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ABSTRACT

. This report describes a device that develops forces in a magnetic
field as though it were composed of diamagnetic material. Since a
diamagnetic material can be stably suspended (i.e. levitated) in a
properly shaped magnetic field, this device or its principles may be
useful for suspension applications. As such, it is called pseudo-
diamagnetic suspension. The forces developed can be substantially
larger than those developed in conventional diamagnetic suspension
systems.

This device requires electrical components and an energy source,
but it can be completely self contained in that it need sense only its
internal conditions. In some designs, this energy requirement can be
made significantly small. A laboratory experiment is described where
a stable suspension was provided at the rate of 232 kg/watt.

The analogous electric field case is also analyzed, where a device
develops forces in an electric field as though it were composed of
material with a permittivity less than that of free space. This is
called "pseudo-diadielectric suspension". It simulated no known
natural phenomenon.
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I. INTRODUCTION
Force field suspension® of devices can have the extremely attrac-

tive feature of vanishingly small friction. For instance, this friction
is negligible compared with gas friction on freely suspended spinning
rotors, such that the deceleration of the rotor can be used as a mea-

sure of the gas pressure down to pressures of the order of 5x10° 8 torr(lj.
More reéently, the drag torques on a decelerating magnetically suspended
spinning steel sphere has been measured to a level approaching that

(2)

pensions can be arranged to have low force and torque levels in some

required to detect relativistic effects In addition, these sus-
degrees of freedom and, simultaneously, high force and torque levels
in others. All force field suspensions but one are unstable under

static conditions(s)

and hence require energy input and state sensing-
control. The only exception is diamagnetic suspension, where a material
whose permeability is less than that of free space will develop a force
(or reaction) in a magnetic field towards the minimum-energy-density
direction. There would be another exception (an electric field analogy)
if materials with a permittivity that is less than that of free space
existed. (These are called "diadielectrics" in this report.)
Diamagnetic suspension has the advantages of simplicity and low
(or no) power consumption. Unfortunately, the diamagnetic susceptibility
of known materials at normal temperatures and the magnetic fields
available from permanent (or electro) magnets restricts the application

(4) Diamagnetic

of this principle to very small or low-force devices.
suspension utilizing superconductivity significantly raises the force
capability but adds the expense of cryostatic operations.

This report describes a device that behaves, under certain con-
ditions, as though it were diamagnetic. As such, it or its principles
may be useful for suspension applications. It requires active components
and an energy source, but it can be completely self-contained (it need
only sense its internal conditions). Under some conditions, the energy
requirement can be made significantly small. The analogous electric
field case can also be made, providing for "diadielectric'" suspension
which, unlike the "diamagnetic" device, simulates no known natural

phenomenon.

* In this report, we use the term suspension in the sense of levitation,
i.e. suspension without contact. Hence we mean suspension of all
3 degrees of linear motion with force fields only.
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IT. HISTORICAL OUTLINE OF MAGNETIC AND ELECTRIC SUSPENSIONS

For an excellent survey of magnetic and electric suspensions up to
1964, the reader's attention is directed to Reference (5). Pertinent
to diamagnetic suspension, we note that S. Earnshaw (1839) showed that

a monopole is unstable in a static inverse-square-law field(6)

. Extending
this analysis for static electric and magnetic fields, Von W. Braunbek
(1939) concluded that suspension is possible only for diamagnetic
(u/uo < 1) or "diadielectric" LE/EO < 1) materialscs) He demonstrated
diamagnetic suspension of small pieces of bismuth (8x10’6 kg) and
graphite (7.5 x IO—Skg)L7). In 1956, A. Boerdijk also suspended a small
piece of graphite in a static permanent-magnetic field(s). A.D. Waldron
(1965) stably suspended a graphite bearing (10'3kg) with permanet mag-
nets(g), and in 1968, I. Simons constructed an extremely sensitive
tiltmeter ut%%%§ing a graphite seismic mass suspended in a permanent
Suspension utilizing superconductors was first achieved in Russia
by V. Arkadiev (1945)(11), followed by others in this country, including
P.K. Chapman and S. Ezekiel who constructed a low-level aiig%erometer

The other suspension technique pertinent to this report is time

magnet field

by suspending a bar magnet over a superconducting surface

variation of the magnetic field strength, where position sensing of
the suspended object controls the suspension current in an electromag-
net. The position sensing can be achieved by detecting changes in
position optically, inductively, or capacitively and appropriately
modifying the d.c. or a.c. suspension current. Historically, this

is well described in Ref. (5). Of further interest is the work done
by Beams(l)(ls), Gilinson, et al.(14) and the Cambridge Thermionic

Corporationcls).
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ITI, CONCEPT OF PSEUDO-DIAMAGNETIC SUSPENSION

i As noted previously, diamagnetic suspension is very simple; if one
sﬁapes a permanent magnet field properly, it can suspend a piece of
diamagnetic material indefinitely. In concept this occurs for two rea-
sons: 1) magnetic fields can be shaped to have a flux density (hence
cnergy density) minimum in free-space, (but not a flux density maximum);
2) the magnetic field within a diamagnet is less than that which would
otherwise exist in free space (the magnetic induction is negative).
Under these two conditions, the minimum energy configuration of the
magnetic field and diamagnet requires that the diamagnet be positioned
at the energy density minimum, hence it can be suspended in free space.

