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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- 
(1 1 sure of the gas pressure down to pressures of the order of 5x10-~ torr . 

More recently, the drag torques on a decelerating magnetically suspended 

spinning steel sphere has been measured to a level approaching that 

required to detect relativistic effectsc2). In addition, these sus- 

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

degrees of freedom and, simultaneously, high force and torque levels 

in others. All force field suspensions but one are unstable under 

static  condition^'^) 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 

of this principle to very small or low-force devices. C4)  Diamagnetic 

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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11. HISTORICAL OUTLINE OF MAGNETIC AND ELECTRIC SUSPENSIONS 

For an e x c e l l e n t  survey of magnetic and e l e c t r i c  suspensions up t o  

1964, t h e  r e a d e r ' s  a t t e n t i o n  is d i r e c t e d  t o  Reference ( 5 ) .  P e r t i n e n t  

t o  diamagnetic suspension,  we note  t h a t  S. Earnshaw (1839) showed t h a t  

a  monopole i s  u n s t a b l e  i n  a  s t a t i c  inverse-square- law f i e l d ( 6 ) .  Extending 

t h i s  a n a l y s i s  f o r  s t a t i c  e l e c t r i c  and magnetic f i e l d s ,  Von W .  Braunbek 

(1939) concluded t h a t  suspension is  p o s s i b l e  only  f o r  diamagnetic 

(u/v0 < 1 )  o r  " d i a d i e l e c t r i c "  ~ o / E ~  < 1 )  m a t e r i a l s ( 3 ) .  He demonstrated 

diamagnetic suspension of smal l  p i e c e s  of bismuth ( 8 x 1 0 - ~  kg) and 

g r a p h i t e  (7.5 x  1 0 - ~ k ~ ) ' ~ ) .  I n  1956, A. Boerdijk a l s o  suspended a  small  

p iece  of g r a p h i t e  i n  a  s t a t i c  permanent-magnetic f i e l d ( ' ) .  A.D. Waldron 

(1965) s t a b l y  suspended a  g r a p h i t e  bear ing  ( 1 0 - ~ k ~ )  wi th  permanet mag- 

n e t s ( ' ) ,  and i n  1968, I .  Simons cons t ruc ted  an extremely s e n s i t i v e  

t i l t m e t e r  u t i l i z i n g  a  g r a p h i t e  se i smic  mass suspended i n  a  permanent 
(10) magnet f i e l d  . 

Suspension u t i l i z i n g  superconductors was f i r s t  achieved i n  Russia 

by V.  Arkadiev (1945) ( I1) ,  followed by o t h e r s  i n  t h i s  country ,  inc lud ing  

P.K. Chapman and S. Ezekie l  who cons t ruc ted  a  low-level  accelerometer 
(12) by suspending a  b a r  magnet over  a  superconducting s u r f a c e  . 

The o t h e r  suspension technique p e r t i n e n t  t o  t h i s  r e p o r t  i s  time 

v a r i a t i o n  of t h e  magnetic f i e l d  s t r e n g t h ,  where p o s i t i o n  sensing of 

t h e  suspended o b j e c t  c o n t r o l s  the  suspension c u r r e n t  i n  an electromag- 

n e t .  The p o s i t i o n  sens ing  can be achieved by d e t e c t i n g  changes i n  

p o s i t i o n  o p t i c a l l y ,  i n d u c t i v e l y ,  o r  c a p a c i t i v e l y  and a p p r o p r i a t e l y  

modifying t h e  d .c .  o r  a . c .  suspension c u r r e n t .  H i s t o r i c a l l y ,  t h i s  

i s  w e l l  desc r ibed  i n  Ref. (5 ) .  Of f u r t h e r  i n t e r e s t  i s  t h e  work done . . 

by Beams (13), Gi l inson ,  e t  a l .  ( I 4 )  and t h e  Cambridge Thermionic 
(15) Corporation . 
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111. CONCEPT OF PSEUDO-DIAMAGNETIC SUSPENSION 

A s  noted p r e v i o u s l y ,  diamagnetic suspension is  very  simple;  i f  one 

shapes a  permanent magnet f i e l d  p r o p e r l y ,  i t  can suspend a  p iece  of 

diamagnetic m a t e r i a l  i n d e f i n i t e l y .  I n  concept t h i s  occurs f o r  two r e a -  

sons:  l )  magnetic f i e l d s  can be shaped t o  have a  f l u x  d e n s i t y  (hence 

energy d e n s i t y )  minimum i n  f r e e - s p a c e ,  (but  n o t  a  f l u x  d e n s i t y  maximum); 

2 )  t he  magnetic f i e l d  w i t h i n  a  diamagnet i s  l e s s  than t h a t  which would 

o the rwise  e x i s t  i n  f r e e  space ( the  magnetic induc t ion  i s  n e g a t i v e ) .  

Under t h e s e  two c o n d i t i o n s ,  the  minimum energy c o n f i g u r a t i o n  of the  

magnetic f i e l d  and diamagnet r e q u i r e s  t h a t  t h e  diamagnet be p o s i t i o n e d  

a t  t h e  energy d e n s i t y  minimum, hence i t  can be suspende$ i n  f r e e  space .  

