n  t h e  v e h i c l e  coordinat% system, and t h e  
t r a n s l a t i o n  of  s o o r d i n a t e s  from the v e h i c l e  system t o  a  ground- 
based s y s  t e m  may be  accomplished by determinat ion  of  v e h i c l e  
a t t i t u d e  r e l a t i v e  t o  some v e c t o r  whose coord ina tes  a r e  known 
i n  t h e  ground-based s y s  tern. 

For t h e  purpose of a n a l y s i s , i t  w i l l  be assumed t h a t  
v e h i c l e  a t t i t u d e  r e l a t i v e  t o  t h i s  v e c t o r  w i l l  be expressed 



by an angle  u between t h e  v e c t o r  and t h e  v e h i c l e  s p i n  a x i s  
when t h e  v e c t o r  l i e s  i n  some plane  f i x e d  r e l a t i v e  t o  t h e  v e h i c l e  
and con ta in ing  the  v e h i c l e  s p i n  a x i s .  For t h e  p r e s e n t  purpose,  
l e t  t h i s  p lane  be the  v e h i c l e  yz-plane , which ELSO c o n t a i n s  
t h e  b i a s  a x i s .  Assume_also t h a t  t h e  d i r e c t i o n  of  t h e  geo- 
magnetic f i e l d  v e c t o r  B is known i n  t h e  ground-based 
coord ina te  system, and &ha t  any observed change i n  t h e  v e c t o r  
B may be re fk renced  t o  t h e  unperturbed v e c t o r  d i r e c t i o n  and 
mggni tude  . and 2 denote t h e  z e n i t h  angle  and n o r t h  
azimuth ang le  o f  B 

Let a% i n  geographic c o o r d i n a t e s ,  and a. , 9 and v 
$ ~ e p r e s e n t  tfle corresponding ang les  f o r  the reyerence  

z v e c t o r  V and t h e  v e h i c l e  s p i n  a x i s  z ,  r e spec t ive ly ,  L e t  4 
denote t h e  angle  of  v e h i c l e  s p i n  between t h e  time v e c t o r  V c r o s s e s  
t h e  yz-plane and t h e  t i m e  a maximum occurs  i n  BT (t) . The r e l a t i v e  
o r i e n t a t i o n s  of  t h e  vehicle  a x i s ,  t h e  r e f e r e n c e  v e c t o r ,  and 
the f i e l d  v e c t o r  a r e  shown i n  Figure 3. 

The e v a l u a t i o n  of t h e  v e h i c l e  a t t i t u d e  i n  t h e  geographic 
coord ina te  system, assuming cx. and B a r e  known,-is s t r 2 i g h t -  

B I3 forward, Denoting t h e  g r e a t  c i r c l e  arc between B and V a s  $, 
by the s p h e r i c a l  law of c o s i n e s  w e  ob ta in :  g 

cosa + sing, s i n a  c o s ( 9  v B v B 
-4 

L e t  t h e  angle  a t  V between and t h e  z e n i t h  be X. Then by 
the s p h e r i c a l  l a w  o f  s i n e s :  g 

r -I x = Arcsin1 s i n a  cos ( d  - 6 ) / s in$ ,  L B B v (16) 

S u b s t i t u t i o n  o f  t) aqd i n t o  t h e  l s w  o f  c o s i n e s  a l lows s o l u t i o n  
f o r  R ,  t h e  angle  a t  V between t h e  v e h i c l e  s p i n  a x i s  and t h e  
z e n i t h  : 

The v e h i c l e  axis z e n i t h  angle may now be obtained:  

r a = Arccosl cosa coso + s i n a  s i n o  cosQ 
z " '  v v 



FIG. 3 

Designation of Vectors in Geographic Coordinates 

VERTICAL 

Field Vector Change in Geographic Coordinates 
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Likewise, the vehicle ax is  azimuth angle is: 

i3 = J - ~ r c c o s r  (coso - cosa corn )/sina s ina 1. (19) Z v L Z v z v 

The angle iP corresponding t o  the above azimuth and elevat ion 
of the  vehicle ax i s  i s  given by: 

For the case of a vehicle  outs ide the atmosphere, the  
vehicle a t t i t u d e  should be a smoothly varying function of the 
time (precession and nutat ion) .  Any discontinuous change i n  
the apparent vehicle-att i tude ,nay be in terpre ted  as  a charige 
i n  the  d i rec t ion  of B since the  other  reference vector V is 
precisely determined.g'The apparent change must be along a_ 
contour of constant o , so  t h a t  the  change i n  d i rec t ion  of B 
may be separated i n t o  a change i n  8 and a change i n  I p ,  53 

Sf the  change occurs a t  some time t l e t  a ,  8 ,  and I 
0 ' denote the  measured values a t  t when she change occurred, 

0 The d i rec t ion  of the new f i e l d  vector 3 may be found, and the  
component changes e a s i l y  extracted,  9 .  

Consider the  spherical  t r i ang les  pictured i n  F i q ~ r e  4. 
Ft 5 be the g rea t  c i r c l e  a r c  between the o ld  f i e l d  vector 
3 and the  new f i e l d  vector <' , and l e t  .q be the angle a t  the  
vzhicle ax is  between the zenigh and the  old f i e l d  vector. We 
then obtain: 

a' = ~ r c c o s  cosa cos8' + s ina  sin$'cos(q + I - I ' l l ,  
B [ Z z 

and 

B; = 8, - ~ r c c o s r  (cos; - cosa cosa ') /sins s i n a  
L B B B 



where, 

r 5 = Arccos cos9cos9 + s ines in8  'cos (b - b I )  1, 
J 

( 2 3 )  
,- - 

7 = Arccos cosa - cosa cos9 ) /s ina  s i n e  L B z z i (24)  

The changes i n  t he  components i n  a geographic ccordinate  
sys  tern a r e  t he re fo re  : 

QB (EAST) = B s ina  s i n s  - ~ ' s i n a '  s i n?  ' 
9 B B 9 B B 

I I AB (SOUTH) = B s ina  case - ~ ' s i n a  Bcos13B 
53 B B 5 

(VERTICAL) 

For a veh ic le  which h a s  no angular  motion except sp in ,  t he  
elements 8 and b should be constant  i n  t i m e  due t o  t he  veh ic le  
motion, s o  t h a t  any change i n  the f i e l d  d i r e c t i o n  w i l l  be 

' 

r e a d i l y  recognized. The more gel-eral ,  r e a l i s t i c  motion of the  
veh ic le  above the  atmosphere i s  t h a t  of  combined sp in ,  precess ion,  
and nu ta t ion ,  A complete ana lys i s  of  t h e  dynamics of the 
veh ic le  r equ i r e s  in t roduc t ion  of techniques no t  p e r t i n e n t  t o  
t h i s  d iscuss ion,  b u t  i n  genera l  the var ious  motions may be 
described by superposi t ion of  c y c l i c  funct ions ,  The precession 
motion may be viewed a s  perioc'ic motLon of the vehic le  sp in  
a x i s  i n  a cone centered about a f i xed  d i r e c t i o n  i n  space, and 
nu ta t ion  a s  a modulation of the  coning motion by s t i l l  another 
per iod ic  funct ion,  For a well-balanced veh ic le ,  nuta t ion 
e f f e c t s  a r e  minor, and w i l l  not  be considered i n  the  following 
discuss ion,  When precession i s  s i g n i f i c a n t ,  ex t rapola t ion  of 
the  veh ic le  pos i t i on  depends on the  form of t he  precess ional  
curve expressed i n  geographic coordinates,  This shape i s  i n  
general  r a t h e r  complicated, a s  w i l l  be seen from the  following 
ana lys i s ,  Let  a and Bc respec t ive ly  represen t  t h e  zen i th  angle 
and nor th  azimutg angles of the  cen te r  of precession.  Let CI 

represen t  the  half-angle of the  cone, and m (t - t ) the  phase 
C of the  coning motion measured along the  cone from ?he h ighes t  



point of the cone, a s  shown i n  Figure 5. 

The zeni th angle and north azimuth angle of the  vehicle 
spin axis  a re  given by: 

n. = ~ r c c o s f c o s a  cos: + sina sinpcosr (t - 
2 L C C C to) I (28) 

2 C L C z 
I- 8 = s - Arccos, (cosp - cosa cosa )/sinacsinaz] (29)  

Extrapolation -of a precessing vehicle ' s a t t i t u l e  thus 
requires  f i t t i n g  a center  of precession and precession ha l f -  
angle t o  a known portion of the curve of the  veh ic le ' s  a t t i tude ,  

A fur ther  complication i s  introduced by the  poasibi1it.y 
of the reference vector d i rec t ion  being a function of time, 
o r  vehicle geographic posi t ion,  o r  both, The following analysis. 
uses the so lar  aspect angle a s  an example, 

Because of the change i n  the vehic le ' s  l a t i t u d e  and 
longitude and the westward movement of the sun with t i m e  during 
a f l i g h t ,  the  sun 's  geographic.at t i tude vector changes d i rec t ion  
(with time) i n  the ground-based coordinate system. Knowledge 
of the  sun 's  decl inat ion (6) ,  the  equation of time ( E ) ,  Local 
Standard Time (LST) , and the vehicle l a t i t u d e  and longitude 
as  a function of time allow the sun vector d i rec t ion  t o  be 
expressed i n  the ground-base coordinate system, L e t  the vehicle 's  
l a t i t u d e  and longitude be represented by X and L, respectively.  
Denoting the  standard meridian for  the  time zone by L the 

s r  
hour angle H of the  sun i n  degrees a t  the  vehicle longitude 
is  given by: 

h 
H =  15(12 - LST - E )  - [ L -  L )  

S 
(30) 

From the  diagram given by Figure 6 ,  it may be seen t h a t  the 
so lar  zeni th angle a t  the vehicle posi t ion is: 



VERTICAL 
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Vehicle Precession i n  Geographic Coordinates 
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I?le solar  azimuth i s  given by: 

The vehicle pos i t ion  obtained from radar  tracking da ta  allows 
the  determination of the  so la r  vector d i rec t ion  a t  any time 
i n  the f l i g h t ,  

The analys is  thus f a r  has  assumed no r e s t r i c t i o n  on the 
f i e l d  of view of e i t h e r  the  aspect sensor o r  the magnetometer 
sensor. When the  ackual angular f i e l d  of view of  both a r e  
considered, care  must be taken t o  optimize a vehicle t r a j ec to ry  
and a t t i t u d e  with respect  t o  the  d i rec t ion  of t h e  sun and the  
f i e l d ,  I n  some instances,  the  configuration of the b i a s  c o i l ,  
magnetometer sensor, and so la r  aspect sensor within t h e  vehicle 
must be a l te red ,  I n  addi t ion,  severe coning may not  be 
to lera ted ,  so  t h a t  vehicle dynamics must a l s o  be considered. 

Errors  and Approximations 

By equation 7, the change i n  8 with respect  t o  a change 
i n  the t o t a l  (measured) f i e l d  is: 

I f  the value of B used is  a maximum of the e l l i p t i c  function, 
then w t  = 0. ~ a k x n ~  values of B B and 8 computed from an 
ac tua l  f l i g h t  (NASA 14.243 UE, tT: Og; 77 seconds) , which 
were 55746 gammas, 53204 gammas, and 9.11 degrees, respect ively,  
we obtqin: 



For a cesium vapor magnetometer sensor  w i t h  a r e s o l u t i o n  of 
less than 1 gamma ( s c a l a r  ) ,  t h e  angular  accuracy i s  t h u s  less 
than . O 1  degree.  

The angular  r e s o l u t i o n  i n  t h e  ang le  4 i s  governed by t h e  
u n c e r t a i n t y  i n  t h e  measurement of t h e  t ime between t h e  maximum 
i n  t h e  t o t a l  f i e l d  BT and t h e  yz-plane c r o s s i n g  o f  t h e  r e f e r e n c e  
vec to r .  A maximum.resolution of 0.1 degrees  i s  p r a c t i c a l l y  
a t t a i n a b l e  by s o l a r  o r  lunar  a s p e c t  dev ices  now i n  use. 
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COMPUTER AIDED ANAI..YSIS AND DESIGN 
OF SPACE INSTRUEEFT? SYSTEMS 

Robert M. Nu?ioz 
INTRODUCTION 

- ' -- 
Each of us has e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  ceme i n  contact with the 

general  purpose d i g i t a l  computer and it should be no surpr i se  t h a t  t he  d i g i t a l  
computer has  invaded the  f i e l d  of space instrument systen! development. The 
s c i e n t i f i c  community has come t o  regard the  computer as a valuable t o o l  for 
performing many usefu l  funct ions and my objec t ive  w i l l  be t o  show how a 
general  purpose d i g i t a l  computer can bci used with some mater ia l  becef i t  i n  
t he  development of a space instrument system. The top ic s  t o  'ce discussed 
are more o r  less genera l ly  r e l a t e d  t o  t he  development of any instrument 
system but  the  emphasis w i l l  be p1a:ed on a noncomprehensive s e t  of problems 
r e l a t ed  t o  t h e  development of a f luxgate  magnetometer system at the  Ames - Research Center. Since a l a rge  sca l e  general  purpose d i g i t a l  computer such 

xhe 7040/7094 DCS system i n  use present ly  at Amechas such g rea t  computing 
power it w i l l  c e r t a i n l y  not be poss ib le  t o  d iscuss  a11 the  p o t e n t i a l  uses 
i n  space instrument design. However, some of t he  more important a spec t s  of 
c i r c u i t  and system design along with c e r t a i n  computer exper!-ments made t o  
t e s t  t he  mathematical model of a simulated i n s t r m e n t  system w i l l .  be d i s -  
cussed. Several examples w i l l  be presented as case h i s t o r i e s  of some of 
these  methods and it should be r e l a t i v e l y  easy from these  t o  conceive many 
o ther  a r e a s  wi th in  the  design and developroent t a s k  where the  computer can 
be e f f e c t i v e l y  used. 

SPACE INSTRUMEXT SYSTEMS 

Space instrument systems a r e  c e r t a i n l y  not e n t i r e l y  separable from other  
ground based and f l i g h t  i n s t r m e n t  systems but  there  a r e  ce r t a in  chhracter is-  
t i c s  which do p r e v a i l  more f requent ly  i n  t h e  space instruments and which a r e  
troublesome enough t o  be worthwhile considering. Most space instruments a r e  
r e l a t i v e l y  uniqce. Production runs f o r  space instruments, i f  they can be 
ca l l ed  tha t ,  a r e  usua l ly  keyed t o  very few of a kind and of ten  each 5nstru- 
ment within a run d i f f e r s ,  at  l e a s t  i n  small ways, from others  within the  
same run. The uniqueness of the  ~pac-2 instrument is important i n  t h a t  it 
al-lows new s ta te -of - the-ar t  ideas t o  be implemented but a t  the same time, it 
denies s u f f i c i e n t  use experience t o  provide s a t i s f a c t o r y  est imation of per- 
formance and r e l i a b i l i t y  by p r i o r  experience. The f i rs t  launch of many space 
instruments usua l ly  gives t he  experimenter h i s  f i r s t  r e a l  look a t  instrument 
performance i n  t he  operat ing environment. 

Short development cycles  are commonplace f o r  space instruments. The 
c r i s i s  atmosphere generated by the  launch schedule is  f e l t  very s t rongly  a f t e r  
an  instrument has been accepted f o r  space f l i g h t  and, t o  a l e s se r  extent ,  the  
same pressure appl ies  even before such instruments a r e  p r ~ v e d  t o  be more o r  
l e s s  f e a s i b l e  f o r  space f l i g h t .  Commercial instrument systems, although 
bound by a number of other  r e s t r a i n t s ,  a r e  seldom bound by schedules a s  con- 
f i n i n g  as t h e  launch schedule. 

No user feedback i s  possibLe with the  spa.ce instrument. To some degree 
f l i g h t  qua l i f i ca t ion  programs make up f o r  t he  lack  of user feedback which i s  



provided commercial instrument manufacturers by those who buy and use comler- 
c i a 1  laboratory t e s t  equipment. These users form a block of interested 
c r i t i c s  and can provide a manufacturer the benefit  of suggested changes or 
a t  l e a s t  a demand fo r  inrprovements. A l l  t h i s  of course takes time, time which 
is usually not avai lable i n  the  short development cycle f o r  space instruments. 

Space instruments a r e  a s  a ru le  very high precision devices. The cost 
of the  space mission, and s c i e n t i f i c  cur ios i ty  i n  general would seem t o  be 
jus t i f i ca t ion  enough f o r  the  demand fo r  high precision but addit ional  impetus 
f o r  high accuracy instrumentation is given by those who se lec t  f l i g h t  payloads 
because the  competition between various experimenters proposing f o r  the  same 
space mission i s  keen, and the  b e t t e r  instruments a r e  flown. I n  conjunction 
with this requirement f o r  high accuracy, the  space instrument system is  usually 
very l i g h t  weight, low i n  power consumption and small enough t o  f i t  i n  the 
f l i g h t  payload. 

There a r e  a number of other differences between space instrument systems 
and other instrument systems but these I believe a r e  a representative se t  and 
each const i tu tes  a major d i f f i c u l t y  i n  the development process, a d i f f i c u l t y  
which can t o  some extent be a l l ev ia ted  by means of in te l l igen t  use of a dig i -  
ta l  computer. 

CYCLE OF DEVELOPMENT 

There a r e  probably as many ways t o  produce a sa t i s fac tory  design f o r  a 
space instrument as there a r e  space instruments but engineering techniques do 
become somewhat s ty l ized  and the  more successful techniques a r e  well  known and 
a r e  disseminated i n  the  l i t e r a t u r e .  Instruments don't always go through the  
stages of system design, c i r c u i t  design, breadboard fabricat ion and breadboard 
t e s t ing  but they often do and some of these steps can be computerized. 

If we consider a space instrument such as the  Ames Magnetometer [Ref. 11, 
the  cycle of development probably starts with the choice of a general approach 
t o  make the  physical measurement, i n  t h i s  case the  fluxgate technique f o r  
measuring the interplanetary magnetic f i e ld .  !The choice of general approach, 
however, does not lend i t s e l f  t o  computer aided methods. We have t o  r e l y  on 
human beings with t h e i r  unique judgement f ac to r s  and enlightened preferences 
fo r  t h i s  phase of development. 

Once the  general approach has been selected, the development cycle con- 
t inues with a f e a s i b i l i t y  study which is  usually conducted t o  see i f  the 
desired physical parameters can be measured and the desired engineering and 
s c i e n t i f i c  objectives can be accomplished altogether. Here again the computer 
cannot help very much although it can a s s i s t  i n  some of the  routine tasks of 
bookkeeping and mathematical analysis  tha t  may go along with a f e a s i b i l i t y  
study. !The designer usually depends upon h i s  experience, a b i l i t y ,  and judge- 
ment t o  say whether an instrument i s  indeed feas ib le .  I f  it is, he can proceed 
d i rec t ly  t o  the  t h i r d  s t ep  i n  the  cycle, the  instrument system design. 

System design is  a well-developed engineering a r t  and can be ass is ted  
grea t ly  by computer methods. I n  the example t o  be presented l a t e r ,  the  Ames 
version of a topological network analysis program of Calahan is used with 
inputs i n  the  form of the poles and zeros of system t ransfer  functions t o  provide 



a Bode ana lys i s  of system s t a b i l i t y  f o r  a version of the Ames Magnetometer. 
The IBM con t ro l  system analys is  program IWLY i s  very usefu l  i n  providing 
root  locus ana lys is  of continuous and sampled da ta  systems but no example of 
the  use of t h i s  program w i l l  be given a t  t h i s  time. Having se lec ted  a s a t i s -  
f ac to ry  instrument system, we can now proceed t o  the  11th s tep,  the  development 
of subsystem components and c i r c u i t s  necessary t o  perform the  system functions. 

Many seminars and symposia have been held i n  the l a s t  two years c:. com- 
puter  aided c i r c u i t  design and analysis .  As a matter of i n t e r e s t ,  Dr. Calahan 
from the  University of Michigan conducted such a course a t  Ames recent ly.  
[ ~ e f .  61 It i s  c lear  from current  theory and prac t ice  t h a t  the computer can 
perform the  ana lys is  functions of c i r c u i t  d e s i ~ n  b e t t e r  and f a s t e r  than any 
designer can do by hand. ECAP, NET I, SCEPTfd, POTTI;E, CIRCUS, and many 
other  programs a r e  ava i l ab l e  t o  do general c i r c u i t  ana lys i s .  An example of 
c i r c u i t  ana lys i s  using the  topological  ana lys i s  program of Calahan w i l l  be 
presented l a t e r .  A comparitive descr ip t ion  of t he  various methods of c i r c u i t  
ana lys i s  is  given i n  reference [3]. Although there a r e  many ana lys is  programs 
i n  existence, very few network synthesis  programs a r e  ava i lab le  i n  general ly  
usefu l  form. I n  the near fu tu re  more a t t e n t i o n  w i l l  probably be given t o  
the  a c t i v i t y  of computer aided synthesis  but  a t  the  present time the  designer 
f u l f i l l s  t h i s  funct ion and the computer checks h i s  r e s u l t s .  I n  some cases 
ana lys i s  programs have been used i n  feedback schemes t o  a r r i v e  at an  optimized 
c i r c u i t  o r  system design a f t e r  having s t a r t e d  from only a general concept of 
system topology. This approach is cos t ly  i n  computing time and sllbject t o  
c e r t a i n  d i f f i c u l t i e s  which a r i s e  from the de f in i t i ons  used f o r  the  optimm 
solut ion.  When b e t t e r  synthesis  progrcms a r e  made availabl-e, the  computer 
w i l l  be even more e f f ec t ive  i n  space instrument design. 

Now, with system design and c i r c u i t  design complete, it i s  possible  t o  
proceed t o  a breadboard s tage  and check the r e s u l t s  of the  e f f o r t  made here- 
tofore.  Fabricat ion and t e s t ?  of an instrument system in  breadboard form gives 
the designer a v e r i f i c a t i o n  cl r e b u t t a l  of h i s  e f f b r t s  and no completely 
adequate computer simulation of t he  breadboard phase is possible  because 
hardware usua l ly  speaks fo r  i t s e l f .  Approximations t h a t  a r e  made f o r  the 
sake of ana lys is  a r e  sometimes not adeqxate and adjustments of values f o r  
c i r c u i t  elements, tuning of F i l t e r s ,  s e l ec t ing  of t r a n s i s t o r s  and r e l a t ed  
a c t i v i t i e s  w i l l  always be a part of the development of the  spz.ce instrument 
system so long a s  real-world components a r e  used but the computer can replace, 
or at  l e a s t  augment, many of t he  t e s t s  t h a t  a r e  usual ly done i n  breadboard 
hardware. Transfer funct ions through the  breadboard instruments can be simu- 
l a t e d  on the  computer i f  enough i s  known about the  system design. I f  a mathe- 
matical  model has been used i n  the development of the  system, t h i s  mathemati- 
c a l  model along with whatever modifications necessary due t o  c i r c u i t  and 
sub-system design should su f f i ce  a s  t he  basic  computer model f o r  performance 
simulation. Problems not r ead i ly  amenable t o  ana lys is  by hand methods can 
be solved more e a s i l y  within the  computer. If t e s t s  ind ica te  t h a t  changes 
i n  system cha rac t e r i s t i c s  a r e  necessary, it i s  probably more easy t o  e f f e c t  
these changes i n  the computer m n  it would be i n  breadboard hardware, An 
example of a new method of system simulation using the theory of d i g i t a l  
f i l t e r s  w i l l  be presented l a t e r  t o  i l l u s t r a t e  how the  computer can a i d  i n  the  
space instrument system design process. 



In  summarizing the r o l l  of the d ig i t a l  computer in  the development of 
space instruments, it can be seen t h a t t h e  computer I s  readily adapted t o  
system design and analysis a s  well a s  subsystcs and circu.it analysis. The 
computer can be used t o  simulate a completed systen~ design and provide 
some information that  heretofore has been provided only i n  breadboard t e s t s ,  
If used i n  t h i s  way, the computer expedites the development process and makes 
it easier  t o  obtain a more re l iable  design. The cost of developing a capa- 
b i l i t y  i n  computer aided design and analysis techniques cansrot be ent i rz ly  
neglected. For those who have access t o  a large s c a b  computer the d i f f i -  
culty l i e s  mainly i n  acquiring a repertoire of useful programs and subroutines 
fo r  doing t he i r  kind of work and fo r  those who are  not so fortunate, comput - 
ing services can be obtained from any one of a large number of organizations 
specializing i n  renting computer time through the use of teLety-pe terminal 
uni ts  located i n  the  users f a c i l i t i e s  and connected t o  a time-shared comguter 
by means of telephone l ines.  

One version d the Ames Magnetometer designed fo r  measureme,it of th 
magnetic f i e l d  on the  surface of the  moon i s  presently being developed joint ly  
by Ames and Philco Ford Space and Reentry Systems Division. Figure 2 shows 
the  functional block diagram of the sensor electronics subsystem for  t h i s  
Lunar Surface Magnetometer, The main pojnt ~f difference between the sensor 
electronics subsystem of t h i s  mission and others such as the one presently 
f ly ing on the  interplanetary mon-itoriilg probe spacecraft l i e s  i n  the addi- 
t ion  of an integrator i n  the forward path. The integrator changes the opera- 
t i on  of *the subsystem from a tyge 0 servo t o  a type 1 servo. For those not 
familiar with t h i s  terminology, it simply means t ha t  the  design with an inte-  
grator i s  theoretically capable of operating without s t a t i c  errors-due to  
changes i n  the perfo$mnce of components within the foiward path. This 
approach was selected because tempem;ture variat ions on the surface of the 
moon a re  expected t o  be much larger than those encountered i n  most ~ p c e c r a f t  
and such a subsystem design should, with some reservations, allow satisfac- 
to ry  o p r a t i o n  at these temperatures. The design temperature range is  -30 
t o  4-65' Centigrade, 

An interest ing problem which turned up during the course of development 
of t h i s  subsystem and which w i l l  be discussed br ie f ly  here was the saturation 
of the input t o  the integrator at frequencies ibove 10 cycles. This problem 
was not discovered un t i l  l a t e  i n  the development cycle and the coqu te r  was 
used effectively t o  demonstrate the nature of the problem and show means of 
co~recting.  it. Figure 3 shows a mathematical model of the  sensor electronics 
subsystem of the Ames Lunar Surface Magnetometer. The characterist ics of those 
elements of the  forward p t h  excluding the integrator were analyzed i n  labora- 
tory  tt3s-k~ and ~ P B F O X ~ E L ~ ? ~  by the  f i l t e r  function shown i n  the l e f t  hand block, 
Figure 4 shows a comparison between the  prformance charscterist ics of' the 
actual  system with those of the mathematical model a s  derived by means cf 
computer analysis, Using the mathematical motlel of Pigure 3, a frequency 
analysis was made of the t o t a l  c l d  3.002 system s;nd found t o  be satisfactory 
as shown i n  Figure 5 but when an investigation was made of the fluctuations 
of signal  at the input t o  the integrator, a 'groblem was 8isedvered. Signal 
levels  were found t o  be as much as 20db beyond the  Pulb scale capabil i ty of the 













'hardware. The problem did not manifest itself u n t i l  signals a.rpr-aohix tkil 
scale were encabtered a t  frequencies between 10 and 590 HZ. (See ~ g g u r e  6) 

I n  order t o  remove thfs  problem, it was necessary t o  increase the gain 
of the integrator t o  a point which caused a system instabil i ty.  The gain 
was high enough t o  cause the poles cf the system closed Zoog transfer char- 
ac te r i s t ic  t o  l i e  i n  the r ight  half plane and it became necessary t o  apply 
some form of compensation t o  regain the s t ab i l i t y  that  we formally had. 
Without going into  any great de t a i l  at t h i s  point because time w i l l  not 
allow it, I w i l l  merely indicate that, with the a id  of the computer, many 
types of coqpensation were investigated and it was found that  complex zeros 
placed judiciously i n  the  S plane were a satisfactory form of compensation 
and an RLC network placed at the input t o  the integrator can easily provide 
such compensation, Figure 7 shows the saturation characteristics once again. 
From t h i s  figure it is  clear that  the system w i l l  not saturate un t i l  the 
frequency of approximately 500 cycles is reached and then if  additional dy- 
namic range of 3 db were,allowed, no saturation would occur at  all. Bittter 
forms of compensation using more complex networks are certainly possible but 
fo r  t h i s  design study, the e f for t  was  stopped at th f s  point and the feasi-  
b i l i t y  of WlemenZing complex zero comp?nsation within the constraints of 
weight and power uas investigated. 

COMPUTER AIDED CIRCUIT DESIGN 

I n  order t o  maintain some continuity i n  the discussion an example af 
a computer aided c i rcu i t  aesign was selected from the sensor electronics 
system shown i n  Figure 2. That block i n  Figure 2 t i t l e d  Second Harmonic 
F i l t e r  represents a f a i r l y  complex 6th order band pass f i l t e r  with two rejec- 
t ion points, one at approximately 6 KHz and the other at amroximately 
12KEz. The synthesis of the f i l t e r  w a s  performed by hand using approximate 
methods which are  too lengthy t o  be discussed here; however, Figure 8 shows 
the synthesized ci rcui t  configuration. Be fundamental design problem re s t s  
i n  ascertaining whether the approximations made i n  the synthesis procedure 
are valid. Calculations of the 6th order fi l ter with r e a l  values of c i rcui t  
Q are simply not pract ical  t o  do by hand. Several days of computation were 
necessary t o  check the results based on analysis of the lossless prototype 
of t h i s  f i l t e r .  . 

Again the topological c i rcui t  analysis program was used t o  analyze the 
frequency and time responses of the second harmonic f i l t e r  but i n  t h i s  case, 
resistance, capacitance and inductance values were used a s  inputs t o  the 
program rather than the mathematical description of the c i rcui t  or transfer 
function. The result  of the compiter analysis obtained a f te r  approximately 
half a minute are shown i n  Figures 9 and 10. From ths  computer studies of 
the filter we obtain a verification of tlie fac t  tha t  the assmptions made 
i n  synthesis were practical  assumptions. The attentuation at notch frequencies 
with pract ical  f f l t e r  Q ' s  is seen t o  be approximately 60ab and phase char- 
ac te r i s t ics  withzn the passband a re  not drastic enough t o  cause any significant 
probleE of system instabrli ty.  A l l  th fs  was done i n  a very short time without 
the need fo r  producing breadboard hardware but, hardware t e s t s  did confirm 
these results. The diss5metry noticable i n  the pss-band of Figure g is due simply 
t o  a lack of perfect tuning sf  the coi ls  and is not an essent ia l  part of the 
des5.m. 





SATURATION CHARACTERISTICS OF THE INTEGRATOR INPUT 
(AFTER COMPEINSPITllOiNI) 

I FU~LL SCALE' 
1 /- 

I 

- 
1 i 

I I 
I 

I 

-- VU DEMOD - - 
"i n 

I 
I 

4 3 4 2 [T 
s4 +, 9s3 + 68sZ + 105s + 450 

I I 

NMIONbL IfUONbUflCf AND SPACE AOMINISJPA14ON 
AM65 RREA*CU CCNSEW, MOFFEr7 ?la0 CbtdfORfflA 







IMGNETOMETER SYSTEM SZMUL&TIOI\I 

Perhaps the  most e f f e c t i v e  use made of' the d i g i t a l  computer i n  the  
design of the  Ames Ma.gnetometer system has been i n  hybrid system simulation. 
Figure 11 shows a functior.al block diagram of the magnetometer system includ- 
ing not only sensor e l ec t ron ic s  subsystems but a l s o  the sp in  demodulator sub- 
system, t he  sampling f i l t e r ,  and the  sampler, each a p a r t  of the  f l i g h t  hard- 
ware. Along with these elements of f l i g h t  hardware, it i s  necessary t o  include 
t h e  simulated mgne t i c  f i e l d  input and a da t a  r e c o n s t r u c t i ~ n  f i l t e r  i n  order 
t o  perform meaningful t e s t s  on t h e  systems a b i l i t y  t o  measure magnetic f i e l d .  
The general  approach adopted i n  t h i s  computer breadboard system simulation w a s  
as follows : 

1. A mathematical ana lys i s  was performed on each subsystem component 
and a mathematical model i n  t he  form of a subsystem t r ans fe r  func- 
t i o n  i n  t h e  frequency domain was developed f o r  analog sub-systems. 
The d i g i t a l  sub-systems and l o g i c a l  operations a r e  already i n  a 
form convenient f o r  computer processing. 

2. A d i g i t a l  f i l t e r  approxil-ating the  t r ans fe r  characte:. ist ics of 
t he  analog subsystems was synthesized by means of t he  b i l i n e a r  
transform method. D ig i t a l  funct ions wer* accepted without 
transformation. 

3. A program r e l a t i n g  the  d i g i t a l  f i l t e r  equivalents  of each of t he  
subsystem components was wr i t t en  t o  simulate the  e n t i r e  system in  
numerical form i n  t h e  computer. 

The process seems a b i t  complicated az  f i r s t  glance but when looked a t  care- 
f u l l y ,  the  l a r g e s t  d i f f i c u l t y  is  seen t o  be t h a t  of generating the d i g i t a l  
f i l t e r  equivalents  t o  analog subsystem t r a n s f e r  functions. Again the  computer 
has been a grea t  he lp  i n  t h i s  a rea .  We a r e  a t  present  developing a genera l ly  
usefu l  d i g i t a l  f i l t e r  synthesis  program t o  perform t h i s  funct ion and when 
completed t h i s  program w i l l .  reduce the  d i f f i c u l t y  of t he  t a sk  t o  t h a t  of 
merely obtaining analog t r a n s f e r  functions i n  the  S domain, an operation which 
i s  usual ly performed by the  designer whether using the  computer or  not. For 
those i c t e r e s t ed  i n  d i g i t a l  f i l t e r s ,  Rader and Gold [Ref. 51 and Chapter 7 
>f Kuo and Kaiser 's  book (Ref. 21 provides a good s t a r t i n g  point ,  

System simulation is  by no means a new disc ip l ine ,  many compiler programs 
with various leve,;; of capab i l i t y  ex i s t .  Thomas Naylor e t ,  al.  [Ref. 71 
and Kuo and Kaisn L- e t  . al. [Ref. 21 discuss  many software packages t h a t  he lp  
ease the  burden of simulating some c lasses  of systems. SIMSCRIPT, SIMl?AC, 
and BLODI) a r e  a few of the  many simulation languages of general  u t i l i t y .  
Because each of these  compiler Languages has ce r t a in  l imi t a t ions  and because, 
t o  use them e f f ec t ive ly  requires  spec i a l  t r a i n i n g  i n  the semantics of the  
Language, t he  approach adopted here was t o  r e t a i n  the f l e x i b i l i t y  provided 
by t h s  higher l e v e l  language, Fortran IV, at the  expense of a somewhat longer 
programm3.ng time. Where many d i f f e ren t  simulaticns of a pa r t i cu l a r  type a r e  
encountered, the  spec i a l  simulation languages o f f e r  a r e a l  advantage. 

The r e s u l t s  of one preliminary t e s t  performed i n  the  computer on a simu- 
l a t e d  version of the Ames Magnetomter are shown i n  Figura 12. The sb j ec t ive  
of t h i s  test  was t o  demonstrate the  kind of output t h a t  would r e s u l t  i n  the 



'time domain i f  t nc  system were subjected t o  a random var ia t ion  oP magnetic 
f i e l d  input and i f  no sample tiere employed. This s h ~ u l d  show 
graphica l ly  what the e f f ec t s  of sample a l ias inr :  a r e  when presented as a 
time h is tory .  A s  you car! see, there  is not much s ignif icance t o  the  re la -  
t ionship between the  random var iak le  inputs  and the reconstructed outputs. 
These data contain larbze e r r o r s  dne t o  s i g n a l  a l i a s ing .  

The e r r o r s  discussed here a r e  produced i n  any sampled data  system 
where the  data  band is allowed t o  extend beyond h3l.f the s a w l i n g  frequency 
o r  t he  n iqu i s t  frequency. This is s o  because the s p e c t r a l  d i s t r i b u t i o n  of 
the  sampled da t a  of' one f'reqtiency bar19 i s  o:erlayed o r  summed with t h a t  of 
ar~other  da t a  band. The f mdarnental sampling theorem jRef. 81 has been 
v io la ted  and our e f f o r t  was d i rec ted  toward measuring the  e f f e c t  quant i ta t ive-  
ly. . 

Al'ter performing a number of similar experinen-ts using sample filters 
o f  various orders  i n  conjunct ion with a random number generator simulating 
the  in te rp lane tary  f i e l d ,  it was found t h a t  t he  second or  t h i r d  order  f i l ter 
with a cutoff  frequency of approximately 0.3 117, prol~ ides  an  adequate at tenua-  
t i o n  of the  a l i a s i n g  frequency spectrum. F i g w e  13 is a p l o t  of e r r o r  versus 
t h e  order of the  sample f i l ter .  

Though it i s  ce r t a in ly  possible  t o  compute e r r o r s  i n  t he  time domain 
f o r  simple data  input funct ions such as s i n e  waves, it is extremely d i f f i c u l t  
t o  do t h i s  Tor tiit: more cornplex waveforms such as the  random input  used i n  
t h i s  model of the  m g r ~ e t i c  f i e l d .  A considerable amount of benef iciaJ- systems 
irrformation can be derived on breadboard hardware t e s t s  but  i n  hardware it 
is  very Ui f f i cu l t  t o  change parameters such as f i l t e r  order. This however 
represents  no d i f f i c u l t y  t o  the computer. It simply means the  change i n  
the  difference equation represen t i n e  the  sample f i l t e r  subsystem. 

The approach of system simulation i s c e r t a i n l y  not new but t h e  methods 
suggested by t h i s  procedure are r e l a t i v e l y  new. I n  ~ L L C  recent pas t  the  
analog computer and the d i g i t a l  d i f f e r e n t i a l  analyzer,  a special ized form of 
d i g i t a l  computer, have been used t o  do t h i s  but there  capabi l i ty  was qui te  
l imi ted  because of t he  requirement f c r  nons t and~rd  hardware and t h e  di . f f icul ty  
of programming such devices. The technique& employed i n  t h i s  simulation a r e  
completely adaptable t o  the  general  purpose dii:ita9 computer which is  widely 
used today. I'?o fundamental computer lanp,uarl;e l imitat ior!  e x i s t s  however most 
of t he  c i r c u i t  ana lys i s  programs as we l l  as the system simulation program d i s -  
cussed here were wr i t ten  i n  Portran 1V, 

The o r i g i n a l  objeci ive oi' t h i s  paper was t o  discuss  the  re la t ionship  
between tkie corflp'!ter and space in~t rurnent  system design espec ia l ly  t he  design 
of t he  Ames P,r:.gnetome-l;er. A number of advantage's and 1isadvantap;es of system 
and subsystem design have been discussed and an example of the system desifr;n 
of the sensor e lec t ronics  subsystem of the Ames Magnetometer tras given as an  
i l l u s t r a t i o n .  A layge number of d i g i t a l  eorfiputer programs f o r  c i  reu.it arialysis 
were mentioned and an example of c i r c a i t  sna lys i s  of a 6 th  order fflter used 
i n  t he  mgnetomehe~ sensor e l ec t ron ic s  was presented. The b ig  advantaf5e 
of both system and c i r c a i t  ana lys i s  by computer l i e s  i n  the  Pact t h a t  the com- 
puter  can perform these Punctionr; f a s t e r  and more accuxate;ly than the  designer 
can do by hand, (fie t h i r d  snd perhaps the most important means of using t h e  











cor m t e r  i n  the design development cycle by simulating the performance 
of the  t o t a l  integrated system was a l s o  discussed. A new method of 
approximating the t ransfer  functioas of subsystem components by generating a 
difference equation of the  d i g i t a l  f i l ter  equivalent of the  subsystem and 
in tegra t i rg  a number of difference equations thus found in to  a computer model 
of the t o t a l  system functioning i n  the  time domain provides answers f o r  
system performance tha t  a r e  too d i f f i c u l t  t o  derive by conventional methods. 
An example invest igat ion of sample a l ias ing i n  the Ames Magnetometer System 
was presented. 

The benef i t s  of using the  d i g i t a l  computer i n  space instrument system 
design a r e  many and the  penali t ies ,  once a d i g i t a l  computing capabil i ty has 
been established, a r e  re la t ive ly  f e w .  The l a rges t  s ingle  penali ty f o r  those 
who already have a computer is  t h a t  of obtaining and putt ing i n t o  use the 
already evailable analysis  programs. As  addit ional  program materials i n  both 
the  analysis  and the  synthesis d isc ip l ines  become available, the  advantages 
of computer aided design.wil1 become greater  and the  disadvantages w i l l  become 
l e s s  making it possible t o  do even more careful  and sophisticated design. 

The assistance of Msrs. R. Seeback and R. Moyer is  gra teful ly  acknowledged. 
Their ef for ts  i n  programming and debugging program materials as veil as running 
test problems on the  Ames computer w a s  &. v i t a l  part of the task. 
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ABSTRACT 

A d i g i t a l  o f f se t  f'jeld gelierator bas been developed whlct? occ.iratt:ip 
extends the dynamic range of a sensltl ve magnetometer. ThSs s$stez ecatlrs 
the use of a sensit3ve magneto~eter t o  resolve small magnetic f f e l d  
fl-ictuations in  t h e  presence of f S e l d s  of large vahle. The circ-dit-1.:; : e  
described Pn some detail'artd Its opplzcat i m  :'I? instr*:~t .*~-! .s r ~ r  t h e  f 'r.s? 
Appllcat -;ens TechrtoJ.qp;y SacellJte and the f i f t h  Orbit i rg  Geop:!:,.~ i c a l  
Oi>ser-mtory is d i s c . ~ . s s r d .  

K 1 s  : Offset Fielci Generator, btagnetometer 

The design af a rnagnetoaeter for s ~ c e  f l i g h t  ofteii involves a trace- 
off between d~jnamic range and r e s o h t i o n .  The magnetmreier fo r  near earth,  
h i g h u  ecce r t r i e  o r b i t s  presents a problem as j t  r eq i~ i res  a large dyr:arric 
rar,ge t o  remain l r aea r  at; both perjgee and apogee. An exangle of t h j s  
large dynamic range is t h e  f i e l d  seen by t h e  first Crbjting Geophysical 

. Observatory (OW-1) with perigee and apogee vallies whjch vary between roughly 
ha,ili39~ acd 1Ov. 

There has been s ignj f jcant  in te res t  recently i n  resolving ma11 f i e l d  
changes of less than 1 V  a t  flux levels a s  large a s  ~ C ~ , O ~ O Y .  A magnetometer 
system has been developed whick employs an acc- rate of f se t  f i e l d  generator 
t h a t  provides a wide d~mam-jc range f o r  a hlgh r ~ s o h l t i o n  magnetometer. This 
system has been successively xsed on instruments for t he  f i r s t  Applicatjons 
Technology Satellite (ATS-1) and OGO-E . 

' ~ n a t i t u t e  Of' Geophysics and  lanet tar^ Physics, University of ~ a l l f o r n l o  
a t  Eos Angeles. 

 atsh shall Iebaratoriss, Torra~ce, Go3 i fornfa .- 



Many ear ly  spacecraft magnetometers were designed t o  provjde a s ingle  
output from each ax l s .  The maximum output would be scaled t o  represent 
the maxinlrm value of the  f i e l d  expected f o r  the  planned o r b i t  o r ,  a s  ic 
some cases, the  maxbm,m. value of' t h e  f l e l d  expected in ce r t a ln  regions of 
jn teres t .  This se lec t joa  c s l t e r i a  often resulted in an instrument of large 
dynamic range. The resolut ion of such an i n s t r m e n t  was Pimlted by the  
resolut ion of t h e  data systent and instruments w i t h  a resolut ion of t e n  
garntla or a hundr3d gamma were not unusual, 

A techniqus used on a var ie ty  of spacecraft instruments wag t o  provide 
several dif ferent  values of-dynamic range. The dynamic range was selected 
by a grolmd command transmitted t o  the  spacecraft o r  possibly the  range 
was autonlatically selected during f1Sght by a detector  circrlft  of t h e  
instrument. Examples of thSs type of instrument a r e  fluxgate magnetometers 
fo r  Explorer 6 with ranges of +2SY, +TOY an8 .510,000Y  olema man, 1060) and 
for  OW-1 with ranges of - +30Y grid - + 5 % ~  f ~ e p ~ x e r  - e t  - a  a 1  9 1967). 