To imitate this characteristic of a diamagnetic material (at the
expense of energy input) would seem to be straight-forward; namely,
measure the field that exists (e.g. with a Hall sensor) and drive
current through an electromagnet coil oriented to oppose the measured
flux. Of course the field that exists is the sum of the free space
field plus the generated field, but nevertheless it is possible to
reduce the resultant field to any extent desired. Since the above
discussion applies to only one component of the free space field, we
are required, in general, to do this for each orthogonal direction.

The next section shows that this procedure does indeed imitate this
characteristic of a diamagnetic material. We have demonstrated a
suspension using this approach experimentally in the laboratory (see
Section VI).

Whether this technique is useful or not depends upon the applica-
tion and design. True diamagnetic suspension can operate indefinitely
(although there are few applications which demand that capability),
but with very limited force. Pseudo-diamagnetic suspension can provide
a relatively large force capability but only for a finite time (the
product of force and time being proportional to the energy available).
Some configurations are examined in Section V.

To increase the force beyond the limit inherent in the straight-
forward design, would require that the flux density within the device
be not merely reduced to zero, but in fact, reversed in polarity.

That this can be done is developed in Section VII. Also in Section
VII and Appendix B is the analysis to support the electric field
analogy leading to the diadielectric suspension.
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IV. THEORY OF OPERATION

Consider an orthogonal set of circular current-carrying coils with
coincident centers in an external magnetic field. (See Fig. 1). Let us
neglect time dependent effects of a rotation of the coils relative to

the field. An elemental section of a coil (ds) will experience a force#*
given by

dF = NIds x B (1)

Selecting a coordinate system (x,y,z with unit vectors, respectively,
i,j,k) centered and aligned with the coils, and neglecting gradients of
the magnetic field flux density higher than the first, the moment (Mn)

on each coil will be

_ 2 ) ~ ~
My = mRON T I B,od + By k1l (2)
— 2 ,.\ _ ~
My = ﬂRyNny[ Bzol onk] (3)
= “RZN PR "
My = RN I, I Byol * Byod 1 @
and the force (En) on each coil will be
9B 9B, A 0B A 9B A
- 2 _ Z . X ° _...5_
By = RN I [-(57= + 571)1 t oy d + X k1 (5)
9B, A 9B 0B, =« 98, A
= 7R2 - X,z Iy
Ey = yNy I L 557 1 G3x 5503 v 5z k1 (6)
9B, ~ 3B, ~ 98 B. -
_ 2 z Z _ X
E, = RN IL 5z i Ty d (5y * 5kl
where, for the nth coil (7)
Rn = radius of coil
Nn = no. of turns.
In = current

B. B, .,8 are the values of the external magnetic field at
x0’"yo’“zo
the origin

*S1 Units are used throughout this report



P <

X COIL

Figure 1 Coil Orientation



Note that (Mﬁ,fﬁ) are the total moment and force on coil n and not
components.

Let us consider a device where we sense the magnitude of the total
magnetic field flux density component (Btn) which is normal to the plane
of each coil (at the origin) and control the current through that coil
such that the current is proportional‘to that measurement.

Z)

(See Figure

Figure 2 Coil n Feedback Configuration

Thus

! (8)

n = -Knstn

where K is the amplifier-sensor gain.



Noting that the total field is the sum of the external

plus the field due to the coil current (BC), namely
H.N_ I
= - onn
Ben = Bn * Bc = Byt
n
we see that
K
I = - ——%¢— 8
n 1N n
1 +.010m
——r

= 1
Ch 7 7R
1+ n
Ho¥n™n
we have
NI - - ZCanBn
n'n Uy

field (Bn)

(9)

(10)

(11

(12)

which can be substituted into equations (2-7) to yield the moments

and forces on the coils under this feedback arrangement.

Note that

the field due to any coil does not have any net cross-coupling effects

on the other sensors or coils. Also noting that

Vcﬁ: 0
we have
ZﬂCxRi .
= Yo Bro [ Bl Byok]
27C_R> . .
=Y ¥ g [-8 + B k]
Zy Yo yo 20 X0
2nC R . .
22 ° U, Bzo [ Byo1 - Bxod ]
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3
2mC_R 9B, A 8B, - o8B
= . XX X X X
EX uo on [ax 1 + ay J + az k] (16)
3
2wC_R 9B.. ~ 98, - 9B.. A
= - LY DA Y
EY o Byo [Bx 1t 3y J * —EEX k] (17}
3
2rmC_R 9B - 9B, =~ o8 ~
E, = - uz = B0 [axz 1+ 5 =3+ 2 k]
o y 9z (18)

if the coils are attached to each other, then the total moment
and force on the device is

2T 3 3 <
M= ﬁ; [(CZRz - CyRy)ByoBzol
3 3 7
HCRY = CoRZ) BroByod
3 3 >
+(CyRy - CXRX)BXOByok] (19)
98 3B 3B ~
- _ 2m 3 X 3 y 3 2y 3
E ™ [(CxRxon = FyRyByo 5% CszBzo X ) 1
9B 9B 3B ~
3 SUX 3 y 3 2
+(CxRxon 3y * CyRyByo 9y * CszBzo oy )
3B 9B 3B -
35, X 3 X 3 2
*(CxRyByo 32 ¥ CyRyByo 5z 7 CaR2B20 320 k](ZOD

Specific Cases

Egs. (19) and (20) are of particular interest in three specific
cases of coil parameter values (coil radius cubed times feedback gain)
and coil orientation. These cases are: Case 1) - One of the coils is
oriented for maximum flux density; Case 2) - Two of the coil parameters
are identical and the other coil is oriented for zero flux demsity; and
Case 3} - All three coil parameters are equal. In these three cases,
the moment on the device will be zero* and the force can be described

* The rotational stability of these 3 cases is examined in Appendix A.
In summary; Case 1 is stable provided that the smallest coil parameter
is aligned to the field (the device will have 1 degree of rotational
freedom), Case 2 is stable provided that the zero flux coil parameter
is larger than the other two (the device will have 2 degrees of rota-
tional freedom), and Case 3 is stable regardless (the device will have
3 degrees of rotational freedom).