To i m i t a t e  t h i s  c h a r a c t e r i s t i c  of  a  diamagnetic m a t e r i a l  ( a t  t h e  

expense of  energy i n p u t )  would seem t o  be s t r a i g h t - f o r w a r d ;  namely, 

measure the  f i e l d  t h a t  e x i s t s  (e .g .  w i t h  a  Hal l  s e n s o r )  and d r i v e  

c u r r e n t  through an e lec t romagnet  c o i l  o r i e n t e d  t o  oppose t h e  measured 

f l u x .  Of course  t h e  f i e l d  t h a t  e x i s t s  is t h e  sum of  t h e  f r e e  space 

f i e l d  p l u s  the  genera ted f i e l d ,  b u t  n e v e r t h e l e s s  it is  p o s s i b l e  t o  

reduce t h e  r e s u l t a n t  f i e l d  t o  any e x t e n t  d e s i r e d .  Since t h e  above 

d i s c u s s i o n  a p p l i e s  t o  only  one component of t h e  f r e e  space f i e l d ,  we 

a r e  r e q u i r e d ,  i n  g e n e r a l ,  t o  do t h i s  f o r  each or thogonal  d i r e c t i o n .  

The n e x t  s e c t i o n  shows t h a t  t h i s  procedure does indeed i m i t a t e  t h i s  

c h a r a c t e r i s t i c  o f  a  diamagnetic m a t e r i a l .  We have demonstrated a  

suspension us ing  t h i s  approach exper imenta l ly  i n  t h e  l a b o r a t o r y  (see 

Sec t ion  VI) .  

Whether t h i s  technique i s  u s e f u l  o r  n o t  depends upon t h e  a p p l i c a -  

t i o n  and des ign .  True diamagnetic suspension can o p e r a t e  i n d e f i n i t e l y  

(a l though t h e r e  a r e  few a p p l i c a t i o n s  which demand t h a t  c a p a b i l i t y ) ,  

b u t  w i t h  very  l i m i t e d  f o r c e .  Pseudo-diamagnetic suspension can provide  

a  r e l a t i v e l y  l a r g e  f o r c e  c a p a b i l i t y  b u t  on ly  f o r  a  f i n i t e  time ( t h e  

product  o f  f o r c e  and time be ing  p r o p o r t i o n a l  t o  t h e  energy a v a i l a b l e ) .  

Some c o n f i g u r a t i o n s  a r e  examined i n  Sec t ion  V. 
To i n c r e a s e  t h e  f o r c e  beyond t h e  l i m i t  i n h e r e n t  i n  t h e  s t r a i g h t -  

forward des ign ,  would r e q u i r e  t h a t  t h e  f l u x  d e n s i t y  w i t h i n  the  device  

be n o t  merely reduced t o  zero ,  b u t  i n  f a c t ,  r eve rsed  i n  p o l a r i t y .  

That t h i s  can be done i s  developed i n  S e c t i o n  VII .  Also i n  Sec t ion  

VII and Appendix B is t h e  a n a l y s i s  t o  suppor t  the  e l e c t r i c  f i e l d  

analogy l ead ing  t o  t h e  d i a d i e l e c t r i c  suspension.  
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I V .  THEORY O F  O P E R A T I O N  

Consider an or thogonal  s e t  of c i r c u l a r  c u r r e n t - c a r r y i n g  c o i l s  wi th  

co inc iden t  c e n t e r s  i n  an e x t e r n a l  magnetic f i e l d .  (See Fig .  1 ) .  Let us  

n e g l e c t  time dependent e f f e c t s  of a  r o t a t i o n  of t h e  c o i l s  r e l a t i v e  t o  

the  f i e l d .  An e lementa l  s e c t i o n  of a  c o i l  (ds)  w i l l  experience a  fo rce*  

given by 

A A A  

S e l e c t i n g  a  coord ina te  system (x ,y ,z  wi th  u n i t  v e c t o r s ,  r e s p e c t i v e l y ,  

i , j , k )  cen te red  and a l i g n e d  w i t h  t h e  c o i l s ,  and n e g l e c t i n g  g r a d i e n t s  of 

t h e  magnetic f i e l d  f l u x  d e n s i t y  h igher  than t h e  f i r s t ,  t h e  moment (I&) 
on each c o i l  w i l l  be 

L M = T R  N I [ B z o i  
-Y Y Y Y  

and t h e  f o r c e  (En) on each c o i l  w i l l  be 

2 a6 A 

F = n R N I  [ & i  
-Y Y Y Y  

where, f o r  t h e  nth c o i l  ( 7 )  

Rn = r a d i u s  o f  c o i l  

Nn = no. of  t u r n s  

I n  = c u r r e n t  

B x o , B y o , B z o  a r e  t h e  va lues  of t h e  e x t e r n a l  magnetic f i e l d  a t  
t h e  o r i g i n  

*SI Uni t s  a r e  used throughout t h i s  r e p o r t  
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Note t h a t  (E!,,E!,) a r e  t h e  t o t a l  moment and f o r c e  on c o i l  n and no t  

components. 

