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ABSTPRACT : Y

The thesis surveys the principles bf measurement
.of magnetic susceptibility anisotropy in rocks and its
~application to petrofabric ahalysis. A new Spi“““ﬂ
instrument of very high sensitivity is described aAd
sample moasurements!?n sandstone épecimohs are.prosenteh.
In dddition a differential transformer for méasufinq bulk -
susceptibility is described. '

Chapter T summarizes physical fundamentais of
susceptibility anisotropy and discusses its applications
in geology. Several ways in\which gpcks acquire aniso-
tropy in magnetic susceptibility are discussed. Caseé
histories are d(-\.scribm]. .

Chapter 2 turns specifically to instru ental

f -
.

methods developed by praevious workers. Sen51t1v;@y limits
are derived for torque-mcters and for A.C. gridge type
instruments. Maximum sensitivity and other limiting
parameters for a new instrument are defined in terms of
magnetic properties and grain statist%cs in rocks.

Chapter 3 develops the desién of a magnetic
circuit in which an anisotropig rotating specimen produces
variation Of magnetic'reluctange. SevéralAtypes of trané:

ducer are considered which could be used to produce elec-

tric qutput from the flux variations. Theorgtical sensi-
tivity limits are calculated for each type of’ transducer. .:
. N é o ‘~" N .

By
-
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In Chaptef 4 a full doacrxptlgp is QLVbn of tho

insgrument which hﬂs been conqtructed Prov18;;n is mage
A 'J

for the use of various transdlcers. A set of- COllS near

the specimen gives adequata sensitivity in terms of drift
of the signal generated by the shaft aqqombly,gWhlch ;n

practicc\limits the sonsitivity. The rms n013q 1avel’ of
the inStrument with its shaft spdnning out51de the spé01~

. -n
men gap is about 4 x 10 mks.uni%s Fluctuatlaﬂ..from

*

the shaft and specimern holder zncrease the n@ise level to
h

about 1.5 x 10~° mk s udixs Reﬁhaple measuremen; i¥
posSible\a a lfvel of ’pﬁ mks units. - W

Cha ter 5 givés an ¥ccount of the assembly of
the stator of the instrument, which includes the magnetlc
circuit and magnetlzlng and sen51ng coils.

Chapter 6 describes the different%al fransformer
used for measurement of bulk Susceptibility. It allows
measurement of diamagnetic substances in a one~inch
cylindrical specimen. h )

- In Chapter 7 some results ardt presented for two
sets of rock Specimené, as a demonstration that the new
instrument produces meénianul resulté at a very high

I's
Ssensitivity. .
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STATEMENT CONCERNING CONVENTIONS EMPLOYED IN THIS THESIS

L ,
1 Units )

NS
The units employed in this thesis are SI units,

l
.

| :
defined by the Eleventh General Conference on Weights and

Measures in Paris in 1960. Electromagnetic units are

[N

H

//
included in parentheses where it is thought that this wilf*

help readers more -familiar with these units.

Although in the International System of Units

magnetic susceptibility is a dimensionless ratio, the term

"mksu” is used in order to avoid confusion with similar
quantities expressed in electromagnetic units.

A list of symbols with their Aﬁfifitions and

»

units employed is included in Appendix 4.

2 Projections -

"All diagrams émploying a projection are drawn

-

using the azimuthal equal area~3r Schmidt projection.

ar

»



CHAPTER 1
FUNDAMENTAL, PRINCIPLES AND GEOLOGICAL APPLTCATIONS OF

MAGNETIC SUSCEPTIBILITY ANISOTROPY IN ROCKS™.

L F:

1.1 Fundamentals of the Magnetic Properties of Rocks

All materials are magnetic to some extent. They |
may be classified as being diamagnetic, paramagnetic, or
ferromagnetic, depending upon the principal mechanism \
causing the magnetization induced within the material. In
predominantly diamagnetic-materials, in terms of simple
Bohr theory, the‘eiéc;}on orbits, together with their

. .
associated magnétic mbments, precess about the field

difection in such a direction as to produce a net magnetic

field opposite to the imposed field. Therefore the

magnetic susceptibility >
) J *
X = — (1.1)
H ' .
where J is the induced magnetization and H is the applied
field, is always negative. In addition to the orbital 4

r

motion, electrons in orbit also spin pn their own axes.
The associated permanent magnetic mom
{

nts tend to align
themselves with an.applied magnetic¢ field.. Elecﬁron spins
tend tqvorient themselves in opposition, so Ehat in atoms
with even numbers of electrons there -is no net reaction to

a magnetic field. If there is an odd number, however, the

»

unpaired electron can react to an applied magnetic field and:

‘X



contribute to paramagnetism. The transition elements may

,have several unpaired electron spins, as many as five in
the iron serieg. These materials are all paramagnectic.
Since magnetizatiaon tends to be in the same direction as

" the applied field, the magnetic susceptfbility is positivo:
-

and of the same order of magnitude as diamagnetic suscep-~
tibility.
\

It is the ferromagnetic properties of minerals.

\

that are of most importance in studies involving rock

susceptibility. When ions are brought together to form

crystalline solids, the electron spins in adjacent atoms

7
orient themselves in such a way as t3 minimize the exchange)

eneggy. In most Substances this eneréy,is minimized when
adjacent electron spins ére oppositely ofiented. With séme
substances, however, a pérallel configuration of spins is
energetically prefegable; As a result such materials are
highly magnetic. The magnetic moment resulting from an
array of these parallel spins does»not depend on an exter-~
nally applied field,‘and'the array therefore constitutes

a permanept magnet. The magnetostatic energy in and around

a crystal with parallei electron spins rises rapid}y as the

~ .

-

crystal dimensions increase. ' In order to minimize this
energy, zones of oppositely, or at least unequally, oriented

‘magnetization are formed adjacent to each other. Groups'of
®

these zones then form small closed magnetic circuits which

minimize the magnetostatic energy while increasing the

4 . ‘ ’ -



[
exchange energy at Fheir boundaries. The dimensions of
these zones, or domains, tend ;o_be those which minimize
the sum of magnetostatic and exchange energy.

If the magnetic moments of all the ions in the
lattice tend to point in the saie Airectioﬁ, the mdteriaf
.is'said to be truly ferromagnetic. gxamples are metallic
iron, nickel, and cobalt. If some of tgggmoments are
antlgarallel to others, the materlak is said to be ferri-~
magnetic. Magnetite (Fe, 0, ) is 3?% important example.

In the special case in which the iohs of the lattice are
divided into two equal antiparallel subiattices, so that
there is no residual moment, the material is termed anti-

- *

ferromagnetié. *Hematite (o<Fe203)'is such a material.

LJ
Hematite .also has a weak ferromagnetism superimposed on its
anti- ferromaqnetlc structure. Thié'is thought to be due to

tfhperfect antiparallel alignment; gﬂ‘to a small parasitic

& LN 4 o
component of ferromagnetlsm (Irvipg,*i964)
. M )
& v
LIPR | -
1.2 Magnetic Susceptibility Anisotgbpy in Rocks.
- L
Most rocks contain a smdll ~proportion “farri-

\

magnetic or ferromagnetic minerals in particulate form.
This facf makes it'possible tb use magnetic methoés.in
éetrofabric analysis.  When a specimen of such a rock is
placed in a weak magnetic field a magnetization is induced

in it. 1In general the magnetization is a function of

~_orientation of the specimen with respect to the applied¥



)

“ . <

4

field. Foi/iany rofks the relationship between applied
field and induced magnefpization may be usefully approxi-

"~ mated by‘"the relation

o
J, =«x;H * . (#.2)

; A
where: x;; = apparent magnetic susceptibility,

a symmetric tensor of rank two

&~
)

intensity of magnetization

X
i

j applied field.
The subscripts (i, j) denote ény two of three orthogonal

I3

specimen axes, and are used in the Einstein convention.
- 1

Note that the symbol X is used for intrinsic susceptibility .
of a material, while the symbol « is used for apparent .
susceptibility of a grain or array of grains %n a rock
specimen.: |

Anisotropy of susceptibility arises in rocks
by two main mgchanisms. One def@nds on the effect of shape
of the magnetic grains on the susceptibility. Elongated
grains of intrinsically 1SOtrOplc materials produce "aniso-
tropic susceptibility in this way. Cubic minerals in mag-
netié fields of low intensity are in this category. The
other mechanism depends on magnetocrystalline anisotrbpy.
in materialsAlike hematité, coﬁpled Qith an anisotropic
crystal h;bit. Most studies have ‘involved the éhape aniso;

tropy, although the magnetocnystalline anlsotropy has been

- studied (Hargraves, 1959; Fuller, 1960, 1963; Porath, 1966;



5
Hrouda and Janak, 1971). Even a weak alignment of magnetite
grains of average elongation produces a much sfronger aniso~
'tropy than a near-perfect aliQnmeht oflhematite basal planes,
unless the volume fraction of ﬁematiﬁe iﬂ the rock épéqimen
is_several times that of the mégnetite (Kiné,‘l966).
”Shape anisotropy arises because of the ihequality
o
of the demaqnetizinq factors in different directions across

non-equidimensional magnetic grains. The intensity of mag-

netization J in one direction can be expressed as

J = xH

XH,,

I

X(H-NJ) (1.3)
This can be rearranged to give ,

XH

J = ‘ T (1.4)
14+ NX ‘

where: « = apparent susceptibility <
= external field '
= inérinsic susceptibility of the
ferrbmagqetic material ”
He",= effectivé magnetizing field}f
. - - N = demagnetizing factdrt ‘
In general, the démagnetizing factors of irregular grain;

are difficult to calculate. ’Howéver, real grain shapes may"

be realistically approximated szgilipsoids of revolutioﬁ

SN A

°F

-



whose demagneﬁi&i‘ng factors are known (Bozorth, 1951).
Althquqh the ell‘ipsoid of revélution, ma‘ﬁot closely ap-
proximate the shape of a single grain; the resultant sus-
cepfibility of the rock specimen containing many grains
often very nearly approaches that of an ellipsbid. The
closeness of "rfit probably result§ from cl‘anc\ellkation of
r‘g‘r;donf'components of susceptibility due to‘grain irregu-
larity. The susceptibility tensor may then be represented
by an ellipsoid, wit‘llm the maximum‘, intermediate, and min-

imum values of susceptibility «, x, » and x_ , respectively, .

//’/
corresponding to the principal axes. .7
Consider a single spheroidal grain having mihimum
and maximum dfgna(.;neti’)zing factors N, andN, , respectively.
It is placed in a uniform field H with the long axis at an
angle @ from the field direction. One can resolve the
induced magnetization into componehts along the two princ¢i-
pal axes. From Eq. 1.4, ) : /\ .
"X Hsing | - / .
Jo =
.1 +xN,
L (1.5)
R X H cos@ ‘ | ‘
Jb = Tt ' ) ' \
1 +XNb . o
In order to find the apparent sus.ceptibility,} one. needs to
R I e o - B - . !
‘find the component of magnetization in the direction of ‘ '

.- . o . . /. ) . ) .
' the applied field. The susceptibility k, parallel to H is:

J



Jn
Ky = —
H

Jos

in0“+ chose i

X sin?@

H

X cos? @

1+ XN_

4
I + XN,

_ l+XN° 2 2.
—————— ]sin' @ + cos 0
\1

2(1 + XEU (1 + XN,)
} |

+ XN, o
= X ; " (1.6)
Now the term in the inner brackets is '
1L+ XN, 17+ XN, + X(N-N) o
1+ XN, 1+ XN, S
X (NN
=1 4+ ——— (1.7)
‘ ‘1 + XN, | ~
. ) Wt . \ '
Therefore
" x  [xiNeN) o,
K, = - b sinze 41
1L+XN |1 +XN, . A
x  [xneNy |
= — (1 - cos 20) + 1 (1.8)
1 +XN, | 2 + 2XN, S ,
The c;omp'onen%/bf“ x ‘'whith varies with @ is ,
u . . - - . . N ,. )
S XANSNY) ‘
«(8)= - cos 26 (1.9)

-
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For small valucs of anisotropy thé demagnetizing factors in

the deominator may be replaced with a mean demagnetizing
. . i

factor, namely that for a sphere, which is 0.33. /\
(N N, .
Kk ()= - ————-————1*v~ cos 20 (1.10)
" ' 2 (1 +ﬁ:

Also, for small values.éf anisotropy, the teorm (Nh—hk) can

‘ . . ' 24 7
be expressed (Stacey, 1560—&) in terms of [1 "(EJ ] &horu_
', a.ds the major semiaxis and b is the minor semiaxis of the

o

P
. ' i T . . .
qr‘akn. M V- Iw\

N ~N, ?J’O‘J[l —‘(%)2]

,.0_4[1-_2]" (1.11)

Therefore Eq. 1.10 beccomes

A
0.2 x? b _
x (@)= - ' (1 ~=) cos 20 . (1.12)
" Xy

-

L
For a sinéldﬂnetically isotropic grain of

spheroidal shape, the,anjf'éotrOpy factor { is defined as

i

I

L e A

'“‘_+,)(Nb

= - | - (1.13)
1+ XN, '

#

i LR S
Stoner (1945) described ‘the method of calculating the demag-
)
netizing factory mul tab&lated the numerical values of N,

2505 )

and N, for pro”!a&e . ,obId'te ellipsoids of revolution. He
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shows that the anisotropy due to shape ia very small whoen
P .

bulk susceptibility is(fnn]l. This can be shown by ro- - (r

arranging Fq. 1.13 °

1+ XN, g
(= —
1+ XN_

Lt 2 X (NN

1+ XN,

(since for spheroidal grains N, =N )'

<

1+ 3x(1 ~N_) \
T o= N (1.14)
1+ XN,

*
(since N_ + N, +N( = 1)

Therefore if intrinsic susceptibility is, say, IOAZ, the
maximum anisotropy factor is ¢ = 1.005 at N, = 0. N_ being
z€ro implies an infir;ité dimension ratio of a prolate
ellipsgid af revolution. Tt is for this, reason that hinerals
of the ferrjimagnetic ‘magnetite-ulvospinel series are by far

)the)most 1mportant§ Eontr*butor to the susceptibility aniso-
tropy of rogfé. Khan 11962) showed that the magnitude of,
susceptiblllty‘anisotrOpy in rocks can be accounted for by
the shape anisotropy of a very small proportion of magnetite
or titanomagneti;e in them. The intrinsic susceptibility of
natural multicrystalline magnetites varieévconsiderably
depending on impurities. which block dbméin wall movement and

thereby decrease susceptibility. A value determined by
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(1963) was 9.4 mkau. Werner (quoted by Strang-

’
\

;zhas méQ§hrnd susceptibility values ranging from

315.1 mksu. Hematite, with an intrinsic suscop-
o X ~2 L
tibility of about 10 mksu, can gonerato very littla
A
susceptibility anisotropy through shape effects. Similarly,

diamagnetic materials seem quite isotropic, no matter wfat
the grain elongation and alignment may be. For a fixed
ratio of q{meﬁsions ?f the principal elongation axes, the

¢ factor approaches a limiting value asymptotically as x is
increased. Uyeda et al. (1963) tested the ellipsoidal
approximation by measuring the demagnetizing factors of
cylindrical specimens of various dimensional ratios from
polycrysfallihe magnetite ore. ’They found quite good agree-
ment with the approximation.

Stacey (1960) has investigated anisotropy of sat-~
uration magnetization. 1It, algo, is due to differences in
demé;netizing factor and, in favorable circumstances, cal~ 3
culations based on its asurement yield the same fabric as
those based on aniso$fopy of susceptibility. In this case
the anisotropy is expressed as directional Qifferences in
the energy of saturation magnetization, ratMer than direc-
tional differences in the intensity of magnetization for a
given applied field.

.The susceptibility'ellipsoid may be completely
specified by the magnitudes éf its principal axes «_, Ky »

and x. , and their dMrections. For convenience, the direc-
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tional information is expressed in terms of maximum and
y

minimum susceptibility, often.displayed stercographically.

The magnitude information is expressed in suitable combina-

tions of the three principal values (Hamilton and Rees,

1971) . The main combinatidpns are magnetic lineation

I = x, ~ & (1.15)

and magnetic foliation

i

K, + K, i
f = I —————— - KC " (1';16)
2 i

\

The extent to which the susceptibility ellipsoid approaches
a prolate, rather than an oblate, shape can be represented

by the factor P(Khan,' 1962) where

(1.17)

when P >1 prolateness predominates. When P < 1 oblateness

predominates. The quantity

(1~18)

may be used to compare the degree of alignment, in a general

sense, of one sample with that of another containing the same
minerals. For most rocks, h is sGbstantially independent

of the volume fraction of magnetic mineral. Closely related

to P is the fagtor q, where
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1
q = —
f
Kn— Kb' t ’
= » (1.19)
7R, A K) ~ K

It.indicates the relative importance of the fabric clements
of lineation and foliation, and hence can be used for com-
paring the fabrics of different rocks. q is essentially
independent of the volume fraction of magnetic mineral,
%nd varies only slowly with bulk susceptibility.

When the ingrinsic_susceptibil"y\of a magnetic

~

particle is less than unity, the effact is not as

easily observed and, if the crystal is not cubic,ith?
crysﬁalline anisotropy predominates over any shape effect
thege may be. FExamples of this are pyrrhotite, hematite,
and the rhombohedral ilmenite-hematite series. 1In rocks
where somé mechanism has preferenéially aligned crystal
axes, the crystalline anisotropy may be used to advantage
in determining the rock fabric‘(H;Quda, 1971) . Because of
the very large ratio of maximum to minimum susceptibility,
often greater than 100, of hgmatite in weak fields, magnet-
ization rémains essentially in the most susceptible planes
regardless of the direction of Ehe applied field. When the
field is sufficiently large to saturate the rock in certain
directions, the nsnlinear effects become clear (Porath; 1566).

This extremely strong crygtalline anisotropy makes it

&
3

P
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possible, in principle, to distinguish two or more linea-
tions within a single structure, *provided éﬁ{ficiently high
fields are used. This is further discussed in Section 1.6.

O ~

1.3 Geological Applications of Magnetic Sdgceptibility

Anisotropy

Measurements of anisotropic susceptibiiity of
rocks have been nsed successfully to estimate the direction
and degree of ?referred orientation of eldngated magnetic
particles which are constituents of the rock material.

This orientation, as well as many othér rock fabric ele-

»

ments, may be a result of forces acting during rock forma-
tion gr alteration. A study of fabric elements which
result from these forces may be used to providé infofmation
about the nature of the forces.

| Conventionally, grain orientation studies have
been done by specifying orientation of individual pigticles
in oriented thin sections, using a microscope or enlarged
photograp;;. This method is both tedious and potentially
misleading. The orientation of detrital quaftz grains
depends on grain.shape rather than crystallography, and
shape orientation is usually more difficult to determine.
Specxflcatlon of the longest apparent axis requires con—

\

siderable care, 51nce quartz<aka1ns are con31derably

irregular in shape. - Although most such work is done in'
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two dimeﬂsions, a few investigators have used binocular
microscopes and multi-daxis stages to determine the three-
dimensional orientation of long axes (e.g. Rusnak, 1957).
Grain ébunts of between 100,and 200 are commonly used.
Aggregate meﬁhods depend on the anisotropy of a
bulk parameter which correlates in some way with'the grain
fabric. These methods aré“appealing because of their
relative eéée of‘determinatio; and the fact tha; they
effectively integrate the directional information from a
much larger number of grains khaﬁ would be examined'indivi~
dually. Magnetic susceptibility is one such bulk parameter
whose anisotropy correlates well with grain alignment.'
The grains whose alignment is correiated with susceptibility
are, of course, grains of magnetic accessory minetals, not
the major rock minerals. Other %arameters which have been
investigated include dielectric coeffi?ient, monochrométic

light transmissibility (for thin sections), and sonic

transmissibility. ' '

1.4 Previous Studies of Suscéptibility Anisotropy

Ising (1942) was the first to make extensive use

‘of magnetic susceptibility anisotropy in petrofabric stud-

.

ies. He worked on a series of clay varves in southern

- »

Sweden. Ising's measurements were done mostly with a tor- \\\\

sional magnetometer. ‘They established that the two princi-

[y
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pal axes lying. in the horizontal bedding plane possessed
aboﬁt 10 to 20% higher susceptibility in the bedding plane
than the axis normal to the plane. The high susceptibility
in the bedding plane was ascribed to purely mechanical
actions on thgnelongated and plate—shapid grains during

and afteg their deposipion. Ising suggested that magnetic
* lineation direction would be éontrolled by the earth's
magnetic field.

Graham (1954) suggested that susceptibility
anisotropy measurements could be used to solve many other
problems in petrofabrics and structure. Asxah example, he
noted a correlation between the orientation of the suscep-
_tibility ellipsoid orientation with that of a fold axis,
throﬁdhout the fold, of a ferruginous sandstone. He also
féund some diabase dykes showing 0.1 to 10% anisotropy.

Granar (1958) followed up £sing's measurements
on the Swedish varves. 'He showed that there was a notice-
able magnetic foliation approximately parallel to bedding.
Granar's work did not confirm Ising‘s hypothesis concerning
the felation between the geomagnetic field and any ﬁagngtic
lineationi Rather, he tried to relate magnetic lineation
with éalgebcurrent directions, but with mixed résults.

Six major factors have been identified as affect-
ing magnetic fabriqs in sediments (ﬁees et al, 1968).

1. .Gravity ténds to align all elongated sedimefnt
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rains, including magnetic ones, with the horizontal plane.

- Its orienting effect is a function of the producd?pf par t-

< icle weight and linear dimensions, and hence is proportional
to the féurth-power of particle dimension. A planarlstruc-
ture results thch has begp called magnetic foliation (Rees,
1966)...In the absence of '‘another orienting force, the
longeét axes are randomly distributed in thé horizontal
pléne, allowing only a statistical lineation. Values of q,
therefore, are very low.

2. Water curreéts create hydrodynamic couples
on all elongated grains. Their aligning effect is a f@nc~
tion of thé product of cross-sectional area of the parti-’
cle, the velocity difference between its extremities, and
the linear dimension (Hamilton and Rees, 1971). The force
s therefore proportional to the fourth power of particle
dimension, as it is for gravity. Water currents produce
a magnetic lineation by alignment of long axes of grains
with the‘curreng direction (Rees, 1961, 1965; Hamiltén,
1963, 1967; Galehouse, 1968). Rees (1965) noted a case of
l}neation normal to the current direction. Either type of
lineation will be superimposed on a gravity-produced
magnetic foliation. Observed values of q range up to 0.5.
Veéy similar susgeptibility patterns are noted in glacial

tills (Fuller, 1962).
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3. The geomagnetic field produces én orienting
effect which is a function of tﬁe magnetic moment induced
in the particle being oriented. Since }his moment is
proportional to particle volume, the orienﬁing force is
proportional to 'the Cube of pﬁgkiclé diméﬁsipn. It is
therefore much weaker than thé forces due tovgravity and
current flow, except for very fine sediments. This has
been deﬁonstrated experimentally in flume deposits (Rees,
1961; Hamilton, 1967). | , -
\\_,/' 4. WQen sediments are deposited on slopes whose
angle is less than the angle of repose.of the sediment, the
component of graviﬁy tangential to the slope produces a
magnetic lineation whiéh is superimposed on the ngrmal
gravity—produced\magnetic foliation. Rees (1966) demon-
strated this effect in the laboratory for still-water
deposition. The intensity of the lineation increases with
the angle of the slope and approaches the intensifies.
caused by running water. Fdr‘slopes just greater than the
angle of repose, material avalanches‘downslopg. Gravita~
‘tional foliation ceases to be dominant anthhe minimum
susceptibility isbnormal to the slope (Rees, 1968; Hamilton
et al, 1968).

5. Ppst-depositional deformation was studied by

‘ Pt

Graham (1966) in his work on the Paleozoic rotks of the

Valley and Ridge province of the Appalachian Mountains.
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.. .Three phases of deformation were distinguished. Strain

\

resulting from stresses *n the original magnetic foliation
plane caused the magnetic lineations of individual speci-~
mens ' to rotate into a close .group normal to its line of
action.. Secondly, shortening of the line of action of the
stress caused interchanging of the minimum and intermediate
principal susceptibility axes. Finally, the maximum
‘susceptibﬁlity'éxis became oriented normal to bedding and
minimum susceptibility paralleled the compression axis.
Crimes and Oldershaw (1967) point out that magnetic fabrics
are quite sensitive to deformation, and often reveal
deformation not otherwise visible.

6. Non-systematic post-depositional deformat;on
is exemplificd by ,the action of plants and burrowing ahimals
on a primary fabric. Their randomizing effect will degrade,

\ . -

if not destroy; the primary fabric. If the primary fabric 3 ;h
has been completely randomized; only statistical alignment
reﬁains and q = 0.67. Rees et al (1968) show an association
between scattered principal axes of susceptibility, highly
va:iable q—values, and visible traces of organic activity
in certain fiﬂe-grained sediments.

There are igdiéations in the paleomagnetic liter- -
ature that hagnetic grains, under the influence of the geo-

magnetic field, often'rotate in sediment after its deposi-

tion but while a large water content remains in it (Irving.
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and Major, 1964). This fact could céomplicate all effects
on bulk anisotropy preduced during deposition of sediments.
However, it does not necessarily follow that the deposi-

tional fabric of susceptibility would be seriously degraded.
-

This is because the susceptibility anisétropy is generated

mainly by the larger particles, those which are oriented by

i

hydrodynamic and gravitational forces. These particles '
have high specific susceptibility and low coercive force.
On the other hand, it seems reasonable that the post-

depositional detrital remanent magnetization reported by
. s an

. Irving and Major (1964) was due to alignmqu‘?f extremely

small particles exhibiting single-ddmain behaviour, and

: . ~
therefore having low susceptibility and high remanence per
unit volume. It was shown by Morrish and Yu (1955) that !

' ~
elongated magneétite particles of axial ratio 10:1 or more ‘.

could be single-domained for lengfhs up to several microns.

-

~ For very shmall multi~domain grains the Barkhausen discrete-

\

ness of the positions of the grain boundaries generally
prevents them from being positioned in such a way that the .

grain retains zero magnetic moment. Such grains therefore

. behave in a manner similar to those having singjle domains.

Stacey (1963)'terms these pseudo-single-domain grains. He

estimates the critical size for four-domain grains to be

about 17 micrpns. Stacey (1967) has concluded that most
L .'\ “ . N K
. A . .
rocks contain enough particles smaller than about 20 microns,

in the case of magnetite, for theSe grains to dominate }////

-



] ’ 20" v

their remanence.

Khan (1962) egamined the magnetic susceptibility
anisotropy ef igneous ahd metamorphic rocks. A number of
Tertiary ldva flows were examined and, althouéh most showed
widely dispersed principal susceptibility'diréctions, some
had the minima grouped tightly around the pole of £he flow
plané, with the intermediate axes parallel to the flow
direction and the maxima normal to it,‘in the flow plane.
Basic gneisses were seen to have their maxima concentrated
in the'directiqn of visible lineations and minima normal to

the visible foliation. .

1.5 Statistical Significance of Measu;ég/;:sceptibility

Anisotropy

It is necessary to deffermine whether or not the

susceptibilities which are meagured or are measurable are

statistically significant. (A any random ‘collection of

elongated Barticles there is a sta{istically predictable.

alignment, resultiné?&n a corresponding susceptibility an-

isotropy. Stacey (1960-a) showed?é'similar result for

random aligﬁment of crystal'axes'fbr which.no‘aligning
mechanism was thought to exist. .

. N . :
Consider n randomf&‘distributed grains with volume

=Y

Vo éach. The lon§ axes of the’ gralns may be treated as n
randomly dlrected unit vectors. Raylelgh (1919) derlved

an expre551on for the probablllty that the vector sum would

- ) \

\
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have any particular value. The 50% probability occurs at
a vector sum of\approximately n"é . Thérefore in a collec-
tion 6f rock'Specimens one would expect fo see a randomly
direéted grain alignment corfesponding Eo aq/élignﬁent of
approximately % aliéned grains in each specimeﬁ. Thus
the total effective aliéﬁed vé&ume‘is %q%.

X In nonsaturating fields, an assemblage of elong-

ated grains with long axes aligned will show a directional

apparent susceptibility « :

€x
K = (1.20)
1 +XN l
where: ¢ = volume fraction of specimen occupied

by the'magnetié material
X = intrins;c susceptibility of maénetic
' haterial”
N = demagne£izing factor ongrains in the

direction of susceptibility measufé—

ment. ”

‘ i .
‘Given that the grains have, on average,‘hinimum demagneti-
zing factor N, and maximum demagnetizing factorlﬂb, the
apparent susceptibility anisotropy observed Will<IE§§t

O

Ak = x - Ky,

g - (X o eX

1 +XN, 1 +XN, R
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NP (N, -N)

¢ (1.21)

—————

Lot X(Nthu) t X/2lth\ln

[ ¢

For small anisotropies resulting from relatively small
clongation of grains, Nl. and N, are both approximately 0,133

N N ' . . . .
thn\lvlndqnuvizinq factor of a sphere.  The intrinsic sas-

0 ) A . ’
ceptibility of mAgnetite is about 10 mksu. Therefore

(Y

100 ¢ (N, ~N_ )
Ak ~
1+ 6.7 4+ 10 « G
= 565 (N~ N_) (1.22)

Stoner (1945) derived expressions for (Nh‘an) in terms of
) b .
clongation ratio % . For small anisotropy ( 3 near unity)
IS ' . » b 2 1
terms higher than the firsg, power of [1 ~(3) J‘may be neg-
»

a

lected. The relation then becomes

) b2 £y \ ‘ A’
~N =0.291 ~ {—1
Ny N, - |2 .
_/ b
™ E 041 ~— PO o 1.23
3 a ‘?,p- ( 3)

D

Substituting this into Eg. 1.22, one obtains'

] b
Ax ‘?2.3131——— (1.24)
-~ ¢ 0 N
- " These relations hay now be used to-8etermine the

minimum suéceptibility an%&ptropy whith may be considered
gtatisticaily significantj? From data gathered by Moonéj
and Bleifuss (19533 the appareng susceptibility of magne-
tite-bearing rodks follqws approximately the relation .

’ s’
‘ <
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: . .0 3 h .
0.289 " cmu/em : (1.20)

vhere € in the volume fraction of agnetite.  Balsley and

Buddington (l‘i‘xﬂ)‘(iutor‘minwi a similar x‘ul(";ti()n which
diftored mainly in the exponent/of ¢, which they detormined K
to be 1,31, It woe can assume thdf the majority volume of
mdqn;\titn consists of multi-~-domain gralns, and that tr;oso
'J'rv non-interacting, an oxponent of unity may ;)o takon

for e . Tf\urnforv, in a rock specimen of volume V., contain-

ing a volume of magnet itw Vm, the apparent susceptibility

will be:

m
K - 31,6} — (l.?())
A ,

If the magnotite grains have an average diameter d, and

. I m .3 . :
hence average volume Vo =—d ; the fdumber of grains is .-
A b
v ‘ :
m Y -
n T — i ’ .
Ivo ‘< - . K
4 "_/ . -
.6vm ) ' 4 n .
= 3 7 (1.27)
nd | . . g

Furthermore, since statistically we can expect an cffective \/
: , -

aligned volume Von if no grain-alignment mechanism exists,

4

the effective aligned volume Vv, is

.« N

.



(1.28)

. S , .
Thus, trom Eq. 1.22, susceptibility anisotropy will have a

statistical minimum:

Substituting Eq. 1.76, this becomes:

An Xy ; 2.3}371\{,#’;3531 -E;

1.90v":”2 vV, 6 a
i
. d® b
- 0.874 x % -\;3;3 1= mksu (1.30)

And for a standard specimen with diameter 2.5 cm and length

1.23 x 10°° m'. Therefore

i

2.5 cm V,

b

a

Ax

]

24??‘3d%31 -

mksu (1.31)

If we take minimum average grain elongation as being 5%,
. . : -$ L
minimum average grain diameter as 10 m, and minimum bulk

~
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susceptibility (due to the ferromagnetic fraction as dis-
. ! oo , . ~1

tinct from the diamagnetic rock materials) as 10 mksu,

i

the minimum statistically significant anisotropy is

~10 :
Ax = 1.25% x 10 mk su (1.32)

It 1; possible, in principle, for.§bé;fvrro~
magnetic (‘nm;nnvnt of the bulk susceptibility of a rock to
be even less than 10_7 mksu. In thgt case, even though the
spocimen might contain‘a geologically significant grain
alignment, which it might if the grains were small enough,
it would be very difficult to identify it as being signif-
icant since the bulk ferromagnetic susceptibility would be
swamped by the much larger diamagnetic suscéptibility‘of
most of the other rock materials. |

The graph in Figure 1.1 shows the minimum

statistically significant anisotropy as a function of tho

s—_—buTk anisotropy and mean grain diameter.

1.6 Ambiguities in Magnetic Data

. For a specimen shoéing only a foliation, or piane

‘\~of preferred orientation, the equivalent magnetic ellipsq}d

\

is oblate, with its short axis perpendicular to the plane
» .

'of foliation. If the specimen shows only a lineation, the

equivalent magnetic ellipsoid is prolate, with its long

\ s

axis parallel to the lineation. “ In general, however, the

\ _ . ' |
\ i

\

\

i
t
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Figure 1.1

The lower limit to geologically-significant
anisotropy set by statistical anisotropy for
rocks containing pure magnetite of the grain

sizes indicated. Grain elongatibn is 5%.
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obscerved magnetic ellipsoids have three unequal axces.
Stacey et al, (1960) point out that there are several

combinations of two fol@ations, two lineations, or one

,
i

foliation plus one lineation which can be found to fit the

same magnetic ellipsoid. Whatever the combination present
g | '
in a specimen, the magnetic ellipsoid merely averaqes tho

) v

effects. In particular,:they note, two foliations in
different planes are equivalent to a single foliation

between the two plus a lineation along their line of inter-

section. Also, a foliation plus a lineation in another
plane appears maqhetically as a foliation plus a lineation

in a plane between the two.

If two mqqnétic features are to be distinguished
\ ) | . |
arfd both delineated, it is necessary to extract more infor-

mation than is available from the second-rank tensor nor-

«

mally obtained. This can be dqne, in s?ééial circumstances
at least, by usiﬁd the nonz}hear maénetiéation characteris—
tics of the magnetiec materials involved. From Eq. 1.9 it
can be ée tpat if'# is either very large (X >>»3y‘or if

. ' N ‘ ..
it is consgdnt, the apparent susceptibility variation is

f

sinusoidad. However; when a material such as magnetite s
- - 2 ' -]
saturates for part of the cycle, neither of these -conditions

A . ~
holds. ‘Any particular grain, or aligned array of grains,

will®have lower intrinsic susceptibility, and therefore

‘N

lower apparent susceptibility, when the semimajor axis or

-~
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axes aliqﬁ with the applied field. The sinusoidal variation
obtained in lower fields will be distorted in a manner yéke
to éhat illustrated in Fiquré'l.Z. If the signal is passed
R through a filter which removes only the fundamental fre-
quency- the components remaining can hold sufficient infor-
h ]
mapion to define at least two' separate fabric features. The
aeplied field would, for optimum response, have to be ad-
justed for obtimum nonlinearity with the magnetic materials
and average grain elongation present in the §pecimen. 1f
the specimen susceptibility is low or the aspect rétio of
‘the‘averaée grains is small, it would be necessary, with a
spinner-type instrument, to e;ectronically cggss~correlate
the higher harmonic content of the signal with that from a
shaft~-synchronous gating device. A torque-meter with its
discrete readings probably would not suffice.

The effects of harmonics. due to crystalline
susceptibility anisotropy should be separaFed from grain
alignment if meaningful results are to be obtained. Effects
from different mineréls (e.g. hematite) can be distinguished
by their different coeréive force and saturation flux den-
sit{, and hence the different behaviour when the bulk ap-.
plied field is changed. Statistical crystalline alignment
of the magnetite particle§ being observed cannot be as
readily distinguiéﬁed. However, if the magnetite grains are

sufficiently small,and the bulk suscepfibility is sufficiently
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Figure 1.2

Qualitative effects of saturation of elongated
grains. 1In the upper diagram the solid line
indicates signal flux using low, nonsaturgting
field intensity. The dashed line indicates
signél flux for a field intensity which produces
an appreciable variation in intrinsic suscep-~
tibility as the specimen rotates. The lower
diagram shows the differche between the two

\
signal fluxes shown in the upper diagram.
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high (that is, magnetite grains are sufficiently numerous)
the effects of statistical crystalline alignment (Stacey,

1960~a) may be negligiblé compared to the effects observed. -

Wy,

‘\.( R

sl



CHAPTER 2 —

! ‘ PREVIOUS INSTRUMENTS USED FOR MAGNETIC
]

SUSCEPTIBILITY ANISOTROPY STUDIES

2.1 The Torque Method

K Ising (1942) describes a torsional magnetometer

i

which measures maqnet?ﬁ anisotropy in terms of the couple
acting on a sample suspended in a mégn tic fieid. More
recent&y Granar (1958) Qsed\an instrument of this type in
rock fabric studies. King and Rees (1962) describe two
, variatibns of Granar's magnetometer, one of whichvhés a
theoretically-predicted sensitivity of 10" ° mksu at fields
i_,,,/éza about 1600 amp/meter; '

" | In torsional magnetometers of the suspended
specimen type, the specimen is sdspended from a fine fibér
in a region where a uniform horizoﬁéai magnetic field is
established. This is usually done with a Helmholtz coil
pair, but for large applied fields it can be .done with
iron-cored coils. When a burren£ is passed through the
goils, a torque is produced dn éhe specimen which tends
to rotateiﬁqég as to align the -direction of maximum

) susceptibility with the direction of the applied field.
The magnetostatic enepgy"within the specimen and its .
surréundings is minimized when such alignment exists.

vﬁhrtﬁermore, if there is'any remanent magnetization within

~ the specimen, a furthér torque will tend to align it wiph

33
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‘ z//\\‘v/ ‘
It is necessary for the measuring inskrument to

disﬁinquish between torque prpdhced by‘susceptibility aniso-

tropy and that due to remanence. If possible, the latter |
should be eliminated. This may be done by ‘making the applied

" field alternate at a frequency well abOVe'the torsidnal
resonant frequency of the specimen with suspension system.

.

The torque due to remanence will then alternate in direction

and because of the' high frequency of the diregction reversals

D

the specimed\vill not defleet'appreciably in response. Thet . ..

susceptibilit?xaniso%nppy torque will remain in the same
dlrectlon, howevef This is because the induced moment
changes in dlrectlbn as the applled(ﬁleld changes, and the
resultant couple w;h; remafp in the same direction. Its
magnitude varies w1th\\he JbQOlute magnitude of the applled
field. The direct compqnent bf the couple is then measured

by observing the ;esUlta steady angular deflection of the

\ o
f ” "

. , . b .
Consider a specim&n of volume V meter?® having

specimen.

X

two priﬁcipal apparent susceptibilfkies K, and xy mksh at

rlght angles toJ§9ch other in the plane of measurement

\

The specimen is suspended in a field H, amp/meter at an
- \' *
angle 0 radians to K., as shown ln Elgures 2.1 and 2.2.  The

. lnduced magnetic moment in. the dlrec¢1on of’ x w1ll be

\

.
>~
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Figure 2.1  General layout of torsional magnetometer.
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Principal susceptibilities of the specimen

in the plane of observation, shown with the
apelied field and resultant torque components
as viewed along the suspension fiber.
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m, = x,H,Vcosé (2.1)
Similarly, for the direction of Ky,
- i \ ’
m = x, H Vsin6 (2.2)

The torques T, and T, due to moments m_ and m respoctively,

b’

are given by

T,6 = m, 80 sin 0

=m, pu,H sin 6 -

2 )
=KG“OH0VSin0cos() ‘ (from Eq. 2.1)
1 2 . '
= QKO “0 HOVSU’/] 26 (2.3)
;) !

Tb = ~mbBocose

174

~mbp0H0con V]

= UKy poHOZVcos()sinO (from Eq. 2.2)

]
2"

]

“OH:Vsin 20 . (2.4)

The net torque on the specimen is the sum of TQ and Tb.

T = ;(xaﬂxb)ﬂ;‘Ho?Vsin 260 \ | (2.5)

A

This has a root-mean-square value

To IVF Goomgu BV (2.6

The deflection‘AO'm r@g from this torque is
1
Aormn= T Trm‘

‘ \/’2- (Ka—Kb)uo Hozv
/6— 4r

"o

(2.7)

where /¥ is the torsional rigidity of the suspension fiber.

¢’

»
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There are two principal theoretical limitations
to the sensitivity of the instrument. One is the tﬂormal
aeflection, or Brownian motion, of the suspended systom.
The other is the minimum detectable angular deflection of
the suspended system. The latter depends on the mechanism

used to measure the deflection.

The s value of the thermal deflection AOB

rma
. . ) . \\\\
15 given by the rclation e
2
kT
AOB = <—+—> radians ! (2.8)
N fms T
where: k = Boltzmann's constant

]

~23
1.38 x 10 joules/°K

T

]

absolute temperature (°K).

From Egs. 2.7 and 2.8, the stgnal-to-noise ratio is

Al 2 \? (kg=Ky) poH 2V \
‘ = ( ) . (2.9) \ .
A6, kT 4.h \

rMms \
. 4 AN

There is a lower limit to the torsional rigidity r of the B

fiber set by observation time' required, even if the fiber'é
physical dimensions are not a limiting factor. With nearly-
critical damping the approximate settling time of the
suspended system ‘is

. I "’2, h .

t, = 2n<-—-) . (2.10)

T
\

where 1 is the moment of inertia of the specimen plus cage.
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) o)
1f we take the ideal limit of negligible moment of inertia
for the specimen cage and suspension, then we have for an
£
axially-~suspanded cylindrical specimen of equal length and
diameter that
L
!
M)
'0 = 2" ———e
T
| 2 |/2
2 Vor
= 2p {—2 (2.11)
T
Y
< where: M = mass of specimen (kg)
r, = radius of specimen (m)
o = density of specimen (kg/m’)
Therefore we obtain by rearranging Eq 2.11
v t * ‘
o]
= = - (2.12)
T 2n’a r, t ’

Substituting this into Eq 2.9, ~n

-~

2

A9, < 2 )2 (ko= ry) o H, g 1
AOBrms

—_—

kT

SLIVAS (2.13)
2nlg .