A magnetometer was prepared f o r  the  ABLE-5 spacecraft which provlded 
automatic sca le  switching with dynamic rawes of +32Y, +320y and i32OOy. 
Upon ground command these sca les  could be increnszd t o  7 5 0 0 ~ ,  1 ; ~ 0 ? h  and 
+TO,OODb respect3vely. !Phis pFovlsi on was t o  be  activaTed dw5ng launch - 
of t h e  spacecraft such t h a t  t h e  magnetometer would remain or, s ca le  during 
t h e  boost phase. Also incl.~ded was a system which upon ground command 
couli3 apply o f f s e t  fSelds t o  the  sensor in s t e p s  of 40y w i t h  a t o t a l  range 
of -160~ t o  209-y- Tie purpose was t o  provide a means of o f f se t t ing  space- 
c r a f t  f i e l d s  such t h a t  t h e  magnetometer could operate in its most sens i t ive  
moae In  the  presence of a spacecraft perm field which mig!t ordjnar l ly  
keep the magnetometer on one of its l e s s  sens i t jve  scales (c.M. Takahashi,, 
6 )  While t h i s  technique enhances t he  resolutSon of the instrument when 
operating in low f i e l d s ,  t h e  resolut ion of t h e  l e a s t  s e n s j t i  ve sca le  is 
often l e s s  than desirable. 

An ea r ly  automatic ?Sfset f i e l d  generator was used on the  magnetometer 
for  3putnj.k 3 a s  reported by Dolginor g t  !l., 1361. The: system provided 
sjxteen o f f s e t  s teps ,  each of 30Q3y t o  o f f se t  a magnetometer with a d:jr,am:c 
rang6 6f-~2,400y. T h ~ s  - the  system had a t o t a l  dynarnjc range of 43,930~. 
The system used several  ro tary  s tepping ewftckes and was operated from 
ba t t e r j e s  (Fig. 1). Although t h e  usef?.~lness of the  o f f s e t  f f e l d  gemrator  
was demonstrated on Sp~ztnjk 3, the  accurgcy of t h e  system Left something 
t o  be desired by toclays standards. 

DIGITAL OFESE2 FIEID GS!3ERATOR 

m e  purpose of t h e  offset  f 5 eld  generator Ir; t o  apply a loeal jzed f l e ld  
a t  the  sensor which opposes %he ambient 95eld and places the  basic magne- 
tometer w 9 thJn  if^ I. i near d ynab1.i c -ritagei Th3.s .i:g accompJ3shed %IF supplyjng 
stable c u ~ r e n t s  in  disere%e steps t o  an.auxjl5ar;y-coil wound-aro-lhtn8 &be 
magnetometer sensor. This  exteg.5 .$he ~ a m $ c .  ;tyrZI.se qf thg' ov&rall  ;fnstru- 
Ittent wjthout a l t e r ing  the  r a s o l ~ ~ % ~ o n  of Ch6-%6%kfc ~a~n'et&r&$ter.  - 

.-. 

The block ajegrarn of' a magnetom&& art& %~f&et f 3eJ.d-generator 5s 
s ~ w a  sn ~ i g .  8 .  ma baste m~gnet6rrrete~ js of g ~ e  &%wcibie core, c10sed 
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F i g .  1 C f f s e t  f i e l d  g e n e r a t o r  f o r  S p u t n i k  3 magne tomete r .  
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Pig. 2 D i g i t a l  offset f i e l d  g e n e r a t o r  b l o ~ k  diagr&m. 
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loop type witl-; ample feedback t o  insure s t a b l e  gajn,  l i n e a r i t y  and f l a t  
frequency response. The analog output of t h e  basl'c magnetometer may be 
scaled t o  prodwe t h e  desired resolution, 

The purpose of t h e  l e v e l  de tec tors  1s t o  ind ica te  an off' s c a l e  cop- 
d i t i o n  of t he  bdsic  magnetometer. When t h i s  acc:qs a count is ei~hes 
added t o  o r  subtracted from t h e  up-down counter.  Each binary i n  t h e  up- 
down counter dr ives  a sw3tch of a ladder-adder type d i g i t a l  t o  analog 
converter (Fig. 3 ) ,  The .sutput of t h e  ladder-adder i s  a l i n e a r  fllnct ion 
of t he  s t a t e  of t h e  :rp-down counter. The ca l ibra t -e  r e s i s t o r  (R of Fig. 2) C sca l e s  t h e  current  appl ied t o  the sensor c o i l  and %s se lec ted  during system 
ca l ibra t ion .  then t h e  o ~ t p u t  of t h e  bas ic  magnetometer ac t iva t e s  eSther 
l e v e l  detector ,  t h e  o f f s e t  f i e l d  generator appl ies  an incremental o f f s e t  
f j e l d  t o  t h e  sensor such t h a t  t h e  basic  magnetometer output i s  returned 
t o  center  sca le .  

It w i l l  be noted t h a t  t h e  o f f s e t  c o i l  or1 t h e  sensor i s  re turned t o  
vB/2. When t h e  count i n  t h e  up-down counter 5 s 10000. . . , i . e . , t t e  most 
s lgn i f j can t  b j t  i s  a "1" and a l l  o thers  a r e  "I)", t h e  output vol tage of t h e  
ladder-adder w i l l  be vR/2. I n  t h i s  condition no current  w i l l  flow in t.he 
c o i l  ar.d t h e  zero o f f se t  condition is establ ished.  The ladder  o u % p ~ ~ t  
vol tage may vary up o r  down from vR/2 and provide both pos i t ive  and neg- 
a t i v e  values of o f f s e t  f i e l d s .  

CIRCUITRY 

The OW-E and ATS-1 magnetometer while d i f f e r en t  i n  many respects ,  
share  t h e  s&<e bas5 c circuSt  blocks.  The following js a descr ipt ion of 
some of those blocks' w i t &  s p e c i a l  a t t en t ion  gl'ven those. f ac to r s  which 
e f f ec t  t h e  accuracy 09 tihe system. 

The up-down counter is of  a standard type using Texas Instruments 
Jntegrated c i r cu i t s ;  '$he binar iee  are . t h e  SN51QA type and t h e  ro r~ t ing  
ga tes  use t h e  "pal'se-exclusi!*e-or" type SNS23J. . The o u t p u t  of t h e  ~ ~ 5 1 0 ~  
binary is capable of dFiV5ng both t h e  r e l ay  and t h e  s o l i d  s t a t e  switch 
'modules which w i l l  be descr lbsd l a t e r .  

The up-down counter I s  control led by t w o  %byeshold c i r c u i t s  which 
sense the zero ~ o l t ~ l e v e l  and the  - f ive  vol t  Level a t  t h e  .basic magnetometer 
output * The thr-eshola zc l reu i t  u6es a 2~2060 mdjehed-dif f e r e n t f a l  pa ir of 
t r a n s i s t o r s  a s  shown In F%-g; 4. The thres-ho-18 circuj ' ts  ape switched wjth-in 
7 mi l l ivo l t s  of t h e  desired threshold over t h e  temperature range of 
-15 '~  t o  +55%. 

A d i g i t a l  t o  analog conversion I.$&dar w&gr.:cqg~_t4.1r~ted a s  shown i n  
Fig. Q . The equivalent c i r cu l  t f&:-%h:e l & ~ - d i $ : ~ ~ @ & % ~ ~ t e r  -can be arr j yed 
a t  as shown i n  Fig. 5 .  It can be seen that;. rega@less o$ .trhe:.g$a.@e. oifl t h e  
&adder s u f t ~ ~ ~ s  f8&$;), the output impedance bf $he lad<& ery&~@&. fZx63"' 
a t  R. 

The accuracy .and. A b b 5 l i t y  of %he & i g l t a J  t o  analog coi=Viix~f6n per- 
fo~med by the ladder is dependent on t h e  ae6uracy and stabSli%y of t h e  
ledder  reslat-ors, t h e  reference voltage VR end Clle offset volts@ of each 

. . .  
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Fig. 3 Ladder-adder c i r c u i t  of N bits. 

Fig. 4 Threshold ae%egt.qp gorhema&3c diagram (V is connected 
Go either OY ox .p. for  upbkr or  lower level  det~ction). 

~ ~ .. 
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. 
Fig. 5 Bguivalent efrcuit of .ladder-adder (the output 

resrstance is constaat at R,, the Thevenin voltage 
YL Zs a function of  the pos i t ion  of the switches of 
t&e ladaer-adder). 

F , g .  6 Reference volta.ge supply schematic. 
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switch. It is seen that; an extremely s t ab le  reference v o l t a ~ e  mast be 
generated. The reference voltage stipply uses a highly s t ab le  Fairckfld 
reference d:ode (~ig. 5 ) .  This diode has a tetnperatwe coeff lc ient  of 
5 uv/cO. The Zener referefice source is bllffered by a d .c. djfferent 'af  
amplifier.  This ampLifier has a very high open loop gafn and is fed hack 
t o  a closed loop gain of unity. The large open loop t o  closed loop k-ajn 
r a t i o  can give rjse t o  osc j l l a t ion  problems ic t h j s  type amplifier.  
However, In  t h i s  applicat ion t h e  frequei~cy response j s  careful ly  rolled 
off t o  a very low value. The nigh open loop t o  closed loop @air. rat 'o  
gives the  advantage of a hjgh input impedance and a low olltp~lt 5mcedance. 
Both of these  charac ter js t ics  a r e  requjrements. This Zender diode, 
a!though extremely s table ,  has a high dynaafc impedance. The c:;rrent 
through t h i s  diode m l ~ s t  be invariant.  The voltage supplied to t he  7.ener 
I s  pre-regulated ( i - 2 0 ~  r .I$) and t h e  buffer amplifier ~ 1 s t  have sl:ff Scient 
input impedance so  a s  n% t o  load tbe  Zener's c i rc t j i t .  The Input s tage 
of t h e  reference amplif i e r  Ilses a aatched pai r  of t r ans i s to r s ,  The 
tracking of the  V o f f s e t  between the  two s ides  of  t h i s  mir is be t t e r  
than 5 UV/CO. ~ h g t o t a l  d r i f t  of these amplifiers has been meas.jred t o  
be  l e s s  than 350 wV over a ~ O O C  charge in temperature. 

The swltch S1 and adjacent r e s j s t o r  (Fig. 3) corre~pnnd tq the  roost 
s jgni f  icant b i t  of t h e  ladder. An e r ro r  in  t h e  va1. t~  of tk-e resiseor o r  
an increase in t h e  o f f se t  associated w i t k  Sl IS more c r i t i c a l  than an 
equal e r ro r  jn one of t h e  l e s s  s igni f  Scant h i t s  of' t he  laMer. Con- 
siderat lons af speed and system r e l i a b i l i  ty make t h e  i-lsc n f  seml- 
condiictor s%itchea prererable t o  re lay  switches, hoxeve?-, t h e  of3set vo?tage 
associated wftt; t rans  :stor sat- lrat l l - ;  ta-t 1~ C-.IC^~S,S' i p  ;? t ; ? ~  rn.::r., s i;- 
,.-om . I ]cant k i t  p s i  t i n e s .  System ace::racy c9t-i~ ideraynrs !:.z;: .j'ctat e t?-P 
use of relays f o r  the most significant b l t s .  Careful sc1ect:on of relags i s  
required a s  an o f f se t  voltage may be generated by the pkitential between 
dissimilar  metals used i n  a re lay-  The e r ro r  voltage ca-lsed b:. a n  offsr:t 
In tile ladGer switches i s  given by eq*atir>n 1 a s  reported by Artkiw, 1 tat. 

Where E is t h e  voltage supplied h;r t he  skrjteh S and V is the  laddcr o31t- 

n put voltage. It can be seen tf-at t h e  o:ltp*:t e r ro r  5s mst s e n s i t i v e  to 
variations in  o f f se t  voltage of the  most sfgnlf  Scant b2t positfon (IF, ) . 

2 

The accuracy requirements f o r  each switch in the  ladder decrease from 
t he  most s igni f jcant  b i t  posjtfon t o  t h e  f eas t  s ignj f icant  pos!tio?i. J t  
5s therefore possjble t h a t  a good comprom5.se between ladder speed and 
accuracy is t o  use r e l ay  switches in  t h e  most s!gnlficant pc~sitions and 
t r ans i s to r  swjtches i n  the  . least  slgn3f;:cant pos'l:t2ons. Pt I s  seen t k ~ t  
as t h e  ladder is counting e i the r  ? ~ p  o r  down the cycling r a t e  of the  sw!tc?*es 
decreases a s  yox progress from the least s jgni f  Scant S i t s  io the  most 
s igni f icant  b i t s .  

The semiconductor switch used on the  o f f se t  f f eld generator is s?-our? 
n F 7. This c5rcil.it o f fe r s  a maxSm1m of f se t  of less t2-.an 750 u,v a t  
O'C. The worst case variat ion o i  -this of f se t  has bgen shown t o  be less 
than 400 vv over a 4 0 0 ~  range. This corresponds t o  2n error  of 16 x 13-3 
percent of the  reference voltage or 160 PPM. 





The ladder-adder r e s  l s t o r s  were pree is f cn wire wound res  i s t o r s  made of 
Karma3 which gas  chose^ beca2ee of i t s  non-magnet i c  propert jes  and low 
tezperatllre cocff ic lent  . A l l  reaZstors were c:lstom woi~nd from the  sante 
s ~ o n l  of w-ire t o  jnst:re the  femperat3ire coeffjc:'cnt of a l l  res!stors u o ~ l d  
be identical and track one anotker over the  ternperat%~re range. The re -  
sistgrs were selected t o  be withir! .02$ of the  specif led vailte a t  250C 
w i t i - ;  a temperatlire coefficient  of + 5PPM per OC. The change i n  outp21t 
voltage due t o  a ternperata~re varia'Zion of 5'I0C can be expected t o  be .12:$. 

The e r ro r  in  o81tpl;t vqltage caused by a var:'ation in  tbe  resistance 

of an indivld!ral ladder r e s i s t o r  (2 )has  heen analyzed by Artbiir, 1-64 
n 

The er ror  depends l~pcr. t!:c s t a t e  z f  eack sw'tch I:r. the  ladder azd cari be 
calculated fo r  ariy s t a t e  of the  cmmter. The t o t a l  ;rarjation i n  outpiit 
voltage wkcn the  ladder i s  Sn i t s  center  sca le  position i s  approximately 
eq:lal t o  the  ti-ermal variat ions of an ind-:~?:dilal r e s i s t o r  of tke  c i r c , t i t .  

The -rr?~.c so**::<? aro?:cd tbe  sensor t c t  ; - z ~ e r a t t  t f :e q f f s p t  f ' i c~ ld  n ; : ~ t  
br: caiAef.!lly selected.  It rn,lst t-ovc v e r y  l ~ w  tc~serat.:rc ca?ff 't-'-:-t 
9" re,~:st2r.:e E. -cL tl F c'~:'rtfi$ t??r.ol:gh t3e c s i l  3nes r.nt c t - an~e  uitk the 
terzperat~lre. The wire m z i s t  a l s o  be  on-magnetic. There a r e  a nl~ci'oer of 
excellent w !re types which meet t h i s  reqvirement, however, ari added 
requirement is t h a t  of low r e s i s t i v i t y .  The res js tance  of t b f s  wire m:rst 
be low eno!qL! silck t h a t  the combjnatfon of the natp-tt impedance of the  
ladder and c o i l  res is tance  Fs not too  l - r ~ e  t o  allow t 5 e  reqq~ired csr rent  
t o  flow. me v j r e  selected was ~dwnce', ' thls ire has a resistance a f  
approximately 2.54 ohms per foot  i f  nllmber 30 wire I s  wed.  

MAGNEX'OMETER FOR OGO-E 

The o r b i t  fo r  OW-E is hjghly eccentr jc  with magnetje f i e l d  ~ a l : i e ~  
ranging from roughly 40,009'~ t o  <lOy. It was requ ired t h a t  t h e  i nsir.-tizenz 
cover t h i s  e n t i r e  range of f i e l d s  $1.: t h  t h e  bes t  resolilt  ion obtainable. The 
spacecraft has a palse code rodulatjon data system w3th eight  hit d'g;t- 
iza t ion  of the  9V t o  5.12V input vgltage. This corresponds t o  a resolotion 
of 20 mi l l ivol ts .  The basic magne"s~eter s e n s i t j u i t y  was selected s ~ c t t k a t  
20 mi l l ivo l t s  represents 1/8y, This gives a dynamic range of 216y cerr+ercd 
about ft-2.5V f o r  the  basic magnetometer ovtptlt . The l e a s t  s ignj f  icant  offset 
s t e p  of t h e  o f f s e t  f i e l d  generator was scaled fo r  16y. To conserve power 
the  instrument has two o f f se t  f i e l d  generators, a coarse o f f s e t  f i e l d  
generator with seven b i t s  znd a medi:jm o f f s e t  f i e l d  generator w i t h  s f x  
b i t s .  The l e a s t  and most signifzcant b i t s  of tnc medim o f f s e t  f i e ld  
generator a r e  scaled f o r  l f jy  and 512Y respectively. The l e a s t  and irost 
s igni f icant  h5ts of the  coarse o f f se t  f i e l d  generator a r e  scaled f'or 

3 ~ r m a ,  a t rade name of Driver Harris Company 

4 Advance, s t rade name of brjver Harris Com~ny 
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1 , 3 2 4 ~  and 65,536~ respect ively . A s  previously merzt ioned, when the  most 
s jgnj f icant  swltch of each ladder Is on and a l l  other  switches a r e  o f f ,  
both o f f se t  f i e l d  generators a r e  jn the  zero o f f se t  condition, The dynamic 
range of the two ladders a re  + 4 9 6 ~  t o  - 5 1 2 ~  and 64 ,512~  t o  -65,536~. The 
t o t a l  dynamic range of the  i n s t m e n t  whjct is the  sun: of' the  coarse and 
medi~m of f se t  f i e l d  generators and the  basjc ~sgnetometer  is +64,324y t o  
-66,064~. m e  magnetometer can resolve l/9y even in  t h e  presence of a 
f i e l d  of maxinum value. It should be made c lea r  tha t  t h i s  is the  resolving 
power of the  instrument and not its absolute acctiracy. 

The seven b i t  coarse of fse t  f i e l d  generator uses re lay  switckes. The 
r e s i s t o r s  f o r  the  coarse ladder a r e  375 Q and 750 0. The coarse o f f se t  
winding on the  sensor has a c o i l  constant of 22y/ua and has a d.c. res is tance  
of 135 0. The ca l ib ra te  r e s i s t o r  is approximatelg 300 9 and is t h e  same 
type of r e s i s t o r  a s  those of t h e  ladder-adders. The seven tjt medium o f f s e t  
f i e l d  generator uses semiconductor switches. The r e s i s t o r s  f o r  the  medium 
ladder a r e  25K Q and 5OK Q. The medium o f f s e t  windjng on the  sensor has 
a c o i l  constant of 7.5 y/m and has a d.c. resis tance of 1% 0. The cal-  
i b r a t e  r e s i s t o r  js approximately 37K R. 

The room temperatl.ire accuracy of t h e  instrrment a t  +19,030y was fo~md 
t o  be withjn 50Y or  .5$. Some of t h i s  e r ror  car, be atfrTbuted t o  t h e  test 
f a c i l i t y  and t o  e r ro r s  i n  Yne alignment of t t e  sensor assembly within t h e  
t e s t  chamber. Some of t h e  inaccuracy may be due t o  er rors  In the o r ig ina l  
set-up and ca l ibra t ion  of the  magnetometer. It is d i f f i c u l t  t o  determine 
t h e  exact amount of e r ro r  t c  assign t o  each fac tor .  

0 Temperature tests have been made Dver t h e  range of 0 C t o  +50°c on 
both t h e  sensor assenlbly and the  electronics package. Variations were 
f o ~ n d  t o  be within 30Y of t h e  room temperature value a t  ~10,900y o r  .3$. 
Some e r ro r  can be a t t r ibuted  t o  thermal varjat ion i n  the  sensor asse~bl:? 
holding f i x t u r e  which changes the  sensor a l i g n ~ e n t  a s  a function of  
temperature. 

It can be  seen t h a t  this type of  instrument js lirnjted by the  t e s t  
and ca l ibra t ion  fa ,c i l i ty  available.  I n  our case the  ~agnetometer rnay be 
more accurate a t  high f i e l d  values t'nan the t e s t  faci1it.y. A1lgnmer.t of 
the  sensor assembly within t h e  ca l ibra t ion  c o i l  is another sertoas vroklcrr. 
The orthogonality of the  eal5bratlon f a c i l i t y  coSls am? eke ortkiogonalitg 
of the  sensor assembly elements a l s o  l i m i t  the  accxracy of the  neaslirenients. 

The OGO-E magnetometer ?as tLtree o r t h o g o ~ a l  axes eacb with coarse 
and medjim of f se t  f i e l d  generators. For addit ional  Inforfiatjon oil the 
OGO-E magnetometer see  Snare and Benjamin (l?66). 

The ATS-1 spacecraft was placed in schyncrono~is eqs j to r i a l  w b 5 t  a t  
5.6 earth r a d i i  on December 6 ,  1356. The spscecraft was spin stabflized et 
19r3 rpm. The magnetometer has two sensors wkic? l i e  jn a plane t;'net a lsn 
contains t h e  spin axis ,  w i t h  each sensor a t  450 t o  the spin axis  (Barry 
and Snare, 1966). The outputs of t k  e two bas i c magnetometers are p ~ s s e d  
through sum and djfference amplifSers t o  resolve t h e  f i e l d s  fiormal s!~d 
para l le l  t o  the  spacecraft spfn axis .  The dynamic range o r  each kzs!c 



magnetometer was ~ 5 0 y ,  ~13r)y and +20@y. The 5r,str.m!er;t remained in the  
most sens l t ive cocdi t i o z  ( + 5 0 y )  - egcept when the  n9ri;tal f ie3d was g rea te r  
than the  dynamic range of the  baslc ~agcetot re ter .  k k e ~  the  normal f i e l d  
exceeded t h e  dynamic range, the  Snstriiment a t r t o m t : c a l l ~  switchcs t o  a 
sens i t i~ . r i tg  n f  ~ r e a t e r  dynamic range. 

The nominal f i e l d  a t  the  positiw of the spacecraft was expected t o  be 
125y w i tk. a d fvrnal  varSat ion and s o l a r  w in? rnodqlated variat ions ~f .!nknovn 
ampli tade . Anobher s igni  f S cant f ac to r  was t h a t  t h e  instrument was mo1:nted 
9n a magnetically d!rty spacecraft .  The magnetometer sensor .ras mot~nted 
on a boon! whose t o t a l  length was a spectacular seven inches. The perw 
f i e l d  c ~ f  t h e  spacecraft and s t r a y  f j e l d s  dt:e t o  current lcops a t  the  
location of t h e  sensor was r~nknown when t h e  fnstrlment was being deslgnee. 
Beca!lse of these  variat ions i n  t he  geomagnetic f j e l d  and the  ?~ncertair i ty 
of the  spacecraft f i e l d s ,  an o f f s e t  f i e l d  generat-or was x e d  In con- 
jiinct ion w i t h  each magnetometer axis .  

b c k  o f f s e t  f i e l d  generator had s i x  b j t s .  The l e a s t  s igni f icant  s t ep  
was sealed f o r  25y. The zero s t e p  of the  ladder was o f f s e t  125y and tke  
ladder had a dynamic range of -675y t o  +925y. This zero s t e p  o f f se t  was 
selected becagse of the  nominal o ~ b i t a l  f l e l d  value of 125Y. With tF,e zero 
offse t ,  t he  o f f se t  f i e l d  generator had an even range i n  eacl: djrect jon 
of - -800y. 

Because of t h e  l imited dynamic range of the  o f f se t  f i e l d  generator,  
so l id  s t a t e  s w  l tches had low enolgh o f f s e t  voltage such tha t  relay st) itches 
were not r ewi red .  Tie r e s i s t o r s  of the  ladder were 25K Q and SOK I). The 
c o i l  constant of t h e  sensor winding was 15.3 y /w and a d -c .  res is tance  
of 150 9. The ca l jb ra te  r e s i s t o r  t i t s  approximately 25K rZ. 

To 4ate the  ATS-1 magnel,on?eter has been s:~ccessively 0peratir.g i n  
o r b i t  f o r  nine months with a t o t a l  operating tjme of Ic5;)r) hours. 

The princ2pal 2nvestigator f o r  these  projects  is Professor Paul J. 
Coleman, Jr. of the Department nf Plznetary and Space Science, University of 
California a t  h s  Angeles. Early dt  veloynent of t h e  magneto~eter wos f.1n6e.n' 
:mder NASA Grant NsG 249-62. Project fmding was from NA,% contrac :s 
N'kS 5-9570 (ATS-1) and NAS 5-9339 (@GO-E) . 'Phe deta i led  design, packaging 
and fabricat ion of the  instr:merit was performed by Marshall Laboratories, 
Torrance, California :mder contract t o  the University of Gal i fornia .  Special 
acknowledgment is given t o  C.R. Benjamin of tuarskall Laboratories for 
s lgni f  icant  contribuit ions 5t1 system and c i rc* -~ i ty  design. 
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Average Interplanetal-y Magnetic Field for 

Angular Momentum Calculations 
- _. 

Jerry L. Modisette 

N69:33964  
,A, e# 

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 
I 

the Alfven radius and to be discoupled at greater distances. Dicke (1964) had 

predicted a rimi lar 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 i s  of considerable astrophysical 

interest, since as shown by Figure I, 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 I gauss produce insignificant decays i n  solar rotation. 

Because the torque i s  proportional to the square of  the field strength, small areas 

with strong fields can be important contributors to the effective solar field, which 

i s  the rms average. For example, i f  10% of the surface i s  covered with a 10 gauss 

field, this area alone would produce an rms average Weld of about 3 gauss, even 

i f  there i s  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 i n  the solar spectra, and there are inferred values obtained by extrapolat- 

ing the field measured i n  interplanetary space. In a sense both sources amount 
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FIGURE I .  Time Constant for D e ~ y  of Solar Rotation for a Solar Wind 
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to extrapolations as far as the torque i s  concerned since i t  i s  the radial component 
I 

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

Bumbe and Howard (19651 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 i t  i s  possible to integ~ate 

at t1as wl thi 11 contours and calculate average fields, However, one immediately 

has the problem of deciding what f ield strengths to consider as contributing to 

the interplanetary field, 'since for very strong fields one would not expect the 

f ield lines to be drawn out into space. Table I shows the results o f  averaging 

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

Table I 

August 1959 

Fraction of 
Contour Area Enclosed 

B 
avg 

2 gauss 0.53 4 gauss 

6 gauss 0.25 8 gauss 

I O gauss 0.11 I 0  gauss 

15 gauss negligible 

Area (SAf o2 -- 

B =\k4.5) + (8.0) + (11.0) ~ 4 . 8  gauss 
rms 



February - 1964 

Fraction of 
Contour -- Area Enclosed 

2 gauss 0,145 

6 gauss 0.015 

10 gauss 0,001 

15 gauss negligible 

B 
3 - A Area -- (&A) B2 

4 0.130 2.1 

8 0.014 0.9 

10 0.001 0.1 

B =J2.1+0.9+0.1 = 1.8gauss 
rms 

Note: The field i s  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 Feb-vary 1964. 

The 10 gauss cutoff was selected rather arbitrarily as corre:. -,.?ding to the stronger 
2 

fields observed at I AU ( w  20 gamma based on a I/r ex? :+mlation), and because 

the dimensions of  stronger field regions are so small that the fields are 5elieved 

to be closed at the sun. 

I t  i s  apparent from Table I that the stronger field regior~s are the major contributors 

to the rms average, se that the question of what fields are drawn out into space 

i s  quite important. 

Tlre magnetic field i n  inte1.y lanetury space i s  of more immediate interest i n  

dete~mining the torque on tire sun, since i t  obviously has been drawn out and 

wil I contribute. Most of the measurements, unfortunately, have been made at 

times of  relatively l i t t le solar activity , so that an average over a solar cycle 

cannot be made based on interplanetary measurements alone. 



Measua ernerlts of the ;nte;pianetary magnetic field have been reported for 

Maa in- 111 t Nevgebauer and Snyder, 39673, Pioneer V iGreensiadt, 1966), and 

lnap 1 ~WICOX, e t  a!. , 1967). In addition, C. P. Sonet* and David S. Coiburn 

!lave naade Intp 113 data available to the arlthor. Table I I  shows the rms averages 

obtained. Tabie 31 also shows the corresponding .solar field, obtained by extrap- 

otating the in~rp8anetary measurement back to the sun by a n  inverse-sqvme law. 

V~lriclct - - Date Interplanetary Field Solar Field 
- - - - -- - - 

-~~ - - -  

Pioneer V March I 2-May 5 ,  1960 6.5 ? 3.19 gauss 

Mari~ler I f  Awg. 29-Nov, 15, 1962 4.6 7 2.1 gauss 

lrnp t Dec. 10, 1963-Feb. 12, 1964 3.08 Y 1 -56 gauss 

h r p  131 Oct, 22-Dec, 29, 1966 4-47 Y 2.06 gauss 

It appears frsm Table I and Table f l  thcf the rms magnetic Geld of the sun varies 

from one or two gauss a t  sunsp~t  minimum b about five gauss at sunspot maxinwm 

with the rmr average over a sunspot cycle being 3-4 gauss. However, this reswj t 

depends rather heavily on the clstuff selected in analyzing the solar measurements. 

l n t e rp t~ne ta r~  field measurements through solar maximum will establish the average 

wi PI greater confidence. 

4 n  average rnagnctic field of 3 or 4 gauss gives a iorqtre on the sun producing an  

e-biding demy of the mlal rotation :n 3 to 6 billion years which is  comparable 

to the age of the sun. It is possible thot ai other periods the sun was more 

active and F.ld a strunget nxagnetic field. It appears that magnetic forqves are 

cayable of explaining tlro small amount of the s o l a  sysrzm angular momentum in 

the sun, 



It should be emphasized that the rather high value of the field results largely 

from strong fields existing a small part of the time. I t  is  therefore important 

that accurate measurements of these fields be extended over the entire solar 

cycle, and that rms overages be carefully dett--mined. 
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Since the comm8ncernen.t: of the magnetic test programs 
?or the FMP and OGO spacecraft systems and componenks, 
demagnetization has been employed as a meaas of restoring 

objact to a nearly zero virgin magnetic s ta le .  Between 
. 1962 and 1963 I) .C, dQmagnetixation was employed a t  the 

Component Magnetic T e s t  Faci l i ty  (cMTF), More recently 
dernagnerization has Wen performed lq substituting a 60 H z  
A.C. f i c ld  for the D .C. sch~dule. Under normal condLtions 
a ferromagnetic material can be demagnetized by the applica- 
t ion of a demagnetizing force with an i n i t i a l  f ield strength 
amp1i;tude equivalent to the raexcive force of the material. 
A f i e l d  of thfs  magnitude would then ensure removal of W e  
remanenee result ing e r n  prior sa+.uration .of the material. 

However, i n  the tes t ing of the spacecraft subsystems 
there are practical reasons why the demagnetbation field 
magnitude has been maintained a t  a level of 50 Oersted or 
less. Far example, f a c i l i t i e s  t o  generate more intense 
f ie lds  througho-ut larger volumes are  ei ther very costly or 
are incompatible w i t h  requirements for  generating gradient 
f ree  low intensity Eields (zero to a f e w  gammas) needed for 
other magnetic t e s t s .  7n addition, some spacecraEt carry 
on-board pexmanent magnet devices (mass spectrometers, 
klystrons, compensating magnets) whose inkended function 
would be impaired by even par t ia l  demagnetization. There 



is the possibil i ty of inducing damaging mechanical and 
e lec t r ica l  forces with the spacecraft by exposure t o  very 
intense f ields.  Also, apart f r o m  the deliberate magnetiza- 
t ion  of permanent magnets and the magnetic inspection of 
components and welds, it is extremely unlikely tha t  com- 
ponents or subassemblies w i l l  be exposed t o  magnetizing 
f ie lds  i n  excess of 10 ar 15 Oersteds except under con- 
t rol led test conditions Therefore the 50 Oersted level 
of f i e ld  should result in completely demagnetizing "soft" 
ferrous material= rjhjci. have l o w  coercivity and, i n  addition, 
reducing the f i e l d  strength of "hard" ferrous materials 
whkh have not been magnetized with f i e lds  above t h i s  
level. This w i l l  not reduce the moment of an ALNICO magnet 
however, and therefore w i l l  not a l t e r  the operating charac- 
t e r i s t i c s  of components which include magnets, Figure 1, 
therefore, presents examples of the hysteresis curves for  
both hard and s o f t  ferxous materials and indicates the wide 
difgerence between the two saturation levels. 

The sequential exposure of a component or assembly 
to a known magnetization f i e ld  followed by demagnetizatLon 
provides a w e l l  defined magnetic history for the test i t e m  
and is a means of establishing a re la t ively stable and 
predictable magnetic characteristic, Even i f  the exposure 
sequence is omitted, demagnetization alone can stil l  be 
used t o  eskablish a re la t ively s t ~ b l e  magnetically clean 
condition. Therefore thexe is a continuing need for  improved 
methods t o  accomplish t h i s  task, AS a resul t ,  a series of 
tests have been performed i n  order t o  compare the re la t ive 
mergts of A.C, and D .C, demagnetization techniques and t o  
enable the selection of the method most suitable for demag- 
netization of spacecraft systems and components, In  order 
t o  demagnetize materials properly, the following procedures 
should be included in the  process, 

1, Gradual and continuous reduction of the area under 
hysteresis curve t o  zero by cycling through a series 
of gradi~ally diminishing hysteresis loops , 

2, Maximum amplitude or i n i t i a l  f i e ld  strength equal 
t o  or i n  excess of the maximum coercivity of the 
material- tc ensure removal of the saturated xemanence, 

3. Return of object t o  a demagnetized 5sotropic conaition 
similar to a virgin s t a t e  by producing a scattering 
ef fec t  whfch &n turn xesults i n  a completely random 
orieneation of the domains i n  the material. 
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while the aforementioned requirements can be sat isf ied 
by ei ther  A,C. or D.C. demagnetization processes, a th i rd  
method which does not sa t i s fy  these conditions can a l so  be 
used for demagnetization. nis technique, normally called 
the "recoil methodl" is not customarily employed since it 
actually resu l t s  i n - a  pseudo deperm by leaving the test item 
i n  an anisotropic condition. By t r i a l  and error the mag- 
netization of "softern elements is reversed t o  provide com- 
pensation for the  remanence of the "hardertt e lemeart ; . The 
s t ab i l i ty  of such a multipole system comprising both sof t  
and hard elements would then be uncertain, 'Pherefore, only 
the A.C, or D.C, demagnetization processes have been investi- 
gated, 

TEST OBJECTIVE 

In  order t o  evaluate the demagnetization techniques a 
ser ies  of tests was designed which would provide the follow- 
ing in£ ormation; 

1. Effectiveness of demagnetization proceas in  reducing 
the residual f i e ld  intensity, 

2. Data t o  be used in  canparing the resul ts  between 60 Hz 
A X ,  and D.C. demagnetization, 

3, Relationship between intensity of applied f i e ld  and 
remanent magwtization of object, 

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

5 .  Feasibil i ty of demagnetizing i n  ear th 's  ambient f ie ld ,  

6. Other miscellaneous factors affecting the demagnetiza- 
t ion  process (L/D r a t io ,  shape; eddy current loss) ,  

Some of the problems and limitations of the two general 
cakegories (A.C. and D O C , )  of demagnetization techniques 
involve : 

1. Induction of large c.;.rculating currents within the 
spacecra.ft circuitry associatecl with 60 Hz A.C. 

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

3. Induced voltages which can affect  cancellation coils.  



While these problems a r e  not insurmountable, it would 
appear t h a t  they should be taken i n to  consideration and 
included i n  the ac tual  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 a re  undesir- 
able. A proposed solut ion would be t o  develop a D.C. 
ro ta t ion  demagnetization capabi l i ty  which could be sub- 
s t i t u t e d  for  both t he  D .C. (pulsing) and A.C. systems. 
Whereas, the 60 Hz A.C. depexm can employ a variable auto- 
transformer t o  vary the f i e l d ,  the D ,C. -pulsing system 
requires  a succession of f i e l d  pulses of reversed po la r i ty  
which can be diminished t o  a minimum f i e l d  s t rength  mag- 
nitude of zero. The sequence f o r  such a system is  dis -  
played i n  Figure i. The proposed D.C .- ro ta t ion  method 
employs a diminishing D .C. f i e l d  ( re fe r  t o  Figure 3) 
similar t o  t h e  D.C. pulse deperm of Figure 2 but  excludes 
the  f i e l d  reversal  requirements, A s  seen by the  test i t e m ,  
the D.C. f i e l d  e f fec t ive ly  becomes a l o w  frequency A.C. 
f i e l d  i n  view of the  f a c t  t h a t  the  object  is ro ta t ing  i n  
t h e  applied D.C. f i e ld .  There a r e  several  advantages 
t o  t h i s  system which make it more preferable t o  e i t he r  the  
A.C. or D.C. pulsing systems: for  example, power supply 
problems are  simplified; ambient f i e l d  e f fec t s  are  can- 
celled; there  is greater  uniformity and control  of the  
deperming process; and though automatic controls a r e  con- 
venient, they a re  not mandatory. The l a s t  and f i n a l  
test objective then i s  t o  compare a l l  three  methods of 
demagnetization i n  ordec t o  determine i f  the  D.C. ro ta t ion  
technique would indeed be prac t ica l .  

TEST RESULTS 

Prior t o  t h e  ac tual  deperm tests, consideration was 
given t o  the  se lec t ion  of t e s t  samples which might corres- 
pond t o  expected spacecraft  components. Thus, one sample 
was obtained which represents an ac tual  spacecraft eles - 
t ronics  subassembly while the  others were selected t o  
represent various thicknesses and lengths of objects. The 
par t icular  rods which were selected had approximate 
demagnetization facGozs which varied from 0.08 t o  0.001 and 
contiined low or moderate eddy. current loss  character i s t i c s  . 



Figure 2-D.C. Pulse Demagnetization Sequence. 



Figure 3-D.C. Rotation Deperm Sequence. 



50 Gauss Depezm Results - Figure 4, is  a comparison 
graph w h f  ch indicates khe percentage deperm results ,  - - 
obtained with the various samples $or each of the three 
demagnetization states.  Xn the case of four samples, 
each method of demagnetization reduced the remanent 25 
gauss. exposure f fe le  magnitude a t  least  9PA. While 
there remained less than 5% difference between the three 
methods, tho B.C. rotation system produced the most 
effective results in each case. 

3*5 LAD Steel Rod - As depicted by Figure 4 which 
i n ~ l u d e s  the demagnetization resul ts  for the variaus 
samples, only s l i gh t  differences i n  the effectiveness of 
the t bee  metyods could be found. The one exception was 
the 3-1/2 L. rgth kod which had a much greater thickness 
(1 inch diameter). Here again the D.C. rotation method 
tends t o  prove s l ight ly  more ezfective than the 60 Hz A.C. 
and substantially more effective than the D.C. pulse 
demagnetization. In  addition t o  the 50 gauss f i e ld  results ,  
keatments inuolvbg various f iel-d levels were also per- 
foxaned, ~f&we 5 has then been prepared t o  i l lu s t r a t e  
ggaphiczally tQe results- ijljtaened undev these conditions. 
~I,tbmkh the A.C. mekhod proves effective when the dernag- 
netiaation Pdeld magnitude is less than 25 gauss, the 
D.c. rotation method becomes more effective as the mag- 
nitude i s  inweased. Examinfng the results. obtained with 
tlte 1" diameter rod, the following facts can be noted: 

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

2. Increasing the D ,C,  rataeion magn&tudes from 25 t o  
50 gaass resulted in  a 1VA improvement i n  *he deperm 
resul ts  (Q1-85% reduction a t  25 gauss and 295% a t  

50 - 4yaus.s) . 
Z t  is of particular interest  t o  note the eddy current 
effects which are attributed t o  the less effective A.C. 
dopem. For exangle, as the diamtez of z rod appraaches 
and exceeds 1" the eddy cuments generated by a 60 Hz 
f ie ld  can became apprecfable. In the case of a 1" 
diameter rod the r a t i o  of f ie ld  applied (Ha) to surface 
f ie ld  (HE) woulcl be apwoximately 0.9, So for a 50 gauss 
60 cycles A.C. f i e ld  &he rod w i 9 1  generate an opposition 
f ie ld  D$ 5 gauss (Hs=45 gauss) . Fuxkhehermere , with a 2 " 
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Figure 4-Deperm Test Results. 



Figure 5-1" Diameter Rod Deperm Results- 



diameter rod t h i s  ratio would approach 0.33 resulting in  
a 1/3 f ie ld  reduction. These eddy current effeces could 
be remedied by reducing the A.C. f i e ld  freqnency in whtch 
case the Ha& r a t i o  would diminish. However, t h i s  would 
require sources of contmllabJe, high power, law frequency 
A.C. which a r e  not readily availabAe, 

As a further note, there axe instances where A.C. 
w i l l  not always resu l t  i n  an isotropic distr ibution of the 
mater id  5nmains. 2his condition would prevail far a 
magnetic substance which had a cubic anisotropy. This 
material would be expcted t o  have a domain distribution 
at the demagnetizaitibn state which would be confined t o  
within 5s0 about the axis of the  A.CI f ie ld .  Xn order t o  
eliminate t h i s  prublem, a rotating f i e l d  capability would 
be required, 

Electronics Unit - The advantage of D,C, rotation 
demagnetPzation i n  relaelon t o  f fe ld  magnitudes i n  excess 
of 25 gajnss is i l lustrated i n  Figure 6 which displays the 
test resu l t s  for the electronics uni t ,  Although the cam- 
position of t h i s  spacecraft subassembly is  such tha t  the 
three methtjs tested produce effective deperms, there is - 

s t i l l  a decided difference between the results  obtained 
with each method. I n  add5tion t o  the comparison data 
presented in  Figure 6, the following tables  sumarize the 
A,C. and D,C, rotation test resul ts ,  A s  evidenced by the 
hysteresis loop and :,orma 1 magnetization curve for the unit,  
the 25 t o  50 gauss (Figure 6) these curves would then have 
t o  be readjusted. 
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Figure 6-Electronics Unit Deperm R-esnl fs. 



TABLE 1 

(25 t o  50 gauss) t h e  remanent perm magnitude was 
reduced 600A (1.8 t o  1.1 gammas) . 

2. By incorporating ro ta t ion  of t h e  assembly while deperm- 
ing i n  e a r t h ' s  f i e l d ,  r e su l t s  comparable t o  a zero 
(background) field deperm w e r e  obtained. 

3. With t he  assenibly and c o i l  aligned east-west (23 f i e l d  
magnitude zero) a sa t i s fac tory  deperrn could be 
obtained without rotat ion;  however, t he  r e s u l t s  w e r e  
less ef fec t ive  than a zero f i e l d  deperm (remanent 
f f eld magnitude approximately t w i c e  a s  great)  . 

4. ~ e p e t i t i o n  of the deperm treatment (unit  not 
re-exposed) r e s u l t s  i n  s l i g h t  reduction of remanent 
p e r m  magnitude (5 t o  10 percent reduction). 

5. ~ p p l i c a t i o n  of the deperm f i e l d  along three  individual 
axes of the assembly resul ted i n  a cleaner deperm than 
a s ing le  ax i s  deperm (along moment), This included 
either a s ingle ax i s  (moment) o r  3 ax i s  exposure. 

TABLE I1 
.% - > 

Summary of D.C. Rotation T e s t  Results 

1. By comparison, the  D .C. ro ta t ion  method of demag- 
net izat ion resul ted i n  the  most e f fec t ive  deperm (2-3% 
better than A.C. ) . 

2. Although it was possible t o  vary t he  deperm cycle, 
e f fec t ive  r e s u l t s  w e r e  obtained by employing a minimum 
of 7 t o  10 complete f i e l d  reversals.  

3 .  A decidedly ineffec t ive  demagnetization treatment was 
obtained when the  sweep r a t e  was accelerated or 
diminished during the  deperm sequence, 

- - - -  - 



While the DOC. rotation deperm sequence consistirig of 
seven f i e ld  reversals would prove effective when applied 
t o  most materbals,other combinations of f i e ld  decrease and 
asserrrbly rotation could be selected. In t h i s  particular case 
the speed of rotatior, \r the assembly was 1 rpm which was 
identical t o  the power supply sweep drive rate.  Variation 
of the deperm sequence could-be accomplished by adjusting the 
ra te  of rotation of the assembly from 0 t o  11 rpm and/or 
setting the sweep drive a t  1 or 10 rpm. Thus, the deperm 
sequence could be shortened Prom a time interval of less than 
7 minutes t o  just  one minute i f  desired (rotation speed 10 
rpm-sweep drive 10 rpm) while s t i l l  obtaining the normal 7 
f ie ld  reversals . Obviously, these alternatives improve the 
versa t i l i ty  of the system as compared t o  the 60 Hz A-C. de- 
perm. The selection of sequences which include fewer or more 
f i e ld  reversals could be varied from t e s t  item t o  test item 
as  necessary. Actual resul ts  which were obtained for various 
rotation and sweep rates ,  the corresponding n&er of f u l l  
wave f i e ld  reversals and the related increments of f i e l d  
magnitude between each cycle a re  presented in  Table f If, The 
data ver i f ies  the f ac t  tha t  l i t t l e  is t o  be gained from the 
efficiency standpoint by prolonging the deperm sequence unless 
there is a mechanical or other limitation on the r a t e  of 
rotation. 