Let us cons ider  a device  where we sense  the  magnitude of t h e  t o t a l  

magnetic f i e l d  f l u x  d e n s i t y  component (Btn) which i s  normal t o  t h e  plane 

of each c o i l  ( a t  t h e  o r i g i n )  and c o n t r o l  t h e  c u r r e n t  through t h a t  c o i l  

such t h a t  t h e  c u r r e n t  i s  p r o p o r t i o n a l  t o  t h a t  measurement. (See Figure 

F i g u r e  2 C o i l  n  Feedback C o n f i g u r a t i o n  

Thus 
I n  = -KnBtn  

where K i s  t h e  a m p l i f i e r - s e n s o r  g a i n .  



Noting t h a t  t h e  t o t a l  f i e l d  i s  t h e  sum of t h e  e x t e r n a l  f i e l d  (Bn) 

p l u s  t h e  f i e l d  due t o  t h e  c o i l  c u r r e n t  (Bc), namely 

we s e e  t h a t  

Defining t h e  feedback ga in  as  

we have 

which can be s u b s t i t u t e d  i n t o  equat ions  (2-7) t o  y i e l d  t h e  moments 

and f o r c e s  on t h e  c o i l s  under t h i s  feedback arrangement. Note t h a t  

t h e  f i e l d  due t o  any c o i l  does n o t  have any n e t  cross-coupl ing e f f e c t s  

on t h e  o t h e r  sensors  o r  c o i l s .  Also no t ing  t h a t  

0.6 = 0 - 

we have 



i f  t h e  c o i l s  a r e  a t t ached  t o  each o t h e r ,  then the  t o t a l  moment 

and f o r c e  on t h e  device  i s  

S p e c i f i c  Cases 

E ~ S .  (19) and ( 2 0 )  a r e  of p a r t i c u l a r  i n t e r e s t  i n  t h r e e  s p e c i f i c  

cases  of c o i l  parameter va lues  ( c o i l  r a d i u s  cubed times feedback gain)  

and c o i l  o r i e n t a t i o n .  These cases  a r e :  Case 1 )  - One of t h e  c o i l s  i s  

o r i e n t e d  f o r  maximum f l u x  d e n s i t y ;  Case 2 )  - Two of t h e  c o i l  parameters 

a r e  i d e n t i c a l  and t h e  o t h e r  c o i l  i s  o r i e n t e d  f o r  zero f l u x  d e n s i t y ;  and 

Case 3) - A l l  t h r e e  c o i l  parameters a r e  equal .  I n  these  t h r e e  c a s e s ,  

t h e  moment on t h e  dev ice  w i l l  be zero* and t h e  f o r c e  can be desc r ibed  

* The r o t a t i o n a l  s t a b i l i t y  of t h e s e  3 cases  is  examined i n  Appendix A. 
I n  summary; Case 1 i s  s t a b l e  provided t h a t  t h e  s m a l l e s t  c o i l  parameter 
is  a l igned  t o  t h e  f i e l d  ( t h e  device  w i l l  have 1 degree of r o t a t i o n a l  
freedom), Case 2 i s  s t a b l e  provided t h a t  t h e  zero  f l u x  c o i l  parameter 
i s  l a r g e r  than  t h e  o t h e r  two ( t h e  device  w i l l  have 2 degrees of r o t a -  
t i o n a l  freedom), and Case 3 i s  s t a b l e  r e g a r d l e s s  ( t h e  device  w i l l  have 
3 degrees  of r o t a t i o n a l  freedom). 



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

with the field. Therefore 

B y o  = B = 0 
z 0 

hence from E q .  (20) 

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

3 where CIRl 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. 

hence 

Utilizing E q .  (1210) and generalizing, we have for Case 2 

*See Appendix C for the pertinent vector relations. 



3  where C 2 R 2  i s  t h e  value  of t h e  parameter of one of t h e  "equal" c o i l s .  

Case 3  cond i t ions  provide t h a t  

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

where C R3 is  t h e  value  of any of t h e  equal c o i l  parameters.  3  3  
Thus we s e e  t h a t  i n  every case  where zero moment r o t a t i o n a l  s t a b i l i -  

by e x i s t s ,  t h e  f o r c e  on the  device  w i l l  be 

where CR' i s  t h e  value  a s s o c i a t e d  w i t h  t h e  c o i l  most c l o s e l y  a l igned 

t o  t h e  magnetic f i e l d .  

Since 

Eq. (30) can be expressed as  

~ r a u n b e k ( ~ )  has shown t h a t  t h e  f o r c e  on a  diamagnetic m a t e r i a l  

i n  a  s t a t i c  magnetic f i e l d  w i l l  be ( i n  S I  u n i t s )  

where P i s  t h e  magnetic pe rmeabi l i ty  and V the  volume of t h e  m a t e r i a l .  