4

Since an alternating field is required, Helmholtz coil pairs
are.nonmally used to provide the necessary field uniformity.
As dimensional and power-dissipation difficulties increase
rapidly in so generatingﬁfields larger ghan‘about,lo‘
amp/meter, it is appropriate to calculate a sensitivity
based on H, = 10*.. We set reasonable values on T of 293°K

. ) %,
and on ¢ of 3.0 gm/cma. Thus we obtain for a standard

o

—~
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specimen of radius 1.27 cm and volume 12.9 cm’

- 8
AG, 3 2 2'/: (Ko~ &) (4m x 1077 ) (10°)
- ~2
AG (1.38 x 1072y (293) 4
5 %
) <l2.9 x 10 > o t,
6.0 x 10°n2/ {.27 x 1072
A
9?
= 0.81 x 19 (KuﬁKb)% (2,14)\
Thus one is just able to detect an anisotropy
—~9 .
. 1.23 x 10
A x =— mksu (2.15)

min

t

The lower limit to detectable anisotropy due to
N
minimum detectable angular deviation can be similarly cal-
Culated. The sensitive detectors with the smallest inherent

' . . N .
froment of inertia employ a mirror connected to the specimen

a

cage deflecting a light beam. Uéing long optical "levers"
and magnifiers, the small angular deviations become readily

observable linear deviations of a light spot, The limitation -

G :
!

arises from the scattering of the lidght beam by diffraction

from the mirror's periphery. Even if an ideal—point source

of light is used, and there are no appreciable diffraction

effects from elsewhere in the optical train, the focused
image after reflection from an optically perfect mirror is

an Airy pattern of which the first dark circle subtends at

the mirror an angle 8 given by '

. 2.48 - .
.~ B = ~——— radians \ (2.16)

r »O\

[
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whore: A = wavelength of light used (m)

a = diameter of mirror (m).

To avoid substantial increase in the moment of inertia, the
mirror cannot be much larger 'in diameter than 2 cm. With
thiis and light of wavelength 5000 A

(2.44) (5 x 1077

B -
2 x 1077,

: ~5
6.1 x 10 radians (2.17)

' : ~6 . .

When the mirror ‘deviates 3 x 10 radians, the Airy
. : -8 . . \

deviates 6 x 10 radians, which is about 10% of

circle's diameter. It is undikely that much €maller devia-

‘t,ion could be reliably detected. Thus, the rms value of

’
Al

diffraction "noisc¢" is

A9 = 3 x 10 % radians (2.18)

D ¢ms

From Egqs. 2.7 and 2.18, signal-to~noise ratio is

2
AG ., 2 (ro~ry) pH, Y .
- Vv b x 10° (2.19)
A6 12 7 -

D rms

Substituting Eq. 2.12, the above result becomes

. ' 2 2
A6 \,2"(&0-'( )u H "t A
LN ° ° —2—— x 10° ‘ (2.20)
AG 24n20r, " )

D rms.

Using the same magnetic field (

\ -7 8 2 6
: 4 ' t 0
Ab,., 2\/2_(;4"%)( m % 1077) (107) (1,7) (107)
Y

D'rms




Ly
\ 2
= 4.09 x 10° (K, ~x,) t (2.21)
Thus we can an aniébtropy (Ko=Kp) in OF
-~ 7 .
— 7 mksu (2.22)
. f() } “\

A ]

The two theoretical limits on sensitivity are shown
graphically in_Fiqure 2:3, plotted against minimum obsecr-
vation time t -

Using Granar's method, five torque feadings are
pequired for each of three orthogonal‘specimen axes. Thus
the total settling time required pej specimen is at least
151,. Allowing for the intermediate operations, a settling
time of 60 seconds would mean a total observation‘time per
“specimen qf about 20 &inutes. Thus a sensitive torsional
anisotropy meter.is of necessity a longfperiod’dgvice. A
direct-field épinner, on the other hand, does not have its
Sensitivity as strongly dependent on timé constant. High
sensitivities are theoretically possible with short total

¢

observation times. This is fully discussed in thé next

chapter.



Figure 2.3 Theoretical minimum on magnetic susceptibility
\

anisotropy'detectable by a torsional magneto-
meter having a suspension time constant t, .

Conditions:

H, = rms field intensity = ldf amp/meter

.= radius of specimen = 1.27 cm

h = axial length of specimen = 2.54 cm
o = density of specimen = 3.0 gm/cm’

‘ .
a = mirror diameter = 2.0 cm

A = wavelendth of light used = 5000 A.
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2.2 Spinner Magnetometers for Susceptibility Anisotropy

In theory, any instrument capable of measuring
bulk maqnetic susceptibility may be made to meaéufe the
anisotropy of magnetic susceptibility by causing the speci-~
men to rotate at a suitable speed and measuring the time-~
varying apparent susceptibility. One susceptibility meter
which has been sudcessfully converted to a spinner-type
instrument is the A.C. bridge. |

Three types of A.C. bridge networks have been
used to make susceptlblllty measurements. The s1ngle~1nduc~
tor bridge (Bhattacharya, 1950) shown in Figure 2.4 (A).is

balanced resistively with three resistors and reactively .~

-

Tts main drawback is its asymmetry. This" é indi -
vidual legs of the bridge to react differently to tempera-
ture changes and causes thermal offset. In this aspect, the
bridge may be.imprévéd by using two identical air-core coils
balanced by two reslstors, as in Figure 2.4 (B) (Mlchelsoé
1952). Both of these brldges are .susceptible to drift
caused by movement of conductive objects iﬁg%he vicinity of
the bridge‘elements. Sgch movements are viftually unavoid-
able, and by pr;viding different stray capaéitance to earth
for each of the bridge elements, they’pause the.bridgé'to'be
‘offset‘from balance. The problem can pe lessened by exten{

sive electrostatlc ‘shielding, although this solution can

actuhlly aggravate the thermal drift proﬁlem:(Fuller, 1967) .

-

¢



48 .

. Figufe 2.4 Bridge configurations used in §usceptibility
"anisotropy studies |
(A) Bhattacharya

(B) Michélson

’ g (C) - Girdl€r

\ ’ .
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Drift duc to stray capacitancoe may be very neatly dealt with
t
by using the transtormer bridge network ot Figure 2.4 () .

[t wan desicribed by Kirke (1945) and discussed by Clark and

.

Vanderlyn (1949) and Watton and Pemboerton (1949) In this

wversion (Girdlgr, 1961) two air core inductors are balancod
with tightly coupldéd ratio arms, which are the two windings
.
of a 121 transformer, _5‘1‘hn two windings are assumed to be
& A0
perfectly Coup{md‘. Jabhat case, mutual inductance M i=s
e PECRY s v

A

2.2

Therefore the ratio of impedance of the two bridge legs made

up by the transformer is

n
(2.24)

)
m,

where n, and. n, are the number of turns on the two windings

of the transformer. .. If the numbers are ®qual, we have



and
L_ L M P

Now assuming porfect coupling botween the cqual transtormer
winding:s and »oro winding rv.qiritunvu'un(l transformer core
lonnes, we can find (‘X})F(‘:‘\:ii()n.““‘f()l‘ tho potent i.\f.-\ with
n\ﬁ.‘}»m*t to gqround of point:s X .‘\r.u‘Y, given a current

io con wt through the windings,

\‘x - imL‘io jmt\lio
0 ’ (2.7

v, - j(.)l‘in Jw M io
- 0 2..8)

Therefore points X and Y arce effectively held at ground
potential by qro;/)ndinq the center-tap of the transformer.
This qreatly reduces the oftfects of stray capacitance .to
ground.

The ALC. bridge used l')y fuller (1967) employs
split air-core coils of 13 cm diameter and 4 cm total axial

'\

length. They provide a field uniformity of about 1% over

; ‘
the volume of a standard 2.5 cm cylindrical Spccimfn. The
bridge is excited at 1000 Hz with a total power of about
1 watt. The limits of operation were shown to be thermal
drift. After smoothing the output of a continuously recorded®
tface.of dpparent sﬁsceptibility, a suscepfibility anisotropy

-

- -7
noise of about 2 x'10 * mksu (1.6 x 10 gauss/oe) remains.



Thormal drift, like most random and quasi-random
4
!

noise “ff;‘(‘t:\, has a fairly wideband spectrum. Thus, it is
possible to minimize the effects of thermal dri;t by look-
ing at as small a speetral "window" as possible.  This may
be done by rotating the specimen.at a fixed frequency, and
analyzing the signal within a fairly narrow passband about
that frequency. 'X'Hif‘i procedure is most effectively accom-

plished by phase-sensitive detection of the signal, using

a shaft-actuated generator to supply a reference signal.

Furthermore, most thermal. "drift" and other excess noisce

|
forms which depend on oxterﬁal enerqgy sources and sinks,
tend to have a characteristic l— spectral density, unlike
equipartition noise at thermal equilibrium. Therefore it
is advantaqgcous to ompioy a high rotational speed for the
specimen, at least to the point where other noise effects
become dominant. This general approach was followed by
Graham (1967) in developing his A.C. bridge for K suscepti-
bility anisotropy.

-

A simplified block diagram of lthe essential parts

of Graham's A.C. bridge spinner;ﬂre shown\ in Fiqure 2.5.
The bridge itself uses two nearly identical modified Helm-
holtz coils connected in a bridge arrangemén with a tape-
wound-core transformer with two equal bifilAr windings.

The susceptibiliéy variation of the spinning specimen gpan—
ge§ the inductan#e of one coil And upsets the balance of the

!

briage. The ofﬁfbaiance signal is processed and recorded.
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Figure 2.5 Block diagram of Graham's A.C. bridge

spinner for susceptibility anisotropy.

®
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The processing consists of two stages of phase-sensitive
, ‘

detection -~ one at the bridge energizing frequency and one
at twice the specimen rotational frequency. The QOmodulated
signal is fed to a modified X~Y recorder with a suitably
slow clock drive. This constitutes in effect a long time-
constant -integrator which determines the banéwidth of the
observed signal. Graham also employed servo-mechanisms s
carry}nq pieces of lead and ferrite near oné of the Helm-
holtz coils to keep the bridge in long-term equilibriu&.

He provided for a servo-mechanism which automatically
"locked-on" to either maximum or minimum susceptibility

in a given rotational plane. This latter feature is useable

only if signal-to-noise ratio is considerably larger than

unity.

The thermal ~noise-limited sensitivity of a bridge
susceptibility meter such as Graham's is now derived. The
spinner is limited fundamentally by thermal (Johnson) noise
generated within its bridge inductor windings. This limit

is now determined for ipstruments of reasonable dimensions
3

and operating conditigﬂg.

Graham's inductors were Helmholtz pairs of coils
of insidé diameter 7.0 cm, outside diameter 12.0 cm, and
length 2.5 cm. They produce a,magnetic field which is

uniform to about 1% over a volume of 10 cm® and whose

-~

intensity is 6620 amp/meter for a 1 ampere energizing current.

Their inductance is 53 mh and their resistance is 5 ohms. .



1
. . . . .  J
Since Johnson noise is proportional to coil resistance, it

is desirable to minimize resistance for a'qiven number of
turns. However, any change in dimensioﬁs to decreasc resis-
tance (i.e. either ihcreasind currenf\cross~sectiona1 areca
or decreasing coil diameter) willﬁincrease relative fiéld
nonpuniformity. 1In fact Graham's Helmholtz coils had close
to optimum dimensions for maximum sensitivity on rock;
having percentage anisotropiés of greater than about 1%.

| We calculate the signal induced by an anisotropic
susceptibility x. Given an energizing current i amperes,

,
the magnetic field intensity in the region of the rotating

Iy

specimen is

M = 6.62 x 107 i amp/meter (2.29)

Given a specimen of volume V and susceptibility « immersed
in, a uniform field of this magnitude, the presence of the

specimen accounts for a relative increase in magnetic energy

qual to
AE,, chénge in energy due to specimen
E.. total energy in coil's field
1 2 2 .
7 (hHV = u H V)
= 3 (2.30)
- : - :

2

-

where: p = apparent permeability of rock specimen

-

H,= magnetic field intensity with no

-specimen

L = coil inductance.

~.
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Substituting 47 x 10 ’ henry/m for pu,, 5.3 x 10 2 honry for
L, and Eq. 2.29 for H;, Eq 2.31 becomes

2

AE,  (4r x 1077) x (4.37 x 107 PV
E,. 0.053i?
= 1.03 x 10° xV (2.32)

It follows thet the inductance of the coil changes by this

same ratio. That is,

I

AL = 1.03 x 10° VL

- sV L (2.33)

 If, now, we have an rms current i, coswt energizing the

coil, the rms signal 6utpﬁt will be

e, = i,)waAl .

= 55&Viow ‘ (2.34)

L

Siné§ the coils are tuned to resonance, “they appear to the
amplifier to be essentially resistive. Thus, noise voltage
“ o -~

from the coil is given by

e, = (4kTRADH? - ’ o (2.35)

: W
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where: k = Boltzmann's constant

]

T = absolute temperature
R = coil resistance

Af = frequency bandwidth observed.

Since R is 5 ohms, and temperature is about 293°K, we obtain

, ) |
- 2
e = 4.1 x 1070 Af (2.36)

n
A}

-

Both signal and noise are equally increased by virtue of the
Q~factor of the fésonant circuit. Thus, Q need not be calcu-

lated for determining signal~to-noise ratio.

3 O

e SSIOwKV . .

-10 L
e 4.1 x 10 Af?

n
¥

ST ,
= 1.34 x 10 . L (2.37)
At
‘ :
Current i, is limited by thermal drift caused by.high power

dissipation in the main coils, as well as by vibration of
coils carrying large alternating currents. Ffequency f is
limited by self-resonance of the Helmholtz coils and, in
some rocks, by eddy current losseé in the specimen.' Any
anisotropy in the'éddy—current response produces a spurious

susceptibility anisotropy\signal-” Bandwidth Af is limited

" by observation time permissible. Consider Graham's values

»

for/ R and w:

io= 25‘mA rms Ho='165 amp/meter ~ 2 oe)

w=1.88 x 10* radians/sec.
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Take as reasonable limits:

V=12 cn®

i

Af = 1071z,

R

Then signal-to-noisé ratio becomes

e
s

10 ‘
—— = 2.39 x 10 «x , (2.38)
&

E-=

n

In afder that a change in susceptibility ~x may be detected,
it is necessary that it produce a change in signal Qoltaqé e,
gréater than or equal to the noise voltage e . Thﬁs the
minimum detectable change in « is just equal to the value

of 'x which, in Eq. 2.38, would make signal-to-noise ratio
equal unity. Therefore minimum'detectablé suscebtibility

anisotropy is

min

Ak, = 4.18 x 107" mksu (3.32 x 10" emu/cm®) (2.39) |

1

Graham's observed noiée Jevals were about 1.3 x 10—8 mksu
(1.0 x 107  emu/cm®) under good conditions. Noise was
attributable in part to residual drift and vibration of the
bridge.induqtors. .

One poséible source of noise was fluctuation in
the frequency of theioscillatdr driving the bridge. This
frequency modulation would have ihtroduqed spuriduéisignals
because the 'dge'balénce‘was quite sensitive‘to frequency.
This can be attributed{to the fact that the rééistive éffect
caused by conducfbri néaf/2;2§'pili, incleding that of the

liid slugé used for bridge-balancing, ié,frequency—dependené.
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2

I'f the balance is to be substantially frequency—ihdependent

it is necessary to ensure that all bridge elements are
frequency~independent, unless, of course, the frequency

dependence itself is balanced.
At the time when, by Dr. Graham's kind coopera-
tion, the author made use of the bridge, it was noted that
Vo'

normal floor~-transmitted vibrations produced noticeable

spurious sj . s not clear, however, whether these

3
ain coils, or bulk vibrations changing the coils'
position and making them interact‘wiLh external fields.
The latter form of noise could; in principle, have been
\

alleviated with an externally-closed magnetic circuit for

the main exciting field. ' 1

———

‘}Té] D.C. Spinner Instruments >

D.C. Spinner—type instruments have been described
by de Sa and Molyneux (1963). A rock spedimen spins in a
uniform magnetic field generated by a pair of Helmholtz /

coils. The spinning specimen sets up a secondary field

-

alternating at twice the rotational frequency. ' Noltimier.
. . ] o

. _
(1967) describes such an instrument which uses coils separr

ate. from the field coils as sensors. One set of sensing

«

coils is placed parallel to the field coils while another .

set is placed perpendicular. Noltimier notes that the
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®

normal set, althbugh it presents the same'signal phase~
sﬁifted 90°, produces less noise since it is at null with
the field coils.

Noltimier cites four main sources of ﬁoise:

1. Electromagnetic noise from A.C. maips at
50 Hz and at 150 Hz. It is reduced by fi*ed and variable
compensating coils. Both sets of field coils are bypassed
for A.C. with large capacitors. l |

2. Vibrations in a magnetic gradient. Those

{
induced in the pickup coil by direct coupling with the

)
10

spinning top gave a noise of 1.2 x 10 A-m2 (L.5 x 10__6

3 : . - :
gauss cm ). This value has more pertinence to remanence than

-t0‘aﬁisotr0py because of the stronger fundamental component
of vibration, and Aence is not the dominant noise‘contri-
bution for anisotropy.

3. Electrostatic n* @< to accumulating
charge on the‘nOnconductive rotor surface. This noise was.
about 1.2 x 107" A.m® (1.5 x 10~6 gauss cm’). .After coating
with gréphite the noise‘falhs to léss than 2.4 x 107" A-pf
(3 x 10_1‘§auss cmz). In a field of about SSOOlamg/meter
this meant, for the specimen size used, a noise anisotropy
of 1.1 x 10”% mksu (0.85 x 107" gauss/oe). The coating
muist not bg too conductiié becaﬁse eddy‘currents‘would

' ‘ s

. L9 .
produce a magnetic moment to simulate susceptibility. aniso-

tropy.
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4. Feedthrough of remanence signal.‘ A maximum
remanence of 2.; x 107" A-m? (3 x 10”? gauss cm’) was found
to peFmit measurement of anisotropies'greater than
2.5 x 107" mksu k2 x 1077 gauss/oe) , inN$QY f}aﬁds at least.
Noitimier\quotes an overall low achievable |
anisotropy noise 'level of l.l)(lo—‘8 mksu (0.85 x 107°
gauss/oe) and a practica%}jfésuring sensitivity limit. of

ten times this value, dg 11 x 10~ mksu.

2.4 Requirements for the New Magnetometer

Three main criteria were used to determine the
type and configuration of the magnetometer described in
this thesis:

L. Ease of operation

2. Speed of operation

3. Sensitivity.

In order that thé'instrumen; be eas? go use and
rapid in operation, it is of great aanntage thaﬁwcompbnents
which are handled or otherwise disturbed be robust and not
cause serious offsét of the. signal output. Therefore
instruments with robust mechanical parts and sénsitive. './‘

4

electronics, such as spinners, are to be preferred to

-

instruments with robust electronics and sensitive mechani-

v

- cal parts, such as torque-meters.

! ‘ ‘A very important factor in the speed of'operation

~ . s

ey

»

. . .
. o ' . )~
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Ys the/}nteqratinq tlme required to attaln the requlred ‘
§

level of signal sen51t1v1ty. In tOrque—meters this is the

settling time of the suspended mass, whereas in spinner

~instruments it is normally the charging time of an inte-

- . L

grating capacitor in a phase-sensitive detectorm, Even for

¢qual integrating tlmes, splnners are preferable to torque-

r each of three orthogonal specimen axes) whereas torque-

meters normally require at least 15 obServations (five for
. 2
each axis). :
o8

- If high Sensitivity is‘to be attained in a spinner '
instrument, the measurable parameters which are altered by
specimen susceptibility must be very constant, or at least
contain no strongh*ime-Vsrying components at twice the

spinner shaft frequency A.C. bridge. spinners, . for which ﬂu
{

the inductance of a b¥Mdge element is the salient parameter,
ég,are normally limited by inductance variations or -movements

of ferromagnétic materials in the wvieinity of the bridge
induotors., In order to minimize these external effects it
: . LA \

was dec1ded that the bulk field should be generated\by an

externally-closed.magnetlc circuit s;frﬁted within an effec-
/ .
. tive magnetic shield. To keep vibra

'
/
J

ion problems under
control,'the'entire field—generating.and,sensing'struCture
was cast into a 51ngle block using thermosettlng epoxy

o re51ns.' To mlnlmlze varlatlons in the fleld due to power
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. .

r

supp byt lactaattons ot the signal tregquency, btowae deeded

that vodhrrect, cather than an alternating tield wonld be

.

ved s Varaatton o ate o more pgoeadily tiltered trom oo direct

curtrent. sapp by Alternativelv, pormanent magqn®ts may be
\ ) .. '

-

v, _ N . \ .
"\ . *
Thert 1 0 ractaiead ‘m\*'!’l Limt, to the DHCe D

-~

ity ot topy vhinch may be detected, set o by diiamag

netre cttects withain the spnner chaft and spoecimen capy,

and dindecd wathin the gpecaimen 1tselt, A typical suscop- .
X - . h}
NMoitn Pity taa Jdiaragnet e tock torming matoryals i 10
M
mhkan,  Por crystalline quarts the value g about ~1.61 x 10

mk+sn.  The Permalay aopreanated l.n'\lrmtqd Lheechwood, of which

the shatt and spoecimen cups are constructoed, has o measared

A B
susceptibilite of about 27 ox 10 mksu, a value which an

* & ~
typical of orahnic matey ialn. If the shaft and rock spoect-

men had complete carteatar wymmetry about their rotational

axes, o if they totated an oan & )Lnlutul'y uniform maanct 1o
‘ \

ficld, no problems would arisc. »This is because diamagnetan
. .

is intrinsically isotropic, and, because of its very small
: . - , .

value, the offoectgeg of demagnet izing factor on elongated

. ‘ <

diamagnetic gralins is negligible. .

N

Consider a“diamagnetic body with single axis syn-

. L - .
metry, shown in Fiqure 2.6 (A)), rotatinag.in a fi1eld witn a

»
.

.

syMetrie comoogend of deviation from ounitormity. disat oa.,

for a goint on tho porxphéry of the rotating body s tae
L4 . .

dominant terms in the expression for flux density aro
; . .»" h ~ ‘3

' ‘ ' : - ,
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"bDumbbell® equivalent of the shape anisotropy

Figqure 2.6

of nonspherical shapes with:

single-~axis symmetry ‘

. (A)
he {
(B) double-axis symmetry |
- |
about the axis of rota} ion. ;
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B(6] - B, + AB, sin 20 ‘ (2.40)

whoro,ﬂ is the angle of rotation from the {nitial position.
Then oé‘(‘l’\ sphere on the ™dumbbell” in Fiqure 2.6 (A) will
doﬁoratu a dominantly sin 26 flux variation as it rotatos.
This has the same fr éuency‘as the susceptibility aniso-
tropy signal, Furgher, since' the two spheres are scparated
by an andgle 6 = n, the two flux variations are in phasc.
Therefore the combination of single-axis syspetry on the
rotatan shaft and qymmetrlc deviation in field intensity
must be minimized. 2 ¢
Note that if adnother "dumbbell” is added at
riqhtbanqles,to the first, as in Figure 2.6 (B), the two.,
spurious flux variations are equal in magnitude and 180
out of‘phasn. Hence a rotating member with a double axis /

of symmetry is not nearly as objectionable as one with

but a single axis.
) -

[ ‘
It should also be notéd that a constant f$e1d
\ v
gradient across the rotating specimen volume is not as
] ' . ’
objectionable asva symmetric gradient with a maximum or

. : . (Y]
minimum field near the center of the specimen. - This is -t
becapse, even with single axis symmetry of the specimen 1
P L A . -
and specimen cup, one half of the equivalent "dumbbell” -

is, at any particular instant, passing into a higher- d
field region while thé other half passes into a lower-

field region. Their effects therefore cancel to a

-
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consiiderable oxteont .

The shaft propg has a double~axis rotational
symmot'ry, as o odoes the :;})(ééé imen cup when spinning on its
cylindrical axis, When spinning normal to this axis,
however, the specimen cup, like the spoecimen itselt, has
cffectively single-—axis symmotry.

Consider a specimen cup for cylindrical spndi*
mens of 2.5 em length @nd 2.5 cm diamcter spinning in a
field having a doviaiion of t0.1% over the volume of the
cup. When it spins about an axis other than the cylin-
drical axis, the effective asymmetrical volume is approx-
imately that of the cup bottom. The cups used on this

inst;pwsnt have a Bottom thickness of 0.25-cm and volume

/of\i.ZS‘th. Then the spurious susCeptibilitQ anisotropy

-

signal jis ’ '
y ¢

asymmefrical volume field doviati%ﬁ]‘

Ax = - —
specimen volune* mean field J
where x = diamagnetic susceptibility of cup.
Therefore
-6 -
Ax = (0.1)(7 % 108) (2 x 1077y
4 x 1ot mKsu | o
= 1.4 x lO(;,mksu ; : X (2.41) .

. M . / ! U i ) N .
Since’ this signal is|stable §nd readily megsured, it may
i . F .
/ i - )
be deducted from the observed signal. -Therefo its
‘ » ’ )

A P
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offects can readily be made smaller than the levals of
statistical anisotropy cxpected.

Tho specimens themsclves, when spinning about
an axis other than the cylindrical axis, have about 10%

shape anisotropy. The apparent diamagnetic suscoptibi-
f Y pp e _

lity anisotropy isAthe prodﬁct of bulk diamagnetic sus-~
ceptibility, peak-to-peak fractional field nonuniform{tyg
and fractional shape anisotropy. For field deviations
of $+0.1% the apparent Susceptibiliéy anisotropy will be \
about 2 x 10~9 mksu. Unlike digﬁpgnetic effects from

the shaft, those from thé.specimen at® not readily measured
and deducted from observations. The 'problem ca?:bﬂféome~ |
what alleviated by cutting three ortpogbnal eoreé~froma
each specimen and spinninq,oﬂiy about cylindrical axes.
The sample holder may then be similarly symmetric. This |
expedient can Add ét most-one or two orders of magnitude‘

of sensitivity, as rock nonuniformity and statistical

- N -

anisétrdpy become noticeaﬁle. .It is therefore conceivable

that a sensiéivity of about lQ-“ mk su (Q xrlo—m emu/cm3)

could be used; It would be desirable to haXe full sensi-

tivity with observation time constants of ébougég§'seconds
' A

J@%at wikh

or less and rotatfanal‘speeds of 50 Hz,

maximum bulk’ field intensity.’



A
e

CUAPTER 3

| o
DLUSTGN OF FLUX SENSORS FOR A SPINNER MAGNETOMETEHR %

This chapter (ii:;(‘\x:iSOﬁ principles of désigqn ol
flux sensors tor a spinner magnetometor cmploying a diract
main field and a closed magnotic circuit , and providing
high sonaitivity., Only one of the Svn.‘;’inq systoem:s descoribod
has bo‘é‘n fully implémontod in the existing instrument, .

. : » : . ' 2
because signal induced by the spinner shaft limits sensi-

\
[

tivity to a level accessible with that system (the speeimoen-

gap colls). It is necessary to understand, howover, that

LN

the instrument has been built *to provide optional use of

the low~d&rovt~f1ux colle,. the magnetic helix, and the

magnetic mo It ator can-in e gystems, all of which arf? in~

trﬁhsicafi\ u»r~'? v i. than the specimen~qap coils,

system. Much of the'd031qn of the qunetlc circuit includ-
. / .

ing {;s bridge confiquration, is determined by the more

N

sensitive sensing systems. 1t is therefore necessary! to

i

discuss desiqns of these systems cven thouéh they {m\/e not

been fully implemented. The next chapter discusses the

N
n

~instrument as it has been implemented. S
"
{ . N
. . N
4 C . :f
| . ’
) .
) ) . .
s R
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3.1 The Basic Susceptibjlity-Anisotropy Instrument
) 3

The type of suSceptibility-anisotropy measuring
instrument chosén for development operates by measuring

the small flux variations due to the time~varying magnetic

)

moment induced into the rock specimen when it rotates in a
. B
direct, uniform magnetic field. Such an instrument is

Y

i“ oA . .
shown schematically, in its most basie form, in Filgure 3.1.

The magnetic circuit resembles .that of a shell-type trans-—

’

former, and retains the magnetic shielding characteristics
of that construction. The inner leg of the magnetiq cir-
cuit contains an air gap a .pair of permanent magnets

to estuafffish a direct magnetic field in the air gap. The’

reluctance of the gap varies with time when an anisotropic:

il .
rock 'specimen is made to rotate in the gap. The resulting'

variation in gap [lux is neasured as a voltage across a

solenoid wound around the inner leg of the magnetic

circult. The sensitivity\of such an arrangement, excluding

-

1im1tﬁt10ns of the electronlc ampllflers, is now derlved

. The rock speclmen behaves very nearly 11ke, and

Y

indeed &Eually consists of, a large array of. particles of

hlqh magnetic permeablllty suspen‘wf within an essentlally

nommagnetic matrix. These particles are SO dlspersed that

ﬁhey do not appreciably affect the magnet;c epvironment. of

(4]

| each,other:’ That is, magnetically;:;hey-arejlinearly
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~

. oe
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-

Figure 3.1 | Plan and end views of the basic magnetic

i

circuit. ,
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Figure 3.2 Electrical equivalent of the basic magnetic

circuit.e
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.
a

independent. Thus, if the magnetic flux density cocld be
made uniform throuchout the specimen gap, the position of
a.particle within the gap would not matter at all, in terms
of signal output. For purposes‘of calculating signal flux,
therefore, ‘we may consider the magnetic particles within
the rock speclmen to be uniformly dlspersed over the gap
volume, assuming, the gap tq, have a uniform flux den31ty

equal to the mean flux denslty at the posxtlon of the .-~

specimen. The specimen gap then becomes a reluctance whose’

varlatlon is easily obtalned from its apparent varlatlon of

susceptibility. The p:oduct of the time-variation of
apparent suscéeptibility vof the gap and the gap -volume
equals the product of the orientationevqgiation of gppa:Ent
sueceptibility of the epecimen achthe specimen volume. If
we take the volume of the specimen gap to be fhat extra-

.

polated from the poleplece area, the assumption. of unlﬁorm
’ - b '
£1ux den51ty is invalidated by the frlnglng'fleldt HgQGVer,

it is passible ‘to calculaﬁe ‘a leakaqe'fector ¢ sucthbat a
hypothetical gap with area (1 + £) times the real polepiece
area, width identical to that of the regﬁ'qap .and 'a com-

?
,pletely unl?orm flux density w1th no frlnglng, would "look"

, [t .
to the spec1men exactly as the real gap. does. Thus, if the

flux passing through the projected poleplece area' A, is

\ - : \ ) | Po = BA, ™ \ o o ('3.1)

"

»
'
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where B, is the flux denSLty at the center of the gap, then

.
1™~ !

the flux contalned in, t:j\fFLHanq field is f¢% and the

t

total magnetic flux leaving the .polepiece is ¢, (1 + £). The
apparefit volume of the gfp; then, is (1 + &) times its

polepiecg-extrapolated volume. -

The leakage factor is discussed further  in

’ K] “ " S

Sectlon 4.2 in connection w1th establlshlnq the dlrect‘

blas;nq field. It is there shown that the leakaqe factor
A

for the specimen gap of the dimensions chosen ‘is about

0.45. That for each magnet block is 0.25.  This Yatter

Y

is.galculated usinq‘the'normal relative pégmeability of the “

permipent magnets. Strictly speaking, when.alternating

. . '.‘ ' oy,
!51qnaL~flux is considered, the leakage facto%/should be
iy .
determined from the rcverosible relative permFability, which
is l'05 for the material chosen. This ‘gives the magnet

blocks an AC leakaqe factor of 0.26. C

Let the apparent susceptlblllty of a chk speTL-
,men. ;anqe, 1n a. partlcular plane, between a mlnlmum of/x
“ftOfpeak anisotrop'fof-

and a maximum of Kpe Thenfthe pea

'

When the rock 1s spun about an aX1s normal to thi

! :
the éparent peak«to peak tlme varlatlon ofugusceptlblllty

of the spec1men gap Ax is glven by . “" , o

- -
, 3 .

g
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(Ax) (rock specimen volume)
qu = (3.3)
i (gap volume) (1 + gap leakage) d .

Consider a cylindrical‘hpecimen of diameter 2.5 cm. and
length 2.5 cm. The gap volume is dictated by the neced to
I

accommodate the rotating specimen and provide the necos-
sary field unifTormity. The choice of gap dimensions is

discussed in Section 4.1 and indicates a projected gap

N ']
volume of 1.18 x 10 ? meter?. Then 4

\ -—
(Ax) (1.23 x 107" meter?)

(\Kg = -3
(1.18 x 10 ~ meter?) (1.45)

»

= 7.19 x 10" Ax (3.4)

a

- 1

If Ax<< 1, then the recsultant peak-to-peak Chandé in

reluctance of the specimen gap may be very closely approx-

.

imated by
. AR = R Ak | , (3.5)
-

where.Rgis the mean reluctance of the specimen gap.
. - . .S

L3 R : . . A \
The parameters indicated in Fiqure 3.2 can now

‘be quantified. The relative reversible permeability of

the permanent magnet material used is 1.05. Therefore

. “ .
(magnet length) <

R, - -

(magnet éréa)(l + leakage factor) (ugu,)

¢

(1.90 'x 10~ meter)

. =

(2.32 x 107" m’)(1.26) (47 x 10" Wb/A-m) (1.05)

n
-,

= 0.49 x 10° amperes/webe} (3.6)

L)



{

]

L

g

}a (gap lenqgth)

(qgap aréa)(l + leakage factor)(uop;)

€5.08 x 10~2 meter)

(2.32 x 107" m’) (1.45) (4n x 10”7 Wb/A-m)

]

1.20 x 10° amperes/weber (3.7)

Thergfore, Eq. 3.5 becomes

aRg= (R (Axy) \
= (1.20 x 10° A/Wb) (7.19 x 10 A« ) \
. *
= 8.63 x 10°Ax amperes/weber (3.8)

Becausg the séhsinq coil's core must carry the
_difec; fiug ¢0'without saturating, th% coré reluctancg
is,peqligible for reasonable dimension§'ana permeability.
.Since Ax<< 1, it follows that A.Rg« R.g.. Thus the peak-
to-peak flux variation can be very closely approximated

by the relation

(3.9)

ARQ-
2R+ Ry + R,c)

where B, is the flux density in the specimen gap at the

= (B,) (gap area)(l*rfg)(

79

~position of the gpecimen. It is shown @p Section 4.2 that

‘the maximum ditect flux density is 0.115 teslas. Therefore

if R( is small relative to Rg and Rm .
) ~ .

)

\
\
\

\
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-2 “
A$ = (07L15 T)(2.32 x 107 m")'(1.45) -
(8.63 x 10°Ax A/Wb)
. . (2.18 x 10° A/wb) -
‘ |

= 1.53 x 18" Ax webers ! (3.10)

Thus the rms fluk variatien ¢, is .
A
¢s —
242

= 5.41 x 10"° Ax webers - . (3.11)

If the specimen rotates at frequency f, » the
induced signal voltage is at.frequency f=2f. ‘Thus,
assuming no signal flux lcakage around the core reluc-
tance j&a the rms induced voltage in a signal coil of n
'turns is !

. pe
e, = 2nfn¢,
7 = (2nfn &7')(5.41 x 107° Ax WD)
= 3.40 x 10"’ fn Ax volts (3.12)

3.2 Noise Generated by éhe Signal Coil

-

A fundamental lower limit to detectable signal
voltage is set by thermal noise generated by various
. ¥

component parts of the instrument. One noise mechanism is

the random mot{gn of electrons in the signai coil windings, -

- The Fermi gas of electrons interacts with the atoms in the

d

B

l‘:‘l.‘"['/.'
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crystal 1atfices of ‘the conductor. If the%winging is open-
N . . { 1 :
. . { . . ' . ’
circuited, the current pulses resulting froT all ‘the. moving
electrons sum to produce a voltage across the winding

resistance (Johnson noise).. From thermodyhamic pbhsider—- ;
ations, the rms value of this open-circuit voltage can be

by
\3 .
. , . - ce
» s NTe

shown to be

f , - . V: ; o ; ' ) E
e, = (4kTR Af)" | S ' R kY
‘where: k = Boltzmann's constant '
s“i.38 x 1072 5ohle§/9k‘ !
'T = absolute temperature in °K
>> . R, = resistaﬁée of<séq§evwiﬂding in ohms

¥ . .
Af = frequency bandwidth observed (Hz)'.

Thus, at an absolute temperhture of 293°K (20”C), the

Johnson noise voltage  is - . y

| . ) ’
e = 1.27 x 107° (RA#Y?  volts | (3.14)
The resistance of a cylindrical solenoid with current density

inversely proportional to radius is
) 2npn? \
=

° qf ln{l : " .

i N

| !

(3.15)

where: P = resistivity of wire (ohm meters)

-
.

- M= number of turns
q= filling factor 9; winding
e = axial length of coil (meters)
r = inne;ﬁ;adiué (metérp) - .

» . r,= outer radius (meters)

T o ’ : S
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B ‘ . &
Substltutlng this ?xpre391on for Rc, E@% 3. l4ybeogmes

2"1’) n? Af)
qfl *In 2

r“ "a ) .
—10 PAf l/2 ¢ '
= 3.19 x 10 | ——— volt . 3.16)

-

[
]

o= 1.27 x 107 (

q[,lni : ?g‘
[ r
i ¢ . \! L %ﬁ H f\ .
If one uses copper wire with a resistivity of 1.724 x 10~
\ 3

thm meters at 20°C., and one obtq;ns a flllTng iiﬁyor of

B N

75% (i.e. g = 0.75), then o g ¥
. . T .V |/ {i\) ’ A,
' . . : ) : . > Y , & ’
= a f R
e._~ 4.83 x 10 n : volts (3.17)
" : o . l 'r.‘ —:2— * 3 8y R
- _ 1 ' . ,‘_j

It'is convenient, for purposes of comparison

with other noise sources, to express this noise Goltage
. N % :
in terms of the equivalent noise flux ¢, passing through
y . :
a noiseless coil having the same number of turns. Thus

"

e ) ' . ' O
Bo = — : | S
N 2n fn ‘ . \
. . )
- - -15 l Af /2 ! .
= 7.69 x 10 — webers (3.18)
° b ' f l ln 2 - .

ﬁ
‘The noise voltage given by Eq. 3.17 gives a good

indication of thermél"nbiae'generated.wiﬁhin,the sensing ¢

winding itself,.provided the im;édance of the winding is

dominantly resistive. If its inductive reactance becomes

*

considerably larger than its resistance,}the reactlve’

component must be cancelled with a suitable capa01t1ve
£ «
reactance elther in parallel or 1n series with:the coil.

\' P . o 3 =
: e T B .

N\

N
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If thls is not done, .noise contribution from the electronlc
- % o .
amplifier will increase. ThlS may or may qot be 1hportant

dependlng on the design of the ampllfier and the ratio of
i\
reactapce to resistance. s \ ‘
. ’:(\ ‘ ;
'y
f -

[

3.3 Noise‘Due toktpe Magnetic Core

Crm N ' )

3.3.1 Types of Noise -

The{flux in any - ferromagnetlc core will show i o
R ‘ . +
fluctuations W1th time. These fluctuatxons can be observed

as an open circuit nolse voltage e, (t) at the termlnals of

a solen01d wound around the core. Bittel (1969) distin- by
e -
gulshes three different types of noise: .

P s - 3

1. External exciting‘field Iﬁtensity H, i;l
oonstant or zero and temperature T is'eon—
stant. In this case one observes thermal,
ot’Nyquist, noise. It is’ caused mainly by
the thermal en;;gy of‘tne spgn system and,

T J ‘; ”in‘metaiiic‘cores, also by the thermal<enefgy

Tof the conductlon electrons.

1]
.

g -2, Ho is constant wﬁile temperature T is not
eonstant. In this case excess noise is .

'observed with both ferromagnetic metals and

. : O ’ . ) :
"ferrites, caused by changes in the domain
'COngigufation due to thermal strain. -

- ) ‘ . i .
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3. H;'is not constantL‘“Wideband fluctuations\
!result from the discontinUOus magnetization
‘of the core by the changlnq field excitation.
! This is called Barkhausen ndise. -.
Of these three categories of n01se, the Nyquisd/
noife is relatively weak. Excess noise due to6 thermal

strain, or indeed to any changing mechanical strain, can-

be considerably stronger. Barkhausen noise can be

Y : . ' X .
'Strongest by far. This can be ascribed to a' pronounced

tendency to form clusters of Barkhausen jumps. The .
frequency spectra of the Nyquist and excess:noise are

quite different. The spectral density Vv(f) of the mean

. . \ 2 .
square noise voltage e, (1) due to thermal energy within

the core is typically directly prOportional to frequency.

LY

That due to Barkhausen jumps, on the othethanda typically
, : X /
shows a £ dependence down -to a frequency of about 10 Hz.

Thus the relative' importance of Barkhausen noise 1s greater

at, lower frequenc1es.

"' ) In the instrument here described, great care has

-been taken to avoid excess noise in the magnetic c1rcu1t.