TABLE 111 
D .C . Rotation Deperm Sequence (50 Gauss 'Field ~agni tude)  

*Total time required 6-2/3 minutes (identical t o  D,C, 
pulse deperm) 

Assembly 
Rotation 

Speed 
(rp~n) 

1 
2 

11 
1 
5 
7 
11 

**Total time required 40 seconds (normal A . C .  deperrn 
<10 seconds) 

Power suppiy 
Sweep Drive 

Speed 
(rpm) 

l*  
3, 
1 

1-0" * 
10 
10 
10 

NO. of F U L ~  
Wave Field 
Reversals 

(shots) 
7 

14 
- 75 

41 
3 
5 
7 

Approximate 
Field Incre- 
ment between 
shots (gauss) 

8 
4 
1 

50 
14 
10 

7 .  

*.- 

Percent 
Deperm 

Achieved 
97.5 
97.6 
97.7 

0 
95.4 
97 05 
97.5 



CONCLUSIONS AND RECOMMENDATIONS 

The demagnetization t e s t s  which were performed 
indicated t h e  following: 

1. Demagnetization with a pulsing D.C. f i e l d  is the  l e a s t  
e f fec t ive  of a l l  t h ree  methods. 

2. Rotation of the  object  is  des i rable  when an e a r t h ' s  
f i e l d  deperm is attempted. 

3. Although the  r e s u l t s  tend t o  favor t h e  D.C. ro t a t ion  
deperm over the  60 Hz A.C., e f f ec t ive  demagnetization 
of spacecraf t  subassemblies could be achieved by 
e i t h e r  method. When e igh t  IMP or  OGO spacecraft  
assemblies were demagnetized by both methods t h e  
maximum and minimum percentages of e f fec t ive  deperm 
were as  follows: 

A.C, = 99 and 45 

D.C. ro ta t ion  = 99 and 46 

I n  view of the  favorable deperm r e s u l t s  obtained with 
the  D.C. ro t a t ion  method and espec ia l ly  because of the  
advantages of such a system, i.e., var iable  frequency r a t e s ,  
reduction of eddy current  and r i s e  time e f f e c t s ,  and elimina- 
t i o n  of c i r c u i t  breaking, it i s  recommended t h a t  t h i s  
method be u t i l i z e d  i n  the  demagnetization of spacecraft .  
Generation of non-alternating D.C. f i e l d  presents no 
d i f f i c u l t y  and with the  present ly avai lab le  Helmholtz c o i l s  
and turn tables ,  the D.C. ro ta t ion  method could be employed 
i n  the  demagnetization of the  IMP or ISIS spacecraft  i n  a 
f a c i l i t y  such a s  the  ACTF. 
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ABSTRACT: This paper sunmvlrizes the  ' resul ts  of an 
investigation of the  mgnet ic  propertiee o f  selected 
spacecraft materials.  Experimental measurements 
describing the  e f f e c t s  of magnetic f i e l d  exposure, 
shock, v i t r a t i o n ,  and temperature on t h e  iaduced 
and fernanent dipole moment of Kovar, D w t ,  Invar, 
Nickel, 3d,m, klOSS, and 416SS rod specimens a r e  
presented. Analysis of the  data  indicates  t h a t  
temperatures of 77' K t o  390° K, shock t o  50 g, 
and vibrat ion t o  25 g produce negligible e f f e c t s  
on dipole m m n t  f o r  specimens having length-to- 
diameter r a t i o s  of 5.5. The r e i e n t  and induced 

W mente of rod samples having length-to-diameter 
t i o s  of 40 o r  l e s s  a r e  l i n e a r l y  related t o  mg- 

netizing forces l e s s  than 25 oersteds. By mean% of 
the  data  provided, predictions of the  dipole mment 
can be made f o r  these materials i f  the  a l loy ,  
demagnetization factor ,  magnetizing f i e l d  , volume, 
and length-to-diameter r a t i o  a r e  known. 

Nomenclature 

B magnetic induction (B,, residual induction; 
Firs, re tent ivi ty;  Bs, satumtion Induction) 

D diameter 

H q n e t i z i n g  force,  magnetic f i e l d  strength 
(&, applied f ie ld;  Hc, coercive force; 
Hcs, coercivity) 

I in tens i ty  of mgnet izat ion 

L length 

M mgnet ic  moment 

m length t o  diameter r a t i o  

N demgnetizing fac tor  

R measurement range 

v volume 

p permeability, normal. 

permeability, apparent 

Wesear~h  S c i e n t i s t ,  Ames Research Center, NABA, 
Mof f e t t  Field, California 94035. 

Introduction 

Recent emphasis on the  sy6t.emtic exploration of 
the  boundary of the  Earth's megnetosphere and beyond 
has served t o  s e t  s t r i c t  l imitat ions on the mgnitude 
of magnetic f i e l d s  prodwed by the  spacecraft.  To 
assure that spacecraft f i e l d s  do not degrade the 
accuracy of t h e  f l i g h t  mgnetometers, maximum f i e l d  
i n t e n s i t i e s  of 1 nanotesla ( 1  gamma) a r e  being 
specified f o r  the  complete spacecraft. This speci- 
f i ca t ion  is re la ted  t o  current f l i g h t  magnetometer 
s e n s i t i v i t y  of 0.1 nanoteela and the 4 t o  10 nano- 
t e s l a  quiescent l eve l  of the  interplanetary magnetic 
f i e l d .  A s  l i s t e d  i n  Table 1, the f i e l d s  of pre- 
viously flown spacecraft (11, which were of suff i- 
cient  in te res t  t o  be reported, range from 
approximtely 0.2 t o  58.8 nanotesla a t  a range of 
2 meters (nominal sensor loca t ion) .  Design of 
spacecraft coq ly ing  with 1 nanotesla, o r  Less, 
require close a t t en t ion  t o  the  mgnet ic  properties 
of a l l  materials used i n  fabrication. 

Although achievement of a low-moment spacecraft 
design would be realized by elimtnation of a l l  
ferromagnetic materials., a large percentage of elec- 
t ronic  par t s  stil l  contain magnetic materials. 
Therefore, it is  extremely useful t o  know the may- 
ne t ic  properties of these essen t ia l  components t o  
provide a bas i s  f o r  design and prediction of 
spacecraf t f ie lds .  

Much information on the  types of m t e r i a l s  used 
i n  the  design of conventional magnetic c i r c u i t s  may 
be found i n  t h e  l i t e r a t u r e .  The magnetic properties 
of the  m t e r i a l s  studied i n  t h i s  report a re  inci- 
dental  t o  t h e i r  application, and consequently, 
l i t t l e  o r  no informtion can be found on t h e i r  per- 
t inen t  lnagnetic properties. Experimental measure- 
ments have been made t o  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 i n  t h i s  
report ,  it is possible t o  make e s t i w t e s  of the 
mgnet ic  moments of spacecraft components. 

Basic Relationships i n  Ferromgnetism 

There a r e  two basic mgnet ic  q r -n t i t i es  and an 
arbikr8ry constant frora which a l l  other mgrietic 
quant i t ies  a r e  derived (2) .  They a re  magnetic 
induction, B, mgnetizing force, H ,  and permeabil- 
i t y ,  po. Msgnetic induction is the quantity mea- 
sured by the machanical force experlanced by a 
current-carrying conductor in a magnetic f i e l d .  
The masure of  the  a b i l i t y  of an e l e c t r i c  current 
t o  produce magnetic inductton a t  a given point is 
cal led the magnetizing force, H. Permeability is 
the  r a t i o  of the  magnetic induction t o  the 



corresponding mgnetizing force. !he vrrlu; aaeigned 
t o  the p e m a b i l i t y  of free space, (r , determines 
the system of units and 16 equal t o  8n X hen- 
r i e s  per meter in the MKS system and t o  w i t y  In  
the c.g.8.-e.m.u. system used in t h i s  report. 

With the definitions of B, H, and p, a dynamic 
se t  of characteristics may be defined. I f  a 
demagnetized closed ring specimen is subjected t o  
increasing values of H, there i s  a corresponding 
but nonlinear increase in B. This effect  is i l lus-  
trated in Fig. I, and i s  called the normal induc- 
t ion or virgin magnetization curve. The hysteresis 
of the mrterial is characterized by the par t ia l  
retention of the induction when H is reduced t o  
zero. If  the material were previously magnetized 
t o  saturation, the induction retained i s  called the 
retentivity, Brs; for lower exposure levels, the 
term residual induction i s  used. The negative 
magnetizing force a t  which Br becomes zero is 
called the coercive force, Hc, and the moment at 
which %, becomes zero is called the coercivity, 
Hnc . -- 

Magnetic induction i s  mde up of twc components: 
one induced in the space occupied by the specimen 
(H) and the other duf! t o  the in t r ins ic  magietiza- 
- . , c ~  of the specimen (4111). That i s  

and f is the intensity of mgnetization ( 3 ) .  
Equation (1) is sometimes called the m~gnetic equa- 
t ion of s ta te  because it describes the behavior of 
ferromagnetic media in a magnetic f ie ld .  

These equations assume homogeneity in the mg- 
netic circuit  typified by tor ro i fp l  core struc- 
tures. However, spacecraft, magnetic material 
shapes can often be approximated by slender cylin- 
ders. The relat ively high reluctance of space as 
compared t o  tha t  of the m t e r i a l  causes the net 
mgnetizing force inside the rod t o  be l e s s  than 
the applied f ie ld .  Classically t h i s  dimunition is 
attributed t o  the formation of f ic t i t ious  poles a t  
the ends of the rod. As a result ,  the hysteresis 
curve for the rod specimen appears t o  be sheared in 
comparison with the hysteresis curve of closed rinys 
as  shown in  Fig. 1. 

For rod specimens (4) the equation of s ta te  is 

or the equivalent 

Where is the v e t i z i n g  f ie ld  acting on the 
middle of the rod, Ho the applied f ie ld  equal t o  
that  tJhich would exist  if the specimen were removed 
and B the flux density measured a t  the nlddle of 
the rod. N represents the demagnetizing factor t o  
a c c o d a t e  for speclimen shape with a f in i t e - l e s th  
t o  diameter r a t io  (m). It i s  assumed that  H, B, 
and are parallel  t o  &, and uniform throughout 
the specimen, which permits the vector notation t o  
be discarded. 

The normal permeability of a ferroma&netic mate- 
r i a l  is  defined a s  )6- = B/H measured on a closed 
loop specimen. The magnetic induction is measured 
for known values of 8, and p is calculated. For 
a cylindrical specimen made fromthe same material 
the effective permeability ( p t )  is l e s s  and may be 
defined by 

Substituting (3)  and the definition of nard per- 
meability into equation (2) yields 

For known value6 of KO, N ,  and p the induction B 
may be calculated from equation (3) . Substituting 
equation (4) into (2) yields 

The intensity of mgnetization is obtained by sub- 
s t i t u t w  (3) in% (1) and 

!the magnetic moment, M, of a body is equal t o  the 
volume integral of the vector, I, and for  rods, 
assuming M is parallel  t o  L i s  

After calculating the magnetic moment of the rod, 
the magnetic f ie lds  can he cal.culated a t  any range 
wing the dipole approxihation. The on axis f ie ld  
of a magnetic dipole is given by 

where R i s  the distance fromthe geometric center 
of the spe-imen t o  the point of measurement. There- 
fore, the external magnetic f ie ld  produced by cylin- 
drical  shaped spechens can be calculated i f  the 
permeability, megnetizing force, end the length-to- 
dismeter ra t io  i s  known. However, because of the 
shpl i fy ing e ?sumptionS , experimental measurements 
are relied :pan t o  determine the curve relating 
permeabilit) t o  the intensity of magnetization and 
t o  find the curves for residual induct ion and 
coercive f crce . 
Materials Selection 

Seven ferromagnetic materials commonly used for 
spacecraft electronic or structural purposes were 
selected for  t h i s  study. These materials and their  
uses are l i s t ed  in Table 2. The purity and some 
properties of these mte r i a l s ,  shown in Table 3 ,  
were verified by independent measurement. The 
geometrical shapes of the specimens studied are 
l i s ted  in Table 4. 

mer imenta l  Apparatus 

The msgnetic f ie ld  me~surements of the specimens 
were made in the Ames Researoh Center 12-foot coi l  
f ac i l i t y  ( 5 ) .  The Earth's magnetic f ie ld  was can- 
celed t o  eliminate induoed moments in the specimens 
during residual, induction measurements. High field 



intensities were genierated uslag a mdt i turn  coif 
approxiantely 10 c~ 10% and 10 cm i n  dianreter 
-3ich produced fie&ds &om zero tc 400 gem6 mi- 
form to 2356 over %he vo3.w of the ~peCben6- The 
low f ieM intensities vere generated usSng a sole- 
m i d  6l cm in Length and having a bore approu- 
mate1y 15 c n  i n  d i m t e r .  %c mgnetic f l e ld  
iatensit ies of the specanens werc swswed viM a 
f3.wgate iuagnetoaete+ seas%cive to 0-2 g&mm. 

Experimental Procedure 

4he m e t i c  bductXon tests were p e r Z o d  on 
i~ ;mgset iz& S p c ~ n S .  Tbe s t ray  fields of the  
coil were corspensaced using circuitry bu i l t  into 
Ule ~&gr~etmeter A f C r  plecing the specLmen6 in  
the =energized m a ,  the current. uas aajuste3 to 
provide a preselected mgnetizrslg lDorce a d  the  
ressdting fieW intens4ty wasured by m e  w e -  
tseretes, was recorded. fhe specinrep1 d&s then onth- 
dram and d e q n e t i z e a  in prepretion fo r  the next 
hQher exposure level. 

me proceaures used for the resfdual sa.gixet%c 
induct50~ aneasuremznts were s-f to the tests 
for q n e t s e  iewtion. %e izepemkd specjxens 
were p l a c e  i n  the cofl an& exposed Eo a 9mok1 sag- 
a&lziq Porce. After Zhe coil. was de-energzzd, 
Ule sesidual aegnetie fXe3.a~ 05 the  specimens arere 
sleasured us- the xqaetoxeter under zero &Lent 
fxela ~ n a i t i w s .  

()ocrcIve i3e easurerPents %re &e after zach 
specS.wn had been exposed to a &om magnetizing 
force. m e  resT&wl magnetic Wuction was brought 
t,o zero by gm3y5ng R -1i- l~agaetizing force in  
'&P dhect ion opposite %o the initial e m s u r e .  
V a l u e s  &r the Utial exposure and for the revers& 
exposure which reduced the residual Wduction tc 
zero were recorded. Conventional cwrcive force 
aeasureizzn%s a r e  l rad~ duxZng application of a mag- 
netizing force uh%& reduces the indt~ction t o  zero- 
Bowever, for these st-dies, momentary exposures 
were used t o  realist ically s i d a t e  the exposures 
received by spacecraft. 

Vibration ard Shock Effects Measurements 

VibraCion stresses were induced into the speci- 
meas usSne, a M.B. ~ e c t r o n i c s  W e 1  275QHEJ -1%- 
f i e s  with a Model Cll-I) calibrator/exciter system. 
'141e accelerometer used to monitor the g levels 
was a Columbia zodel 504-3 with a Mode1 602 Dial-A- 
Gail amplifier. The drive unit was s e t  up at a 
remte  location t o  avoid w n e t i c  interference. A 
nylon shaker fixture which held the specimens was 
connected horizcntally t o  the exciter system via a 
182 ern (6 f t )  thin-walled a?.uminus push rod, 1.5 cm 
i n  diameter. Dead h a d  deflection of the push rod 
was reduced by use of a two point susgension near 
Its center. The natural resonant frequency of Lhe 
rod and fixture was determined t o  be outside the  
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vitrat ion frequency barrd of interest .  An accelers- 
.ion level  of 25 8 uas induced in  the samples over 
a frequency range of from zero to 2000 Hertz for a 
period of time llot exceeding 300 seconds t o  sloldate 
the  launch envirourant. The specitnens were first 
vibrate& whlle in a 25 oerstea magnetizing force t o  
determine the induced itwent effects and then 
vibrnted a f t e r  a Wmentary exposure to a 25 oersted 
iasgnett,zLng mrce t o  determine residual momnt 
effects. 

Tlle s p e c ~ n s  vere subjected to shock stresses 
by dropping the spec-ns on a hard surface from at1 
elevation of approximtely 30 ccm t o  obtain a shock 
level  of approximately 50 g. Shock tes ts  were per- 
Formed on the  spechens a f t e r  they were subJected 
t o  e aagnetizing h - c e  of 23 oersted to  determine 
if the residual ?&gnetic induction would change. 

Srctperature Fffects Measurements 

The influence of t eee ra tu re  on 8, s tabi l i ty  
uas deternrined by exposing speclnens to a 100 gauss 
trragnetizing force and then varying the temperature. 
:~r~asureerents of the nragnetic fi-.&"r f ~ t e s s i t y  were 
si'f: on specimms at 5300 K a~j. 770 K .  

Error Analysis 

a-3 e s t h t e d  error in the calculated induction 
f ie ld  vdtues is 1100%- The error is attributed to  
the  fo3louhg: (a) variations in  properties result- 
mg from c o q s i t i @ n  o r  process@ and (b) nonuni- 
form zegnetfzation Zntenslty over the entire 
c y l W r i c a l  shape. %be estimated uncertainty of the 
calcdatfta values vf regnetic n o m ~ t  obtained from 
raeasureaerits of the ekzernal f ie ld  is considered t o  
be l e s s  than 5f& hcl&Lng random and system%ic 
errors. 

Teqerature masurement uncertainties of 1 5 ~  K 
st the elevated tenaperatwe ana P K ~t the lo% tem- 
pereture resdZed prWarily from the inabil i ty t o  
attach *Aermcouples directly t o  the speciarens. 

Zxperh.wntdF Results 

Phe sa ter ia ls  t e s a  can be divided inte two 
types according t o  applicatian: %e C:rst type, 
consisting of Kovar, Invar, &met ,  a ~ d  Nickel, ie 
used in the manuPact.ure of electronic parts: and is 
presented together in the graphs. secvnd type, 
eons l s t ig  of 416, 410, and 304 stainless s tee l ,  i s  
used in  the  mariufacture cf structures and hsteners 
imd is similarly groused. 

Induction hroperties 

The induction moments of seven different mite- 
rials were obtained fop various length to  diameter 
rat ios a s  a function of magnetizing force. Also, 
the induction m w n t  of Kovar vas measured a s  a 
functton of length t o  diameter ra t io  at one level  
of w e t i z i n g  force. 

The induction moments of Kovar, Xnvar, and Dumet 
are  shorn in  Fig. 2. lhe Kovar and Iavar samples, 
tested in configuration A (m = 5.5) ex!!ibit a very 
l inear response t o  w n e t i z i n g  farces less  than 
100 oersteds. However, the Kovar and D m t  samples 
i n  configuration B (m = M), show a tendency ts 
s~Gurate a+ the 160 oersted Level. The tes t  
results  on the 416SS, 410SS, 30&S, aad Nickvl 
samples in confSguration A did not tend t o  saturate 



as  the  mgnetirsing force approached the 
100 oersted level. Figure 3 i l lus t ra tes  typic& 
data a s  a function of m n e t i z i n g  force. The 
410% and 4 1 6 s  data are  plotted a s  one c w e  
because thei r  characteristics are very smlar, 
see Table 2. 

'Ihe effect of m on the induced moment of 
Kovm samples tested in  configurations B tWough L 
a t  a magnetizing force level  of 1 oersted is 
shom i n  Fig. 4, and l i s t ed  i n  Table 13. The low 
level  of mgnetizing force was chosen t o  assure 
tha t  the specimen would not saturate in  configura- 
t ion  L (m = 240). However, the theoretical induced 
moment curve does show a tendency t o  saturation a t  
high m values. The results  of t h i s  t e s t  i l lus-  
t r a t e  a very important design consideration. That 
is, i f  a long piece of magnetic lead material uere 
reduced in length, by an order of magnitude, t he  
induce& mrment of the lead would be diminished by 
approximtely two orders of ~ n i t d e .  Reducing 
the  m value is then an effective raethd of 
reducing induced moment. 

Residual Induction Properties 

The residual induction moments of all the mate- 
rids are shown in Figs. 5 and 6, and list& in 
Tables 5 through 12. The results  shown i n  Pig. 5 
indicate that  the residual induced nw-nt of Kovar 
and Ihunet with high values of m(40) approach 
saturation a t  relat ively lou levels of mgnetizing 
force. In fact ,  it could be inferred that  they 
w i l l  saturate very close t o  the 30 oersted level. 
It appears tha t  the knee of the h t  curve is 

-closer t o  the 20 oersted level. The Kovar and 
Invar samples with mls of 5.5 show linear charac- 
t e r i s t i c s  over the mgnetizing force range with 
only sl ight  tendencies t o  saturate. Curves simi- 
lar in shape t o  the Kovar and Invar, m = 5.5 , were 
obtained for  Nickel, 41655 and 410SS ae shom in  
Fig.  6. A general comparison of Figs. 5 and 6 
indicate that all of the materials except 304SS 
are  equally magnetic. Since 30kSS is an austen- 
i t i c  stainless, it should exhibit lower 
magnetizations. 

Coercive Force Properties 

a f t e r  a maaentary exposure of 25 oersteds. The 
results  of those t e s t s  M i c a t e  that  mechanical 
effects on the mgnetic properties of specimens w i t h  
m = 5.5 are  negligible ( less tken 3%) for magnetiz- 
ing f ie lds  of 25 oersteds. 

Temperature Effects on Properties 

The samples in configuration-A uere subdected t o  
temperatures of 390° K and 770 K a f t e r  exposure t o  
a 29 oersted mgnet.izing force. at3 c21taLied u:th 
specimens a t  these temperatures s h o ~ d  a'negliglble 
change. 

Discussion 

Comparisons of exper-ntal data with values of 
induction moment calculated fo r  Kovar (6), Invar 
(71, Nickel (81, 4 1 6 s ~  (81, are shown in  Figs. 2 
and 3- 

Reasonably g o d  agreement is show for  all speci- 
mens a t  the high levels of magnetizing force because 
the permeability is becoming more nearly constant. 
Better agreement could be obtained if equation (3) 
were expanded t o  account fo r  the nonuniform inten- 
s i t y  of magnetization i n  cylindrical specimens. A 
closer approximition t o  B might be obtained by 
integrating B over the  length of the rod t o  find 
some average value correction factor. Bozarth (3) 
suggests the need for  "some kind of averaging." 
The figures indicate that  the experimental and theo- 
r e t i ca l  values agree within a factor which ranges 
from about 1.2 t o  2. 

No theoretical model was found which would per- 
m i t  accurate calculation of the residual induction 
moloent a s  a function of magnetizing force. An 
attempt was made t o  apply a hyper~olic Cemagnetiza- 
t ion  curve approximation based on permnent magnet 
materials t o  these specimens; however, the develop- 
ment proved invalid. In l i e u  of a mathematical 
model, one can use the residual induction moent 
data contained i n  th i s  report for  estimating the 
residual mment of parts. Recalling that  the 
induction B is always larger than the q, for a 
given exposure level, one may calculate a uorst 
case remnent moment uslng the equations for 
induct ion. 

The coercive force properties of all the con- 
figuration A materials except D i t ,  were obtained Conclusions 
a s  a fwction of w e t i z i n g  force. These results  
are shorn in  Fig. 7. The data i l lus t ra te  that  An analytical model of the induction moment of 
30QS is the only material exhibiting a l inear rod specimens, based on formulas available in  the 
response t o  magnetizing force over the range of l i terature,  was derived. Experimental verif ica- 
zero t o  100 oersteds. That i s ,  - fixed percentage t ion of the madel was accompLished by demonstrating 
of the pagnetizing force, if applied in the oppo- the influence of p e r m b i l i t y ,  denngnetization fac- 
s i t e  direction i n  the sample w i l l  always reduce tor ,  magnetizing force, and volume on the materials. 
the residual induction t o  a zero value. It should The model was found t o  give a reasonably accurate 
be noted that  a similar condition exists  for  the prediction of induction moment for specimens whose 
other materials a t  mcgnetizing forces l e s s  than length t o  diameter racio ranged from 5 t o  100. 
approxiuuitely 25 oersteds. Analysis of the inauction moment experimental data 

indicates the following: 
The calculated value of induction moment was 

Vibration and Shock Effects on Properties always larger than the experimental value. 
A l l  or ' the controU.ed expansion alloys studied 

The vibration and shock levels which were deter- have similar magnetic properties and their  induction 
mined from known level8 of the TlIOR DH.TAlauikch monients are approximately linear for mgnetizing 
environment, were inauced into the specimens i n  environments less  than 30 gauss. 
conffgpation A. The specimens were subjected to  The mrgnetic moment of a cylindrical specimen can 
vibration levels while in  a mgnetizing Pield of deorease t V 0  orders Of megnitule for a decrease in 
25 oergteds and again i n  zero ambient f ie ld  af ter  length t o  diemeter ra t io  of one order of mxgnitude. 
momentsry exposure a t  %fie same level. They were Efforts t o  develop an a d y t i c a l  model for calcu- 
subjected t o  shack stresses on the order of 50 g lating the coercive farce and the residual induction 
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moment were not successful. The experimental mca- 
surements covering the length-to-diameter ratios 
and the megnetic field exposure levels of interest 
in  spacecmft design support certain generaliza- 
tions: For any one material, the residual iaduc- 
tion moments are a t  least  an order of q n i t u l e  
less  than the induction moments for a given riag- 
netizing force. The residual induction m w n t  may 
be linear1y extrapolated t o  low field values for 
Dlagnetizing forces less  than 25 gauss. For proba- 
ble spacecraft exposure f ie ld  levels (1-10 gauss ) , 
there is l i t t l e  basis for distinguishing between 
the controlled expansion alloys on the basis of 
their  residual induction moments. 

'Ihe coercive force measurement data indicate 
that all of materials tested with a length t o  
diameter ra t io  of 5.5 are similar in thei r  
response t o  megnetieing forces of less  than 
10 gauss. In addition, the ra t io  of the coercive 
force t o  the w e t i z i n g  force tends t o  be a con- 
stant value of approximately 0.5 for the 10 gauss 
field level. 

Fromthe standpoint of material selection, 
there is apparently no basis for selecting Dmzt 
in  preference t o  Kovar from a +etic moment 
standpoint. 

The use of l inear extrapolation techniques t o  
estimate residual induction moment of specinb?ns 
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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TABU?. 1--Magnetic fields of some interplanetary spacecraft. 

Spacecraft Post 25 eaWa Demetizeda 
sate magnetizing force 

OCO-A (8) 4/15/64 146.8 58.8 
Explorer (8) m-C 7/30/64 15 -7 0.6 
Explorer XXI  (8) IMP-B 8/14/64 12.3 0 -5 
Pioneer VI 12/16/65 1.6 0.2 
Pioneer VII 8/17/66 1.5 0.2 

- 

a~pproximate measuremnt range, 2 meters. 

TABLE 2--Materials selected for stualy. 

Materials 
Nickel 
Kovar 

I)umet 
fnvw 
410 stainless steel  

416 stainless steel  
304 stainless steel  

Use 
Electronic components 
Electronic components 

Electronic components 
Electronic components 
Structural 

Structural 
Structural 

Comment - 
A standard lead mterial;  good weldability 
Controlled expansion alloy; useful lead mated 

rial - has coefficient of thermal expansion 
matching glass 

Standard lead mter ia l ,  good weldability 
Controlled expansion alloy 
General purpose stainless steel .  Excellent 

avsilabilityj good resietanoe t o  chelnicals 
and atmasphere 

Free niachining madification of type 410 
Low carbon modification of 3O2SS. Excellent 
atmosphere resistance and machinability 



TABLE 3--Chemical cilld physical properties of rod specimens. 

-- - - 
mj0r constituentfi, $ $ockwe11 . . 

k t e r i a l  ~ - -  Source b*ess cornmenti 
C C r  Fe N i  P S i  S Co B C 

Nickel 

Kovar 

Dumet 

Invar 

410SS 

41- 

304Ss 

Pacific Metals 

Westinghouse 
Blectrlc Co. 
General Rlec- 
t r i c  Company 
Carpenter 
s teel  
Carpenter 
s teel  
Ames Research 
Center Stock 
item 
Carpenter 
steel 

- ~ - - -  -- 

Cold drawl 
heat ~ N W A  
Heat #%0050 

Has copper 
sheath 
Cold dram 
heat #66719 
Cold dram 
heat #81&91 
Annealed 
grain size 
fmu #9 
Cold dram 
heat &78WI 

- -- -- 

*Principal constituent - remainder of percentage. 

TABLE &-Geometrical properties of rod specimens. 

Configuration 

A 
B 
C 
D 
B 
F 
G 
H 
I 
J 
K 
L 

Length, cm V O ~ ~ ,  
cubic cm 

TABLE 5--Results of nickel tests.  
[N/kn= 0.036, m = 5.4, V = 3.- cm] 

Magne- Field Field Induction Induction induction Csercive Residual 
tizing Normal intensity, intensity, moment, moment, force, 

nromeaty exper ien ta ,  force, theoretical, experimental, theoretical, exper-ntal, 
oersted abili ty gw 

8- gauss-cS gauss-cm3 gauss-c* oersted - 
0.5 t --- 14.7 --- 2.08 --- --- 
1.0 1OOO 54.9 27.8 7 -8 3 -9 O .O --- 
5 -0 'pO 271.8 324 .O 38 a 5  17.6 0.2 2.3 

10 .O 410 528 -1 280 .O 74.8 39-6 0 -7 --- 
15.0 287 770.4 420 .O 109 .l 59.5 1.8 7 -5 
20 .O 220 999.2 568 .O 141.5 80.4 3 -3 -t- 

25.0 180 1217.3 717 .O lp -4 101 -5 
--.. --- --- --- -.." 5 -2 Q.9 

35.0 10 .8 18.2 
100 .O % 3754.2 333-3 -0 531.5 469 .1 75 -0 42 -1 

Data unavailable. 



TABU 6--Resul~;s of Kovar tes ts .  
[ ~ / 4 n  = 0.036, m = 5.4, V = 3.6 CUP, R = 30.18 cm] 

kgne- Field Field Induction Residwtl Induction iduction Coercive 
tizing intensity, intensity, moment, mment , moment, force, 
force, gE:Y theoretical, experimataL, theoretical, axperi.ental, experimental, 
oersted 8- g- gauss-cm3 gauss-cmS exper-nta, gauss-c6 oersted 

!CABLE 7--Resat6 of Kovar tests.  
[~ /bn  = 0 -0018, m = 40, V = 0.064 cm] 

TABLE 8--~esults of Dumet tests. 
[N/~x = 0.0018, m = 40, V = 0.064 CUP, R = 30.48 cm] 

0 -5 * --- 2.7 --- 0.4 --- --- 
1 .o * --- 5 -1 --- 0 -7 0 -0 --- 
5 -0 --- 30 .o --- 4.2 o .8 --- 

10 .O * --- 68 .O --- 9.6 3 -0 --- 
15 -0 t --- 98 -5 --- 13.9 5 *1 --- 
20 -0 * --- 174 .0 --- 18.9 6.6 --- 
25 .o t --- 163 .o --- 23 -1 7 -6 --- 
35 .0 * --- ..-- --- --- 5.1 --- 
100 .O t --- 370 so --- 52 -4 9 "8 --- 

TABIS 9--Results of Invar tes+,s. 
[~ /4n  = 0.036, m = 5.4, V = 3.6 c 9 ,  R = 30.48 cm] 

0 -5 
1 .o 85 
5 -0 500 

10 .o 610 
15.0 470t 
20.0 k00f 
25.0 300t 
35 .o * 

100 .o * 
%ta unavailable. 
fExtrapolated. 



TABLg LO--Results of 4165s t e s t s  
[~ /4n  = 0.036, m = 5.4, V = 3.6 cm3, R = 30.48 clb] 

Magne- Field Field Induct ion lnduct inauction Coercive Residual 

Normal intensity, intensity, tiziR3 Pew- moment, moment, force, 
PIDment * experimental, force, ability theoretical, experimental, theoretical, experbental, exper*ntal, 

oersted g a  f3- gauss-cu? gauss-cnP gaws-cm3 oersted 

TABGG 11--Results of 41055 tes ts .  
[N/kn = 0.036, rn = 5.4, V = 3.6 c 6 ,  R = 30.48 cm] 

* Data unavailable. 

TABLE 13--Theoretical and experimental induction moments of Kovar a s  a function 
of L/D ra t io  I& = 1 oersted, p = 2000. 

Field Field Induct ion Induct ion 
(L/D) N/4rrMrrM0-5 Volume, Measureraent, intensity, intensity, mwnt ,  m0me111 , 

m CIS range-cm theoretical, experimental, theoretical, experimutlil, 
g- lz- gauss-CUP gauss-c1l 

- 

240 6.2 0.385 152.4 3 -1 1.7 54.6 30.1 
220 7.4 0.353 139.7 3.6 2 .O 48-9 27 ..! 
200 9.0 0.321 127.0 4.2 2 -0 43.3 20 .:I 
180 n . 0  0.289 n4.3 5 .O 2.6 37.7 19. 18 
160 14.0 0.257 101 -6 6 -1 3 -0 31 -9 15. I' 

140 18.0 0.225 88.9 7.5 4.7 26.3 l b . ~  
120 25.0 0.193 76.2 9.2 6.3 20.4 13." 
loo 36.0 0.161 63 -5 11.6 9 14.8 11 .t - 
e0 54.0 0.129 50.8 15 .o u . 2  9.8 7.3 
60 9 . 0  0,096 36.1 19.7 20.0 5.4 >.> 
40 180.0 0.064 25.4 27.1 --- 2.2 -- - 
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force. 
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STAB1I;fIPY m s m s  OF FLUXGATE MAGNETrnERS 

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

Interplanetary magnetic f ie lds  are of great in terest  t o  space scient is ts .  
Their in tensi t ies  are re la t ively low (of the order of t en  gamma, equivalent 
t o  gauss) compared t o  earth magnetic f ields,  implying tha t  measurements 
should be re l iable  t o  less than a fraction of a gamma uncertainty. Therefore 
considerable e f for t  has been expended by spacecrafi designers t o  provide a 
vehicle which is "magnetically clean", as  w e l l  as by magnetometer system 
desiSers t o  obtain an instrument t ha t  is accurate and stable. 

This paper has the purpose of describing s t ab i l i t y  measurements of the  
Ames fluxgate magnetometer (1) particularly i n  regard t o  effects of tem- 
perature changes. A brief description. w i l l  be given of the sensor for con- 
venient reference. The associated elec-bronics is described i n  Ref. 1. M 9 s t  
of the presentation w i l l  be concerned with the "offset", which can be defined 
a s  the indicated reading i n  a "zero" f ie ld;  alternatively, it i s  the algebraic 
mean of readings along a given axis taken i n  the zero and 18)-degree direc- 
t ions. 

Prime interest  is  the s t ab i l i t y  (or constancy) of the offset  under 
systematic variation of t e s t  conditions. Both the sensor and its associated 
electronics may contribute t o  the value o f t h e  offset; variation 09 the 
parameters tha t  affect  only the sensor or  only the electronics determines 
the re la t ive contribution of each t o  the offset .  

*NASA-Ames Research Center, Moffett Field, California 
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A fluxgate magnetometer u t i l i zes  the nonlinear B-H characterist ics of 
magnetic materials when driven into saturation. Many alternative configura- 
t ions are possible; the present arrangement consists basically of an iron 
core, exciting winding, sense winding, and feedback windbng. A s  shown in  
Fig. 1, the iron core has the shape of a flattened el l ipse  or  "race-track". 
The ampere-turns of the  exciting winding on each leg a id  the other so tha t  
the  magnetic f lux follows an essentially closed path within the iron core. 
A photograph of the iron core and exciting winding is shown i n  Fig. 2. 
Surrounding the iron core and its winding is the sense winding, shown i n  
Fig. 3.  I n  the absence of an ex%ernal magnetic f ie ld  no voltage would be 
induced i n  the sense winding of an "ideal" unit, because a f lux change i n  
one leg would be counterbalanced by the flux change i n  the  other leg. An 
ambient magnetic f ie ld  a l t e r s  the symmetry properties of the flux changes, 
thus producing a second harmonic i n  the sense winding whose amplitude is 
proportional t o  the component of the ambient magnetic f ie ld  along the axis 
of the sensor. A "feed6ack1' winding which is  similar t o  the sense winding 
is  added for c i rcu i t  response reasons. 

A simplified perspective drawing of the sensor is given i n  Fig. 4. A 
f'unctionalblock diagram of the  electronics system is shown i n  Fig. 5. I n  
Table 1 is given a summary of the  performance characteristics. 

The material used as the core of the sensor is 4-79 molybdenum permalloy 
tape having a width of 1/16 inch and thickness of 0.0005 inch. Three wraps 
of the tape are caref i l ly  wound on a ceramic core 1-3/4 inches long. The 
exciting winding consists of approximately 700 turns to ta l ,  divided equally 
between the two halves on the legs of the core. The exciting voltage is 
sinusoidal, 4.0 volts  peak-to-peak, 5 KC frequency; the  exciting current 
has the  waveform s&own on Pig. 6a, with a peak-to-peak' value of 180 m i l l i -  
amperes. The peak value produces a uagnetizing force approximately twenty 
times larger than tha t  necessary t o  saturate the core. The sense winding 
consists of about 3,000 turns, yielding a sensit ivity of approximately 25 
microvolts RMS per gamma a t  10 KC. The feedback winding consists of about 
700 turns, producing a feedback constant of 20 gamma per microampere. 

The induced voltage waveform i n  the core, obtained by a pickup loop 
surrounding one leg, is  shown i n  Fig. 6b (superimposed on waveforms of 
Fig. 6a). The induced voltage i n  the sense winding, for an essentially 
zero ambient magnetic f ield,  is shown i n  Fig. 6c, for  which each ver t ical  
division represents 0.2 volt, and each horizontal dlvision represents 50 
microseconds. 

Because the primary concern of t h i s  paper is the s t ab i l i t y  of the sensor, 
no description of the electronics w i l l  be given; the system is essentially 
tha t  described i n  Ref. 1. 















SENSOR P ~ F O ~ C F  CKARACmTSTICS 

Exc2tiag winding voltage 

Exciting winding current 

Scale factor 

Scale factor change with drive level 

ikedba-ck winding coil  s6mtant 

EWlf-resonant frequency of sense 
winafag 

Sense w3nang voltage 

Second harmonic feed-through 

Noise 

Weight 

Power 

Etnearity 

4.0 volts siausoidal, peak-to- 
Peak, 5 KC 

180 miUiamperes peak-to-peak 

Less than 20$ change for 2U$ 
change 9n drive voltage 

20 gamma per microamp 

Greater than 150 KC 

Less than 0.3 ~ 0 1 % ~  peak-to- 
peak, with secondary winding cables 
attached. 

Less than 1 gamma equivalent when 
the drive contains l m i l l i v o l t  
of second hamonfa 

Iess than 0.3 gamma peak-to-peak 
i n  the eegtlency band from d-c t o  
10 cps, measured POP 1 minute 

Approximately 2 inches long; and 
0.5 inch diameter 

25 grams, less  cable 

Approximately 40 milliwatts 

Wi-t;hfn $ l$ of readfng rebtzve 
t o  offset level 

FuU scale Plus or minus 100 gamg 



The low-fiela envirorunent for opt3mt;iog o$ %-be seneors is profiaed 
by .a Uf luc - t a~" t  eonstrne1;ed by Marshall hbora%or;ies, Mfi+l%-~.  A 
scbema%ic drawing is given iz Fig, 1, with labels t o  ZndZcate fhe glajor 
eamponents. The dimensions ana m%erials of the four closeB-end con- 
centric cylbdr9caleans are given ;in Table 2; the outer can is matie of 
s tee l  for stTuoturab rigitlity. The inner cans are matie of hi-gb-pmeability 
mu-metal for magnetic shieX&iEg; they am supported and spaoed from each 
other by f o a  ancl epoxy pJast%e. Access t o  the int;er5or is obtained by 
removal of the top cover9 whZch is an assGmbly of four separaCe slip-mer 
can Afasl 

Ff,VX-m BIME3lSEONB AND MA- 
. 

Cyllnaer Thickness Height Diameter 
rJ-mber - Material Qmhes - h ~ b e s  - fnches 

Mu-metal 0.050 26 8 
Mwae-taa o -050 2 7 4 8  C J - ~ / B  
Mu-metal o,OfO 32-7/8 1.4-~/8 
Steel 0 . 0  34 ~6 

A solemid coi l  for calibratfon is mounted concentrica3ly within the inner 
shleld. carG Lt is 24 inches longj 7 inches diamete~, having approx5mately 560 
turns; StB e05f constant lis 6.35 mLeroamperes per ganana. FrecSsion-regulated 
curmati POP the ~ b f l  is supplie8 by the Marshall Labaratories control unit 
ML 109-2, In  decade steas calibrated in gammas. 

!f!i&@erature Vari&fon wi%hin the flux-tank is ob%a5ned by circulation of 
a 5 ~  thF61@'h the interior. Heateti or ehf3led a i r  from an external source is 
pumpea ink0 -the mZ201a extending t;o the bo%tom porkton of' the flux--hank; 
m3tUriI a"lr is & 8 ~  Worn t;h% tiup part. Be a i r  temperatwe within the fl~9~-- 
%a& is obtained l ~ y  a mecm-in-glass thermometer, and also by measurement of 
the reszstance 03' a the-stor s~lspendetl about 5 enc'nes abdve the sensor. 
Resolation of temperatme'measuremeats is ap~~oxbnate3y O.1° C. 

Sensor cables aria +he&.&or leaas are brought out of the flux-tat& %hro~lg% 
a d o t  a t  t l e  top edge of the tank. The %urntable control shaft (see below) 
an8 tfse aW ~ % P B ~ &  pags 'tr~rough holes gn the lid. me soIeproda ~ozltl~eit-P021~ 
are built into %lie fI&-c'i  %bough the bottsm to  an external connector. 

The sensor being *t;es%ed Zs elmpea in a halder mounted on a %urntable 
having its plane of ro%ation paraUel %o %he a x f ~  of the f l u - t a a b  men 
the sensor; Z s  7ferbScaL, 59s axis so5ne3aes wt%h the 91m.f;anB ass. The 
twntable 1s rotate8 by means of a 20:L worn gear &~veh by -a harn& crank on 
a sham extending through the lZd assemB9gP; one f u l l  turn of the crank rotates 
%he sensor by 18 3egrees. Sn~Iex3.ng is prov9tltd by z tms-eoun%1!ng dial  a t  
the hancl crmRV 





A* a time tl, readings are taken a t  successive angular positxiom 
of the sensor axis spaced 18 degrees apart, for a fill 360-degree circle, 
as indicated i n  Fig. 8. 'Pkre t o t a l  of 29 readings is taken i n  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 h. 

Effec-b associated with the presence of the flux-tank which mtght 
a l t e r  the offset  values were investigated. Basically these include %he 
Bpace and time var5ations of the magnetic f i e ld  within the flux-tank, pro- 
duced by either internal or external eauses. FOY example, a magnetic f ie ld  
g2adienf; within tbe tank could proawe a pseudo-offset i f  the axis of ro- 
ta t ion  of the sensor did not coincide w i t h  its 'hagn&ic center." AS 
another example, i f  the residual magnetic fielawZth9n the tank changed 
timing the time required for taking data, the offset  would be correspond- 
h g l y  changed. Another effect could be eddy currents i n  the  walls, pro- 
&rice8 by the sensor magne%Sc fields, whleh depend o a t h e  angular position 
of the sensor axis, thereby yielding offsets tha t  are dependent on the 
axis angle. 

%e residual magnetic fie.Xd a t  %he center of the flux-tank, with the 
l i d  e3amped fn place and a set%ling-down i n t e r n 1  oP about fif%een minutes, 
is less than 10 gammas, a typical value is 3 gammas. A magnetiC f i e l d  
gradient at the same plaee is about 3 to 5 gammas ger inch. These values 
do not vmy by more than a f e w  preen% per hour duririg normal operatikig 
conditions. Of  course, the suaden alteration i n  the location of external 
magnetic ob$ects (such as  the ar r iva l  or departure of a truck outside the 
aboratory) is no-bed by a few gamma change within the tank. Temperature 
changes of' the tank a3fect the reS5dual field: with the tnside tempera- 
ture a t  0' C, the f i e ld  a t  the center of the flux-tank i s  aboW 6 gammas, 
at +bO C it is about zero gammas. 

Changes i n  the earth's magnetic field, or disturbances caused by 
external currents produce less  than 0.1 gamma change inside the flux-tank. 
An exploratory test t o  evduate  such effects was peTformed by placing a 
solenoid co i l  (11 inches long and 3.l inches i n  diameter) near the flwr 
tank; T t  was erlcrgfzed so as t o  produce a one-gauss magnetic f i e ld  a t  the 
surface of the flux-tank, t;hus simulating an approximate doubling of the 
earth's magnetic field.  W%th the axis of the external c o i l  perpendicular 
t o  the f1x.x-tank axis at 5% mfd-point, the offset  o f t h e  sensor changed 
by 0.05 g m a .  With %he external co i l  coaxial wi-t;h 'G& flux--tankl the 
offset  of the sensor ohanged by less than 0.05 gamma, The residual f i e ld  
within the flux-tank changed by less  than 0.5 g m a  for the perpend2cular 
case, and by about 2 g m a  for  the coaxial case. 