11



in simple vector form.
Case 1 conditions are met by having (for example) the X coil aligned
with the field. Therefore

g = B =0 . (21)

hence from Eq. (20)

' 38, 98 ~ 9B .
= - ZE x 3 X
E, = [T CxRxon (Bx Ty )tz k) (22)

Utilizing Eq. (C8) and recognizing that specific coil selection is
immaterial, we can express the force on the device* (Case 1) as

Fp = - — clklvsl (23)

where ClRl is the parameter of the coil aligned to the field.
Case 2 conditions are met by having (for example) the Z coil
normal to the field and the other two coil parameters equal. '

B0 = 0 | (24)
3 _ 3. 3
CyRy = CyRy = CpR; (25)
hence
2w 36 BB
= - Hy 2 ¢ RZ [(Byo ax * yo 9X )
98 3B,
X ?
*(Bro 37 * Byo wy03) (26)
Utilizing Eq. (C10) and generalizing, we have for Case 2
s 30,2
E, = - — C,R;VB; (27)

*See Appendix C for the pertinent vector relations.
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where CzRg is the value of the parameter of one of the "equal” coils.
Case 3 conditions provide that

Ry (28)

and we have from Eq. (20) and (C6)

. . T_ 30,2
Es = - 3 CsR3¥83 (29)
where C3R§ is the value of any of the equal coil parameters.
Thus we see that in every case where zero moment rotational stabili-

by exists, the force on the device will be

('

= - T cr3vg? (30)
uo

where CR3 is the value associated with the coil most closely aligned
to the magnetic field.
Since

B = (31)

Eq. (30) can be expressed as

E = - mCRy vH:

(32)
Braunbek(7) has shown that the force on a diamagnetic material
in a static magnetic field will be (in SI units)

u
F=->(1- E; )V VH

2 (33)

=

where u is the magnetic permeability and V the volume of the material.
In comparing Eq's. (32) and (33) we note that the term C in
Eq. (32) is dimensionless and its value is in the range

0 <C<1 (34)

13



as the amplifier-sensdr gain Kn (coil current/mag. field strength)
takes any positive value (See Eq. (11)). Note that in Eq. (33) the
term (1 - u/uo) i§ dimensionless and its value is in the range

0<(1-Ey<1 (35)
Yo ,
for any diamagnetic material. Thus we see that these terms are similar
in range and dimension.

Hence

a-2-c (36)
Yo

To complete the comparison between Eqs. (32) and (33), we merely

need to set

% V ~» sz (37)

which is, of course, dimensionally compatible. Note that in this.
analogy, the relative permeability is related to

1 (38)

In summary, we have shown that a device consisting of an orthogonal
set of circular coils, with negative feedback currents proportional to
the respective component of magnetic field, will develop forces in
that magnetic field identically to a diamagnetic material of relative
permeability 1/(1+u°NK/2R) and volume (ZﬂRs), where N is the number
of turns, R the radius and K the amplifier-sensor gain of the coil
most closely aligned to the magnetic field; provided that the device
is zero moment-rotationally stable. The conditions for zero moment
rotational stability and the related degrees of rotational freedom
are shown in Table 1. The additional dynamic behavior of this device,
due to currents being induced in the coils by rapid angular motions,
is beyond the scope of this report. Possibly, forces due to these
induced currents, which may dissipate energy in the coil circuit re-
sistance, may resemble forces due to eddy current losses.

14
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V. SUSPENSION CONFIGURATIONS

Having developed a device capable of providing a stabilized sus-
pension force®*, we can see that it may be utilized in a number of modes.
For example, 1) the magnetic field may be fixed and the device sus-
pended, 2) the device fixed and the magnetic field source (magnet) sus-
pended - with or without an additional fixed magnetic field, 3) in
either 1) or 2) above some degrees of rotational or linear motion may
be restrained by gravitational or electric fields or by other restraints.
Generally speaking, each configuration which differs from those in
Section IV must be fully analyzed for stability, and these analyses are
outside the scope of this report. However some potentially useful
configurations will be discussed.

1) Device Suspended

Although a true diamagnet can remain suspended passively in a
magnetic field, a pseudo-diamagnetic device requires active components
and an energy supply. This energy can be supplied, for example, from a
fixed storage (e.g. battery) or from photovoltaic cells (provided a
suitable illumination is available). In comparing these two sources
we note that if a typical specific mass density for battery (Kb) is
1.25 x 10_5Kg/watt~sec and for photovoltaic cells (K.) is 2 x 10'2Kg/watt,
that for suspension times greater than 1,600 seconds, a device with a -
photovoltaic supply will be lighter.