~During normal operation there 1slno 51gn1f1cant thermal

dissipation w1thin the main transducer block and hence

- thermal- drift and consequent strains are avoided The corg

,and associated c011s and shields ‘were cast 1nto a Slngle

unit and mounted in ‘such a way that changing mechanical

W A v N .
7 R . [ . . -
N : -f ) L S

4 4 _ ) o
o
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N

stréins would be minimized. Barkhausen n01se 1S avoided by

ensuring that the direct exciting field is as’ nearlm as

possibleé constant. This is done by using. permanent magnetsf

’ ! - ! R .. , ‘ . " ’
whose temperature fluctuations are kept to a minimum. The
. , ‘ . . et

. [ L, . . L, : | ! R [T
design of the magnetic circuit therefore assumes that S

Nyquist noise will be dominant. ' ,

n

3.3.2 Nyquist Noise in tpe Magnetic Core - -

12
&

and loss mechan}sms. By extension of their arguments to the

case of nonlinear ferromagnetic materials, one can predict

/

that each component of magnetic 1oss has assoc1ated with it

a fluctuation of magnetic 1nduction. Eddy currents are one

such loss component. Hystere31s losses, because of their

\
\strong dependence on peak-to-peak flux variation, cease to

N

A
be importpnt for vanishingly small flux amplitudes. There

t&xe Several types of so-called residual losses (Latimer,

553) which can be distinguished by their direct dependence

‘”onif (as distinct from the f? dependence of eddy current

1osses) and their 1ndependence of the dimensions of the

ferromagnetic specimen. These losses becéme 1mpbrtant at
: I e

Callen and Welton (1951) related generalized(h@ise

&
T~

. very low frequencies 'and for very thinly laminated metallic °

magnetic materials. Direct measurements (Btophy, 1958) of

ol
magnetic fluctuations from a toroidal core wound w1th moly-
t

permalloy tape of*25 micrOn thickness, indicated that the l
main noise component, at ‘least down to about 1000 Hz., was '
that associated W1th eddy—current 1oss. ; R

‘5, .

-

N

- -
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" - It should be not&d that eddy-current loss may be
con51derably larqger than that calculated by assamlnq homo-

] f J
qeneous bermeablllty for the maqnetlc material (Polder,

‘1953).r‘The reason lles in the fact that 1n1t1a1 permea-
bility of Eo&t\ferromaqnetlcs 1s malnly due to fever51ble
wall displacements.jAWhen a field is applied, there is a
large flux change ihfthe region of the.domain wall, but

. # '
little elsewhere. This effect causes micro-eddy currents
to be set gp¢ he a result,‘power dissipation is lérqer\

\

than it would have been for uniform eddy currents. The L

‘ \
loss ratio is mlnlmlzed by ensurlng that lamination thick-
ness is not appreciably smaller than domain wall spacing.
Enoch and-Winterborn (1967) showed thaF high-permeability

Ni-Fe-Cu-Mo alloys in shect th cknesses greater than 25

microns ‘have reTgahabL¥asmall lgss ratios. -They obserVed \
\ . . .y

minimym loss ratio when specimeng were annealed with a

cooling rate of.about 65°C. /hour. )
) . : -

One can therefore get a reasonagly close estimate
of.cote noise by calculatlng fluctdations 385001ated with
eddy ‘currents which are assumed to be unlformly dlstrdbuted;‘
| The noise, then, is due to thermal motien of the conduction
eiectrons. Their stochastie circular movements generate
local magnetic fields’ih_all’ﬂgg;;;;ons.end\pagge movements

of domain walls.
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Consider a section of magnetic core with r&luc-

' - V“ o ome '
tance 52 and dimensions as indicated in Figure 3.3,
v
' connected magnetlcally in series with a lossless apd K <

noiseless section of core with reluctance je The circuit
is closed to formﬂa continuous‘magnetic loop of reluctance
]{ ja ﬁ% The section of core undcrltest is divided
into, hllamlnatlons of length l, w1dth w, and thickness t.
It has a cross—sectlonal area Amr-bhﬂt normal to the

i Yo \
direction of signal flux. Two. distinct limiting cases are .

possible for the calculation of magnetic noise: the

‘,\c

laminations are much thinner than the skin depth’(depth of

penetration) of the materlal.used,‘or they are much thickef.

2 .

The alternating magnetic flux may be assumedgtorbe distrib-
o
uted uniformly throughout the cross—sectlon of the very

thin lamlnatxons, whereas it is concentratea near the

.

surface of' the thick ones. The effects of electrlc nolse

ol -
',-A N
L3 ‘r‘

currents have the same distribu$1on. - . 4
.. Within the skin depth, noise paths may be assumed
to be.essentially registive., “Permeability is assumed to bev

completely unlform.‘ Only magnetlc noise flux in the ax1a1

' direction around the entlre c1rcuit is here con51defed.

-

'Therefo:e‘n01se currents,lnﬁp;anes normal to this axis are

exahined{"'! -8
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* ~ 323.3 Laminations Much Thinner Than Skin"Depth.
. . ‘ ,‘ . ”I‘ . )
“?.% In any closed circuit of re51stance R, there
exlst; a c1rculat1ng noise power whlch, from thermodynamlc \
e cons;deratlons, has a value "
o I ‘ " o ' .o .
\ 1~' & = 4kTAf . “]' ' o - (3.19)
i o , ‘ . ,
- , where: k= Boltzmann s constant . . L
t L . ’ . . ’
U - 23
| , o = 1.38 x 10 joules/°
. T= absolute temperature (°K)
E . H
. Af— frequency bandw1dth considered . (Hz) . , !
. Each lamination cén be thought of as belng d1v1ded 1nto a
. series of' nested curfent loops of 1ncrementa1 w1dth dx .
| I . ’
) and extendlng thetwhole length £ of the laminetlon; as- h
1s shown in Flgure 3.4. ‘.ASSuming.t <<\~,’the,resistence
. o e AR -
qf such a 1oop of resis tJVlty p is O e
LT . ’(p)tlength of conductor) B . ‘
A ) . d "'a ' ' » #
. , - '(croSs-sectlonal area of conductor)» 1 :
LoD o b . T i BEEREY
J; ' ' - (p) (2w) g . ‘a ' I . i R '\ ‘ :0
- , L= - N A +(3.20)
2 S :

\ . Since each such loop has a circulatlng noise power 4kTAf ‘ -
o a:#' :
R 1t follows that the 1ncrementa1 noise current 1n the 1oop g

t . R R . ‘-. ?
. °
1 S ' :
; 4kT Af V2 ‘ » o
. a,lﬂ:,,x o 16 B . " '%a \
_ .”A,fld*);. AT S
'2#W”'\ "k'\ TN '
‘ . . N
' . ' ) s ‘ -
' . < « . D S CE AR i P ¥
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Figure 3.4 .

.
Noise current within a single lamination

of thickness much less than skin depth.

’

*f:‘
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.

This current loop produces an incremental magnetic moment

given by

dFM= (magnetic potential) (area of loop)
[ 4

i

(d%)(2wd "
‘ -

. 2kTAfLdx V* )
—— (2wx) (3.22)

pw

i

,

.  Because the thermally generated currents are uncorrelated,

~

the mean squares of the magnetic moments sum, rather than

their root mean squares.

- 2 2kTAf £ dx '
dm, = (4w2x?)

A ( ]
skT Af Lw x*" : -

- dx O (3.23)
P - .

For the effective magnetic moment for the whole lamination,

. 2
one integrates dm_ . b

- % - . . »
. m, = dm, _
» -0

-

% 8kT Af Lw
'-/ - x2dx

=( p Y.

s

s 8kTAflw) x’]% | .
( P 3 Jxa0 ' -

. KTAf fwt® A r ‘o

. (3.24)

3p . i .

]
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Again, since the magnetic moments arc uncorrelated from one
lamination to another, their squares are summed to yield a
total squared magnetic moment

2 2
my, = Nmn

NkTAf/wt®

(3.25)
3p

Noting that the total cross-sectional area A, of the core

unde} test is

A = Nwt | (3.26)

m

one obtains

. kTAf £e%A
m = (3.27

3p \

—

Therefore the total maghetic moment is

A

(3.28)

=t
mNn

(kTAflAm)%
3p

It then follows that with total magnetic gircuit reluctance

R the magnetic noise flux is .

mNn

P = AR

where A, is the effective cross-ésctional area for"méggg:ax{//r

flux variation. Since it is assumed that flux distribution

a

is uniform, A,:, = A.. Therefore

-



) t -(kTAflAm )'/2 | Y

AR

t /kTAf L\% |
_< ) A. (3.30)
R \3pA,

i

Substitute into Eq. 3.30 the values:

T = 293 °K (20°C)
k=1.38 x 107 joules/°K
p=6.0x 10" ohm meter (for moly-permalloy)-.
Then one obtains from Eq; 3.30 - , oy
{ -
¢, = 4.74 x 107" -:-<lAf) ~webers © (3.31)
- R \A, . .

For a small value of magnetic Nyguist noiégfltherefore, it

is desirable to have™ y laminated, short core with a

large effective cross-sectional area.

3.3.4  Laminations Much Thicker Than Skin Depth

Consider now the case of laminations thicgér,than "
twice the skin depth §. As a first approximation, assume a
uniform mean digtt%bution of m&bhétid'flux and electric
noise currtnt to a depth 8 and no penetration of either
flux or current below that ievel.

Cohsider a single lamination, as' in Figure 3.5. |
‘Assume its thicknens t to be n:xch' less than either its oY

width w or its 1ength L. Then the situation is equlvalent

o that for a single lamination of the same length and



-
.

Figure 3.5 Assumed flux and current penetration within

4
]
. a lamination whose thickness excee&d twice
, , .
skin depth.
P
i
. 4&_.
) " [ -V -
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width, but with thickness t = 28. Substitution of this
value for t into equatlon 3.25 yields an expre951on for
the total squared magnetic moment of a circuit ‘.e;ement with

N such laminations o o 2
i

Y ’ | #

;  BNkTAfLws®
my, = — . (3.32)
. 3p N

Since flux is assumed to penetrate only to a depth 6, the

effective total cross-section for magnetic flux is
B \

A= 2Nsw - (3.33)
Therefore the noise flux, given a total reluctance R is

' . mh‘ln'

¢, = AR

. \ .
. ( 8NkTAf£w8")/z 1 )
3p (ZN SWR

kTAf2 5A,, ' ‘
= -—-( ) (2 ) = . (3.34)
R 3p A, Nw ) .

{

Since the total cross-sectional area of the core is A= Ntw
: : )

! Y (KTAf I\ . .
‘¢ = —(28t)" -—-f-{ o | ' (3.35)
" R, 3pAm r ‘ o

When t = 2§, this ‘eq\ia{:ion reduces t‘é Eq. 3.30 as expected.

. Substitutfe the same nuineri“cal values for k,'T, and p.

6. = .70 x 10~° Vot ( )webers (3.36)
. Am ‘ '



- 3.3.5 Noise |in Ferrite Cores

In ferrites, eddy currents are only of secondary

importance because of the low conductivity, especially at

low frequencies. Hysteresis losses, 'like those of metallic

ferromagnetics, cease to be important at vanishingly small
/ :
alternating magnetic fields.

Consider a section of ferrite core of length y/

\

and cross-sectional area A, connected magnetically in
‘ Vs

series with a lossless and noiseless section of core,

similar to the arrangement in Figure 3.2. Let total mag-

netic circuit reluctance be’t; The residual loss resistance

R,, referréd to a signal coil wound on the core, can then

]

be found from the effective residual loss angle §,, . For

a coil of inductance L the residual loss resistance is
. -

R, = wl tan§,,
tanb‘r( L ) o
= wl ’ . (3.37)
B, RAm" » ‘ '

where: w = 2nf

!

intrinsic residual loss angle of

8, =
. , ’
the ferrite matefial
H = initial permeab1lity of the ferrlte.
The inductance of a coil of n turns wound about a magnetio
o c1rcuit with total reluctanqe R is - : o ®
nz, ' ; . ¢ . .

i

e
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Substituting this expression into Eq. 3.37 one obtains
)
: ) wn?f tébmﬁr ‘
R, = — (3.39)
RAm“o““i :

From Eq. 3.14, the Johnson .noise voltage generated across

this resistance would be

1
- 2
e, = 1.27 x 10 " <R,Af> v@s ’ (3.40)

and this is equivalent to a ?se flux:

=

e, e
6, = — .
wn
‘ ‘ ‘ =10 2 P '
1.27 x 10 wn’l Aftans\?
R . = 3 . webers
’ . ' 3 wn R Am“(; M
. K ’ ' ) ‘ 1 ~
' « . -{stan §, Laf)”
=452 x 10 R '{( ) } (3.41)
. ‘ A U, A, f
- 1%, Ferrite materlals with tand, =?¢1 4 x 107" and p; = 2200

~"_ are available (Siemens speci catldns for the1r type N28
material at frequencies,'belwglmqa.) . Therefore noise
' PR YRR S “ '

flux becomes . SR
F "‘ ‘Q

5 3.61 x 107" lAfv"z"" . B
, = Wwebers o (3.42)
R (A,,, f) |

\ : ' .

The graph in Figure 3 6 shows the spe'ctral

'densz.ty of conductlon electron noise for moly-permalloy
!  cores of the indicated lammatlon thlcknesses, and
' re51dual noxse for ferrite cores, as glven by Egs. 3 31,

| 3 36 and 3. 42, Typlcal values ‘are taken for operatlngv
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Figure

"

3.6 Noi#e flux as 'a function of ratio of length

" to cross-sectional area of magnetic circuit

for laminated moly-permalloy gpd ferrite'

1

" cores, , -
§= 100 Hz '
Af = 0.1 Hz
R =10° asmwp
. | %
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N ‘ ’ . .
freguency and total reluctance. The curves are drawn up to

that value of ‘%& whlch would make the total reluctance of

the corehunder—test equal to the asl.hed total reluctance -
. - \ ' .
" . of 106 amperes/weber.

Note the closer spacing of the moly-permalloy

curves. Where lamination thickness exceeds twice the skin
: o ” e Vo

depth. The skin depth is given by : b

. . :‘ ) [} ~ ,f

P o : | ‘
5 = L (3.43)
o ’ . , . ,’,{fe‘o M, o ) S o ‘

and p = 6 x 10”7 ohm

' .For moly-permalloy with u;= 2 x'10

meters, the skin depth at f = 100 Mz is . .
- Aﬁ ' . A1 y} \
6 x 10 L
- I po .- meters
(m) (100) (47 x 10 ') (2 x 10°)
= 2.8 x 10" meters : . (3.44)

)
3.3.6 Excess Noise Due to Magnetic Viscosity in Cores

. o \ C -
This section has considered thermally-generate

magnétlc fluctuatlons for cores assumed to be in thermo-
"‘ dynam;c equillbriFm In general, however, after a. macro-
' scoplc change of magnetlc state, a ferromagnetlc materlal
takes a finlte perlod of t1me to.return #o thermodynamlc‘
‘ equlllbrium. This effect manifests 1tse1f aj a lag, or ;
'~i~v‘ B magnetic viscosxty (Bozorth, 1951) whlch is v
| Icurrents. While the magnetlzation 1§ decaylng to 1ts

fkess noi e_ls evident.\ ThlS mé& cdn;gnue

PR ,

stable vf’ue, ‘

j\z
o '// . T ¢
Ly . :

ot due to eddy ‘f_e'
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for a period of hours after a large change in magnetization.'
To minimize this form of excess noise, it is necessary to
. . l
. , o -
avoid large changes' in magnetization, especially in the

high-reluctance portions offtﬁe‘magnetic.circuit, if maxi-

‘mum sensitivity will be required soon,after,

-

3.4 sSensitivity of the Basic Instrument. .

: : ‘ Vol A
Sensitivity of the basic instrument. is ?o&_calcu-
. . . ‘s 4,
lated, based on the assumption that thermal moise from the
copper signal coil is the dominant noise component. From

Eq. 3.11 for rms signal flux and Eq 3. 18 for rms n01se ~flux-
i
equlvalent of the Johnson n01se of the c011, one can derlve

(-
'! s N

an expres31on for 31gnal to-noise’ ratlo.‘

¢ - 5.41.x.107° fl (lh—rf)-Ax

—_— o 7

| P 7,69x 1070 . Af? .
1

Lin f”

='7.03 x 10° fAx 3 '(3.45)

of the parameters in Eq. 3. 45 dleﬁélons [ and%r5 are llm—

a ited by the neces51ty to keep the 1nstrument down to a
: I
:easonable 51ze and cost, whlle r, is 11m1ted by the sat-

'-uration of the magnetic core materlal. Frequency *f 1s ;

fundamentally limited by the structural 1ntegr1ty of the‘

'«Airock specimeniand shaft materlals.‘ A rotatlonal speed of

';,200 rps}'hence a signal frequenqy of 400 Hz, 1s p0551b1e. f:"J" Ll

H
vj . i



' g ")n 5

However, to avoid the more careful balancing required at -
. « . ; ‘

higher speeds? a rotational speed of around 50 Hz is
desirable for routine observatione. Bandwidth/\f'is /W

limlted by the Eime required to complete a single obser-
i 'F
vation. Signal’ ipteqratlnq times up to about 15 mlnuqii

can be useful Slnbe they restrlct effective bandwidth to

. \

-3
about 10 Hz. ?or reasonably fast observations, however‘

an Lnteqratlnq time of abodt lD seconds is preferable.’

A

\\

L'O Hz and a bandwidth of 0.1 Hz. The’

‘All”sehaltivitiws dre therefore calculated for a signal

capability for high rotational speeds and 16ong integrating

times is nevertheless built  into the instrument for use

with extremely weak or small specimens, or for measurements

at low fiéld intensities. Tf one limits the dimensions to:
£ =0.2 meters

N/
r,= 0.12 meters _ (3.46) -

r= Wneters .
then the corresponézhg signal-to-noise ratio is
. \ 0.2 In2.4 %
—= = {7.03 x 10 ) (100) Ax
k) 1 .

LAY —I
','.W“g ,-l;ét ~ ) q

) }, ‘ ”:'
= 9.30 x 10 Ax (3.47)

N ¢

N

Signal amplitude must at 1east equal noise amplltude to be
--!

detectable. Thua one can detect a susceptibility anisotrOpy

A i LLOR.X ,,j?to ™ mksu  (0.86 x 107 emu/cc) (3.48)

E“.A"
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One can now determine how thinly the sensor's
. . : R ST |
magnetic core nceds to be laminated in order that noise. " g

* due to thermally excited conduction electrons,within the

. |
core material not become a dominant source of noisc.

1

Taking the thin-lamination worst case,

A = rrnz = 7.85 x 10" meter?

[ = 0.2 moeters : | (3.49)
R = 2.18 x 10° A/Wb (from Eqs. 3.6 and 3.7)

Af = 107" Hz e

¢, ='5.82 x 107 Wb (from Eqs. 3.11 and 3.48) \

Define critical lamination thitkness t_ as that thickness
which would make the noise from thermally-excited conduc-
tion electrons in the magnetic material equél to Johnson

noise from the signal coil. Then

LT (Am)’»

]

4.74 x 10~° \ /A

SN -1 ) - ~3,
(382 x\0 ) (2.18 x 10°) (7.85 x 10 )2
A

=

AN ) -8 -1
) f; _3\\_}.74 x 10 0.2 x 10
. AN

i

1.67 x 10~ ° meters ’ i : (3;50)

~

Therefore using laminations of thickness,less than about
0.5 mm would keep noisq frpm the magneticlcircuit negligible.
‘One drawback of the configuratidn in Fiqure 3.1
is that it is unbalanced with respect’ to external jnterfer-
ing magnetic fields. Although the high-permeability shell

)
*

»
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nous with the signal. Considerable advantage is gained

by using balanced sensors which can be adjusted to null

out response to interfering fields. Such arrangements

are discussed in the following sections.

'S

’

3.5 Design of Magnetic Bridge x

It can be sefn from Eq. 3.45 that if the inner
and outer radii n and r, of the sensing coil are reduced
‘in the same proportion, sensitivity is not impaired. The
reduced coil dimensions would allow a pair of coils to"be
arranged in a balpnced confiqﬁration to null oﬁt effects
of extérnal'fields. It is, however, necéssary to ensure

~ that a reduction in r, does not cause saturation of the
magnetic cores of the signal coils. This latter require-
) ment can be met by arranging the main magnetic circuit in
a bridge configuration as illustrased in Fiqure 3.7. Thus
only a slight off-balance direct magngséc flux passes
through the magnetic cores about which the signal coils
are wound. This configuration:also'makes the signal coils
balanced with respect to exfernal fields normal to the

axis of the specimen gap.

To calculate the peak-to-peak flux va:iaﬁion Ao
A .

K



)8

Figure 3.7

Plan view of a bridge configuration of the

magnetic circtuit.
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Figure 3.8 Electrical equivalent of the bridge

configuration of the magnetic circuit.
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analogous to A9 in Eq.

112

3.10, one must:consider the reluc-

tance of the balancing gap and the now-finite.reluctances

of the signal'cdil cores in parallel.

The comblned reluc-

tance is in series with the reluctance of the SpeC1men

gap. Therefore

AR,

~

8¢ = 2,

2R+ Ryt [('2 Rt RO+

(3.51)

%]

Furthermore only part of A,¢ passes through the s1gna1

sen31ng c011.

Call this part A,¢é.

The remalnder

2R+ R +R. |

=4
" The direct flux

¢O

9 k
°{2 Rm+‘ 'Rg. + R i

is given by
\

= B,A '(1‘+.fg)

. R 70
, .
gl .
¢ ‘/
. -

(a9 - A,p) passes through the balanc1ng gap. Therefore
A = AP
2 1 ‘ TKC
¢ R Ry (3.52)
= A ‘ 3.
' 2R, + R,+7 R,
. Combining Eqs.,3 51 and’ 3. 52 one obtalns ‘;'
6 I AR b 2R + R,
A, = —
2 *[2R,+R,+ [(2Rm+R g)|| (—Rﬂ zkmuz;gx |
|
é lSjlg 3 ngt :
: (25K 1) (5X,) | (2K + +—R
.ZR-M+R§+ ‘R'rn 'Rg 2Rc 'an Rg

AN
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(0.115 tesla)(2.32 x 107" meter?) (1.45)

?

I

3.87 x .10 webers (3.54)

]

Pt

The values of .R R o and AR are substltuted from Eqs.

3.6, 3.7 and 3.8, respectlvely. Then

- (8.63 x 10° Ax A/WD)

A® = (3.87 x 107 Wb) —
- (2.18 x 10° +K_ A/wb)
33.4 Ax - ‘
‘ = — . webers (3.55)
. 2.18 x 10 ;Rc - S :
1f RC is small relaﬁivc to Rm and R_é,' the signal flux A
vai‘iati\on is ,
[ A, é
R 2
l 2V2
\
| = 5.41 x 10° Ax  webers | (3.56)

!

From Egs. 3.15 and 3.17 it can be seen that signal |

coil resistance, and hence noise voltage, is decreased by

) s 2 ' .
decreasing core cross section nr or by increasing its

length l both of which “increase its reluctance R One

can determlne an Optnnum value for R ¢ glven that the core °
&

' cross seqtion is kept constant and only its length is

' .varled. This o‘ptimum is nevertheless close to optlmum

values obtgmed by varymg other parameters. From Eq. 3.55

signal flux shows a proportionality

¢, o (2.18 x 10° +RHT . (3.57)



[

" core material.-
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)

Similarly, from Eq. 3.18 for noise flux '

B o )7 o R[%‘ o (3.58)

Combining Egs. 3.57 and 3.58 yields

4 - Rc% 4% : ' (3.59)
¢, 2.18 x 10° + K. . | ’

[

-~

Therefore k X
%

)

. .1
d (cp,) (2.18 x 10° + R ) (¥R - R,

dR \¢ (2.18 x 10° + R)?

)]

0 (for maximum sensitivity)
L " 7

n» ,
!

2.18 x 10° a/mb | (3.60)

Then from Eq. 3.55, signal flux is

)

A, ¢
N7

-

¢, =

-6 - :
= 2.71 x 10 Ax\\?ebers (3.61)

If the signal coil's core is gylindriéal as

‘before, ‘its reiuctanée is given by

(length of core) , | - ‘
R = — - — (3.62)
(cross-sectional area of core) (Mo K,) '

where p, is the refllative réversible permeability o the .

is about 2 x 10* for moly-permalloy,

| given a direct flux density < 0,1‘tesla. Thus if the

croszséctiOnél area of the core is restricted to, say,

-
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1.0 cm?, the reluctance is

R - — : |

© (107'm®) (4w x 1077 Wb/A-m) (2 x 10%)
= 3.98 x 10° / a/mb - (3.63)

Taking )Qcto the limit detefmined“in Eq.‘3;60,

3.98 x 10%4 2. 18 x 10%.

£

5. 48 meters (3.64)

This core lgngth’i; tod large to be practical for a
cylindrical sensing cdil. Since a considerably shorter
length must be used, core reluctance R becomes negllglble
with respect to L2 R Rg . Therefore 51gna1 flux is

found from Egq. 3.56.
é = 5.41 x 10~° Ax webers (3.65)

By 1nSpect10n of Eq. 3.18 for the flux—equlvalent
of the thermal noise of a cyllndrlcal solen01d it can- be B
seen ‘that there is little point in maklng r, larger than B

about 10 r, . Therefore substitute into Eq. 3.18 the values:

f = 100 Hz

) =0.2m . N :
R g L . (3.66) o
r,b=5x10 " m , : S
n =5x io‘?'m o ‘ , .

A fact6r‘qf 2 is included for summing noise due to both

coils.
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o ... %
B R
({2) (7.69 x 10 By (1072 ( ) webers 7
¥y

(0.2)(h110)

S
H

It

5.06 x 10~" webers | (3.67)

i From Egs. 3.65 and 3.67, signal-to-noise tatio is

®, 5.41 x 10 °A« }
T | b, 5.06 x 107" . |
l" . . '
= 1.07 x.10"Ax - (3.68)

' - Thus the minimum detectable Susceptibility anisotropy, as
\ ~N

v 'limited by Johnson noise, is .

’ ' Akmin = 0.94 x 10°" mksu (0.75 x lOf‘zemu/cc).(3.69)
The critical lamination thickness is now calcu-

lated assuming a signal coil inner radius of 0.5 cm and

K

I B &

length of?ZO cm., The reluctance of the magnetic circuit .

A
~

as "seen" by the signal cores is just that of the specimen

gap aséembly and the balancing gap‘assembiy in paraliel.

R = Rm+ .;. Rg | | | s , ‘ v‘/l’//',
= 1.09 x 10° 'A/Wb | o (3.70)
_\\ Then from Egs. 3.31 dnd'3.67 one obtains
o e o e
' . . ‘ ¢n RO A 2 o ' I "
“’\ . ‘ \ ' ‘t( R =‘ - ‘ -e J— ! il . . . .
% T a7a x 1070 \LAES ' '
, o . , ; 1 R
‘ w0 =47 . N 6 ) , -3 2 2.
/ .- {(5:.06 %X 1Q‘ .)(1.99.x 10 ) { 2n(5‘X‘10 ) N b
| 0.2 x 100 v

4.7 x 107"

. reo
Eand
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V- . i

, Ca ' :
. 4 \ oo
= 1.03 x 10™ meters (3.71)
Thus a lamination thickness of about 100 miprons or less
would be required. It can be seen from the graph in
Figure .3.6 that Siemens' type N28 ferrite material would

7
also suffice. .

3.6 Design of a Magnetic Helix

It was noted in the previous section that the
]

‘ sensitivity of the bridge cohfiguration was limited by

the'maximUm"practicable sensing coil length. A.value of

0.2 meters was used. If this length were increased with-
’ . 1 s . r ’ ‘.
out changing the ratio of coil radii'TF, the decreased
‘! ! 1 ' . .
coil resistance would result in a decrease in Johnson noise.

I

By a sufficient increase ip magnetic core radius and v

LN

decrease in lamination thickness, the core noise could be

e

reduced in the same proportion. The limitation of maximuml
coil length could be. av01ded if the magnetlc core ‘for the
51gnal coil werevwrapped into a hellcal shape. This geo-

metry would also perm{t moye efficient use of: the copper
S/

wire 51nce, 1nstead of w1nd1ng a coil around each helix

.

elemeﬁt, a tor01da1 winding would be put around the entire

L]

'magnetlc hellx.

t

The,geometry described abOVe is shown with gener-

77a11zbd dimensions in Flgure 3 9. The hellcal core would be:‘

d1v1ded»1nto-two halves. The,adjacent core ends wquld be

o




Figure 3.9 Generalized configuration of a magnetic helix.
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joined together and connected tojpoint X in the bridge
pcircuit sﬁown in Figure 3.8. The opposite core ends w091d
. be 5oined to points A and B shown in the same diagram. The
two halves of the helix, each with N turns, should be wound
in opposite directions - one cloékwise and one counter-
clockwise. This is beCéuse, due to the bridge ¢0n£iguré—

tion, the two halves of the signal flux A,$ would pass

through the helix in opposite directions.

3.6.1 Optintization of,Johnson and Magnetic Noise
It can be seen f{om Eq. 3.1? that Johnson noise

is‘made smaller by increasing core 1ehgﬁhA£ and by decreas-
ing core radiﬁs r': and hence its cross-sectional area Am.
However, itgcan be seen trom the graph in Figure 3.6 that
the}resultantvincrease in AL-will increase magnetic noise
for eﬁ; given lamination th;;kness. Therefore the helixf
dimensions are a comprqmi%e between Johnson noise and
magnetic core noise. The critical lamination thickness fop
tﬁf bridge solenoids discussed in Section 3.5 was. shown to
be about 100 microns (Eq: 3.71). Inspeg}ioﬁ of Fiéure 3.6
shows that an improvement of 4:l.in sensitivity, as limited
by magnetic core‘noise, might be obtained by’using 25-micron
laminations and the same ratio ——~. For thinner laminations
micro-eddy currents and other nof%e-ptoducing mechanisms.

become dominant and ﬁ’bvent furthe}rimprovement in sensiti-

vity. To gain an equivalent decrease in Johnson noise, it

i
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would be necessary to decrease coil resistance by a factor
Hof about 16. The more efficient yde of copper around a

heiicai core would also contribute. However, the increase

in-coré'length would require a proportionate increase in

cross-sectional area if the ratio‘x: were to,be'kept con-

stant. Theérefore the core volume lAm wbuld increase rapid-
.ly. This increased ;olume would set a practica} limit to

increaséd sensitivity. -

The facmm:x- for the bridge solenoids.?iscusseg

m

- in Section 3.5 is

. 0.2 m
£ -,
Am 245 x 10 %y md

3 ’ .
= 1.27 x 100 n™ | (3.72)

Since noise flux due to the magnetic core is proportional

»
A

to lamination thickness and to(jg- as shown in Eq. 3.31,
o m N

Adit follows from Eqs. 3.67, 3.71 and 3.72 that a reduction

in lamination thickness to 25 microns would make noise flux

due to the core equal to

: 1
‘ 7 0.25 x 10™* m 4 :
Pim = (5.06 x 107 wp) [— " —.
' 1.03 x 10~ m/\1.27 x 10A
- 1 >
= 3.45 x 107" (—!—)’ Wb (3.73)
;--&:Am

To a first approximation, the core length‘l of each half of

the helix is

«*
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£ ~ 2ncN ) ; (3.74)

For the most efficient use of the copper wire on the toroidal
coil, the helix cross-section should be made nearly squarél

That is,

y=2N(x+z) o (3.75)

’
For low coil resistance, helix turn-separation z should be
minimized. It cannot be made very small because inter-turn
- '
flux leakage would become considerable. We arbitfarily set
z = x in order to minimize its effect on coil resistance.

The resulting leakage will be determined in Section 3.6.2.

Thus Eq. 3.75 becomes
y = 4Nx ‘ (3.76)

Substituting Egs. 3.74 and 3.76 into Eq. 3.73,

19 l :

= 3-45 x 107
2 xy
1
2
-1 2nr‘N
.= 3.45 x 107" [~
‘ Y/2N :
. -18 (rgN :
=1.22 x 10 y : B.77)

We now determine the helix dimensions required to

reduce the noise-flux-equivalent of Johnson noise to this
\\ ) : .
\ same level. The electrical resistance of the copper toroid
. L

18 | 'p length of a single turn 2
R. =3 S - n (3.78)
9 . coil cross-section '

\ & -
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refistMvity of copper

]

where: ¢

1.7%4 x 10”" ohm m @ 20°C

I

q= filling factor = 0.75, say.

Since we have assumed a square cross-section, the coil

. o

resistance is approximately

1.724 x 107 4y .
Re =
2 2
9.75 "(Q —;3)
) 2
= 2.93 x 10~° ——;"—1—-2— ohms (3.79)
or -r
4 3

A lower limit on coil inner radius r, would be set by diffi-

culty in applying the toroidal Qinding. If we arbitrarily

set r, =T /2, 0oil resistance would be
2 -~ .
R =3.91x 100" —) on ©(3.80)
R = 3. X —:yﬁ ohms (3.
4

Therefore the noise-flux-equivalent af Johnson noise is

e

n

oNn \

{4kTR"‘Af,. : SR

~wNn

B ¢ﬂJ =

~N|j-
3

[4(1.38 x 107 ) (3,91 x 10 (y x 107" )(293) [* ¢

, . (2 x 10%)Nn

webers - : (3.81)

?
L]
B
*
~
o
*
ot
o
.
-l
-
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If we arbitrarily set maximum helix radius r, to be 10 cm

then Egs. 3.77 and 3.81 become:

’ N
dam = 3.86 x 107" — webers © (3n82)
Y
| % .
-1 Y \
by = 1.26 x 107" N vevers (3.83)

I1f these two noise contributions are tg be equal in magni—}

tude, we obtain

N 1.26 x 107 '}

A 386 x 107

326 B

18.0 y* turns | (3.84)

\
' Therefore total noise flux due to each of Johnson noise and

magnetic core noise|is

%
18.0 y™
¢ = S
I ’ Y , '
: = jJ‘ -webers . s (3.85)

If we arbitrarily set|maximum helix core width y, and hence

helix height 4Nx, to/. be 8 cm then

¢ = 1.31 x 107"  webers , (3.86)
This is about one quarter of the noise level given by
 Eq. 3.67 for the dual-solenoid bridge.

o N - »
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©3.6.2 Inter-turn Flux Leakage :

Setting‘ y 5}8 X 10-2 m in Eq. 3.84 gives for the

. i
number of turns on each half of the helix:

N = 2.71 _'\ ‘ (3.87)

0"

Therefore the total number of turns on the helix would be

| .
5.42. The relative flux leakage which would result from the

,

relatively low-reluctance leakage path between the turns can
be estimated by comparing the leakage reluctance between two
adjacent turns of core with the reluctance of one turn of

the core. The leakage’reluctance is

+  1léngth oﬁlleakége path ]

- 'areh of leakage path Ho

z
= ’ 14

(Y)@rr) (4mx 207) 0

x r\ -
. . )

(10.84 x) (27 x 10" ') (4n x 10T

2 1.17 ¥ 10° azwb - (3.88) .

Similark§, co:é reluctanée per turn is

T e 2nr
§ 4
Ro= =
- L (xy ) (pom,)
B ~(22)10”

(Y%10.84) (47 x 1077) (2. % 10%)

= 4.23 x 10° amdb . . (3.89)
‘ ) . o . . .
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A ! '

Therefore the leakage factor is

14

}l;*'}Q:

= 0.27 ’ : (3.90)

fh

This is an acc@ptable figure. The actual leakage would be

somewhat lower since there is noyleakage from the end turns.

\

3.7 Magnetic Modulators

It can be seen from Eq. 3. 45 that the sens1t1v1ty
of the 1nstrument is dlrectly proportional to the signal
frequency, and hence the shaft rotation frequency. The
latter is limited by the strué¢tural integrity of the rock

specimens and by microphonic signals due to the slight

'imbalance of the specimen on the shaft. It is, however,

possible to raise the signal frequency w1thout raising the
shaft sPeed. This is done by modulating the magnetlc sig-

nal flux.at high frequency. This moduletion‘process must

. be accomplished without transforming the magneticisignal

into an electronic one because such transformatlon would
"lock in" the thermal noise due to reasonably—81zed s1gna1.
coxfl. The process should therefore use a‘'variable treluc-
tance in the magnetic circuit. . This may be.accompllshed_
electromagnetically, taking ad antage of che‘nonliqear

magnetization Of ferromagnetic naterials, or mechanically,

A
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either by chanqing the dimensions of an air gap by moving
a ferromagnetic polepiece, or by elaeticaliy straining a
ferromaqnetiC'circuit element,.changinq its permeability
through uhe Villari effect.

A magnetic modulator would allow one to take
measurements of bulk’ susceptlblllty by taklnq readlnqs
before and after a speclmen is 1ntroduced into the specl—

men gap.

3.7.1 Nonlinear Magnetization Modulator fy

The most sensitive method yet devised for'
modulating by virtue of nonlinear magnetization of ferro-
magnetic materials is the second-harmonic type of magnetic
modulation. The ferromagnetic core of an inductor is
subjected to a symmetrical alternating magnetizimy force,
and the signal polarizes this core\at low frequency (twice
the shaft frequency) and distprts éhe flux wave asymﬁetri—

cally (see Figure 3. 10)L In the absence of polarlzatlon

the flux wave is symmetrlcal, and in particular contains

" no second-harmonic component. 'Polarization upsets the

symmetry of the B/H loop (from the p01nt of view of the 7

alternating flux driye) and 1ntrodﬁces a second-harmonlc

term into the £l . waveform. This term 'is proportlonal to
the polarlzatlon ‘and reverses in phase when the polarizatlon

is reversed (W1111ams and Noble. 1950) : - l
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. It can be shown that if triangular-wave modulation
is used, and if one assumes thelidealized maqnetizatidn
curve of Figure 3.10 with theleffecfs of eddy currents and
hysteresis completely negligible, then the rms setond-

harmonic output for rms signal flu¥ ®, is

Hso ' B ‘
e, = ~8n$, f sin(r — ) sin 4nft (3.91)

]

where: f = modulator dfiving frequency

H,, = saturation field intensity of the

sat
v LS
core material L
) ’ A
A, n

A

n

peak modulating field .intensity

i

number of turns on sensing coil.

Substituting from Eq. 3L56, }ms signal becomes

- Hia
e, = -8n (5.41 x 10 *Ax) fsin(r ——) sin 4nft

_ . Hy
"= - 4.32'x 10°° nAfsin(r —= ) sin 4nft (3.92)

)
Three main sources of noise are present:

1. Modulated thermai noise

2. Direct thermal noise Q’_
3. Barkhausenxeffecﬁb

The modulated thermal noise is that generated by

the flow of low-signalffrequehéy currents 'in the polepiece |
" laminations. These currents generate signal flux indis-

'
i
B\ \"\ H

P

A,
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Figu;e.B.lo

{
b3
.

,%§ '

Basic Principles of an idealized second-
harmonic-type magnetic mo@ulator. ,
(A) Assumed reversible magnetizaéion
curve. -
(B) Drive field intensity, with and
without signal polarization.
(C) Core-flux density, with and with-
out signal polarization.
(D) ASighél coil voltage, with and

. without signal polarization.
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tinguishable from that due‘to the rotating specimen. The,\

3

“effect ‘can be made negllgable by sultable lamlnatlon of the

magnetic circuit, as was dlscussed in Sectlon 3. 3.

The dlrect thermal noise is that generated by

\

thermal agitation 1in the resxstance and losses ‘'of the sig-

nal ylndlng at the high signal frequency. -It is of the

~
-
e

'same order of magnitude as that for the direct-sensing

“

00115 con51dered }n Section 3.5 but its effects are less

because of. the high sensitivity of this coil by v1rtue of
the hrép signal frequency. ‘
\‘ ! .

\\ Barkhausen noise is that arising from the random- -

ly timed'l%pulses which comprise the essentially discon-
Y . L7
tinuous proc&es of magnetlzatibn The spectral density of

»Barkhausen nofse neaﬁ\the output frequency of a magnetic

modulator has been anal&zed (Macfarlane, 1950), maklng

several'simplifyil assumptlons. Although no absolute

quantlty could be 2 d1cted the spectral power density of

\

' noise was predlcted to: be \-; ] {\
‘ 2 32 | I IS ,

: Ao fs (\6 N .
W, o — NG L (3.93)

o K . P M R
L2 ‘ :
. L] . - -l

cross—sectional area of modulator core

®
>
[}

M= number of\Barkhausen tran51t10ns

'''''
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s =/standard.deviation "of the instant of

o ‘ “occurrence, of a particular pulse

, / |
sin (2n —2) SR
9 =1+ | ~(3.94)

2n Hm' h o

A

It is assumed that s is inversely ﬁroportional to the speed

P . . ) N ' P
of transition, i.e. o . W

- r N
-1 ) ~

dH

dt

$' o«

°<—7r' ' | ‘ _ ‘3.95)
fH ' Lo
It is further assumed that the number of transitions Aﬂis
bropoitional to the core volume Aol, where [.is modﬁlatdi;'

$

core length. Thus Eq. 3.93 becomes L e o o
ﬂ I'f .’ . g ‘
n, N '(3-'9.6)

LHY L ed

Since‘noisg“voltage is propg@e€ional to the square root of .

moise power, ERRNCE SR
4 rﬁs ' ,J,|
'8, L (3.97). *

3

and f;bm Eq, 3;92JsiQnai}v§itage‘is.propgrfionél tp'l

- P : g
Loe, e’ fA « sin, (7 —) W .t 77(3.98)
T Lo ‘ AR v ’ H ' ) ' ', v ) S . ,
‘7;; ' Erx " ] .
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[ 4

Therefore we obtain for signal-to-noise ratio

"

. x .
02 fl Hm' -}f . N
— ot Ax |— g sin (m )O (3.99)
e, A, A
The term in { f ié a .constant depending on ﬂ and -H,_, and

Al

comes within 10% of its maximum possible value whén Q = 2H,,,
. Therefore:

e, {fﬁ}’f - .
— o A { —
L Ao

o Au{fit,“}li (3.100)

where JQM is the reluctance of the modulator core.