- 

Eddy currents i n  the tank walls aDpear t o  have negligible o s e c t  on 
%he offset ,  This was determzneh by measwing %he ~%%e-t; of a sensor for 
%es% conditions as follow: a copper pXa.t;e ( 4  fneIna.g $y 5 inches by 118 
inch %hick) was held on a movable non-magnetic support a t  ai&ances of' 3 





inches and 9 inches f'som the center of the sensor. Sensor offsets were 
taken for  these two positions of the  copper plate, and turned out t o  be 
identical. No change in  the residual f i e ld  was observed. 

Rotation of the sensor about its "magnetic center" is determined by 
values of the  offsets for  the axes tha t  are spaced 18 degrees apart. I f  
the offset  fo r  the  ver t ica l  axis is  appreciably different from tha t  for 
the horizontal axis, fo r  example, t h i s  is an indication tha t  the sensor is 
improperly centered i n  i ts  holder, Tests were performed t o  evaluate effects 
of positioning errors by deliberately moving the sensor i n  i ts  holder. Re- 
suLts a re  given i n  Table 3 ,  which lists the offset  values for  the  t en  axes, 
fo r  three positions of the  sensor i n  i ts  holder: a )  the nominal position, 
b) sensor displaced + 1/4 inch, c)  sensor displaced - 1/4 inch. 

Axis Angle ~ - Offset .in Gammas 

Nominal Position +1/4 inch -1/4 i n c h  

0 (ve&iiia;al) 
18 
36 
54 
72 
90 (Horizontal) 

so8 
126 
144 
162 
180 (vertical)  
Average Value : 

1% is clear f rom these data tha t  the location of the. sensor i n  its 
holder is impo.rkan%; however, averaging the of fse t s  for  the 10 angles tends 
t o  compensate fo r  location erroys. The sensor ean be readily located i n  
its holder t o  within 1/32 inch. 

For the sVt;abibity t e s t s  t o  be described la ter ,  the sensor was not 
moved i n  Its holaer, and so offset  readings as a function of t i m e  were very 
l i t t le  affected by misaltgnment factors. O f  course the sensof waF adJusted 
as closely as  p0ssibJ.e t o  the proper position, such tha t  the offset  values 
were independent of the angular position of the axis. 

The time regu5red for taking the  data (twenty readings) was less  than 
two minutes. During t h i s  interval the residual f i e ld  and f i e ld  grodaent 
within the flux-tank changed a negligtble amom. 



?.t should be nclted tha t  the instrumentation provides a dlgi$al  
read-out. Noige i n  tl:e system l i m i t s  observation of the  value of the 
magnetic f i e ld  t o  a b o ~ t  0.1- g m a ,  although interpolation i s  possib&e 
t o  0.05 gamma. The pve:q< of 10 observations is thus obtained with 
an appro~imate r e1 i ab i l c . t~  L+ 0.01 gamma. 

I 

OFF@EZ DUF TO TAPE SICRE8S 

A br ief  investigation of the  effect  of tape s t r e s s  on the  value of 
the  offset  was made. A sensor was constructed on a ceramic core which 
was deliberately parted i n  the  middle, so tha t  the  tape cmld  be &retched 
by a cord attached t o  one par t  of the ceramic core, the other par t  being 
anchored. The sensor was mounted i n  a fixed position i n  the flux tank, 
with the cover i n  place. A nylon cord passed through a hole i n  the  cover, 
over a pulley, t o  a pan, which could be loaded with suitable weights. The 
sensor could not be rotated through 180 degrees, of course. The variation 
i n  the  indicated sensor reading as the pan weight load was mdi f i ed  i s  
interpreted as  the  variation 6~ the sensor offset .  The temperature was 
approximately constant. The resul ts  axe given i n  Fig. 9. This shows a 
definite gelation between the  offset  and the  s t ra in ,  although there is  no 
simple proportionality . A s  an order-of -magnitude relation, the offset  
was approximately 4 gamma f o r  a Censlon of 10,000 pounds per square inch 
on the  magnetic tape. The r e su l t  is not surprising, because magneto- 
s t r i c t i ve  effects  of magnetic materials are well known. 

These resu l t s  suggest tha t  changes of temperature, producing s t resses  
i n  the tape because of d i f fe ren t ia l  expansion or contraction, can produce 
variations i n  the  offset  of a sensor. 

OWSEZ DUE TO CIRCUIT VAR'3BL;ES 

For the  laboratory investigation of the cffset ,  various moflifications 
of the electronics c i rcu i t  .from the f l igh t  configuration were necessary, 
such as inseYrtion of meters and oseilloscopea, connection boxes, e t c .  These 
modifications i n  general produced an increase i n  the offset  of a given sensor, 
typically about 1/2 t o  1 gamma. Even switching instrument scale-ranges in- 
troduced ( i n  a sgecial  case) a s  much a s  several gamma offset .  

I n  or&*: t o  minimize offset  effects  of the  instrumentation, a "standard" 
set of circul% elements was selected. A l l  of the c i rcu i t s  remained energized 
continuously during the t e s t s .  A storage batGery was employed to  avoid l ine  
supply problems. 

With vmious preliminary inves%igations completed., ?he main problem was 
addressed: for  a given sensor i n  a $Lux-tank, and a given s e t  of eXec-t;ronics, 
how constant are the r~.adiags with time? 





AS desc~$bed p~avious&y, at t h e  9 readhags were taken every 18 
zbgrees, lror a fuD r n - d ~ g r ~ e  crrcle; the to ta l  of XI readings w a s  
taken in less %ha two mfnutxzs. TniBvidual offst s were thus obbfned 
for LO sxee, spaced 18 aegrees a m ,  and the average of $hew 10 values 
~ E ~ $ ~ S S E E ~ I ~ &  %h? ~-brs& mZ? %ble %& 4r. 

A5 t* &, sbilar rea.8Wgs weye w take^ by t;ke 6 w e  indivitlual, and 
ORr f ~ r  ti- Q, etco The %We intiervel 'between read ins  ranged 

$rm 92 laSinui;es %o 20 ain'~;t%m, 4epeatBrqg on Bow ragidlg %he or'fse*~ 
charigeb. 

me amat-%on of Ule %%ES v6, oms@% runs extentied %o as 1uch as three 
weeks for some semors. A% no %&e durfw %he was the power "2wned 
off, or mo~Zr"ieatlons mde Ss the setup. 

One efTec% be-e e%%cZeat"t qugte eas7,y: the of2set; resaings were 
$&ly sWble I r s  %he moPmZng, butr showed "spikes" abo& 0.5 gamma 35gl1, 
exkem3fn.g ever aeve~a3. bows, ZR %he asernoon. Several d%ernstive 
expia&%lo~~ w e r e  conslilered Zur .i;hLs ez%ct, suck as an increase in 
veMcda% trdffe 2x1 %he &%e~a.rooa, 02 cwrm%s, or gower -prob1ems, e%e. 
%one of %ks@ vas rvdeqaa%e or consfs'ten%- Teqbwa%wre varfat-ion was con- 
aideret3 as a p~ss&bl.Uty~ Prut be~attse the iacrease inte@pera%m=e in -the 
fIux-taaBvas only a 2ew degrees dmIng the afier~ocn, thfs  d5d not seem 
suf2ZcIe21-t to em8e dZf&?~entZa&-e~qa'nsZm sWafns (and magtletostric~ion 
eifec%s). Tkre  wss a reluc%ance to he& tihe flux-tank deliberately, 
beca~se of %be pss551lZ%y oZ fn%ro@ii.ciq a major variable. 

An em1e sf Ure i!S@e vs. s$Tset values is g i ~ e n  b Eg. 10; the 
%mperatwe afU1Pn the fkuxUX-tax& is also glotted, showfng an essen%ially 
constan% tempera%me (wfthf a 0-2 degree) in %he mornin& followed by a 
ore-degree 5rmre;i.se In ictne afizeznoon. 'Phe os"?set is seen t o  increase from 
0.1 gamma SB the morning t o  0.6 gcma In the afternwn. 

For the sane sensor ( ~ 5 )  a ~ d  e3ec%ron.ics configuration, and witkz no 
changes 5n %he eqe~Srnen3x.3- conditfons, anoU1er t5me vs . offset graph 
3s shown fn Fiig. EL. Thfs shows an offse* beheen 0.4 and 0.5 gamma. 
The temperaZwe uZth&n the  flux-tank gas essentially cons%ant during .the 
en%Ire 6ay9 as closexy as could be read (0. z degree) ; such a constant 
temgerature w a s  for%%%itous. 

9he decisgomz was then made t o  heat the fhx-tank by ehe a i r  line, w%%h 
an af r flow pa-t;tem %ha% would avold dzrect heaeing of %be sensor. There 
were no other changes fa Ule test arrangement. 

The effec'c of a temperahare c'hange for the test sensor ( ~ 5 )  is shown 
5 Fig  . The terifperafxre was quike eo3neIt;ant in the morning, during 
wWcb tfme the offset was essen%iaX@- c0nstan.t; a% 0.7 ganana $allowing 
gh5ch the ai%wnoon .t;gmperatwle r i se  -,1.oduced an in~rease in  t;Be offse* 
tio abo& 1.1 gamma. The ne- Pllay the ofFse% was back to 0-7 gamma in *he 
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morning. As soon a s  the  temperature was deliberately changed, i n  t h i s  
case by cooling t h e  tank a i r ,  the t ime vs .~ -of f se t  curve showed jagged - - -  
spikes. The spikes were both posi t ive and negative, while the  temper~-  
t u r e  was changing i n  only one direct ion (from 20' C t o  -4' c ) .  A s  Fig. 
12  shows, the  spikes i n  t h i s  case were about 1 gamma i n  amplitu?.e, 
during time intesvals  of about 1 hour. 

The e f fec t  of a temperature increase i s  shown i n  Ffg. 13. The 
same sensor ( ~ 5 )  i n  t h e  same configuration was employed a s  f o r  the  pre- 
ceding tests. The temperature increased from -7" C t o  room temperature 
(about 21" C )  by room heat being conducted through t h e  tank walls, t h a t  
is, there was no p o s s i b i l i t y  of temperature reversals .  Despite the smooth 
increase i n  temperature, the  sensor displayed o f f se t s  t h a t  followed no 
par t icular  pat tern.  The time vs. of fse t  curve had jagged spikes nearly 
a gamma i n  amplstude, ranging from 0.6 gamma t o  nearly 2.6 gamma. 

Fig. 13 shows t h a t  when t h e  temperature change became more gradual, 
the spikes disappeared. However, the  o f f se t  showed a var ia t ion  from 
0.4 gamma i n  t h e  morning t o  about 1.0 gamma i n  the  afternoon, while the  
temperatme increased by about one degree C.  

Other sensors displayed much t h e  same character is t ics .  Fig. 14 
shows t h a t  for  sensor E7, a temperature change &om 22" C t o  40" C and 
back t o  room temperature produced an o f f se t  variat ion from -1.9 gamma 
t o  -1.2 gamma, including somexihat jagged spikes i n  t h e  time vs. offset  
curve. 

Confirmation that t h e  offse t  is produced by the  sensor was obtained 
by heating of t h e  electronics (using an infrared heat lamp). With the 
flux-tank maintained at room temperature there was no measurable change 
i n  offse t .  The conclusion seems jus t i f i ed  t h a t  t h e  "spikes1' i n  o f f se t  
a re  caused prllmarily by sensor temperature changes. 

Various experimental sensors were constructed with the  goal of mini- 
mizing temperature-produced magnetostrictive or  r e la ted  e f fec t s .  Some 
sensors were constructed w i t h  "cushions11 of e l a s t i c  material  a t  one or 
both ends. Other sensors had t e f lon  coating between layers of the  permalloy 
tape t o  prevent possible binding. A sensor was constructed with a beryllium 
core instead of t h e  ceramic bobbin, so a s  t o  match t h e  coeff ic ient  of ex- 
pansion of the tape.  These procedures reduced the  offse t  variat ions caused 
by temperature t o  some extent, but did not eliminate them en t i re ly .  Repre- 
sentatfve r e s u l t s  are  shown i n  Fig. 15 for  experimental sensor 1OB (heating 
above room temperature, folLoweC! by cooling). The var ia t ions  i n  offse t  
with time are  less violent than fo r  t h e  previous sensors; however, varia- 
t ions  of about one-half gama during severa l  hours occurred, 

For another experimental sensor, Figs. 1.6 and 17 show t h e  variat ion 
of o f f se t  with time fo r  the  respective s i tua t ions  of a )  heating above room 
temperature folkowed by cooling, and b) cooling below room temperature 
f'oFolLowed by heating. 

I n  Fig* 18, o f f se t  vs. time curves a re  given fo r  a sensor which was con- 
s t m c t e d  with great  case, by experienced personnel. An o f f se t  drif% of  nearly 
one gamma was observed i n  the  heating environment, 
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The data obtained so far  suggest t ha t  the "race-track1' sensor con- 
figuration may have basic d i f f icu l t ies  associated with i t s  construction. 
This goint of view is supported by t e s t s  of a "ring-core" sensor con- 
structed by M r .  Ban Gordon and h i s  associates a t  the Naval Ordnance 
Laboratory (2).  No description of t h e  ring-core sensor w i l l  be given 
here because it is described i n  another paper being presented at t h i s  
Symposium by M r .  Gordon. The offset  vs. time curves for a ring-core 
sensor are given i n  Figs. 19 and 20 ' for the respective si tuations of 
a)  heating above room temperature followed by cooling, and b) cooling 
below room temperature followed by heating. Results of repeti t ions of 
these same tests t o  check reproducibility are given i n  Figs. 21 and 22. 
It w i l l  be noted tha t  the excursions i n  offset  with time caused by the 
temperature changes are  considerably smaller than with the "race-track" 
sensors. 

PROSPlXT FOR THE FUTURE 

I n  order t o  obtain a magnetometer system whose precision and re- 
l iabi l ' ty  is 0.1 gamma or better, the  conclusion f2om the present in- 
vestigation is  tha t  multi-unit sensor assemblies should be designed and 
operated i n  eombinatiolls a s  follow: 

a. Two o r  more sensors operating i n  rapid sequence Fromthe 
same electronics. Because off set drifts Tor one sensor are independent 
of those for  the other, whereas external sig -3.s are  correlated 2n t i m e ,  
the occurrence of offset  drift;s can be identified. Thus, the ambient 
magnetic f i e ld  can be measured t o  within the noise o f t h e  system, o r  
about 0.1 Q-. 

b. Two or more sensors operating simultaneously, in  opposition, 
t o  yie ld  the magnetic f i e ld  gradient. Such measurements a re  a sensit ive 
method of measurement for loca l  magnetic f i e ld  sources, such as  spacecraft; 
current loops. For special  situations, t h i s  type of information would 
yield a first approximation t o  C u r l  B. 

c. For arrays having three, four, or more vertexes, with three- 
axis sensor units  a t  each vertex, combinations of electronics can yield 
simultaneous individual values, sums, differences, products, e t c  . , thus 
providing infomation regarding sensor drif'ts, magnetic f i e ld  gradients, 
Curl By energy density, and related quantities, 

(1) " ~ n  Tinproved Magnetometer fo r  Deep Space Use," by William J. Kerwin, 
Robert M. Munoz, and Ma John Prucha, SEEE/AI.AA National Aerospace 
Electronics Conference, Daybon, Ohib, 1964. 

(2) "A Highly Stable Fluxgate Magnetometer for  Space ExpLoration," by 
D. I. Gordon, R. 3. Lundsten, R. Ghiaroilo, and H. H. Helms. Paper t o  
be presented a t  t h i s  Symposium. 



APPENDIX - POSSIBLE FACTORS TNVOLVED IN  OF^^ 

For convenient referenoe, the following is a list of manufacturing 
operating parameters which i n  princ'2be can cause offsets i n  the range 
a fraction of a gamma or more. 

A. Variations i n  manufacture of sensors 

1. Different techniques by different workers 

2. Different sources of supply of components 

B. Manufacturing tolerances 

1. Non-symmetry i n  tape and location on bobbin halves 

2. Non-symmetry i n  number of turns and location on bobbin halves 

3. Non-symmetry i n  location of drive and sense windings 

4. Variations i n  tape winding tension 

5. Variations i n  potting procedures 

6. Variations i n  potting compound 

C. Magnetic tape history 

1. Composition 

2. Manufacturing and annealing 

3. Handling, bending, and cutt ing stresses 

4. Exposure t o  magnetic f ie lds  

D. Sensor history 

1. Shock and vibration 

2. Exposure t o  magnetic f ie lds  

4. Exposure t o  temperature excursions 

4. Annealing steps> i f  any 

E. 9mpurities 

1. Polishing of ceramic on wire brush 

2. Iron dust within or on sensor 



3. Fi le  or screwdriver deposits 

11. Impurities i n  potting compound 

F. Temperature ( sensor and/or electronics) 

G. Temperature ra te  of change (sensor and/or electronics) 

H. Temperature gradients (sensor and/or electronics) 

I. Strains within sensor due t o  temperature coeffictent of expansion 

3. Strains within sensor due t o  mounting or  handling 

K. Humidity (sensor and/or electronics) 

L. Effect of ends of sensor (remanent f i e l d  effects)  

M. Electronic factors 

1. Second harmonic i n  sensor drive feeding through t o  sense winding 

2. Second harmonic generated a t  "front end" of amplification chain, 
due t o  non-linearity of response; i.e., large-signal effect  of spikes i n  the 
sense winding voltage 

3. Interaction between feedback winding and sense winding 

4. Eddy currents due t o  unexpected loops, producing timing asymmetry 
effects 

5.  Effect of drive leve l  

N. Flux-tank problems and effects 

1. Magnetic f ie ld  gradients; axis of rotation of sensor not coin- 
ciding with its magnetic center 

2. Effect of removing and replacing cover, a l ter ing grae'ents 

3 .  Variable location of sensor i n  tank on snccess5ve tests 

4. Effect of angalar position of sensor i n  tank 

5.  Effect of walls of tank 

a. Eddy currents 

b. Sources of remanent magnetism 

c. Time variation of remanen* magnetism 



6 .  Temperature effects  on tank remanent magnetism 

7. Earth f i e ld  fluctuations 

8. Power ii:le and earth current magnetic f i e ld  variations 

9. Leon object motions near flux-tank (trucks outside, e tc .  ) 

0. Circuit variables 

1. Power supply voltage fluctuations 

2. Power supply second harmonics 

3. Lead lengths and I R  drop 

4. Insertion or removal of voltmef-ers and ammeters 

5. Instrument scale-range char.;$ s 

6. Insertion or removal of junction boxes 

7. Insertion or  removal of oscilloscopes 

8. Use of coupling loops for waveform sampling 

9. Plug contact effects: variable resistance and/or rect i f icat ion 

10. Faulty contacts within c i rcu i t  

11. Thermoelectric Loops 

12. Battery effects  i n  loops ( including perspirati  on on plug contacts) 

13. DC leakage in to  sense or feecl~ack windings 

14. Ground currents due t o  improper grounding or component fa i lure  

15. "cross-talk" between adjacent c i rcui ts  or experiments 

6 Switching transients (random phase energizing) 
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A HIGHLY STABLE FLUXGAT% MAGNETOMETER H)R SEACE EXPLORATION 

D, 1. Gordon, R. H. Lundsten, R. Chiarodo, H. H. H e l m s ,  Jr.* 

ABSTRACT 

A new f luxgate  minetometer,  highly s t a b l e  with time and tempera- 
ture ,  w a s  developed jo in t ly  by the  NASA Ames Research Center (ARC) and 
the Naval Ordnance Laboratory (NOL). Incorporating ARC e l ec t ron ic  c i r -  
cu i t ry  f o r  d r ive  and detect ion and an NOL ring-core a s  the magnetometer 
sensor, the new magnetometer now has a zero o f f s e t  l eve l  ad jus tab le  t o  
less than 0.1 gamma, which f luc tua t e s  less than a 0.1 gamma i n  24 hours 
a t  constant  temperature, and s h i f t s  l e s s  than 0.4 gamma when temperature 
is  sh i f t ed  from -300C t o  + 60W. Room temperature noise is  l e s s  than 
0.2 gamma peak-to-peak i n  the frequency band of 0-10 Hz. S t a b i l i t y  and 
noise measurements were made i n  the NOL superconducting sh ie ld  a s  well  
a s  i n  t he  ARC f l u x  tank. 

The e l ec t ron ic s ,  developed by ARC, suppl ies  fundamental dr ive  power 
with negl ig ib le  second harmonic content f o r  exc i t ing  t h e  f luxgate  
sensor. The detect ion channel. receives the output s igna l  from the  flux- 
ga te  core sense winding,' s e l e c t s  and amplif ies  only the second harmonic 
component, and demodulates t h i s  t o  provide an analog output voltage pro- 
port ional  t o  t he  f i e ld .  Negative feedback from demodulator t o  sensor i s  
used f o r  c i r c u i t  s t a b i l i t y  and sys tern l i nea r i t y .  

Core material for the highly s t ab l e  sensor i s  NOL developed and 
produced 6-81 Mo Permalloy tape, which is  wrapped on a one-inch diameter 
non-magnetic meta l l ic  bobbin, spot  welded and ' then annealed a t  high tem- 
perature i n  a dry hydrogen atmosphere. The ring-core d r ive  winding i s  
toro ida l  while i t s  sense and feedback windings a r e  solenoidal. 

KEY WORDS 

Magnetometer, f luxgate,  s t ab l e ,  space magnetic exploration, Naval 
Ordnance Labot'atozy, NOL, NASA, Ames Research Center, ARC, s t a b i l i t y ,  
Permal loy, ring-core, sensor 

* U, S ,  Naval Ordnance Laboratory, S i l v e r  Spring, Maryland 
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INTRODUCTION 

I n  view of the f a c t  t h a t  much about the  nature  and magnitudes of 
space magnetic f i e l d s  i s  unknown, i t  is necessary t ha t  f i e l d  measuring 
instruments have good reso lu t ion  and accuracy over a wide dynamic range, 
and t h a t  they maintain these c a p a b i l i t i e s  over long per iods of  time and 
with va r i a t i ons  i n  temperature. I n  p a r t i c u l a r ,  recent  experimenters 
have indicated t h a t  space magnetometers should have the  following 
c h a r a c t e r i s t i c s  : 

Resolution: * 0.2 gamma 

Long term s t a b i l i t y :  Dr i f t  less than a 0.2 ganima i n  
24-hour period a t  constant  temp. 

Operating temperature : -30°C t o  +65*C 

Temperature s e n s i t i v i t y  : Less than * 0.2 gamma change i n  
DC o f f s e t  due t o  temperature 
change 

Absolute n u l l  o f f s e t  i n  Less than 0.3 gamma 
zero f i e l d :  

This  paper d e s c r i w s  a highly s t a b l e  Eluxgate magnetometer whose 
performance exceeds the  cJove requirements. It cons i s t s  of  an e l ec -  
t r on i c s  package containing d r i v e r  and de tec t ion  channels, developed by 
the NASA Ames Research Center (ARC), and a ring-core Eluxgate sensor 
developed by the Naval Ordnance Laboratory (NOL). I t s  s t a b i l i t y  with 
time end temperature was measured a t  NOG with t h e  sensor i n  a super- 
conducting sh ie ld  (11, where static magnetic f i e l d s  a r e  less than 0.1 
gamma and s t a t i c  g rad ien ts  a r e  less than 0.1 gamma per  inch and where 
at tenuat ion t o  a-c f i e l d s  i s  -lo6. Measurements have a l s o  been made 
using a f l u x  tank (2)  a t  ARC. 

I n  i t s  present  s t a t e  of development t h i s  magnetometer has a zero 
o f f s e t  which can be adjusted t o  less than 0.1 gamma and which 
f l uc tua t e s  less than * 0.1 gamma i n  24 hours a t  constant temperature. 
I t  a l s o  s h i f t s  less than 0.4 gamma in  the  temperature range from -30% 
t o  + :-600C.' Room temperature noise  is less than 0.2 gamma peak- to-peak 
i n  the'-frequency band o f  0-10 Hz. 

ELECTRONICS 

The e l ec t ron i c s  system used with the NOL ring-core sensors was 
developed by ARC and i s  described i n  d e t a i l  elsewhere (31 ,  (4). The 
system provides a 5 kHz* s i n e  wave d r ive  f o r  the  sensor Corn and 
de tec t s  the second harmonic output which is  the predominant s igna l  
developed f o r  an applied d-c fie.1d. 

* Nominal d r ive  frequency 
236 



The c i r c u i t  cons is t s  of  master o s c i l l a t o r ,  b inar ies ,  d r i v e  
amplif iers ,  s i gna l  ampl i f ie rs ,  demodulator and associated f i l t e r s .  

A c r y s t a l  cont ro l led  master o s c i l l a t o r  provides a s t a b l e  20 kHz 
square wave from which the sensor d r ive  and de t ec to r  reference s igna l s  
a r e  derived. Two binary c i r c u i t s  a r e  used t o  d iv ide  the 20 kHz 
o s c i l l a t o r  s igna l  i n to  10 kHz and 5 kHz square waves, The 10 kHz signal. 
from the f i r s t  binary i s  fed t o  a delay mul t iv ibra tor  and then t o  the 
second binary. The mult ivibrator  provides a time delay f o r  synchroniz- 
ing t he  magnetometer sy s tem. 

The 5 kHz square wave output  from the second binary contains  about 
0.17. second harmonic which must be reduced before i t  can be used t o  
dr ive  the sensor core. This reduction i s  accomplished by using a fou r th  
order  band pass f i l t e r  which produces a s i n e  wave with less than 0.0029, 
second harmonic d i s to r t i on .  This s igna l  serves  as the  input  f o r  a low 
impedance ampl i f ie r  which provides the  s ine  wave vol tage d r ive  f o r  the 
sensor core.  

The s igna l  output from the  sensor due t o  the  ex te rna l  f i e l d  is  
preamplif i ed  by a low d i s t o r t i o n  emi t te r  follower. This  amplified 
s igna l  contains ,  besides the second harnonic (10 kHz) due t o  t he  de- 
tec ted  f i e l d ,  a la rge  fundamental component ( 5  kHz) due t o  feedthrough 
from the  d r ive  t o  secondary windings. There a r e  a l s o  present  t h i r d  and 
f i f t h  harmonics of  similar magnitude a s  wal l  as other odd harmonics. 
Xn order t o  e l iminate  these odd harmonica the  octput  from the  pre- 
amplif ier  i s  f i l t e r e d  by a 2.5 kHz !&d pass  f i l t e r  a t  10 kHz with 70 dB 
at tenuat ion a t  5 and 15 kHz. 

- ~ h = -  f i l 6 r e d  s igna l  i s  fu r the r  amplifiecl. >y a sggnal ampl i f ie r  with 
a 5: l  sensor feed3ack r a t i o  and a voltage gain of 70 dB. The amplified 
s igna l  is  converted i n t o  a low frequency analog sigr?=. ' between dc and 
approximately 100 Hz by a demodulator c i r c u i t .  A f r ,  .:ion of the  de- 
modulator output  voltage is  fed back t o  a s e t  of windings on t h e  sensor 
core  i n  such a phase a s  t o  cancel . p a r t  of the  f i e l d  seen by the sensor. 
This feedback i s  used t o  increase the system's l i n e a r i t y  f o r  l a rge  
ranges of f i e l d ,  and t o  increase s t a b i l i t y  a ~ a i n s t  voltage changes in  
the system. 

SENSOR 

The sensor i s  of ringmeore construct ion,  with the  d r i v e  windings 
wound in  to ro ida l  fashion on the  r ing,  See Figure la. Sense and feed- 
back windings a r e  wound a s  solenoids on a f i be rg l a s s - f i l l ed  epoxy bobbin 
of rectangular  cross-section, as shown i n  Figure LC, The assembled 
sensor i s  shown i n  Figure 2, The use of a closed =ing-core ins tead  of 
two p a r a l l e l  open cores was f i r s t  d ~ a o n s t r a t e d  by ~ e y g e r  (51, The 
primary advantages of  closed core sensors are:  (1)  low driving power, 
because of the lower magnetizina cur ren t  required fo r  sa tura t ion  s ince  
there  i s  no self-demagnetization of t he  core ,  and (2)  high resis tanc-  
t o  sensor perm because of  more uniform magnetization of the sencor 
volume due t o  uniform winding d i s t r i bu t ion  over the whole core ,  i.e., 



no end regions where the magnetizing f i e ld  i s  low. Flattened toroids 
(Lee, racetr-  .' ,onf&guration) a lso have the aha two advanwes,  but 
t o  a lessier rt qp because the curved ends of t b ~  racetxack are not 
covered by maee,izing wgndings. Henr-, the appsodmation to  a t rue 
closed core %n a tape-wound racetrack is less than i n  a tape-wound 
circular rfng. The ring-core h e  additLonal advan2tiges. PYrst, because 
of izs circular symmetry, the ring-cure can easily be raested within its 
sense winding for  offset  nullang without changing the alignment axis  of 
the sensor. This provides an additional degxt 4 06 freedom i n  aakXn8 
the original zero-Beld readsng adjustwnt of the sensor-electronics 
conbZnation. Second, fabrication of the sensor is relatively siiipler, 
since anon-8ggne~ic" metallic bobbins and lmbbin core fabrlcaUon tech- 
~ i q u e s  tm be use2 Uniformiey of &ape tension during the bp wrapping 
operatson ran easicy be maintained, and because of thas constant radius 
of curvature #&ere are no concentrated saess points an the tape of 
tbe finished cure, Pis a farther cE£ozE at m%n;lmLzing m z c b i c a l  stress 
i n  the cores, and &I improvfng uniformity of the end p d u c t ,  the NOL 
-procedure iaacludes high temperacure anneal5ng of the tape-wowlld bobbins 
a f t e r  the tape-wrapping operation. 'Third, toroidal drive wSLYldiWs are 
sasfly ~1pplled with existing winding =chinesl When th i s  procedure is 
followed sensors with low offset ,  low noise, and h5gh s tab i l i ty  can be 
produced w&tk a hieh prsductjian yield. 

In  general, t5e fn~est3gat50n of i o w  solse materials for this 
mrk was ilimited to mokybdenm-permalloy alloys because sf their low 
magnetostsietisn, low Bagarttic crystal  anisotrapy, low coercive force, 
and h3gh p-raatlabilities, The Eundamental magnertosf;riccion constants 
f o r  various crys t a l l h e  orientations and for moriented polycrystalline 
~sater&als are ~&nly  a £unction of copposition and f o r  bfmary nickel- 
ixon alloys these constants are known t o  become zero 5n the 80 t o  83% 
nickel range. Since no particular effdlct was made to  obtain specific 
crystall ine orientations i n  the pzesent study it was deemed desirable 
to use a couposition having a zero magnetosfffction value fo r  the paiy- 
crystall ine unorfented condition. Th.Ls alloy contains about 8 P s  3X 
nickel. F o ~ t ~ l l s t e l y ~  8 varSatian of eool2ng rate during the f i na l  
anneal alegects the atomic ordering of this all-y such that  the crystal  
anieotrupy constant can be changed from po~ i tgve  to negetsve end con- 
sequently permits m5nf mizing of the anlso tropy energy, 

Tt.e efgect; of molybdenum on the magn&us;t.rietion and crystal. 
anisotropy of nickelsiron alloys has only k e n  euaXuatied on a limited 
scale. This work has been covered i n  a she*:: review bg EnglXsh and 
Chin ( 6 ) .  Psev5ous inveatigatTon of low no$- materllals a* HSaL showed 
the desirabil i ty of a&ing 4% or 5% mlybdenum to  Ute binary nickel- 
iron alloys. Yhese sbdies led t o  investigation 02 alloys contaidng 
higher molybdenum add%tions, Finally, an alloy eonsisang of a 
motybdenum - 81.3Z n%ckeP * zemaindes: i ror  was selected as being mast 
appropriate for " ,: present applicatbn. Same mzgnsEi,e data  have been 
repa~terl on this alloy fn ?he cube textured condit5,im by O d m i  (71, 



In  the present study the processing techniques, annealing cycles, 
and thickness gauge were considerably digferent from those reported by 
Qdani; therefore, it cannot be assumed that the orientation textures were 
similar i n  Both cases, It i s  quite possible that  a be t te r  defined 
crystal  orientation might provide even further improvement in  the 
properties obtalned in  the present do -~elapment. 

6 No * 81.2 Ni-Fe alloy used in the subject magnetometer is 
prepared by induction melting e lectrolyt ic  iron and nickel an a hydrogen 
atmosphere, adding moiybdezm, and pouring i n  helium. The resultant  s lab  
2s hot rolled to 0.100" thickness and then homogenized fo r  four hours a t  
850°G. The material is subsequently cold reduced t o  O.OO&lg thickness, 
s t r i p  annealed in  hydrogen a t  f050°C, and then cold reduced about 94% on 
a cluster  m i l l  t o  a f ina l  thickness of 0.0005". The material is slit to 
desired width , cleaned, insulated w i t h  magnesium oxide, and f inal ly  wound 
on a non-magnetic bobbin, Znconel X-750, which had previously been 
machfned t o  shape using a stel1it.e tool. Bach core contaSns exactly 12 
C t ~ r n s  of 0,0005u material and the outer turn of tape is spot welded t o  
kold the core shape during anneaz. 

The tape cores are  firally annealed i n  pure dry hydrogen tdew 
p s b t  < -90°F) f o r  1% hours a t  1000% and furnace cooled using a cooling 
rate of approxiw,tely 3506Jhour through the c r f t l c a l  ordering range 
(600% to 40OOC). 

SENSOR BSSEMBZ.Y 

The annealed bobbin core is wrapped w%th an insulating tape and 
wound w i t h  200 turns of #36 hea-vy formvar cupper wire, %is number of 
drAye windZngs ggves the ~ i r n u m  sensitkvity and a minkmum noise figure. 
A prelimznary screening.evaluation of sensitgvfty and noise determines 
the bobbin cores to  be used i n  sensors. 

A glass-fi l led non-magnetre eporgr [Reapoxy #ill) is used t o  cas t  
a rectangular c o i l  form. The sense whdings of 2200 turns of 144 H.F. 
copper w i r e  are uniEormly dfstr ibuted among the four grooves on the 
coil form. The lW4 turns of the feedback windings, #36 H.P. copper wire, 
are  wound over t1.e sense windings i n  the same manner, The s t a r t  and 
finish ends of the windings are then soldered t o  a terminal board that  
is epoxieli across one of the open ends of the c o i l  form. See f igure  lc. 

To complete the assembly of the sens~r,  the babbTn core with its 
drive windings is muneed on a pT~enol%c tumtabke <FPgura 1%) me! the 
unif is then placed into the cog1 hrm. A 0.020 Snch non-magnetic axle 
is f f t t ed  through holes i n  the a o f l  £om and turntable, This allows 
the turntable t o  be uetated wiWn the cofl f o r m  GQ thatt zero offset  
can be minimized. DrZve winding ends md learf cables are then soldered 
t o  the terminal bard. A protectzve cover cas t  from epoxy Zs f i t t e d  
aroi~nd &.he co i l  fora and ti=9 t emina l  board end is Co hold the 
cab;es and wires in position. Figure 2 shows the assembled sensor. 
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Prior  t c  the s tab i l i ty  t e s t s  of the sensor, minimum of fse t  adjust- 
ment i s  made by rotating the ring-core on its turntable. After adjust- 
ment the ring-core turntable i s  cemented in  place. Upon completion of 
t h i s  operation, a phenolic cover is epoxied across the remaining open 
end of the c o i l  form and the sensor is  ready for  evaluation in  the 
superconducting shield. 

PERPDRIUNCE EVALUATION IN SUBERUlNWGTING SHIELD 

A l l  sensors are evaluated i n  the highly stable, low f ie ld  environ- 
ment provided by the NOL superconducting shield (1). The working volume 
of the access dewar inside the superconducting enclosure hss a 1.75" 
diameter and a usable length of three inches. Typical values of f i e ld ,  
gradient and noise attenuation within t h i s  temperature access volume in  
the superconducting shield are: 

Field: < 0.1 y 

Gradient : < 0.1 y/inch 

Noise attenuation: Transverse -- 5 x 1 6  a t  bottom t o  lo4 
at  3n 

Axial -- 2 x lo7 a t  bottom t o  
2 x rd at 3w 

The temperaeure i n  the access dewar is controlled by a system 
employing an air supply, a resistance heater, and a therrmcouple- 
controlled power supply. See Figure 4. The themcouple  output is 
sensed by a Keithley Micro-miSlivoltmeten. Using negative feedback and 
a remote sensing power supply the  temperature is jcontrolled t o  a 0.10C 
i n  the range of 5% t o  60W. The same feedback system is used with a 
supply of evaporating liquid nitrogen t o  control t o  rt 0.2S°C i n  the 
rarige of -30°C t o  5%. 

Each sensor is evaluated f o r  s tab i l i ty  by measuring i t 6  of f se t  
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 - l%Iminute, an hour a t  60°G, cooling t o  raom temperature 
at N lW/mfnute, a half hour a t  room temperature, cooling t o  -30% at - P~Iminute ,  an hour at -300C, heating back t o  raom temperature at  
N 2OGlminute, and l as t ly  one hour at room temperature. 

The magnetometer electronics supplied by ARC is powered by a 
8.3 vol t  wet-cell battery which is  continually kept at f u l l  charge by 
a t r ick le  charge device. The output of the electronics psckage is  
amplified by a Dana d-c ampl3fier with a bandwidth of 0 to  20 kHz. 
The amplified signal i s  fed into  a Qtronics  F i l t e r  set a t  a bandwidth 
of 0 t o  10 Hz and then into a Sanborn Recorder Type 320 where a plot  
of signal vs time is obtained. A c~lntinuous record of o f f se t  and 
noise values for  the magnetometer syste vvs time which can be related 
t o  temperature is  thereby obtained. 



RESULTS 

Sample curves of o f f s e t  vs time during the temperature cycling 
evaluation tests in  the superconducting shield a r e  shown in Figure 
4. Curve (a )  i s  fo r  a sensor of racetrack configuration supplied to  
NOL by ARC. Curve ( c )  i s  typical  of the ring-cores evaluated t o  date. 
Average . resul t s  f o r  the f i r s t  four ring-core sensors and data  f o r  the 
racetrack sensor evaluated are as follows: 

Y L  Ring-Cores - - Rar etrack 

Fluctuations a t  constant temp. i 0.10 y & 0.35 y 

Fluctuations during temp. changes A 0.15 y * 1.75 y 

Off set d i f  f erencelhigh- low temp. 0.35 y 1.40 y 
t 

Offset  d i f f e rence l s t a r t  t o  end 0.10 y 0.40 y 

These r e s u l t s  were confirmed by ARC, who a l s o  made longer time 
s t a b i l i t y  checks and showed t h a t  o f f s e t  f luctuat ions were less than 
* 0.10 gamma i n  24 hours a t  constant temperature. Room temperature 
noise fo r  the  ring-core sensors fabricated t o  da te  ranges from 0.10 t o  
0.20 galema peak-to-peak i n  the 0-10 Hz frequency band. 

CONCLUSION 

Combining an NOL ring-core sensor with the ARC dr ive  and de- 
tect ion e lec t ronics  produces a fluxgate magnetometer,'which is  highly 
s table  with time and with sensor temperature. Measurements in  a super- 
conducting shield at  NOL and i n  a fluxtank a t  ARC show that  zero 
s t a b i l i t y  is exceptionally good, both f o r  long periods a t  constant 
temperature and during re la t ive ly  rapid temperature t ransi t ions.  
Differences in  zero-of f set level  be tween high and low temperature 
sensor conditions and between start and end of a temperature test cycle 
a re  qui te  small. The improved operating s t a b i l i t y  of t h i s  fluxgate 
magnetometer should be useful i n  meeting some of the higher performance 
requirements f o r  space magr.etic exploration. 
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A MAGNETOMETER TEST ENVIRONMENT USING AN 
EXPANDABLE SUPERCON DUCTING ENCtO SURE 

R. E. Brown * 

ABSTRACT 

.A volume containing a reduced magnetic f i e l d  may be obtained in- 
s i de  .a lead f o i l  sack by opening the  folded sack a t  4.2OK when the  
lead is superconducting. A multi-stage magnetic f l u x  vacuum pump 
based upon t h i s  idea  was used t o  reduce e a r t h ' s  f i e l d  t o  b e l w  lo4 
oersted i n  a volume of  severa l  cubic inches. The superconducting sack 
sh i e ld s  t h i s  volume aga ins t  t he  magnetic f i e l d  f l uc tua t ions  o f  the 
laboratory environment. The estimated noise  l eve l  i n  the low f i e l d  
space is lod8 oersted.  A g l a s s  dewar inser ted  i n t o  t he  sack permits 
working i n  t he  low f i e l d  space at cont ro l led  tem?eratures near room 
temperature. This  system has had extenqive use f o r  the  study of the  
long term s t a b i l i t y  of flux-gate magnetometer sensors dest ined f o r  use 
i n  space exploration. 

KEY IkORDS 

superconducting sh i e ld ,  magnetic sh i e ld ,  f l u x  pump, magnetometer test 

INTRODUCTION 

'hen placed i n  zero magnetic f i e ld ,  f lux-gate magnetometers 
gen-,ally have a res idua l  output s igna l  ca l led  the zero o f f s e t .  A s  
long as the  zero o f f s e t  i s  constant  with t i m e ,  magnetometer readings 
may be converted to  absolute  f i e l d  measurements by subtract ing the 
zero o f f s e t  s igna l ,  When a s h i f t  i n  the  zero o f f s e t  is suspected, it 
may be redetermined by turning the  sensor 180°. To reduce the  number 
of  times t h i s  sensor r eve r sa l  must be performed i n  fiight, it is 
des i r ab l e  fo r  magnetometers used i n  space explorat ion t o  have a s t a b l e  
zero o f f s e t ,  

* U, S. Naval Ordnance Laboratory, S i lve r  Spring, Maryland 
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The o f f s e t  i s  customarily a t t r i bu ted  t o  imperfections in  both the 
sensor and the .asociated e lec t ronics .  The t e s t  environment t u  be 
described below was developed f o r  use in  a study of the o r ig in  an3 
s t a b i l i t y  of the sensor o f f s e t  alone (I) .  The requirements s e t  by the  
sensor study and met o r  exceeded by t h i s  t e s t  environment were (a) A 
magnetic f i e l d  approaching zero ( l e s s  than lo* oersted)  so  t h a t  the 
zero o f f s e t  s igna l  may be i so l a t ed  and kept under continuous observa- 
t ion. (b)  A magnetic f i e l d  t h a t  i s  uniform t o  within oersted 
aver the sensor volume. (c )  Magnetic f i e l d  f luc tua t ions  l e s s  than 

oers ted  during a t e s t  period o f  several  hours. (dl Control of 
sensor temperature i n  the range -30QC t o  +60°C. 

A t e s t  space containing a low magnetic Eield is  colnmonly obtained 
in  one of two ways. Ear th ' s  f i e i d  e i t h e r  is  canceled out  by a c o i l  
system o r  is  diverted around the  t e s t  space by an eoclosure of irigh 
magnetic permeability. With s u f f i c i e n t  expenditure of e f f o r t  the re -  
quirements l i *  ed above can perhaps be met by these more conventional 
means. We decided instead t o  develop a t e s t  system using the  magnetic 
shielding c a p a b i l i t i e s  of superconducfors f o r  two reasons. (a)- The 
pg ten t i a l  f o r  f i e l d  reduction and noise suppression in  a superconducting 
enclosure is  g rea t e r  than with any o ther  magnetic shielding method (2). 
(b) There was a need t o  check magnetometer sensor o f f s e t  s tud ie s  per- 
formed i n  a conventional flux-tank by making s imi la r  measurements i n  a 
diEEerent kind of test environment. 

It was shown i n  a previous r epo r t  (2)  t h a t  magnetic noise attenua- 
t i on  by a f a c t o r  of at: Least lo-' could be obtained eas i ly  ins ide  a 
superconducting hollow cylinder.  Since tke  t e s t  environment required a 
low magnetic f i e l d  as w e l l ,  the  scheme shown i n  Figure 1 was proposed. 
A t  A i n  t he  f'gure an a x i a l  magnetic f i e l d  is  depicted ins ide  a lead 
f o i l  hollow cylinder.  A t  B the  f o i l  cyl inder  has  been f la t tened  at 
room temperature so t h a t  a smaller magnetic f l ux  i s  contained i n  the 
cyl inder  cross-section. A t  C the lead f o i l  cyl inder  has been reopened 
a f t e r  cooling it below the superconducting t r ans i t i on  temperature of 
the lead, The f i e l d  configuration does not  re turn  t o  s t a t e  A because 
the per fec t ly  conducting wails of the cyl inder  do not  admit the ex ierna l  
f ie ld .  Thus the  f i e l d  ins ide  the  cy l icder  ~ct C has been redit.--d from 
its value a t  A. 