If we postulate that the weight of the device is due to the
energy supply (We), the coils (WC), and the supporting structure (WS),
then we can draw some interesting design conclusions. To simplify
this analysis we set

Nx = Ny = Nz = N ‘ (no. of turns)

R, =R_=R_=R (rad. of coils)

@]
It
@]
it
(]
1
O

(feedback constant) (39)

~
]
=~
o’
ot
]
~

(mass density of supply)

* in a quasi-static sense

17



It can be shown that the weight of the energy supply will be

2,3,2

_ 32gC"R X
R (50

uoD N

that the weight of the coils (neglecting insulation) will be

- 2 .2 )
WC 1.5 n°gD NRGC,_ (41)

and that the weight of the structure (assuming that the structure con-
sists of 3 solid disks of radius R) will be approximately

- 2
WS = 37gR Tsos (42)

where
g = accel. of gravity

p = resistivity of coil material

o = mass density of coil material

o.= mass density of coil support material
T_= thickness of support material

D = diameter of coil wire

(a3
L}

time of suspension (for battery operation)

The optimum wire diameter for minimum total weight is

[
pr - yEERET VK (43)

Thus the total weight with optimum wire diameter .is

18



8/3 mgCRB /Koo

2
wr =
ma + 3mg R Tso

. (44)

For the case where the magnetic field is symmetrical about and
aligned to the vertical-down (Z) direction, and a force balance achieved,

we have
o= =z Py
X y 89X oy
B =8,
3
- . T 2,2 2mCR”B 38 1
F i CR™VR T 3E-k (45)
o}
E = -W' = Wk
Hence
2
3 8v3 wgCR“B vKo _p
27CR™B 3B _ wr = c - 2
i s 1) W + 3mgR T oy (46)
which sets the requirement for the coil radius namely
3T o u
= 9B s"s"o
R' = (g/gz)(4/§ KCCD + _—7EE——) (47)

Under the minimum weight condition, the power requirement is

We _ 320c%p%R'3

ko 2 wpe?

p' =

S

12ﬂg2CB¢0 p V3 T o 2
c (4 55 + 50
/K 36 2 Cc 263
Yo (57

(48)

to minimize this power requirement, the optimum feedback gain is

19



o - VI T o v,
88 /K——Ocp (49)

and thus the minimum power level will be

288wg2TsuscCp

PH = 2 (50)
)

3B
G3x

Note however that in Eq. (49) the limitation, C" < 1, must apply,
hence under these conditions the minimum flux density is '

o= 3 Tscsuo
min - 8/Ko p

o

8 (51)

In summary, under the condition of minimum weight and minimum power
consumption, the coil radius requirement is

8v/3 g VKGCp

R" = --—i§Ef-———— (52)
0z

and in terms of this radius, the weight of the device is

W = 6mgT o R"Z (53)
and the wire diameter is
T O !
D" = 5SS (54)
WNGC

(Note that this defines the active cross-sectional area of the coil,

namely
2 T o_R"
y _ mDh" = 88
AE = N = _13;__ ) (55)

20



The power consumption is

2
3WTSUSR"

PP= —x (56)

and the feedback parameter (and minimum flux density) are given by

B, : V3 T o_u
g - min . =22 <1 (57)
BB/Kocp

From Eq. (52) we note that the difference in flux density from the
top of the device to the bottom is

"

ABC

- 1" aB =

for the minimum weight - minimum power case, and that this flux
density difference is independent of the coil size. If we wish to
reduce the flux density difference at the expense of power conservation,
we note from Eq. (47) and (48) that at best (unlimited power) we can
cut the flux density difference (i.e. flux density gradient) in half.¥
Selecting aluminum for the coil wire material to reduce the flux
density gradient requirement), styrofoam for the structural material,
and taking, as typical values:

* Under the condition of unequal coil parameters (viz Case 2 or 3) it
can be shown that the fTux density difference can be reduced, without
increasing the power consumption; but at the expense of in-
creasing the minimum required flux density. At best (unlimited
flux density) the flux density difference can be reduced to
1/¥3 = 0.577 of the value required for the equal parameter case (i.e.
Eq. (58)). For the condition of unlimited flux density (with unequal
coil parameters) and unlimited power, the flux density difference
can, at most, be Teduced to 1/2v3 = 0.289 of the value given by
Eq. (58).

21



-2

R" = 10 m

g = ld'm/s

o = 2.8 x 10 %a-n
0. = 2.7 x 103 kg/m3
o, = 102kg/m2

T, = 107°m

K =2x 102 kg/watt

We have -8
Ag = 0.3 x 10 "m (approx. #28 AWG, N = 1)
we = 1.9 x 10 Jnew (0.19 grams)
p = 2.4 x 10”2 watt
98/8%z = 17.0 tesla/m
B . =2.2x10°° tesla
min

AB; = 0.34 tesla
Under the stated conditions, we note that these values indicate
that the most stringent condition appears to be the flux demnsity
gradient, (i.e. the flux density at the bottom of the device must be
0.34 tesla (3.4 kilogauss) more than at the top).

2) Device Fixed-Magnet Suspended

Since a force balance must exist between the stabilized device
and the magnetic field sources, we can consider either one fixed and the

22



MAGNET

gi‘ﬁ'x
DEVICE

Figure 3a Suspended Magnet

other supported. If we have a fixed magnet stably supporting a device
in a gravity field, and we invert the orientations, then the magnet
will be stably supported; provided that (refer to the configuration

in Fig. 3a)
2nC R2B 98,
o 57 = Mp8 (59)
o
and
M
7
o 53 s > M go
M,
5} I s > Mmge (60)
where
Mm = magnet mass
s = distance from magnet center of mass to device center.

23



Utilizing the analysis in Appendix A (viz. Eq.

may be restated as

M gu
3 3 m® "o
CRe - GRY ” o
M gu
3 3 m® "o
CRZ - CRy > 773

(A12)), Eq.

(60)

(61)

Note that the configuration in Fig. 3a has one degree of rotational

freedom.