An experimental determination of:the(Prdpﬁftionf
ality constant has been made for Permalloy C (Williams and
' Noble, 1950).4 Their test specimen had a cross-sectional
area of 0.7 cm? and a length of iO cm, and hence its relucs;
tance was about 10’ amp/weber. The observed signal~to~noise
ratio was-unity; at 1500 Hz modulating frequency and 1.0 Hz
observed bandwidth: with an input magnetomotive force of

7.2 xylo-. amperes, hence an input flux of 7.2 x 10-" Whb.

Substituting this value of input flux into Eq. 3.56 relating
. . \\‘

-

flux and ausceptibglity anisoé}opy‘fot a magnetic bridge,

we find that the input anisotropy would have been’

=1.33 x 10”7 mksu ‘ o (3.101) ,*

" N
')
L
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Similar modulator noise characteristics were reportcd By

Higuchi (1970). FEq. 3.100 now becomes IS

'

e ‘Iﬁ
2 - kAx(fR.) (3.102)
en .

where
1
ax, (' R)%

1

. (1.33 x 1077) (1500 x 10*)2
= 614 | (3.103)
Therefore Eq. 3.102 becomes

e

ez = s14ax(f R ‘ . (3.104)

It was shown in Eq. 3.60 that J{nmust not exceed 2.18 x l&

4
amp/weber. With that value, and }}ﬁ 10 Hz, the signal~-to-

noise ratio becomes

e2 ' 7 - '
— = 9.06 x 10 Ax ‘ : * £3.105)
e, )

Thus one should be able to' detect Ax = 1.1 x 10~" mksu in a

.bandwidth of 1 Hz, or 3.5 x 10~ mksu in a bandw{bth,of 107"

Hz.
Scouten (1972)‘auggested the use of an improved

. . ' .
modulating waveform to effect higher sensitivity. Kawanishi

il

-

.
f . .
2 : . [ P
J . .y
. .
. . N
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‘must be arefully controlled to” avoid degrading the element

135

(1972) reports a gain in sensitivity of about an_order of
magnitude with dusl—frequency excitation of the modulator
corc. Fven allowing for such improveﬁents, however, the
sensitivity of this type of modulator is much inferior to
that attainablc with other signal coil arrangemcents
previously discﬁssed. I£ could be useful for measurcment

of bulk susceptibility, however.

"3.7.2 Villari-effect Modulators
. A K

In a mechanically driven modulator Barkhausen
noise can be made arbitrarily small ;/mi imizing the
direct flux passing through the modulator. The total input
direct flux can be made vanishingly small by means of a
feedback winding carrying a current proportional to the
peak intensity of the modulated signal flux, and of such
polarity as to reduce the modulated fl&x intensity.

A mechanically driVenEmédulator making use af the

Villari effect would require that a permalloy circuit ele-

ment be strained so as to reduce its reversible permeability

by an appreciable am'unt: The sensitivity of the modulator

is directly proportional to the fractional change in per-
meability. This is limited by ﬁhe amoun® of tension wh ch‘
can be applied before{the elastic limit of the core ma 'ial
is reached, as shown in Figure 3.11. The applied tensidﬁ

L3

irrevers}bly. A stretching mech?nism which produces

]
. o
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Figure 3.11 variation &f relative initial permeability
with applied uniform tensile stress for

4 ~ 79 Noly—permalloy. (After Bozorth, 1951).
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non—uniform tension (e.qg. simple beam bending) makes -this
limit even more critical, since the peak stress is ﬁidhér
than the mean stress. It appears, then, that a mean
applied’stress of 1.4 x 10’ N-m—z, or about 10% of the
elastic limit, is reasonable. From Figure 3.11 it can be
seen that this would result in a reluctance variation of
about 14%. Therefore the modulated flux waveform has an
amplitude of about 0.14 times that of the unmodulated Eiq—'
'nal flux. .To regain the loss in sensitivity incurred by
this amplitude reduction, and to.allow a possible imprové?
" ment in sensitivity of an order df magnitude over simple
solenéid sensors, a modulating frequency/of about 100 “times
the original signal frequency would be required. For a
* signal frequency of 100 Hz, which has been assumed thus far,
the modulating frequency would have to be about 10 kHz.

- In order to minimize tg; mechanical drive power
required, one would normally employ a tuned mechanical cir- -

cuit. The dissipéted power is a function of the mechanical

Q-factor:
| o B -

. P = — (3.106).
- Q :
where: e = peaﬁ?stored energy

W, = modulatihg andgular frequency

The approximate drive power required can*then be found by
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~assuming uniform stress and strain. Peak stored energy,

for a given épplied pressure, is‘Qirectly proportional to
the Qolume of the modulating element, which is theréfore
ma&e small.. The volume is primarily dictated by the mag-
netic reluctance needed and the‘ease of obtaining. the
required dimensions. It can be seen from Egs. 3.67 and

3.73 that if one is.to achieve a sensitivity gain of, say,

4 over the bridged solenoid pair, it is necessary that the

A

m

with 25-micron laminations. Arbitrarily setting the mini-

. 3 -1
ratio — for the modulator core be less than 10 m , even

mum usable length at 1 cm, we thus find that the minimum

cross-sectional area is 0.1 cm?. This can be realized by

a thickness of 0.1 cm and a width of 1 cm. The peak energy.

stored is .

- Ly

N
E

]

1 : . . .
;—(peak pressure) (cross-section) (linear strailn)

1 ) z
< (peak pressure) (cross-section) (length)

Young's modulus

1 ~2.2 - . -2
— (1.4 x 10" N.m™5)" (107° n’Y'(20”" m)
. @ x 10" Nem

4.9 x 10°° N.m | (3.107)"

Say that a mechanical Q of 20 can be obtained. Then substi-

tuting Eq. 3.107 back into Eq. 3.106 gives
. . ) ¢

P=2.5x10"w ST _a108)

Thus for w = 6.28 x 10* (10 kHY) drive power 1s 0.15 watts.
. . . . ¥
This is not difficult to generate and dissipaEe.

o
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3.7.3 Mechanically Variable Air Gap Modulator

"A p0551b1e design for a modulator utlllzlnd the
chanqmnq reluctance of variable-width air gaps is shown in
igure 3.12. Signal flux enters the modulator via the
parmalloy rings, passes through an air gap to the permal!by
film, and by axial vibration of’the film is shuttled alter-
nately to pélepieces A and.B. The outer fraﬁe returns the
flux to the main transducer to complete the circuit. The
signal coils shown:produce an electrical output proportional
to the magnitude of the;modulated'flux and its frequency .

Assume that. the reluctances of polepieces A and B,
the permalloy rings, and the air gaps between the rings and
* the permalloy diaphragm are negligible. All reluctance is
assumed to be in the air gaps betweég polepieceé A and B and
the diaphragm. In the.diaphragm signal flux is‘essentiéllx.
+radial through an ‘annulus withvoutside radius r, and inside.
fadius 0.707 r, . The latter represents the radius df‘cen— |

-

tral portions of polepieces A and B throuéh which 50% of

il

sigﬁal flux passes.
- The increment of the factor ~ of an ‘annular ele-

. . . m
ment of radius r and radial width dr is

' {l;} dr s
a{—}= | o (3.109)

A 2nrh

L] . & ~

Thus the total effective ratio is
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Figure 3.12

-\

-t

‘ (
Possible configuration for a variable-air-gap

’

magnetic modulator.
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' o

{ "2 dr
~Amﬂ,/‘ 2nrh

]

7071, ’

' Lo r : g .

! ln r 2 ", ) ( . / ‘

L ) = —_— ‘ / [
A 2rh , . “‘I
‘;Jy At N ’ 707 r1 ! ’ |
A 1n (0.707 rz/r) ' ' !\ .

. = ! (3.110) -

‘ 2nh / ' o ;

The 'numerator equals unity for r, = 1.92q . This is a

/ reasonable ratio. Then since, as ‘in the Villari-effect

. : 3
modulator, the ratio —— must be less than 10" m , ’

. ® m ) !
h2 1.6 x 10 ' ‘ (3.111)

A

The equivalent circuit, of the modulator is shown

|
‘

in Figure 3.13. Note that the sensing coils are connected -

-~

.

in series opposjtion to common-mode magnetic flux input.. . N

. This makes the modulator insensitive to signél—frequeney

!

) ‘noise from the main transducer. This is important for

T T .

avoiding ﬁodulating-frequency interference during bulk

— —

susceptibility measurements. As the diaphragm moves, JQA ;

‘increases when jQB decreases, and vice versa. From Eq. 3.€b

il et

,‘ __A?'&r

S .‘d‘t.

vthe'avefage“value of the parallel combination of.ﬁ;"and

1

jas~m“5t be < 2.18 x 106 amp/weber. That is, at the med€£
)

"‘'ian position of the permalloy diaphraqmax‘ .
’ o, ' : . ) \ f s

) ' .‘RA = Rﬁs 4.36 x'ms A/Vg : . ' ;

For the air gap indicated, | . Lo ; -
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n

b

Figure 3.13 ' Electrical equivalent circuit of the

variable-air-gap magnetic modulator.
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d
= — ﬂ . , (3.112)
UARN I - S A

A reasonable minimum value for d is 2.5 x.10—4‘meters. This
is limited by deviatione from flatness of the diaphragm.

'Thereforeu' .

r =
‘o {”“ok

;

1
%
2!

’

{ 2.5 x 10°*

w(4nix 1077) (4.36 x 105)}

3.81 x 10 ° m L (3.113)

‘Therefore, since we set r,hb = 1.92r,,

v

R %7.32x10°m. | (3.114)

In order to minimize stresses’' incurred in the diaphragm as
. its central portion is made to oscillate axially, the

o ' [y - "
suspensionﬂradius r; should be Haximized. +We arbitrarily
‘ Vo . ‘
set r; = 3 cm, - ”

*

If we treat the dlaphragm as ‘a flat plate suspen~

‘ided w1th negllglble tension,. and made to V1brate by applylng' ‘

. a unlform pressure to 1ts free Surfaces, then max1mum

' dev1at10n is (Spotts, 1964) LY

3p (1 -02 ) o i o \.~‘.'@e‘" L
N A r' } “ i . (‘3.115)




147

where: g, = Poisson's ratio ‘

= Young's modulus

Y
p = applied uniform pressure

AN}

™
B

radius of plate

"

) h = thickness of plate

!

o ) -2
For permalloy with' Y ~ 2 x 10" N-m and 9, ~ 0.3:

¥
,~4g£<3;<p§$§5 pr' v
Ad fpEerele

(3.116)

- ‘ -2
Since h = 1.6 x 10 "-m and = 3x 107 m,

Ad ~ 1.69 x 10 'p | (3.117)

Thus for méximum deviation of 1.25 x 10 meters, applied

pressure is \ )
| Ad
p = = .
. 1.69 x 10
1.25 x 10°"
1.69 x 107"

-2

‘= 7.40 x 107 ‘N.m (3.118)

The maximum stress in the diaphragm_is at the edge and has
- ‘ L)
a value (Spotts, 1964)

3pﬁ’

- S W, e

] € 5
4h ‘
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(0.75) (7.40 x 10%) (3 x 107%)}

= 2 8

(1.6 x 107"

-

= 1.95 x 10" - N.m 2" | (3.119)

This is a factor of cight bkelow the ineldstic~s§rain limit
for permalloy. Unforeseen @ fcects apart, this fact makes
the air-gap modulator superior to. the Villafi—effect modu-~
lator which could attain only about 14% conversion
efficiency with comparable stresses.

In order to minimize mechanical driving power, it
would be desirable to drive the diaphragm at its fundamental
resonant frequency. The fuﬁdamental resonance of the edge- |
clamped diaphragm, assuming negligible spring constant from

adjacent enélosed air spaces, is (Morse and Ingard, 1968)

he. Y % | .
3“————‘“*—2 (3.120)

f =0.47 —
2 g ?
0 r w1 %

where: p = density of the diaphragm material

= 8.72 x 100 kg/m’ fBr moly-permailoy.

/ ‘ '
Substituting previously stated values for h, r,, Y and o,
. ! :
we obtain |
A _‘ . " i
1.6 x 10 2 x 10- « %
f, = 0.47 z _,2 3 .
9.0 x 10 8.72 x 100 (1 - 0.09) °
= 419 Hz ' , (3.121)

) '
' C PR

This ffeqﬁency is too low to be useful for some purposes.

%S

»
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If a higher resonant frequency is desired, it may be obtained
\

by scaling one of the cavities adjacent to the diaphragm.

This cavity would have the same arca as the diaphragm and a
mean depth d. If the axial movement of the diaphragm is
assumed to be uniform over its surface areca, the mechanicql

compliance C of the air cavity would be (Beranek, 1954)

volume of cavi;&?

C = .
p ¢ (area of/diaphragm)z
0
d ., ) =
= - “i:/ (3.122)
(b, c?) (e 2 |

where: p = density of air

0
C

1

velocity of sound in air.

) ] » .
- At an atmospheric pressure of 103 N/m? and an ambient temp-

erature of 22°C,

2.5 x 10~

C = S
(407) (344.2)( n )(3'x 10 )

= 6.31 x 107" m/N

Thus the resonant frequency of the diaphragm.-would be

fo = (e nethy )]

= 3190 u#. (3.123)

The actual resonan£ frequency would be somewhat lower than
i [ 2
this because the diaphragm is.restrained at its edges and

therefore does not move uniformly.

/
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The required diaphragm pressure of 740 N_-m—2

could be conveniently applied as air pressdie gsince it
represents about 0.7% of atmospheric pressure. There are
no problems with phase variations across the diaphrdqm'if
.
frequency is kept sufficiently low that the polepiecce

radius r, 1is much smaller than the wavelength of the

corresponding sound wave in air. This is true for any

P

operating frequency below about 10 kHz. j/
represents

The pressure level of 740 N-m—2

.

-2

" gound pressure level of 151 4B (0 4B 5 2 x 10-‘5 N.m ).

This level 'should be readily obfainable in a small cavity
by using a small (approximately 10'cm) 1oudspeaker.' The
sound wave can be duc&Fd through fairly rigid tg%inq, such
as copper, With approximately 5 mm inside diameter. This
effects separation of the loudspeaker céillf&omfthe siqn;l
coil, thus minimizing éouplinq between them. The maié
drivipg frequency of the voice coil is not critically im-
pQrtanﬁ, iness it causeé‘overload,fsince it differs from .
the signal frequency bf twice the shéft rotagional frequency.
However, the b ﬁd of noise~about the driving frequency and

the finite bandyidth of the synchronous detector demand that

coupling be mfnimized. A schematic diagram of the acousti-

cal driver is showg, in Figure 3.14.

~
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e ‘

. , / .
‘Figure 3.14 Possible acouqfic drive arrangement for

the variable-air-gap magnetic modulator.
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3.8 Signal Coils. in the Specimen Gap

‘As the direct field applied to the specimen is

increased certain magnetic compgnénts of the rock begin to
"

behave nonlinearly or even'gaturate, esgeciaily if tney
'appear as acicular particles of high aspect ratio. [Lven
stronger nonlinearities can occur with basal-plane align-
ment of hematite crystals. -This was discussed in Section
1.6. To examine this behaviour and its possible usefulness
in conveying geological information, it is‘*desirable to be
able to detect the specimen's magnetization perpendicular
to the applied field as the specimen rotates. This can be
done by plécinq sensing coils near the specimen and in the
pléne parallel to that containing the bulk‘field direction
and the axis of rotation of the spiﬁner shaft. These coils
would require a fairly wide phase-linear bandwidth so that
most of the harmonic content of the nonlinearities could be
retrieved. The dimensions of the coils afellimited By thé’
specimenlgap dimensions and those of .the cylindriéal opening
for the spinner shaft.' The coils are shaped toléartially
wrap around this cylindrical opehing and thus optimize coup-
ling to the séecimen. See Figures 3.15 and 3.16. A la}qe ‘
number of turns, which implies high impedance, would mini- -
mize'amplifier noise effects while a sméller number of
turns with lower 1mpedance would avoid tﬁe effects of ‘inter-

turn capacitance in producing resonances in the band of

-
-t
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Figure 3.15 Specimen gap. signal coils for measuring ° |
-~ magnetization perpendicular to the

applied field. '
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Figure 3.16 Cross-section of the specimén gap signél

coils as they would appear when viewing

along the spinner shaft.
\

/
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frequencies usefullfor siq’al. As a compromise between
these‘requirements the coiEsafe'wound w;th 2500 turns each
of #35 AWG enemeled wire. Coil resistance is 700 ohms. A
second' pair of coils.of comparable Size but square cross-
section is placed on the same axis as the above~-described
c01ls, but 4 cm farther from the specimer. hey have . the
same number of turns and 600 ohms resistance. They are
connected to e seperete preamplifier and by approériate gain
adjustmen% their output is used to cancel noise pickup.of

i ‘
. the co%l‘pair nearer the specimen. The combination consti-
‘tutes'essentially a field’gradient sensing arrangement.

M  Another set of four coils is placed in the speci-

men gap to sehse magnetization parallel to the applied field.

Aéain, one pair of coils is wrapped around the eylindrical
shaft _opening, as well as around the polepiece, while the‘
other pair of c01ls is pla‘ d either side of the shaft
vopehlng for nolse’plck-up cancellation. See Flgures 3.16
and 3.17. These coils have 1750 turns of #30 AWG enameled
copper wire each The c01li nearer the specimen have 350

ohms re51stance, while the far coils have 300 ohms.

m



Figure 3.17

Specimen gap Ssignal coils for measuring

magnetization parallel to the applied
field.
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The sensitivity ot the ¢oll pair for measuring.

T - A\
magnetization parallel to the applied field is calculated ’

for comparigon with previously calculated gonsitivities .

For peak-to-peak susceptibility anisotropy Ax the rms siqnal
. -

output can be found from f\\& 3.12 ‘
s » ) ¢ .
e - 31.20 x 10 " fanAxk volts ; (3.124)

In this casen= 3500 turns for the scrices connected pair,‘

while their resistance is 700 ohms. The actual son;aitivity
is rather larger than this because the coll is more closely
couplo‘d‘ to the specimen than coils which are wound around ¢

the magnetic circuit elements. In‘effect, the gap volume is

~decreased by approximately the ratio of coil-i:o~pplepioco,
A )

area. This increases signal oytput by the same ratio, as
. .

A :
shown, in Eq. 3.3. For the dimensions used, this ratio is

approximately 2.0. Thus signal output is

B e = 6.8 5 107 (3500)fAx

= 0.24 fAx ‘ (3.125)

. The rms thermal noise voltage (Jbhnson noisc) :
_ - . ; . .
produced by the coil pair is, from Eq. 3.13,

+

e = (4kTR Af)4 | S " (3.126)

. - o . -: ' . . ]
. - For T = 293°k-and R = 700 ohmg, n/oise voltage is
. . . . f \- . : . B
e, = 3.36 x 167°(Af)%volts (3.127) °

-

[ ”» . .

,..,,,
-

F'al
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Thus trom Mgs. 3,125 and 3.127 the signal-to-noise ratio is

e 2.4 x 10 " fAn
\ £
. - T
e 1.36 x 107 Af?
\
, fAx ‘
~ 0.71 x 10 , ‘ (3.128)
AfR |
Substitute the same reasonable limits on f andAf as beforo:
& N

f . 100 =z

Af = 0.1 Hz

Thus a reasonable limit on signal-to-nofseNratio id

10
2 - 20on x 10 Aa \ (3.129)
e €.

A

A Y
Thus the thermal-noise-1ifni itivity, bascd on signal

being equal to noise, is

<

Y sy

Ax 4.4 x 107

min

3

(3.130)

-12 3
3.5 x 10 emu/cm

if the coils' thermal noise is the limiting factor.
( . ' - L

Ai .
AR




[ CHAPTER 4
. ~
DESTON OF A NEW MAGNETOMETER
-

o
4.1  The Magnetic Circuit

N
A.1.1 0 Field tniformity

The dimension which was arbitrarily ostablished

at the beqginning was a specimen size of 2.5 em diameter ind’

/

2.5 om 10’\f£7th. To allow for the specimen to be rotated F—
about threoee ‘pnrpvndi(*u]ar-axos,“md to allow spacoe for /n

" specimen holder and shaft, with suitable clearance for ithe
latter, it was dccidqd't,hat the specimen gap should be S0
op wide. This dimension sets a lower limit on the pole-

picece dimensions by virtue of the field uniformity neces-

sary.
’
It was shown in Section 2.4 that symmetric devia-

“tions Trom field uniformitx over the space ocpupied by the

~

_rotating specimen should have a pecak-to-peak value 'of -Thss

0.1% for acceptably small effects of bulk susceptibility

nonuniformity within the spfcimen, as well as éffecﬁk\from
) ) T - . - . )
. ' . kN
the specimen- shape factor. Deviation components which in-

. Iy )
‘crease . monotonically and linearly over this critical volume

.

’

1

' are not as objectionable, at least from the point of view

3

of the shape factqQr of symmetrical specimensy and about “

0.25% could be tolerated. Assuming that indivi@yél pole-

piece laminations have straight edges, and that the plane

-

u ~ . .
. ) . .

. 163« . - : o N

! .
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\

of the laminations of thoe outer polepicces coincidos with

thoe plane of rotation of the spocimen, N taper of as much

i

as 1w, over a 1% em polepicce can be tolerated. PFor a

5.0 em gap this necessitates spacing accuracy of about

0.5 mm. This isfmot very difficult. Had the plane of the

placed so that a normal to “the laminations

~

laminations bgg
was p:\rpondi(‘n]ar to the shaft axis, then the taper.problem
would have been aggravated by the difficulty in‘ producing
a flat surface irv“the specimen's rotational plane. For

s . I3 13 '
perfectly straight-cdged laminations having a wery high
normal permeability, the principal cause of symmetric de-

vtation from uniformity is the fringing field. To calcu-

late field uniformity, a computer program was ‘Arawn up by

.R. Teshima of the Physics Department at the University of/

Alberta to solve numerically Laplace's equation in cylin-

drical coordinates:
: A\

FY ¥ VY \
r — + - fr-—-—- = (4.1)
ar? ar v 322
, A

s .
where: ¥ = magnetic pdt%ﬁfial

-
]

AN
‘radial dimensiwgn

n

13 z axial dimension

*

Not only’ the polepiece frontal surfaces, but the polepiece

- edges, the magneﬁ edges, and the entire outer magnetic.cir-

cuit .are achunted for. It is assumed that the polepieces

and outer magnetic circuit have infinitely high nor

AL
s - .
s ¥ e .
@ . . . [ 2
’ . .

"

.



16
/

;\(\:*111(\:1l)iiit(y and t hm*eforo ropresent oquipotential sur-
taces.  The magnet l)l‘kﬁ are assumed to have a linear in-
crénso in potential with distance along their magnoetico
axes. | The generalized confiquration and dimensions are

shown in Figure 4.1.

\

L

The relaxation method is used to calculate the
tield within the gap (Della Torre and Longo, 1969). The
magnetic potential ¥ (r,z ) is repeatedly evaluated for

all points on a cylindrical coordinate grid with points
’
»
scparated both radially and axially by distances of 0.5

om.” At each reevaluation the results of the mbst receoent

computation are used at the neighbouring points. 'This
n

process is continued until the incremental change at each

iteration becomes satisfactorily small. The incremental
.

change wgrked toward in these evaluations is 0.001%.

Typically, some 200 iteratipns are required to accomplish *

this. Briefiy stated, the résults indicate a symmetric

pecak-to-peak deviation as indicated below:
. s

diameter of main pol’epiece - deviation
12.0%m e 0.25% 6
. ¢ "
13.0 cm ; . 0.10%: . .
. 15.0 cm} ' 0.05%
. - . . _
. 17.0 cm } . 0.025% ' *
| | ! '
. . N £ S, . . ¢ ,e
The other magnetic circui dlmenslons used’ in this : 1 \
\ . . : - . ) ’ ‘. 1‘3‘
; * ! ).
hil - _\-,, - ‘- . ¢ L3
, ] . 54 Y " #
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Figure 4.1 Magnetic circuit dimensions for gap-field C
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computation were: . : 9

17 cm

r =

2

a = 2.5 cm C /
b = 7.5 cm

d = 9.5 cm \

A .
- ) ) »

Mlv " \

l‘.» i ]
The largest polepiece diameter (17 cm) was chosen in order
: Mt .
. f . \d e . \
that residual nonlinearities were due to. unavoidable dimen-

sional and permeability effects in”the polepieces.

-

Figure 4.2 shows the field contours wgich were -
computed for the 17 cm polepiece diameter. The contours

show the percentage deviation from the field intensity at
(N ¢ ) .
the..center of the gap.

Because of the ng%essity to use a laminated ,

A

Structure, it was decided that cylingdrical symhetry could
not be maintained in the polepieces and outer magnetic cir-
cuit. -Accordingly, square.polepieces of side 15 ch, thus

hav1ng the same area as the 17 cm c1rcular ones, are used.
4

) The outer magnetic circuit does not cylindrlcally envelope

M \

‘the inner magnetic 01rcu1t.‘ It was found from the uniform-'

&
' ol

+ + 1ty programr that this does noD\ave an irﬁporéa'nt de_ter:i,dr_. ‘

ating effect{ ] L.

< .In practice it 1s "expected that potent1a1 gradi-

T2

' ents along the polepiece'surfaces, due to transverse flux
é X"’ ¥ .

componentsA set the" 11m1t to fleld unlformlty for -

P ‘.

1dimens;onskchosen. The alr gap
. L V%




Figure 4.2 Magnetic field contours computed for .

?

cylindrical polepieces of 17 cm diameter.

Other polepiece dimensions are:

-
n

17 cm

Q
]

2.5 cm
bt 7.5 cm
d= 9.5 cm -
The &iagram';héws'de\iationg in the axial flux
" density from its mean valug'én the central axis.
) )ioeviations are ploﬁted on % 0.5 cm grid. _Valu@gl
‘ isﬁe in parts per million. Curves of eqddl-devia~
tion are plottéd for 0, lOd'ppﬁv-and 200 épm.‘

Since the field contours are symmétrical, only

. ‘ o
. one gquadraht is plotted. * [
. ' . '
‘01.; .
) 3
. .- ,
[
- #
. \ a ) ,
- & {
» “. ‘ ?‘
. - : . *
. ’ v ) ‘
A\ Y .
. -, . "
X ?ﬁﬁ'-‘ ' . . .
,-‘.- » o . * 4



170

‘

Yy

N

028 oL
L J

ocot 09

SIXD ——

(

uadidads Buloiod
40 spwy

N

. y




S

171
sections on either side of the specimen ’'gap serve to

ensure that'the main transverse fields are within the

polepiece halves farthest from the specimen gap. Even s9d,
- - ' . N
fringing field flux demands transverse components af about

108 of . the bulk axial componeht. This amounts to about
0.01 T, aed Wibﬂ%ﬁ normal permeability:of“lOA‘causes a
‘magnetic potential gl‘adient of about 1.0 A/m along the '
poleface“ The gradient is somewhat hlgher lh the dlrec— o
tion normal to the plane of the laminations because of Qﬁﬁ
hlgher reluctapce due.to the minute air gaps crossed be-

tween lam1nat1 ns.{ Therefore this direction is kept out
% p

O o

of the plyne of rotation of the specimen. )

A SR
4.1.2 Materials and Dimensions of Components Requiring
- .

High Permeability '

The magnetic circuit shown in Figure 3.7 uses a

»

- high-pe eability’ shell-:ather than placing the magnets in

_the. outer legs because this conflguratlon shields- the\
e ‘

.Specimen gap from externally producéd magnetlc varlatlons,

at least in the d;rectlon of the 51gnal Mux: For th1s .

.

. reason the’ outer shell should’ have@ very high reversible
permeabillty, even while carrylng the dlrect magnetic" flux.

}’1 A ¢ molybdenum permalloy alloy, Permalloy 80, manu-

factured by Magnetics, Inc. In the form of cold rolled

!

f‘ﬁstrxp, was chosen as: the ma)izial for the'polep;eces and

- - . B e ‘
A . ‘ ) 5 . »

.“‘:;' \h ‘ . "A‘ l‘., : b. . . ' ~, " . ' l '. t ’

P
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N

outer shell. Its oompositiod includes P0.4% nickel,. 4.4%"

molybdenum, and 0.6% manganese. It was dhosen because: -

1. It has very high initial and reversible

i

Jpermeabilities, with an acceptably high
'saturation flux densitylof 0.8 tesla.
‘i- “At the compoaition‘of ?eryalloy 80, and
with suitable heat treatmerit, the magneto~‘
strictive coefficients are minimized
oy kWeiner; 1869) . Thia is very important in
_ eliminating spurious oagoetic effecﬂb due to

" wvibration and strain. ‘
b : ) e ' + . . ' M
In order that the outer shell retain a high

reversible'permeability} even.at high signal frequencies,
it is necessary to qgainate it. The skin depth of permalloy |

at 400 Hz, assumlng a reqsr31ble permeabnllty reduced to:

5000 due to direct flux, is about 2 7 X 10 -4 mt Tth sug- =

qests the use of laminations about 6 X‘U%J(Hlthlck As

.

wal be shown later in thls iébtlon, the requlrement of \'

‘thermally generated n01se 1s even more ;estrlctlve. Thus
) lamlnatlons of thigkness 3.56 X107 m (Ehe standard 14 ‘mi1
r ﬂ‘- . ' \ - ' .
.gauge) were,chosen.; The‘same laminatlons are used for the;

-

L 4

\ . N

» L . o

‘,,..‘ < Lo ‘ . Cs :
] I

' The 1nit1al desmgn Was aséd om a maxlmum dlrect

'!\"n

flux den51ty of about 0.1 tesla 1n”the gap., For the saze

a

polepleces.‘

.

.of polepleces us; 'and the leakage factor aSEOCLated w1th

s T ' "\f




.“f'to he sensor' hrough 2.5 cm’ stacks of. l 25 cm W1de,.100 '
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them, this implies a, total flux of 3‘37|£ 10—3 webefs. If
this fyux-is to be’cafried by‘an external shell consisting‘
‘of two 1§ cm stacks of 2.5 cm wide laminations, the flox
density in tne shell is 0.449_tesia. This is sufficien%ly
far below saturation to.be aoceptable. Two\gtacke of
laminations of this .width make up the S cm thick poleoieces.

The laminationslin‘eaoh stack are at right angles to those

in the other to afford the”ﬁest field uniformity acroasethe///

— P

entire poleface. A small air gap of depth 0.18 c; between
5

-

'the poleplece stacks allows the poleplece to bfhave as a

fllter for lnhomogenelﬁles in the magnet blocks (Evansj

. . '
. - - + - -

19607

o - ‘ %
. It remains to consider the balancing gam neces-—y

|

sary for tﬂe magnetic bridge configufation, and the small:

polepieces to carry the signal flux from' the balanced

i

brldge to’ the flux sensor (solen01d magnetlc hellx!;or .,{‘
%

magnetlc modulator). The fleld need not be unf?rrm,ln thew *

‘balanclng gap and s0 polepleces are dlspensed with. - THe

magnet blocks for the balancing gap are 51m11ar to those

[

for: thé.specimen gap, 51nce equal magnetlc potehtlal and

*.
"flux are\requ1red to balance the bridge. The magnetlc

potent1a1 due to the 51gnal 1s developed between the outer

shell and a 15 cm by 15 cm stack of 2 S cm wide lamlnatlonsl

bé¢ween the cvntral magnet blocks. Slgnal flgy-ls carrled o
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the magnet flux'and so opérate with initial permeability.

Y

A diagram of the maqnetic circuit is shown in Figure 4.3. a

" v /J ' . ‘f/'
Tt is shown in perspe;t;ve in Figlure 4. 4 D ,
. , ’. \
4.1.3 Eddy Current Noise ‘ ‘
' _ . At Ay - e &

Assume a uniform permeability .throlighout the
v e " ! :

herﬁall@yllaminationsf ;Therefore thidkhesé must be 'less

than skln depth. For the material used, a&feversible e
permeablllty of 8000 1mp11es a s8kin depth of 427 microns. -

Slnce the main magnetlc clrcu;t‘carr1e§va d;re:t t;ux esl_, | G
\well'es-a signal flux, the'reversible‘permeabilitflie o

4

smaller than the normally assumed Va:he of 20 000. ,

* 1

/assoc1ated w1th eddy currents in a 01rcu1t of lenqth.l

#o —

‘As shown in Eq 3. 319 ' the magnetlc 01se flux

b

b
Cross- sectgonﬁal area A, and havxng total rel'uctance .R, is " ‘

. . .. LT
FR s 4.74 x 107% Af R
kN P = - , - ‘webers . S AN v
! o n ‘ R' : A . ) L R / /
’ ' . Lo ’ \ ‘ [} "/ !
- L . = L ‘ / L [
. where: "'t = laming n ‘thickness BTN ) o
. T AR = width : .
' . . 'l .
! . . ' e K 3 C o ) ' o
Therefore for;a:bandwidth of 0.1 Hz:" |- ok .
' . c . S o .
" e . r( ,‘ N .
,150x1mt . N e
S, = . ' ~ webers . ,[‘, (4.3)
NI' d y ' A , , PR _‘f» .l .
ja -'”: B ,‘V;ﬁ‘ N

Slnce the reluctances of the spechen gap and the balanc1ng

I L s ( "
,“;gqp'are equal the«square magnetlc n01se fl x is slmpiy ﬂhe gamt
L P et T Mo
b, i ~ o o . ' : ' D L ...“.‘ ) -‘; N ' !'i\

- - . i f Yo ] e, P
. ' ~ ¢ ! ' i FURPI ~' .‘ ;
- At § ,l: ‘~;‘ :—»-\\ N o .\: " e

‘ i . > ?3 ) .\,* ./—-f ’a , |‘ \ ) ‘r.
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Figure 4.3 Plan view of the'magnetic circuit.

'
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//1TYyre 4.4

A

Perspective view of the magnetic circuit.
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Ly

\ /,
. - . B gjklﬁq .
. . ‘k\s\ St v ‘
sum of the squares of the magnetic nofse fluxes”of the, 3
. , - . [ 3‘?' ) y
. . . . . ' \ o i ‘-‘,\-g* trh
magnetic circutt elements in sories with cither aqap. - " wd
. — . : '
b= o+ bt ht P
N I \ .
where the subscripts refor to the four sections of/the® 1

VA 0.33 m
A: —_= ~ =
A 0.7 x 10 ° m?
' LY
-1
" L. 1.02 x m
2 ‘ b L, S
A 2.32 x 10 " m?
' Y { )
£ 7.5 x 10 " m
C: —_ =
A 3.85 x 107% m2 .
- ;
1 0.23 m - .y
D: — = = = 29.9 m" : .
. A 0.77 x 10°° m? , .
14

One ,can now substitute these values into Egs. 4.3 and 4.4.
If the reluctance of th permalloy circuit élementS‘gnd the
flux sensor are assum to be negligib;e,ithe‘reluctance

may be taken to be 2.18 x lO“lA/Wb. “Thus the total noise

flux is ,'(
1.50, x 10 °t . 1
|
Pu = , {43 + 4.4 + 19.5 + 29.9] :
2.18 x 108 : . bag
J ~14 oot o o :
= 6.77 x 10 t ; . -(4.6)
! . .
. .
/ '
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Figure 4.5

L

Divisions of the magnetic circuit to facilitate

estimation of magnetic gore noise produced.
[
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Nl
To convert this neoise flux into an apparent susceptibility
t

anisotropy, consider Bq. 3.96 for signal flux given negli-

gible bridge sensor core reluctance.,

.

P, = 5‘41'x 10'_6 A K woebers (4.7)

-

Then if noise flux cquals signal flux, the limiting

susceptibility anisotropy which can be detected is ,
6.77 x 107t _, |
A'('mn = ~6 ’
5.41 x 10 ' )
-8
= 1.2%x 10 't , (4.8)

4

The above result is shown graphically for a
series of lamination thicknesses in Figure 4.6. .It can

be seen that if the limiting sensitivity s to be that of

12,

the magnetic helix sensor (i.e. about 4 x 10~ lﬁ}gsu) the

"lamination thickness should be about 300 microns. For
this rdason the 356 micron thickness (standard 14 mil

-

gauge) was used.

A/
4.2 Establishing.the Bias Field " .

4.2.1 Design of the Magnet Structure.

’

4

For reasons mentibned in Section 2.4,'it was
decided to use a direct’ field rather than an alternating
one to-magnetize the specimen., It ig difficult to get

‘suffici'ent amp;litude stability in an altei"'r‘lating field.

Also, magnetic hysteresis and eddy current losses involved



‘7

‘Figure 4.6 Magnetic core noise produced by the main

magnetic circuit, as a function of lamination

/

thickness t .

Bandwid?ul Hz
1

- Reversillle permeability 8000

#

Skin depth & = 427 um.

t ,

RS

e
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1n/setg3ng up an alternatlng field oéﬁsultable magnltude '
would be prohlbltive;and the resultipg stresses could not
beetolerated. Furthermore, Barkhausen noise assoc1ated .-
w1th an alternatlng field Qes expected to have become the
‘eomlnant noise component. Having decided on a direct
:field, itlremained to choose between solenoid and permf~
nent‘magnet excitatiom_‘ Compactness and large-field
capasil;ty would favor use of a solenoid. However, the
problem of I?’R power losses in the coil windings‘and the
aifticulty of generating noise-free curreqt) even at . zero
ﬁtequencyf prompted the use of éermanent.magnets.

t B ME%cause of the shape of the specimen gap, where
‘most of the magnetostatic enerqy is‘stdred, itqmas decided
to use anisotropic barium ferrite magnets. These have a

ratio Bd/i"id at‘ meximum energy produ‘ct Bde such that no
area-changing pglepieces are required between the ait gap
and tﬁe magnet ﬁiocks. Furthermore, barlum ferrlte is
inexgeh31Ve per unit energy capac1ty and has negliglbly

e

small eddy current losses.

i
1}}‘ ‘For' several i:asons, it was daycided that the
magnet blocks would be magnetlzed after as'embly of the
transduch block- o v R

. ?ﬁ}u 1. Since the blocks are magnetlcally OPen‘
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" . e S f) ‘ X Y

> maximum enerdy product’ after assembly unless
theytare remagnetized. Digferent magnet
"‘materlals are so affected. to dlfferent deg—
Irees, but the only materlals not strongly
affected, such as 1soprop1c barium ferrltes,
~have rather smalllenergy products even at
optimal conditions. . - i
2. I&\was‘desired.to be able to vagy the magnie
tude of the bias field .dn orderrte éxamine
the effect on susceptlblllty anlsotropy of
different values of bias field. Thus mag-
L ‘netizing/demagnefizing coils haa to be in-,’
/ cluded.
3. , While mégnetizeé} the magnet blocks exertd

such ldrge.forces on ‘each other and on mag-

netically pefmeable components, that they are

»

= ‘extremely difficult‘to work with and-asseﬁbleﬁ
f‘*”\Z.Q There is an 1rrevers1ble loss in magnetlzatlonvmw
) ‘ 4' when the magnet blocks undergo the temperature
R Ichanges incufred during'the epoxy castlng.
~ - : .

prOcess (Tenzer, 19565

: By follow1ng ;he procedure now to be outlined for

P

Several thlcknesses of magnet blocks, 1t was determlned that'

I 9 cm thick blocks of Arnox 5 would prov1de a f1eld of suf—

, f1c1ent 1nten51ty . The maxlmum,gap flux.almed for was

s

bl




by a factor °Bd/# Hy Wthh is snnply the normal relatlv‘e

0.1 tesla. The magnet blOCkb are acthally only 1 '75

‘thick becau§% of the optlonal qurface grinding Wthh was

LY
-

done. N )
)

Figure 4.7 jindicates qualitatively the approx-’

imate flux leakage baths around both the?,pgnet blocks and

~

the specimen gap. Thenleakage factor, definéd in Sectibn
' . ‘ ’

3.1, for a pair aof cylindrical polepieces with dimensions

as indicated in Figure 4.8, can be interpolated from the

family of curves given in Figure~h.9, These curves give
the leakage factor for air gaps as a function of the 'two.

ratiqgs of dimensions>§6.and '@@ .
*  For tﬁe‘speCimen‘gap:

»
[

d = é.54 cm - . L

%ﬂ‘ X ~2.5cm : S
. . e . : :
. r. ~ 8. o .
. . g 8‘ 6 cm £ ) . ( 4. 9)
— =7.0 : ' 't

— &= 3.,4. : o o Co ! :
¢ q .

"

\
L4 b "‘v‘\

Therefore the specimen gap leakage factor is .

' ‘ , . , .

& T o045 ~ R BCRL)
A

|The leakage factog.for the permanent magnet blocks is

PR
equal to thi& of- an a1r gap of equal’ dlmen51ons, d1v1ded

|

permeablllty of - the permanent magnets at thelr operatlpg
‘ \ :1 N :"

|
. ' i
- ’ ' - ‘\_".
- ., » B . ' p‘. e
' ' "l
!
|

\ - Ty,

8 o ' / . , | ~ 187
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.

F:igure 4.7 Approximate direct-flux leaKage paths
(s??ovvnf‘jor half of the main magnetic bridqge ,

circuit). ) <
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Fjgure 4.8 @encralized polepiece dimensions for

estimating air gap flux leakage factor.
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Figure 4.9 Flux leakage factor for a pair of cylindrical

—
polepieces, as a function of dimensional

X r
ratiog — and 9. (After Kroon, 1968)

d
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point. The equivalent air gap has dimensions

d = 0.875 cm R
Y .

X ~ 2.5 tm ' “,{

rg ~ 8.6 cm : .