A cascaded o r  multi-stage operation of! this f lux  vacuum pump is  
possible. After performing one s tage of f i e l d  reductioa a s  described 
above, the  cascading carr be achieved by inser t ing  a second f l a t t ened  
cyl inder  i n t o  the  f i r s t .  This  second cyl inder  must be kept abol--e i t s  
superconducting t r ans i t i on  temperature u n t i l  it is  in  place i n  the re- 
duced f i e l d  region ins ide  the f i r s t  cyl inder ,  When superconducting, 
the second cyl inaer  may 5e reopened, and the  f i e l d  ins ide  shoslld be 
lower thar. it was ins ide  the f i r s t  cylinder,  





In  most og our l a t e r  work a lead f a i l  sack has been used, which 
resembles a hollow cylznder closed at  one end. The Eoldfng 0% the  sack 
i s  more i n t r i c a t e  than shpla f lat tening.  The f i e l d  reductisn fac tor  
per stage oE the pump can be as high as several bandred as s h m  Sn 
Table 1, and it is found t o  be roughly constant per stage. The f i n a l  
tran.sverse f i e i d  s-bm fer the second &age ia Table 1 represents the 
nofse level OF the f l u x - e k e :  magnetometer used to make thSs par t icular  
measurement, and the  SSeld reduction £actor of 80 f s thus a m5nimum 
value. 

DETAILS OF GO'NSXRI;IGTION M D  FLW*PIW OPZRATEBR 

The sacks are made of lea& go51 .0015 inch thick. 'ShXs lead f o i l  
was supplied on 18 inch wZde t o l l s  b;y American Metal Cliriea-x, Xnc., who 
make it for use i n  packag&ig. The lead B s  cer tafnly  of QO maze Chan 
f;ec:hn%cal puxlty, Each .sack Fs ~Wde grim a rectangular pfeae G£ fox1 
28 5n~'Eres long and 6.8 inches wj;.-d3cl %he p t e ~ e  5s folded dcrublle t o  
hazve the long d&aemsX~n, and the edg-es are welded Isgether by careful  
aelt5n~; d t h  a f 'lame3 The re-sult is a sack 14 inches long and a b u t  
6-7 in6hes &de wheh flat tenea,  

Four £ringers made Erom U8 inch thgck s l o t h  base phenolic are 
glued to  each sack w i t h  Wjldwood Coilraf~t &mi?nt to Zorm the s t ruc tu re  
shorn i n  Figure 2. I n  t h i s  ffgure the open end of  the sack is zit the  
top and the  welded seams ate along the  vert ica% edges. This paEticular 
sack has been folded i n t o  i ts  compact: 5orm and the3 unfolded so  tha t  
the creases show the  Solding scheme. On the r igh t  are two c l i p s  formed 
ftom slieet aluminum tha t  a r e  used t o  fasten together the compact form 
of the sack package. The nylon Eishline attached t o  each c l i p  enables 
removal and retr5eval  of the  c l i p s  when the sack i s  ready to be opened 
In the l iquid helgum dewar. %he sacks are generally used only once 
although refolding r e s u l t s  only i n  the appearance of a few pinholes i n  
the fo i l .  

A handle 28 inches long made f r o m  1 /4  Cnch dzameter th in  wall 
s tafnless  tubing ts attached t o  the top of each of the phenolic f ingers 
so that  they may be manipulated from the top of the helti'tlrn dewar when 
openfng the  saick. Tie compact form of the sack package is sham on the 
r igh t  i n  Figure 3 with the handles and alu~ninnm fastening clLps i n  
place. On the  l e f t  in Figure 3 an opened sack is shorn below t5e- fix- 
ture  used f o r  the  openfng uparation and with the s i lvered glass room 
temperature access dewar exkending i n t o  the sack, This access dewar 
permits working near room temperature i n  the low f i e l d  space inside the 
sacks, fix inside diameter L s  1.15 inches and outsLde diameter 2 3  
inches. The opening ftxhrre f Sts in to  a 6-inch inside diameter Liquid 
helium dewar. Prom the top of the hel5um dewar the  operator can pul l  
Eour craveling loops s f  fiylon etrfng in  the opraning E1xbre to  apply 
an outward Posce t o  each sf the tubing handles a t  a poine near the top 
of- the phensl'ic fingers. The lead Foil eas i ly  undergees permanent 
deformation at: 4 .Z0K without craeking .or tetxring, Alf;huagh the f o i l  
is stiffer at: 4,ZQK than at Esom Eampemtme, Efie f6rm required to  
open 8 sack is estimated to  be ir,crm~exl by less than f%ve trlmes. 



TABLE 1 

FIELD WDUCTION IN THE MAGNETIC FLUX VACUUM PUMP 

Starting Field at Final Field at Field Reduction 
Bottom of Sack Battorn of Sack Factor 

(oersted) . (o3rsted) 

First Stage 

0.3 axial 6 x lo-" axial 500 
0.2 transverse 4 x transverse 500 

Second Stage 

6 x axial N lo* axial -403 
4 x lo'* transverse < 5 x 10- transverse > 80 







I n  the  c e n t e r  of Figure  3 i s  shown a second s t a g e  folded sack 
package hanging i n s i d e  a g l a s s  vacuum jacke t  t h a t  has  an open bottom. 
The package hangs from a de tachab le  hook a t  the top  of the  j acke t .  The 
vacuum jacke t  keeps the   ad f o i l  sack i n  the  normal s t a t e  when t h e  
assembly is i m e r s e d  i n  , l id helium. A s l i g h t  over-pressure  of 
helium gas  app l ied  a t  t h e  t o p  of the  j acke t  prevents  l i q u i d  helium from 
e n t e r i n g  t h e  bottom opening. When t h e  second s t a g e  sack i s  i n  p o s i t i o n  
i n  t h e  lowered f i e l d  region i n s i d e  the  f i r s t  s t a g e  sack ,  l i q u i d  helium 
is  permitted t o  e n t e r  t h e  bottom opening. The j acke t  i s  then detached 
and l i f t e d  o u t  o f  t h e  helium dewar leaving t h e  second s t a g e  package 
behind. A l l  m a t e r i a l s  t h a t  e n t e r  a low f i e l d  region a r e  checked t o  
a s s u r e  non-magnetic c h a r a c t e r .  

F igure  k shows an o v e r a l l  view. The smal l  c o i l  system shown around 
t h e  p l a s t i c  helium dewar reduces e a r t h ' s  f i e l d  t o  about . O 1  oe r s ted  near  
the l i q u i d  helium l e v e l .  The opera t ing  sequence o f  t h e  flux-pump is  as 
follows: The f i r s t  fo lded sack i s  precooled i n  l i q u i d  n i t rogen  and 
then lowered slowly i n t o  t h e  l i q u i d  helium dewar f i l l e d  t o  a depth  of 
about 16 inches.  Presumably t h e  normal- superconduc t i n g  t r a n s i t i o n  in 
the lead f o i l  occurs n e a r  the  l i q u i d  helium l e v e l  where t h e  f i e l d  has 
been reduced by t h e  c o i l  system. A f t e r  t h i s  f i r s t  sack has  been opened, 
a second sack and i t s  enveloping vacuum jacke t  are precooled i n  l i q u i d  
n i t rogen  and i n s e r t e d  i n t o  it. When t h e  second sack has  been cooled t o  
l i q u i d  helium temperature,  the vacuum jacke t  i s  withdrawn, t h e  second 
folded sack package is  punched through t h e  bottom of t h e  f i r s t  sack,  and 
t h e  remnants o f  t h e  f i r s t  sack a r e  withdrawn from t h e  dewar. Th is  
latter opera t ion  prevents  t h e  phys ica l  s i t u a t i o n  from becoming t o o  
c l u t t e r e d .  The second sack may now be opened. Th is  cascading can be 
c a r r i e d  e a s i l y  t o  higher  s t a g e s ,  but  we are a t  p resen t  unable t o  measure 
t h e  small f i e l d s  t h a t  are expected t o  r e s u l t .  

PERFORMfiACE OF THE MAGNETIC TEST ENVIRONMENT 

Figure  5 shows the a x i a l  and t r a n s v e r s e  f i e l d  p r o f i l e  i n s i d e  the  
access  dewar f o r  the  f i r s t  and second s t a g e  sacks.  The zero  p o s i t i o n  
is  the  lowest  poss ib le  sensor  p o s i t i o n  and i s  n o t  t h e  bottom of the  sack.  
The c o i l  system t h a t  reduces ambient f i e l d  t o  about . O 1  oe r s ted  near  the  
top  of the  sack has been l e f t  on dur ing t h e s e  measurements a s  i t  i s  
dur ing sensor  s t a b i l i t y  tests. The d i s t o r t e d  f i e l d  p r o f i l e  i n  t h e  f i r s t  
sack i n d i c a t e s  the  presence of trapped f l u x  i n  t h e  lead f o i l .  The f lux-  
g a t e  magnetometer used t o  make these  measurements had a noise  l e v e l  
s l i g h t l y  l e s s  than loe6 oers ted  and ind ica ted  no f:?ld up t o  4 inches 
above the  lowest sensor  p o s i t i o n  i n  t h e  second sack.  Not a l l  components 
o f  the  f i e l d  g r a d i e n t  can be measured wi th  high s e n s i t i v i t y  sensors ,  
but no g r a d i e n t  as l a rge  as lo-' o e r s t e d  per  inch could be found a t  t h e  
lowest p o s i t i o n  i n  the  second sack. The f i e l d  p r o f i l s  i n  the  lower 
por t ion of the  second sack has been found t o  remain unchanged f o r  a s  
long a s  100 hours. 
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The a t t e n u a t i o n  o f  a magnetic s i g n a l  app l ied  a t  the  top  of the 
sack i s  shown i n  F igure  6. This  s i g n a l  was 0.2 o e r s t e d  i n  the  wors t  
d i r e c t i o n ,  which i s  t ransverse .  The a t t e n u a t i o n  follows c l o s e l y  a 
l i n e a r  logar i thmic  l a w .  The a t t e n u a t i o n  one would i n f e r  f o r  t h e  sensor  
i n  t h e  a x i a l  o r i e n t a t i o n  and at the  lowest p o s i t i o n  r e q u i r e s  a long 
e x t r a p o l a t i o n  which may be quest ionable .  

Temperatures above room temperature a r e  obta ined a t  t h e  sensor  
loca t ion  i n  t h e  access  dewar by conducting a s t ream of heated a i r  t o  
t h e  bottom o f  t h e  dewar. A copper-constantan thermocouple i s  a t t ached  
t o  t h e  sensor  under test,  and t h e  thermocouple ou tpu t  c o n t r o l s  t h e  
power supp l ied  t o  a h e a t e r  i n  t h e  a i r  stream. For temperatures below 
room temperature the  a i r  supply i s  replaced by a stream of  co ld  n i t rogen  
g a s  i s s u i n g  from a dewar con ta in ing  l i q u i d  2 i t r c g e n  and a h e a t e r  of 
f ixed  power inpu t  t o  induce a cons tan t  boi l -off .  The thermocouple s t i l l  
c o n t r o l s  a h e a t e r  i n  t h i s  gas  stream. Temperature c o n t r o l  a t  t h e  sensor  
loca t ion  i s  & 0.5OC i n  t h e  range -30°C t o  +60°C. 

0 room The major h e a t  l eak  i n t o  t h e  l i q u i d  helium comes from th,  
temperature access  dewar. With t h i s  dewar i n  p lace  l i q u i d  helium con- 
sumption i s  about 2 liters p e r  hour. With t h e  access  dewar removed, 
t h i s  rate drops t o  3 l i t e r s  p e r  24 hours. A b e t t e r  i n s u l a t e d  access  
dewar would diminish  m a t e r i a l l y  t h e  opera t ing  c o s t .  The system i s  
normally k e p t  i n  opera t ion  f o r  a week a t  a time. 

(1)  D. I. Gordon, R.  H. Landsten, R. A. Chiarodo and H. H. H e l m s ,  Jr., 
"A Highly S t a b l e  Fluxgate  Magnetometer f o r  Space Exploration," 
Paper presented a t  t h i s  symposium. 

(2) Proceedings o f  t h e  Magnetics Workshop, JPL Tech. Memo No. 33-216, 
1965, p 227, Rev.Sci. I n s t r .  36, 1378 (1965) 

This work i s  sponsored by Nat ional  Aeronautics and Space Administrat ion.  



NE AR-E ARTH MAGNETOMETER FLIGHTS 
WITH THE OW SERIES SPACECRAFT 

Kenneth 0. Downing and Gordon D. Hall 
General Dyllamics Convair 

San Diego, California 

A relatively 3ai-ge number of the spacecraft currently being launched are  in near- 
earth orbits ranging from 100 to 1000 nautical miles. Of the many varieties of 
experhnents being from into this region of space studies such a s  that of incoming, 
trapped, and backscateered energy particle. auroral and ail-glow distributions, 
and others usiag directional detectors require that the spatial orientation of the 
spacecraa be known in order that &e 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 determine the spacecraft orientation. Assuming that the field dis- 
tortions caused by the spacecraft are  negligible and that a 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 u s ~ d  to resolve the roll position of the spacecraft about 
the sun spacecraft vector. T h ~ s  the magnetometer is being flown a s  a part of 
the spacecraft engineering system rather than as an experiment for field studies. 

NE AR-E ARTH ORBIT CONSIDE RATIONS 

Since the near-earth magnetic field is typically lo4 gamma and higher, the 
intrinsic field of the spacecraft can be much higher than i s  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 a s  the result of testing. 



The near-earth engineer has an additional concern: Althou* 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 whicn 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 a s  well as to engineers designing "off-the-shelfu 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 - .b 200 and - + 100 milligauss magnetometers are 
also flown. 

CONVAXR MAGNETIC TEST FACILITY 

Tests on the Convair spacecraft are conducted at a new magnetic test facility 
located at Convairls Kearny Mesa plant in San Diego. It i s  a twelve coil system 
having four coils along each of three axes, one axis being north-south, one 
east-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 a re  
4.7 feet by 5.1 feet in the north-south Jirection 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, 



Table 1. Four-square 20 ft. coil system specifications. 

AXES 

DIMENSIONS (FT.) 
APERATURE (FT .) 
MA1 N POWER WINDI NG 

TURNS/COIL SET 
RESISTANCE/COI L SET (OHMS) 
COIL SET CONSTANT (GAMMA/AMP) 

COMPENSATING WINDING NO, 1 
TURNS PER COIL 

COMPENSATING WI NDlldG NO. 2 
TURNS PER-COIL 

N-S 

19.2 
4 . 7 X 5 . 1  

8 0  

4.0 
8,650 
1 0  - 2 0  

1 

E-W 

2 0  .O 
4 .7X4 .9  

SO 

4.0 
8,290 
1 0  - 2 0  

1 

VERTICAL 

18.3 
4 . 9 X 5 . 1  

8 0  

4.0 
9,020 
1 0  - 2 0  

1 







600 MlLLlGAUSS ' MAGNETOMETER 

100 MlLLlGAUSS 
MAGNETOMETER 

I 

- Y-AXIS 

Figure 3. OV1 spacecraft solar aspect sensor a2d magnetometer locations. 
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which are electrically isolated from each other, a re  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 a i r  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  ale 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 a re  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 a re  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 



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 are 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 to each of the three 
principal fligbt axes is required for Vertistat stabilized spacecraft because of the 
low restoring torque of the gravity gradiefit system. In a typical installatioil for 
500 nautical mile altitude, a 500 pole-centimeter dipole could produce attitude 
errors of 10 to lo0 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 milst 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 

where M is the dipole moment in pole-centimeters, r is the distance from the 
probe to the axis in meters, and Bqa, is the maximum magnetic field amplitude 
in gamma. The orientation of the &pole moment ia the plane is determined by the 
angular location of Bmax. The dipole moment obtained by this method represents 
the projection of the total dipole moment into the selected plane, the plane of 



rotation. The spacecraft frequently have multiple sources in a given axis. How- 
ever, at large distances a dipole approximation i s  sufficiently accurate for the 
magnetic moment determinations. 

MAGNETIC DESIGN PROBLEMS 

The OVl 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 frorn the 
magnetometer and the net effect on the data is one o r  two milligauss. More 
important is the equipment mounted in the experiment payload section because of 
its proximi@ to the magnetometer. In those cases whese it does not affect the 
operation of the equipment small bar magnets are epoxyed to the case of the dis- 
turbing package and a re  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 compensation with permanent 
magnets applied to the spacecraft 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 
acthig in the damping mechanism and the one on the other end acting to counter- 
act the stray fields of tlie first at large distances. 

Shieldin& ,)emanent 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, dthough 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 
perrncabilities greater than unity are acceptable provided that the induced field 



NOTE: 

1. PROBE 6 FT. FROM CENTER OF CIMBALED FIXTURE 
2. Y (SPIN) AXIS FACES MAGNETOMETER AT 90° AND 270° 

BEFORE COMPENSATION 

AFTER COMPENSATION 

- 
0 

L 

Figure 5. Typical dipole data (moment) in spin axis plane of spacecraft. 
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at the magnetometer is  within tolerable lirnitz. 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: 

PERME ABILITY B (1 8 INCHES) 

1 . 4  gamma 

Even if the induced field is acceptable one must be concerned with the material's 
remanence since spacecraft are commonly exposed to fields of 25 gauss during 
flight acceptance vibration tests. If use of the permeable materid is unavoidable, 
it should place the package as  far from the magnetometer as possible. To date 
the remanence values have not been suffSciently 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 
operating current drain is 1.5 amperes creating a field from internal battery cur- 
rent of seldom more than one milligauss at the magnetometer. Occasionallv a 
package will have a high current yelay o r  calibration pulse which will appear a s  
a pulse on the magnetometer output, but these are ignored during data reduction. 
Inside the battery, cell interconnections and heavy current wiring are arranged 
lo reduce the external field. This was not the case iil the early OV1 batteries 
in which the wire routing was down one side of the battery and up the other. 
Changing to a compensating wire and cell lajrout 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 fic'ld 0 . 5  to 1 milligauss 

The effective spacecrayc dipole moment is typically 400 to 700 pole-centimeters, 



In summary, by these techniques tbe OV1 spacecraft flown to date have been 
magnetically dean--by the stant3 .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. 



MAGNETIC CLEANLINESS PROGRAM FOR THE LUNAR SURFACE 
AND PIONEER MAGNETOMETERS 

L, Howard Roberts 
Philco-Ford Corporation 

Space and Re-Entry Systems Divisi ao9-~39'2'1 

This paper out l ines  the program required t o  build space f l i g h t  equipment 
conforming t o  s t r i c t  "magnetic cleanliness'' specif icat ions.  The selec- 
t ion  of par ts ,  materials  and construction techniques u t i l i z i n g  both in-  
tegrated c i r c u i t s  and d i sc re te  components a r e  discussed i n  terms of the  de- 
s ign and development of .the Pioneer interplanetary magnetometer and the  
Lunar Surface Magnetometer, Magnetic t e s t  data produced by these pro- 
grams are summarized and analyzed, 

1.0 INTRODUCTION 

This paper out l ines  the  magnetic properties control program required t o  
s a t i s f y  s t r i c t  "magnetic cleanliness" specif icat ions,  This work was 
car r ied  out  on the  Pioneer interplanetary magnetometer and the  Lunar 
Surface Magnetometer Programs, NASA Contracts NAS2-3397 and NAS2-3554. 
The specif icat ion for  these instruments is  a s  follows: 

"At the  radius of three  f ee t  from the  centroid of the  in-  
strument, the  steady-state magnetic f i e ld  induced by the  
instrument s h a l l  be l e s s  than plus o r  minus 2 gaama and 
the  f luctuat ing magnetic f i e l d  sha l l  be held t o  l e s s  than 
plus o r  misus 0.5 gamma a f t e r  being subjected t o  a standard- 
iz ing  magnetic f i e l d  of 25 gauss, Changes i n  operational 
mode sha l l  not change the  magnetic f i e l d  of the  instrument 
other  than a s  noted above." 

Forewarning of the  sever i ty  of t h i s  specif icat ion was provided by the 
f a c t  t h a t  on a previous Philco-Ford contract,  one subsystem of about 115 
the  complexity of e i the r  magnetometer was measured t o  have a magnetic 
f i e ld  of 20 gammas a t  3 fee t  a f t e r  exposure t o  a 25 gauss f i e ld ,  While 
sa t i s fy ing the magnetic cleanliness requirements of tha t  program, the re-  
s u l t  pointed out tha t  the  magnetic cleanliness techniques then i n  prac- 
tice would not  be adequate for  the  magnetometers; i.e., based purely on 
a pa r t s  count, e i the r  magnetometer might be expected t o  have a magnetic 
f i e l d  on the  order of 100 gammas a t  3 feet  a f t e r  a 25 gauss exposure, 

Three basic guidelines were developed and served as  the  foundation of 
the  magnetic cleanliness programs: 

1, Elimination of a l l  "hard" (permanent) magnetic materials 



2. Reduction of f i e l d s  due t o  "soft" magnetic material 

3. Reduction of current-induced magnetic f ie lds .  

The implementation of each of these guidelines i s  discussed i n  Section 2. 
Results and conclusions a re  presented i n  Section 3. 

2.0 MAGNETIC CLEANLINESS PROGRAM 

2.1 GUIDELINE 1 : ELTMINATION OF ALL "HARD1' (PERMANENT) MAGNETIC 
MATERIALS 

Any permanent magnet is constrained by the 2 gamna at  3 fee t  specif icat ion 
and adds d i rec t ly  t o  the  instrument magnetic f ie ld .  Inclusion i n  the 
design of permanent magnets would have required the use of other permanent 
magnets t o  achieve cancellation. Associated uncertaint ies i n  the manner 
i n  which the magnets t rack as a function of time, temperature, and shock 
were deemed unnecessary additions t o  an already complicated magnetic 
cleanliness program. Permanent magnetic materials therefore were excluded 
from use i n  the maguetometers. Implementation of t h i s  guideline was 
achieved via  materials,  parts ,  and design specifications. A s  examples, 
2-phase ac  servo rmotors instead of dc motors and mechanically actuated 
switches instead of latching relays were specified, 

2.2 GUIDELINE 2: REDUCTION OF FIEIDS DUE TO ''SOFT" MAGNETIC MATERIAL 

The u t i l i za t ion  of "soft" magnetic materials was not permitted except 
for  Kovar o r  Nickel leads and cases, and magnetic c i rcu i t s .  "Soft" 
magnetic materials as defined herein are those materials which may be 
depermed t o  zero, but which acquire and r e t a i n  a "magnetization" when 
exposed t o  a magnetic f ie ld .  It is t h i s  so f t  material which is most 
detrimental t o  instrument performance, since, aside from the specifica- 
t ion ,  the magnetic f i e ld  read by the instrument due t o  t h i s  source is  a 
pure uncertainty i n  the data. It is t h i s  area tha t  received the  primary 
a t tent ion of the magnetics control program. 

The magnetics control program was,in fac t ,  primarfly concerned with the 
implementation of t h i s  guideline which was achieved via  a combination of 
parts  selection, packaging, and screening. 

2.2.1 Selection of Parts 

The i n i t i a l  phase of the magnetic cleanliness program was t o  determine 
which of the large number of part  types available t o  the design engineers 
were acceptable from a magnetic cleanliness standpoint. Subsequent 
screening of 100% of a l l  parts  has shown tha t  the parts  are ,  i n  fac t ,  
suff ic ient ly  repeatable to permit select ion decisions based on a small 
measurement sample. 



I n t e ~ r a t e d  C i rcu i t s  

The r e a l  purpose of t h e  se l ec t ion  t e s t s  was t o  f ind an  in tegra ted  c i r c u i t  
package t h a t  would be acceptable from the  magnetic c leanl iness  point of 
view. Integrated c i r c u i t s  a r e  of primary importance i n  t h i s  program d n c e  
on the  order  of 1000 a r e  used i n  each magnetometer. Further ,  magnetic 
measurement da ta  was unavailable f o r  in tegra ted  c i r c u i t s  of any descr ipt ion.  
Some r e s u l t s  of the in tegra ted  c i r c u i t  s e l ec t ion  t e s t s  a r e  given i n  
Table 1. 

TABU 1 - INTEGRATED CIRCUIT MAGNETIC SIGNATURE DATA 

The in tegra ted  c i r c u i t  packages se lec ted  f o r  use a r e  l i s t e d  below i n  
Table 2. 

TABLE 2 - APPROVED INTEGRATED CIRCUIT PACKAGES 

'I 

PACKAGE /MANUFACTURER REMARKS 

PACKAGE 

Fairchi  Id 
Black 
Ceramic 
(14 Lead) 

Fa i rch i  Id 
B-H Forbes 
(14 Lead) 

S igne t ics  
(Corning Glass) 
Package 
(10 Lead) 

LEA11 MAGNETIC FIELD AT 3" AFTER 25 GAUSS 
LENGTH EXPOSURE - MEASUREMENT I N  LGAD AXIS 

Fairchi  ld  ~ ~ / F o r b e s  This package i s  a 14-lead, ceramic pack- 
F l a t  Pack age and i s  the best package testGd t o  

dare f o r  log ic  c i r c u i t s  and should be 
used wherever possible.  Unfortunately 
t h i s  a l l  g lass  package i s  not su i t ab l e  
f o r  the  high power d i s s ipa t ing  l i nea r  
c i r c u i t s .  
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5/ 16" 
3/ 16" 

.0301' 

310 Gammas 
124 Gammas 

10 Gammas 

15 Gammas 

4 Gammas 

! 

' Fai rch i  ld 
TO- 84 
Package 
(6 Lead) 

3/16" 

.03" 

3 /8" 
3/ 16" 
0.1" 
0.06'' 

5/16" 

.125" 

.06" 

128 Gammas 
38.5 Gammas 

9 Gammas 
4.5 Gammas 

300 Gammas 

31 Gammas 

17 Gammas 

I 

Fairchi  Id 
TO-84 Package 
(10 Lead) 

C 

.06" 15 Gammas 

I - ~~ 



PACKAGE /MANUFACTURER REMARKS 

Signetics 

TO- 84 

This package is  a 14-lead glass and Kovar 
package suitable fo r  e i the r  logic elements 
o r  l inear  integrated c i rcu i t s .  It is not 
a s  good a s  the Fairchild BH/Forbes F la t  
Pack for  logic elements o r  the TO-84 fo r  
l inear  c i r c u i t s  but i s  much superLor t o  
the  standard TO-5 case which was deemed 
unacceptable. 

The TO-84 package is  a l l  Kovar with 10 
Kovar leads. This package i s  somewhat 
superior t o  the Signetics package from 
the magnetic standpoint, and i s  a 
standard package for  some l inear  in te-  
grated c i rcui ts .  

Transistors 

A s  i n  the case of integrated c i rcu i t s ,  the large number of t r ans i s to r s  
u t i l ized i n  each magnetometer necessitated an  invest igat ion of the avail-  
able packages t o  guide selection. Results of t h i s  study a r e  presented 
i n  Table 3. 

TABIE 3 - TYPICAL TRANSISTOR MFASUREMENT DATA 

PACKAGE 

TO- 18 
Std. Nickel Can 

TO-18 (Fairchild) 
N i c k e l  Silver  Can 

TO- 18 (Si liconix) 
Nickel Silver  Can 

TO-46 (Short 
Version of TO-18) 

Fairchild FK 
Package (4- h a d  
80x80 M i l  Ceramic) 

TO-5 

RO- 5% 
(Short Version 

o f  TO-5) 

WAD LENGTH 

.06" 

.06" 

.96" 

3/16" 
.06" 

.1" 

.06" 

1; 16" 

1/16" 

TYPICAL MAGNETIC FIELD AT 3" AFTER 
EXPOSURE TO 25 GAUSS FIELD - HEAS- 

URING AWNG =ADS 

25 Ganmas 

13 Garmuas 

5 Gammas 

15 Gammas 
3 Gammas 

5 Gamnas 

2 Gammas 

60 Gammas 
- 

25 Gamnas 

I 
I 

- 



Here, the TO-46 was chosen as the standard t r a n s i s t o r  package, based on 
a r e l i a b i l i t y  and magnetics trade-off between the  TO-46 and the Fairchibd 
FK package. Standard TO-5' s were permitted only when absolutely necessary, 
the  more des i rab le  choice being the  RO-S2A. Trans is tors  with the TO-18 
standard Nickel can were excluded from the  design. 

Diodes 

The standard g lass  DO-7 diode case with Dumet o r  Kovar leads was u t i l i z e d  
wherever necessary. Some few reference diodes i n  standard TO-18 cans 
were accepted s ince  they derive from standard t r a n s i s t o r  l i n e s  and a r e  
ava i lab le  i n  no other  configuration. 

Passive Elements 

Resis tors  and capac i tors  are without exception spec i f ied  t o  be nonmagnetic. 
In  some i so l a t ed  ins tances ,  r e s i s t o r s  with Kovar end caps were accepted. 
For t he  most pa r t ,  Angstrohm and Allen-Bradley r e s i s t o r s  with oxygen-free 
copper leads were chosen. 

Tantalum capaci tors  presented a problem s ince  the standard package, used 
by a l l  major manufacturers u t i l i z e s  Nickel leads. Where the  quant i ty  
involved permitted, tantalum capaci tors  with 180 a l l o y  leads were procured. 

Magnetic c i r c u i t s  of both powdered i r o n  and tape-wound cores were used. 
Recognizing t h a t  the  i r o n  is  prone t o  spreading s t r a y  f i e l d ,  care  was 
taken t o  achieve s t r a y  f i e l d  cancel lat ion.  

2.2.2 Packaging 

Reduction of instrument magnetic s ignature i s  achievable through the  use 
of advanced techniques involving lead c l i p p i n g ,  o r ien ta t ion ,  and c lose  proxi- 
mity packaging. 

Lead Clipping 

It i s  apparent from the da ta  l i s t e d  i n  Tables 1 and 3 t h a t  i f  the  speci- 
f i c a t i o n  of 2 gammas a t  3 f e e t  a f t e r  25 gauss exposure is  t o  be met, the 
minimum feas ib l e  lead length must be used. 0.060 inches was determined 
t o  be the  minimum lead length required f o r  welding. To provide margin 
for  c l ipp ing  e r r o r ,  pcss ib le  re-work, and/or operator capabi l i ty ,  a 
lead leirgth of 0.085 inch was spec i i ied  fo r  a l l  components except fu r  
the  integrated c i r c u i t s .  For these,  a cu t t i ng  d i e  allowed accurate 
cl ipping of the  leads t o  0.067 inches on 5 integrated c i r c u i t s  simul- 
taneously. The sophis t ica ted  packaging technique required t o  u t i l i z e  
these short  lead lengths i s  discussed i n  d e t a i l  below. 

Measurements i l l u s t r a t e d  i n  Figure 1 indicated tb? zscess i ty  of a l so  
cl ipping the  four leads which e x i t  frw!. bite s ides  ~f the f .C. case t o  
t he  0.067 inch length re ther  than cl ipping t h e ~ r  t c  be f lush with the 
leads extending from the ends. Figure 1 presents data  fo r  a s ing le  
f l a t  pack. 



FIGURE: 1 - MAGNETIC FIELD VERSUS LEAD CONFEGURATION 

Based on the  r e s u l t s  shown i n  Figure 1, i t  i s  estimated conservatively 
tha t  t he  preferred c l ipp ing  technique r e s u l t s  i n  a ne t  f i e l d  reduction 
of  at l e a s t  1.7 gama a t  3 f ee t .  

Cordwood Module Packaging 

The technique u t i l i z e d  f o r  d i s c r e t e  component packaging permits minimum 
lead lengths. The cordwood module cons i s t s  of a number of c lo se ly  
packed d i s c r e t e  components suspended between two p a r a l l e l  0.007 inch 
mylar subs t ra tes ,  o r  Mylars. The leads on each end o f  a pa r t  protrude 
through a Mylar unless  t h e  par t  with i ts  clipped leads is too  shor t  t o  
bridge the  gap which i s  s ized  t o  t he  l a rges t  p a r t ,  I n  t h i s  case,  an 
addi t iona l  length of  180 a l l o y  ribbon is  welded t c  each lead on one s i d e  
of t he  pa r t .  A l l  leads are required t o  extend beyond the  Mylar s u f f i c i e n t l y  
t o  permit welding of  a 0.010 inch by 0.031 inch 18O'alloy interconnect 
ribbon. Af te r  welding any excess lead remaining i s  clipped by hand. 

Integrated Ci rcu i t  Packaping 

Perhaps t h e  most novel f ea tu re  of t he  packaging design is  t h e  method used 
t o  package the  in tegra ted  c i r c u i t s .  In  addi t ion  to magnetic c leanl iness ,  
weight and volume cons t ra in ts  a r e  a l s o  severe. A unique packaging approach 
has been developed which s a t i s f i e s  a l l  t h r ee  requirements. 

The normal method used t o  mount in tegra ted  c i r c u i t s  i s  t o  lay the  l l a t  
pack on a subs t ra te ,  extend the leads horizontal ly ,  bend the leads down 
t o  the  subs t ra te ,  and form the  weld on  the horizontal  subs t ra te .  This 
method is depicted i n  Figure 2. 

I n s t a l l a t i o n  of  an in tegra ted  c i r c u i t  i n  t h i s  manner requires  a lead 
length of about 0.120 inches.  The technique developed f o r  the magneto- 
meter programs is  t o  form the  subs t ra te  ra ther  than the in tegra ted  
c i r c u i t  leads. That is,  the  subs t ra te ,  having the c i r c u i t  connections, 
i s  made of 0.004 inch Type G-10 g l a s s  epoxy with etched 10 ounce copper 
t races .  The board i s  heated t o  above i ts curing point while held i n  a 
d ie .  The r e s u l t  i s  i l l u s t r a t e d  i n  Figure 3. T h e  in tegra ted  c i r c u i t  leads 









After a l l  pa r t s  have been screened individual ly another screening i; 
performed a t  the module o r  subassembly leve l .  Here the i n t e n t  i s  t o  
catch any gross mistakes which may have been introduced i n  subassembly 
fabricat ion.  One spec i f i c  instance occurred when an assembly technician 
replaced two non-magnetic screws i n  each sensor head by screws from 
open stock a f t e r  the  proper ones had been misplaced. Undetected, t h i s  
ac t ion  would have resu l ted  i n  an e r ro r  f i e l d  of 2-10 gamma a t  each sensor. 

The module screening r e s u l t s  w i l l  be discussed i n  Section 3. 

2.3 GUIDELINE 3 : REDUCTION OF CURRENT- INDUCED MAGNETIC FIELDS 

The approach t o  current-induced magnetic f i e l d s  i s  simple, e i t h e r  reduce 
the  current  loop area t o  zero o r  use a compensating loop. Attention 
has been directed t o  the following areas:  

a )  Motors B i f i l a r  wound motors a r e  used t o  minimize 
the  e f f e c t  of windings. 

b) Power Lines In a l l  instances,  power supply vol tages,  
i n t e r n a l  o r  external  a r e  run with t h e i r  
respect ive r e tu rns  when making any i n t e r -  
connections i n  t he  system. The r e tu rn  i s  
run d i r e c t l y  over (or vice versa) the  
supply vol tage,  reducing the  loop area t o  
the  thickness of the motherboard, This 
appears t o  be the minimum pract i c a l  spacing. 
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he primary sources of s t r a y  f i e l d s  in the  
ower subsyste~u a r e  t he  f i l t e r  chokes. Here 
here a r e  many turns  of wire carrying sub- 
t a n t i a l  currents .  In  a1 1 instances,  comp le- 
Icneary chokes a r e  used. That i s ,  e i t h e r  
.n inductance i s  divided between two chokes 
nd the chokes mounted back-to-back, o r  one 
hoke is  i n s t a l l e d  i n  the  prmary leg and the  
&her i n  the  re turn  l eg  of a c i r c u i t .  These 
hokes a r e  then i n s t a l l e d  t o  maximize 
ance l la t ion  of t h e i r  s t r a y  f i e l d s .  

d) Sensor Heads Both the Pioneer and Lunar Surface (LSM) 
Magnetometers require  e l e c t r i c  hea ters  i n  
the sensor areas .  Both use dc current  t o  
dr ive  the heaters .  The LSM i s  the more 
c r i t i c a l  of th,\ two, s ince  the heater  i s  
located within about 1 inch of the magnet- 
ometer sensor and i s  act ivated fo r  long 
periods of time. Testing showed tha t  
heater  elements can be fabricated t o  give 
nearly perfect  cancel lat ion,  However, a l l  
hea te rs  seem t o  have the problem t h a t  a t tach-  
i ng  the leads t o  the heatera forms a current  



e) Modules 

loop of suff ic ient  s i ze  to  give a f i e l d  
on the order of ganmas a t  the sensor. 
To solve t h i s  problem, two heaters  are  
used, wired i n  se r i es  and oriented such 
that  the f i e l d s  from t h e  lead area cancel. 

Nc attempt was made t o  configure the cord- 
wood modules i n  a manner t o  minimize the 
magnetic f i e l d s  due t o  current flowing i n  
the components. The currents  a r e  generally 
qui te  small, and analysis  of the geometries 
involved represents a formidable task. 

The integrated c i r c u i t s  a re  another matter, 
however. Here, the geometry is rather 
simple and due t o  the f a c t  t h a t  c i r c u i t s  
a r e  packaged i n  an orderly fashion, some 
care must be taken t o  prevent current- 
generated f i e l d s  since power on the order 
of watts may be dissipated within the  
integrated c i r c u i t  modules. 

The approach used t o  solve t h i s  problem 
involved using a separate substrate,  termed 
a Voltage-Ground Plane, i n  conjunction with 
each integrated c i r c u i t  substrate. The 
Voltage-Ground Plane, as the name implies 
ca r r i e s  power and ground t o  the  integrated 
c i r c u i t s  . The vo ltage-Wound Plane contains 
holes appropriately positioned t o  f i t  over 
the  integrated c i r c u i t s  and i s  bonded t o  
the substrate. The power and power return 
conductors are  indicated i n  Figure 7. The 
patterns a re  revsrsed i n  adjacent substrates, 
rzsul t ing  i n  cancellation a s  i l l u s t r a t e d  i n  
?'igure 8. 

3,O RESULTS 

Perhaps the  most in teres t ing  resul t  of the magnetic cleanliness program 
involves the manner i n  which the contributions of individual par ts  sum 
up i n  the t o t a l  subsystem o r  system to  give a net contribution. The 
approach implemented throughout the en t i r e  program has been t o  base con- 
t r o l  decisions on a l ineat  combination of the  individual part  eontributions. 
For example, i t  was on the basis of l inear  addZtion of part  contributions 
tha t  the decisions were reached t o  use a 0,067 inch integrated c i rcu i t  
lead length, and a lso  t o  c l i p  the side-exiting leads t o  0.067 inch, 
even though the l a t t e r  necessitates approximately 3000 extra welds per 
system. Also on the basis of ltnear addition, i t  was deemed necessary 
t o  use a TO-46 t rans is tor  package rather than the more common, and less 
expensive, TO- 18 case. 





FIGURE 8 - EFFECTIVE FIAHENTARY CURRENTS IN 
I NTEGRATFD CIRCUIT MODUEES 
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The r e s u l t s  indicate general agreement with the assumption of l inear  
addttion. It must be noted, however, tha t  measurement values f o r  each 
part tha t  goes i n t o  a system a re  not recorded. For screening purposes, 
the part: is compared t o  a l imi t  t h a t  has been previously established 
from measurements on a number of par ts  of t h i s  type. Hence, the only 
knowledge avai lable  i s  t h a t  each part  used contr ibutes l e s s  than t h i s  
specified value. By reference t o  Figure 9 and 10, ac tua l  par t  value 
may be compared t o  the  specif ied part  value f o r  a r e l a t ive ly  large 
nuiber of  parts .  From t h i s  data, means a re  e 'kablished for  each par t  
type and these numbers used t o  estimate the  module signature, using 
l inear  addition. These nruubers may then be compared t o  the  ac tua l  
measured values. I n  addition, the  estimated module signature derived 
by addition of par t  acceptance l imi t  values i s  used as a gauge fo r  
modules acceptance. These signature values a r e  a l so  presented. 

The r e s u l t s  of the  magnetic cleanliness program may be seen from module 
(subsystem) measurements presented i n  Tables 5 and 6. I n  Table 5, 
the measured values a r e  compared t o  estimates made using means deter- 
mtned from the  data  presented i n  Figures 9 and 10. In  Table 6 the  
measured values are compared t o  estimates made using the acceptance 
l imi ts  for  the  electronic parts .  An e r r o r  coefficient  is defined which 
is simply the  r a t i o  of  measured value t o  estimated value. 

Figure l l a  presents both the  d is t r ibut ion  of  the  e r r o r  coeff ic ients  
derived i n  Table 5, and the mean value of these coefficients .  Figure l l b  
presents the  d is t r ibut ion  o f  e r ro r  coeff ic ients  derived from Table 6. 
Although the  mean value for  e r ro r  coeff ic ients  derived from Table 6 is  
very nearly unity, t h i s  r e su l t  is for tu i tous  since high accuracy was not 
required fo r  measurements intended f o r  engineering evaluation only. 
Furthermore, values for  the  off  -axis components of  the  par t  f i e l d  a r e  
l i t t le  bet ter  than engineering estimates, although data was taken on a 
very limited number of parts.  

The most meaningful r e su l t  derives from considering only the Y-axis 
measurement fo r  each subsystem. The Y-axis i s  colinear with the  par t  
leads and concrete data is available for  each part.  For the  estimate 
using mean-values fo r  pa r t s  (based on Table 5), the  mean measured value 
is  1.11 times the  mean estimated value. For the worst-case e s t i aa te ,  
(based on Table 6) the  mean measured value i s  1.07 times the  mean 
estimated value. The consistency of these r e su l t s  indicates tha t  
estimates using l inear  addition a r e  probably accurate t o  within 10% 
for t h i s  type of c i r c u i t  packaging. 

The extent of the  program success i n  eliminating permanent magnetic 
material i s  i l l u s t r a t e d  by the  subsystem depermed values shown i n  
Table 7. 

The author wishes t o  express h i s  grat i tude t o  Dr.  K. L. Rose for  h i s  
many helpful  suggestions i n  preparing t h i s  paper, t o  Walter Buchler 
for  h i s  help i n  tes t ing ,  and t o  David Whitelaw for  h i s  help i n  data 
reduction, 



FIGURE 9 - TRANSISTOR AND DIODE MAGNETIC DATA DISTRIBUTIONS 

MAGNETIC SIGNATURE FOR TO-46 

TRANSISTOR PACKAGE (GAMMAS) 

33 33.5 39.5 44.5 5 0.0 

MAGNET1 C SIGNATURE FOR FA1 RCHILD TO-1 8 F C T  PACKAGE ( GAMMAS) 

9 9.5 10 10.5 I I 11.5 

MAGNETIC SIGNATURE FOR DIODE DO-7 PACKAGE ( GAMMAS) 



MAGNETIC SIGNATURE FOR FA1 RCHI LD B . H . FORBES I , C . PACKAGE ( GAMMAS) MAGNETIC SIGNATURE FOR TO-84 I .  C . 
PACKAGE ( GAMMAS ) 

MAGNETIC SIGNATURE FOR SlGNETlCS ( CORNING GLASS) I .C . PACKAGE 

FIGURE 10 - INTEGRATED CIRCUIT MAGNETIC DATA DISTRIBUTIONS 



TABLE 5 - MODULE TEST DATA AND ESTIMATES USING PART MEAN VALUES 

SUBSYSTEM s 
LSM S c i e n t i f i c  Sequencer 

LSM Arithmetic/K Regis te r  

LSM System Timex 

LSM S i t e  Survey 

Pioneer C a l i b r a t o r  

Pioneer Sin/Cos Coef f S to r .  