To avoid the restriction of a vertical orientation, we may use

two devices, as shown in Fig. 3b.

magnet with one degree of rotational freedom

DEVICES

Figure 3b Suspended Magnet

S

MAGNET

This arrangement also provides the

To suspend a magnet and also provide some linear motion freedom,

one may provide a planar array of devices as shown in Fig. 3c.

this arrangement

N

1

S
g

MAGNET

7

Single Coil
Device

O OO
O O

¥
-

O OO

Figure 3c Suspended Magnet
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each device requires only the coil which is parallel to the plane.
This multidevice configuration is analogous to a superconducting sheet.
In addition to suspension configurations utilizing magnet and
device alone, arrangements consisting of a fixed device, suspended
magnet and fixed magnet are of considerable interest. For example,
the arrangement shown in Fig. 3a can be improved with the addition of
an upper fixed magnet to provide some of the suspension force. (This,
of course, has an unstabilizing effect in.the vertical direction that
the device must compensate.) In fact, we note that the upper magnet
and the gravity field can provide all the required suspension force
and also provide stabilizing forces in all degrees of freedom except for
rotation about the vertical (which is neutrally stable) and except for
stabilizing forces for vertical motion. Thus in order to stably support
the lower magnet, the only function required of the device is to
provide a stabilizing force in the vertical direction. To do this, we
require only one coil component of the device, as shown in Fig. 3d.
Since no supporting force is required of the device, the average
current through the coil (in the absence of disturbing forces) can
be reduced to zero by summing in a bias voltage (VB) to the amplifier.
Thus the power consumption in the coil is related to only the dis-
turbance forces, and in their absence, the power consumption of the
device is only due to the quiescent operation of the electronics.
This configuration is directly analogous to that used by Boerdijk(s)
in 1956 when he levitated a small cylindrical magnet with a diameter
of 107 %m and 0.3x10 °m thick.

25
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Figure 3d Suspended Magnet



VI. EXPERIMENTAL RESULTS

During August 1970, the suspension configuration shown in Fig. 3d
was built and tried with components selected from "equipment of
opportunity'" in our laboratory. Of particular interest, the flux
sensor was a Bell, Inc. Hall Sensor Model BH700; the fixed magnet
was a cylinder 2.54x10-2m. diameter, 10—1m. length, the suspended
2 . diameter, 3.9 x 1073 m. length,
8.36)(10-2 kg weight, both Alnico V magnets; the coil had an inside
diameter of 1.9 x 10-2m., 104 turns, with a resistance of 40 Q. The
amplifier-sensor gain was 10 amp/tesla. The initial operation provided
suspension - and also a dynamic oscillation of the suspended magnet.
This dynamic oscillation was easily corrected by the addition of a velo-

magnet was a cylinder 1.3 x 10~

city sensing coil (of 200 turns) placed around the fixed magnet and

appropriately summed into the amplifier. The resulting operation

was entirely satisfactory and was achieved with a minimum of difficulty.
In particular, we were able to reduce the coil current to less

than 3 ma. in our laboratory bench environment. In other words, we

were providing stable suspension at the rate of 232 Kg/watt, (exclusive

of sensor-amplifier quiescent power). Additionally, we determined

the vertical stiffness to be 3.68 new/amp.

27






PRECEDING PAGE BLANK NOT FILME:

VII. ALTERNATIVE DESIGNS
a. Super Pseudo-Diamagnets
* It is interesting to note that the actual flux density at the
center of the coil is given by (See Egs. (8), (9), and (10))

_ n
Btn - u_NK (62)

For very large values of amplifier-sensor gain (Kn), this flux goes
to zero, and the analogous relative permeability (Eq. (38)) also goes
to zero {(and C increases to one). In a sense, this simulates a per-
fect diamagnet.
If this flux density could be driven further and made negative,
then our analogous relative permeability would also be negative and
C would increase beyond one. From Eq. (34) we see that the force on the
device could then be increased beyond that of the analogous perfect dia-
magnet. '
Since feedback devices can do no more than drive the sensor out-
put to null, it is clear that the sensor location must be shifted to a
location such that the flux density due to the coil current is less
than that at the center (but of the same polarity). If the new loca-
tion is along 2 principle axis of the device, 'and normal to the coil then
cross-coupling with the flux from the other coils will be avoided.
Let us define the flux density ratio as the flux density at the
new location compared to the flux density at the center, (both due to
the coil only)

k, = B,/B. (63)

2

If we modify the analysis of Section IV by including Eq. (63), it
can be shown that the feedback gain will be redefined as

Chg = — (64)
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and the force on the device will be increased by

ZR u_N_K
1 + n 1+ 0nm
Fz uoNnjin 21:n
T 7R = TN X (65)
k + n 1 + £oon n
£ W N_K ZR
on n

Along the axis normal to the coil, the flux density ratio is given
by (See for example Ref. (16))

1
Ken = 5377 (66)
1+ &2

which is plotted in Figure 4, together with the flux density ratio along
the radius of a one-turn coil’(kzr). At a distance from the center,

2 = R, we note than kln = 0.35 while klr is nowhere (outside of the
wire) positive and less than one.