. - o\ (4.11)

— ~2.9 ! '

d '

f/
9
— ~9.8 . ) .
d ' -.
Therefore the leakage factor is

£ = 0.28 . (4.12)

-~

At its operating point, the magnet block was estimated to

have a normal relative permeability: : éif\“\\\

8, . . ,

&

14

- (4.13)

—_— 1.1

roHy .

Therefoge the effective leakage factor for the magnet block

is - '
{m = 0.25 : (4.14)

rd

Note that since the outer surface of the outer magnet gap
is considerably larger than the corresponding innéf surface,
the magnet blocks are made to préérude 2.5 cm past the -
outer surfaces Eb avoid increased leagége._ It is assuﬁég
that thewléakage due to the shoft air gaps getween the
adjacent polepiece stacks is negligible.: The totéi'leakage
o - e

factor is simply the sum of the component leakage faétors,‘

.
iAW
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™

" To find ﬁhe-operating point (B, Hd) of the per-

manent magnets on their hyster,g:sis curve, one computes

B ~ .
-d/f‘oHd from:

"

"

\“t . ‘ 4

9

B A /(m/ 4B "
: _ —3 9 2 (4.15)
HOHd Am /‘g “OHQ ‘ a
where: Ay = area ©f air gap
{4 = length of *air gap -
- ~ . A, = -area of magnet block
‘ . £~ = length of magnet block
B = ugHy in air
For the air gap:
Ay = (physical area of gap) (1l + total leakage factor)

and since‘p, = 1.00

[9 = physical length of gapm

L]
For the magnet A and lm are the physical ared and physical

length, respectively. Hence:

By (2.32 x 1072 m2)(1.70)(1.75 x 107° m)

woHy . (2.32 xiflo'z n?) (2.69 x 10‘_2‘m)
= 1.11 o (4.16)

This' slope yields optimum energy product ByH, of 2.75 x 10*

joules/m? for'Arnox 5, as shown in Figure 4.10.
. . . P ' .

Hy = 1.41 x 10°° A/m (1770 oe):

B

(4.17)

0.195 T . (1950 gauss)
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Figure 4.10

Demagnetizing curve for Arnox 5. Second

‘quadrant only is shown. (From data published

by-Ailegheny Ludlum Steel Corp.).

e
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»

Therefore the total flux density in‘the specimen gap is:
B
d

By =

1 + total leakage factor.
_(“ah

0.195

1.70 N

1}

0.115 tesla : (4.18)

4.2.2 Magnetizing Requirements and Magnetizing Coils

Having decided to include magnetizing coils, it
3

was necessary to design these to operate wigpout producing'
. I
; . . )
excessive thermal stresses or requiring impracticably large

power supplies.

The manufacturer of the barium ferrite blocks

-

recommends that they be subjec¢ted 'to a magnetizing force

of 6.4 x 10° A/m to give a saturation flux density of

1.27 teslas. However, the permalloj%bore pieces saturate
at 0.87 teslas and would have to be taken well beyond
saturation to generate the required field. The hysteresis

curve for Arnox 5 in Figure 4.11 shows that very little is

lost by taking the magnets to a flux density of only 0.87

i

teslas. They are still virtually saturated. Thus the
coilgiare designed.to-prodﬁce'a uniform 0.87 tesla flux
density throughout the core and gaps. This requirés a
magne%ic field inteﬁsity of about 3.4 x:105 A/ﬁ fo;‘the

magnetg\iid 6.9 x 105 A/m fpr'the air gaps. We~assume'thatﬂ



Q

(From data

Figure 4.11° Magnetizing curve for Arnox 5.

published by Allegheny Ludlum Steel COrp.).
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the permalloy polepieces requlre negllglble f;eld 1nteh31ty.
. A flux~den51ty of 0.87 teslas throughout the core
means a total flux of 19.5 mllllwebers However, the outen
permalloy shell shown in Figure 4.3 saturates at a total
fiux of about 6.5 mllllwebers for both halves. Thus an
outer magnetizing frame is required to carry ‘the remaining
13.0 milliwebers, if the huge reluctance of the.buter air
path is to be‘avoided. Since a good magnetic,shielq is also
desirabie} the two functiofis are combined ih.a Closéd’box
constructed of mild steel and ﬁade an integral part of the
transducer. Since mild steel saturates at about 1.9 teslas,

\

a total cross sectlon of 68. 5 cm2 throughout is an, absolute

minimum. This implies a mlnlmum thlcknes$ of 1 14 cm on the
pieces normal to the core axis, and 0.44 cm on the pieces

parallel to the axis. To keep the materlal out of saturatlon
» . .

while still allow1ng for leakage flux not accounted for, the

outer box pieces are made,w1th~thlcknesses of 1.90 cm and ;'
|’ g
1.27 cm, respectlvely. ‘The end pleces of the Shleld box

had to be spaced away from the outer perméjahy shell sg that‘

a

thermal noise currents would ‘not affect the signal. c01ls,
l .

and so that the box ‘could act effectlvely as a shleld.. Thls

gap, was arbltrarlly set at l 25 cm on each 51de. The gap

. requlres a field 1nten51ty of about 5 x 108 A/m durlng mag—. ‘

__We can now determine the ‘total magnetizing force

‘required from the coils.. Figure 4.12 shows that the total
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 fn;wc| o Lﬂ?lyxz\ Fttects of air gap leakage

3" “A 'ﬁg 3 f‘lm tance, hence relaxing the magnetizing
}3“%L
1or¥é reqnlromvnt Thus 1.12 x 10% ampere turns is o

liberal f{igure.

A.2.3  The Magnetizing Power Supply

Simpyn calculation indicated that the larqge
’//Umber of ampe%e turns required for magnetizing could not
+ bo provided from the mains supply into a coil of &oason~
able size. Therefore it was decided to construct a pulse-
"discharge capacitor-bank supply.

'To avoid important eddy current losses in -the
solid steei outer magnetizing frame, the current rise in
the magnetizing coils must be relatively slow. This outer
frame has thickness.of twicé the skin depth at 14 Hz,
assuming, a relative permeability of 50. A long rise time
also prevents damage to stress-sensitive magnetic compo-
nents bx}minimizinq the rate of.change of stress.q Large
stresses that could result from elastic nonlinearities are
thus avoided. Furthermore, slow rise times allow multiple
coils to be switched by: 31mp1e 1nexpen51ve relays rather
than electronic switching arrangements, because synchropi—
zation and contact-bounce proble£§~are minimized. The rise
time cannot be made arbitrarily large because of increasing
ohmic losses during the magnetizing pulse and hence larger

capacitor bank energy storage requirements.
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Still neglecting air gag leakadge, the magnetic

energy required is: S |

E =Y %BHV - (4.19)

4

where: B = induction

-

Pa

‘ = 0.87 teslas everywhere
/

H 4 magnetic field intensity
! = 6.9 x 10> A/m in the main air qgaps

/ = 5 x 10° A/m in the end gaps

= 3.4 x 10° A/m in the magnets .
V = volumes of the gaps
= 2.42 x 10’ m® for the main air gaps

= S.éx x 107 m® for the end gaps
t

3
m?3 for the magnets.

= 1.57 x 10

\

_ Thus we obtain that

E = 1080 joules . (4.20)

To allow for leakage, ohmic losses, énd residual energy in
the capacitor bank at peak magnetizing current, a total
enérgy storage capacity of 4000 joules was decided on.
Electrélytic capacitors suitable for pulse discharge appear
to minimize the size, weight and cost per joule of energy
storage fog ratings of about 400 vo{§§»\ Since the capacitor

stored energy is

E = %cVv? v : %.21)

e



therefore, at 400 volts / o
2E
C= "Tz ) . )
I , / <
(2) (4000)

(400) (400)

-0

0.05 farad ' ’ (4.22)

N

Accordingly, fifty’electrolytic capacitors rated at 1000
microfarads, 400 volts D.C. are used. ’

 There was sufficient space within the permalloy
magnetic circuit for a solenoid consisting of 6800 turns of
#17 AWG enameléd wire. This wire gauge was chosen because
it allows the wire to conform readily to the contours of
the noncircular solenoids and permits a sufficiently large
nuﬁber of tﬁrns to,allow_theksolenbid to be used as ;
signal winding without requiring transformer matching toqthe
amplifief.

In order to ge .12\35.10s ampere turns from a

Y

6800-turn solenoid,‘the coil musé\qgrry a current of 16.5
amperes. Rough calculatiOn’Showed ;hat the solenoid could
be "matched" to the capacitor bank by dividing it into 8
paralieled sections of equal resistance and approximately
equal inductance. Thus the total current required from the
power supply is (8)(16.5) = 132 amperes.

We can now calculate the inductance of the solenéid.

iy



207

inductance of 6800-turn series winding

(number of sections)?

]

(1 + leakage f%ctor)(ﬂil)ﬁgf (4.233
lo

(area of gap)

il

(1 + leakéqe factor) (pe n?)
(64) (gap length)

Since avleakage factor is included, the area of the gap is
- simply the physical ‘area of the polepieces. The leakage
factor is estimated to be 0.40. It is different from the
leakage factor previowsly calculated because the leakage
flux due to the magnetizing coils has a differegt geometry

f
from that due to the permanent magnets. The length of the

\ ‘ N

gap is the sum of the effective lengths of the individual
gaps. For the air gaps with g, = 1.00, this is simply
their physical length. For the magnet blocks, the physical

length is multiplied by 141 , for convenience evaluated at

peak magnetization.

(4m x 10 7) (3.4 x 10%)

' 0.87

-

= 0.49 - ) . (4.24)

For the end gaps, only two thirds of the total flux passes,

- » s
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since the reméinder is carried by the permalloy shell. ’
This is equivélent to ipcreasing their area by 50% or de-
creasing their length by 33%, for purposes of inductancte.

Thus the effective gap length is

ianth of main air gaps + (0.49) (magnet gaps)

I

A

+ (0.67) {end gaps)

L] [

10.108 + (0449)(0.070) + (0.67) (0.025)

)

0.159 m SN : (4.25)

)

Substituting this back into Eq. 4.23 gives

‘L = 0.181 henry . (4.26)

Resistance of the solenoid was computed for the eight

parallel sections, each measured individually

R = 1.438 ohms (4.27)

-
[ ]
.

The maximum magnetizing current may now be
calculated. The equivalent circuit of the magnetizing
"solenoid and capacitor bank is shown in Figure 4.13. When

\ /
the switch is closed, we have a single series RLC loop for e

which, in general: ( 7
di q . :
L— + Ri +—=10 (4.28)
dt @ . , ‘ :

+

. 1 R - . ‘

In this Casé,]}5:> {;I} ., therefore the discharge is
A4

oscillatory. The solution to Eq. 4.28 is (Standard Hand-

book for Electrical Engineers, 1968, p..2-138)

A

e
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Figure 4.13 Equivalent circuit of solenoid and capacitor

bank just before starting the magnetizing

pulse.
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L
. 9% -a
i = ~ —¢

LCq
where: 9,

“\

t

)i}

)

1

b}

=

sin gt

|
!

CV,

20 coulombs

R "1/2'@

— ——
—

LC 41%

9.67 sec"1

3.91
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(4.29)

(4.30)

(4.31)

For maximum current, differentiate and equate to zero:

—_—= e e— {(-m g cos gt—oc’o' sin gf}=0

di Y
dt LCgqg
g cos gt
tan gt

gt

t

I

[}

]

]

Bl

a singt
9, = 3.47
1.29\<idians

0.1335 sec

(4.32)"

(4.33)

Substifufihg the values forc% +9,0a and t into Eq. 4.29:

i = 129 amperes

max

which is satisfactory.

-

A

(4.34

The magnetic circuit is arranged to make a bridge

configurationifor reasons cited in Section 3.5. In order

that the bridge be balanced to direct magnetic flux, it is

/

necessary to have independent control of the state of

-
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magnetization of the magnets on either side of the bridge.
Accordingly the pulse-discharge power supply is divided
into two inéependent capacitor banks with an independent

‘voltage regulator on each, as shown in Figure 4.14.

4.2.4 Power Supply Circuit Description

The circuits of the primary power supply, shown
in Figure 4.15, and the regulators, shown in Figure 4.16,

are relatively conventional. The diode decoupling network

™

Y

[ X o
shown in Figure 4.17 is ificluded with the capacitor bank so

o
N . \ . : - . o
that in case of failure~by-shorting of one of the capagitors

in the array, the other capacitors cannot dis¢harge through
, e . A R

"it. An energy of 4Q§: joules could otherwise produce a

vl . L * \ ~ » N - .

serious explosion. will also be noted that there.is an

M o

-array of reectifier diodes between the output relay bank and
I:3 .

the solenoids. The diodes from output' to ground clamp ‘the
" . . Iy N

output, and hence the. capacitor voltage, essentially at zero

\

after the capacitors have totally dischakged. sIf this were

t done, the oscillatory nature of thg/ddécharge would
. N /‘ .
ause the capacitors to recharge in the ‘reverse polarity,
v ' ’ . ' * . ‘\
‘and would cause a reverse, or demagnetizing, currerft through
- : ' : / ‘

i

Pad

. the coids. Furthermore, the reverse charge would cause v

serious deterioration of the polarized dielectric of the

‘electrolytic capacitors ‘in the‘bank."This could lead to

high leakagé and ultimdtely to failure. The diode pairs‘in

; seriés with the solenoid windings ensure a unidirectional
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Figure 4.14. Block diagram of the pulse-discharge

mégnetizing power supply. ’ NN

ar

-~
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Figure 4.15

Schematic of primary power supply for

capacitor bank.

re
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8

~

Figure 4.16 Schematic of voltage requlator for pulse-

discharge capacitor bank power supply.
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|
Figure 4.17 Diode decoupling network for the capacitor

bank.
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\

current, even if the inductances-@f the individual windings

do not exactly'matcn. Otherwise, one winding could effect-
ively "short out" another higher-inductamce winding by
carrying a reverse current. " ‘o

The temperature rise of the solenoids, assuming

l <

a total mass of 50 kg;'specific thermal Capacity of 385
joulee/kg °K, and'total adiabatic absorption‘of 2000 joules,
is 0.10 c°. This temperature riseJis insufficient to cause
differential thermal stress problems, prov}ded pulses are
not started in rapid succession. ¥

4.3 Electrical Interference and Shielding

4.3.1 Types of Interference andLMéthods of Shielding

) Electric and magnetic inferference is coupled

into the transducer windings and low-level electronics Sy

conduction, by near-field induction, andvby.radiation.

.

The transducer windings are fare susceptlble to 1nterference

than the ampllfler an .w1r1ng because of thelr 1arge phy51-

.

.

i
cal size and hlgh ind ctance.

[
3

: Conddcted interference between two circuits can )
occur thropgh any 1mpedante common»to both. Frequently,
: 1A on : . _
) : : '\ e . y s
.conducting paths exist between circuits because these cir-

tcuits share a. common powe; supply and common ground path

+

There are a number of ways to arrange power supply w1ring

.
]
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and insert filters to minimize conductive feedthrough. How-

ever, it is most effective ﬁ%ﬁpfovide a separate dry-cell
power supply for the first stage of émpldficafion. This

is done here. The magneﬁizing power supply is, of course,
disconnected while the insgrument is being used for measurg-
‘mentq. ‘ |
Near-field induétioﬂ results from mutual inductance
and mutual capacitance between circuits. Its effects horﬂ
mally diminish with distance from the interference source 

as the inverse square or inverse cube. On the other hand,f
the electromagnetic radiation field diminishes as the simple
inverse of distance sob that, at q;eat distances from thq
source, the radiation ffeld’will predominate. At a distance

"

r= 5% the induction and fédigtion fields are equal in
magnitude. At smaller d%stanceé interference . .is largely
induction, at larger distanc it is radiatiénﬂ Since ;L
N . n
at 400 Hz is about 119 km, it is clear that near-field
induction prédominates fsg‘this instrument.
Electr?m;gnegi#'sﬁieldiné is a very effecti;e
techniqﬁe,for‘sﬂbpreésiﬁg.both pear—field ipduction and
' . i
far-field radiationmJ The attenuation of 31ectromagnetig
fields as they passrth:ough a permeable; conductive shield
ﬂs direc%&y related to, the skin ef%ect. The attenuation is
‘preciselylthe same for electric current, magnetic induction

"and electromagnetic field intensity. The fFate of

v
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attenuation is given by

2
| fuom, . .
a=15.4 | — 4B/m o (4.35)

. , p * .

Tyis attenuation is caused by transformation of electric
teel having g, = 150 and

~
ion rate at 100 Hz is

(4!56)

Another source of attenuation from shield mater-

énergy in;o heat. Using a mild

. — 7 ! .
p = 10 ohm meters, the attenuc

a=0.67 x 10° dB/m

jals is that due to reflection as a wave passes from one
L]

-

medium into the next. The impedancé of any medium to an

electromagnetic wave is given by:

E . .
Z = — (4.37)
H ;

: : , ' t
‘Thus for free space we have an impedance:

]
|

Z,

]
>

= 377 ohms + = " A (4.38)
) , . , ,
. In metals this impedance is related to frequency, permea-

bility and resistivity by

Z, = Gopg p')y),.

(o me o M2 (L +3) " \o . (4,39)
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it

Using mild steel with g, = 150 and p IOA7 ohm meters,

Z, = 7.70 x 10°% % (1 + 9) | ? (4.40)

, A
For distanges r smaller than-E— from an interfering source
, m
(the near-field induction region), the ratio E/y is not
equal to 377 ohms. Rathexr, near an electric field source,

the impedance of free space is given approximately by

Z' J
0 2nf%r
' 10 ] '
=~ 1.80 x 10° — . (4.40)
fr

Similarly for distances r << 7 from a magnetic field
n

source, the impedance of free space is approximately

zZ (v =~ J2atpr )

= .90 x 107" jfr \ | (4.42)

!

In all cases, the reflection loss in dB is g%Ven by

2

(Z,+ Z,) :

R =10 log ___}‘L-— dB (4.43)
41,1,

Considering first electric interference in the near-field
region, we see from Egs. 4.40 and 4.41 that |Z‘| << IZOI

3
for § < 10* Hz andr < 10 meters. Thus the reflection loss

-~

becomes:

| ez vz
R = 10 log . %B
€ 42,7,
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. Z,
~ 10 log |—
3
| [1.80 x 10° (fr)” ] N \‘
= 10 log — ' .
44/2 (7.70 x 10 °) ¢ ‘

¢

~ 10 log (4.13 x 10" 7% 7 )% (4.44)

]
I

Setting f = 100 Hz and r 10 m, one obtains

R= 10 log (4.13 x 10° )
E

= 106.2 dB ] . (4.45)

Similarly, for near-field magnetic interference, we see
from Eqs. 4.40 and 4.42 that |Z,|<< |Z,| for f~ 100 Hz

and r @ 1 meter. Therefore reflection loss is
Z,

R. ~ 10 log | —
" 4z,

[7.89 x 107%fr
%
42 (7.70 x 107 f

i

10 log -

10 log (0.181 f%r) .t (4.46)

Again, setéing.f = 100 Hz and r = 10 meters, 1

]

R, = 10 log 18.1

12.6 dB o Paam
Thus reflection“losses'for electric fields are very high
while those for magnetic fields are quite low, especially

~at smaller distances. ,
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The total shleldlng effectlveness, 1n terms of
.msertlon lossS, .in dBj of the shield is given by
S =at +R | o (4.48)
where t is the shield thlckness. _In Section 4.2 it was
shown that a shield thickness of '1.25 cm satisfies its
double requirement.ﬁ@?a magnetiZzing .frame. With this
thickness |
\ ] -
S = (0.67 x 10*)(1.25 x 10°%) + R
“ =844 +R ' R '(4.49)

3
.

SUBStituting values of ;‘ from Eqs. 4.45 and 4.47, oné

obtains the shielding factors for f = 100 Hz and r = 10 m.

SE =-190 dB (electric interference)
‘ | (4.50)
S

= 97 4B (magnetic interference)

4.3.2 Effects of a Hole in the Shield

It is necessary'that the transducer shield have
.at leéét one hole in one side to admit the spinning shaft
and rddi'specimen. ‘The effect of this hole on the shield-
ing effébtiveness of the enclosure is now considered.

"As a preliminary, we must determine whether the
apparent reluctance of the transducer block, as measured
between any two opposite faces; is materiall§ different-
w1th or w1thout the presence of the shleld - If it were,

the’ total spurious flux passing through. the transducer

[
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k

c%oss—section would depend on the shield's prescnce. We
4 .
. ) ) _ . AT
ﬂVConsider a cubic shield of side 40 cm. Using a mild steel
N . .

‘with #, = 100 and p = 10’ ohm meters, we‘gét at 100 Hz a

skin depth of

1/2
P
5. = 504 |— f
+ “‘f A
= 1.59 x 107" m "  (4.51)

[
s

Therefore the effective cross-sectional area is

A

]

.+ = (8 ) (shield perimeter)

)

(1.59 x 107°) (1.60)

i

2.55 x 107" m2 | (4.52)

The effective cross-sectional area without the shield is
. simply (0.40)(0.40) = 0.16 m?. Thus the shield reduces

the area by a factor of 63. However, this reduced area is

approximately balanced by the: relative reversible permea-

bility of the shield of 100. Thus the reluctance of the

-

block at 100 Hz is essehtiallf thé same regardless of the
shield's presencé% Therefore the noise flux‘ié_only
miniﬁally distu;bed outsidé:the‘shield. -

' Consider a spurious, spatially uniform magneti-
zing force H, in the vicinity of the transducer. The noise

flux to be passed by a qubic magnetic shield of side x can

be roughly approximated by:



ﬁ\\ Y. =#oH, (cross-sectional area of shield bok)

= moH, x? (4.53)

For thé‘pres nt calculation it may be assumed that flux
passes passeZ*;}bh\gglfcrm density to a depth equal to the
skin depth 5 below the outward- fa01ng surfaces of the
shield, with no flux penetrating below that depth. For
this approximafion to be valld it is required that all
joints in the enclésure be magnetically "tight". This
would require\glbselx:fitting, errlapping panels, or a
welded enclosureé. /\

Because\of the non-vanishing reluctance of the
shield Yalls there\as a magnetic potehtlal gradlent along
the walls 1n the alreotion OR the Spurlous magnetlzlnq
force. Although the equlpotenﬁlals are somewhat distorted

/ \
by rhe presence of the h le, we may assume, as a flrst

approx1mat10n, that the ma\ketlc field intensity H,' with-
in the hole is equal to that‘1n the fYux- carrylng skln of
the shield wall, away from the\:mmed}ate vicinity of the

hole, as shown in Figure 4.18. This\*ield intensity/isj‘

flux ﬁihsity in the flux-carrying skin “,’

228

{ H' = i 1
' " (#y) (reversible permeability of shield material)
Y | 3
: : y |
— % . ' e ' 3 ' )
. o {4x8 Mo pe} : % v (4.54)

As a further approx1mat10n, we may replace thegmagnetlc

" effect of the hole with that of ‘a currenﬂ loop with 1ts

A\ -

& ’ ’

|
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Figuré 4.18 Approximate equipotentials‘and flux lines

in a magnetic-shield wall containing a hole.
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axis in the z-dircction, radius a equal to that of the hole,
and carrying a current 2aH,/. In gencral, the axial field

intensity in the plane of a current loop of radius a and

carrying a current i , at a distance d from its center is

\

i a’ 9a '
H = — + e (4.55)
2a 2d3 16d?

2
o]
If 3;;\§< 1, then the second and succeeding terms are

negligible. Therefore

»

~ ia? .
( H~ T : ' (4.56)
4d ‘

Thus, substituting i = 2aH/ , and using Egs. 4.53 and

4.54, we get the effective noise field intensity H

2aH,/ a?
HY =
4d3a
. 1
2al 1 [ 1] u,f 7
= Ho M, x2
ad’® 4dxpg 8, [504] P
. 1
_, Xxa® f 4
= 2.5 x 107 —|—] N, (4.57)
d®\u,r

Thus the noise field leakage due to the hole is

e “

. N

L, = .
N
1
’ _ xall § 17 : '
=2.5 x 104 —_— (4.58)
d* Ly,
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i

Specitically, at the center of the shield whore d - Xx/2

1
_, al f 72
L, = 2.00x 1077 — | — (4.459)
x2 LKp

'I‘.\k,i\m; A minimum value of 2.5 cm tor the hole radius a,

N

setting X - 40 em as a maximum reasonable shicld sizce, and
. : -1 ) .

subatituting #, + 100 and p = 10 ohm meter for the mild

steel used, we get for the leakage at a frequency of 100 Hz

N
~4

L, = 6.2 x 10 (4.60)

This corresponds to shielding of 64 dB. Thus the existence
of the hole clearly limits the shield's offoctiv§noss.

There are also holes required for mounting the
electrical connectors, but these are Smalior and ﬁuy be
placed immediately behind the outer shell of the permalloy
magnetic circuit. Hence they causc no problems..

Where external noise is serious ?nouqh, the
leakage factor of the hole can be materially reduced by
placing a laminated silicon steel or permalloy collar
around the holo,.as in Figure 4.19. This results in @
large geduction in magnetic pétenfial ggadient in the im-
mediate vicinity of the hole, at the expense of a larger
gradient elsewhere on the shield, where if is har&less.

1t should be noted that noise leakage through the
hole depends on the orientation of the spurious magnetizing
fofée. If it is perpendicular to the plane of the shield
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Figure 4.19 Change in magnetic equipotential

distribution due to collared hole.
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containirg the hole, thére will,bé“only'a very small

tial gradient across the hole and hence a small leak-
age factor. Leakage becomes maximum wﬁare H, is in the

plane of thB shield‘wall cbntaininq the hole.

4.4 Encapsulation of the Transducer

4.4.1 'Encaésdlation‘ReQuirements' \

\ It was deci@ed tb cast thé.entire'transduoer into
a single solid block for threé main reasons:

| 1! To minimize vibrations whicﬂ would generate:
spurious signals. -

!

2. To minimize thermal fluctuationﬁ and their
effects on transducer components.

3. To sustain the large mechanical foréeg which
act during and after manetizing;

Simple coherent vibration of the Wholé transducer

\
i% reduced by encapsulation only by virtue of the increased

mass. Such vibration is important only\in relation to the

relatively‘smali exfernél eiectric and‘ma
These aretlargely‘cbntrolled by extehsivé eieétrbstatic and
'magnetiq ghielding; by suitable differential configuration

of the mégnetic bridgé_ci§¢uit; éignal coils, and electronic

amplifiers; and by sensing field gradients-rather than field

intensity or its time rate of change.. ' - T !

»

k“Difﬁerential vibration of component parts of the

~ *
- @ . .
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transducer !ggembly can produce énormous noise effects by
‘virtue of the very large magnetic fields existing virtually
everywhere inside the transducer shield. The permalloy,
ferrite, and copper portibns of the transducer are the main
components which will produce signal in response to differ-
ential vibratién. All have internal mechanical resonanges.
They also resonate, usually at much lower frequencies and
behaviﬁg approXihatgly as simple masses; with their support—
ing structures whiéh provide a spring constant. 1In mini~
mally supported structures both types of resonance can have
a very high Q-factor because of the relatively small:
mechanical losses within the materials involved.

Inevitably all transducer -elements are mechanical-
ly excited ak the signal frequency. The rotating ;haft

to its supporting structure because

exerts radial forces

of its imbalance. This imbalance results largely from non-

uniformity of rock specimens and uncertainty in positionin

. v 3

&hem within the specimen cup. dnly the second and higher

e

" harmonics of the rotational frequency are of import;HEe, but
even if the shaft imbalé%ce‘;ere so distributed as to pro-

duce only a fundamental-frequency force, the harmonics would
be generated by the stress-strain nonlinear{ties pkesenLiiﬁ

virtually any mechanical bearing or suppdrt syst%w. The
magnitude of the fqrcééltrhhsmitted may be minimized by

(g

" mounting the shaft gssembly and the transducer block sep-
- i \ [ 3 '

>
. e
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arately on lossy rubber springs.. There is also airborne

(acoustic) noise from the rotating shaft because of imper-

" . -

fect geometrical symmetxy about the axis of rotation. This

- 0 .
results from the practical necessity of using nonspherical

-

specimens. The drive motor and coudpling ball bearings also
tend to produce coneiderable acoustic noise. Noise from the-

necessarily large main shaft bearings near the spedimen cup

-
-

was virtually eliminated by using aerogtatic journal bear-

ings, as will be discussed in Section 4.6. . ‘

A
- - -

Both acoustically and mechanically transmitted

noise apply a driving force to the external shield struc-
ture. 1In order to minimize the effects of this force, it -

4 @

is necessary to: .

=Y

1. Mechanically support all transducer components -

in such a way that differential movement is”,

minimized. This is best accomplished hy

\£illing all waste spaces within the transducer

I
~

with a suitable stiff and lossy encapsulant ,‘-

v

substance.
2. Ensure that the effective spring constant k of *
the total support of each°circuit‘e1ement\must

give, with the mass of that element;_a reso-

N ‘
o nant frequency o — well abovée 400 Hz. °“This *
, - 2o ¥m ' T ‘
. -is the highest fundamental signal frequency

anticipated and is limited by the maximum

.

™~



238

shaft speed of 200 Hzl.

3. Ensure that the mechanmdcal supports have ‘
Suffibivntly great internal lossos'go make
the O-factors of the v‘@ious resonances
small, preterably smaller than. unity.

In regions where there is a.thickneSS qruqter than

3 cm or so of supporting encapsulant between two cifcﬁit
elements, the effective modulus of the support is raised by
embedding into it high-modulus ceramic pillars, strategic-
ally positioned relative,ﬁé&%h? circuif elements éhpp?rted.-
One of the lowest-frequency Eésonances remaining-will be
that of the entire magnetic-circuit-with-coils acting as a

.

. ./ "
simple mass and supported'by the encapsulating material

between the outer surface of the magnetic circuit and the
) A ‘

enclosing shicecld structure (see Figure 4.20). The internal
structure has a total mass of about 200 kg. The encapsu- g
lating material is assumed to act as a simple spring with

Qrectangular geometry indiicated in the diagram.: 1ts spring

“
-

constant is given by

o . t

‘ ' A . ,‘hﬁ'
! k = Y—~" - . (4%61)
d ‘a '

where: Y = Young's modulus of encapsulant

Al

ol . ) :
A = total- cross-sectional area of spring X//
- ", :

Q.
N

depth,of spring in direction of épm—

»
-

. "  pression.



" - °

”

'{‘igure 4.20 pelineation of effective mass and spring
for calculating the lowest mechanical
resonance frequency of thg transducer

block.

PN
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If the resonant frequency f, is to be made larger than, say,
1000 Hz, then

k Z Anzfozm

A ‘ /

= 7.9 x 10° N/m , . (4.62)
Thus we find the modulus required: ‘ .
f 1
kd
Y 2 —
A
(7.9 x 10°  N/m) (1.25 x 1077 m)
>
- \
0.107 m? \
1] \\\
= 0.92 x 10° N/m? N (4;53)

A
\

The presence of encapsulant in all sbaces other than the'
two shaded in the diagram will .further raise k and'there;
by f, - ISince all other respnances are expected to be of’
‘higher frequedéyy_é modulus of iO’lN/m2 is appropriate for

the encapsulant. C | | : i

.4.4.2 Encapsulant Limitations

. i§d
One ‘could not 51mply spe01fy a casting resin

of the required Young's modulus. because of two limitations:
1. Epoxy resins are powerful adhesives and con-

tract considerably during and after cure, thus

exertlng large stresses onucontalned and confl

-

talnlngvsurfaces. While the permalloy compo-

nents mﬁst bé held by the_encapgu;ant, they

‘.
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\

must not be permanently stressed beyond‘aboutf

10’ N/m2or there will be a considerable re-

Y

duction of the initial and reversible permea~‘ L

\

bilities. ‘Furthermore, even temporary stress-

es must not exceed about 10%® N/m2 as the&

would take the éermalioy into its elastically

nonlinear region and would result in perma-

nent irreversible loss of initial and reversi-
.. ble permeabiljties (see Figure 3.11) .

2. Stress due'to temperature changes in a block
made of materials with differing coefficients
of thermal expansion could §imilarly be harm-
ful and must be kept to less than 107 N/m2,

A flrst approximation to the magnitude of stresses
applied to embedded componeﬁts may be obtained by casting
small pressnre transducers 1nto.the encapsulant material
_being considered: After cooling to room temperature, pres-
su;es as high as 2.3 x 108 N/mz have been observed in
sqQ-called "rigid" epoxy systems (Stuckr*et al., 1967) It
is worth con51dering that for any given -encapsulant materlal
stresses produced On embedded components,areuanisotropic
and debend on the aspect ratio or geometry of'the embedded
part. Indeed, 1f the aspect ratio becomes extremely large,"
as in. a thln fllament or film, the 11near sprlng constant of

!

" the embedded component becomes much less than that of the

. -
£ Y )
o
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body‘of encapsulant‘impartipg a stress to it. This being

the case, the component is sub]ected to the same linear

' strain as the encapsulant, and the resultlng linear stress

is simply the product of strain and Young's modulus of the
component.  Thus, given a typical cure-induced linear
strain of 1% in epoxy resins, and a Young's modulus of

about 2 x‘lO"

N/m? for permalloy, we get maximum stresses
of about 2 x 10° N/mZ. | L ,
“In epoxies cure-induced strain occure while the
epoxy/curing-agent system is in a liquid state, while it’
is in a thermoplastic state, and after it.has gelled. The
'strain is of two kinds: that caused by the reaction and

rearrangement of the molecules into a more coﬁpact'config~‘
uratien; and thermal shrlnkage, brought about by the cool—
ing of the cured resin from hlgher reaction temperatures.
Most .of the reacgtion- produced straln occurs before gella-
tlon, so that the effect dan be lergely offset_by feedlng
in additionel resin while the reactiourprogreSSes. ClearT

ly, no stresses are developed before gellation. After

gelietion starts and for the rehainder of theﬁcure process

~

stresses are produced on embedded components.‘¥0ne very

effective‘way to keep these stresses small i5 to incorpor-
ate so—called "flexibilizing agents" into the epoxy resin.
Although the name suggests production of a true elastomer,

one actually obtains a v1scofe1ast;c "solid". Thus, even



2AA

altet m'll.\!\\‘h commences, there s sufticioent {low to

largely toliove strenses o theyoare generated. opt Tmal
stress rolict s predicated upoo cul ing at an optimnum

tempetature which s hich cnough to keep visconity satti-
) ,
ciently law taor flow to occur, but low cnoudgh to keep the
* t

.

reaction rate and heneo xnﬂgv o! reoction produced strain
A
; PTLY . W .
build-up Tow, ALty curiff@fis completed and the casting
. . ENpYoY I ‘,J‘;: ;*’ér;u

coolsn, the vibeaes S nd
. AR N

¢

¥ [ . *
a,ge&m\:a very rapidly and the opoxy
" v Ty

Yy
Loecome:s (‘:;tsqht‘ Y
"ﬁﬂ‘: “ )
modulus of tH& fMlexibilized epoxy will keep stress duae to

an dlastic solid.  The lower Young'=

thermal shrinkage from b(‘(?ominq‘ exceassive. A typical
plot ot pressure vs. {emperature as measurced by a pressare
t ransdu-or during cooling is shown in Figurc 4.21.

A .disadvantaqge of "flexibilized” :%y.‘ﬂ.m 18 that
some viscous behaviour remains even after cooling to room

\
\
temperature.  Thus, aiven larae pressure and long periods

L4

of time, some flow will occur. 1t is thus nccessary to
provide nonviscous supports, embedded into the resin, to
keep Mmll components from shifting due to gravitational
effects.

Particulate fillo.r materials may be used with
the epoxy resin to further reduce cure-induced strain, re--_
duce the coefficient of tﬁerma; expansion éf the cured
composite to bring it nedrer to that of encapsulated com-

ponents and hence reduce thermal stressaes, and to géis&'tho



Figure 4.21

.

Pressure exerted on encapsulated pressure
transducers by a flexible epoxy resin
formulation after curing and cooling.

(After Hanéon and Tuzinski, 1959).
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Young's moduluslof the composite encapsulant. Young's
modulus for a typical flexible cpoxy 1is aboug 10° N/rn2
In this application the modulus must be larger by one
order of magnitude. .
For small loading volumes of filler, the cure-
induced volume strain is reduced in proportion to the
filler loading volume. The reductiop in strain is brought
about‘by bulk displacement of the resin with an inert com-
pound which does not undergo permanent dimensional change
during the cure process. In addition, the filler also
absorbs exotherm heat and thereby moderates extremes of
temperature change during curing. As loading volumes
appfoach the,maximum‘possiblex)volume strain decreases
faster than the percentage of resin in the mixture. This
is because a large proportion of the resin recdives a ’
-positi;; mechanical volume strain from the filleér particles
to partially compensate for the negatiyeyvolume strain due
the curing reaction. 1Indeed, i% fér a fillerfgne used
eqpal-sized spheres of infinite modulus and iﬁ a closest-
packed array, then it is clear that the two volume strains
completely cancel because a net volume strain of zero

would have to result. For completely analogous reasons,

modullus, approach those of the filler mater1a1 when extremely

LS
hlgh loadlng volumes of filler are used.

N
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Unfortungtelf, the viscosity of a resin~§{llor
system incroasosirapid%y at large loading volumes. By
considerinq a system Of‘righd,!unkﬁblvated spheres dis-
persed in a .wiscous Newtonian fluid, Mooncy (quoted by

Seymour, 1972) arrived at a semi-empirical modification of

*
Rinstein's equation for relative viscosity:

g " 2.5C

v
| %

(4.64) .
(1]

1 - BC

- :"‘ * -

where: v viscosity

I3

C
B

n

partial v%ﬁyme occupied by filler

n

hydrodynamig factor.

The factor B is itself a function of partial volqu occupied
by the fillere but approaches 1.91 for loosely packed
sbheres and 135 for close-packed spheres. Viscosity tends
to infinity as maximum loading is approached. .

The probiem is solved by putting the giller éar~
ticles in place before th® resin, and then impregnating the
entire unit with filler—in—situ. Even then, a very low~
viscosity resin must be found and the impregnation must be
done in vacuum. Thi;’also ensures tha£ all ﬁon—filled,
voids, such as spaces betwden turns dg wire on the coils,
are cohpletely impfegnated. Various reactive diluents may

be used with epoxies to reduce their pouring viscosity while

ndt causing serious deterioration of mechanical 'properties
o . ;
after cure. Several proprietary resin systems were tested.’
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The resin selected was 3-M Scotchcast No. 237, which has

a viscosity of 30 ecentipoise at 120°C, one of the lowest _]
avaitabtlo, Gel time is about 90 minutes at 920°C and cure
[

time is about # hours at the same temperature.  Young's
. 8 . ‘ .
modulus is about 2 x 10 N/m2 atter cure.  Typical cure-
Iinduced stress curves are given in Figure 4.22.  Inversoe
]

Viscosity. is plotted against time for two curing tempora-
tures in Figure 4.23.
To radsce Young's modulus by the necessary factor
N . . . .

\(W.fxvo and: roeduce stress during curing, & filler had to
be found which would admit the “resin to a depth of 30 cm
wall within the gel time under a pressure of 10° N/mz.

This pressure is convenient since éhe atmosphere can be

used: to apply it with the transducer assembly in vacuum.
!

Larger pressures would tend to disturb transducer componepts

during the initial stages of impregnation and might cause

strain in parts -of the pormélloy. s}lica sand was tried

and fOund to exclude the‘resin. Solid glass spheres were
eventually chosen as é filler. Those uséé range in diameter
from 0.1 to‘l.O\mm. They allowed rapid and complete
impregnation. Stress gradients which remain between filler
‘particles are. not ‘harmful over~distanées iess than '1 mm.

The glass beads were easy to handle and feadily flowed into _

all cavities requiring filler.
For reasons including the awkward curing cycle
S - o :
and the relatively high viscosity, the Scotchcast No. 237

_— o -

’



Figure 4.22

Pressufe due to cure-induced strain for
Scotchcast No. 237 epoxy resin.
1. Cure 2 hours‘at 120°C.
2. Cure 16 hours at 95°C.
. 40% filler, cufe 2 hours at 120°C.

(After data published by 3-M Company).
\
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/ )

Figure 4.23 Decrease in inverse viscosity with time
during the curing process of Scotchcast
.No. 237 epoxy resin. . Curves are plotted
for two curing temperatures. (After’

'data published by 3-M Company) . ' .

3

n

[
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N

was not used for some subassemblies of small size or ro-
quiring only thin films of résin. Thus the signal coils,
some of which are wound with #35 AWG wire, were individu-
ally impregnated with a low-viscosity poljgster casting
resin thinned with styrene monomeg, and cured with promoter
and catalyst at room temperature. Stress produced by the
curing resin does not affect the copper and.strenqthensythe
coil. 'Also, so-called "rigid" roomHtempérature—curinq
epoxies were used in thin films to bond similar materials
within the transducer structure, in particular to bond

stacks of permalloy laminations. Where film thickness is

‘much;smaller than lamination fhickness, virtually all

strain is in the epoxy, rather than in the bonded material.

It was essential that various portions of the
magnetic circuit be in accurate alignment with the outer

casing during and after casting. Also, it was esgential

that component sections not move while the epoxy was being
. 4hA

-injected: Thus rigid supports had to be provided for most

'parts. These supports had to withstand gravitational and

_viscous forces on the parts supported, but transmit no

thermal expansion stresses to them. To this end, only one
: . - ¢

.

of any two opposite sides ‘of any magnetié component is

rigidlyfconnected to the outer frame. The supports are

ceramic pillars made from blocks of hydrous aluminum

silicate, available commercially under the trade name LAVA.

’
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This material works easily %itha jig saw and disc sander
/

while it is still "green" or unfired. The fired-pieces

were cemented in place with small quantities Qf room-

temperaﬁure~éuring epoxy resin.