I n  comparing Eq 's .  (32) and (33) we no te  t h a t  t h e  term C i n  

Eq. (32) i s  dimensionless  and i t s  va lue  is  i n  t h e  range 



as the amplifier-sensor gain Kn (coil current/mag. field strength) 
takes any positive value (See E q .  (11)). Note that in E q .  (33) the 
term (1 - p/po) i s  dimensionless and its value is in the range 

for any diamagnetic material. Thus we see that these terms are similar 
in range and dimension. 

Hence 

(1 - k) + c (36) 

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

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

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 

3 permeability l/(l+poNK/2R) and volume (2aR ), 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. 
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V .  SUSPENSION CONFIGURATIONS 

Having developed a  device  capable  of  p rov id ing  a  s t a b i l i z e d  s u s -  

pension f o r c e * ,  we can s e e  t h a t  i t  may be u t i l i z e d  i n  a  number of  modes. 

For example, 1)  the  magnetic f i e l d  may be f i x e d  and the  device  s u s -  

pended, 2 )  t h e  device  f i x e d  and the  magnetic f i e l d  source  (magnet) sus -  

pended - with  o r  wi thou t  an a d d i t i o n a l  f i x e d  magnetic f i e l d ,  3 )  i n  

e i t h e r  1 )  o r  2) above some degrees  of r o t a t i o n a l  o r  l i n e a r  motion may 

be r e s t r a i n e d  by g r a v i t a t i o n a l  o r , e l e c t r i c  f i e l d s  o r  by o t h e r  r e s t r a i n t s .  

General ly  speaking,  each c o n f i g u r a t i o n  which d i f f e r s  from those  i n  

S e c t i o n  I V  must be f u l l y  analyzed f o r  s t a b i l i t y ,  and t h e s e  analyses  a r e  

o u t s i d e  t h e  scope of t h i s  r e p o r t .  However some p o t e n t i a l l y  u s e f u l  

c o n f i g u r a t i o n s  w i l l  be d i scussed .  

1 )  Device Suspended 

Although a  t r u e  diamagnet can remain suspended p a s s i v e l y  i n  a  

magnetic f i e l d ,  a  pseudo-diamagnetic device  r e q u i r e s  a c t i v e  components 

and an energy supply .  This energy can be s u p p l i e d ,  f o r  example, from a  

f i x e d  s t o r a g e  (e.g.  b a t t e r y )  o r  from p h o t o v o l t a i c  c e l l s  (provided a  

s u i t a b l e  i l l u m i n a t i o n  i s  a v a i l a b l e ) .  I n  comparing t h e s e  two sources  

we n o t e  t h a t  i f  a  t y p i c a l  s p e c i f i c  mass d e n s i t y  f o r  b a t t e r y  (Kb) i s  

1.25 x  l ~ - ~ ~ ~ / w a t t - s e c  and f o r  p h o t o v o l t a i c  c e l l s  (Ke) i s  2  x 1 0 - ~ ~ ~ / w a t t ,  

t h a t  f o r  suspension t imes g r e a t e r  than 1,600 seconds,  a  device  w i t h  a .  

p h o t o v o l t a i c  supply  w i l l  be l i g h t e r .  

I f  we p o s t u l a t e  t h a t  t h e  weight of  t h e  device  is due t o  t h e  

energy supply  (We), t h e  c o i l s  (Wc), and the  suppor t ing  s t r u c t u r e  (Ws)P 

then we can draw some i n t e r e s t i n g  des ign  conclus ions .  To s i m p l i f y  

t h i s  a n a l y s i s  we s e t  

N x = N  = N z = N  
Y 

(no. of t u r n s )  

Rx = R~ = R~ = 
( rad .  of  c o i l s )  

C x = C  = C z = C  (feedback c o n s t a n t )  
Y 

Ke = K b t  = K (mass d e n s i t y  of  supply)  

* i n  a  q u a s i - s t a t i c  s e n s e  



I t  can be shown t h a t  the  weight of t h e  energy supply w i l l  be 

t h a t  the  weyght of t h e  c o i l s  (neg lec t ing  i n s u l a t i o n )  w i l l  be 

and t h a t  t h e  weight of t h e  s t r u c t u r e  (assuming t h a t  t h e  s t r u c t u r e  con- 

s i s t s  o f  3 s o l i d  d i s k s  of rad ius  R) w i l l  be approximately 

where 

g  = a c c e l .  of g r a v i t y  

p = r e s i s t i v i t y  of c o i l  m a t e r i a l  

ac= mass d e n s i t y  of c o i l  m a t e r i a l  

us= mass d e n s i t y  of c o i l  suppor t  m a t e r i a l  

Ts= th ickness  o f  suppor t  m a t e r i a l  

D = diameter  of c o i l  wire  

t = time of suspension ( f o r  b a t t e r y  opera t ion)  

The optimum wi re  diameter  f o r  minimum t o t a l  w i g h t  i s  

Thus t h e  t o t a l  weight w i t h  optimum wi re  diameter . i s  



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 

Hence 

which sets the requirement for the coil radius namely 

R~ = (gig) (BJS q + 3TSoSu0 ~ C B  1 ( 4 7 )  