Hence, with one-turn coils and with the sensor location restricted
to the interior of the device, the best location for the sensors would
be not at the center, but displaced out a distance R, (Using the
sum of the outputs of two sensors for each coil, one sensor on each
side, would eliminate the first order effects of external field
flux-density gradients.) For very large amplifier-sensor gains, the
force would be increased by

F, = Y8 F = 2.83F (67a)

and the total flux density in the center of the coil would be opposite
in direction to the applied external field, The magnitude of this flux
density would be

|8 = [V/8 - 118, = 1.838

tnl (67b)
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Even smaller values of k2 may be achieved with multiturn coils.
For example, Fig. 5 shows the relative flux density along the radius
of a coil (kzr) consisting of two concentric turns (with radii 1.0 R
and 1.1 R and wire of diameter .02 R ). The place of interest is
between the coils. This section is enlarged in Fig. 6. (kzn is also
plotted for comparisc.). We note that in a small region approximating
midway between the turns, the relative flux density is positive and
less than one and also less than the corresponding value along the
normal axis (kzn)' Thus, Fig. 6 shows that we can locate a region
(in a two-turn coil) where we can select k2 to be as small as we wish.
Hence the force on the device can be arbitrarily large. However, it
is apparent that the motional stability of a sensor placed here will
be very critical since the value of k2 is very sensitive to radial
position. It must be noted, also, that for the design developed in
Section V, (see Egs. (52) through (58)), the only apparent advantage
of this "super pseudo-diamagnet'" is to reduce the minimum flux density
required to achieve the optimum conditiomns.

b. Pseudo Diadielectrics

As noted in Section II, Braunbek showed that stable suspensions
can be achieved in properly shaped electric fields with materials that
have a relative permittivity less than one. (here called 'diadielectric"
materials). Since no known materials have this property, this conclu-
sion ‘had no practical merit. In light of the approach used with magnetic
fields in this report, the question arises as to whether diadielectric
behavior can be simulated by electric fields. This question can be
answered by considering a device whose design is suggested by the
magnetic field approach.

As we contemplate an electric analog to the magnetic case, we are
immediately confronted with a difficult problem. Whereas we are able
to sense and generate magnetic fields with materials (i.e. conductors)
that themselves affect the magnetic fields very little (u = u ) the
materials that we must use to control large amounts of charge (again
conductors) affect the electric fields severely (e = «). Since we are
attempting to design a device that behaves as though ¢ = 0 and we must
use materials with € = «, we must proceed carefully.

It may be instructive to review some pertinent relations in
static electromagnetic theory (see for example Ref. 16)
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B=uH+M=uH+ xuH= (I+xJuH = uH (68)

D= egE + B e+ X = (1¥X)egE = cE (69)
1 2

U, = > JuH%dv (70)
=1 2

U, = 5 JeE%dv (71)

F=q(E+Vxg) (72)

Although the Maxwell equations for the general case are

Vep = 0 (73)

veD = p (74)
38

VXE = - =% (75)

23
VXIi = J_"' TE (76)

if we are dealing with fields that are time independent and we are
not in regions with real charge and conduction current, these equa-
tions become

Veg = 0 (77)
veD = 0 (78)
vxH = 0 (79)
VxE = 0 (80)

A conclusion of Eq. (77) is that the normal component of B is
continuous and a conclusion of Eq. (78) is that the normal component
of D is continuous. A conclusion of Eq. (79) is that the tangential
component of H is continuous and a conclusion of Eq. (80) is that the
tangential component of E is continuous.
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Thus we see that B (magnetic flux density) is analogous to D
(electric flux density) and H (magnetic field strength) is analogous
to E (electric field strength). If the pseudo-diadielectric design
were to duplicate the pseudo-diamagnetic design, we would measure D
in a region and control real charges such as to null the measurement.
However from Eq. (72) we note that whereas we can measure g (and not
H) we cannot measure D (but rather E). Although D and E are usually
linearly related, this is not true within a conductor, where ¢ = =¥
Thus we are led to the conclusion that the pseudo diadielectric sensor
(measuring E)must not be shielded by the conducting surfaces which will
support the control charges.

Noting from Eq. (78) that the normal component of D is continuous
in regions with no real charge, we conclude that the sensor ‘(which
measures E) for the diadielectric design should be located mormal to
and in the free space just outside of a conducting surface. Now, if
the real charge on that surface is adjusted to null the output of that
sensor, then D in that region will be nulled in the same fashion as
it would be nulled with a material of zero permittivity. The design
implied by 'this reasoning is shown in Fig. 7. Each axis consists of
a pair of parallel plates driven by a voltage that is proportional to
the sum of the sensor output. The sensors provide a voltage proportional
to the normal component of E at the outside surface of the plates.

If the sensors are displaced away from the plates, they are less
sensitive to the applied field. Hence the total electric field near
the outside surface of the plates can be driven to the opposite polarity
of the applied field. This would provide us with a "super pseudo-
diadielectric" condition analogous to the '"super pseudo-diamagnet" con-
dition of Part a of this Section.

The detailed analysis of the design of the pseudo-diadielectric
device outlined here is given in Appendix B. The analysis confirms
the analogy to the magnetic field design.

It is interesting to refer the conclusions of this electric field
case back to the magnetic field device. To have a truly analogous
situation we would require, of the magnetic design, the inclusion of
a (weightless) sphere of high permeability in the center of the coils.
(The B sensors would be orthogonally paired on the outer surface of
the sphere). Following the line of reasoning presented for the electric

¥ This statement is made in the sense that, in a conductor, although
E = 0, D may have a non-zero value.
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field design, we conclude that the inclusion of the high permeability
sphere would have no first order effect on the performance of the
pseudo-diamagnetic device, although a second order effect is due to

the fact that the device-generated magnetic field internal to the coil
is not uniform.
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APPENDIX A

Rotational Stability
A device at orientation o will be in rotational stability if its
moment M(a) is zero and, if when it is disturbed by arbitrary infini-
tesimal rotation, 9,

§+M(a+s) < 0 (A1)