The support of the many connecting wires.presented
fufthervprdblems. The very fine w;rgs of the signal coils
were soldered to #17 AWG wire quite'neaf the coil concerned.
The.éoldered joint and the free part of ;he thin wire were
then cemented to the coil itself with rigid epoxy. Thus
the wires were strong enough to resist breakage by small
shifts in the‘filler during impregnationff Tempefature—
sensing aines were similarly affixed to rigid portions of
the structure. All wires were routed to two eighteen-pin
sockets mounted on the outer shield. They were attached
é% the structure every ten to fifteen cm in dabs of flex-
Able RTV silicor‘xe'rubber. This magia, served admirably

to keep the individual leads apart, yet was sufficiently

flexible to prevent wire breakage in case of shifting

.mler. v . ' ‘ .. -
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4.5 Electropics o ' v ¢ \
N O ) , A . " L

A bloék Qiégra? of the signal eiectréﬁics is
shown in Fiquré“h.24. ‘fhe two paﬂri o "Siﬁgé}/cgils and
two pairé of nulling coils érc,cgnnecfid to a sclectof
switch. In one pésition, "dipect", one measures-spécimen
\maqnetization parallel to tlie applied field. 1In the other
position, "cposs—field“\“ﬁagneﬁization normal to the

applied field is meQSured. The signal and hoibe outputs
then go to separate low-noise preamplifiers of equal gain.
Both inputs and 6utputs of the breamplifiers are differen-
tial. Since~the Q—féctor of the speéimen—gap coils is low
kd 5.2) at a frequency of.lOO Hz, the coils are not tuned.{?'
Thus phase shift as ; function of opérating frequephcy is
‘not a problem. Also, nonlinear magnetization effedts can'
be seen, since the harmonic content of the signal remains
intact. | ~
| The outputs from the preamplifiers pass through
low-pass filters having variable cut-off frequency. They
are then amplified by separate variable-gain direct-coupled
differential amplifiers with-éinglefendéd‘outpuﬁs. Thec
. ‘twqiouéputs are then mixed by a différential amplifier
which has variable g&in for the null channel to effect an

“interference-nulling control. The mixed signal then passés

through a high-pass filter ha&ing g.variable'cut—off‘fre—'

L} . . ‘e
g . : L] -
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quoency. It goes to the input of a variable-gain A.C.
ampliticor,

From the output of the A.C. amplifier the signal

\
qoon to the inputs of two phasc-sensitive doto<gor\ which

A

arce gated by quadrature signals from a photocoll gqenerator
. v
on thesspinner shaft, The signal output of the detectors

~

is Dﬁ?.‘on which are superimposed A.C, components due to
gated noise and spurious signals. The D.C. component is
filtered by mcans of an integrator, one for thec in-phase
output and one for the quadrature. The integrated outputs

arc then measured by a pair of digital voltmeters.
.
<

4.5.1 Preamplificr N

All signal coils are connected in pairs, baianced
with rospec£ to ground. This arrangement minimizes elec-
trostatic noise pickup and requ’res that the amplifier hav¢
a differential input. 1t is important that all electro-
static Qickup be minimized, even if its frequency differs

apprec1ab1x frOm the signal frequency. This is because the
‘ ‘r\ T ] i
high gain Bignuwdamprﬁfners could otherw1se overload or the
v ‘A\‘\,‘ oA

noise input couy nonllhearly mxx with 1tse1f or oiher noise

in the amp11f1er to produce spurious output at the signal

S e

frequency. -

There,are two sets 99 signal coils in the speci-

men gap, one set to detect magnetic flux Variation Earallel

- U

to the applied field, another set for variatigns normal to -

.
- .
. [y '
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~

the field. Bach sot consista of two pairs of coils

N

located with respect to cach other and clectrically con-
\)
nected in such a way that gradients of signal flux vari-
. N

ation are detected.  Thus sfYurious magnetic variations,
usually from nxgornal sources such as 60 Hz power linaos,
transformers and rotadinq machinery, can be nulled sut
since their relative dradient is different f;om that of
the signal flux. Both\coil pairs feed separate differ-
ential amplifiors; as shown in Figure 4.24. ) j
The minimum signal detéctable is theoretically
limited by the random thermal (Johnson) noise qenerated
in the gpil windings and noise generated within the f;rst
stages of the nmplifier.. It was shown in Chapter 3 that,
for a given set-of coil dimensions, the signal-to-noise
fatio is independent of the number of ‘turns on the coil.
The number of turns is impbrfant, however, insofar as it

A

affects the relative noise‘generated by the first stages
.v': ‘

of the amplifier.

The best low—noise low-frequency amplifiers

~

emMploy a parametric amplifigdtion mechanism and are quite

complex, It was decided that, as a first trial at least,

a simple active device would be used for the first ampli-
*

fier stage. The noise figure of an amplifier is d!fined“

-

as the ratio between the signal-to-noise ratio at the

-

output of thé amplifier and the signal-to-noise ratio at

‘

its inpdt, expressed in decibels. Field effect transistors

'
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have the lowest noise fiqures at low frequencies between
10 Hz and 100 Hz. However, in order“*to achiﬂvo\a low
noise fiqurb with a field efféct device, it is necessary

that the generator have a relatively large resistance,

typically about one meqgo}fm. For an untuned siqgnal coil,

such a resistance requifes typically 100,000 turns. Not

only is such a coil difficult to wind and encapsulate,

-

‘but also the coil's self-capacitance maf approach resonance
withAfhe self~inductance‘at the signal frequency or lower.
In this case large currents flow internally, but the
external signal is small and has phase sharply debendent
on frequency. Thus self-resonance limits the useable .
number of turns per coil. It is also possible to maféh a

low~resistance coil to a field effectldeviéé through an .

¢legant low-noise step-up transformer. Such a device would

employ a thin-tape-wound nickel alloy core and sectional-
e - N\

ized high impedance secondary windiné

Fortunately silicon )unction trans{'tors are

available which have very gbod noise flqures, t e\st in

" the upper part of the 10 Hz to.lOO Hz frequency range,

aqé operate optimally with genérator resistances of about
' 4

000 ohms e signal coils were made to have reSAStances

Jof betwe'n 300 and 700 ohms per section. The number of
‘turns is hen small enough that there are no self-reéoﬁanceé

below abojht 3000 Hz. The active devices choseén. for the
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Pivast amplitior stage are 2N3906 PNP silicon annular trans-
’
tstors. Their typical noise ic‘\rncturi:at fes are shown iny
Figqure 4.25 (A) and (D). It for any reason, such as avoid-
ing scelt-rosonance, it were necessary to wind the coila with
cven fewer turns and therefore lower resistance, it would
ba possible to parallel the first-stage transistors in sach
a way that the optimum generator resistance is deocreased
]
by an amount depending on the number of devices paralleled
(Walton and Liu, 1971). At trequencies tor which the coil
4 8
/ . . s N
Tceactance due to inductance? is appreciable with respoct to
its resistance, the coil's positive reactance should be
cancelled by the negative reaetance of a capacitor if
optimum noise fiqure is o be maintained. If sories tuning
’ . - .
1s uscd, the impedance of the tuned cojil simply. equals its

resistance R . If parallel tuninq"is' used, the tuned
.

impedance "L, is givén by. .

Z= QR = . s (4.6%)

I

coil reagtance
¢ where Q =

coil resistance ‘

The signal voltage 1s simultar\e'ou‘sly multiplied by‘Q. " Thus

ono would not use parallel tuning where Q was less than
unity. ) A : ) ? _— LT

-

T T e T : o ced o
A circuit diagyam for t‘c.preampllfler.ls shown,
. . « - N .

. . o , i A '
in Figure 4,26.  Transistor Q5 ani,resistors R15, R16 and

€
§ 2
/ .
\
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Figure 4.25 (A) Noise figure for 2N3906 transistor
VS. generator, Fesxstancé'RgG‘_

f = 1000 Hz

Y
B

200 uA ‘ IR

~<
)]

5.0 Vv
T = 25°C.
A r

.
a

(B) Noise figure fQ£‘2N3906‘transistor
vs..fréquency f. : o .
R9= SOOQ . ) . ~| - ) “ R .

Other parameters are as in (A).

(After Motorola data):

\ ,
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"Figure 4.26  Schematic of the preamplifier.

f@istances are in ohms, capacitances in

microfarads.
_ o .

=8
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R17 form a current source which supplies 280 pyA. By
circuit symmetry, the transistor.pair Q1 and Q2 draws L

140 pA, as doas the pair Q3 and Q4. . Rosistors R11 and

R12 determing the distribution of this current in the
) B

1

fdrmor pair. Resistors R13 and Rl4 sorve the samo

tunction for theeslattor pair. Thus transistors 0l and Q4

"
"
.

carry a <olloctor current of 100 puh each, while oz and Q3
arry_ﬂo MA cach. This optlmxzos n01sc figure for the
ctran51§t0rs usced. 01 and Q2 form a cascaded common’
emitter paify-. (apééltor C5 shunts the emltter roa;stor
for. Q2 keeping its signal” frequency gain high. ' Negative _
feedback is applled to the cascaded pair via R7 and R9.

Thc closed~ lodp gain is approxlmatclg equalﬂ&

R7 * R9 o
K = = 100 . ‘%‘;' . ! ', 4”-1 (4.66) “/
R7 ‘ S "?‘4]/ ol . o
W
since. the open~loop gain is mych larqer than thls ratld/ ;

hY
Transxstors Q3 and Q4 are connected 51m11arly to forn the
if

: 7
other half q the@?alandéd dlfferentlal ampllfler. -R1

A

(N
through’ﬁ&f romidéaheaV£ crossover negative feedback to

(?’ “/

balance. and stabillze the opefatlng points of the two

i)

halves of the dlffepentlal c1rcu1t ' Thls negatlve feedback
' . «

'1s restrlcted to D.C. by shunt c%pac1tors C3 and C4 The .
. 51gnal coils are coupled to t&e 1nput through Cl and’ C2 ' pro
~The c1rcu1t is protectedrfrom damage due to hlgh voltage

-, v

tran51ents fzom the signal COllS by diofes D1 and 05
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nder normal opoerating conditions these diodos do not
“conduct. and thorefarevdo not interfere with circuit oper-
ation. Power for the clreuit is provide? by a pair of
OV.zinc~cnrbon battcrics. This nliminatus the 60 Hz

teedthrough which comes from mains-operated power supplics.

s
4.5.2 Main Amplifior

L]

The circuit for the main amplifier is shown in

Figure 4.27. Resistors Rl through R4 and capacitors Cl

a

through €8 make up a low pass-filter having variable cut-
‘off frequency. For the‘signal channel, ICl and IC2

) constituté:a hiqhHinput—impedance ampiifier‘havinq ba‘h
di%?erential input and outpuf. Gain is cthrolled by’

feedback rgsistors’' RS and R6 and bridging resistors R13

throu?g R15. R23 optimizes the common-mode rejection

ratio of the amplifiér} IC5 then provides 'a single-ended

A3 ' .

output for the signal channel. _{CG does likewise for" the

null channe};'fﬁ!‘two outputs are mixed by IC7. The null . \

“ o

.input is gain-controlled by R31 and R32 té'bptimize

- . ’ .

interference nulling, The ﬁixing amplifier'is-fkﬁgpw§d‘by

a vériable~tthff—freduency high-paéSfEiitqg;which'sgfves‘
to reject the ?ccumulated‘offset vqltages'of the operational

P
o

.amplifiers.pr%ceding‘it. The hﬁgﬁ*pass}filfer is followed -

.. by an A.C. coupled variable-gain ampPifiér. - Because of

‘the large-value feedback resistors,  the opgratfohal’§mpli— 

. it .

fier for this stage must have very law offset cursent.. .. .
“ . . . /1 ‘-J' \ “». ‘ . )

.
Y a . . K ot . : i ‘:. ; (A}

A ' o M |
. . N ] s -
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Figure 4.,27.

"

Schematic Qf the main amplifier.

Resistances are in ohms, capacitances in

microfarads. ..
P : .
>y A
. s ‘
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A-FRT-input amplifief is therefore used. Oscilllodcope mon-. -
“itoring is provide

Jor the outputs of IC5, IC6, and TC%I

LI N
. ‘

‘ 1 ~oow ,
4.5.3 Phase Sepsitive. Detectors ‘ 4 »

The circuit diagram for one channel of tha phase-

sensitive dotector ‘is shown in Fiqure 4.28. It is an' o .

adaptation_of the qatinq—type‘detector: This configuration
is relativegy inseneitive to referenCe-voltage‘variations,
unlike linear*multiplier—typeldetectors. ‘In its dsual form, -
the gatinc type.circuit‘is‘limiﬁed by ncnlinéarities fﬁ the
bridqe'éransformer and qaring diodee; *In thigqcircuit,

.the brlddﬁ transformer functlons are perfqrmed by opera-
tional- ampllflers in preclslon clbsed & 1O0pSs. -#he effects
of diode nonlineafities are greatly reduced bﬂ‘suitably

- 1
. !

placing the diodes .in feedback pafhs. A 'similar circuit

4 - .
. <. “ i
a

was* described by,Marzetta (1971) . ! L.
In drder‘that a small eignal may be.detected iw/

" . - ‘ 94' ) . ) . . . i
the presénce of'high—amplltude noise, it is requlred;thif

the detector have a good Operatlng e ﬁsion and hence
5w1de dynamlc range ,For ‘an, opera '0181on of 0. 0 %-

one should be able %o Jmeasure down ‘to about 10’ Vol

,W1th ‘a n01se level of S volt ‘To “dchieve th1$ prec'érpn'-;;
' " . y . ' ’\ <I1 )
‘it'is necessary that the.diodes.have a réverse’leakage

%

| — )
" P

. S © _a ' : ‘ p , _ C. :
current less than 10 imes the max1mum,forward signal. -

;21 ’ N\ 8
;:current., Also the Crltlfal feedback re51stoqs (marked N{V‘
l : .
by : asterlsks in the c1rcu1t) must have ratlos accurate to.,

. i ~ i 1 \ ‘I

_“ , . * ' ’. . . " »1}

a - ' . Ce .

" ' -"

»
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)

Fiqure‘4.28

“l

Schematic of one channel of the phase-
sensitive detector. Resistances are in
ohms, capacitances irr microfarads.

Resistances marked with ap asterisk are

speciaily selected units with 0.01%

- tolerance (sed text).

= N
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.;\tn . \
l-‘,t‘:‘:‘ )
lu‘t{or than 0.01%. The latter requirement was met by
seloct ing rosistors in sets {rom a*batch of 100 1% units.
They were matched tp better than 0.01% by bridge measure-
ment .
The circufit shown in Figure 4.28 cmploys tull-

viave dotoct inh ,' untike'the morce common r};ﬂf—wav(\ detoector,
Full-wave doetection offers immunity toﬁany D.C. componunt.
present in the signal input and permits casicr filtoering
of theo dotgctor output. Internal offsct voltages are
minimized by providing offseﬁjpullinq potentiometers for

-/ '

all opvrational amplifiers.” \

4.5.4 Integrator

—

The’qeneralized integrator circuit used 1s shown
in Figure 4.29 (A). It provides a 12 dB/octave ultimate
high~-frequency roil—off. For thg pdrticular ratio of
capacitors in the feedback éath,~the settling time of the
circuit is minimiged. The output approaches its final
value sémewhat more rapidly than with gqual;,valued capaci-
tors, and does so with negligible overshoot. Because large
resistors are G?Quired for long integrating times, it is
_ mRecessary that the oper;tiondl amplifier have very low
input offset current. Henc> a unit with a FET input is

used. .

€y
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Figure 4.29

(A) Generalized schématic of integrator.
3 . .
(B) 'Schematic of one channel of thelfignal
L

integrator. Resistances are in ohms.
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4.6 “esign of Spinner Shaft and Motor Drive

For all signal-sensing afrangemenﬁs other than
the magnetic moéulator, the siQnal‘sensitivify is directly
proportional to the rotational speed of the spinner shaft.
Thuq qlven that mechanically and acoustlcally tranamltted
v1brat10ns from the shaft do not beCOme a domlnant noise
source, the frequency for maximum sensitivity should be
as' high as possible. The struct%ral.strengthfof most rock
. specimens suggests that a rotétional fréquency of 200 Hz
.could be n;ed::J N ' ‘ .‘
4.6.1 sShaft Bearings
| The choice of type and lodation of bearings for
‘the shaft presented several problems. .Ball bearings are

suited to meet the mechanical requirements but cannot be

~

used near or within the transduder‘assembly becéuse of the

magnetic noise they generate. It is necessary, however,

to have bearings Quite’near the‘poéltion of the specimen on

the shaft because of llmitatlons 1mposed by uncontrolled

osc1llat10n o: "whipping", of the free end of the shaft

ry
In general a shaft of circular cross—sectlon whlch is

clamped at one end has.a fundamental allowed freéuency of -

v1brat10n equal to (Morse and Ingard, 1968)
!,i .
0.560 |Yy?| .
f1 = £ lz p ,

(4.67)

’
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[

1

whaore: [ length of bar o '

Y = Young's modulus

Y = radius of gyration = 4 diamotor
) ;

P = density

Thervefore the critical shaft lenqth for rotational
4

frequency ,f is
.

! - 0.748(1)*i (1.)*“ (4.68)
< f p .

Nonconductive materials must be used for the rotating

shaft. Those with high specific modulus typically have

Y/ P ~ lp7im2/seéz. Allowing a maxiﬁum shaft diameter

of 2.5 cm and a'rotatibnal!frequenby of 200 Hz, critical

length becomqs] : . _ ‘ - . e

L =0.235 m s | (4.69)

[

The actual shaft extension must be considerably shorter
- . - ‘ .

*than this beéau§e 6f the mass of the specimenvqnd holder

at its end, which do not cqntribute to shaft stiffness.
Supéoéé lojcm is a pe}misgible léngth.” This plaCes.thé
outermost bearing within the gap fringing area. Thus use ;
of baii'bearings is precluded, éspecially since tie insiqé

diameter would have to be 2.5 cm. Hydrodynahic begtings}

even with gmallef inside diameters, are impractiéalnatf

\

_these‘speeds‘because of high friction IOSSes,involveqfih

NG

|

.shearingithe lubricant. Hydrostatic bearings;»thqugh
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allowing smaller friction losses, incur such problems as
providing a sump for tha lubricant. Also, any bearing
*using a liquid lubricgnt is very much restricted in thé
types of hearing materials which are useable. Aerostatic
bearings were chosen because they could provide a recason
. ) o

able load capacity, use a f?adily available lubricant,
and run Qith cxcdecedingly low friction losses, ovén with
a large bearing diameter.. Aerosé§tig jgurnals can‘be
situated immediately adjacentﬂporghe rotating specimen
without any %aqneticaliy deléterious effects. The prin-
cipal requirement for bearing materials is that théy be

dimensionail? s#able. See Figure 4.30.
. The 1dad capacity of the journal bearings is
dictated by tﬁe cent ~ifugal forces produced by an of f-
bal@ncy/specimeﬁ. It is assumed that as a worst case, the
entire imbalance /ks~that of a 2.5 cm diameter, 2.5 cm
length cylin&ervwiﬁ;\;\Specific gravity of 3.0, spu; about
a diamepral axis 1.0 ﬁmcawéy from itéygeometricai center.

This is equivalent to 3.68 gm suspended 1 cm off-axis.

Therefore the radiak force incurred at:200 Hz is

E .= 4n2f%mr . A Loy

472(4 x 10%) (3.68 x 10” %) (107 %)

¥

‘5§.2 newtons * (4.70) .

The  air preSsure"available on the compressed air mains sup-

ply is 1.7 x 10° N/m?’. Based on this pressure and load

3
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Figure 4.30

*

1 n
¥ !
’ ¥
h
/
‘. / §
.
.-
rd
Y
-

Aerostatic journal bearings for the

s

spinner shaft.
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. AN .
capacity, beqrinq,jcurnal dimcnsions_can then be ghosen
from the qoncral performance graph of Flgure '4.31 (qucll,
1970). Tt ?as been cxpcrlmentally shown by Powell (1976%
that radial‘qeometric errors (manufacturing. tolerances) of
lesg than ono third the mean radial clearance h rcduge the
load ratlng less than lO% ‘Underdamped resonances of the
suspended'shaft mass N\on the radial bearing stiffness K

also reduce the load capacity. Thus we ensure that shaft
. : 4 .

specd is always below the first critical frequency

e A

’/2n M
\ jﬂ 1 1ﬁ7§ﬁ N
e o (__.__).- (4.71)
2n hAho :

O.Z-kg per. bearing

Assuming an effective suspended mass
and a radial clearance of 2.5 x 10 > m,\the first critical

fréquehcy becomes 719 Hz, which is quite tisfactory

; : )

/ The alr flow réqulred per journal is taken from |
L/

,fFigure 4.31. AE 90 cm /sec each the total flow is only"

180 cm¥/sec. Tﬁ#s 1s readlly prb<i::d .
. V&*lﬁ . B
| ‘ Frlctlgn power loss ﬂgga- urnal bearing is

e

(4.72)"

=IViscosity of air
-5 kg o
‘1.80 x 107! Yn sec

wl ;
it : . M



Figure 4.31 General performance of air joﬁrnal

.
[
»
[ ]
Y
.
- '}
e - &

e T

-

1

-~

bearings with simplé orifice feeding at

quarter stations. .

LY

(After Powell, 1970).
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(eccentricity ratio)

8 jets‘pSr row

0.251

(where L is the ldngth of the

2.5

“ Airflow®™is’

)

R

journal and £ iSJthe separation .
of thé jeté from.the‘bearingtedge)
N/mz |

1.7 x 105'\N/m2.

x:10"} cm '(ﬁéaring cleafance)‘

given in free volume at 15°C.
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Thus tor each bearing
L)
1 e

LB x 10 " (3 (2.5 x 1075 (0.0%) (4 x 10%)

0.201 watts ‘ («4.73)

Thin amount of power s readily 2upplicd Ly a vory small

0

motor, {

)

- The dimensions of the air jots are determined

from the required value of gauge pressure ratio:

\ o ""F:, .
Kgn T ——— : (4.74)
~ B P
‘where: Ppo= pressure immediately downstrcam from
the jets o
P, = line preéssure
P, = exhaust pressurc

Figurd 4.32 shows ®hg effect of K, on load coefficient for

three values of eccentricity ratio. The curves suggest

that optimum values of Kgo lie between 0.3 and 0.6, with

~

asmaximum at 0.4. A factor which places a lower limit on

-

Koo is whe consideration of choking of the feed holes.
Bearings with choked feed holes often exhibit aerostatic
instability. For air, the cfitical pressure ratio is

Pd -
— = 0.528 B (4.75)
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-
.

Figure 4.32 Typical 1oad.coeffidi¢nt vs. gauge *pressuYe

~ ratio for an aerostatic journal bearing.
A ¢ is the rotor deflection as a fraction of
»
. the total radial clearance.

(After Powell,
| 1970).
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Substituting this ratio into Eq. 4.74 weo got a lower limit
on K,
0.528 P
L o :
K o (4.76)
qo"m‘ P
1 —

For reasons discussed later in this section, the facing
ocnds of the journals exhaust into a vacuum line. Thia

further raises the lower limit on Kgo. Assuming porfect

vacuuma: \
K. = 0.528 (4.77)

Figure 4.33 gives the relationship between jet diamcter
and clearance for annular orifices. A value of Kg°'~ 0.6
is obtained by using'd =.3.43 X lOﬂz cm (the diameter of
a #80 drill - the smallest standardgize) an®\ h, = 2.5 x
10" m. Annular jets were chasen for}simplicity of

machining, since simple orifices invariably demand a

smaller bore d.

4.6.2 Spinner Shaft

One major requirement in desigAing the spinner
shaft was to keep the motor's time-varying jnd rotating -
magnetic fields from inducing objectionable ;iqnal levels
in the transducer. Accordingly, the separation of the

El ¢ .
motor and transducer shield was set at 50 cm, measured

between their closest surfaces. Provisions were made for
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Figure 4.33 Relation between jet diameter and clearance

for annular orifices. (After Powell, 1970).
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attaching a motor shield, should such have proven ﬁocessary.
The 50 cm scparation requires an extension\shaft 35 cm long
) A\

spanning the gap between the Permali rotor and the brass
motor extension, the latter in ball bearingg. The extension
shaft was to be kept of small diameter to miﬁimizotinduced
signal due to eddy‘currents. A minimum diameter is sc¢t by
the requirement that the shaft not be resonant at any of

its rotational speeds. The fundamental frequency of a bar,

* whether clamped at both ends or free at both ends, is

3.56 Yy 5

e

% - (4.78)

~

If aluminum is used, the critical radius of gyration for

a frequency of 200 Hz is

folz P ]

3.56 | Y

200(0.35)% (2.71 x 10%)%

3.56 (6.90 x 10" )5

.

1}

1.36 x 10 ° meters ‘ (4.79)

Therefore the cr?tical diameter is 5.45 mm. To allow for
a generous safety factor, the shaft diameter is‘12.5 mm.

. All compogents of the spinner.shaft and housing
which enter the”ﬁéin transducer blo;k are made of beeéhf§g;
laminations impregnated at high pressure with a phénoliéw
resin. This maﬁérial is §ommercially available under the

trade name "Permali” from Permali, Inc. Even the statory’ -

&
N

£ v,
> S
"



. -

§ men sits serves as a vacuum seal. his mounting i{rangement

L

)

: - /

/

component s cannot be made of metals because the eddy currents
/

‘ /
which result when a conductor vibrates in a magnetic fiecld
/
t o~ i

. ' /
gradient induce currents in the signal windings. These,

[

currents can be much larger than the coils' Johnson ngise.
/

Mo . . /
Lucite was tried as a shaft rotor material. It was found
Ly ‘ ‘ /
that residual magnetic and electrostatic/ﬁoments.within the
/

materia& rendered it useless. Coating the componeﬁt with a
/
/

conductive film did not help sufficiently. Alsovflucite did

!
not have sufficient dimensional stability to‘keqb the aero-

A
static journals within their required tolerances for extended
; )
periods of time. . Figure 4.34 shows the overall arrangement

/

of the spipner shaft and drive motor. /

B : .o /
The spkcimen cube shown in Figure 4/35 is also made

of Permali. The specimen isvaligned with f/siot in theléide
of the cube and is held with a nylon set-gcrew. The cube is
balanced about its’lhree orthogonal axes by removing material

from its bottom corners. The cube is ld,in Slace in the

specimen head by vacuum. Air is exhaysted through an axial

hole in the rotor and the rubber O- ing on' which the speci-~

‘holds the cube securely in place yﬁile spinning, a though a

slight tug is sufficient to remove Xt. e
- N . N {

‘3,6.3 Spinner Motor

The motor is a four-pole two-phase induction

machine designed to run with electrical input of 115 V at’

.
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Figure 4.34

A}

Overall arrangement of the spinner shaft

and drive motor.

[H
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Figure 4.35

-

Thrge views\of

the specimen.

] \
the Permali cube whgph holds

.
"



;b
v
s
o
o=
e n
(T
o q
! =)
F.
- Q
L~ ¢

o aligning- -aperture .

BOTTOM

.

/

SIDE

.

’ §§§§§&\ \

- TOP

‘tapped for set-screw

296

w



‘ \ \

\ )

297
. »

400 Hz. An induction machine was choséﬁ‘in preference. to
othér types because of the'mhshre of-its stray magneticm
fields. The stray fikld due to'each sﬁatorvwinding is,
of coursé, time' variant at the input frequency and, to somc |
eXtent) at its*harménics. Because there are four poles
on the statof, the ﬁotor's gap has a field which ro?ates
at exactly haif the input frequency, yith‘again so%e har-
monic content. Part 0f thi; rotating field also leaks out.
In order that a current be induced inﬁo the rotor windings
it is necessafy”for the rotor to "slip" with réspect‘to
the .rotating field.. That isv the shaft actuall% tgrns ag//’/#
somewhat less thén half the input.frequéncy. Thus, none
of the méjor.étaKOr'leakage effects are synchrofous with
the shaft rotation. . ] |

| The rotor is exéited at the slip fréquency,
- typically about 5 Hz. Therefore its field rotates at the
slipvfﬁequency plqs the shaft fFequenéy; which is just the

inpqtkfrequencyfl Therefore the rotor's;l? kage field has

déminﬁnt components at slip freqdénéy and at input frequen-

I \

cyY, ngi-héq ?f”which is,synchroﬁous with shaft fotation}
Syncﬁga:sns\interference¢ould,howgver{result from second-
- order éffgcfs;such as a permanén£ pglari‘ation or maqnetic
asymmétry.of the fétor. Other frequéncYIcémponénts Aust

also bé miniﬁized to keep amplifiefsffrom QverlOAding And-3 j$
to keep inlegrating timés::éQuﬁf;Q“fér noi§é rejectiod.

N
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‘reasonable. The motor is physically’small‘sinco only

minimal mechanical power is required, It stil}l aliows the

\ o T

shaft to reach top speed in about five seconds.

§

Because the signal from the instrument has

4.6.4 Motor Drive Flectronics : y
»

L)

amplitude proportional to the motor speedj and‘because
there are slight phase shifts within the electronic cir~ .\
\ ~ ‘

cuitry as a function of signal frequency, it was decided

that a motor speed reqgulator would be required. The

normal expedient of using a stable oscillator and amplifier

with some form of synchronous mﬁtor was not permissible

because of the signal- synchronou@ magnetlc 1nterference

which the motor w1nd1ngs would create. For 51m11ar rea—',“”

sons a D.C. servo motor was ruled out. The characterls—
. . '1.0 '

tics of the small induction‘motor which is used for the
' ‘ ]
shaft drive suggest that a servo which varies the fre-

quency‘of the drive to the motor, but at constant ampli-
Ve

A )
'

tude, is the most de51rable regulatory mechanlsm~

,ﬁu ~ A block dlagra? for the requlator is. showﬁ“b

F;gure 4. 36. Flgure 4.37 shows .the c1rcu1t dlagram

The motor speed 1s sensed by~ the photoelectrlc tachometer

:whlch is alsg used for gatlng the phase sen31t1ve detec—

Ltors in the 51gnal 01rcu1t The buffered output is used

as a reference to whlch the 0s0111ator within a phase-
4 2 '
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/

. .}
Figure 4.37 Schematic of the drive-motor speed regulator.

»

) All resistances are in ohms (K = 1000). -

All capacitances are in microfarads.

-
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locked loop is synchronized. fhe error voltage w{ich var-
ics the frequency of thié oscillator is hmplifiud and var-
ics the frequency of an independent vpltaqe—controllhd
oscillator, but over a much greater frequency deviation.
The output of this oscillator is then amplified, phasc
shifted, and fed to the motor windings. For the gains
chosen, a 1 Hi change from natural running frequeﬁcy of
the oscillator within the phase-locked loop causes A
change of about 50 HZ within the oscillator driving the
motor. During normal running, the ;fequcncy of drive
goes to its maximum of about 150 Hz until the motor
reaches its desired running speed. The servo then rapidly
" reduces the frequency of drive to its normal 115 Hz; This
allows appfoximately 10 Hz of slip frequency between the
motor windings and the shaft rotation. During normal
ruhning, the shaft drive freq%?ncy does not vary more than
about 0.1 Hz, or. about 0.1%. Even this gffect is largely
oscillatory and its conséquénces are rejected by the phase
sensitive detectors. Only long term drift within the

.
frequency—determininq elements of the phase-locked loop

requires periodic calibration with a standard susceptibi-

lity specimen.




CHAPTER 5

CONSTRUCTION OF THE MATN TRANSDUCER BLOCK

o

5.1 Preparation of the Pormalloy Striips

The laminations for the main magnetic circuit

and polepieces were taken from 2.5 cm wide, 356 micron

thick moly-permalloy tape coated with magnesia. They were
cut to length before annealing. For the outer portion of:
the maqnétic circuit all pieces are 33.0 cm long. The

pleces' for constructing the polepieces are 15.2 cm long.
The polepiece laminations were also punched with four . .
centered holes of (.64 cm diameter angd spacgd 4 cm apart.
Steel jigs were| constructed to support the stacks of lam~
inations in the annealing oven and thereby minimize warp~
ing and. bending. The 15.2 cm laminations were laid hori-
zontally in a steel channel bar with a 2.5 cm square,

15 cm long steel bar placed on top of them. The 33 cm
laminatiéns could not be placed horizontally becfuse of
the inside diameter of the oven. For this reasoh a jig
was constructed in which a wedge-shaped piece of steel,
forced down an incline by gravity, holds the stack flat in
" a vertical position. 'This method avoids the effects of
thermal expansion and resultant'strain incumred with

screw-held pieces. 7

N »
a
~
- \
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~
5.2 Anncaling of the Moly-permalloy

1
» All transducer components made of Permalloy 80 -

!

wore'dwnealea in hydrogen after the final cutting precess,
but before the assembly of the lamlnatlone For‘alloys

i
having porcontages of molybdenum greater than 2%% to 3%,
a single slow furnace cooling from about 1000'C at a rate
of l“C/minete produces higher values of maximum and ini-,
.tial permeability than aféf;gtained with the‘double treat-
ment of a slow furnace cooling and partial réheating fol-
‘lowed by air queeching at 1000°C/minute. The latter pro-
cess is preferable for elloys having lower éercentages of
molybdenum (Bozorth, 1951). For alloys having about ;%
molybdenum, cooling rates intermediate between slow furnace,
cooling and air quencﬁing produce optimum initi?l permea-~
bility. Accordingly, cooling rates of about lOOC/minute
were used.’

. The hydrogen atmdephere used for annealing eerves
as a deoxidizer. It is preferable to deoxidiiers added td\\
the alloy'melt because the latter leave fineférained preci-
pltates in the alloy and thereby depress permeability.

Durlng the anneallng proce;e the lamlnatlons were .
brought to a temperature of 1100°C in a period of about one

hour. ﬁﬂfter another hour at this temperature the COOllng

at about 10°C/m1nute was started.
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5.3 Assembly of the Polepieces |

The polepieces were assecmbled as 15 cm stacks
6f the 15.2 cm by 2.5 cm, 356 micron thiék laminations. .
They were coated with a very loQ viscosity thermosetﬁinq
epoxy resin (Hysol #2046), then stacked and bolted to-
goether with th;eaded nflon rods passed through the four
punched‘holgs.in each lamihation. Before tightening down
the nuts on these rods, the lamination edges which were‘to
constitute the poleface were aligfied with a very flat
block which was‘éovered with a thin sheet of polyvinyl
chloride. The nuts were the; tightened to squeeze out thé
excess epoxy fesin. .Ano;her flat block faced with a sheet
of vinyl was then plaéed on fhe‘opposite side of the pole-
, giock and the resin allowed to cdre. Before further assem-
bly, the four polepieces which weré to be used iﬁ pairs on

each side of the specimen gap were joined together with

epoxy and 0.5 mm spacers.

5.4 Assembly of the Magnetizing and Sensing Coils

Since the main magnetizing coils cquld not be
wéund in situ, they had to be wouné in éix separafé self;
vsupporting-sections. Each is reétahgular in cross-section.
Iﬂ plan view ﬁhey haé to be maQe‘quite rounded, réthér than
recfanguiar, in order that the wire woula wrap properly

around the core without requiring exc¢essive tension.
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By improvising a controlled-tension electrical.windinq
rig for the job, it wég possible to approacﬁ élosest—
spacing throughout the coils.

The coils were made self—suppor&}nq throuqgh
spot application of a‘riqid room~temperature~curing CpOXY
resin throughout the winding. Care waé taken that no |
completely enclosed vo;einzere thus creatéd. These would
"have prevented complete vacuum impregnation with the flex-

ible resin. PVC film served as a release agent to keep

»

the coils from attaching themselves{to the plywood coi
forms. Two.of ;hese coils are shown in Plate 1. N

All but one of -the smaller sensing coils were
also wound on plywood coil forms. Because of the small
size of the wire and the large number of turns per coil,
no attempt:was made to achieve clogest spacing. The coils
were made self-Supporting by winding them directly onto
pieces of electrical tape placed adhesive-side-out on the
coil forms;i Between 4 and 8 pieces of tape per coil kept
each_epe,JLite reasonably rigid. See Plates 2 and 3.

d ' Because of the very small size of the wire and
the great importance of avoiding vibrations within‘these‘
- coils, it was considefed necessary to'vaguum—impregnate
them individually with a very-low-viscosity polyester
‘thermbsetting‘resin. The resin' was podred onéq the coils

under a reduced air pressure of about 1500 N/m?. Just

I
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Plate 1

Plate 2

Two of the magnetizing coils used in the main
magnetic circuit. The white material is the
epoxy resin which was applied in spots to make

the coils self-standing.

Two specimen~gap sensing coils. This pair is
used to sense flux variations parallel to the

bulk field, and is connected to null externally-

‘produced fields.

N
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Plate 3 One of the pair of specimenrgap sensing coils

which provides the main signal for flux variations

parallel to the bulk field.

Plate 4 An unencapsulated subassembly consisting of a
pair of permalloy polepieces, a pair of barium
ferrite permanent magnet blocks, and one of the

magnetizing coils. N

i
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before the resin started to gel the coils were quickly
extracted and placed on sheets of PVC film. After the
cure was cemplete the coils were removed from the PVC
film. The electrical tape could then be removod since

¢

polyester re51n does not adhere to it.

'

5.5 Magnetic Bridge Subassembly

A subassembly was made of the balancing gap and
the thin-tape polepleces. It con31sts of four‘permaneng
magnet blocks (arranged lh pairs ahd separated by ceramic‘
pillars to form the balancing gap), one 15.2 cm square,
2.5 cm thick polepieee assembly, and associated magneti~
zing coils; Also ingluded arelthe aifernaking~flux—only

-

‘magnetic signal cores which go to the magnetic-sensor
cavities. 7 | ' ©
Figurers.l shows the components without the

coils and spacers. TheJSmaller polepiece assemblies con- it
sist of strips of 100 micren Permalloy 80 are were dssem-
bled and vacuum impreénated in separate molds before their
use in this subassembly. Two eohcenpgic magnetizing‘Foils
~ere'used'to make maximuﬁ use of avaiiable space.

'; The 'individual parts were assembledaln aiplywood
mold of the shape indicated in Flgure 5 1. The walls were
'made of 3.8 cm flr plywood : They we;e bolfed to avoid

distortlon glven the pressure gradlents present durlng the

vacuum impregnation. _All parts were 1n1t1ally located by
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Figure

o

5.1

Magnetic bridge subassembly.

(
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Ccoramic spacers comentoed in place with ecpoxy. Atter all
main parts were in place, tour tompm'ntnnwsmminq/ii()dma
wore placed in various locations within the b.’lvity, and
Ctheir leads wore passed through the mold walls.  The mag-
noetizing coils ‘.11:;0 hai/t‘lwir leads passoed through the
mold walls to ongblv them to be used as heaters during
th0>cnstinq\procoduro and to facilitate their subscquent
connection to the rest of the .circuits. THe remaining
cavities were then filled with glass beads and the mold
Senlod. It was then vécuum~improqnated following csson-
tially the same procedure as will be described for the
main casting. The compieted subassembly is shown in
Plates 5 and 6. Another subassembly consisting of a pair
»
of polepiece blocks, a pair of magnet blocks, and one of

the magnetizing coils is shown in Plate 4. The pieces

were cemented together but not cast.

A

5.6 Assembly o the Main Magnetic Circuit

-

Using the magnetic bridge subassembly as a base,

the central polepiece blocks, magnetizing coils, and the
L
ceramic specimen gap spacers were cemented in place, as

shown in Plate 7. The addition of one of the direct signal

coils is shown in Plate 8. Allowance was then made for the
spinner shaft by cementing in a 5.0 cm diameter solid PVC
_cylinder. This piece was first turned to a l.§ mm taper

and was coated with a releasehégeﬁt consisting of RTV

[N
/

SN
. TS
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Plates S and 6

Two views of the magneti¢ bridge sub-
assembly. Note the thin-tape signal
polepieces and the ceramic bar; used to
position the magnetizing coils within

/

the mold and also those used to anchor

the wire leads coming from the casting.
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Plate 7

\
Plate 8

179

One polepiece block and magnetizing coil has
been added to the maéhetic bridge subassembly.
The four ceramic spacers used to define the

specimen gap are also shown.

One of the direct specimen-gap signal coils

has beéﬁ added.
» \
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520
silicone rubber dissolved in tolﬂéne. Both the taper and
the coating facilitate the cylinder's removal after casting.
The éylinder was then covered with a thixotropic epoxy
resin which forms the inher surface of the shaft opening
and also serves to locate the two cross~field| siqnal
coils, as is shown in Plate 9. The two directwnulling
coils were then added (Plate 10), followed by the cross~
field nulling coils and outer polepiece assembly (Platés
11 and 12) . After the last magnetizing coil was in place

- the entire structure was placed on its side*aﬁd cemented
to one of the outer'shield walls, using suitable ceramié
spacers, as is shown VIate 13. The same piéture also
shows the wooden frame which was fo be used to hold the
outer magnetic circuit in place as it was being cemented
in. The’iaminations of the outer frame were individually
cemented intb-plaée with a room-temperature-curing epoxyi
The ends of all the laminations were overlapped~to afford
a-low-reluctance magnetic frame. Because of nonunifofmity
in placing the epoxy resin, the laminations would Aot iie
flat after they had been laid to a thickness of about 2 cm.
Therefore another wooden frame was periodically placed on
Qop of the partly completed magnetlc frame and weighted down
with heavy steel. bars until the.epéxy%had‘cured, When the

entire frame was completed and the epoxy cured, the wooden /

frame supporting the structdre was removed and replaced with
. * ) »

¥ ]
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Plate 9

Plate 10

0

The slightly-tapered PVC cylinder has been added.
It is to form the cylindrical c;vity to accommo-
date the specimen shaft. The cylinder‘has been

coated with a thixotropic epoxy resin into which

the pre-impregnated cross-field signal coils are

, )
)

' [X
The direct nulling coils have been added. -

embedded.
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Plate 11

Plate 12

The outer polepiece subassembly has been added.