Pioneer Buffer Clock 

STIMATE - MEAN 
VALUES USED 

(GAMMAS AT 12") 

TABLE 6 - MODULE TEST DATA AND ESTIMATES USING PART ACCEPTANCE LIMITS 

i MEASWMENT , ERROR 
(GAIDVIAS AT 12") COEFFICENT 

SUBSYSTEM 

LSM S c i e n t i f i c  Sequencer 

LSM ArithmeticIK Regis tor  

LSM System Timer 

LSM S i t e  Survey 

Pioneer Cali b r a t o r  

Pioneer Sin/Cos Coeff Stor 

Pioneer Buffer Block 

ESTU 
VA Ll 

( G W  - 
X 

6.87 

9.85 

4.2 

3.3 

14.2 

2.1 

6.6 - 

X 

5.00 

3.9 

3 . 0  
I 

I 1.4 
I 

9.1 

0.2 

2.5 

ES zz'xi USED LSUREMENT ERROR 
[AS AT 12") COEFFIC I 

Y z X Y 

8.80 0.15 .73 .94 

14.4 0.35 .39 1.23 

4.7 4.9 .72 1.02 

6.5 0.1 .42 1.96 

7.6 6.6 .63 .74 

13.0 11.0 --- .71 

6.5 2.0 .38 .93 

Y 

8.80 

14.4 

4.7 

6.5 

7.6 

13.0 

6.5 

z 

---- 
---- 

1.9 

---- 
.97 

1.34 

.58 

X 

.95 

-48 

1.04 

.58 

.73 

---- 
.45 

Z 

0.15 

0.35 

4.9 

.1 

6.6 

11.0 

2.0 

Y 

1.3 

1.56 

1.49 

.41 

.86 

1.04 

1.11 



FIGURE l la  - RATIO OF MEASURED VALUE TO ESTIMA'ED (MEAN VALUE) VALUE 
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FIGURE l l b  - RATIO OF MEASURED VAUlE TO ESTIMATED (WDRST CASE) VALUE 
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TABLE 7 - LSM MAGNETIC SIGNATURE (GAMMA) 

MEASURED - 12" TEST RADIUS / PERMED - 25 GAUSS I DE PERME 

Y 

.3 
0 

.5 

0 

.1 

0 

0 

.1 

.1 

.1 

.1 

.3 

.3 

.1 

-1 

' .1 

.1 

.5 

2.8 

. .1 

Sensor Electronics  

Input Driver 

Sensor Driver 

Power F i l t e r  

Engr Data Elex 

Transformer Module 

MPX-A/D Converter 

Cal Offset Bias Gen. 

Output Data Buffer 

O f f  s e t  Command Logic 

Engr Data Seq. 

Arithmetic Unit 

System Timer 

DC/DC Converter 

Memory 

S c i e n t i f i c  Sequencer 

S i t e  Survey 

Electro/Mechanical S/S 

TOTAL 

Equivalent Field at 

36" (Total 4- 27)- ~ 

x 

6.3 

1.3 

.8 

.4 

14.5 

.b 

8.2 

9.4 

.7 

1.0 

.6 

3.9 

3.0 

2.1 

12.0 

5 .O 

1.5 

10 -0 

81.3 

I Y  
I 

Z I x 
I 

13.5 j 4.8 0 

3.0 0 2.7 I 1 
3.5 

0 

.I 

0 

0 

.2 

.1 

.1 

.1 

0 

.2 

0 

.7 

.i 
0 

.2 

2.3 

.1 

2.2 1 .8 
7.0 1 3.1 

8.9 1 11.3 

1.2 1 1.4 I 

2.3 1 5.5 

3.8 i 3.1 

.2 3.3 

. 1 )  3.5 

.1 i 2.8 

.4 i 14.4 
I 

4.9 t 4.7 

3.6 1 2.7 

20.1 1 15.0 
I 

.2 

.1 

5.9 

8.8 

6.5 

1.1 

73.8 i 93.2 
I 

I 
I 
1 
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ABSTRACT 

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, calibrated, double 
Helmholtz coil array at the geometrical center of the cnamber. 
Within the Helmholtz coils is a non-magnetic temperatu~e 
chamber in whicn a magnetometer sensor can be subjected to 
variations in the ambient temperature of - 5 0 0 ~  to +1000~. A 
non-magnetic fixture used for 3600 rotation of a magnetometer 
sensor is placed within the t.cmperature chamber. In 
the magnetically shielded chamber is situated upon a non- 
magnetic table which allows 3600 rotation of the complete 
facility. 

Key Words: Shielded, Non-Magnetic, Gpace,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 
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field gradients and magnetic noise. Second, it provide$ z 
means of generatin within this region, the magnetic fields ;d! which are aesired,for testing and calibration of the magnet- 
ometer probe. Tliird, it provides, within this same region, a 
means of varying the temperature of the magnetometer probe 
being tested. 

The magnetic environment in the laborstory 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 accurrte study 
of the performance af a relatively sensitive magnetometer is 
impossible. It is possible to remove the instruaont and test 
equipment to a site which is suffi%iently remote to be free 
 fro:^ 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 ally shielded chamber in which the shielding !-s pro- 
vided by walls of relatively high permeability. It is a 
relatively simple matter to construct a s ~ a l l  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 appr.eciably influence 
the magnetic fields produced at the center of the chamber. 
F ~ ~ t h e r m o r e ,  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 temperdture 
chamber and of the mounting fixtures for the magnetometer probe 
whico is to be tested must be considered. Scch 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 iridicated that a 
cubical geometry could be obtained at co~silernbly less expense. 
As a result, the magnetically shielded chamber provides an 
eight foot cubical working volume. 

The cubical chamber thst provides the magnetic shielding 
has two walls separated-by six inches. Each wall is covered 
with a layer of 4-79 molybdenam permalloy steel . 0 7 0  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 nou-magnetic 



temperatg-4: chamber  i s  c e n t e r e d  w i t h i n  t h i s  c o i l  a r r a y .  The 
completes f a c i l i t y  i s  shown i n  F i g u r e  3.. 

I n  t h i s  r e p o r t ,  t h e  d e t a i l s  o f  t h e  d e s i g n  d u r i n g  con-  
s t r u c t i o n  of t h i s  f a c i l i t y  w i l l  b e  d e s c r i b e d .  I n  a d d i t i o n ,  
t h e  r e s u l t s  o f  v a r i o u s  p e r f o r m a n c e  t e s t s  w i l l  be g i v e n .  

COWSTRUCTION OF THE MAGNFTICALLY SHIELDED CHAMEZR 

A s  t h e  f i r s t  s t e p  i n  t h e  c o n s t r u c t i o n  o f  t h e  s h i e l d e d  
chamber ,  a wooaen f ramework  was c o n s t r u c t e d  f r ~ m  two by f o u r s  
a n d  s: -atheci  by 1 / 2 - i n c n  plywood s h e e t s  t o  fo rm i n n e r  e n d  
o u t e r  w a l l s  s e p a r a t e d  by a p p r o x i m a t e l y  s i x  i n c h e s .  

T h i s  s t r e l  u s e d  t o  p r o v i d e  t h e  m a g n e t i c  s h i e l d i n g  w a s  
+-79 molybaanum p e r m a l l o y  i n  t h e  fo rm o f  s h e e t s  0.0070 i n c h e s  
t h i c k .  The m e t a l  s h e e t s  were  p r e c u t  t o  t h e  p a t t e r n s  r e q u i r e d  
f o r  t h e  s h i e l d i n g  chamber  a n d  t h e n  a n n e a l e d  by t h e  manufac-  
t u r e r  ( A l l e g h e n y  Ludlum Company). T h e s e  s h e e t s  h e r e  g l u e d  t o  
t h e  plywood w a l l s  o f  t h e  wooden s t r u c t u r e .  The s h e e t s  u s e d  
on t h e  i n n e r  w a l l s  were 8 f e e t  i n  l e n g t h  and 19 i n c h e s  i n  
w i d t h ,  w h i l e  t h o s e  u s e d  on  t h e  o u t e r  w a l l s  were  9 f e e t . i n  l e n g t h  
a n d  17 i n c h e s  i n  w i d t h .  The s h e e t s  were  a t t a c h e d  w i t h  t h e  
l o n g  e i m e n s i o n  v e r t i c a l l y  on t h e  o u t e r  w a l l ,  a n d  h o r i z o n t a l l y  
on t h e  i n n e r  w a l l .  The r e s u l t i n g  s h i e l d e d  chamber  i s  shovn  i n  
F i g u r e  2.  The  s p a c i n g  b e t w e e n  t h e  a d g a c e n t  s h e e t s  o n  a g i v e n  
w a l l  w a s  a p p r o x i m a t e l v  1 / 4  i n c h .  T h e s e  q u a r t e r  i n c h  g a p s  
were  c o v e r e d  by s t r i p s  o f  s h i e l c i n g  n a t e r i a l  4  i n c h e s  wide  
an& of t h e  same l e n g t h  as t h e  w i d e r  s h e e t s .  .Thus, c o n s i d e r a b l e  
o v e r l a p  of t h e  s h i e l d i n g  m a t e r i a l  w a s  p r o v i d e d  i n  o r d e r  L O  

m i n ~ n i z e  8 a g n e t i c  f l u x  Leakage  a t  t h e  l / b - i n c h  g a p s .  T h e s e  
4- inch  s t r i p s  had  b e e n  p r e d r i l l e d  b e f o r e  a n n e a l i n g  t o  p r o v i d e  
s c r e w  h o l e s  e v e r y  5-5 /8  i n c h e s  a l o n g  t h e  l e n g t h  o f  t h e  s t r i p .  
T h e s e  s t r i p s  were  h e l d  i n  p l a c e  by aluminum s c r e w s  t h a t  p a s s  
t h r o u g h  4 i n c h e s  by  4 i n c h e s  by 3 /32  i n c h  aluminum p l a t e s ,  
t h r o u g n  t h e  h o l e s  p r o v i d e d  i n  t n e  s t r i p s ,  t h r o u g h  t h e  I / & - i n c h  
g a p  be tween  a d j a c e n k  s h e e t s  o f  s h i e l d L n g  mate r ia l ,  and  a n c h o r e d  
i n  t h e  heavy wooaen f ramework .  

Tke  4 i r c h  by 4 i n c h  by 3 / 3 2  i n c h  alumtnum p l a f e s  i m m e d i a t e l y  
ahead  o f  t h e  h e a d s  o f  t h e  s c r e w s  were  i n c l u d e d  t o  d i s t - r i h u t e  
t h e  l o a d  p r o d u c e d  b y  t h e  s c r e t i  o v e r  a w i d e r  a r e a  of  t h e  s h i e l d i n g  
m a t e r r a 1  a n a  t h e r e b y  t o  m i n i m i z e  t h e  s t l e s s  i n  t h e  s h i e l d t n g  
material .  These  d e t a i l s  a r e  i l l u s t r a t e d  i n  F i g u r e  4 .  A s i m i l s r  

b J.0I- i  method was employed t o  improve  t h e  s h i e j d i n g  a t  t h e  i n t e r s e c " '  
cf adjacent w a l l s .  Wi th  t h i s  t y p e  o f  c o n s t r u c t i o n ,  t h e  g a p s  
be tween t h e  o v e r l a p p i n g  m a g n e t i c  s h i e l d s  a r e  held t o  less  t h a n  
0.002 i n c h e s .  

A c c e s s  t o  t h e  i n s i d e  of  t h e  s h i e l d e d  chamber i s  p r o v i d e d  
by a r e c t a n g u l a r  doorway 38-&/2 i n c h e s  wide  a n d  8 2 - l / 2  i n c h e s  
h i g h .  The d e s i g n  a n d  c o n s t r u c t i o n  o f  t h e  d o o r s  w i t h  which t o  
seal t h i s  doorway t o  t h e  0 .002 i n c h  g a p  s p e c i f i c a t i o n s  was one  























The e l e c t r o n i c  c o n t r o l  s y s t e m  c o n s i s t s  o f  a  s t a t i o n a r y  
t h e r m i s t o r  l o c a t e d  w i t h i n  t h ~  cL:*mber n e a r  t h e  t e s t  s p e c i m e n  
which  d e t e c t s  t h e  a m b i e n t  t e m p e r a t u r e .  A l e v e l  d e t e c t o r  i n  
t h e  c o n s o l e  s e n s e s  t h e  t h e r m i s t o r  o u t p u t  a n d  acti.vh.'l.c:. o 
r e l a y  which  i n  t u r n  a c t i v a t e s  t h e  p r o p e r  s o l e n o i d  v a l v e ,  The 
chamber a n d  c o n s o l e  t h e n  c o n s t i t u t e  a  c l o s e d - l o o p  s y s t e m  t h a t  
c a n  m a i n t a i n  any  t e m p e r a t u r e  f r o m  -50°C t o  +lOO°C t o  w i t h i n  
+O.TOC. By u s i n g  n i t r o g e n  t h a t  i s  h o t t o r  o r  c o l d e r  t.h@tb ' .he - 
d e s i r e d  t e m p e r a t u r e  t h e  volume o f  g a s  r e q u i r e d  i s  s u b s t a n t i a l l y  
r e d u c e d .  

A I R  CONDITIONING 

C o n s i d e r a b l e  c a r e  i s  t a k e n  t o  i n s u r e  t h a t  t h e  w a l l s  o f  
t h e  m a g n e t i c a l l y  s h i e l d e d  chamber  a r e  n o t  s u b j e c t e d  t o  s i g -  
n i f i c a n t  t e m ~ e r a t u r e  v a r i a t i o n s .  The o u t s i d e  w a l l s  o f  tl:e 
~ t j a g n e t i c a l l y  s h i e l d e d  chamber  a r e  p r o t e c t e d  f rom t e m p e r a t u r e  
v a r . ? ' i l t i o n s  by t h e  l a b o r a t o r y  a i r  c o n d i t i o n i n g .  T t  i s  a l s o  
n e c e s s a r y  t o  p r o t e c t  t h e  i n s i d e  w a l l s  o f  t h e  s h i e l d i n g  chamber  
f r o n  temperature e x c u r s i o n s  wh ich  m i g h t  b e  i n t r o d u c e d  d u e  t o  
h e a t  p r o d u c e d  by e q u i p m e n t  o p e r a t i n g  w i t h i n  t h e  s h i e l d e d  chamber  
o r  due  t o  l o s s e s  f rom t h e  t e m p e r a t u r e  chamber  l o c a t e d  w i t t h i n  
t h e  s h i e l d e d  chamber .  3 do  t h i s ,  e p e c i a l  a i r  c o n d i t i o n l ' n g  
f o r  t h e  i n s i d e  o f  t h e  s h i e l d i n g  chamber  i s  p r o v i d e d .  T h i s  
a i r  c o n d i t i c n i n g  i s  s u p p l i e d  by  a  u n i t  r a t e ? .  st 23 ,000  BTU/Hr 
a n d  c a p a b l e  o f  a n  a i r  f l o w  o f  800  ~ t ~ / m i n ,  

The a i r  c o n d i t i o n i n g  u n i t  i s  l o c a t e . '  a b o u t  20  f e e t  f r o m  
t h e  s h i e l d e d  chamber .  C o n n e c t i o n s  f r o m  . ,I;  aluminum s u p p l y  
d u c t  i s  c o n n e c t e d  t o  t h e  chamber  w i t h  f! c r i n g s  s o  t h a t  t h e  
r o t a t i o n  o f  t h e  chamber i s  n o t  i m p a i r e d .  

PERFORMANCE 

To d e s c r i b e  t h e  p e r f o r m a n c e  o f  t h e  m a g n e t i c a l l y  s h i e l - d e d  
chamber ,  we c o n s i d e r  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  a n d  t h e  
a n b i e n t  i n t e r i o r  f i e l d  g r a d i e n t s .  We d i s t i n q u i s h  t h e  a t t e n -  
u a t i o n  c h a r a c t e r i s t i c s  a n d  t h e  a m b i e n t  i n t e r i o r  f i e l d  g r a d i e n t s .  
We d i s t i n q u i s h  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  R G  two t y p e s ,  
t h a t  r e l a t e d  t o  D C  m a g n e t i c  f i e l d s  a n d  t h a i  r e l a t e d  t o  AC 
i r tagnat ic  f i e l d s .  We w i l l  u s e  t h e  t e r m s ,  D C  a . t t e n u a - t i o n  a n d  
i n c r e m e n t a l  a t t e n u a t i o n ,  r e s p e c t i v e l y .  

The DC a t t e n u a t i o n  i s  o f  t h e  o r d e r  l o 2 ,  T h i s  v a l u e  c a p  
a p p a r e n t l y  b e  c h a n g e d  by s i m p l y  d e p e r m i n g  o r  p e r n ~ i n c  t h e  w a l l s  
i f  one  d e f i n e s  t h e  D C  a t t e n u a t i o n  as t h e  r a t i o  o f  t h e  e x t e r n : . ~ i  
f i e l d  t o  t h e  i n t e r n a l  f i e l d .  The m a g n i t u d e  o f  t h e  i n t e r i o r  
f i e l d  a t  t h e  c e n t e r  o f  t h e  c h a ~ 3 e r  i m m e d i a t e l y  a f t e r  t h e  s h i e l d e d  
chamber was c o m p l e t e d  a n d  p l ~ c e d  upon t h e  r o t a t i o n  t a b l e  was 
a b o u t  4 0 0 ~ .  The w a l l s  of  t h e  s h i e l d e d  chamber were  t h e n  depermed 



u s i n g  a  small d e g a u s s e r  and t h e  c e n t e r  i n t e r i o r  f i e l d  d e c r e a s e d  
t~ a b o u t  30y. ?he f i e l d  magni tude  c a n  b e  f u r t h e r  r e d u c e d  t o  
a b o u t  5v a t  t h e  chamber c e n t e r  by c a r e f u l  deperming.  

The .+mental a t t e n u a t i o n  was determined by r o t a t i n g  
t h e  .chambc.. .I t h e  e a r t h ' s  fie.. L and  by a p p l y i n g  v a r i o u s  AC 
magne t i c  f i e l d s  w i t h  t h e  u s e  of t h e  l a r g e  r e c t a n g u l a r  c o i l s .  
Another  mt thod  i n c c r p o r a t e d  a p o r t a b l e  r o t a t i n g  magnet  which 
was moved p e r p e n d i c u l a r  t o  a  chamter  w a l l  f rom a  n e a r  d i s t a n c e  
o f  5 f e e t  from t h e  chamber w a l l  t o  a f a r  d i s t a n c e  o f  20 f t .  
The c o i l s  and  t h e  r o t a t i n g  magnet we3 c a l i b r a t e d  i n  a l o c a t i o n  
f a r  f rom any magne t i c  o r  pe rmeab le  m a t e r i a l s .  These  v a l u e s  
are comparab le  t o  t h o s e  o b t a i n e d  l o r  o t h e r  magne t i c  s h i e l d e d  
chambers o f  simi:.ar d i m e r s i o n s .  

We have u s e d  t h e  r o t a t i o n  c a p a b i l i t y  o f  t h e  chamber t o  
d e t e r m i n e  t h e  DG a t t e n u a t i o n .  T h i s  p r o v i d e s  t h e  DC a t t e n -  
u a t i o n  f o r  t h e  w a l l  i n  t h e  unpermed c o n d i t i o n  and  i s  a l s o  
i n d i c a t i v e  o f  t h e  i n c r e m e n t a l  a t t e n u a t i o n  s i n c e  t h e  i n t e r i o r  
f i e l d  c a n  be m o n i t o r e d  as t k c  ehamber r o t a t e s  f n  t h e  un i fo rm 
e a r t h ' s  f i e l d .  The f i e l d  i n s i d e  t h e  s h i e l d e d  chbmber w a s  
d e t e r m i n e d  by magping t h e  f i e l d  componenti. a t  one f o o t  
i n t e r v a l s .  

The i ~ t e r i o r  g r a d i e n t s  were found  t o  b e  a f u ~ i c t i o n  of  
t h e  deperming and  perming o f  t h e  chambe? walls. For  i n s t a n c e ,  
t h e  g r a d i e n t s  immeCZately a f t e r  chamber assembly  and b e f o r e  
t h e  w a l l  d e g a u s s i n g  were  a b o u t  2 0 ~  p e r  i n c h .  A f t e r  t h e  f i r s t  
d e g a u s s i n g ,  g r a d i e n t s  o f  a b o u t  I'u p e r  i n c h  were o b t a i n e d .  
After  s e v e r a l  d e g a u s s i n g s ,  w e  now have g r a d i e n t s  o f  al lout  0.2-4 
p e r  i n c h  w i t h i n  a 1 0  i n c h  d i a m e t e r  s p h e r e  a t  t h e  chamber 
c e n t e r .  T h i s  i s  x e l l  w i t h i n  o u r  main worki3g volume as most 
of o u r  magnetometer  p r o b e s  haye  d i ~ e n s i o n s  o f  l e s s  t i ian  4 i n c h e s .  

We have round t h a t  t h e  l a b o r a t o r y  n o i s e  was much l e s s  
hen e x p e c t e d .  Dur ing t h e  d a y ,  we o b s e r v e  a f i e l d  v a r 5 a t i o n  
. i th 'Ln th,: s h i e l d e d  chamber o f  a b o u t  2v r m s .  C~iring t h e  l a t e  

e v e n i n g  and e a r l y  morning h ~ u r s  we o b s e r v e  a f i e l d  v a r j a t i o n  
v i t h i n  t h e  s h i e l c i e a  chamber o f  a b o u t  0 . 2 Y  r m s  a t  f r e q u e n c i e s  
Less t h a n  1 C  c p s .  Conseqxer i t iy ,  w e  have  found it  a d v a z t a g e o u s  
t o  do o u r  m c 3 t  s e s s i t i v e  t e s t s  d u r i n g  t h e  l a t e  h o u r s .  Ve have 
a l s o  been a b l e  t o  work v i t h  t h e  d o o r s  dpeg d u r i n g  t h e  day .  
T h i s  h a s  n o t  a f f e c t e d  t h e  g r a d i e n t s  w l t h i n  t h e  main working 
volume t o  a n  e p p r e c i a b l e  e x t e n t  nor  has iz a f f e c t e d  o u r  day  
t i m e  n o i s e  l e v e l s .  The open d o o r  a l s o  a l l o w s  u s  c o n s t a n t  v i s u a l  
e x a m i n a t i o n  of t h e  s e n s o r  o r i e n t a t i o n s ,  and n e g a t e s  t h e  r e q u i r e -  
men*. of e n c l o s i n g  a  l a b o r a t o r g  a s s i s t a n t  w i t h i u  t h e  chamber 
where h i s  movements may c a u s e  u n n e c . - s a r y  f i e l d  v a r i a t i o n s .  

FUTURE IMPROVhMBHTS 

The f a c i l i t y  d e s c r i b e d  h a s  p r ~ v i d e d  a t  a d - q u a t e  e n v i r o n -  
ment f a r  e l l  i i t s  i n t e n d e d  u s e s .  H o w e ~ e r ,  i n  t n e  f u t u r e  we 
a n t i c i p a t e  nav ing  l a r g e r  dynamic: r a n g e ,  and @ o r e  s e n s i t i v e  



instruments. We are therefore planning improvements in the 
following areas. 

One area of future improvement ~ i i l  be extending the 
dynamic range of the Helmholtz coils ta 2 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 sapport 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 quiet 
1 gauss fiela. 

The styrafoam temperature chamber presently in use is 
ineffzcjont 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 transition 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 complete 
evaluation of an instrument without-reorientation of the 
probe on the rotatlng 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 increase 
our major attenuation factor and the incremental attenuation 
factor to greater than lo6. The cryogenic shield is to be 
placed in the ge~metrical center of the magnetically shielded 
chamber. This is to reduce to a minSmum the magnetic fields 
and grsdients which can be trapped in tte 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. ft will be gossible to rotate the shield 
about its vertical axis and introduce a device to alter the 
relative orientation of a probe within the cryogenic shield. 



List  of Flgllres 

Figure 1. The cosuleted operat lonal magnet j ca l ly  st. '.l elded ck:ember arid 
Helriholtz c o i l  c m t r ~ l  console. The system 4s used t o  prov:de a fSeld 
f r ee  region 4n wk.ich t o  t e s t  serisjtjve magnetometers. 

Figure 2. The magnetically s??elded c h a ~ b e r  jmmediately a f t e r  con- 
s t rx~ct ion  and pr ior  t o  ins ta l l a t jon  of the  wo~den protect ive cover'ne. 

Ffgure 3 .  The a11unin:;n: turn t a b l e  -.Vn whjch tk.e mgne t i ca l ly  shieldec 
chamber was placed. The completed fac l l5 ty  may be rotated 3 b 3  a toc t  
tke  ve r t i ca l  axis .  

Figure 4. The Helnholtz c o i l  control console used t o  control t h e  
magnetic f i e l d  prodt~ced by the  HeWioltz c o i l s  Sn tk-e cenker of t he  
cLamber. 

F i g y e  5. The Helmholtz c o i l  system, non-magr,eti,c temperat-=€ cktanfber, 
and probe ro ta t ion  platform. The systems are ssed Sn e-raluat5rlg 
sens i t jve  magnetometers. 

Figure 6. The temperatwe control  cnnsole uhlck pro-:ides t o t  en3 col5 
nitrogen gas t o  the   no^-niagnetfc t e ~ p e r a t ~ e  chamber. The s;stcr. is 
used t o  maintaln any p r ~ b e  temperatlxe betxeen -: .~OC and +130°c t o  
withln - 4-3.5"C. 
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MAGNETIC TESTS ON THE ATS-1 SPACECRAFT 
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ABSTRACT 

The f i r s t  A~pl+c : .*?rs  Technology S a t e l l i t e  was t e s t ed  t o  determine 
its magnetic prow;  L~cs.  The t e s t  methods and res t i l t s  a r e  discussed. 

Key Words: Magnetic t$sts, Applications Technol~gy Sa?ell!te. 

INTRODUCTTON 

I n  September and November of  1966 magnetic tests were conducted on 
t h e  Applicatjons Technology S a t e l l i t e  (ATS-1) spacecraf t  a t  t h e  Goddard 
Space FlSght Center. The tests were conducted in  t h e  then newlx completed 
40-foot c o i l  f a c i l i t y  located in  a remote, r e l a t j v e l g  q!ljet a rea  a t  t h e  
Goddard Space F l igh t  Center. Due t o  t h e  newness of  t h e  f a c j l j t y ,  some 
desjred tests, s.rci; a s  f u l l  s o l a r  sjrn!ilatjon, were not possible ,  and q i h e r  
tests i n  whjch t h e  automatic ea r th  compensatjon system was employed were 
of quest ionable  value due t o  t h e  f a c t  t h a t  t h e  system was only p a r t j a l l y  
completed. 

The purpose of  t h i s  paper i s  t o  present  data on t h e  types of magnetic 
in te r fe rence  t h a t  a f f e c t  r e l a t i v e l y  s e n s i t i v e  magnetometers or! board space-- 
c r a f t  that have been designed witho:lt g iv ing  high p r i o r j t y  t o  magnetic 
cont&inination o r  Ssolation of t h e  magnetometer sensor.  

SPACECRAFT MAGNE!TOMFTER 

The instrument used jn making t h e  measuremen s described in t h i s  
paper was t h e  ATS-1 f luxga te  magnetometer. Its operat lon has beer 
described by Barry and Snare (1 966) . Basical ly ,  t h e  instrumect cons i s  ts 
o f  two f luxga te  magnetonetcrs with t h e  senelax or iec ted  normal t o  each 
o ther ,  and a t  450 with respbct  t o  t h e  snacecraf t  spin a x i s .  The dynamlc 
range of each of  these magrietorreters :s c50Y. A s  shown :'n Figure 1, t h e  
a x i s  designated A measires f i e l d s  a lo ;~p  an a x i s  w i i i c t i  passes t h r o u g h  t h e  
main body of t h e  spacecraf t ,  and t h e  B a x i s  does co t  jn te rsec t  t h e  
spacecraf t  . 

1, 
l n s t i  t u t c  of Sczpkys:cs an? Planetary PhysScs , Univers'ty of Cal i fornia  
a t  Ids Angeles. 
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The ove ra l l  instrument has a dynamic range of +925y t o  - 6 7 5 ~  whjch 
i s  obtajned by extending t h e  range of t h e  bas jc  magnetometer with a 
d i g i t a l  o f f s e t  system. The bandwidth of t h e  bas ic  magnetometer js 53 Hz. 
The l a rge  bandwidth i s  requjred t o  allow tracking of  l a r g e  f i e l d  changes 
by t h e  d i g i t a l  o f f s e t  system with s u f f i c i e n t  speed t o  provide ove ra l l  
f i e l d  data  up t o  frequencies of 2 Hz. The f l e l d  data from t h e  bas jc  
magnetometer a r e  passed through a low-pass f i l t e r  which cu t s  o f f  a t  2 Hz. 
The telemetered data  has a bandwidth of 2 Hz, which el iminates  frequency 
a l i a s j n g  of  f i e l d  information. 

Anotter f ea tu re  of  t h e  magnetometer I s  t h a t  jn t h e  presence of a 
l a rge  amplitude f l uc tua t ing  f i e l d  tile s e n s i t i v i t y  i s  automatical ly  
chan&ed from - +50y t o  e i t h e r  - +100y o r  - +200y depending on t h e  f luc tua t ion  
magtli tude . 

SPACECRAFT MAGNETIC DESIGN 

Figure 1 indica tes  t h e  loca t ion  of  t h e  magnetometer probe with 
respect  t o  t h e  spacecraf t .  %he probe i s  located only 6 in .  from t h e  
s o l a r  panels,  and t h e  t o t a l  boom length i s  only 9 jn. The boom length 
and loca t ion  were determined by considerat ions of  shroud s i z e  and r e -  
l a t i o n  of  sensor t o  apogee motor r a t h e r  than t h e  opt.imurn magnetic 
l oca t  ion. 

Due t o  t h e  proxjmjty of  t h e  probe t o  t h e  spacecraf t  hardware, t h e  
e f f e c t s  of  magnetjc mater ia ls  becornes more pronounced. The only  magnet?'^ 
spec i f ica t ions  f o r  the  spacecraf t  were those imposed on t h e  s c j e n t i f i c  
instruments. A s  a r e s u l t  hardware was designed giving main consideration 
t o  s i z e  and wejght, and i n  some cases  t o  most des i rab le  mater ia l .  For 
example, t h e  housing of  t h e  Spin Scan Cloud Camera is made of Invar s t e e l  
a s  a low thermal expansion c h a r a c t e r j s t i c  was desired.  

D.C. MAGNFTIC FIELDS 

The D.C. magnetic f i e l d  of t he  spacecraf t ,  a t t r i b u t a b l e  t o  magnetic 
mater ia ls  on t h e  spacecraf t ,  was measx~red by ro t a t i ng  t h e  spacecraf t  
through. 360' in  a zero f i e l d  environment with spacecraf t  power o f f  . 

Magnetometer data were obta jned by removing t h e  spacecraf t  magne- 
tometer probe from t h e  boom and mounting t h e  f l i g h t  s r a r e  magnetometer 
probe. An jnter-instrm.?nt cable  was connected from t h e  f l j g h t  spare  
probe t o  t h e  f l i g h t  spare  e lec t ron jcs  located approximately 40 f t  from 
t h e  spacecraf t .  The magnetometer was then powered and monitored by the  
experjment ground support ey~~ipment  (G.s.E.). I n  t h i s  configuration no 
power was needed on t h e  spacecraf t  t o  determine the  spacecraf t  permanent 
f i e l 2 .  

The spacecraf t  was ro ta ted  360°, and t h ~  permanent f i e l d  perpen- 
d i cu l a r  t o  t h e  spin a x i s  was taken a s  one-half t h e  djfference between 
t h e  0' and l90O readjngs.  The f i e l d s  measured were +50y and 4100y on 
t h e  magneton !terVs A an t  B mes ,  respec t jve ly .  A s  s t a t e d  e a r l i e r  the 
f a c i l i t y ' s  automat Sc ear th  compensal;on sxstern was not operat jonal  a t  
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t h i s  time, brrt t h e  0' and 360' f i e l d  readings were in  good agreement. 
The recordings of t he  ea r th ' s  f i e l d  a l s o  showed no s ign i f i can t  changes 
during t h i s  t e s t  period, so these  f!eld values were taken a s  being due 
only t o  t h e  spacecraf t .  

The p a r a l l e l  component of t h e  spacecraf t ' s  permanent magnetic f i e l d  
was measi~red by holding the  G.S.E. operated magnetometer sensor a t  t h e  
locat ion of  t h e  magnetometer boom and r o l l i n g  t h e  spacecraf t  up t o  and 
away from the  sensor.  The f i e l d s  measured were 2y and 2'jy on magnetometer 
axes A and B, respect ively.  The t e s t  was repeated severa l  tjmes, and 
each t e s t  was in  good agreement with the  o r i g i n a l  t e s t .  

A s i gn i f  lcant  source of D.C. magnetic f i e l d s  vas found t o  be current  
loops i n  t he  spacecraf t  power system. As an example, we found a D.C. 
f i e l d  s h i f t  of about 20y a s  a r e s u l t  of c r r r e n t  being drawn from t h e  s o l a r  
panels instead of fnom the  spacecraf t  bat ceries. 

One day of magnetic t e s t l n g  was devoted t o  commariding t h e  spacecraft 
:nto various operat ional  modes and observing t h e  D.C. magnetic f i e ld  
changes a t  t h e  magnetometer probe. Table 1 is a list of commands sen t  
and t h e  associated changes i n  f i e l d s .  These values a r e  averages from up 
t o  seven separate  executions of t h e  same command. Note t h a t  many commands 
c rea t e  f i e l d s  in  excess of 10Y, and a l s o  i n  general  they a r e  reversfble ,  
e .g . , regula tor  #2 on produced - 4 2 ~  chai'ge on A,  and regulator  #2 of f  
produced +42y change on A .  I n  general  t h e  f j e l d s  created by a pa r t i cu l a r  
configuration of t he  spacecraf t  have no permanent e f fec t ;  over a period 
of  time i n  o r b j t  t h e  s ignatures  of these commands can be ident i f ied  and 
used t o  help reduce f l i g h t  data .  

A. C . MAGNETIC FIELDS 

A second type of magnetic d i s twbance  present on t h e  ATS-1 prototype 
spacecraf t  was what w i l l  be ca l led  A.C. magnetjc f i e l d s .  I n  f a c t  some of 
t h e  f i e l d s ,  such a s  tkose observed from t h e  University of Minnesota mag- 
n e t i c  e lec t ron  spectrometer experiment were caused e n t i r e l y  by a l t e rna t ing  
currents  in conjunction ~ 5 t h  t h e  movement of magnetic mater ials ,  such a s  
t h e  Spin Scan Cloud Camera. 

Again r e fe r r ing  t o  Table 1, these  disturbances were observed t o  be 
i n  t h e  order  of 10y a s  measured with t h e  ATS-1 f l u g a t e  magnetometer. 
The basic  bandwidth of t h e  instrument i s  50 Hz, so  t h e  a c t m l  peak f l e l d  
amplitude of some of t h e  spikes is mknown. In  space f l i g h t  t h e  t e l e -  
metered data from t h e  ATS-1 magnetometer have a bandwidth of approxjmately 
2 Hz. Therefore these  sources of interference are not observed jn t he  
space f l i g h t  data .  

CONCLUSIONS 

The pre- f l igh t  magnetic t e s t s  discussed have provided spec i f j c  
magnetjc interference data on each system of t he  ATS-J. spacecraf t .  These 
data have proven useful i n  f 'raluating o r b i t a l  data from the  s a t e l l j t e  
s jnce  i t s  launch i n  Decc aer,  1966. However, insuffjc?'enL time was all.ocated 



Cc~n~m.ar,d No. Command Des e r  i pt  l an .A ,'. ? ':I. - -- 

22% a p ~ l  ied t o  s/c 
Xrnit;te!- and etlcoder :\r: 
PCM encoder $1 on 
Till Xmltter $4 on ( ~ r ! : t r  #2 oi'f') 
EM3 payload regula tor  
E51E Pawer Buss ~ r .  
UCLA on 
PGP Encoder #2 off  
Xm:ttt?rs 2 ancl 4 .nf f 
Xmitters 2 nn on? ;I 2ff 
PCfl encoder p2 Sn 
Bepea5er #1 mult. scc rss  or. 
Xn~itter- #I. TbJT H.V. on 
Repeater #1 of f  
Xmitter #2 TXC !/3 f!l. on 
Xmitter #2 TWi' Y.V.  .>n 
Repeater f2 o f f  
Repeater #2 m ~ l t .  access mode on 
Pace #1 on; Pece $2 of f  

Pace $2 on; Face #2 of f  
Phase s h j f t e r  d r ive r s  on 
X m i t t e r  #2 T1.E #4 f i l a m e ~ t s  on 
A l l  pace off  
Phase s h i f t e r  d r ive r s  o;'f 
Wideband Data Mode #1 on 
Spin Scan Cloud Camera Reg. on 
South Frame Livi t 
Widebarid Data Mode #2 on 
Spin Scan Cloild Camera Reg. o f f  
Regulator #l on 
Wave form generator  on/off 
Regulator #2 on 
Waveform generator  #2 on/of f 

Regillator #1 of f  
Regulator #2 off  
Regulator on 
Regulator o f f  
Fxperinerit P.S. on 
U. of  Minn. on High f r e q  nojse,  
U. of Minn. o f f  
Exper irr.enr, P.  23. off 
U C U  off 
FDlE Payload Reg. off' 
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t o  t h i s  portiori of t11e spacecraf t  t e s t i n g .  The ATS-1 program provided 
th ree  days for  a l l  magnetjc t e s t j n g  of t k e  spacecraf t .  

On many spacecraf t  proerans , even those with s t r j ngen t  magnetic 
spec i f ica t ions ,  a djsproport jonately small  perjod of time is a l loca ted  
fo r  magnetic t e s t j n g .  Usually some s o r t  of perm-deperm t e s t  i s  sched!lled 
and, in  some cases ,  t h e  magnetic f i e l d  of t h e  spacecraf t  i s  mapped, but 
llsllally de t a i l ed  t e s t i n g  w j t h  s o l a r  simulation j~ not; provided. If t e s t  
t irr~e ea r ly  i n  a program i s  made ava i lab le ,  many sources of  in te r fe rence  
can be invest igated and, in  some cases ,  s i g n i f i c a n t l y  reduced. 

Permanent D.C. f i e l d s ,  current  loop D . C .  f i e l d s ,  and A . C .  f i e h i s  
a l l  cont r ibu te  t o  masking t h e  nature  of  t h e  physical  environment whjch 
t h e  instruments a r e  t ry lng  t o  measure. Often t he se  e r ro r s  may be 
removed from f l i g h t  da ta .  I n  some cases l a rge  amounts of time and 
considerable data  reduction expense occur when more s t r ingerk t   magnet?'^ 
control  coclld be much more simply and econoinjcally appl jed.  

This work was supported by t h e  National Aeronautics and Space 
Administratjon under cont rac t  NAS 5-9570. 

REFERENCES 

Barry, J.D., Snare, R . C . ,  A F l w g a t e  Magnetometer f o r  t h e  A p p l i c a t i ~ n s  
Technology S a t e l l i t e ,  IEEE Trans. Nuc. Sci . , - NS-13, 333-33?, 1966. 



NEW NONLINEAR MAWETIC ANALYSTS OF SATURATED 
ELBCTROMEHANICAL FNERG'II CONVERTBRS 

University of Colorado, Bould-er , Colorado 

- 
A knowledge of t h e  d i s t r i b u t i o n  of magnetic fnduction in" 0;) 

e l s c t r i c a l  devices is of g rea t  jimportance to  t h e  designer 
in teres ted  i n  f inding in advanc-e t h e  performance character is-  
t i e  of hfs dessgn. The andeavor t o  find t h e  magnetic induc- 
tZon 3s as old  as t h e  art of designing electrical apparatus. 

Many 02 t h e  e a r l y  workers attempted a rigorous mathe- 
matical treatment t h a t  would yield e x p l i c i t  so lu t ions  based 
on a number of simplifying assumptions, ane of whgch was t he  
.assu~lpt%on of t h e  Sa f in i to  permeability of i ron,  A review 
02 prev5ous mathematiGa1 and enggneering papers dealing w i t h  
f i e l d s  i n  r o t a t l n g  ma<rhines 1s given i n  R e f ,  1, 2, 3, and 4. 

WSth the development of modern ro ta t ing  machines, the 
so lu t ions  based on ia9inS-to or constant perrmeabPlity became 
inadequate. The author and h i s  research group  ha^ been 
engaged f o r  some fSve years i n  es tabl i sh ing  more accurate 
numerical methods t h a t  consider t h e  nonlinear cha rac te r i s t i c s  
pf the  ferromagnetic mater ials ,  The method employed is 
based on t h e  numerical solutgon of the  partial d i f f e r e n t i a l  
equation dessribfng the  po ten t i a l  f i e l d s  i n  the cross-section of 
ro ta t ing  e l e c t r i c a l  machines. I n  th2s procedure, t h e  so-called 
magnetizat5on charaste'lris&ic, the  re la t ionship  between the  
magnetic in tens i ty  H and B is replaced by a curve t h a t  can 
be expressed e a s i l y  i n  an e x p l i c i t  formula, The class of 
problems o ~ ~ u r r i n g  i n  ro ta t ing  e l e c t r i c a l  machines are based 
e i t h e r  on the  nonlinear equivalent of t h e  Laplacian p a r t i a l  
d i f f e r e n t i a l  equation of the  magnetic s c a l a r  po ten t i a l  o r  the  
quasi-Poissonian p a r t i a l  d i f f e r e n t i a l  equation of the  magnetic 
vector potent ia l ,  Honiopolar and heteropblar machfnes a r e  
analyzed t o  demonstrate the  method developed i n  t h e  paper. 

TRIMERICAL SOLUTION OF THE N O N L I Y Y  WLGNEPfC - 
SCALAR POTEN'ffAE. 

For e l e c t r g ~ a l  machlines whose current-density f i e l d s  i n  
a cross-sect5on can be repXa.ced by an inf 2nitesimafJy th in  
current  sheet,  the magmtfc-Qfeld in tens i ty  veetop H is best 
found as t h e  n.egative gradient 0% a Scalar potent ia l  V. The 



scalar po ten t i a l  is t h e  so lu t ion  of a non-l%neas, quasi- 
~gtpla-cian t h a t  can be expressed as 

i n  rectangular coordgnates o r  i n  c i r c u l a r  polar coordinates as: 

The scalar-potent ial  concept can be used with advantage 
for homopolar a l t e r n a t o ~ s ,  The cross-section of the r o t o r  of 
t h i s  z~otating machine does not conf;ain current  fblds; the 
current fields Of t h e  stator can be replaced by t h i n  current 
sheets. 

I n  a homopolar a l t e r n a t o r  t h e  electromotive force i n  the 
s t a t o r  wSindfag 3s induced by a variatian of the airgap f lux 
between a ma~xSmum value and a mir,unum value of t h e  same 
polar i ty .  The f lux-1Snkage char-ges ape =used by the modu- 
l a t i o n  of a uai-dinrectional f lux ,  Thfs modulatio,n -3s 
achieved by providing %fie r o t o r  wizh saliehcfes as shown i n  
Fig. 1. The sa l i enc ies  are called "teeth" i n  order to  dis- 
t i n g u b h  t h e m  Zrom conventlional s a l i e n t  poles. A period of 
induced emf. fn a conductor corresponds t o  a complete period 
of f lux  modulation, The dis tance between two consesu8ive 
tooth centeps, o r  t h e  dis tance between two consecutive axes 
of symmetry of inter-tooth spaces, w i l l  correspond to t he  
double pole-pitch of a conveati.ona1 synchronous machine. If 
*he rotor Xs prsvtded w i t h  B salfencfes ,  then N cycles of emf 
w i l l  be induced in eacK stator c o i l  by a s&ngle revolution 
of the ro tor ,  A t  n revolutions per second t h e  frequency of 
t h e  fnduced voltages w i l l  be 

P = nN cps. 

The stator of such a homopolar a l t e r n a t o r  cons i s t s  of 
two s tacks  o$ laminations separatkd by a c i r c u l a r  excita- 
t i o n  6051 (-OF f kefd eo53) of rectangular caoss-section, co- 
axfa l  w i t h  the  shaft of the generator, shdwn cross-hatshed 
i n  F i g .  2 .  The s t a t o r  fanifnations a re  the  sme as those of 
an induction motor or of a syrachroqous machine. The outer  
cylinder completes the magnetic pa&h %S s?~@ggg $n -Pi'fg. - I. 

The ro tor  of an I@ I S  a s o l i d  farging, 2szmdng t w o  5den- 
t;$cai tootfied rZngs a s h a f t ,  The &e£% . &iidy . F .  9&?i% - ' f $rigs 
ape of f se t  so t h a t  a ko%or-tsG.$fi @i3~ on tite 5s: en the 
same generatxix as the kAter-t6bth S X ~  OR the ETgh%, . - 
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Fig. 1. Cross Section of a Homopolar A3 ternator 



I n  order  t o  b r ing  t h e  d i f f e r e n t i a l  equation i n t o  t h e  
realm of a numerical s o l u t i o n  t h e  folllo~:fng s impl i fying 
assumptions are made. 

1, The f i e l d  is two-dimensional a s  shown i n  Fig,  2. 
The s o l u t i o n  thus  w i l l  be independent of t h e  z coordinate.  

2. The magnetic p o t e n t i a l  a t  t h e  boundaries AB and CD 
and t h e  p o t e n t i a l  d i f f e r ence  between AB and CD i n  Fig. 2 
are constant .  The p o t e n t i a l  d i f ference between AB and CD 
w i l l  be denoted Pg. 

3. The material is i so t rop ic .  

4. There are no current-density f i e l d s  a t  no-load. 

5. The magnetization c h a r a c t e r i s t i c  of t h e  material 
is represented by a single-valued function. The permeabil i ty 
w i l l  be expressed by one o r  s e v e r a l  equations of t h e  form 
u = (a  + b 1 31 )-I o r  any o ther  convenient form. 