Under the minimum weight condition, the power requirement is 

to minimize this power requirement, the optimum feedback gain is 



and thus the minimum power level will be 

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

In summary; under the condition of minimum weight and minimum power 

consumption, the coil radius requirement is 

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

and the wire diameter is 

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

namely 



The power consumption i s  

and t h e  feedback parameter (and minimum f l u x  d e n s i t y )  a r e  given by 

From Eq. (52) we no te  t h a t  t h e  d i f f e r e n c e  i n  f l u x  d e n s i t y  from t h e  

top of t h e  device  t o  t h e  bottom i s  

f o r  t h e  minimum weight - minimum power case ,  and t h a t  t h i s  f l u x  

d e n s i t y  d i f f e r e n c e  i s  independent of t h e  c o i l  s i z e .  I f  we wish t o  

reduce t h e  f l u x  d e n s i t y  d i f f e r e n c e  a t  the  expense of power conservat ion,  

we no te  from Eq. (47) and (48) t h a t  a t  b e s t  (unl imited power) we can 

c u t  t h e  f l u x  d e n s i t y  d i f f e r e n c e  ( i . e .  f l u x  d e n s i t y  g rad ien t )  i n  h a l f . *  

S e l e c t i n g  aluminum f o r  t h e  c o i l  wire m a t e r i a l  t o  reduce t h e  f l u x  

d e n s i t y  g r a d i e n t  r equ i rement ) ,  s tyrofoam f o r  the  s t r u c t u r a l  m a t e r i a l ,  

and t a k i n g ,  a s  t y p i c a l  values: 

* Under t h e  cond i t ion  of une u a l  c o i l  parameters ( v i z  Case 2 o r  3)  i t  
-a- can be shown t h a t  t h e  f l u x  e n s i t y  d i f f e r e n c e  can be reduced, wi thout  

i n c r e a s i n g  t h e  power consumption; bu t  a t  t h e  expense of i n -  
c r e a s i n g  t h e  minimum requ i red  f l u x  d e n s i t y .  A t  b e s t  (unl imited 
f l u x  d e n s i t y )  t h e  f l u x  d e n s i t y  d i f f e r e n c e  can be reduced t o  . 
1/fl = 0.577 of t h e  va lue  requ i red  f o r  t h e  equal  parameter case  ( i . e .  
Eq. (58)) .  For t h e  cond i t ion  of un l imi ted  f l u x  d e n s i t y  (with unequal 
c o i l  parameters)  and unl imited power, t h e  f l u x  d e n s i t y  d i f f e r e n c e  
can,  a t  most, be reduced t o  1 / 2 J 3  = 0.289 of t h e  value  given by 
Eq. (58).  



We have 

A: = 9.3  x  10-~rn (approx. #28 AWG, N = 1 )  

W" = 1.9  x  1 0 - ~ n e w  (0.19 grams) 

PC* = 2.4 x  w a t t  

= 2 . 2  x  l o - '  t e s l a  

A @ ;  = 0.34 t e s l a  

Under t h e  s t a t e d  cond i t ions ,  we no te  t h a t  these  va lues  i n d i c a t e  

t h a t  t h e  most s t r i n g e n t  cond i t ion  appears t o  be the  f l u x  d e n s i t y  

g r a d i e n t ,  ( i . e .  t h e  f l u x  d e n s i t y  a t  t h e  bottom of t h e  device  must be 

0.34 t e s l a  (3.4 k i logauss )  more than a t  t h e  t o p ) .  

2) Device Fixed-Magnet Suspended 

Since a  f o r c e  balance must e x i s t  between t h e  s t a b i l i z e d  device  

and t h e  magnetic f i e l d  sources ,  we can cons ider  e i t h e r  one f i x e d  and t h e  



M A G N E T  

D E V I C E  

F i g u r e  3 a  S u s p e n d e d  M a g n e t  

o t h e r  suppor ted.  I f  we have a  f i x e d  magnet s t a b l y  support ing a  device 

i n  a  g r a v i t y  f i e l d ,  and we i n v e r t  t h e  o r i e n t a t i o n s ,  then t h e  magnet 

w i l l  be s t a b l y  supported;  provided t h a t  ( r e f e r  t o  the  conf igura t ion  

i n  F ig .  3a) 

and 

where 
Mm = magnet mass 

s = d i s t a n c e  from' magnet c e n t e r  .of mass t o  device  c e n t e r .  



U t i l i z i n g  t h e  a n a l y s i s  i n  Appendix A (v iz .  Eq.  (A12)), Eq.  (60) 

may be r e s t a t e d  as 

Note t h a t  t h e  conf igura t ion  i n  Fig .  3a has  one degree of r o t a t i o n a l  

freedom. 

To avoid t h e  r e s t r i c t i o n  of a  v e r t i c a l  o r i e n t a t i o n ,  we may use 

two dev ices ,  a s  shown i n  Fig .  3b. This arrangement a l s o  provides  t h e  

magnet wi th  one degree o f  r o t a t i o n a l  freedom 

DEVICES 

Figure 3 b  Suspended Magnet 

To suspend a  magnet and a l s o  provide some l i n e a r  motion freedom, 

one may provide a  p l a n a r  a r r a y  of devices  as  shown i n  Fig.  3c. I n  

t h i s  arrangement 

Figure 3c Suspended Magnet 



each device  r e q u i r e s  only t h e  c o i l  which is  p a r a l l e l  t o  t h e  plane.  