A laﬁgw‘outer magnetizing coil is seen in the

background.

The cross-field nulling coils have been added.
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ceramlc plll‘r , as shown in Plate 14.

N\
‘the main magnetlc circuit was completed

Aﬁte
the 38 w1rds whlch accommodate the magnetizing c01ls, sig-
nal coils and temperature-sensing diodes were assembled
as shown in Plate lS, They are held to the shield wall

b
with dabs of RTV silicone rubher. This shield wall was
then bolted into place‘and all the wiring completeda
Four views of the wired structure are shown in Plates.

16 through 19. Also visible in these photographs is the

v

W

20-turn coil of #30 AWG Wi;e which was wrapﬁed onto one
‘ )

of the outet magnetic cir lt leg§ in order to measure

its effective permeability og‘the outer yoke both before-

and after encapsulation. \\
\ @,

After the other three\sides o§ the magnetlc
\ .
shield were bolted on to form a bﬁx, the entlre remalnlng

volume was filled with glass beads\to w1th&n 2 cm of the
top, as shown in Plate 20. The box ) rocked_back and
forth while being fllled to ensureht:3§;the g&assabeads
would fill every void they 'could. Plate”ZO alsy shows

- the two tapered wooden plugs which are uséh to fiorm the
cavities for the magnetic flux sensors. ‘ |

| The top of the traﬂﬁ%ncer box was filled w1th

;ceramlc bars rather than glass beads, as shown L? Plate 21.

Thls was done so that the epoxy resin, whlch-was admltted

through the top, would flow: freely across the tOp ‘of ‘the '’
A

',_«1.“‘.,, ’ 7 T N
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Plate 13

Plate 14

B
\i

|
The completed inner magnetic circuit‘assembly

has been placed on its 51de and, by means of
ceraﬂlc Spacers and epoxy re31n, is attached
to one of ‘the outer magnetic shield walls. A

wooden frame has been constructed on which the

-outer permalloy yoke will be as§embled.

Y
.

'The outer permalloy yoke-has been assembled and

3

the ‘wooden frame which, supported it has been

\

~ removed and raplaced. with Ceramic-pillarsf‘

\x. . T , ,§J"" o
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Plate 15

Plate 16

/
All signal coil, magnetizing coil, and tempera-
a
ture~sensiﬂ§-diode leads have been routed to
two 18-pin electrical connectors. The wires

are supported-by means of dabs of RTV silicone

rubber.

All electrical connections have been made and
the shield wall holding the electrical connec-
tors is bolted into place. Note the twenty-

turﬂ permeability-monitoring winding about one

leg of the outer permalloy yoke.
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Plates 17 and 18 Two views of the completed internal

transducer assembly.

7

v
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Plate 19 Top view of the completed internal transducer )

assembly.

Plate 20 Three of the remaining shield 6alls have been
bolted into place and the voids in the resulting
box are filled with glass beads. Note the two
wooden plugs which have been inserted to form .

{

the cavities for the magnetic bridge sensors.:

2
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cavity and then uniformly force its way down through the
glass beads. The top of the box does not contain'any
critical magnetic components which would require filling it

with glass beads.

5.7 The Vacuum Impregnation Procedure

After the shield top. had becn bolted into placc

the transducer block was lowered into a vacuum chamber.
Two plate heaters were p&abed against the sides of the
block and held with plywood braces, as shown in Plate 22.
Electrical connections to the plate heaters, and to the
magnetizing coils which would actvas heategs, were brought
out through the vacuum chamber walls. »Connections were
also provided for four témperature~sensing diodes strate- ’
gically placed within the transducer block.

. = A schematic diagram of the hydraulic circuit
uséd for encaésulati&g is shown in Figure 5.2. Ppremeasured
-quantigfggfbf-tQ¢ two epoxy resin components were simul-~
taneously mixed apd‘heated to 90°C in container A. At the
sahe'tfm; ahémberé C and H were evacuated by opening valves
F and G andlclosiﬁg B, b, and M. A pressure of about
1000 N/m? was,hgintéined. After the resin was thoroughly
mixed, valve E was shut and B opened slightly to admit the
resin into vacuum chamger C. Here it was ‘allowed to deaer-
ate for approximatgly lb mihutes.l Only a relatively sméll:

quanéity of resin could be introduced into the tank!at one

-

P
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Plate 21

: >,
Plate 22

while allowing for easier penetration of the

o»

The inside of the top of the shield box is

lined with ceramic bars which act as a filler
£

epoxy resin during encapsulation.

The shield box is sealed and éiaced in a

large vacuum chamber. Heater panels are put

"into place and all hydraulié and electrical

‘connections are made in preparation for

vacuum impregnation.
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N

Figure 5.2 Schematic of the hydriglic circuit used for

ehcapsulating’the main transducer.
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time because of the large volume occupied by the froth
which results from deaerating and also to keep' the hydrd—

static préssure at the bottom of the container reasonably

low. Valve B was closed just before container A was empty.

After the resin had thoroughly deaerated, valve F was shut
and valves E and D opened;‘qgmalatter'only slightly. This

~allowed the increased air pressure in chamber C to force

' . "
the resin through hose X and into the evacuated transducer

block at J. The block was kept evacuated through four
smaller hoses Y which were connected to four holes near
™~
the bottom of the shield box, passed twice through the
~

vacuum chamber walls in order that valves might be put on
each, end opened into the main vacuum chamber just over
an overflow container L. When tank C had almost emptied,

a .
valve D 'was shut and F opened to reevacuate the chamber.

!
It was then ready to receive apother batch of resin which
had been mixed in container A while the preV1ouS ‘batch

Yas be%ng forced into the trapsducer block. In all, five
h of Fhese overlapping cycles were required to completely

fiiluéhe block;.‘The ﬁniformity of époxy flow within the
’ block ‘was ev1dent from the fact that no resin appeared in
“any. of the overflow hoses Y unt11 95% of the free volume

w1th1n the block had been f111ed. As soon as re51n did

-start fIOW1ng through one of the hoses Y, - the approprlate

- . [

“,vaIVe K Was shut to prevent exceSSLVe leakage whlle still

1

Al

e

'allow1ng vacuum to*be applled v1a the hoses not overglow1ng.

P
.
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After imprecgnation was complete the hosés_xvund Ylworqu -
reﬁovod and the cqrresponding holes in the block wera
closed with th;eaded péuqs. .
| The temperature of the fransducér block had to
be caréfully requlated throughout the epoxy curing pro-
cess 'in or@er that it cure properly‘with a minimum curing

L3

stress. Also temperature changes had to be slow and uni-
‘form so that thermal stresses wguld not be excessive.
Afteé\the block was placed into the vacuum chamber, its
temperature was raised to 95°C over a time period of about
24 houfg- After impregnatién was complete, it was rémoved
from the vacuum chambeg and ,placed ﬂnto‘an insulated box
consisting of 10 cm thick styrofoam.; Here the block was

allowed to remain at 95°C for another 24 hours. Tt was
then allowed to return to .room tempéfature over a time
period of épogt 48 hours. The temperatures'within the

'block were continuously monitored by four temperature-

’

sensing diodes. It was noted that temperature diffefenc?s

?

of as much as'tsdé existea‘within the block_throﬁghout the
cufing process, and'cﬁring times;were extgndea to allow for
this. ' . . ‘
Affer the trahsducer block had cooled; the éQC;
cylinder and woodéq plugs were easily removed by -tapping

them with a‘hdmmer,
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The permeability of the outer pormalloy vohe wa,

" \ - .
measuted by means ol thes twenty-turn monttoring winding

which was placed on one leg of the yoho atter the lattor
had been ansemblod, Meoasurement s wore made bofore the

Vaouum improegnat ion and again, after the transduce: onea-

sulation was complete and the blbek had COOlend . ot h

measurement s indicate (l an effective p&rm(\.lbx Lity of about
- .
“n\

A
», 000,  This indicates thnb«é\cw ‘mﬂhitx ve permal ln» Com-
FRCR AT

'

o1

J

d ¥
ponent s woera net ?wrxoualy tﬂﬁ noé) im{ther olastically
. ©.

inclastically, during the ~5’i;c&psulnt ing process,
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Plate 23 Overall view of the spinner instrument with
its associated electronics. At ‘the far left
is the transducer block with its preamplifier.
The block is mounted on a sturdy table and is
isolated from the tabli by four rubber pads.
Nothing else save the éreamplifier is mounted
on this table. The spinner shaft assembly
(center) is mounted on the adjacent workbench.
Right of center can be seen the signal elec-
tronics, the motor speed regulator, and the

’

pulse~discharge power supply.
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Plates 24 and 25 Two views of the spinner shaft assembly.
The shaft casing is rubber-isolated from
a wooden frame which is mounted on two
ball~-bearing slides. The slides are

mounted on wooden bracketsiﬁhich are

5

;‘ ‘ bolted to the workbench. The slides allow
more than adequate movement to permit easy
access to the specimen head. Also visible

are the air and vacuum hoses Ahd electri-

-
¢ L]

cal cables to the motor an?”tachometer.
n N
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Plate 26 - The standard sélenoid, described in Chapter 7,

shown with four standard-size specimens and

the gpecimen cube. !

Plate 27 The instrument fdr bulk susceptibility. It is

described in Chapter 6.







CHAPTER 6
INSTRUMENT FOR BULK SUSCEPTIBILITY

\ Bulk susceptibility or, more accurately, axial
SuSgeppibility Ofwthe‘rock specimens is measuged by means
of a double-tuned differential transformer. 'No ferro~.
magne£ﬁc core materials are used, except for trace amounts
to eSsablish-balance.-"rhe instrument is shown schemati—'
cally in Figure 6.1. The two secondary halves are rela-
tively Eightly coupled to a portion of the primary, but
quite loosely to.each other. The txansformer windings
are tunéd to 9.8 kHz and are excited at that frequency.
Equal and opposite Qoltage9~are'in§uced in the two iden-
tical secondary windings. Thus, when the transformer is
balanced, the output is zero. Upon inserting a specimen
into the holder, the coupling between the primary and the
nearby secondary is increased (ié the specimen is paré—
magnetic or fe;roma%nepic) or decreased (if the specimen
is diamagnetic). 1In either case the off-balance voltage
is p;oportional to the sugc;ptibility of the-spécimen
_multiplied by its volume.

Fine-balancing of the tran§f6rmer i§ accomplished
iﬁy mobing a plece gf f%rrite“and a‘piece'of lead along thg

basé;plate upon which the transformer block is mounted.

For'ropghfbalancing, a loosely-coupled 6-turn winding is

;o ’
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Figure 6.1 Schematic of* the bulk susceptibildity

instrument.
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 placed nkar,secondary 2. VarYing the resistance across.

this winding éffects resistive balance while varying the

capacitance cffdcts reactive balance. -

N

ot A cross—sectional view of the differential

transformer is shown in Figure 6. 2.° The primary and ’ .

5econdary coils were wound on phenollc coil farms of
the dlmenblons gndlcated The coils were placed, with
their tuning capacitors, inside a PVC'cylinder. The

" cavity within the cylinder was then vacuum-impregnated

r

with an epoxy resin, leaving only a small cavity near
the top to accept the specimen. Primary and seConﬁary .
leads are brought’ out through the sides of the cylinder
and the balanCLng w1nd1ng is placed outside it.

‘The balance has been fQund to be acceptably

staﬁle tb a few mlcrovolts with a‘10 v drlve. The 1nstru~
ment is capable of meaSurlng, in 2.5 cm by 2. 5 cm cy11n~

‘e
. —~6
drlcal specimens; a Susceptlblllty of less than 10 mksu.

Slnce this is cons1derab1y less than the dlamagnetﬂc

susceptibility of most materiéls,pyirtuallyvany-Specimen

may b measured.

«  Diamagnetic susceptibility is readily distin®

guishkd from‘%erromagnetic susceptibility by noting the .
different direction in which the ferrite slug must be
moved in order to reestablish balance after the specimen

- is inserted. £ . ‘ '
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Figure 6.2 Actual-size cross-section of
susceptibility instrument.
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‘1s ea511y deducted from observed 51gnal levels.

I w . ,
\ { .‘ P
' o , ' CHAPTER 7

OBSERVATIONS ‘WITH THE NEW \\NSTRUMENT

-

I

7.1 Noise Levels in the Spinner Indt rument

\

For the observations pr/gsentedin this chapter,

the spcecimen-gap coils with axes parallel to the dpplied

'fleld direction were used as flux sensors. ‘It was shown

in Eq. 3.130 that the Johnson noise generated by these
coils.is equivalent to an apparent susceptibility aniso-
tropy of 4.4ﬁx 10—11 mksu measure? in a bandwidth of 0.1
Hz. This noise amplitude is 1nc§gased somewhat if coil
reactances are not tuned out. The first stage of the o0
emplifier also increases the.noise level. '-~

, ‘ AEigure 7.1 shows anla%rual 15~minute "observation
of apparent susceptibiiity anisotropy vs. time. ‘Only the
fluctuating COmponeht of the obserJgtion is shown. ’The
fluctuatlonéﬁs superimposed on a relatively stable D.C.
output, typically equivalent to a susceptlbllity anlsotrOpy
of about 4 x 10 ?~.mksu.x This' D.C. level results.largely

from offsets developed by the operational ampiifiers in the

main amplifier/énd phase-sensitive de}ectors. Their effect

¢

The shaft was spun without a-Spec1men and outside
|

the Specimen gap, The RC time copstantvof the integrators

.
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Figure 7.1  Apparent susceptibility anisotropy versus
time in a typicai 15-minute observation.

The shaft is spun outside the specimen qap, »

so the fluctuations are due to transducer and
A ) .

amplifier noise.

*
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wait set o at 10 gscocond:s, and theretfore the observed band-
|

width was aboat 0,03 M. For this bandwidth the theor-

otically pl‘mli(‘\ml noise trom the signal coils waned,

.

. -1
4 .
annuming zoero net reactance, would bo aRout A4 x 10

mksu, The signal was samplad at 10-segond intervals tor
s
the 1h-minute duration of the trace in Figure 7.1.  PFrom

these observations the rms {luctuation was computod and

-1 -
was found to be 4,1 x 10 mksu (3.1 x 10 (~111\x,/(‘n13).
This is only 4.7 dB above the theoretical minimum.  The
[

difforence can be ascribed to the coils' inductive reace-
. .
tance and to noise from thdé first stage of the amplifier,

_The noise Xeen ahead of the phase-sensitive

e

detaectors is dominated by power mains interference, mainly

at 60 Hz and 1860 Hz, with considerable noise from cyclic

switching transienta produced by line-operated electrical
equipment. The actual voltage at‘the siqnal-—sen’sinq coils
isA *about 20 mic:r;wolts rms. This corre'Spo‘nds to a lovel
equival(.}nt to-a susceptibility anisotropy Qf about 2 x ,10—7.

mksu. Adjustment of the nulling control will reduce this

level, but not by more fhan a factor of

thrde, since the

\

wideband nois¢ due to cyclic switching transients is not

readily nulled out compleiely withlcircuitry having
unbalanced reactances.

L] J

f’,The output from the phase~50nsitive detectors
shows no detectable change when the nulling control is

taken through its full range, except .that the amplitude

o . »" .
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calibration changes due to the gain change in the null
channel of the main amplifior.  Some signal is picked up

A
by the nulling coilsand varying the gain of the null

-
channel will “habge the output, signal., It is theretfore
necessary to recalibrate the outpyls ampl i-tll(l(‘ti with tho
standard solenoid whenever a constderable change in thoe
null-control setting is made.

" The rAtio between the powz}r~mains interfoerence
level of 2 x 1077 mksu and the observed rms fluctuation of
4.1 x l()-" mksu indicates that the dynamic range of the
phase~sensitive Hdetectors is about 5000, or 74 dB. It is
thorvforg: concluded that, if no tuned circuits or other
narrow-2band fi{terinq is to be used, the efforts to give

the phase-scnsitive detectors a wide dynamic range have

been useful. : Pl

7.2 Operating Sensitivity of the Spinne‘r - \

When the shaft with spefimen cube is sp'(m in the
. , . *
specimen gap, a rather large and steady susceptibility
anisotropy is indicated, even if the specimen cube is empty..

This anisotropy’isftypically 3 x 10" mksi and results from

2 -

the‘nonvanishing magnetic susceptibility of the shaft
materials. Thefsign%} from the shaft can be deducted from
the signal with the shafthlus—spécimen to obtain the

specimen signal.



|)()

In addition to the steady offsot due to shaft
magnetism, there is a fluctuation in the signal which i
attributable to both the specimen and the ::hafft . Pigure
7.0 shows an actual Ih-minute observation of suscoptibility
antsotrdpy vea. times  Asodin Figure 7.1, only the fluctua-
ting component is shown.  The shaft was spun with thoe
specimen cube and a rock specimen having a bulk suscopti-

”

D : -3 : .
bility of about 3 x 10 mksu and an h-~factor of about 1%,
It can be seen that the output would be retatively steady
for a period of minutes and then go through similar periods

. »

- . . v ' re
of cessentially monotonic change. The Telatively small

a

fluctuatjons during the paeriods of "steady" signal aroe
simifdr in magnitude to those shogyn in Figure 7.1, and
probably repreésent thermal ‘noise., The larger amplitude N

variations, which tend to be monotonic for periods Qf oho

-

to four minutes, are possigly.due to trace guantities of

ferromagnetic debris adhering to the surfaces.of the shaft,

specimen cube, and rock specimen. When the shaft rotates

in th? specimen gap, such ferromagnetic particloé are sub-

jected to.cohsiderable magnetic and aerbdynamic forces, and
their*resultinq‘movement could change the observed suscep-

tibility variat;ons. | '

. . .
The output signal. was sampled atglo-second inter-~

valsg for the 15-minute duration of theg tra*e in Figure 722.

. H

- 4

'Fggm these obsngatlons the rms fluctuatio was.computed

i-

Lt ) ‘ \

- a - . -

]
»
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Figure 7.2

v

Appafenf susceptibility anisotropy versus-
time in a typical 15-minute observat%oﬂ.

The shaft is spun with a rock'specimen‘ig
the specimen gap. Therefére mégnefic .

fluctuations intrinsic to the shaft and

specimen appear in the output.
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~10 ' _
and found to be 4.4 x 10 mksu, oOr about ten times the
. - /
observed transducer noise. ’ ' .
- ‘ ‘
when the specimen cube is re~orientoed to spin

“about a different-axis the handling which is requbred

" i A\

cconst itutes another souree of signal fluctuation., This .

’fluctuation could also be scaused by the forced movement

of tracce qudnt itles of ferromagnetic debris on the surface
' L) -~ -

of'the specimen cube. This hYQothesis is supportoed by

the fact that the observed fluctuations decreased by
,approximateiy an order of magnitude after the specimen
cube had been cleaned by soaking it in dilute hydﬁochloric

acid for twenty! mlnutoa This treatment is also given to

all rock . spoc1mena before measurement% are taken.

A series of 20 sets of measurement.~was taken on

1

the shaft with an empty spec1men cube. The mormal procedure
of stopping the shaft and re-orienting the cube after every

measurement was followed. The observed,1n~phase and quadra-

(l)
ture components of susceptlblllty anlsotropy were tabulated -
according to spec1men cube orlentatlon. ThlS g1ves a good

1nd103t10n of the re%eatablllty of the shaft 51qnal Results

for the three sp’in axes are shown in Tables 7. U B and C.

In each table, means and standard dev1at10ns are computed

y

for both in- phase and quadrature 51gnal as well as for thedr

vector sun. These standard deviations are equ1v91ent to rms
| N i ‘ - .

n01se occa51oned by handllng the spec1men cube.’ The noise

. 'y

£ .
(lwmputed for the three spin axes agree ‘te welé

A . . .
L . » . R A
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TABLE 7.1 Results of a series of 20 sets, of measurements

.“taken.on Ee spinner shaft with an empty speci-

2 o
B men cube. The routine measurement sequence wds
éolIowed. Readings are tabulated according to
spin axis. Standard deviations are $1so shown.
. . .
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TABLE

7.1A

104

Obsarvations with shaft and empty specimen holder (Axis 1),
All readings are in mks units.

Reading

@)

pumber (107« l()"'? )
1 4 A5 206
D 4106 189
| A6 182
4 A24 184
5 CA06 187
6 402 182
N, 4313 200
8 406 193
9 404 203
10 . 427 194
11 402 199
12 1429 218
13 431 205
14 425 180
15 396 180
16 387 177
. 17 406 183
18 . 423 192
19 424 201
20 407 217
Mean 415 194
values
/
A
x‘= (1% + Q%7 Py
! AN
ﬁ!.\ r."/
[
‘ —%
rms noise: {[X—X]}
Ay n
- hl—fﬁfﬁ
{[Q-Ql"}12
- . PN
s

L]

X [1-T)
(107 - (1077
490 '900
A48 81
454 ]
462 81
447 81
441 169
477 324
449 81
457 ., 121
464 144
449 169
481 196
477 256
462 100
435 361
426 784°
445 81
464 64
469 81
461 64
458 207

// .r' '
i
,f‘/{ fﬁ%w
N
A
‘! B (Y £
fi = R /
o t ¢
= 1.5%9 x 107 mksu
." . ¢
g i
= 1.44 x 10 mEsud
= 1.19 x 107 mksu

(Q-Q)*

.l“

&

[x-X)?
(107, (1077
144 1024
AR 100
124 16
100 16
A0 121
‘144 289
16 361
1 81
81 : 36
0 121
L 25 81
576 529
121 361
196 16
196 529
289 1024
121 fﬂ€69
© 4 T36
#49 0121
, ‘Wﬁi%f'
141 252
) {
)
. v



TABLI 7.1B 7

Observations with shaft and empty specimen holder (Axis 2).
Y OAlL readings are in mks units. -

L

et 712 =.2 v T2
‘Roading L Q- X [T IL - 1Q-01 lx‘%]
number  (107%) (107 (107" (10729) (10720 ¥ (10720

1 673 . 351 759 16 64 0
2 671 346 755 36 9 16
3 669 352 756 64 81 4 9
4 675 348 759 4 25 0
5 668 325 743 81 324 256
6 645 338 728 - 1024 L2500 961
> 7 700~ . 348 782 529 25 529
8 696 317 764 361 676 5
9 676 350 761 -1 49 .4
10 694 352 778 - 289 81 361
11 681 347 764 16 - 16 25
B 12 <675 342 757 4 1 : 4
Coa 13 683 343 764 . , 36 0 25
‘ .14 664 341 . 746 169 4 169
15 694, - 346 776 289 9 289
‘ © 16 676 338 756 1 25 4 9
: 17 685 351 770 &4 64 121
18 673 337 753 16 36 36
19 T 675 232 757 4 1 4
20 677 344 759 0 1\ 0
Mean 697 343 759 150 77 142
values » . '
* 1
X = (12 + Q%) \
= t Q7]
C o I - % =9 ' : P
Ims noilse: {[X*X]} = 1.19 x 10- mksu L
et ¥

1% - [ ‘ “ o
\{[I~Tf}4 = 1.23% 107 mksu§>
. \ .

&) -
g

- S T - . .1/2 '," X : ' .—9 .
o S0, . hQ-Q]} . = 0.88 x 10 - mksu
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TABLE 7.1C

“Observations with shaft and empty speCLmén holdo
readings are in mks unlts

G ALl

Read
num

ing
ben

N —
»

N2 R~ )

-

'3

e
at

I

Q

(1071 (107

215 222,
257 230
064 216
262 258
238 221
246 234
213 266
222 229
239 244
254 236
222 219
222 233
255 207
233 217
257 210
262 236
21 4 218
222 231

235 219
232 ' E™228

Gl
237 1229
»
0?1

i

]

n:

. ;
X
L ~10

(1077

.309
345
333
361
v 325
340
369
319
- 341
347
312
322
328
318
332
353

306 -

321 «
320
325

331

1.68 \x 107"
. Lo

1.61 x 10"

N

1.45 x 197"

(1-T)°
(107%%)

484
400
289

225

1
81
576
225
4
289
225
225
324
16

400
625
529
225

4
25

259

mksu
mksu

pksu

&

[Q-Q)°
(10720)

49

169"
841
64
25
1369

225
49
100
16
A84
144
361
A9
121

144

211

3606

(Axis 3).

—_ 2
[ X~X]
(107%%)

484
196
4‘,
900
36
81
1444
144
100
256
361
81
9
169
1
484
625
109
121
36,

282
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For the vector sum the average noisc is 1.49 x 10 mksu.

~

’ ' " ' [
The salient theoretically-predicted and observad noise .
levels arce shown in Figure 7.3.
For routine measurements, the shaft signals are

recorded with the specimon cube in its threc'positions. A
scequence of five to ten rock specimens is then measured.
. ' T 0.
" After this the empty-shaft measurements are repeated. .If

O‘ - P

they are‘within normal fluctuation limits of the pfevioﬁs
A : '
set, the means of. the two are used 4&s corrections to be

deducted from the readings taken with the rock sp®¥cimens.

\
-

1f Ehey should show a large variance Qith she preceding

Set, any Metervening rock measurements af .sufficiently low

amplitude 'are discarded. The specimen cube 'is then cleaned

N

and another set of readings ,is attempted.

'
‘¢

7.3 1Ins rument Output for a Geperal Susceptibility Matrix
: \

: ' <
1f a process has allgned the'magnetlc crystal - .or
graln ék s 1n a rock, or there exlsts a Statlstlcal allgn— '
ment of crystal or graln axes), then bulk specimens will be.
anisotropic.’ Assuming linear, reversible magnetization of
the specimen, the magnetizatfon along a set of three
orthogonal coordinate axes "is
\ - "M, = KaH, + K12H2+ KUH:‘ Co
. ' - \ ‘ - .
-, ‘Mz = Km + K, H, + J(stg’ ‘ i (7.11
; " . ~. \: .v,“/
'“;~= ﬁ% + ‘Kuﬁz '-Kuﬂs‘ o !

.
! C e ’ te
i M . - B
. . . .
. ‘¢ ' .
. R . M
.
B
.
'
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Figﬁre 7.3

v

14

A comparison of thé@reticélly—pred}cted

thermal noise levels with levels of noisg

and interfgﬁence observed in the ' |

A "

instrument. ,Power mains noise is Lideband,

) -
before phase-sensitives detection. ]Other
| ]
noise is measured with a bandwidth .of

0.03 Hz, or is predicted for that bandwidth.

¢

'

Py

PEY
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apparent
susceptibiity

anisotropy

mhsu (’m"/c.m“
107"+ 07T
10._] 1 10“8 -
107 . 10—9 4
%
10‘.9 1L 10—'0 e o3
-1
10110 4 . )lo T
%
B ¥ 4 .
10" 1071
ond

0L
%

Theoretichl rms

.
Unnulled power-mains Interterence

Nulled power-mains 0nlertevence<

-

Typtcil steady shaft signal e

Rma fluctustion due to

handling of specimen cube

Rms fluctustion due to

~

\ \

Observed rms noise with spoclmon-g'lp. colls

-

.

Theoretical rms noise from bridge solencids

noise trom magnetic helix

Tt

specimen and  cybe spinning In gap

Theoretical rms noise from lpoclmo‘n'-g-p-c'om

N b



Pigure 7.4 shows the generalized magnetizatioh and applicd
]

170

fiold vectors, as well as the coordinate axes of standard

spocimens, Suppose he t icld is ‘dppl‘i(‘.(l in the X, direc-
\\., —
tion. Then H [ H1, 0, 0}. ’l‘hor(\,’f()ro:
! P
M1 A Ky H1 (Jirect component)
T 7.2
) szHt ( )

e

[

M
M.’l

The anisotropic susceptibility is a property of the speci-

n

1

. ' -~
men and 1s a tepsor of sccand rank?

N

=

where i, 'j

—

X

n

KZ1. x?f

X

n

I' K
12

A

xn

Koy

—

J
13 a

I

J3J \
[

\

X

} {transver so’ componermM s)
H

" {7.3)

-~

-~
R +

1, 2, 3 refer to the three axes- about which

t'he specimen‘roéatés; Thg matrix is symmetrical about

the diagonal. . Hence:

’

’

X

12 21
Ky & Ky
Kys = K32

-

. When a specimen is rotated in 'the (i,j) plane,
~~ - ., i §

with the i-axis aligned with the shaft reference'mark and

perpendiéu}a{/to the

A L

applied field at tihme t

magnetic moment of the specimen.is -
: h ]

¥

{

-~

\

M i

=

f

0> the

3.



Figure 7.4

Generalized magnetizat
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Lo~ o 373 ¢
oAl . . ’ i ) - &
. VH : ‘ & " O
m =& — { (k. ~&. ) + 4&..2} S COS lk(m?‘w‘ 37 1) %
¥ S " ji ij 1 : g )
' 2 : : \ S
Y (_E ) Y
) o s
sin 26~ = - (7.6)
) i - _ 2 2 1/—2 AR
N .{(Kq Kii )t 45q‘} . oo )
s < . ' AR v
’ 28 Ki ~ ij {g 7) R A
cos 26~ = — a Lk v
i) fix, - 2o 4x~2;% ) ot .
R " 1 Y
A N 4
Y . ' ) ' LTINS
where: V = volume of specimen % R
. . . - . ‘ ‘!'l
H = apglied field iupgnsity\ \ﬁﬂ'" 25
, . . ' \. L I ‘- . ; . . :.
5“7 = phase angle of x & in tpe Yock* with § '
’ . regpect ﬁb max irmum SUSCeptibi%ity .
- i ) “"' s

. i .
. = .,
, /

The i gubscript is used to distinguish the terms 1nvoived"

from tenéor elements. \ .
. A ’
Let @t = 0 and §j; ‘= arbitrary. Then“Eg. 7.5
) | - Y
becomes: oo v .
VH T2 K7 '
e o o Y Ae 20172 _ .
Comp s - { (k=m0 + 4 2} cos .25} (7.8),
One can .now substitute Eq. 7.7 to=gptain: ' °
S VH ‘ S ' .
m; = - K =KD : (7.9
.2 * <

. . ) " r . .
- .This is the in-phaqf output. Call it'-IﬁuQ' !
S§milafly, let ot = m/4 and ﬁ‘.=.arbitgaryh

Then from Egs. 7.5 and 7.6‘one‘9btains: ’
/ : R ) ,
v“H | ’ * % ’ ' . L
“ TR e e——— .- . !. 2 %: o
1457 M5 = > {(“ﬁ_r“ﬁ ) h kg, V* sin 25 -
. ' ) ‘ » ‘ - . o . ﬂ ~ . . \\»»



\- © =VHxk, ‘ R L (110)

i

This is the quadrature output. call it Qij . Thus \\-from . ‘
. : | \ ‘ , 2 \
Egs. 7.9 and 7.10: . o
) : \
i .
21 ‘ ' :
Kn B Rli == ”~ (’-7“11)
. VH “ o
Koo= . —, N (7.12) |
i . VH A ‘ .
( . |
Spinnihg the rock specimen about its three -
" orthogonal axes will yield the following set of measured
values; ' ‘ ' © B .
B, =K, —Xy . Ky ' Ky - o o
Kz1 Az"=K22—Kn e K23 ' (7.13) ,
’ K}i N x32 A3 =](33—-]("~
' « L_ N H- . . o
. .\ . g ' , . - ) '
One then measures bulk susceptibility X o v N
X ¥K + K o A “ " .
Z' _ b | 22 33 | S SN -(7’-14) ,
- ;‘ . 3 " . ' . ‘; ' - . R .
- 9 . e ‘ o . .‘A .( €
_Thus one gets: . .
-— 1 _ - o . ' O '
Ky =X + 308, 84) o 9
K=K + 3(8,-8, ) - aas)
' s A : |
Kyg=% * 3(As- 4, o ,

_ #his, then, yields the susceptibility matrix of Eq. 7.3. ..

*

RN

LY I
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L}

In order to determine the principal suscepti- -
3 N - .
bility magnitudes and directions, we must transform this

latter matrix into a diagonal matrix:

" -~ _ R . | {/
X, 0 0 ¥
- / (x) = 0 X, 0 | ' (7.16)
“ 0 0 X
R (—4

Here Kﬁ Kb, ahd X . are the pr1n01pal Susceptlbllltles,

and the coordinate system of the transformed matrlx
.

defines the:orientation.of'the susceptibility ellipsoid.

7.4 Gebmetrica;JKeprésentation of a Tensor

b

,  »: A tensor can be usefully represented by, a

second-degree surface e111p701d or hyperboloid (Runcorn,

1967). . This surface is’ defined by:

& " - ‘ c!

qu‘x. =1 ) : . v (7.17) '
\Q\, n: ' ‘ o .
For a symmetrlcalitensdr"this beCOmgs, - : )
I( x1 +’ K x ’ 1(33 x3 -+ 21623x2 X, + mexsx‘ +'
L ' : SR o+ 2K 1z_"1 x, =1 (7.18)
- ' “
when referred to the principal axes; Eq. 7.18 becomes
' ) s .
e Kax? + Kpxl+ Koxh =1 ;
. w \ . \ : 1 1 ‘ ' . .
S 2, 2 2 ‘
or X, x, X, T Jax .

e i =1 . 1)



’n

Thus the seml axes of the representatlon surface have
;lenqths lﬁv’“, lA,f*, and l/\/-~ Thus if xa, X,, and X_

. |
are positnve, the surface 1s an elllpSOld

 Following the derlvatlon by Runcorn 1967 , it (
is seen that the: susceptlblllty elllp501d has two useful
properties: - " S ‘ “ ” .

-

1. The length of the radlus vector is the

- . .
a

\
inverse square root of the susceptlblllty

in that direction. " - o 4v~f-
. " B \ . .
2, If the Aapplied field is in the direction of
r ’ ’ . i S [y ' - ‘ -
a radius vector extending from the center

- of ‘the ellipsoid to & point P on its 'surface,

i

w

4 vﬁhen the normal at P.is parallel.to the
' ! ' . ' n \
‘ magnetization.
| : '
, i L Ty ,
7.5 Calibratiom' o P

P 3

”%?w"‘u The in-phase and quadrature outputs of the

Y 1nstrumenf?are callbrated with a standard solenoid hav1nq

e

n turns, cross—sectlonal‘erea A, and resistance R. The

method is similar to one using wire loops described by -
Noltlmler (1964') BT

Let the solen01d axis be al1gned w1th the

b
&

shait'reference mark;‘ The solenoid is spun .in the (i,j) *-
f plane w1th 1ts axis normal to .the applled fleLd at time

’tléVOT The voltage 1nduced in the sofenoid as it spins

S
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, . o ";‘ l’“\ "“ '," ’ . f : .
. R _ P
is then equal to . '
. ! P L ' —_— ' : .
o ‘ d(bf : ‘ . . o .
: 3 : N .
e = -~ N —= . T : v ~
, Lo, \ d1 } . )
‘ o d S .
= ~nNA— ‘ i , i
d'a(qo sin o t) | | A
, 5/’ '
i . N - 3 - ’
= ""A‘*’rBo ‘cos wrt' ‘ (7.20)

i

where Bo is the Bulk flux density in th\e‘specimen gap..

The coil is termihated,b'yﬁ a fixed resistance, normally
4 - .

bl -.'-‘.? T )

that_of a precision fésistor connected across the coil.

\ ' ) . \
. ‘ *
This resistance is assumed to be much larger that the

reactance of the coil at the signal frequencies used. = .

T

Then the solenoid cﬂrrent is . ;
‘ ‘ o
e
SRS
L=
R
/ +
: ) /
nAw 8) cos wt
= - - (7.21)
R
"‘Therefore the indnced'umagnetic;mpment?is
m = nj A g - N
\' L : l ' } A
. . 2 2. - .'. . ’. . .
n A erO o . o ) *
= - : cos @t _ 8 (7.22) -

R
. A
. ,

' The 'sensing- coils "see" only the compc}nent bf magnetic’

%

moment parallel tblthe applied field
m ="rlnl".s”i‘n @t
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2 ‘ o
nZA\ero : ' \ :
= - ———— sin 2 t" , . ©(7.23)
2R :

'The'anqular relationships of flux ¢, voltagee , current

i, and moment'm, are shown in Figure 7.5. It can be seen

L

that m. is maximum for the quadrature output (wt=n/4).

- Therefore:
I =0 : o o
C . ! | ' y
T nzﬁednBo ‘ , . (7.24)
Qc = - . . ' \

a 2R 7

" The values of n, A, and R_are of course, known parameters

. ) . G
of the standard solenoid. The angular velocity 'of the

shaft, &, , is readlly measured. The spec1men-gap flux

densxty may either be measured 1ndependently or 1t may g

i

be calculated from observat1ons taken with the standard

‘ sdlen01d. | , ' ‘_ ,

One standard so%enoid which was made for cali-

bratlon has 50 turns, a diameter of 2. 29 cm, and a serles .

)

re51stance of 3400 ohms. From 1nductance tables by Grover

A

h

(1946) it is seen that the coil has an 1nductance qf 42. 9 -

; mlcrohenrles. Its reactance at 100 Hz is therefore 0 027

.ohms and is completely neq{rglble 4in 'view oﬁgthe large

serles res:.stance .

A}
~

v

© In order t0 calfhrate the splnnef, one turns the,gb

(R

y.shait?' Dging in 1ts mountlng cradle wh11e the shaft splDS,

.
. L
i, - 4
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- theJ.r -respeetlve .max;mum, output 51gna'l's. . Thus &

3 L. W,
I ‘ . ~
R { o .
* e I . . | - agh
, Y . T . . c ' ‘

' . : i - '

is negativg., The 'instrument. is then cdlibrdted for ‘phase.
. *

Y\

It 1s callbxéted for amplltude by comparlnq the observed‘
quadrature outﬂut with that glven by Eq 7. 24 -Thls
establlshes the ratlo between an output voltage and the

‘magnetic moment whlch produces it. Then, g.om qu 7.ll

and 7.12 one can establlsh a ratio between output voltage.

and susceptibility ahisotropy.
- In.order to'calculate~bulk'field,30,.one places

. < . .

the‘standard'solenoid in'alignment with the signal coils

(ile} w1th its axis parallél to the appiled field if the

51gnai coils for parallel magnetlzatlon are belng used)

’ t

Whlle keeplng the solen01d statlonary, a current.

s{/~£a)t is passed through it. Then the'solenord Has

» . {
a magneth’moment o s Yoo
'f‘im-t",_-—-, nleSJ.n 2co 1‘ " '\ | (7.:25)
Then comblnlng Eqs. 7»23 and 7. 25 'it follows that . Jt
e SOy
¥ ,' ZioR L TS
B, =:‘L—u{ NAw & . S (7.26)
e S v e . P

Slnce both magnetlc moments ﬂl andrn"; have\equal ‘fre=
f '\
quency, the ratlo of the moments is 51mply the ratlo of

’

s

- & s1gna]." w1th rotatlng solen01d { 2: R

B o= e ;
\So ' } ,‘3‘1,gnal>' yglth -s‘l.tat‘lona'ry:sol'ehoxd_‘ , g_Aw,

4_°, } (7 ’%7)

\

’
"

AR T oAl , N

'5.»ThemaximumTéaplingtifi°bwas-thpsifound'tobe 0.12% tesla..
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7.6 Correction tor Oricntation of the Specimens in the

~,
A

[ \
()\lt(‘l“()l) '
A comput®r program which derives principal o

sunceptaibilbity magnitudes and directions from the out put
B

Al calibration imformation outlinded in Sections 7.1 and

~
} '

foh wan writton by Dreo Do 1. Gough.,  The directions are
Jiven -by an oazimuth measured clockwise from the dnwndip
divection of the specimen, and a dip measured downward fr1om
the specimen's downdip direction. A t.rmisformart ion is
included which eXxpresses directions also in terma ot the
North-&:h\‘st-—vort ical fiecld coordinate axes.
"iqure 7.6 shows a specimen having qenoral]zod’ ¢
orientation with rvspeét to the field coordinate axes.
. ) R AN
The measured susceptibility vector X shown in Figqure 7."'#
has directional cosines /(, m, and n relative to axes
t B
referred to the specimen axis and marks. Then'the horiz-

ontal grojotliims of 4 and m, and the vertical projection

of n onto the field horizontal plane and vertjcal axis arc

~N
»

L cosd + msind

[}

m = mcosd - {sind ‘ : (7.28),
n= n K : \\
If the horizontal préjection ,l of ‘the down-dip component ‘
makes an angle 68 with North, measured clockwise from North,

then the directional cosines of X on Nor%h-West~vertical

axes are:

. r
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Figure 7.6\* A rock specimen having generalized orientation

.
. \ \\\

with respeci to the field coofdinate axes.
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—,

Figufe 7.7  The measured spsceptibility vector X and its
components in three reference frames:
1. Strike, dip, normal-to-bedding.

2{-13€rike,'horiontal préjection of éip,_

..'vertica’l.‘ \ \\

3. North, wesR, veértical.

v
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vertical

0

.r‘—‘

s

(H.P = horizontal projectien) Ny

~
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h/é = /(COSO + n’siné ‘ 5
-~ = ,[cos d cos@®: + msin d cos@ + nsiné
m"-:-m'
\ : »
= mcosd - }(sind (7.29)
n“= n'cos@ - L sin@ ' v '|
(I
=@s‘0 - ,lcos d sin6@ - msin d 3iné
Relative to the speeirﬂen axes,? has an inclination,
L - ' ‘ ~ v
pPositive downwards, of .
. =1 ' o ' o
(91 = - sin m ' , ‘ (7.30)
and an azimuth 02 clockwise from A of
-1 R
6, = tan”'(+ ) ' (7.31)

2 l N /

Relative to north-west-vertical axes, l_c.has an inclination

6'" = -~ sin 'm” : “
-1 . » ’ ..
= - gin (mcosd -.{ sind ) 0 (7.32)
and an azimuth of ’ R
B 1 " s R ..
. 8= tain‘(--z,. - T

“n
.