6. The s l o t t i n g  of t h e  s t a t o r  region is re laced by a 
homogeneous material of "synthetic" permeabil i ty . This, to-  
gether  wi th  an a i rgap  increased by t h e  usua l  Carter co- 
e f f i c i e n t ,  w i l l  be used i n  t h e  ana lys i s  ins tead  of f u l l  con- 
s i d e r a t i o n  of t h e  s l o t t i n g .  

7, The shaft has a s m a l l  bore i n  its cente r  as shown i n  
Fig. 2. Thfs is necess i ta ted  by t h e  fact t h a t  some terms of 
t h e  p a r t i a l  d i f f e r e n t i a l  equation become s ingu la r  at  t h e  
o r i g i n  of po la r  coordinates.  

The Boundary Conditions and F ie ld  Vectors 

The general  so lu t ion  of Eq. 2 must s a t i s f y  t he  following 
boundary condit ions:  

Type 1. Boundary condi t ions  a t  a contour of appl ied 
p o t e n t i a l  (as  contours AB and CD i n  Fig. 2).  Here t h e  poten- 
t i a l  is given as 

V(r,e) = const  (3 1 

Type 2. Boundary condi t ions  at  a l i n e  of  symmetry (as 
AD and BC i n  Fig. 2) .  The equipo ten t ia l s  a t  t he se  l i n e s  must 
be normal t o  t h e  bounda~y. The condit ion t o  be s a t i s f i e d  is 
theref  o r e  

Type  3. Boundary condi t ions  a h  in te r faces :  Across bound- 
aries a t  which the re  is a change of material, t h i s  means a 
change of permeability. The normal component of t h e  magnetic 



Fig. 2. Mesh System in Polar Coordinates 



induct ion vector B and t h e  t angen t i a l  component of t h e  magnetic 
i n t e n s i t y  vector  H must be continuous. For boundaries Eg, FG, 
and JI ( i n  t h e  e d i r ec t ion )  t h i s  is expressed as: 

a i r  i r o n  

For boundary G J  i n  t h e  r d i r ec t ion :  

AV a v  
, \aair = \SF) i r on  

Type 4. A t  i n t e r f a c e  corners  (corners G and J i n  Fig. 2). 
A t  such coadi t ions  Eqs. 8a, 8b, 9a and 9b have t.0 be simultane- 
ously s a t i s f i e d .  

The magnetic i n t e n s i t y  is found everywhere by the  formula 
hl 

H = - grad V ( 7 )  

and the  f l u x  densi ty  is Pound by t h e  cons t i tuen t  r e l a t i o n  

where B is a nonlinear funct ion of H.  The permeabil i ty can be 
conveniently expressed by one o r  s eve ra l  r e l a t i onsh ips  of t h e  
form B 

u = (a, + bn l~1) - '  (gal 

where a, and bn are constants  of t he  ferromagnetic mater ia ls .  

O r  i n  terms of t h e  magnetic scalar p o t e n t i a l  

Numerical Solution of the Mathem-qt i ~ ~ l  _Model - 
An e x p l i c i t  so1utio.n of t h e  nonlinear p a r t i a l  db$feren%ial  

equation 2, s a t i s f y i n g  the  boundary s6nt3i-tis.ixs at t h e  compli- 
cated contows ,  cannot be found, A numez$(sa5 nlethoQ F@ wliiich 
the p a r t  i a l  d i f f  eren tka l  e~@@%t;ren f s r&pp%a6&d :bly d.i$iweptse 
equat f ons t h a t  are a~ n ~ m e ~ 6 G s  as $:lie i n t e r sec t  ing fie~.hp.oi;iits 



o f  a g r i d  system becomes necessary .  The continuous v a r i a b l e  
is hereby repzaced by t h o  va'lue of t h e  p o t e n t i a l  a t  t h e  d i s -  
crete g r i d p o i n t s ,  For t h i s  purpose t h e  c ross - sec t ion  is sub- 
d iv ided  b y  a convenient  system of g r i d l i n e s ;  t h e s e  are e i t h e r  
r a d i a l  l i n e s  o r  c o n c e n t r i c  circles, S ince  t h e  s i d e  of t h e  
s a l i e n c y  is no t  r a d i a l ,  it becomes necessary  t o  r e p l a c e  t h e  
s i d e  w i t h  f i n i t e  s t e p s  as shown by t h e  l i n e  J ' G ' ,  G t J " ,  J"Gt'  9 

and so on. 

I n  t h e  numerical s o l u t i o n  by r e l a x a t i o n  a uniform mesh 
may be chosen. The complicated geometry of t h e  problem and 
t h e  fact t h a t  d i f f e r e n t ~ d o m a i n s  have d i f f e r e n t  c h a r a c t e r i s t i c s ,  
sugges t ,  however, t h a t  s p e c i a l  c a r e  be taken %n t h e  choice  of 
t h e  mesh. I n s i d e  a domain, t h e  mesh chosen can be l a r g e r  than  
a t  t h e  boundaries .  Great  p r e c a u t i o n  has to  be taken a t  corners ,  
because a t  t h e s e  p o i n t s  t h e  g r a d i e n t  of t h e  p o t e n t i a l  changes 
r a p i d l y .  Thus, a s  seen  from F ig ,  2,  i n  t h e  i n t e r i o r  of  t h e  
a i r  and i r o n  domains, l a r g e  meshes a r e  g e n e r a l l y  chosen. I n  
t h e  v a r i o u s  air-gap between t h e  r o t o r  and s t a t o r  i r o n ,  t h e  
p o t e n t i a l  g r a d i e n t  is l a r g e ,  and it becomes necessary to  in-  
t roduce  a f i n e r  mesh. Such a s u b d i v i s i o n  l e a d s  t o  square  and 
nonsymmelrieal meshes. 

It is of  g r e a t  computat ional  advantage i f  each r o w  con- 
t a i n s  t h e  same number of  mesh p o i n t s ,  and i f  each column con- 
t a i n s  t h e  same number of meshpo.ints, a l though t h e  number of 
mesh p o i n t s  i n  rows and columns is not  g e n e r a l l y  t h e  same. A 
s y s t e m a t i c  method of programming is t h u s  obta ined.  

Using a method expla ined i n  d e t a i l  i n  Ref. 1, t h e  follow- 
i n g  d i f f e r e n c e  express ion  f o r  t h e  g r i d p o i n t  J , K  denoted a s  0 
i n  an i r r e g u l a r  mesh shown i n  Fig.  3 r e s u l t s .  

where 

S i m i l a r l y  t h e  p e r m e a b i l i t i e s  are c a l c u l a t e d  and one o b t a i n s  f o r  
t h e  permeabi l i ty  of p o i n t  111 on a ; t a n g e n t i a l  g r i d l i n e  of Fig. 2 

Above equat ions  r e f e r  t o  t h e  so-ca l led  no-load opera t ion  OR 
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t h e  a l t e r n a t o r .  The load  c u r r e n t s  i n  t h e  d i s c r e t e  conductors  
can be rep laced  by t h e  t h i n  sinusoidaily-distributed c u r r e n t  
s h e e t  a t  t h e  bore. The s c a l a r  p o t e n t i a l  V then  becomes d i s -  
continuous a t  t h e  c u r r e n t  d e n s i t y  s h e e t ,  I f  t h e  p o t e n t i a l  a t  
one s i d e  of t h e  c u r r e n t  s h e e t  is denoted a s  V and, on t h e  
oppos i t e  s i d e ,  as V2, t h e  d i s c o n t i n u i t y  w i l l  he 

The f u n c t i o n  F is a c t u a l l y  t h e  magnetomotive f o r c e  d i s -  
t r i b u t i o n  a t  t h e  s t a t o r  bore  and can be expressed a s  

where 

The p o t e n t i a l  a t  a meshpoint on t h e  bore  w i t h  c u r r e n t  sheet 
w i l l  now have two values  given as: 

The q u a n t i t y  (V2-B) is used i f  t h e  p o i n t  J1,K i n  Fig.  3 is on 
t h e  c u r r e n t  sheet. For t h e  p o t e n t i a l  a t  p o i n t  J ,K+1 shown a s  
2 i n  Fig.  3 t h e  q u a n t i t y  (V2+F) is used. The p e l m e a b i l i t i e s  a r e  
c a l c u l a t e d  s i m i l a r l y .  

The S t e r a t  ion  Metbod - 
Once t h e  d i f f e r e n c e  equa t ions  (Eqs. 10 and 19)  a r e  estab- 

l i s h e d ,  an o v e r r e l a x a t i o n  method is used f o r  t h e  sSmultaneous 
s o l u t i o n  of t h e  N equa t ions  d e s c r i b i n g  t h e  p o t e n t i a l s  at  t h e  N 
mesh p o i n t s .  

The n o n l i n e a r i t y  of t h e  problem sugges t s  a r e a l i t y  of t w o  
sets of q u a n t i t i e s .  These a r e  t h e  p o t e n t i a l s  and t h e  permea- 
b i l i t i e s  t h a t  a r e  non l inea r  %unct ions  of the  p o t e n t i a l  g rad ien t s .  
Experience has shown t h a t  a one-step s o l u t i o n  f o r  both q u a n t i t i e s  
converges s lowly ,  i f  a t  a l l .  I n  t h i s  paper a l t e r n a t i n g  i t e r a -  
t i o n s  a r e  used, I n  t h i s  method an i t e r a t i o n  is performed f i r s t  
f o r  t h e  p o t e n t i a l s ,  assuming t h e  p e r m e a b i l i t i e s  t o  be  func t ions  
of p o s i t i o n  only.  A s  a second s t e p  t h e  p e r m e a b i l i t i e s  a r e  ca lcu-  
l a t e d  by $n i e e r a t i o n  procedure from t h e  g r a d i e n t s  of t h e  new 
p o t e n t i a l s ,  us ing  Eq, 9b. The i t e r a t i o n  p rocesses  are then  as 
fo l lows : 

F i r s t ,  a n  i n i t i a l  guess is made f o r  t h e  po tegh t i a l  a t  every 
p o i n t  i n  t h e  mesh. I t  is not  necessary t h a t  t h e s e  guesses be 
t o o  accura te ,  a l though t h e  convergence is f a s t e r  w i t h  a c c u r a t e  
i n i t i a l  guesges . 

For convenience, t he  p e r m e a b i l i t i e s  a t  every p o i n t  i n  t h e  



mesh are se t  equal to the permeability of a i r ,  and u s i n g  the 
assumed values of potential,  a new se t  of permeabilities is 
calculated, u s i n g  Eq. 9b. Using the new values of permeability, 
a new s e t  of potentials is calculated u s i n g  E q s ,  10 or 19, 
T h i s  i terat ion procedure is continued u n t i l  the potentials 
that sa t i s fy  w i t h  sufficient approximation a l l  N dif fsrence 
equations are obtained, 

In order to determine if the solutions have approximated 
suff ic ient ly  the f ina l  values of the scalar pdtentials, the 
differences of potential are calculated a t  certain selected 
points from one iteration t o  the next, If the potentials do 
not change appreciably from one iteration to  t h h  next, it is 
assumed that the computations have converged to values suffi-  
ciently close to  tho real  solution, 

A Fortran computer program for an IBM 7090 computer has beeh 
used to  obtain the fbllowing ob,jectives: 

1) To carry out the overrelcxation procedure; 

2) To recalculate the permeabilities; 

3) To t e s t  the solution for convergence; 

4) To calculate the radial magnetic induction a t  the stator 
bore, u s i n g  Eqs. 7 and 3 .  

The flow chart and the computer program are described i n  detai l  
i n  R e f ,  2 and 4 ,  

The theory and the compater programs have been applied to a 
wye-connected 8KVA Lphase, 0.75 power factor homopolar alternator 
operating a t  18,840 rpm, The nominal frequency is 628 cps; the 
line-to-line voltage is 85 volts. 

For the no-load computation the excitation between and 
i n  F i g ,  2 has been chosen as 1000, 3 500 arid 2000 ampereturns 

respectively. The numerical solution has also beer1 established 
for purely reactive inductive loads for 60-amp, phase current 
a . t  1500, a000 and 2500 ampereturn excitation, The load current 
ostahliehes a 550-ampereturn armature reaction. 

The calculated results  have been plotted i n  Fig, 4a for no- 
load conditions. The resulting rtadial component of t h o  airgap 
magnetic induction is shown in F i g ,  4b, A Fourior analysis 
yielded the fundamental component from which the t,hoors t ical 
no-load-ac id-load cha~itc t eriu t ic has buon os tab1 i s h s d .  Tho, 
agreement as seon ErVom Fig .  5 is quite ggoocl when t h ~  coaplica- 
t isna of the problem are considered, 

MAGNETIC VECTOR POTENTIAL OF WETEXOYOLAR MAClTINEB 8-10. 

Tho cross-section of kotsropolar electrical machines contains 
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POSITION ON BORE 

Fig .  4. Flux Distribution i n  Airgap of Homopolar Alternator 
(a) No-Load 

(b) Purely inductive load 
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cu r ren t  f i e l d s  even a t  no-load, as seen. The e x c i t a t i o n  cur- 
r e n t s  i n  t h e  f i e l d  c o i l s  represen t  s i n g u l a r i t i e s  of t h e  
s c a l a r  p o t e n t i a l  f i e l d  and Poisson 's  equations have t o  be 
appl ied leading t o  t h e  vector  p o t e n t i a l  f i e l d  concept. Ex- 
perience has shown t h a t  t h e  a l t e r n a t i n g  over re laxa t ion  
process l eads  to  very slow convergence o r  t o  uns tab le  solu- 
t ions. 

The author and h i s  a s s o c i a t e s  have developed a method, 
l a rge ly  overcoming t h e  d i f f i c u l t y  of slow convergence, t h a t  
c o n s i s t s  of t h e  following: 

1 )  The c o n s t i t u t i o n a l  r e l a t i o n  given by Eq. 9a is re- 
versed and t h e  form suggested by King 

is used. I n  t h i s  ekpression u is t h e  r e l u c t i v i t y  of t h e  
ferromagnetic mater ia l  and is obviously t h e  r ec ip roca l  of t h e  
permeabil i ty.  This  assumption s i m p l i f i e s  t h e  p a r t i a l  d i f f e r -  
e n t  i a l  considerably.  

The nonlinear dependence of t h e  r e l u c t i v i t y  v on t h e  mag- 
n e t i c  induct ion can be described by one o r  s eve ra l  expressions 
of t h e  form 

u = ~ ( 1  - dll30-l ( 2 1 4  

where c and d are mater ia l  constants .  A t  high s a t u r a t i o n  
l e v e l s  t h e  s a t u r a t i o n  curve can be approached by a s t r a i g h t  
l i n e .  I n  Enis region t h e  r e l u c t i v i t y  can be defined as 

2) A new method ~ f ~ a c c e l e r a t i n g  convergence, first in- 
troduced by S. V. Ahamed and then extended by ~ r d & ~ i  and 
~ h a m e d ~  is used. In  t h e  procedure, based on Stokes' theorem, 
t h e  l i n e  i n t e g r a l s  of t h e  magnetic i n t e n s i t y  over closed paths  
are compared with  t h e  enclosed cu r r en t s .  The r a t i o  of these  
q u a n t i t i e s  is then used t o  ad jus t  t h e  p o t e n t i a l s  i n  t h e  cross-  
s e c t i o n  by  block re laxa t ion .  

3) In  t h e  a l t e r n a t i n g  process of i t e r a t i o n s  of paten- 
rials and r e l u c t i v i t i e s ,  t h e  lat ter  are underrelaxed. 

The D i f f e r e n t i a l  Equation of - t h e  Vector Po ten t i a l  and Boundary 
~ o n d i t  ions  

Assump%jons are general ly  t h e  same as f o r  the  s c a l a r  poten- 
t ial .  It is f u r t h e r  assumed t h a t  t h e  d i s c r e t e  cu r r en t s  i n  t he  
f i e l d  winding aud armature-winding conductors are d i s t r i b u t e d  
uniformly over t h e  cross-section of t he  individual  c o i l s .  I n  
t h e  p r a c t i c a l  example t h e  c y l i n d r i c a l  sur faces  on both s i d e s  
of t h e  a i rgap  are repzesented by planes,  Here again only 
two-dimensional so lu t ions  are considered. The simultaneous 
so lu t ion  of Maxwell's eqwition leads  i n t o  t h e  assumption of 



a dfvergence-free vector potent ia l ,  thence t o  t h e  quasi- 
Poissonian p a r t i a l  d i f f e r e n t i a l  equation 

i n  Cartesian coordinates. In  c i r c u l a r  polar coordinates t h e  
vector po ten t i a l  is formed by t h e  so lu t ion  of the  equation: 

The magnetic induction is then fol~nd from t h e  r e l a t i o n s  
N 

B = c u r l  A (23) 

This leads t o  t n e  f$eld components 

i n  Cartesian coordinates and i n  polar coordinates 

Fig, 6 shows a pole-?itch i n  the  cross-section of a typica l  
heteropolar, salient-pole: synchronous machine. The following 
boundary conditions have t~ be s a t i s f i e d :  

A t  air-iron interfaces ,  at  air-current interfaces:  The 
tangent ia l  component of the  magnetic in tens i ty  vector and t h e  
normal component of the  magnetic induction vector are con- 
tinuous, This condition has t o  be s a t i s f i e d  a l s o  a t  inf in i -  
tesimal distances from t h e  corners formed by two Intersect ing 
contours. 

A t  no-load conditions the  f i e l d  is symme-hical t o  the so- 
ca l l ed  d i r e c t  ax i s  = and m. The vector po ten t i a l  is, i n  t h i s  
case, constant on t h e  ax i s  '1PB and m. If one assumes a l so  t h a t  
the  f i e l d  outs ide the contour of the  machine is zero then the  
vector po ten t i a l  is constant over the  whole path e. The 
vector po ten t i a l  equipotentials,  t h e  so-called f lux  l ines ,  are 
orthogdnal t o  t h e  cross  axis EF and here 

The above s y m m e t r i e s  and orthogona9fties do not apply i f  the 
armature azonductors carry currents ;  the  vector potenP;ial, how- 
ever, remains a periodsc funct5on, t h e  double pofe-pf%ch as 
its fundamental perLod, The v e ~ t o r  potent ia l  a t  any point  P 
wS11 be equal i n  magnLtuda and opposite i-fl gig% 20 the veeeor 
po ten t i a l  Pi  Qn the same horfzontal gr fd l ine  a pole-pit& away. 
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Fig. 6.  Cross S e c t i o n  of Salient P o l e  
Synchronous Machine 



Discret izat ion of t h e  - ~ P a r t i a l  Dif ferent ia l  Equation aqcl the  

A s  i n  t h e  case of s c a l a r  potent ia l  problems the  continuous 
region of the  cross-section shown i n  Fig. 6 is provided with a 
g r id  system and t h e  vector po ten t i a l  is then found only f o r  
the  in tersec t ing  gridpoints.  Again, grea t  ca re  has t o  be 
takex; i n  constructing the  g r i d  system. A f i n e  mesh is chosen 
a t  boundaries as shown i n  Fig. 7 .  It is also advantageous t o  
le t  t h e  contours coincide with gr id l ines .  Slanted and leveled 
contours a r e  replaced by staircase-type contours. 

Such a g r i d  system leads to square and non-uniform meshes, 
A typ ica l  mesh i-  shown i n  Fig. 8. The v ' s  denote the reluc- 
t i v i t i e s  over the aFea of meshes, and t h e  J's denote t h e  cur- 
r en t  dens i t i e s  of the  meshes. Current-density f i e l d s  are i n  
air regions, i . e . ,  regions of constant r e luc t iv i ty .  

The f i rs t -order  approximation of t h e  difference equation 
a t  point 0 can be found by using Ampere's l a w  a s  

where 

M = JO + A1a1(vIB4 + vIIBP) + A2a2(vIIB1 + vIIIe3) + 

A3a3(vIII~2 + ~ ~ ~ $ 4 )  A4a4(vIy$3 + v l ~ l )  (27) 

and 
N = p ~ l ( ~ 1 8 4  + vIIBZ) + a2(vIIB1 + v ~ ~ ~ $ ~ )  + 

a3(v11,1B2 + ~ $ 3 )  + a4(v1V83 + '1~1) 
(28) 

The constants al a2? as, and a4 i n  27 and 28 a re  defined 
a s  ? 

The constants PI, p,, 03, and 84 in 27 and 28 are defined 
a s  



F i g .  7 .  Detail  of Mesh System 



Fig. 8.  Mesh i n  Cartesian Coordinates 



The r e l u c t i v i t i e s  a r e  ca l cu l a t ed  from Eq. 21a o r  21b using 
t h e  average values of t h e  magnetic induction i n  t h e  cen te r  of 
t h e  mesh. T h i s  can '  be shown f o r  mesh t o  be 

and 

The cu r r en t  dens i ty  JO i n  Eq. 27 is t h e  average value of 
t h e  cu r r en t  a t  g r idpoin t  0 and is defined a s .  . 

This value of B is used i n  Bqs. 21a,b f o r  t he  ca l cu l a t i on  of re- 
l u c t i v i t y  i n  the  mesh =. 

The r e l u c t i v i t i e s  i n  t he  o the r  three rec tangles  having grid- 
point  0 a s  a j o i n t  corner  a r e  determined s imi l a r ly .  In order  t o  
avoid a sepa ra t e  loca t ion  i n  t h e  computer program f o r  t h e  re luc-  
t i v i t y ,  t he  r e l u c t i v i t y  of each mesh fs assigned t o  t h e  top- 
r i g h t  corner of a mesh. 

The boundary condi t ions  a t  i n t e r f a c e s  are included auto- 
mat ica l ly  i n  t h e  d i f f e r ence  formula Eq. 26, To s a t i s f y  the 
pe r iod ic i t y  condi t ion,  it is bes t  t o  s t a r t  by comparing t h e  
lat t ice poin t s  on d i r e c t  axes and m. An addi t iona l  g r i d l i n e  
C I D 1  is introduced (as  shown i n  Fig,  6) a pole-pitch away from 
t h e  g r i d l i n e  next t o  f o r  t h e  executkon of t he  pe r iod ic i t y  
condit ion.  
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The I t e r a t i o n  Procedure 

Experience with s eve ra l  programs has shown t h a t  i t e r a t i o n  
procedures of magnetic vector-potent ia l  problems are bes t  
c a r r i e d  out  i n  a sequence of t h r e e  s t e p s  forming one i t e r a t i o n .  
These are 

1. Relaxation of t h e  P o t e n t i a l s  

2. Block r e l axa t ion  f o r  acce l e ra t i on  of convergence 
3. Underrelaxat ion of r e l u c t i v i t  i e s  

Relaxation of t he  P o t e n t i a l s  

I n i t i a l  values are chosen f o r  t he  p o t e n t i a l s  and estimates 
made of t he  r e l u c t i v i t i e s .  The p o t e n t i a l s  are then recalcu- 
l a t ed ,  rep lac ing  the  o r i g i n a l  values wi th  t h e  values obtained 
by t h e  use of t h e  algori thm of Eq. 26. 

Accelerat ion of Convergence by Block Relaxation 

The cur ren t  f i e l d s  i n  t h e  cross-sect ion of t h e  machine 
c o n s t i t u t e  s i n g u l a r i t i e s  i n  %he scalar magnetic-field concept. 
They do not  represen t  s i n g u l a r i t i e s  i n  t h e  vector-potent ia l  
f i e l d  concept; t h e  e f f e c t  of these  f i e l d s ,  however, causes a 
pa in fu l ly  slow convergence of t h e  usual  i t e r a t i o n  procedure 
and i n  many cases  l eads  t o  divergent behavior. In order  t o  
a t t a i n  convergence, t h e  e f f e c t  of t he se  f i e l d s  has t o  be 
brought i n t o  t h e  ca l cu l a t i on  procedure i n  a more d e f i n i t e  way. 
This is accomplished by t h e  use  of Stokest  theorem and w i l &  be 
bes t  understood from Fig. 8. F i r s t ,  t he  l i n e  i n t  ra l  of H. 
d r  is formed on path I, cons i s t ing  of t h e  po in t s  h, and 
then t h e  su r f ace  i n t e g r a l  of t h e  cur ren t  d e n s i t i e s  i n  t h e  area 
bounded by path I is found. The r a t i o  of t he se  t w o  q u a n t i t i e s  
is denoted a s  c I 

The value of c I  should be obviously 1 and w i l l  not even be 
c l o s e  t o  un i ty  at t h e  beginning of t h e  i t e r a t i o n s .  In o rds r  
t o  co r r ec t  t k i s  defect  a l l  vector p o t e n t i a l s  a r e  mul t ip l ied 
wi th  c I .  

Next t h e  l i n e  i n t e g r a l  and-surface  i n t e g r a l  are found f o r  
t he  path  I1 connecting po in t s  =D The r a t io  of these  
i n t e g r a l s  is denoted a s  c . 13 or&gqnot t o  d i s t u r b  t h e  
p o t e n t i a l  r e l a t i onsh ip  foahd by t h e  f i r s t  block r e l axa t ion ,  t he  
vector p o t e n t i a l  AM i n  a point  M j u s t  l e f t  of is replaced 
by A h  defined a s  



where AN is t h e  p o t e n t i a l  on a  g r i d l i n e  j u s t  r i g h t  of on 
t h e  same h o r i z o n t a l  g r i d l i n e  a s  p o i n t  M. The vec to r  p o ? e g t i a l s  
on a l l  g r i d p o i n t s  on t h e  h o r i z o n t a l  g r i d l i n e  l e f t  of M are 
r e c a l c u l a t e d  a s  

A ' ~  = AP - ( A t M  - AM) (37b) 

The p rocess  desc r ibed  f o r  t h e  i n t e g r a t i o n  p a t h  II is c a r r i e d  
o u t  a l s o  f o r  a l l  o t h e r  p a t h s  (111-IX shown i n  Fig.  9 ) .  After 
a l l  t h e s e  r e l a x a t i o n s  t h e  p e r i o d i c i t y  condit ion; \wil l  not  be 
s a t i s f i e d .  The p o t e n t i a l s  on and ?% w i l l  no t  be equal  i n  
magnitude. As an adjus tment ,  t h e  vec to r  p o t e n t i a l s  of a l l  
g r i d  p o i n t s  of a  g r i d l i n e  KM a r e  reduced by 

Underre laxat ion  of R e l u c t i v i t i e s  

The r e l u c t i v i t i e s  can  now be r e c a l c u l a t e d  us ing  Eqs. 21a 
and 21b. Experience wi th  s i m k l a r  programs i n d i c a t e s  t h a t  t h e  
i t e r a t i o n s  become more stable i f  the  r e l u c t i v i t y  changes a r e  
kept  i n  small bounds. For t h i s  reason t h e  p rocess  inc ludes  an 
under re laxa t ion  of  t h e  r e f u c t i v i t i e s  according t o  t h e  formula 

where y is t h e  r e l u c t i v i t y  used i n  t h e  ( n + l ) s t  i t e r a t i o n ,  
v is tat* used i n  t h e  n t h  i t e r a t i o n ,  and v 1  is t h e  r e l u c t i v i t y  
cRlcu la ted  a f t e r  t h e  n t h  i t e r a t i o n .  The magRitude of f  is i n  
t h e  range between 10 and 30. 

The C o m ~ u t e r  Programs 

The computer programs, w r i t t e n  i n  F o r t r a n  I1 language, 
accomplish t h e  fo l lowing opera t ions :  

1. Relax t h e  vec to r  p o t e n t i a l s  a t  each g r i d p o i n t  us ing  
Eq. 26. 

2. Carry o u t  t h e  block r e l a x a t i o n  us ing  Eqs. 36,  37, 38. 

3. Underrelax t h e  r e l u c t i v i t i e s  according t o  Eq. 39. 

4. C a l c u l a t e  t h e  r a d i a l  component of  t h e  magnetic induc- 
t i o n  along t h e  armature pe r iphery  us ing  Eq. 23a. 

5. Check the  convergence of t h e  i t e r a t i o n s .  

Appl ica t ion  of t h e  Vector P o t e n t i a l  Method a n d  Sq lu t  ion  Obtained. 

The theory  descr ibed i n  t h i s  paper and t h e  computer program 
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i n  a 3-phase Syhchran0u.s @ener ator 
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of R e f s .  8-10 have been appl ied t o  l a r g e  sa l ien t -po le  syn- 
chronous generators  and d i rec t -cur ren t  motors. Here only 
t h e  r e s u l t s  of :a lcula t ioas  c a r r i e d  ou t  f o r  a 2750 KVA, 
2300 V, 3-phase, wye-connected, 60 c s . ,  900-rpm, 8-pole alter- 
nator  a t  r a t ed  cu r r en t  and seven d i f f e r e n t  power-factor 
angles  are reproduced. The design d a t a  of t h e  a l t e r n a t o r  
were obtained from t h e  Large Apparatus Division,  IVestinghouse 
E l e c t r i c  Corporation, East  P i t t sburgh ,  Pennsylvania. The 
ca l cu l a t i ons  w e r e  c a r r i e d  out  on t h e  CBC 3600 computer of 
t h e  National Center f o r  Atmospheric Research i n  Boulder, 
Colorado, 

Load Conditions ~ - - R e s u l t s  - - -  

The r a d i a l  a i rgap  induction at  t h e  armature bore has 
been found fox 10,500 At/pole e x c i t a t i o n  a t  f u l l  load of 696A 
at seven dif ferent 'power  f ac to r s .  The plot of t h e  r e s u l t s  
are shown i n  Flg .  9. The induced vol tages  have been calcu- 
l a t e d  and found t o  agree  wi th  an accuracy of t h r e e  per cen t  
as compared with measurements. 

C O W S  ION 

The methods of s o l u t i o n  presented here  f o r  scalar-magnetic 
and vector-magnetic problems are w e l l  s u i t e d  for t h e  predeter-  
mination of t h e  behavior of e l e c t r i c a l  devices incorporating 
nonlinear ferromagnetic mater ia l .  The quasi-Laplacian and 
Poissonian p a r t i a l  d i f f e r e n t i a l  equations apply t o  t h e  quasi-  
s t a t i o n a r y  regime of t h e  devices and can be .used with  g r e a t  
advantage f o r  many o the r  devices,  l i k e  acce l e ra to r  magnets, 
f o r  t h e  ana lys i s  of magnetohydro-dynamic energy converters.  
The computational procedures described could a l s o  be e a s i l y  
adapted to heat- t ransfer ,  fluid-mechanics and o ther  problems 
of m a t  hemat ical phys ics . 
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EFFECTS OF MAGNE!L'IC FIELDS UPON BIOLOGTCAL SYSTEMS 

REFE3BNCE: C. C. Conley, P. W. Droll, W. J. Mills and Patricia A. 
Corsaut, "Effects of Magnetic Fields Upon Biological Systems," 
Symposium on Space mgnetic Exploration and Technology, University of 
Nevada, Reno, Nevada, 28-30 August, 1967. 

Magnetic f i e ld  effects upon biological systems have been demon- 
strated with increasing frequency i n  recent years, and mamany reviews of 
the subject have appeared (1-4). Negative experimental work (5-8) and 
theoretical discussions*refuting the existence of any si-ificdnt bio- 
magnetic effect  a lso exist (9-10). But qualifying factors that  must be 
considered are  the intensity and the temporal aspects of the applied 
f ie lds  and the complexity of the biological systems under study. 

Despite the broad range of recent experimentation, from plant 
magnetotropism (11) t o  effects on the aging of mammals (12), two major 
questions seem uppermost i n  this area; f i r s t ,  whether there i s  a l i m i t  
t o  the mawetic f i e l d  intensity t o  which man may be osed without 
harm, and second, whether f ie lds  of geomagnetic in te  t y  have any bio- 
logical significance. 

E 
Early studies and l a t e r  surveys of incidental, brief exposures of 

humans t o  strong f ie lds  have revealed only occasional.transient, and 
apparently harmless, effects (5,6, 13~14) . Experimental exposures of 
small primates t o  kilogauss f ie lds  f o r  several hours have shown electro- 
cardiographic changes; but, again, these are  limited, transient and 
apparently reversible without l a  sting damage (15) . One effect, inciden- 
t a l  t o  t h i s  discussion, is that  of the magnetic phosphene. Discovered 
and conf'Tmed i n  the early era of biomagnetic experimentation (16,17), 
it consists of a subjective visual sensation of light, sometimes faint ly  
blue, when the head i s  placed within a magnetic. f i e ld  i n  the kilogauss 
range. It was soon found (18) that  t h i s  occurred only i n  a changing 
field,  and both early and recent theoretical explanations (19,20) in- 
voke the concept of induced electromotive forces, presuiuabw occurring 
within re t ina l  c e l l  visual pigment mcromolecules . 

Thus, the experimental application of varyfng magnetic f ie lds  t o  
l iving organisms introduces the problem of induced electric currents, 
since, while traditionally diamagnetic, living systems are  by no means 
dielectric.  I n  order t o  reduce th i s  problem, for  t h i s  discussion, we 
have chosen t o  l i m i t  our considerations t o  the ef'fects of D.C., or sta-kit, 
magnetic f ie lds  . 

h s e e r c h  Scientist, ~ m e s  Research Center, NASA, Moffett Field, 
California 94035 
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More chronic expot;ures t o  high fields have been limited t;o lower 
l i f e  forms and, while sme striking positive results have been reported 
(21-28), same suggesting an effect of the magnetic field on biological 
ion tmnsport m c h a n i ~ ~ ~  (29-32), comparable situations involving laEln 
are not anticipated on earth. %us, 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 t o  the high fields around 
presently avaihble equipment have not been shorn t o  present any sig- 
nif icant hazard. 

Studies addressed t o  the second question have not been n e r o u s  
(33-39) . Yet space exploration pranises t o  put man into fields of only 
m i l l i - ,  i f  not micro-muss strength (40); i.e., effectively eliminating 
most of the geomagnetic env3romuent t o  which he and his evolutionary 
ancestors have becane adapted (Bble I). 

By the use of the &s space magnetic environment simulation 
faci l i ty (~ igu re  I),  we have observed (38) the effect of nulllfylng 
most 091 the geomgnetic f ield upon an enzyme response of specialized 
mammalian cells, & KLYO, t o  the inoculation of a foreign biopolymer. 
Mice were placed within the nulled area of the actTvated coils during 
the incuba.tionperiodt then cells were taken from them for assay of 
their enzyme content for cmparison with cells fram animals similarly 
inwulated hub kept i n  a control area. The cellular responee t o  inmu- 
lation was significantly reduced i n  meterial fram the anima-3s kept i n  
the nulled f b e l d    able 2). The following possibilities, singly, or 
i n  ccmibination, are suggested by these finaings: 

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 
i n  the reduced lnagnetic field. 

The presence of paramagnetic traasition metals i n  hydrolytic 
enzymes of the type assayed in  the above study suggests that magnetic 
f ield effects on enzymes might derive fram direct action on such metals. 
Cook & Smith (41), Akoyunoglu (42) and Wiley and co-workers (43) have 
a l l  shown enhancement of enzyme activity following exposure t o  high 
magnetic fields. But Maling & Weissbluth (8) f omd no effect when the 
enzyme-substrate systems they used were allowed to  react i n  100 K-gauss 
fields. Since none of these studies involved acid phosphatase nor the 
nulled field enviromnent, we made observations of both nulled and high 
(kilo-gauss) magnetic field effects on the activity of th is  enzyme as 
wen as  two others, & vitro. One of the purposes of this paper i s  to  
present our findings. 







TABLE OF MEAN RESPONSE OF CONTROL AND LOW FIELD GROUPS 
VERSUS TIME SEQUENCE OF EXPERIMENTS~* (ACID PHOSPHATASE 

ACTIVITY IN MOUSE PERITONEAL MACROPHAGE SUSPENSIONS 
EXPRESSED AS pg OF PHENOL RELEASED 

PER 5 MILLION CELLS*SEMEAN) 

EXPERIMENT TREATMENT 
NU'MBER I 2 3 4 5 6 MEANS 

f REATMENT 
GROUP: 

LOW FIELD 
2 CHAMBER 13.6ten 22.6a2.6 16~9%.i? 13.5f 1.1 5e3*0.5 9.9to.1 13.6~ 

(c80gamma) 

CONTROL 
(GEOMAGNETIC 2lel*o.8 25*6* 35 25e3*lso 18.2*35 10e8*3.5 I5J*48 1 9e3C 

FI ECD) 

a. EACH MEAN IS BASED ON FOUR OBSERVATIONS 
b. ONE OBSERVATION IS MISSING 
c. DIFFERENCE BETWEEN TREATMENT MEANS IS SlGNlFfCANT 

AT p< .001, BY ANALYSIS OF VARIANCE 

Table 2. 



-4 The nulled f ie ld  (< 10 gauss) Observations were made i n  the Aues  
space magnetic environment simulation f ac i l i t y  ( ~ i g u r e  1 ) .  Temperature 
regutation of experimental and control incubation vegsels was aollieved 
with a Precision Closed Circuit, circatin$ conatant temperatiurn bath. 
The high f ie ld  observations were made using a Varian Model V-4007 6" 
water cooled electrattagnet having V 4037 tapered pole caps with 3" 
faces providing a uniform f ie ld  of 5.7 K gauss w%th 95$ homogeneity 
wer  a '& " diameter. 

A closed plastic water bath held the experimental t e s t  tubes.in 
groups of 3 within the uniform f ie ld  area, This was circulated i n  
parallel  w i t k t  the control incubation vessel by means of a Haake .Model 
F constant temperature circulating water pump. 

The enzyme-substrate reaction systems used consisted of the quali- 
t y  control standards fo r  alkaline and acid phosphatase, with rea-ctivity 
assay by the Lowry-Brock method, and SGOT using the hitman-Fmnkel 
assay method. 30 and 60 min. incubation times were used, respectively 
(44,451 

The results l i s t ed  i n  Table 3 show the lack of any significant 4 
effect of either high or low f i e l d  up~n the ac t iv i t ies  of the 3 ewyrues. 
Our results are consonant with those of Maling & Weissbluth, but neither 
their  work nor ours should be construed t o  contradict the findings of 
the 3 other groups, since we used fresh, untreated enzyme which was al-  
ready i n  contact with the substrate by the time the altered magnetPc + 

f ie ld  was applied, and t h i s  application was only for  the duration of the 
reaction period. The ear l ie r  workers had a l l  pretreated the i r  enzymes 
by exposure t o  high f ie lds  fo r  a t  leas t  an hour, and Wiley's group even - 

showeef a correlation between length of exposure and percent enzyme re- 
activation. 

I n  our experiments (38), the enzyme was released by sonic 
disruption of the macrophages within 112 hour a f t e r  removal of the mice 
fram the w u e d  field,  so that if  a q ~ q l i t a t i v e  change i n  the enzyme had 
been produced by the field,  it could be ex,pcted t o  cause the reslllts 
we gat. The & e t r o  studies presented here, were.dane with the idea 
that i f  a l temd magnetic Zields cause same direct molecular changes i n  
the enzymes, these might produce altered reaction rates when the enzyme- 
substrate system was exposed during the reactkon period. 'Phe lack of 
such an effect on fresh enzpes does not exclude the malformation or 
denaturation possibil i t ies as  operative i n  the in KLYO experimentei, but 
it does seem t o  favor a gradual, cumulative effect of the markedly re- 
duced f ie ld  as equivalent t o  the loss of a favorable bias on a complex 
sequence of cel3ular events result3ng i n  a quantitative change, i.e., 
lowered enzyme production. 





Thus we  are  l e f t  with an effect apparently requiring more of the 
physiological milieu than a simple enzyme-substrate system, an efYec t 
which may be related more t o  the rate of production of a specialized 
enzyme protein than t o  the act ivi ty  of that product. A possible in- 
f e ~ n c e  i s  that: t o  be biologically effective, a Field may have t o  act  
across a rather extensive conduction system, on the molec'ular scale, 
and for  a f a i r l y  long tim, i n  proportion t o  traditional e lectr ical  
phenomena; both requirements impXying a cumu1ative action. 

thank Mrs. Margaret N. O'Neill for  her advice on our s t a t i s t i ca l  
tfeatment. 
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MARINER VENUS 67 MAGNETIC CONTROL* 

J. G. Bastow, "Mariner Venus 67 Magnetic Control, 'I spacemagnetic 
exploration and technology symposium (August 1 96 7), University of 
Nevada, Reno. 

ABSTRACT 
~69i33976 

Magnetic control efforts on Mariner Venus 67 were limited 
to reducing and stabilizing the magnetic field of existing hard- 
ware and to obtaining more meaningful information on the mag- 
netic condition of the hardware than had been obtained in the 
Mariner Mars 1964 program. All type approval (TA) hardware 
was magnetized and demagnetized and, i f  no adverse effects of 
demagnetization were observed, all flight hardware was demag- 
netized to erase the effects of environmental testing and to sta- 
bilize and reduce the magnetic field. A simple facility was 
erected in the spacecraft assembly area at the Je t  Propulsion 
Laboratory where assemblies and subassemblies could be mag - 
nectially mapped and magnetized o r  demagnetized. A similar, but 
smaller, facility was erected at Cape Kennedy to maintain the space- 
craft magnetic integrity until launch. Magnetic mapping data were 
processed by computer to provide the magnetic field components 
of the extrapolated field in spacecraft coordinates at the 
spacecraft magnetometer sensor, These field components were 
summed and compared with the mapped field of the complete 
spacecraft. 

Key Words: Magnetic control, spacecraft perm, magnetic mapping, 
magnetometer, demagnetization. 

INTRODUCTION 

The Mariner Venus 67 spacecraf:, like i ts  predecessor, the 
Marire& Mars 1964 spacecraft, carr  $d a helium magnetometer to 
measure the vector components of the planetary and interplanetary 
magnetic fields. Because of the increased knowledge of these fields, 

*This paper presents the results of one phase of research carried out 
a t  the Jet  Propulsion Laboratory, California Institute of Technology, 
under Contract No. NAS 7-100, sponsored by the National Aeronautics 
and Space Administration. 

t ~ e n i o r  engineer, JPL, Pasadena, California. 
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it was determined that more sensitivity was required. Therefore, an 
improvement in the magnetic environment of the spacecraft, by reduc - 
ing and stabilieing its field, was necessary. 

In the Mariner Mars 1964 program, an extensive effort was made 
to keep the use of magnetic materials to a minimum. Hardware was 
mapped both before and after vibration testing to determine its compli - 
ance with magnetic design requirements. It was required that the total 
field of an assembly not exceed 5 Y measured at 3 ft nor change by more 
than 0.5 Y as a result of vibration testing. Unfortunately, much of the 
hardware failed to meet these requirements. It was difficult to analyze 
the mapping results because vibration testing had introduced too much 
variation. Also, no attempt had been made to determine the orientation 
of the hardware dipole moment. Generally, hardware was mapped 
around three arbitxarily defined natural rectangular coordinates, which 
were difficult to relate to the spacecraft coordinates. Although it was 
found that much of the hardware had relatively high fields, i t  was not 
known (except in a few isolated instances) whether this field was abnor- 
mally high as  a result of the vibration testing or i f  i t  was a result of the 
characteristics of the hardware. 

Following launch, a study was made on the magnetic stability of 
magnetized and demagnetized solar panels and an extensive study was 
made to determine i f ,  and to what extent, the spacecraft could be . 

demagnetized. This latter study, in particular, was very successful 
in reducing the spacecraft magnetic field. Demagnetizing fields up to 
an 80-gauss peak at  1/20 Hz were applied to the spacecraft. In the 
earth's field, i t  was impossible to reduce the spacecraft field by more 
than 50%; however, by reducing the earth's field by an order of magni - 
tude, the field was reduced to about 15% of its original value. 

The Mariner Venus 67 magnetic control effort, as it evolved in 
late 1965, was constrained severely by both schedule and budget limita- 
tions. Improvements had to be realized utilizing essentially unmodified 
Mariner Mars 1964 hardware, with virtually no opportunity to further 
eliminate magnetic materials. Design changes were limited to those 
essential for a Venus rather than a Mars flight. 

MARINER VENUS 67 MAGNETIC CONTROL PLAN 

Based on Mariner Mars 1964 experience, it was decided that the 
most useful magnetic control on the Mariner Venus 67 spacecraft would 
be obtained by demagnetizing the flight spacecraft following its final 
vibration testing. Limited tests had indicated that this would be a more 
stable condition than the permed condition resulting from the vibration 
testing on magnetic shakers. It was also felt that any change in the 
spacecraft perm field as a consequence of the launch environment would 
be less i f  the spacecraft were in the demagnetized condition, rather than 
permed by the vibration testing. Hence, two major objectives evolved as 
a consequence of this demagnetizing program. First, to reduce the 
total spacecraft field from that obtained for the Mariner Mars 1964 
spacecraft and, second, to ensure a more stable spacecraft magnetic 
field. 



It was determined that the most effective control of hardware and 
most efficient demagnetization would be obtained if  the demagnetization 
of flight hardware were accomplished on the assembly or subassembly 
level and at  a s  late a time in the schedule a s  possible. By keeping the 
size of the test hardware small, the mapping and demagnetization, 
which both depend on a low and uniform ambient field, will be more 
effective with a smaller facility. The most opportune time for clemag- 
netization and mapping of the flight hardware was found to be at  the final 
inspection of the spacecraft. At this time, the spacecraft and its hard- 
ware have completed all environmental testing, the hardware i s  lmder 
quality assurance control, and the spacecraft i s  disassembled down to 
the subassembly level for a minute inspection before final assembly, 
test, and shipment to Cape Kennedy. Time did not permit mapping of 
each subassembly so, wherever possible, a complete bay or subsystem 
was demagnetized and mapped a s  a whole. 