This states that the torque at the displaced orientation tends to return
the system to the orientation a. Since

bM(wd) = EM@*S + |om l s (A2)

oM
su@+s" |5z &

3a
we require for stability that
§7 \—_ §<0 (A3)
oM
which will be the case if EE is negative definite. Since (See Fig.
A1) - :
aM aM oM
—= — —
30 30 3E
oM aM aM aM
—l = | =X 2 —
30 56 39 3F
BMZ BMZ BMZ
98 3¢ 9E
11 P12 b13
= | Px b2z P23 (A4)
LE3 P32 b33
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and the criteria for a negative definite matrix is given in terms of a

symmetric matrix where

237 = byqs 37 = bygs a3
e VA S WS b At S
12 ° 7 813 T T3 83

aM
then

ajp * agy; *agzz <0

2 2 2
(81185572750 % (855355-355)+ (ag18337373) > 0

laij‘ <0

where Iaij] is the determinant of Eq. (A4).

—g‘ is negative definite-if and only i£(17)

(AS5)

(A6)

If any of the conditions are identically zero, then the matrix

is semidefinite and the device will have neutrally stable modes.

Defining coil parameters as

21 ¢ RS = X
uO

2 ¢ RS =y
0, Y'Y

2m 3

2T ¢ R =2
B, Z 2
Z-Y-=a
X-2=hb
Y-X=c¢

(A7)
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Eq. (19) can be rewritten as

Mx = aByoBzo
My = PBrofio
M, = Coneyo

If the flux density is oriented as shown in Fig. Al, we see that

on = B cOS € CcOS Y
Byo = B sin vy
Bzo = 8 sin € cos ¥y

Under small angle rotation (8,¢,£), the field components become

By = Byo * EByo - 9B,
By = “EByo * Byp * 0B
B, = EBxo - eByo * Bao
and hence

98 9B 9B

X _ - z -
38 0 = By 38
3B, 9B 38,
7% - Pzo g =0 5 "
9B 9B 9B

X _ = . z _
3T = Byo 3T = “Pxo T

Therefore we have
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a1 55 ° aﬁz(sinze coszy - sinzy)
a =1 (a—b)szcos sin 2
12~ 7 € Y

a;z = % (c-a)stin 2¢ coszy

(A12)
a =1 (b—c)stin sin 2
23~ % € Y
a,, = sz cos 2e coszy
azz = CBZ(sinzy - cosze coszy)
Case 1 (One of the coils is oriented for maximum flux density)
Case 1 conditions can be met by having (for example)
e =y =0 (A13)
Hence
My = Byo = Byo = 231 = 335 = 213 = 255 =0 (A14)
and
_ 2
ajq * 2y * azz = Bl(b~c) (A15)
a,.a,,-a%, + a_.a - a2 + 8,,8,, - = -bcsz (Al6)
11922 “12 22933 23 11°33 1
Iaijl = 0 (A17)

Taking Eq. (Al6) first and expressed in terms

this stability requirement is that

“be = (X-2)(X-Y) > 0

In other words the coil parameter X must be either

smallest. Eq. (Al5) requires that

of coil- parameters,

(A18)

the largest or the
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b-c = (X-Z) - (Y-X) = 2X - (X+Y) < 0 (A19)

and we see that the X coil parameter must be less than the average of
the other two. These conditions can be met if and only if the X coil

parameter (which is aligned to the field) is the smallest of the three,
i.e.

Y > X < Z (A20)

As expected, these results also apply if the field is aligned with
either of the other coils (with an appropriate change in coil label).
Note that it is immaterial whether the zero flux coils are equal or
not.

Case 2 (Two of the coil parameters are equal and the other is oriented
for zero flux density)

Case 2 conditions can be met by having (for example)

3 _ 3 _ - )
CxRx = CyRy =V (A21)
e =0 (A22)
Hence
M) =c=B,5 =815 = 8y;=333=0 (AZ3)
a=-bs= Z-V : (A24)
and
a + a + a = -aBZ sin2 + bB2 cos2 (A25)
11 22 33 2 Y 2 Y
_ 2
= -a_Bz
a - a2 + a,,a - a2 + a,.a - a2 =0 (A26)
311222 12 22233 23 11233 13
laijl =0 - (A27)
thus the only requirement for stability is
a>0 (A28)
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Since

a=212-V=2-X=12-Y (A29)
the condition for stability is that
Y < Z>X (A30)

or that the Z coil parameter be larger than the other two. Note that
this result does not conflict with Case 1.

Case 3 (Equal coil parameters)

If all coil parameters are equal namely

3 _ 3 _ 3
chx = CyRy = Csz (A31)
we see that
BMS
a=>b=c¢c= MS = 5 =0 (A32)

and the device is neutrally stable.

Stability Summary

The device will be rotationally stable if and only if one of the
following conditions are met:

1) the smallest coil parameter is aligned with the
magnetic field (1 degree of rotational freedom)

or 2) the largest coil parameter is normal to the
magnetic field and the other two coil parameters

are equal (2 degrees of rotational freedom).

or 3) all three coil parameters are equal (3 degrees
of rotational freedom).
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APPENDIX B

Pseudo-Diadielectric Analysis

Let us calculate the moments and forces on an orthogonal set of
charged dipoles as shown in Fig. Bl.

y
I.+qy
A

_qz

X
o P o—P
q rax

‘-ay

Figure B1 Orthogonal Dipole Configurations
]

The force (E) on a charge (q) in terms of the field at the center
(E,) and the first order gradients |3E/da| will be