,lcqsd cos@ + msind cos@ + nsing .

ncosf - ,'(cos d sin@| - msin d sind

- | ) e {7.33)
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7.7 Comparison with Torque-meter Measurements
e R |
A set of nine Specimens which hhd been measyred

. v . .
on torquemeteys were kindly provided by Dr. W. H, Owens of
\ .

the University of Birmingham. The d&rectignal"informati;n
provided by the torquémeters, béthklow—fieﬁd and high-
fiéfd,Qahd the spinner are shown in Figures 7.8 A, B, C
and D. The observed lineation, foliation, and other
characteristic amplitude parameters are compared in Table
'A~r in Appendix 1. 1In general, very good agreement/with
chg‘porquemetef feadings'Was obtained.

| It will be seen that forighe NIB specimens (all
alpha—numeric Spécimén designatidh§;a:e Dr. Owens') the

. . -
readings from-the spinner agree quite well with those from

)
'

the low-field torquemeter. The high—fdeld torquemeterf
values, howeQer, agree with neither._‘For the KAl3 spééﬁ—
mens, in contrast, there'is agre;ment wifhlthe high-fiéld
values.’ fhese results ‘are not suzgiifing since théwfield
‘employed in the spinner (0.125 T)'is intermediate bé€heen
the field in the low—fiéid torquemeter (b.Ol T) and that
'in the hiéh-field torquemeter (0.50 T);‘ For the SI.and
SF specimens boﬁh éorqqemeters‘;né the spinner are sub-

.

stantially in agreement. - X . Y
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%
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'

Figure 7.8° Directional plots of the& maximumﬁ intermediate,

and minimum susceptibilities of the specimens

. supplied by Dr. Owens. Sdffixes‘ﬂ, L, and S

indicate whether the measunemen% was made with

toa

i the high—field torquemetér,-low-field torque-

meter, or spinner magnetometer, respectively.

(A)
(B)
(©)

(D)

'KAl3 specimens . o

'

SI specimens
SF spetimens

NIB §pecimens

® maximum = »
A intermediate

O minimum
: C e

P -
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. \
7.8 Measurements on Cardium gpecimens - ‘
\9 . ‘0

A suite of spe¢imens was collected from the

Cardium 'Sandstone formation of the Rocky Mox‘alns
foothills. It was initially tried to make measurements .

on these spec1mens us1ng Dr. J. W. Grahar{'s A.C. bridge '

. .
spinner instrument. However, it was %ou

[

that many of
the spec1mens produced signals not much greater than the

n01se levil of the 1nstrumept and proper measurements

r

' were therefore impossible. = ¥

= .
LN

. o ' The directional values, as measured by the

Qew‘spinner are listed in Appendix 2. The amplitudi[

parameters are given in Appendix 3. The fold whlch was.

vy

sampled is shown on the map in Figure 7.9. - It was noted

that the susceptlggllty maxima and 1ntermed1ate values )
~

-were, scattered around the beddlng plane, whlle the minifa

f
clustered about’ the normal to the beddlng plane., Thls

‘1s commonly seen with Sedlmentary rocks. o examlne

~

the Qntput for»aTz\:orrelatlon with the a formatlon pattern,.

; the spec1meTs were 1v1ded ;nto croups according to whlch
11mb of the fold they came from (refer to map) It was "[‘
then 9een that there" Qas a very stxfong clusterlng of «
the susceptlbllity maxlma as referred"? the Spec1menlaxes;;
Thls 1mplies thap,the deformatlon had a major effect on: tT‘

the susceptlbillty patterns. The currelatlon of the'?-,-m-lr}

maxxma w1th thewdown-dip dlrection of the/Spec1men, rather




Figure 7.9, Map

-

showing locations from which the Cardium

Sandstone specimens wer

a

i

e taken.
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~ T 30y

than with field ovientation implies that gravitational
Al '
’ n.
cftects during or subscquent to folding contributed to the

qrain~aligning mechanism. Theso effects are possibly

related to the gravity-~-slidjng mechanism proposced by

Graham (1966). Since thy/orientation of the maxima with
enpect to the ddip s not. constant along the fold, it scoems

that another aligning mechanism is superimposed on the o,

A

quVj(J¥iOndl oﬁo. Perhaps the oricinnlldepositiohal align-
ment was involyod in‘this way. The maxima for limgs 1, 2
and 3 of the fold are shown in Figures 7.10, 7.11 and 7.12,
respoectively. ' !

The orientation of all su3cept}bility minima and
intermediate values far specimens having q less than unity
are shown in‘Eiqures 7.13 and 7.14.- For those specimens
‘having q greater than unity, the minima and intermediate
values are not Qell defined and show considerable scatter.

- -
[t is worth noting that the six minima not included in the

tight cluster- about the bedding normal are located in the

s . ‘: ) .

bedding plane, rather théh\Peldg rasdomly distributed. For
~_ }

these spegimens, {?@ intermediate values are aligned with

the normaT’€8~BEdding. All maxima observed lie on or near

the bedding plane. Possibly two grain alignment mechanisms

were invelved and one or the other tends to be dominant.

Alternatively, the grain alignment mechanism might have

permitted the short axes of gfains to have two stable

4

orientations, or, more likely, one stable orientation and
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A

Figure 7.10 Directional plot of susceptibility maxima
.~ of specimens from Limb 1 of the fold.
The maxima cluster about a direction about
45° counter;clockﬁise from the down-dip -~

direction.
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Figure 7.11

Directional plot of susceptibility maxima
of specimens from Limb 2 of the fold.

The maxima cluster about a direction
approximately parallel to the down-dip

direction.
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Figure 7.12

[

’

-

Directional plot of susceptibility maxima

of specimens from Limb 3 of the fold.

.The maxima cluster about a direction about

45° clockwise from the down-dip direction.
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Figure 7.14

N

N

Directional plot of susceptibility minima of

’

however, appear néar the ,plane of bedding.

the Cardium Sandst

Y

one specimens.

Most of the |

directions of ‘minimum susceptibility cluster’

around éhe normal to bedding. A few minima,
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- one which was metastable. . L

B 3 4108

-
\
\

) Al

All specimen numbers, with guffix "W" indicate a
T . \ ‘

second core from a sing}e block sample. Thus two cores

hav1ng the same numerlcal de31gnatlpn'were in ‘essentially
N

the same beddlng plane and were quite close tOgether in

’

"the@rock formation. They should €herefore have essen—

tially the same susceptibility pafameterg, at least if
the magnetic febriqris an extensive one. It 'can be seen
from‘Fidureé 7.10 thfough 7.%4 that therewis eicellent‘@
aéreement between tHe‘orientations of,the\su5cegtibilityf
ellipsoigs of such core pairs, usuallf within a few
degrees. spppendiy 3 shows,ttet the ambiitude parametexs

derived from the susceptibility.ellipsoids of these

.Spec1men pairs are,»in general closely coﬁparable.

Thls is not 1ntended to be a deflnltlve study of

)

this rock exposure, but only' to be a test of the practlcal
utlllty of the 1nstrument. The results demonstrate ‘that
further work on the Cardlum Sandstones should be rewardlﬁg

\}- : v ’ﬁ
| ‘



3

.") ‘

/

°
-, Clark, H. A. and P. B.'Vanderlyn,(l949): Double-ratio

B ‘ 3 409

BIBLIOGRAPHY,

i
v

Balsley, J. R. ,and A. F. Buddington (1958): Iron tltanlum_
Y oxide minerals, rocks and aeromagnetlc anomalje
.of the Adirondack area, New York Econ. Geolog
" 53, p. 777-805. ‘
Berapek L. L. (1954): Acoustics; McGraw-Hill, New Yérk,
481 pp. : ‘ ‘o ’ '
B )
Bhattacharya, P. K. (1950): Magnetic anisotropy of sedi-
‘ mentary rocks; thesis, California Institute of
Technology. ‘ ~ N

Bittel, H. (1969): Noise of ferromagnetic materlals,.IEEE
" Trans. Magnetics, 5 p. 359-365. .

£

Bozorth, R. (1951): Ferromagnetism; D. Van.Nostrand Co.,

Princeton, N. J., 968 pp.

\

' Brophy, J. J. (1958): Magnetic fluctuations in molybdenum

permalloy, J. Appl Phys., 29, p. 483-484.

Callen, H. B. and T. A. Welton (1951) Irreversibility
.., . and generallzed noise; Phys. Rev., 83J‘p. 34-40.

S A. C. bridges with inductively-coupled ratio )
' arms; Proc. Instn. Elect Engrs., 96, Pt 1, .
p-. 365*378 Lo ‘ Sy

T

Crlmes, T. P..and M. A. Oldershaw (1967) Palaeocurrent
Q. determlnatlons by magnetic fabric imeasurements
- on the Cambrian rocks of St. Tudwal's Penlnsula,
. North Wales, Geol. J., 5, P. 217 23¢.

Della Torre, E.. and C. V.. Longo (1969) TheQElectfo-

. . magnetic Field; Allyn 'and ﬁacon, Inc., Boston,“
., - Masd., 739 pp._ - ‘ .

L

Enoéﬁ}JR..D; and A. R W;nterborn (1967) The . effeéi of

sheet: thlckness on the magnetic propertles of a

‘ "high’ permeablllty Ni-Fe~Cu-Mo: alloy; in Magnetic -
iy "Materlals and their Appllcatlons, The Instltutlon'

' -of Electrlcal Englneers, London, p. 123 -139.

~



410

Eyvant, Bo AC (1960) ¢ Temperature-controlled permanont
¢hagnet tor l\iqlrr(\solm‘ion nuclear maqn(v\.ti(‘
resonance; J. Scio Instrum., 37, p. 353-15%,
L3
. ¢
Paller, Mo Do (1967): The AL C. bridge; in Meothods in
Palacomagnet ism; od. D. W. Collinson, K. M.
Crecr, and S. K. Runcorn, Elsevier Publishing
Company, Amatoerdam, p. 403-408. . ’

Faller, M. D, (1963) 2 Magnoetic anisot ropy and paloeo-
magnet ism; Jx ‘Geophys. Res., 68, p. 293-309,

Faller, M. D, (1962): - A magnetic fabric in till; Geol.
Mag., 99, p. 233-237,

.
Fuller, "M Do (1960):  Anisotropy of susceptibillity and
the natural remancent magnetization of some
Woalsh slates; Nature, 186, p. 790-792.

‘Galehouse, J. 5.0 (1968): A test of the method using the
anisotropy of magnetic susceptibility as a
palacocurrent indicator; Geol. Soc. Amer.
Bull., 79, p. 387-390..

Girdler, R. W. (1961): The measurement and computation
of anisotropy of magnetic susceptibility of
rocks; Geophys. J., 5, p. 34-44.

~

: . A .

Graham, J. W, (1967): Preliminary account of a refined
techhique for magnetic susceptibility anisotropy
measurements of rocks; in Methods ig Palaeo-
magnetism; ed. D. W. Collinson, K. M. Crcer,
and S. K. Runcorn, Elsevier Publishing Company,
Amsterdam, p. 409-424. e 5@5 ‘

Graham, J. W, (1966): Significance of magnetic aniso-
tropy .in Appalachian sedimentary rocks; in The
Earth Beneath the Continents, ed. J. S.
Steinhart and T. J. Smith, American Geophysics
Union ‘Monograph, 10, p. 627-648.

Graham, J. W. (1954): Magnetic susceptibility anisotropy,
an unexploited petrofabric element; Geol. Soc.
Amer. Bull., 65, p. 1257-1258.

Granar, L. (1958): Magnetic meﬁgurements on qudish
- varved sediments; Arkiv Geofysik, 3, p. 1-40.

1

»



\

-t

+

i

N N I\.
‘ , v Al

»
traver, Poo W, (1946) Inductance Calculations; Db. Van
- Nostrand Co., Ince., New York, 286 pp.

Hamilton, N. (1967):  The offect of magnetic and hydro-
dynamic control on the susceptibility aniso-
tropy ot redeposited silt; Jour. Geoloay, 75,
p. 13R=T743, '

Hamilton, N. (1963):  Susceptibility anisotropy méasure-
ment s on some Siturian siltstones; Nature, 197,
p.o 170-171. ‘

Hamilton, N. and A. 1. Rees (1971): The anisotropy of
magnetic susceptibility of the Franciscan
rocks of the Diabld ?n7o, central California;

. Geologische Rundscha 60, p. 1103-1124.

Hamilton, N., W. H. Owens, and A. 1. Rces (1968):
l,abﬂraf‘%)ry experiments on the production of
grain ortentation in shearing sand;, Jour.
Geoloqgy, 76, p. 495*472.

Hanson and Tuzinski (1959): Strain gage evaluation of
flexible epoxy resins; NEMA and AIEE, Second
National Conference on Application of Electri-
cal Insulation; Washington, D. C.

Hargraves, R. B. (1959): Magnetic anisotropy and rema-
nent magnetism in hemo-ilmenite from ore
ddposits at Allard Lake, Quebec; J. Geophys.
Res., 64, p. 1565-15784

Hiquchi, T. (1970): A,statistical model of core noisc
in half-wave push-pull magnetic amplifiers;
IEEFE Trans. Magnetics, 6, p. 847-849.

Hrouda, F. and F. Janak (1971): A study of the hematite
fabric of some red sediments on the basis of
their magnetic susceptibility ‘anisotropy:
Sedimentary Geology, 6, p. 187-199.

Irving, E. (1964): Palcomagnetism; John Wiley & Sons,
Inc., New York, 399 pp. .

Irving, E. and A. Major (1964): Post-depositional.
detrital remanent magnetization in a synthetic
sediment; Sedimentology, 3, p. 135-143.

' - - .



A1

lhing, GO0 (1912): On the magnetic properties of varved
clay; Arkiv Mat. Astron. Fysik, ;PA(%), p. 1-37.

Kawanishi, K., K- Iwasawa, and A Sasgaki (1972): Noisc
reduct ion in magnetic modulators by using two
frequency excitation; ITEEE Trans. Magnoetics,
8, , 1. 301, ‘

Khan, M. AL (1962): The anisotropy of magnoetic suscept i -
bhility of some igneous and metamorphic rocks;
J. Geophys. Res., 67, p. 2873-2885.
: 5
Kin&} R.o Fo (1966): The magnetic fabric of some Irish
granites; Jour. Geology, 5, p- 43-66.

King, R. F. and A. I. Rees (1962): The measurement of
the anisotropy of magnetic susceptibility of
rocks by the torque method; J. Geophys. Res.,
67, p. 1565-1572.

Kirke, H. L. (1945): Radio frequency bridges; J. Instn.
Flect. Engrs., 92, Pt II1, p. 2-7. -

Kroon, D. J. (1968J: .Electrgpmagnets; Boston Technical
Publishers, Cambridge, Mass., 252 pp.

Latimer, K. E. (19%3): Non-linearity in magnetic core
materials at low field strengths; in Soft '
Magnetic Materials for Telecommunications,
ed. C.-E. Richards and A. C. Lynch, Pergamon
Press Ltd., London, p. 38-50.

Macfarlape, G. G. (1950): The spectrum of Barkhausen
gnoise in a magnetic modulator; Appendix 9.2, in
The fundamental limitations of the second- '
harmonic type of magnetic modulator as applied
to the amplification of small D. C. signals,
F. C. Williams and S. W. Noble, Prot. Instn.
Elect. Engrs., London, 97, p. 459.

Marzetta, L. A. (1971): A high performance phasc-
‘sensitive detector; IEEE Trans. Instrum. Meas.,
4, p. 296-301. :

Michelson, P. E. (1952): Electrical Engineering Prosem-
inar Course Work; Carnegie Inst. Wash. Publ.,
Dept. Terr. Mag. ' - ' il



i/ ’ 4 1 ;
i

/ n

Moono%, H. M. and R. Bleifuss (1953): Magnetic suscepti-
[ bility measurements in Minnesota, part II, ana-
./ lysis of field results; Geophysics, 18,
// p- 183-393.
Mny:lxh, AL . and S. Yu (1955): Dependence of the
/ ~r®ocrcive force on the grain size and the den-
sity of some iron oxide powders; J. Appl. Phys.,

“ 26, p. 1049-1055.

B N

Morse, P. M. and K. U. Ingard (1968): Theoretical Acous-
tics; McGraw-Hill, New York, 927 pp-.

Noltimier, H. C. (1967): Use of the spinner magnetometer
for anisotropy measurements; in Methods in
Palecomagnetism, ed. D. W. Collinson, K. M.
Creer, and S. K. Runcorn, Elsevier Publishing
Company, Amsterdam, p. 399-402.

Noltimier, H. C. (1964) : Caiibration of a spinner
magnetometer with a wire loop; J. Sci. Instrum.,
41, p. 55. '

Polder, D. (1953): Physical aspects of losses in soft
' magnetic materials; in Soft Magnetic Materials
for Telecommunications, ed. C: E. Richards and
A. C. Lynch, Pergamon Press Ltd., London,
p. 74-89.

\Porath, H. and F. H. Chamalaun (1966): The magnetic
~anisotropy of hematite bearing rocks; Pure and
Applled Geophysics, 64, p. 81-88.

Potter, P. E. and F. J. Pettljohn (1963): Paleocurrents
\ and Basin Analysis; Academlc Press Inc., N. Y
| 298 pp. .

Poﬁell. J. W. (19709= n of Aerostatic Bearqus,
‘ Machinery Publishixg; Brxghton, 280 pp.

Raylé1dh Lord (1919): On the problem of random vibrations
\ and of random ghts in one, two, or three
\ dimensions; Phil. Mag., Ser. 6; 37, p. 321-347,
Rees, A. I. (196§) The production of preferred orien-
" tation in a concentrated dispersion of elongated
and flattened grains; Jour. Geéology, 78,
P. 457-465. , .

»



414

Rees, A..T, (1966): The effect of depositional slopes on
the anisotropy of magnetic susceptibility of
laboratory deposited sands; Jour. Geoloqy, 74,
p. 856-867.

Rees, A. TI. (1965): The use of énisotropy of magnetic
susceptibility in the estimation of sedimentary
fabric; Sedimentology, 4, p. 257-271. ‘

Rees, A. I. (1961): The effect of the watef currents in
‘the magnetic remanence and anisd%ropy of
susceptibility of some sediments; Geophys. J.,
S, p. 235-251. .

. 4
i@ees, A. I., U. von Rad, and F. P. Shepa;3\$¥968):
S : Magnetic fabric aof sediments from the La Jolla
Submarine Canyon and Fan, California; Marine
Geology, 6, p. 145-178.
Runcorn, S. K. (1967)5 .The anisotropy of magnetizatijion
of rocks; in Methods in Paleomagnetism, ed.
D. W. Collinson, K. M. Creer, and S. K. Runcorn,
Elsevier Publishing Company, Amsterdam,
p. 353-360. ’
< : t '
Rusnak, G. A. (1957): Sand grains under "unidirectional™”
fluid flow conditions; Jour. Geology, 65,
p. 384-409. r

de Sa, A. and L. Molyneux (1963): A spinner magnetometer;
- J. Sci. Instrum., 40, p. 162-164.
“

Scouten, D. C. (1972): Sensor noise -in low-level flux-
" gate magnetometer; IEEE Trans. Magnetics, 8,
pP. 223-231. ‘ ‘

Seymour, R. B. (1972): Fillers for polymers; Modern
Plastics Encyclopedia, 49, p. 382-388.

Spotts, M. F. (1964): - Mechanical Design Analysis;
0 Prentice-Hall, Inc., Englewood Cliffs, N. J.,
* 428 pp. : _— ' '
Stacey, F. D. (1967): The Koenigsberger:ratio and the
« - nature of thermorepanénce in igneous rocks:
Earth Planet. Sc. Letters, 2, p. 67-68.

~



415

/

‘Stdcoy, F. D. (1963): PhYsic 1 theory of roc magnetism;
Advances in Physics{ 12, p. 45-133.

Otfopy of .dispersed s

Stacey, F. D. (1960): Magnetic ani
13, p: 196-201.

powders; Australian.J. Phys>

\

Stacey, F. D. (1960 - a): Magnetic anisotropy o cous

rocks; J. Geophys. Res., 65, p. 2429~2442 ‘a
Stacey, F. D., G. Joplin, and J. Lindsdy (1960): Magnetic
anisotropy and fabric of some foliated rocks
from S. E. Australia; Geofisica Pura e Appllcata,
47, p. 30-40.

Stone, D. B. (1963): Anisotropic magnetic susceptibility
'~ measurements on a phonolite and on a folded
metamorphic rock; The Geophysical Journal of the,
R.-A. S., 7, p. 375-390. \ <

Stono{, E. C. (1945): The demagnetizing factors for
ellipsoids, Phil. Mag., Ser. 7, 36, p. 803-821. o

Strangway, D. W. (1967): Mineral magnetism; in M!nlnq
Geophysics, Volume II, Theory; The Society of
Exploration Geophysicists, Tulsa, p. 437-445.

stuck® F. F., W. D. Fuller, and R. D. Carpenter (1967):
Internal stress measurement of encapsulated
electronic modules; Electronic Packaging and
Produ01ng, 7,"p. 39-46.

Tenzer, R. K. (1956): Effects of temperature variations -~
on the remahence of permanent magnets; in ‘
Conference on Magnetism and Magnetic Materials,
American Institute of Electrlcal Engxneers,

p. 203-211. ‘

. . f

Uyeda, S., M. D. Fuller, J. C. Belshe, and R. W. Girdler
(1963) : Anisotropy of magnetic susceptibility
of rocks and minerals;- J. Geophys. Res., 68,
p. 273-291. '

Walton, C. A. and C. C. Liu (1971): A low-noise amplifier
with parallel integrated-circuit transistors;
" IEEE J. Solid State Circuits, 6, p. 415-417.



41

Watton, W. L. and M. E. Pemberton (1949): A direct-
. capacitance aircraft altimeter; Proc. Instn.
Elect. Engrs., 96, R& I¥, p. 379-389.

Weiner, M. M. (I969): Magpetostrictive offdet and noise
in flux gate magnetometexs;  IEEE Trans Magnetics,
5, p. 98-105. ’ ‘

: - ’," y .

Williams, F.. C. and S. W. Noble (14950): The fundamental
limitations of the second-harmonic type of
magnetic modulator as applied to the amplifi-
cation of small D. C.:signals; Proc. Instn.
Eléct. Engrs, London, 97, p. 445-459.

b} -

}



S0°
0zZ*
6Z°

132
Le’

WLJAH

Le’
€8’
98°

18°
ge -’

1%
13 2

6t°
e’

WLAT

SL*E

eET° ¥

kT4l

w1

6V°T

Lo°1

LETT

(1%

¢9°

WLJIH

SL't

€TV

GZ°'Y

TEeT
6v°T

L0°1
LE"T

(A
Z9-

Al

(nsxw UT s3TITTTqridedsns)

7

LT L't
86°T SL°
9L°T 26°
68" 18°
p8* Ly®
969 -
9€°9 80°6
LZ°8 06°8
GG°L €T1°8
S WLJAH
(%) Y

SNAWIDIJS SNAMO

T XIANZddVY

CE'E ETW
2°€ €IV
- H,. m. m H§ )
.N,m sz
1°£ 9IN

v Tevds
‘€°2e as
aLs 1Is
oLS IS

»
'

Iaqumpn
uaurdods



0L"T 0L°T zL't S0'S €%°9 T15°9 80" 80"  €S° ST° 08" -66°T €€ ETVN
IS°T 69°  66° vO'€E 98°Z TT°¥ ¥yT*  ZT*  8§* 8Z* 0" 6£°T  T°€ €TVA
09°T T8 80'T 0Z°€ L¥V'E T9°¥ se*  o0z*  s9° OL® S§8° . 9L°T . T'€ €TV
€L TLt #9° €L°  TO'T 16" Te* oz _LeE° oe* 8z es*™ 2U€ €IN
oL* of* zLt 89° T9° . 80°T 9z*  y1°  fTi.. . 9z° ' 1Z° --ve*  1°€ €@IN

.. . . o . ' . : .
057§ - S9'V  96°€ S L6°2 - 88°T  vI°¢ - 107z  -vp-zT as-
95 ¥ - L6°€E T6°€ - £5°§ LS°E - 0F°T  L0°E - Z6'T €°22 ds
8T°L - z0's 96° ¥ -  0T'9  6t°C - 09°C §9°T - L8°1 ars 1s
65°9 - ELrL TE" P - 60°S 60°2 - EfT'T - Le°1 - -ZE'T  OLS IS

S WLIH WLIT S WLAH  WLJAT S  WLJH WILJAT S  WIdH WLET 1PquUIy

(%) ™7 ¥ %) ™1 . 1 . uewpdads



vC (40} 0t SL- 0% gy1- 66 - £S5 - 8 . - v1- €8 - tv§- S \\\J I-%¢
6T 88C VL= 8 £t 6T~ 091 8QT- TL- 61 ¢ - 1€T-  ¥»2l- s - €~-tC
LT 96¢ 98- ¥ 0 16 -, 88 - BLTI- ALl TT- V-~ . 9LT 91 QL - A XA
LT 9¢¢ Sg- S T Z6 - ¥8 - PL1- 8L~ 1IT- & - SLT 1T° oL - - MC-£T
1t £9¢ -6~ 9¢- 0T 9T b9 - LP1- Sp- G¥v- ¢ 9¢T~ 8t 6b - 1-€¢
LT g8¢ 99~ ZT - 1¢ pZi- 19 - 9¢1I- tL- S - LT t¢6 - 1 . SL - £€-C¢
L1 G8Z LO= wAWlXQN BZI~- 96 - 6F%1- tL- 8 - 9T 86 - 61 - ‘69 =~ " ME~-CT
0¢ 18¢ - S A 0T~ 9t - GC1- 0L- 61T~ T - tyi- 9% Sy -~ (AL A4
0¢ 8¢ LL- ¥ - 21 PYi- Le - 971~ IL~- 61=- "1 -~ 01T~ GV SY - MZ-¢¢
1¢ 90€¢ L9~ T * ¢£T pOT~-. TLT 86 - ZL- LT L LOT- ¢€€T- OF = I-ze .
1¢ 90t~ 11 19- 9T~ Iy - O1T- -Lt1- 6 - 99- ¢ €1 66 - ,MP - MI~-2¢
61 g9t gg- ¢ - 1 fs - Gl SET- vL- 8 ° AL 69T 0eT- ¢C¥ -
ST LST A 99~ 0T~ 01T~ ¢S - 99T ¢ - T1L- 81- 9 - 88 L6 -~ v
11 Z0t {8— ¢ L €8 - TsT- 19 - S8- ¢ v - EYl- T6 - & - ¥-0¢
11 (4} 8- ¢ L 06 - 8ST- L9 - p8- ¢ £ - PET- 66 = 6 - - My~
PT 1s¢ 6¢C 19- € - g6 - 88 - LLT ST " ¢gL- 9 - €T - LE SL - ¢~-0¢
FT ‘IS¢ 18- 8 - £ =~ 19 = 00T~ O0OLT L9~ 2C- § =~ 9LT 0T 48 - MZ-0¢
€T 92 8 8- € L¥YT- 9CT1T- 9§ - T~ €8~ (L - 0§ - . S¥I- -0F - T-02-
9 167C 81 ZL- 0 £€e - ¢ - ¢€<C1- €T’ 9¢- ¥ - SE - T8 s - - T-6T-
9 162 LY £Ey- 9 - Lg - ®¥ - 0OFPT- iv gy- 8 - it. = Lz <L - MT-6T
8 SLT LL- & T TsT- 6¢T 0ET- LL= 0T L T0T- " SE€T-. ¥V - v-81
8 QLT SL- 9 £t eyT- 08 - TILTI- LL- ¢ - t1 ¢6-- S - 8 - My-8T1
1T 88¢ 0g- 8 - 9 £€9 - 961 ARES 88~ 0 ¢ - 8¢T ~ ¢eI- ¢V - £-81
81 ¥9¢ 18- 6 - ¢ 66 - Tv1l 621~ 8L- T AT (AR ¢ €CT~- e - c-81T
81 v9¢ 18- 8 4 9 - TG - [TVT- g8L- § - T1I- LSt 1A Ly <« MZ-8T:
20 96T LL- €1 -0 8LT- 9(1- (L8 - g§9- 8T €1~ 8¥1- 601- ¢€CT - ¢bmd,
ST v8C - YA Gg9- ¢ 98 -~ 26 - LLT- 0T 6L- - & 6 - 9¢ - 00T~ .~ T-ST .
UTW 3IUI  XeW UTW Ul Xew UTW IUI  XeW. UTH UL, XeW .
dtg wrzy dtqg «q3nuUTZy dtaq yInuwrzy: o .omwm
‘uoT3aejusTIO SoXY s5Xy usuioods ' :

A3

Te0T3I3A~-359M-UIION

SNAWIDIAS WOIQUEO

(sea@xbap ut saTbuy)
¢ XION3ddY




<
<

TeOT3II9A-359M-{IION

e

. 6T 692 TL- 29T 0T- 90T~ - 6€T-. ¥ET. 98-, T - € L6 -
6T S9¢C “TL-- 9T 8 - vOT- Z€T- T¥T . LB- T € 0TT- <€ - GZI-
Tz ~ 182 TL- 8T G = 26 = pIT~- 8ST ¥8-" 0 9 " 12T~ . €€ - €2I-
1z 182 €2 L9~ T 88 - S6 -, 6LT~. - T 8- 9 - 8 - 18- 66.~
€T . €€€° Q- I ST °~ ST - 00T- QT - 48- T 4 .09 gL - 9T:
- ET . E€€ SL- T A ¥Z - *S0T- T - -B8- O 4 Y4 L - €1
0z L €L- ¥T 6 0Z - SS = -8¢ 8- ¥ 8 - T2I- 6S - 0OF
€T 0T¢€ 0L- LT 0T 00T- CZ€T-- B8E - SL- € - 68 8L - 11
€T 0TE.- TL- ¥T TT 98 - 621~ Gf - 6L~ 0 9L 9L - ¥v1
6 60€ €L~ U et €6 - 6€T1- Lt -~ 8L~ € EL } 98 - ¥
6. 9s¢€ 19 6T 9 99 - 6L - #T §9- € - 8L 1L - 81
6 96€ =~ ‘09- 8CZ 8 19 - 18 - €1 v9- 0 L= TL - L1-
NﬁJ € v - G8- € 6 - 09T ¢ 6 - €1< €9 - ELT ‘62
T © T, 08- DoT- g9 - 8¥T- &C € - 12~ 89 - [9T- €I~
8 . 0ZE€  EV-- 9%~ ¥ €2T-, 8Y LE - 22 v - ‘16 - 96" € .
. 8 0z¢g £€- 96« 8 9Z1- LE Zy - €€~ 0 \=x* 26 - 68 Z -
L € L8~ € = 0 ZIT 89 - 22 z8- L - T9T 2L - 61
LT 9z €8- ¥ 9 62 L - €9 08- .8 - 8LT €S - L€
6T 9T 8L- L 6 TE zz - 1T11- z8- Z - *6ST 8¢ - 8ZI-
.. 6T . & 9L~ TIT 8 € - 6S =~ ‘€€ - 18- 6 - = 9€T- 29 - 8T
0T  6¥%E ZL- LT- & Z8 . I8 - (L 69- § - . TTT- ¥L - 8T
T, SS€°  8(- :M.- z® 0 9L - 1 g8- 0 - Y01 1L - 61
< ste 18- - 8 vE ° L8 - 3T Z8- T - . 61T €L - LI
€T LEE vLi- 9T~ ¥ .19, €0T- BT - 0L~ 8 - V21  ¥8 - 6
€T LE€ ZL- < 9T-—9 LS Z0T- VT - 0L- L - 6TT €8 - 6
¢TI . L¥E €9- €T €T 09 - Z6 - b - 69~ T 0L - ¥bL - 91
2T L¥e pS- e  €1- v9 - 6 - 19- Z L9 - 2L = 61
9T  82¢ T~ 8T- G LE 9zI- L€ - TL- - ° .11 e - 5 -
LT /S0€ 9L~ 6 p% 81T~/ mwwv L9L - VL= 9 - 0ET-+ 60T~ 0T -
vT  #62. SL- 6 - Tt- TYT-- 69T _ 0T~ ZL- T pcIl- LTTI- 9€ -
.. UTW 23U Xew UTW  3ul wmwmz UTH XeW UTH Ul Xey
dra - wizv dtg -~ ynmrzy- ‘ YyInuwrzy’
) uoT3RP3IUSTIO - 59Xy SaxXy usawroads




as

. . . . IR
€G° A A G S Ly 2 "z29° “1€°T Iee . .zser 7 1-ve
Ve 8Z* “€0°¢ Ltz . - 1£9° 99* - . EST [4 T AN €-€C
9z YA 06°2 . 652 8rs* 99° ovT" A AN L X A
8Z* T ogge L8°C £6°2 9€G " [ AN 43 Gl ere - Mez-gzT-
ET°T 19°Z . s§L°'T TT°1 Tec: - 9¢°1 19¢* - . Lo2* . t-€2
ze” A . 0s*z.  Lzez 9Ly 0g* poT" - 0Tz .. . g~zz -
8T 61" 192 vz G8p° £v°. . S80° T02° . Me-Zz
sg* - Ep” 99°z - Lz*z 9v9- o08° 6CC° . - S8 . . gz=gZ:®
pee 4 95z . 02°2 LS9" GL: 9ze: - TTe6Z°.  : MZ-ZT
1520 . 2§ 9€°z | 96°T . 6L9° ©08° T8LT: -1 430 Ot 4 R
66°I= . €8°'L .  g£6° 16° - G6T" t4: 5 . 0TET . -BLET ,  MI-ZZ -
Tz A T 192 LE*T LEY*: 0s* z60 81 .- . g-TC .
ov° 6v° - 20°¢ €5°C . . 996° - 00°T £8€° - g8et - T-1T
88" - 8G°T 92°1 “Lg* 8TE" S LL”, T 18¢e . 89"  p-0Z
LL* . 9Z°1 8F°T L0°T oy £€8° zie BLe | My-0Z . -
GL*T €E0°%T 96°1 B0 T v9e: . . zZs8°'T - 8E9° pger  zegg Ll
T€°T N 4: 0> €0°¢ AN 14 2 09°T .. €96°" TS€E° .. MZ-0Z
8¢ Ly 981 LS°T. 06L* 6G° 00€° - vos: . . . T-<0T "
SE°T LTV 78°C 0S°1 656 ° €0°2 - 9sL " €Les - T-6T
Le*T 1€ ¥ 98° 16° . €0z oL® LLe:  B6ES . T MI-6T
Z1 - ET” LS°T Sv°C A1 62° <.  8S0° M 1077 b-8T
- €T* 12 Ak 1€°¢ s8y* . 6T° 090° X £ A " MP-8T
€z A 9L°Z 0s5°2 AL 96 €0T" 43 Sl O E-8T -
Ly 19° BL € . L0°E - Regse 1420 4 AN 69T° - T-BT
67V g9° 80P 6Z°€  £8b° 19°1 9€C° AASE MZ-8T' -
00°T . " zo*z -~ 6C°€ 81°¢C S6§° 61°2 . Leb* ‘Lze” " p=ST -
Ter  Leg 8G6°2 vz ¢ 9pL:- A 1¢ee J1E". - T-ST )
T @) (%) (,_0T x) ()~ (,_0T x) (,_0T X) Toqumy
- w. . d q Py ¥ ‘ 28 . ‘.n ¥ amﬁnmmm -
" (nsyw ut saTaTrIqridecsng) | 2 .
- - SNEWIDAdS WNIQMYD ‘€ xIangdav < AR



4

1z* . wee
o - Gg* -
6G* €8
10T 202
Tp- -15°
£y 96
9% - 65°
pe® 1
9z " og*
91" 81"
vE'T 60" ¥
$9° T vl 6
LS* 6L°
9" b6*
pO° T 817Z
AR 62°¢
08° €€ T
6T°T 96°2
LO°T z€°2
67" - sg*
v6" 9L T
Lz 1 6% €
9z° T 8E* €
L6* 68° 1
L6* 68°T
9T 1 9L 2
T0°T b0°Z
£9° £6°
€p* T ggs

89°¢ 796 LS*
€L°T VLG" 18°
(A R4 2% A sc°t
v6°T « pzs: S6°1
85 € 856" 9p° 1
00°€ 9ps" 0€£°T
SE°€ LSS* €571
8L"T 8Zv" V6"
16°C yED 9L*
11°¢- 019
Th 80T
9L" cze”
ov°1 -/ .oe9L"
A 1€9°
v0°1 szer
6T 1 €9E°
06°T 9L
60°T  Z8Z°
€T -~ STE° . 88°1
Ls°1 — €s¢€°  _~"9¢p°
08" T 06Z°-7  89°'T
88° T 08¢ 0v." 2
sz°1  _-"vvee LS°T
.2l 1 s9g” L9°T
002 £9€" b6 T
AN sgz* G9°1T
98° 1T 6£€° 88" 1
08°T A PITT
05°¢ S6L° . L0°T
€€ 2 zgy® 89" -
(3) - (,20T x) ()
4 _ . 195
I S 1.

kY

: z-9z -,
) LA v-sz
212" . €-sz
z81" ME-SZ
102", - .z=s20

. 28T - - MTeST~
622 - oT-5z ¢
BIE® . o wpT o
1Lz . <g=pz . . -

A.vlo.n va Joqumy - ¢

C ¥ T uswtlads”

e



N\

™~

-

APPENDIX 4 A LISTING "AIMPORTANT"SYMBOLS WITH THE = . .
PHYSICAL QUANTITY REPRESENTED ANU‘ THE UNI’I‘S

EMPLOY D
- v 7

A = cross-sectional area (m?)

a F major semi-axis of a grain (m) .
r . -
a = diameter (nf)
S °
B = magnetic inductién (T)
b. = minor semi-axis of a grain (m) S
, . ' . She

C = capacitance (F)

C = mechanlcal compllance (m/N)

CL = load coefficient (numerlc) , ' N

c = ve_loc1ty of sound in air (m/s)
.d = diameter (m) ®o K

d = half-depth of specimen gap (m) ‘ U .

E = ’e'nergy' (J) - &

\_ e = electrlcal potentlgl (volts) - ' .
" N L a o P
- F = force (N) ‘w L - oo
L . o , ’J o
' = frequency\Qﬁ') |
f

<

= magnetlc follatlon (numerlc)&.w ) I S L

=,_“magnet1c fJ.elq 1nten51ty (A/m)

H
“hy = f‘alr bearlng clearance (m). PEETEE @g " ,
o - e . : . . . U " .
‘_h‘ "=Lthlckness (m) - R o \
h  =’; jaxlal length (m) ‘ - ’. ) - ‘ |
g ; ’ ; R P S
~h = “v"allgnment factor (numerlc) SR S -
= I ,“=~ monient'o;‘:' ;nerjla (kg m* ) L
T “,ff ‘1~:‘~‘  f/fﬁf. _J,::‘;‘ e "“?ip”' 5
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tn=phase induced magnetic moment (A-m*)
-

clectrice current  (A)

N

intonsity of induced magnetization (A/m)
- .

Jange prnﬁ\uru rtatio (numeric)
ctfloective apring constant (N/m) o

\ ~23 oy :
Boltemaan'a constant (1,18 x 10 J/ %K) <

. -

induct ance (H)
notse-tield leakage (numori o)
magnet ic lineation (numeric)

length (m)

numbear of nnrkhnuson transitions bhetween zeoro
magnetization and saturation (numecric)

mutual inducténce (H)

,/

mass (k)
magnet ic moment (A-mz)

mass (kq)

demagnetizing factor (numeric)

number of laminations in a magnetic circuijt
¢lement (numeric)

number of turns fn half of the helix (numeric)

»

number f ‘turns on solenoid (numeric)

number of randomly distributed magnetic grains in -
a rock specimen (numeric)

e |

pressure (N/m?)

power (W) .

'prolateness factor (numeric)

pressure {(N/m?) . ' ,

, ~ -
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A9
A '.
ratio of onerqgy stored in a tuned circuit to the
onargy dissipated per radian at resonance (numerice)
. . 2
quadrature induced magnetic moment (A-m”)

tilling tactor (numeric)

clectrie chuage ()

ratio ot Tine viiation (numeric) N

magnetic relucthinee (A/Wh

i
o roflection loss
‘\"\‘lmrtri«ml resistance (ohms)
general linear djimension (m)
raglius (m)
,‘ “ . 4
Stress (N/m2)‘
inscrtion loss (dR)
standard deviation (units of measured <uantity)
= torque (N.-m)
= absolute temperature (°K)
»
time (s)
. / .
-  lamination thickness (m)
=  volume (m?)
= electrigal potential (volts)
= spectral power density (W/Hz) )
= width (m) 3 .
"= genecral lincar dimension (m) - -
) . 2 ‘ N 4
= Young's modulus (N/m‘)
-
= radial dimension (m)
L : ' .
= impedance (ohms) .

|

axial dimension (m) !

: ¥
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rate of attenuation (dB/m)

angle of central disc of Airy pattern (rad)
hydrodynamic factor (numeric)

radius of gyration (m) |

skin depth (m) |

residual loss angle (rad)

volume fraction of specimen which is maénotic {numeric)
pgrmittivity of free space (F/m) l.
anisotropy factor of a grain (numeric)

anq{e between twp directions (rad)
maqnetic~Susceptibility (numeric)

wavelength of light (m) -

magnetic permeability (H/m)

initial relative permeabjlity (numeric)
reversible relative perﬁeability (numeric) ° .
viscosity (kg/m-.s)

leakage factor (numéric)
resistivity (ohm-m)

density of air (kg/m?)
density (kg/m?)

Poisson's ratio (numen(c)
torsional rigidity (N-m/rad)

magnetic flux (Wb)

ak’

intrinsic magnetic susceptibility (numeric)

magnetic potential ¢A)

'anqula: frequency (rad/s) .