This mul t idcv ice  conf igura t ion  i s  analogous t o  a  superconducting s h e e t .  

I n  a d d i t i o n  t o  suspension conf igura t ions  u t i l i z i n g  magnet and 

device  a lone ,  arrangements c o n s i s t i n g  of a  f i x e d  device ,  suspended 

magnet and f i x e d  magnet a r e  of cons iderab le  i n t e r e s t .  For example, 

t h e  arrangement shown i n  Fig.  3a can be improved wi th  t h e  a d d i t i o n  of 

an upper f i x e d  magnet t o  provide some of t h e  suspension f o r c e .  (This ,  

of course ,  has an u n s t a b i l i z i n g  e f f e c t  i n  t h e  v e r t i c a l  d i r e c t i o n  t h a t  

t h e  device  must compensate.) In  f a c t ,  we no te  t h a t  t h e  upper magnet 

and t h e  g r a v i t y  f i e l d  can provide all t h e  requ i red  suspension f o r c e  

and a l s o  provide s t a b i l i z i n g  f o r c e s  i n  a l l  degrees of freedom except f o r  

r o t a t i o n  about the  v e r t i c a l  (which i s  n e u t r a l l y  s t a b l e )  and except f o r  

s t a b i l i z i n g  f o r c e s  f o r  v e r t i c a l  motion. Thus i n  o rder  t o  s t a b l y  support  

the  lower magnet, t h e  only  func t ion  requ i red  of t h e  device  is  t o  

provide a  s t a b i l i z i n g  f o r c e  i n  t h e  v e r t i c a l  d i r e c t i o n .  To do t h i s ,  we 

r e q u i r e  only one c o i l  component of t h e  dev ice ,  as shown i n  Fig.  3d. 

Since  no suppor t ing  f o r c e  i s  requ i red  of t h e  dev ice ,  the  average 

c u r r e n t  through t h e  c o i l  ( i n  t h e  absence o f  d i s t u r b i n g  f o r c e s )  can 

be reduced t o  zero by summing i n  a  b i a s  vo l tage  (VB) t o  t h e  a m p l i f i e r .  

Thus t h e  power consumption i n  the  c o i l  i s  r e l a t e d  t o  only  the  d i s -  

turbance f o r c e s ,  and i n  t h e i r  absence,  t h e  power consumption of t h e  

device  i s  only  due t o  t h e  qu iescen t  o p e r a t i o n  o f  t h e  e l e c t r o n i c s .  
This c o n f i g u r a t i o n  is d i r e c t l y  analogous t o  t h a t  used by Boerdijk ( 8 )  

i n  1956 when he l e v i t a t e d  a  small  c y l i n d r i c a l  magnet wi th  a  diameter 

of l ~ - ~ r n  and 0 . 3 ~ 1 0 - ~ m  t h i c k .  
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V I .  EXPERIMENTAL RESULTS 

During August 1970, t h e  suspension conf igura t ion  shown i n  Fig .  3d 

was b u i l t  and t r i e d  wi th  components s e l e c t e d  from "equipment of 

oppor tuni ty"  i n  our l abora to ry .  Of p a r t i c u l a r  i n t e r e s t ,  t h e  f l u x  

sensor  was a B e l l ,  Inc .  Hal l  Sensor Model BH700; t h e  f i x e d  magnet 

was a  c y l i n d e r  2 . 5 4 ~ 1 0 -  'm. d iameter ,  10''m. l e n g t h ,  the  suspended 

magnet was a  c y l i n d e r  1 . 3  x  m .  d iameter ,  3.9 x  m. l e n g t h ,  

8.36x10-' kg weight,  both  Alnico V magnets; t h e  c o i l  had an i n s i d e  
4  diameter  of 1 .9  x  10-'m., 10 t u r n s ,  wi th  a  r e s i s t a n c e  of 4 0  Q. The 

ampl i f i e r - sensor  ga in  was 10 ampl tes la .  The i n i t i a l  opera t ion  provided 

suspension - and a l s o  a  dynamic o s c i l l a t i o n  of t h e  suspended magnet. 

This dynamic o s c i l l a t i o n  was e a s i l y  c o r r e c t e d  by the  add i t ion  of a  ve lo -  

c i t y  sens ing  c o i l  (of 200 t u r n s )  p laced  around t h e  f i x e d  magnet and 

a p p r o p r i a t e l y  summed i n t o  t h e  a m p l i f i e r .  The r e s u l t i n g  opera t ion  

was e n t i r e l y  s a t i s f a c t o r y  and was achieved wi th  a  minimum of d i f f i c u l t y .  