E(a+8) =qE(a+$8) = q[E, +

3
E, 5@' 8] (B1)

where
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BEX BEX BEX
9X 9y 9z
3E 9E 9 3E
o | X 3y oz = [E] (B2)
BEZ BEZ BEZ
X 3y oz

Since the dipoles are aligned to the axes, we have
qa=*4q,
8, =*Rn (B3)
The vector moment and force on any dipole will be

Rn(n X Ef +nxF)

M,
= qRn x [(E, + R [Eln) + (E,-R_[Eln)] (34)
= 2q.R_(n x E)

B, = E + F
= q,(E, + R [EIn) - a_(E, - R [EIn) (85)
= 2q_R_[E]n

If we place pairs of electric field sensors on either side of the
dipole charge at distance X (X > R) from the center of the dipoles,
and aligned to dipole axis, the summed output of a pair of semsors
will be
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Vsn = KgplEg(#X)en + E (-X) +n] 2KsnEen (B6)

E¢(+X)on = (Eg*X[E]n)-n + Eg (87)

where E. 1s the total electric field at the semsor, K n 1s the sensi-
tivity of the sensors, Etn is the average electric field component
aligned with the dipole axis, and Ey is the electric field component
at the sensor due to the dipole itself.

*
Since

q
- n . [ 1 - - 1 y ] (B8)
41rsoRn (X/Rn-l) (X/Rn+1)
and defining
- 1
Kp = [ v 1 7 1 (B9)
(X/Rn-l) (X/Rn+1)
we have 2q K
; _ : ~ _ A n
ZEtn = (—E-O + X[E]n + _]_3_0 X[E_]n) n + 4—'"’5—};,—2- (B10)
o'n
K
Etn =B * =7 a4y (B11)
wsoRn

If we servo the charge on the dipoles to be proportional to the
output of the appropriate sensor pair we have

A = “KanVsn = ~2XnXsnFen
2K__K
- ;nKsn E_ (B12)
1+__I.I_LZ.
4naoRn

¥ Note that there is no cross-coupling of the electric field of one
dipole to the sensor of another
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Defining¥*

c = 1 (B13)
R
n 4re RS
K +
P K,
Kn = ZKanKsn
we have
q = -4me C RZE_ (B14)

Also note that in free space
D=c¢E (B15)

Substituting Eqs. (B14) and (B15) into Eqs. (B4) and (B5) we have

- _ 8m 3 "

Mn = E; CanDn(n X Qo) (B16)
- _ 8m 3 >

En = E; CanDn[Q]n (B17)

Expanded, Eqs. (B16) and (B17) are

8mC_R>
My = sx = Do I D 5 - b k ]
o 207 yo
8mC_R> R .
2y = €y Dyo [-D,,1 * Dyok ] (B18)
g7C_R> n n
=z - €, Dpo [ Dyo - Dyod

*Note that Kp =1 at X = 1.95

50



3
8 R 3 ~ 3 ~ 9 ~
- "CRx DI Dxii . Dy - . Dy X ]
~=x G xo' ox 3y 0z

gmC_R3 3D, 3D 3D,
Ey = €, Dyo [ EEX 1+ 5?1 3ot z k] (B19)
o 3
87C_R> 9D, . 9D, 9D, .
B Dl * 5y d v 57 ¥l
(5)

The force on dielectric material in a static electric field 1is

2

|3
It

80 €
- = (1 - Eg) VVE

yA

ye- (1 - £ vup (B20)

o o
A comparison of Eqs. (B18), (B19) and (B20) with Egqs. (14) through

(18) and (33) shows that this pseudo-diadielectric device is entirely
analogous to the pseudo-diamagnetic device.
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APPENDIX C

Vector Relations

From the definition of gradient we have

_ 38 3asS 7 9SS 7
VS-HI"'WJ"‘E—ZR
If
S=u+v+w
_ cou v oW, o
vs—ﬁ+ﬁ+§i)l
au v AW~ &
+('§'}7+§}7+§}7)J
au 3V dW+ 1
Gzt ez sk
If
_ .2 _ .2 2 2
S =87 = on + Byo + Bzo
and
Y/
u = on
_ .2
v o= Bl
_ .2
w= B
then we see that
3B 9B o8 ~
1 2 _ X Yy LA
7 VBT = (Byo 3% * Byo 5% ¢ Bgo 3 i
o8 98 3B ~
X y z
+(on ay * Byo ay * Bzo 3y )3
af 9B 9B ~

(€C1)

(C2)

(C3)

(C4)

(C5)

(Cé6)
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For Case 1, where two of the components of the field are zero, (e.g.)
Byo = Byo = O (€7
we see that (e.g.)

0B, ~ 9B A 3B A

xo(axX i Byx i+ Bzx k) (c8)

1 2 _
For Case 2, where one of the components of the field is zero, (e.g.)

B =0 (C9)

we see that (e.g.)

oB 9B -~
1 2 _ X
7 VB2 = (Byo 3% * Byo 3%
9B 98 ~
X
*(Byo 37 * Byo 75 I (c10)
and for Case 3
3 82 = Eq. (cé) (c11)
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NEW TECHNOLOGY APPENDIX
PSEUDO-DIAMAGNETIC SUSPENSION

This report is published in the belief that it constitutes
an improvement in the state of the art of force field suspension
(levitation). In particular, the concept of using force fields
sensors and electronic components in such a fashion as to imitate
the magnetic (or eléctric) properties of materials, which have
the characteristic that they can be suspended (levitated) in
properly shaped fields, is novel. The analysis in this report
supports the validity of this hypothesis and describes a laboratory

experiment which further confirms the concept.