MAGNETIC FACILITIES 

In carrying out this program, it was necessary to have a facility 
that was capable of magnetic mapping and demagnetizing in a low ambient 
field, and of sufficient size to properly accomplish these tasks on 
assembly -size units, approximately 1 112 x 2 x 2 ft. It was desired 
that this facility be convenient to the spacecraft hardware because the 
remoteness of the test facility for Mariner Mars 1964 had imposed an 
unnecessary obst; cle to the mapping program. That facility had been 
developed primarily for s-~pport of the magnetometer experiment and 
instrument calibration with more stringent requirements than were 
required for merely mapping and demagnet.izing hardware. Conse - 
quently, the Mariner Venus 67 magnetic fa~ i l i ty  was located in the 
spacecraft assembly area, fairly close to the spacecraft test stands. 
This location was particularly important because it  was desired to 
demagnetize and map the spacecraft hardware after the spacecraft and 
its individual hardware had completed all environmental testing. This 
necessitated getting a t  the hardware rather late in the program and 
while the hardware was under quite rigid quality assurance control. 

The facility (Fig. 1) was built around the 7 -ft diam, 4000-lb 
demagnetizing coils, which had been developed for demagnetizing the 
complete Mariner Mars 1964 spacecraft and its solar panels. To 
reduce the earth's ambient field in the center of the demagnetizing coil 
structure and also to provide a mapping area, a three-axis Helmholtz 
system was constructed around the demagnetizing coil. A 12 1 /2-ft diam 
coil pair was used to buck the vertical field, a 12-ft diam pair to buck 
the horizontal field, and a 1 0 4  diam pair to buck the variable east- 
west component. This latter coil was necessary to allow for drift in 
the earth's field and to eliminate the necessity of reorienting the coils 
as  the earth's field shifted either because of natural causes or a change 
in local conditions. 

So that the demagnetizing coil would be in the center of the Helm- 
holtz coil system, i t  was necessary to raise the demagnetizing coils 
about 3 ft and build a work platform in the center of the system. The 
mapping turntable was located about 12 in. below the center line of the 
demagnetizing coil axis which was also oriented in the magnetic east - 
west direction. The magnetometer probe was mounted on the north 
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area for rework was remapped on return and demagnetized again, i f  the 
field had changed by more than 10% from its previous demagnetized 
condi-tions . 

At the time that the flight hardware was undergoing demagnetiza- 
tion and mapping, all of the spacecraft assembly tools (approximately 
1,000 for each of the two flight spacecraft) were examined for a resi- 
dual magnetic field. Tests on a small nickel ribbon module had indi- 
cated that tools haviilg a field greater than 10 gauss on the surface 
would cause a measurable perm field in the module if  they were to come 
in contact with the module. On this basis, any tool which displayed a 
magnetic field on the surface of the tool greater than 5 gauss was de- 
magnetized until the field was reduced below this level. As the induced 
field of sorne tools was as much as from 3 to 4 gauss in the earth's 
field, the orientation of the tool would affect the measurement. No 
attempt, however, was made for precision in these measurements ; i f  
there was a question, the tool was demagnetized. The tools were tested 
by passing a gaussmeter probe over the surface of the tool with empha- 
sis given to the ends of long thin tools. Approximately one-third of the 
tools were found to exceed the prescribed level; a few items had fields 
as high as 120 gauss. Not all tools were found to be permed,as expected, 
parallel to the long axis; sockets had fields across the diameter and 
crescent wrenches had fields across the jaws of the wrench. All tools 
could be brought below the required level by demagnetization. Subse- 
quent rechecks of the tools did disclose a few which had reacquired a 
perm by one means or aaother. 

Recheck of the tools continued at Cape Kennedy and also the tools 
used by the Lockbeed Missiles and Space Company in matchmate of the 
spacecraft and Agena vehicle were checked and demagnetized there. 

DISCUSSION OF PROGRAM RESULTS 

This program did achzeve one of its two major objectives, namely, 
reducing the spacecraft magnetic field at the magnetometer sensor. A 
comparison of the perm fields of two Mariner Mars 1964 spacecraft that 
were not demagnetized, and the Mariner Venus 67 flight spacecraft 
which were, is shown in the following table: 

Mariner Mars 1964 MG-2 2.57 21.OY 17.47 
MC -3 5.0Y 11.57 30.1Y 

Mariner Venus 67 MV67-1 -1.27 3.57 7. 1Y 
MV67-2 -1.2Y 2.87 7-37 

The second objective of obtaining a stable magnetic field was more 
difficult to verify. The final proof is whether the mapped field varies 
unexpectedly on successive nrappings. Two cases of this were evident 
in this program. In the first case, fthe spacecraft was mapped without 
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its solar panels on February 15 and again on March 3 1, 1967. Although 
some of the hardware had been reworked during this period, this fact 
does not explain completely the large differences shown in the table 
below: 

February 15 mapping 1.5Y 3.97 3.17 

March 3 1 mapping -1. OY 3.3 Y 6.97 

A review of the mapping results indicates that a few units show an 
excessively large variation in successive mappings of the same unit. 
This was particularly evident with the midcourse motor, the Canopus 
sensor, and the recorder subsystem. 

In the second case, the field of the launched spacecraft seemed to 
differ unexpectedly from the field as mapped in ~asadena  on April 13, 
1967. 

April 13 mapping -1.37 0.37 6 - 6 7  

June 14-3 0 in-flight calibration 3.7 Y 0.97 8.57 

From these two cases, it is apparent that magnetic stability was 
not achieved. The major obstacle to magnetic stability continues to be 
an excessive amount of magnetic material in the spacecraft. 

In addition to ensuring a low, stable residual field, we wznted to 
know if the magnetic fields of spacecraft assemblies could be summed 
to obtain an estimate of the total field of the spacecraft and i f  the effect 
of removing or installing a single assembly could be predicted, One 
objective was to find how the field of the individual assemblies contri- 
buted to the total field of the spacecraft. This is pertinent in any large 
program where assembly or subassembly restraints must conform to 
the over-all system rwiiirements. It was primarily to obtain the 
spacecraft magnetic field components at the science magnetometer posi- 
tion that the magnetic mapping data were computer processed. 

The results obtained by adding the field components of individual 
assemblies and subas sembliei were in reasonably good agreement: with 
the field determined by mapping the assembled spacecraft. This i s  
shown in the next table for each of the two Mariner Venus 67 flight 
spacecraft. 

MV67-1 Sum of subassembly fields -0.8Y 6.87 2.47 
Assembled spacecraft mapping - 1. OY 3.3Y 6.97 

MV67-2 Sum of subassembly fields -1.37 2.59' 5 . 7 Y  
Assembled spacecraft mapping - 1-07 2.69' 7.1 Y 
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The large discrepancies in summed fields of the Marines Venus 67 
spacecraft appear to result almost entirely from the quadrapole field of 
the bay 6 radio transmitter subsystem. Although the mapping curves of 
this bay for the two spacecraft were similar (in that they both displayed 
a double-peak curve characteristic of a quadrapole and had approximately 
the same over-all amplitudes), the positions of the higher peaks were 
such as to essentially indicate a reversed field at the magnetometer 
sensor. 

Because these computations depend on the source of magnetization 
being a simple dipole, deviations from this ideal are  a major problem, 
for example, in this case, where double-humped curves were obtained. 
Some study is being made to determine if an equivalent dipole field can 
be determined from this type of curve in order that extrapolated results 
will be more valid. At the present time, i t  appears that the harmonic 
content of the curves is related to the dipole distribution. Additional 
studies are  required to' obtain useful relationships that could assist in 
evaluating the data. 

In those cases where the X-Y plot indicates a simple dipole not at 
the center of rotation of the mapping turntable, attempts were made to 
correct the readings resulting from these offsets by utilizing information 
contained in NOLTR 64-52 ("Magnetic Moment Testing of Satellitest1) 
which gave curves of the effect of an offset dipole. It was found later 
that sufficiently accurate mapping data could be obtained more easily by 
offsetting the hardware on the mapping "-lrntable so that the dipole was 
closer to the center of rotation. 

In general, aU of these abnormzil mappings, which deviate from a 
simple sine curve, result in too large a peak-to-peak amplitude and, 
consequently, too large a value for the field components at the magne- 
tometer sensor. 

There are  two major considerations that render a magnetic field 
summation not entirely valid. First, because of the generally random 
distribution am3 orientation of spacecraft magnetic field sources, we 
might expect that they would add algebraically to nearly zero, assum- 
ing similar amplitudes. Cons equentlyr only the larger amplitude 
sources, or non-uniform orientations or distributions, would be 
apparent. Secondly, the summation depends on no interaction of 
neighboring fields and magnetic materials. If there i s  magnetic 
material in the hardware (as there will  be unless specifically excluded), 
it will alter the fields caused by neighboring hardware. It would be 
expected that here also, the summed field would be larger than the 
measured field of the assembled units. This expectation was verified 
by comparing the sum of mappings of a few individual subassemblies 
with the component mappings. 

CONCLUSIONS 

While this program has succeeded in materially reducing the 
spacecraft magnetic field, it has not: resolved the problem of magnetic 
stability, Magnetic stability remains intimately related to the amount 
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and type of magnetic material in the hardware while the total spacecraft 
field is  more dependent on placement and orientation of hardware on the 
spacecraft. The results of this program clearly demonstrate that a 
spacecraft can have a low total field and yet be made up of many sub- 
as s emblies with very large and , stentially unstable magnetic fields. 

The results of the technique of summing the subassembly fields, 
when compared with the total spacecraft mapped field, show significant 
correlation and provide insight into the effect of removing or adding a 
single item of hardware on the total spacecraft field. Additional work 
remains on the interpretation of irregular, nonsinusoidal mapping 
results to improve the correlation between these summed and mapped 
fields. 



m n e t i  c - Tests - of the and ERS Sate1 1 i tes 

G. T. Inouye* 

Presented a t  the Space Magnetic Exploration and Technology Symposium 
(August 1967) University of Nevada, Reno 

Abstract 

T h i s  paper presents the results and methods used t o  t e s t  for  the mag- 
netic properties of the OM and ERS sa te l l i tes  a t  the TRW Malibu Magnetic Test 
Faci 1 i ty located a t  Malibu. The magnetic property of the spacecraft of para- 
mount interest  are the spacecraft magnetic f ie ld  a t  the position of the on- 
board magnetic sensor, both permanent and induced. Also of interest  is the 
proportion of this f ie ld  which is "hard" or  permanent, and the proportion 
which is "soft1' which may be changed by normal magnetizing environments t o  
which the spacecraft may be subject~d before being launched into orbit. 
Another magnetic property of interest: is an overall map of the space~ra f t  
f ie ld,  and its characterization i n  terms of dipole and higher order m u l t i -  
poles, both permanent and induced, located a t  the center of the spacecraft. 

The t e s t  s i t e  a t  Malibu consists of a 21 foot tr iaxial  Fanselau- 
Braunbeck coil system housed in a s i lo ,  and several other buildings. A tu rn -  
table is located in one of these buildings for the coil-less testing of space- 
c raf t  sach as the 060 which are too large to  f i t  into the Fanselau-Braunbeck 
coil system. 

The testing techniques used in both the coil and coil-less methods 
involve the rotation of the spacecraft about two axes relative t o  fixed tri- 
axial fluxgate sensors. The rotation period is required to  be less than that 
for  which an appreciable change in the ambient geomagnetic f ie ld  occurs. 
Cancellation of these geomagnetic variations w i t h  a remote sensor eases this 
constraint. The fluxgate sensor outputs are recorded on both a multichannel 
Sanborn chart recorder and an X-Y plotter. The X-Y plot permits an immediate 
scaling of the magnitude of the magnetic moment i n  the plane of rotation, as 
well as giving i t s  orientation i n  spacecraft coordinates. Rotation of the 
spacecraft about another orthogonal axis provides data for  obtaining the total 
moment vector. 

The ERS sa t e l l i t e  to  be tested is an 11 inch octahedron which easily 
f i t s  into the Fanselau-Braunbeck coil system. With the coil system, of course, 
i t  is possible t o  measure the permanent and induced components of the space- 
craf t  f ie ld  independently. 

I. Introduction 

Magnetic tes ts  have been performed on four of the O r b i t i n g  Geophysical 
Observatories (060) , and the Environmental Research Satel l i te  (ERS) desjgmated 

*Space Sciences Laboratory, Physical Research Center, fiRk Systems, R1/1062, 
One Space Park, Redondo Beach, California 90278 



as the OV5-5. The main body o f  the OGO, which i s  an oblong rectangular paral- 
lepiped, i s  about 10 feet on i t s  long dimension wi th the magnetic sensors 
located on a boom 24 feet from the center of the spacecraft, The ERS, on the 
other hand, i s  an octahedron of about 11 inches on a side, and i t s  magnetic 
sensor i s  located about 15 inches from the center o f  the spacecraft. Both 
spacecraft were b u i l t  w i th  a cer ta in  amount of magnetic control t o  eliminate 
magnetic components wherever feasib le w i th in  contract 1 imitat ions. The ERS, 
being much smaller and less complex, permitted the use o f  a proportionately 
smaller boom than the OGO. 

Both spacecraft t ra jec tor ies  are intended t o  carry the experiment out 
o f  the magnetosphere i n t o  the solar  wind, so tha t  resolutions o f  the order o f  
a f rac t ion o f  a g a m  are required i n  the instrumentation. The character ist ic  
o f  paramount in te res t  i n  these magnetic tests was the magnitude and d i rec t ion 
o f  the spacecraft f i e ld ,  both permanent and induced, a t  the locat ion o f  the 
on-board magnetic sensors. Also o f  i n te res t  was the proportion o f  t h i s  f i e l d  
which was "hard" and the' proportion which was "soft" and hence could be changed 
by normal magnetizing environments t o  which the spacecraft i s  subjected before 
being launched i n t o  o rb i t .  Another property of i n te res t  was the overal l  map 
o f  the spacecraft f i e l d  and i t s  characterization i n  terms o f  dipole and higher 
order multipoles, both permanent and induced, located a t  the center o f  the 
spacecraft. 

11. Measurement Techniques and Problems 

The two main measurement problems encountered i n  spacecraft magnetic 
tests are the variat ions o f  the ambient geomagnetic f i e ld ,  and the sort ing 
out of the induced ef fects from the permanent f i e ld .  The l a t t e r  problem i s  
most eas i ly  solved by placing the spacecraft i n  a sui tably large c o i l  system 
i n  which the ambient f i e l d  may be nu1 led  out t o  the required levels over the 
volume o f  the spacecraft. Disregarding the ambient f i e l d  variat ions f o r  the 
moment, the f i e l d  a t  the sensor locatSon as well  as an overal l  f i e l d  map may 
then be obtained by f i r s t  zeroing the outputs from t r i a x i a l  f luxgate sensors 
located a t  the desired locations, and then placing the spacecraft on a turn- 
table and recording the sensor outputs as the spacecraft i s  rotated about two 
mutually orthogonal axes. The dc offsets due t o  the introduction o f  the space- 
c r a f t  plus the addit ional variat ions due t o  the two rotat ions would then give 
a l l  the data necessary t o  determine the spacecraft f i e l d  a t  the sensor loca- 
t i on  as well  as the mu1 t ipo le  expansion describing the measured f i e l d  map. 
To determine the induction effects, the preceedi ng measurements would be 
taken a t  control led f i e l d  levels, and the increments i n  the measured f i e l ds  
from the zero f i e l d  resul ts could then be ascribed t o  the induction effects. 

The problem o f  the ambie~" ' ield var iat ion has been solved t o  a large 
extent by means o f  a remote t r i a  i sensor whose output may be used t o  tuck 
out the ambient geomagnetic f f e l d  variat ions i n  the c o i l  system. I n  the case 
o f  the coi  1-less t es t  methods, the ambient f luctuations may e i ther  be sub- 
tracted out o f  the spacecraft f i e l d  sens-or outputs o r  inserted i n  a nu l l i ng  
sense inao extra c o i l  windings which are provided around each sensor. For 
spacecraft as a l ~ g e  as the 060, maneuvering o f  the spa~~ecra f t  i n t o  o r  out of 
the t es t  setup requires a period of about 15 minutes. For measurement resolu- 
t ions o f  the order o f  9.1 gamna, d i f f e ren t i a l  sensor d r i f t s  during t h i s  time 



span make i t  d i f f i c u l t  t o  obta in meaningful dc o f f s e t  measurements, The data 
analysis techniques used and described i n  t h i s  paper are therefore designed 
t o  use only  the sensor output var ia t ions  w i th  tu rn tab le  ro ta t ion ,  which i s  
i n  the order o f  1 t o  2 rpm. 

The ERS s a t e l l i t e ,  being so small, i s  i d e a l l y  su i ted  fo r  t es t i ng  i n  
the 21 f o o t  t r i a x i a l  Fanselau-Braunbeck coi  1 system which i s  located a t  the 
PRW Magnetic Test F a c i l i t y  a t  Malibu. 

111. Data Analysis - Permanent Dipole F i e l d  

The most s t ra ight forward and elegant method o f  analyzing the data 
generaTed i s  - t o  express the spacecraft f i e l d  i n  terms o f  a spherical  harmonic 
expansion o f  the form 

n 
B = v (G: cos n4 + H: s i n  rn4)~; (cose) 

n=l m=O 

where the gaussian coef f i c ien ts  G! and H! include induced as we l l  as perman- 
ent  magnetization terms. As many terms are taken as required t o  f i t  the mea- 
surement data, and then the coe f f i c i en ts  evaluated t o  give the best f it when 
the data i s  resynthesized from these coef f i c ien ts .  Such an analysis has been 
performed on the OGO data inc lud ing  permanent dipole, quadupole and octupole 
moments as we l l  as induced d ipo le  moments(1). The resu l t s  are i n  essent ial  
agreement w i th  the resu l t s  o f  a less elaborate treatment which i s  described 
i n  the fo l low ing sections. 

Le t  us assume f i r s t  t h a t  the spacecraft f i e l d  i s  t h a t  o f  a permanent 
dipole located a t  the center o f  the spacecraft and a lso i n  the plane perpen- 
d i cu la r  t o  the v e r t i c a l  ax is  o f  ro ta t ion .  T3he measurement setup and coordin- 
ate system i s  shown i n  Figure 1. The f i e l d s  detected by the three sensors 
or iented as shown a t  a distance r vary w i th  spacecraft r o t a t i o n  angle 4 as 

- 2M - M PN - 3 COS 4, PE - - -  3 ~ i n @ ,  and P,, = 0. 
r r (2) 

The component p a r a l l e l  t o  the r o t a t i o n  axis, Pv, shows no va r ia t i on  w i th  4, 
and the other two components vary sinusoidal l y  w i th  4, the polar  component, 
P , being twice as large as the equator ial  component, PE, and 90 degrees out 
O! phase. I n  the N-E plane, the P vector traces out an e l l i p s e  w i t h  a 2:l 
r a t i o  o f  major t o  minor axes, the sense o f  r o t a t i o n  being opposite t o  t h a t  
o f  the spacecraft ro ta t ion .  One-fourth o f  the peak-to-peak P ~ . v a r i a t i o n  o r  
one-half o f  the peak-to-peak PE var iat ion,  then, gives the magnitude o f  M 
according t o  equation (2)  : 

3 
M = .Pp~ max 3 2 - - 'E mav 



Figure 1. Measrrrement Set-Up and Coordinate System 



I n  the actua l  case, the o r i e n t a t i o n  of M w i t h i n  the spacecraft  co- 
o rd ina te  system i s  unkown and r o t a t i o n  must be performed about two orthogonal 
axes. L e t  X, Y ,  Z be the spacecraft  coordinate system, and Mx, My, MZ be the 
components o f  M along these axes. Rotat ion o f  the spacecraft  about i t s  X- 
ax i s  gives My and Mz, and r o t a t i o n  about i t s  Z-axis gives MX and My. 

If the N-E measurement coordinate system i s  n o t  r a d i a l  and azimuthal 
as shown i n  F igure 1, the simple 2:1 amplitude r a t i o  and 90 degree phase re -  
l a t i o n  between the N and E sensor outputs no longer  obtains.  However, the 
same e l l i p s e  i s  generated i f  the  outputs a re  app l ied  t o  an X-Y p l o t t e r ,  except 
t h a t  the major and minor axes are t i l t e d  by an angle corresponding t o  the  
r o t a t i o n  of the  sensor axes from the  r a d i a l  d i rec t ions .  Th is  non-radial  con- 
d i t i o n  ex is ted  i n  the OGO t e s t s  s ince the t r i a x i a l  sensor was o r ien ted  North- 
East-Vert ical ,  and the s i ze  o f  the b u i l d i n g  d i d  n o t  permi t  the  r a d i a l  d i r e c t i o n  
t o  be North-South o r  East-West. The use o f  the X-Y p l o t t e r ,  then, permi t ted 
the d i r e c t  sca l ing  o f  the  spacecraft  f i e l d .  I n  t h i s  sec t ion  we have shown 
t h a t  i f  the spacecraf t  f i e l d  i s  on l y  comprised o f  a permanent d ipo le  f i e l d ,  
i t  may be computed from on ly  the s i nuso ida l l y  vary ing sensor outputs d is re -  
garding any steady-state o f f s e t s  which may or may n o t  be detected. 

I V .  Induced F ie lds  

The induced mo~ents,  N, are r e l a t e d  t o  the induc ing f i e l d  B, by a 
3 by 3 matr ix ,  l a .  . I ,  

S J  

where the n i ne  lai 1 terms are the induc t ion  coe f f i c i en t s .  Expressing the  
induced moments i n  terms o f  the N-E-V sensor coordinate system w i t h  the space- 
c r a f t  r o t a t i o n a l  angle $ measured as shown i n  Figure 2, 

Figure 2, N-E-V Sensor and X-Y-Z Spacecraft Coordinates 
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N~~ = Ny cos p + N Z  s in  4 

N~~ = Ny s in  p - NZ cos p 

NNZ = Ny cos + - NX s i n  p 

1 
NEZ = Ny s i n  p + Nx cos ( I (6b) 

The second subscript on the terms on the l e f t  s igni fy the pert inent  ro ta t ion  
axis. 

The inducing f ie ld ,  B, t o  be used i n  equation (4) i n  spacecraft .co- 
ordinates i s  given by 

, where BV and BN are the ver t ica l  (down) and north\; :d  (horizontal) components 
o f  the ambient inducing f i e l d .  Again, the second of the double subscripts 
s ign i fy  the pert inent ro ta t ion axis, The f ie lds ,  I, produced a t  the sensor 
by these induced moments assuming tha t  the sensor i s  located d i r ec t l y  North 
o f  the spacecraft are given by 



Combinin. the expressions for 0, N ,  and I ,  the induced fields are 

+ (-a31 BV + BN cos + + a33 BN sin $ ) sin +I I 
- 1 

IEX - - (-az1 B,, + aZP BN cos 4 + aZ3 B~ sin 4 ) sin 4 (lib) 
r L 

- (-a31 '8" + a3* BN cos 4 + a33 BW sin $ ) cos 4 I 
+1 

Ivx = (-all By + a,, B, cos 4 + a13 BN sin 4) . (11~)  
r 

w i t h  similar expressions for I Z, IEt, and IvZ. The expressions for IN and ! IE have terms a t  tfie rotation requency due to the cross-coupling of the 
vertical inducing field, plus second hai-monic terms due t o  the variable in-  
duced moments. The vertical induced field has only fundamental terms, plus 
the s teady-state terns. 

A1 1 of the d ipole  Induction cross-coefficients hay be svaluated i n  the 
presence of permanent dipole moments by performing 130 degree reversals nf the 
axes of rolatfon for al l  three orthogonal spacecraft axes, by analyzing the 
fundamental rotati on period variations. These 180' reversals of the roteti on 
axes shifts the phase of the induced fundamental term by 180°, b u t  only re- 
verses the sign of the phase angle of the permanent dipole contribution. The 
thwe diagonal terms of the induction matrix may be evaluated by analyzing 
the second harmonic components o f  the rotati on frequency. Writing only those 
terms i n  equation 11, 



It i s  seen that each rotat ion gives only one equation involving the difference 
o f  two o f  the three diagonal terms. Thus, rotat ion about a1 1 three orthogonal 
axes i s  requ :red t o  evaluate these terms. 

V. Offset Permanent Dipole 

The following i s  the analysis o f  a permanent dipole moment off-set 
from the axis o f  rotation, but s t i l l  i n  the horizontal plane o f  the magneto- 
meter and the or ig in  o f  the spacecraft coordinate system, It i s  assumed again 
that the spacecraft i s  rotated i n  the clockwise direction about the x-axis 
which i s  ver t ica l ly  up. The permanent moment M, has components My and 
i s  located a t  z d o  o r  r , Oo- R i s  the distance m, @ i s  the angle be vnd een 
the z-axis and OP, r i s  ?he distance from the location of the off-set moment, 
& t o  the location o f  the magnetometer, P, and B i s  the angle between and 
QP 

I n  th is  case of the off-set moment, the component o f  the moment paral- 
1.31 t o  the spin axis w i l l  cause a f i e l d  change with rotat ion along the vert ical  
magnetometer sensor due t o  the varying distance: 

2 PV = MX r-3 = MX [r: + R - 2r0R cos (4 + 4,) I -3'2* 

2 assuming that r: <c R and discarding the dc terms: 

The vert ical  component osc i l la t ion due t o  MX w i l l  be a t  the fundamental f re- 
quency, but w i l l  be smaller than i f  MX had been rotated i n  the horizontal 
plane by the rat io,  3ro/2R:1. If cross-induced f i e l d  effects may be consi- 
dered t o  be small, the detection o f  t h i s  component may be used as a c r i te r ion  
f o r  the magnetic centering o f  the spacecraft on the turntable. 

2 Under the assumption that ro << R', the analysis f o r  PE and PN simpli- 
f i es  i n  the following manner: 

ro r R /I - COS (4 + bod  

cos B COS 2f3 5 1 



Figure 3. Coordinate Sys tem for Computing Otfset Dipole Fie1 ds 



9 PE 1 Z R ' ~  (MZ cos 4 - My sin 4) + 2 Mz ro~-4 cos ((o + 24) (19) 

3 -4 3r0 -4 - - M  r R sin ( ( o +  241) + - R  (Mz cos ( ,+ Mysin $o) 2 Yo 2 

-3 PN = r (Mz sin (+ My cos 4 )  + 3MZ ro~-4 sin ((O.+ 24) (20) 

+ 3My ro~-4 cos 4,. 

The f i r s t  two terms in  the expressions for  PE and PN are recognized as the 
terms which would apply if the moments had no off-setfrom the rotation axis. 
The remaining terms, then are due to  the off-set, and consist entirely of 
second harmonic terms in 4, and dc off-sets. Since these involve R-4, they 
correspond t o  quadrupole moments. The induced mo nts, although they cause 
second harmonic variations, do not drop off as R'y and may not be described 
as quadrupol es . 

There are two further specialized cases of interest: ( i )  M = Mz, 
- 9. The first gives My = 0, = 0 and ( i i )  M =I My, Mz = 0, 4, - 

-3 9 -4 3Mr0 
PE 2M R cos ( + 2 M roR cos 24 + -2- R - ~  

P, 4 M R - ~  sin 4 + 3M ro~-4 sin 24 . (22) 

I t  is seen that the second harmonic component traces out an ell ipse w i t h  i ts 
major axis along m, w i t h  a 3:2 ratio of major t o  minor axes. The rat io  of 
this major axis to  that of the ell ipse due to  the centered dipole moment i s  
9r0/4R:1, so that if ro/R were 1/10, the rat io  would be 9/40; or  22-1/2%. The 
second speci a1 i zed case gives 

3 -4 PE -2M R - ~  ~ i n $ - ~ M  roR sin 24 (23) 



To the order af approximation made, only P has a second harmonic component 
F, and PN has only a dc off-set while the PE as no dc off-set. 

Since the induced dipole field i s  greater w i t h  the sensor located 
North (or South) of the spacecraft as compared to  a location East (or West), 
a s e t  of sensors located i n  each of these directions would provide a means 
for sorting out the offset permanent dipole from the induced fields.  The 
1 a t t e r  , of course, should give resul t s  independent of sensor direction. 

Another method for sorting out the two components i s  to  use the rs4 
vs i3 radial variation of the second harmonic terms. The induced dipole 
field drops off as r-3 while the offset  permanent dipole f ie ld  drops off as 
r-4. 

VI. k Method for  Discriaination of Harmonics 

In the preceeding sections, we have discussed methods of detecting 
and discriminating between permanent dipoles w i t h  offsets and induced dipole 
moments using the fundamental and second harmonic terms in the sensor outputs 
separately. I t  was assumed that a Fourier analysis would be performed to  
separate the two frequencies- from the total  sensor outputs. An instrumental 
method for accomplishing the same effect would be to  tape record the outputs, 
playing back the record i n  a tape loop, and electronically f i l te r ing  out the 
desired frequency component. 

A much simpler method, which way be described as a spatial f i l t e r ,  
which does not require a highly uniform turntable speed or  tape recorder and 
f i l ter ing i s  as follows. Instead of a single triaxial  sensor, two sensors 
are located diametrically opposite to  the turntable axis. In the FoFster 
Hoover sensors, which we use, each sensor consists of two halves, each of 
which could be used an opposite sides of the turntable. The two halves are 
supported series-aiding i n  the normal fashion t o  detect second harmonic vari a- 
ti ons, and series-bucking to  aetect fundamental variations. In each of these 
modes, the wanted signal i s  additive, and the undesired signal is suppressed. 
The polarity of the sensor output may be changed electrically rather than by 
a physical reversal of one o f  the sensors. 

VII. Results 

The four OM magnetic tes t s  showed that a t  the 24 foot'probe distance, 
the spacecraft f ie ld i s  i n  the order of 0.5 gamma under demagnetized conditions. 
Magnetizing the spacecvaft w i t h  an exposure to  a 25 gauss f ie ld  i'ncreases the 
field to  about 5 gamma, b u t  degaussing reduces this  back to  the ir,itf a1 value. 
An 1 cps oscillating f ie ld w i t h  an exponentially decaying envelope starting 
a t  50 gauss i s  used for demagnetizing. The second harmonic components was 
found to be less than about 20% of the permanent dipole f ie ld,  and no analy- 
s i s  was performed for determining induction coefficients or offset  dipole 
contributions. Some of the X-Y plots as well as the Sanborn chart records 
are given i n  Figures 4, 5, 6, and 7. 

The ERS magnetic t e s t  showed a f ie ld  of about 5 gamma a t  the sensor 
location. 



On the tes t  of the f i r s t  OGO the spacecraft was l e f t  i n  i t s  demagne- 
tized condition for about a month i n  the ambient geomagnetic field while other 
spacecraft tests were being performed. Another t es t  after this period was 
performed and the spacecraft was found to have increased by a negli y i  ble 
amount of about a tenth o f  a gamna, which i s  barely within the measurement 
resolution. 

The OGO tests,  .>ar%crmed under NASA Contract NAS5-3900, involved a 
large number of TRN '?ace Sciences Laboratory personnel as well as the 0GO 
mechanical handling crew. Also present as advisors as well as observers 
were NASA Goddard personnel such as G. L. Parsons and C. Harris. The OV5-5 
tests were supported under company sponsored research. 

IX. References 

(1) The following are the TRW 060 magnetic tes t  reports: 

OGO-A : 
OGO-C : 
OW-D: 
OGO-E 

The authors are G. M. Crook, I. M. Green, E. W. Greenstadt, G. T. 
Inouye, A. Rosen , and J.  L . Vogl . 
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Appl ica t ion  of Resonance ~ e c h n r q u e  f o r  Measuring 

S a t e l l i t e  Magnetic Diyole Moment 

Barry E. Tossman 
~ S ~ = ~ Q Q V *  

- 
Reference: B. E. Tossman, "Applicat ion of Resonance Technique 

f o r  Measuring S a t e l l i t e  Magnetic Dipole Moments," 
Space Magnetic Explora t ion  and Technology Sympo- 
sium, (August 1967) Univers i ty  of Nevada, Reno. 

Magne. .c to rques ,  due t o  e i t h e r  c u r r e n t  loops  o r  r e s i d u a l  
permanent magnetic moment, c o n s t i t u t e  a p r i n c i p l e  source  of 
a t t i t u d e  p e r t u r b a t i o n  on e a r t h  s a t e l l i t e s .  I n  an e f f o r t  t o  
c o n t r o l  t h e s e  to rques  i t  is necessary t o  measure and compen- 
s a t e  t h e  s a t e l l i t e  magnetic d i p o l e  moment. T h i s  paper 
p r e s e n t s  t h e  theory and a p p l i c a t i o n  of a resonance technique 
which is e s p e c i a l l y  designed t o  measlire smal l  d i p o l e  moments. 
I n  us ing  t h i s  technique,  t h e  sa te l l i te  is suspended by 
t o r s i o n  wires i n  a c o n t r o l l e d  magnetic f i e l d .  By changing t h e  
magnetic f i e l d  sense  i n  synchronism wi th  t h e  n a t u r a l  t o r s i o n  
suspension frequency t h e  sa te l l i te  is dr iven  i n t o  resonance.  
The r a t e  of change of amplitude is a d i r e c t  measure of d i p o l e  
moment . 

T h i s  resonance technique has  been s u c c e s s f u l l y  employed 
by  t h e  Applied Physics  Laboratory i n  measuring and compensa- 
t i n g  d ipo le  moments on 1 2  s a t e l l i t e s .  Tes t ing  methods have 
been improved t o  t h e  e x t e n t  t h a t  d i p o l e  moments a s  s m a l l  a s  
50 pole-cm have been d e t e c t e d  on s a t e l l i t e s  weighing up t o  
500 pounds. Th i s  paper d i s c u s s e s  t h e  a p p l i c a t i o n  of resonance 
t e s t i n g  t o  s e v e r a l  of t h e  l a r g e r  s p a c e c r a f t  and compares t h e  
r e s u l t s  of d i p o l e  moment t r i m  measurements t o  t h e i r  i n - f l i g h t  
a t t i t u d e  performance. 

Key Wolds 

Spacecraf t  
Magnetic Tes t ing  
Dipole Moment 
Resonance Technique 

1, ,The Johns Hopkins Universi  t y  Applied 
Physics  Laboratory,  S i lvev .  Spr ing ,  Mnryland 
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Magnetic torques Porm a major disturbance t o  a t t i t u d e  
s t a b i l i z a t i o n  oB near ea r th  satellites. These torques are due 
to dipole  moments created within the spacecraf t  by current  
loops, res idual  magnetism o r  permeable materials. I n  estab- 
l i s h i n g  a minimum dipole  moment state i t  is necessary t o  accu- 
r a t e l y  determine small magnetic moments of typicalIy 'Ilarge 
spacecraf t .  Techniques which have been employed to determine 
magnetic cha rac te r i s t i c s  include f i e l d  and s t a t i c  torque mea4 
surement. F ie ld  measurement techniques are of ten  confused by 
the  presence of higher order poles while s tat ic torque atests 
are subject  t o  vibrat ion and atmospheric disturbances. 

This paper describes the appl icat ion of a technfque (l), 
presented i n  1965 which is par t i cu la r ly  s u i t e d  t o  measuring 
small dipole  moments of l a r g e  spacecraft .  %he spacecraf t  is 
suspended by tors ion w i r e s  and an applied magnetic f i e l d  is 
reversed synchronously wrth the free tors ion  resonance. Bi- 
p81.e moments within the satellite cause i t  t o  be pulsed into 
resonance-zero dipole moments efPeet no response, The magni- 
tude of the  dipole moment present is d i r e c t l y  proportional to 
t he  rate of change of def lect ion amplitude. 

This technique has been applied by the  Applied Physfcs 
Laboratory t o  12 spacecraf t  s ince  Marsh 1965- This paper 
summarizes the theory of t h i s  technique and descrkbes its 
appl icat ion t o  several  cf these spacecraft .  I t  a l s o  compares 
the r e s u l t s  of dipole monent t r i m  measurements t o  in- f l ight  
a t t i t u d e  performance. 

THEORY 

It is assumed that  the spacecraft  contains a permanent 
magnetic dipole moment which resolves i n t o  three orthogonal 
components Mx, M , M aligned with the spacecraft  axes. The 
spacecraft  is sugpenaed by tors ion w i r e s  according t o  Pig. 1 
such tha t  i t  is constrained t o  r o t a t e  about a v e r t i c a l  axis .  
The suspension tors ional  s t i f f n e s s  k is a d ~ u s t e d  t o  provide 
a na tura l  period of o s c i l l a t i o n  T of about 30 seconds. The 
motion of the s a t e l l i t e  i n  t h i s  suspension is completely uns 
damped and a l l  aerodynamic e f f e c t s  a re  minimized by appropri- 
a t e  shrouding. 

I n  order t o  dr ive the  s p a ~ e c r a f t  i n t o  resonance, a mag- 
n e t i c  f i e l d  is applied i n  the horisontal  plane and reversed 
periodical ly  a t  a frequency matching tha t  of the f r e e  torsion 
resonance of the spacecraf t .  Although almost any periodic 
function of applied f i e l d  can be ul t l lLzed,  the present 
analysfs is b-sed on a square wave generated f i e l d  as  show^ i n  



Fig. 2. This field H(t) has a zero to peak amplitude h and 
frequency = 2n/7 and is generated in such a way that its 
Fourier serzes representation consists solely 02 cosJine 
functions, viz - 

(-1) k-1 cos - ( 2  - k-1) - -  

k+'l 2 k-1 
@n 

The torque equation for rotation about the torsion wire- 
axis is of the form 

It is assumed that the rotations are of small amplitude such 
that the dipole moment component parallel to the applied field 
produces little torque, while the component normal to H (t) 
produces a greater torque which reverses its sense as the 
field is reversed. Assuming no damping, small angular deflec- 
tions, and p H(t)<cK and substituting for H(t) as given by 
Eq. (I), the deflection response is given by 

4hM %t 
~(t) = 7 [--g- sin %t + (cos 3 %t - cos 

1 =I % - -  
120 (cos 5 ~ t  -cos %t) + - (cos 7%t -eos %t). . . + 366 1 

el go cos %t + - sin 
@n 

%t 

Parameter and ql describe initial conditions for displace- 
ment and angular velocity respectively. 

Spacecraft rotation e(t) is tracked by means of an opti- 
cal lever and screen or automatic autocollimator. The posi- 
tion is recorded at the instant of field reversal i.e. for 
%t = (N-f) n where N is a positive intiger. These positions, 
defined as Q(N) although not deflection peaks define a linear 
amplitude growth 

Dipole moment magnitude - i~~determined from Eq. (3) by 

and its polarity determined by the rotation sense during each 
half cycle. 



FIG. 1 MEASSJREMEdT OF SMALL MAGNETIC DIM)LE BY RESONANT PULSING 

PIG. 2 MAGNETIC FIELD AND' DEFLECL'ION RESPONSE 
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FXPfi3Rf MENTAL TECIINI QU-El 

T h i s  s e c t i o n  p r e s e n t s  some of t h o  e x p e r i m e n t a l  p r o c e d u r e s  
which have e n a b l e d  p u l s e d  r e s o n a n c e  t e s t i n g  to be s u c c e s s f u l l y  
a p p l i e d  to  500 pound s p a c e c r a f t .  I n  z tpplying r c s o n a n c c  test- 
i n g  to  12 sa te l l i t e s  a toehnicpie has  cvo2ued ,  Tho f o l l o w i n g  
p a r a g r a p h s  relate tho e x p e r i m o n t n l  e o n d k t i o n s  as p o r t a i n  to 
s p a c e c r a f t  s u s p e n s i o n ,  shrouding, s y n c h r o n i z a t i o n  of the  Y i e l d  
f r e q u e n c y ,  a n g u l a r  d e t e r m i n a t i o n  and e s t a b l i s h i n g  n e a r  zero 
i n i t i a l  c o n d i t i o n s  f o r  r o t a t i a n a l  p o s i t i o n  and rate. 

S p a c e c r a f t  S u s p e n s i o n  

T y p i c a l l y  larger s p a c e c r a f t  are s u p p o r t e d  by a p a i r  of 
long c a b l e s  and  s t r o n g b a c k  fo rming  n b i f i l n r  s u s p e n s i o n  as 
shown i n  F i g .  3. The  c r r m p l c t c  s u s p e n s i o n  is non-magnetgc; t i l e  
cable l e n g t h  and s e p a r a t i o n  arc a d j u s t e d  to t h e  s p a c e c r a f t  
weight and  i n e r t i a  to p r o v i d e  n nominal  30 soc. p e r i o d  of 
o s c i l l a t i o n .  The spacecralt symmetry a x i s  i:s t y p i c a l l y  sus- 
pended h s s i x s n t a l l y .  I n  t h i s  wi~y t w o  components  of d ipo le  
moment i n  t h e  h o r i z o n t a l  p l a n e  arc measured, t h e  spacccra.f'l 
is r o t a t e d  900 a b o u t  i t-s symrnet.fy ax$?., m d  t h e  t h i r d  o r t h o g -  
o n a l  component of d ipo l e  moment citn be  determined^ 

For p a y l o a d s  w i t h  moments of i n e r t i a  of 3 s l u g - f t 2  or  
greater  i t  is n e c e s s a r y  to employ the b i f i l n r  s u s p e n s i o n .  For 
s t r e n g t h  and ease of h a n d l i n g  nan-mnghetic - . .. s t r a n d e d  c x b l c s  arc 
used .  I t  was Pound that i f  l n f ~ - = $ a f . ~ & k b l e  w i i s  used f o r  h o t f ~  
l e n g t h s  t h e  bi  f i l a r  s p r i n g  cons@%2 bb?i:<trnc non-1 inew- duc  to 
unwind ing .  The s p r i n g  rate would vary d e p e n d i n g  on t h e  s e n s e  
of rot.at.ion. I t w a s  fottnd t h a t  by us3.txg r i g h l  and l e f t  l a y  
cable p a i  r t h i s  n-of i l inear  s p r i n g  c h u r a c  teris t i c  w a s  r e s o l v c d  . 

Typicn1Z.y i n  the  large opr?n spnr:e o f  a m ~ g n e t i c s  Paci1i t .y  
d r a f t s  P r o m  windows, d o o r s ,  and pc-rjpl moving ccttr cr~;ti.te 
s i g n i f i c a n t  d f s t u r b a n c o s  u t r l e s s  pa3 nst.rikirrgly c o n t r e l 3 a d .  For 
t h e  more s e n s i t i v e  test...;, I have f'ottncl I t n--ocoseait'p to  -close 
a1 1 windows ;in8 doqra , t a r n  ol:0 nl  I iiir-con-Qi:ti cmPtl;g sp-tmn;c; 
and  s h i e l d  the ,.;paoec~aPt wS bh :t clropclo-ttl- a r r ~ J ~ o ~ u ~ ~ - ~  .a;t>cru:t: 
12 f t . s q u a r e  a n d  B t.o 1 %  f 1.. h i g h  . Usi  I.IR fLh-ekk px@car;~t;i:w~~s 
a n g u l  arm dis:f;t~rban.ees c:nn be -con t..t*r,l 1 ccl  1.6 wl -kh$:p. i% arc sec 
or ahou t 106 &me-cm t,arqur. . 3 i n c:rt cl i ptjt-e* mr$m;oi>-% cl~~~t-~vt$p.Ln-:i- 
t i on ~"C?SQLW~S 1 si n-t&&$ da J ImC!t.Cpr,ns$x , ;i h&s QT& . b&%%$.; 
Pound nsc;ss-s.&y to prw&&(:t -Je.l-,r' r.:cdi,ztor ~n~~v-~c-l~-~@n~~&~If?efita - - nr 
seal  wlndcywg n;jo.;d &jot-. 7'1)-q I rpwclr. nrl- ~193 : &pn-:l @ % j & i i ~ ~ t  -. ... ... -. : 

d e t o gqy&n a Z Q ~  .@@&&a i s ll e d -bg I. c. g j ~1 u 1 a c 13&jk&b@$r .$t~$?[$@~f&' jis 
... - - 

curront2-y on tlae orderv' bF yr,drl-c,rn. 





























pounds. The technique is particularly suited for compensating 
spacecraft residual permanent dipole moments and confirming 
the null state. Variations in a null dipole state due to 
satellite current loops or changes in magnetization due to 
satellite operations are readily detected. Accurate dipole 
moment determination extends to moments as large as several 
thousand pole-cm as evidenced 13y the AE-B at titu e perfor- 2 mance. Determination of dipole moments in the 10 pole-cm 
range is probably more conveniently accomplished by field 
measurement techniques. 

The accuracy and sensitivity of pulsed resonance testing 
bas proven to be quite acceptable for achieving the.nul1 
magnetic state required by many present near earth orbiting 
spacecraft. I see no serious limitations to this technique 
for the future. 
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