I n  p a r t i c u l a r ,  we were ab le  t o  reduce the  c o i l  c u r r e n t  t o  l e s s  

than 3  ma. i n  our l a b o r a t o r y  bench environment. In  o t h e r  words, we 

were providing s t a b l e  suspension a t  t h e  r a t e  of 232 Kglwatt, (exclus ive  

of s e n s o r - a m p l i f i e r  qu iescen t  power). Addi t iona l ly ,  we determined 

t h e  v e r t i c a l  s t i f f n e s s  t o  be 3.68 newlamp. 
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VII.  ALTERNATIVE DESIGNS 

a .  Super Pseudo-Diamagnets 

-* I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  a c t u a l  f l u x  d e n s i t y  a t  t h e  

c e n t e r  of t h e  c o i l  i s  given by (See Eqs. (8), (93, and (10)) 

For ve ry  l a r g e  va lues  of a m p l i f i e r - s e n s o r  ga in  (K,), t h i s  f l u x  goes 

t o  ze ro ,  and t h e  analogous r e l a t i v e  pe rmeabi l i ty  (Eq. (38)) a l s o  goes 

t o  zero (and C i n c r e a s e s  t o  one).  I n  a  sense ,  t h i s  s imula tes  a  p e r -  / 

feet diamagnet. 

I f  t h i s  f l u x  d e n s i t y  could be d r iven  f u r t h e r  and made nega t ive ,  

then our analogous r e l a t i v e  pe rmeabi l i ty  would a l s o  be negat ive  and 

C would i n c r e a s e  beyond one. From Eq. (34) we s e e  t h a t  the  f o r c e  on t h e  

device  could then be inc reased  beyond t h a t  of t h e  analogous p e r f e c t  d i a -  

magnet . 
Since feedback dev ices  can do no more than d r i v e  t h e  sensor  ou t -  

p u t  t o  n u l l ,  i t  i s  c l e a r  t h a t  t h e  sensor  l o c a t i o n  must be s h i f t e d  t o  a  

l o c a t i o n  such t h a t  t h e  f l u x  d e n s i t y  due t o  t h e  c o i l  c u r r e n t  i s  l e s s  

than t h a t  a t  t h e  c e n t e r  (but  of t h e  same p o l a r i t y ) .  I f  t h e  new loca-  
t i o n  i s  along a p r i n c i p l e  a x i s  of t h e  dev ice , ' and  normar t o  t h e  c o i l  then 

c ross -coupl ing  w i t h  t h e  f l u x  from t h e  o t h e r  c o i l s  w i l l  be avoided. 

Let us d e f i n e  t h e  f l u x  d e n s i t y  r a t i o  as  t h e  f l u x  d e n s i t y  a t  t h e  

new l o c a t i o n  compared t o  t h e  f l u x  d e n s i t y  a t  t h e  c e n t e r ,  (both due t o  

t h e  c o i l  only)  

I f  we modify t h e  a n a l y s i s  of Sec t ion  I V  by inc lud ing  E q .  (63),  it 

can be shown t h a t  t h e  feedback gain  w i l l  be redef ined  as  

- 1 
'na - ZR, 

iiimr o n n  



and t h e  f o r c e  on t h e  device  w i l l  be inc reased  by 

Along t h e  a x i s  normal t o  t h e  c o i l ,  t h e  f l u x  d e n s i t y  r a t i o  i s  given 
by (See f o r  example Ref. (16)) 

which i s  p l o t t e d  i n  Figure  4 ,  t oge ther  wi th  t h e  f l u x  d e n s i t y  r a t i o  a long 

t h e  r a d i u s  of a  one- tu rn  c o i l  (kRr).  A t  a  d i s t a n c e  from t h e  c e n t e r ,  

R = R ,  we no te  than kRn = 0.35 whi le  kRr i s  nowhere (ou t s ide  o f  t h e  

wire)  p o s i t i v e  and l e s s  than one. 

Hence, wi th  one- turn  c o i l s  and w i t h  t h e  sensor  l o c a t i o n  r e s t r i c t e d  

t o  t h e  i n t e r i o r  of t h e  dev ice ,  t h e  b e s t  l o c a t i o n  f o r  t h e  sensors  would 

be n o t  a t  t h e  c e n t e r ,  b u t  d i sp laced  out  a  d i s t a n c e  R. (Using t h e  

sum of  t h e  o u t p u t s  of two sensors  f o r  each c o i l ,  one sensor  on each 

s i d e ,  would e l i m i n a t e  t h e  f i r s t  o r d e r  e f f e c t s  of e x t e r n a l  f i e l d  

f l u x - d e n s i t y  g r a d i e n t s . )  For ve ry  l a r g e  a m p l i f i e r - s e n s o r  ga ins ,  t h e  

f o r c e  would be inc reased  by 

and t h e  t o t a l  f l u x  d e n s i t y  i n  t h e  c e n t e r  o f  t h e  c o i l  would be oppos i t e  

i n  d i r e c t i o n  t o  t h e  app l ied  e x t e r n a l  f i e l d !  The magnitude o f t l i i s  f l u x  

d e n s i t y  would be 
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Even s m a l l e r  va lues  of kk may be achieved wi th  m u l t i t u r n  c o i l s .  

For example, Fig .  5  shows t h e  r e l a t i v e  f l u x  d e n s i t y  along t h e  r a d i u s  

of a c o i l  (kg=) c o n s i s t i n g  of two c o n c e n t r i c  t u r n s  (with r a d i i  1.0 R 

and 1.1 R and wire of diameter .02  R 1. The p l a c e  of i n t e r e s t  i s  
between t h e  c o i l s .  This s e c t i o n  i s  enlarged i n  Fig.  6. (kkn i s  a l s o  
p l o t t e d  f o r  compariso-1). We no te  t h a t  i n  a  small  r eg ion  approximating 

midway between t h e  t u r n s ,  t h e  r e l a t i v e  f l u x  d e n s i t y  is  , p o s i t i v e  @. 

l e s s  than one and a l s o  l e s s  than t h e  corresponding value  along t h e  

normal a x i s  (kkn) .  Thus, Fig.  6 shows t h a t  we can l o c a t e  a  region 

( i n  a  two-turn  c o i l )  where we can s e l e c t  k t  t o  be as  small  a s  we wish. 

Hence t h e  f o r c e  on t h e  device  can be a r b i t r a r i l y  l a r g e .  However, it 

is  apparent  t h a t  t h e  motional s t a b i l i t y  o f  a  sensor  p laced here  w i l l  

be ve ry  c r i t i c a l  s i n c e  t h e  va lue  of k t  i s  very s e n s i t i v e  t o  r a d i a l  

p o s i t i o n .  I t  must be no ted ,  a l s o ,  t h a t  f o r  t h e  des ign developed i n  

Sec t ion  V ,  ( see  Eqs. (52)  through ( 5 8 ) ) ,  t h e  only  apparent  advantage 

of t h i s  "super pseudo-diamagnetw i s  t o  reduce t h e  minimum f l u x  d e n s i t y  

r e q u i r e d  t o  achieve t h e  optimum condi t ions .  

b.  Pseudo D i a d i e l e c t r i c s  

A s  noted i n  Sec t ion  11, Braunbek showed t h a t  s t a b l e  suspensions  

can be achieved i n  p roper ly  shaped e l e c t r i c  f i e l d s  w i t h  m a t e r i a l s  t h a t  

have a  r e l a t i v e  p e r m i t t i v i t y  l e s s  than one. (here  c a l l e d  " d i a d i e l e c t r i c "  

mater ia ls)  . Since no known m a t e r i a l s  have t h i s  p roper ty ,  t h i s  conclu- 
s i o n  'had no p r a c t i c a l  m e r i t .  I n  l i g h t  of t h e  approach used wi th  magnetic 

f i e l d s  i n  t h i s  r e p o r t ,  t h e  ques t ion  a r i s e s  as t o  whether d i a d i e l e c t r i c  

behavior  can be s imulated by e l e c t r i c  f i e l d s .  This ques t ion  can be 

answered by cons ider ing  a  device  whose des ign i s  suggested by t h e  

magnetic f i e l d  approach. 

As we contemplate an e l e c t r i c  analog t o  t h e  magnetic case ,  we a r e  

immediately confronted w i t h  a  d i f f i c u l t  problem. Whereas we a r e  a b l e  

t o  sense  and genera te  magnetic f i e l d s  w i t h  m a t e r i a l s  ( i . e .  conductors)  

t h a t  themselves a f f e c t  t h e  magnetic f i e l d s  ve ry  l i t t l e  (u = uo) t h e  

m a t e r i a l s  t h a t  we must use  t o  c o n t r o l  l a r g e  amounts of charge (again  

conductors)  a f f e c t  t h e  e l e c t r i c  f i e l d s  s e v e r e l y  (E = w ) .  Since we a r e  

a t t empt ing  t o  des ign  a  dev ice  t h a t  behaves as  though E = 0 and we must 

use m a t e r i a l s  wi th  E = m, we must proceed c a r e f u l l y .  
I t  may be i n s t r u c t i v e  t o  review some p e r t i n e n t  r e l a t i o n s  i n  

s t a t i c  e lec t romagne t ic  theory  ( see  f o r  example Ref. 16) 
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Although t h e  Maxwell equat ions  f o r  t h e  general  case  a r e  

V - D  = p - 

i f  we a r e  d e a l i n g  w i t h  f i e l d s  t h a t  a r e  time independent and we a r e  

n o t  i n  reg ions  wi th  charge and conduction c u r r e n t ,  these  equa- - 
t i o n s  become 

VxH = 0 - (79) 

VxE = 0 - (80) 

A conclusion of E q .  (77) i s  t h a t  t h e  normal component of B i s  

continuous and a conclus ion of Eq. (78) i s  t h a t  t h e  normal component 
of D i s  cont inuous .  A conclus ion o f  Eq. (79) is t h a t  t h e  t a n g e n t i a l  
component of H i s  continuous and a conclus ion o f  Eq. (80) is t h a t  t h e  
t a n g e n t i a l  component o f  E  i s  con t inuous .  



Thus we s e e  t h a t  B (magnetic f l u x  d e n s i t y )  i s  analogous t o  D 

( e l e c t r i c  f l u x  d e n s i t y )  and H (magnetic f i e l d  s t r e n g t h )  is  analogous 

t o  E ( e l e c t r i c  f i e l d  s t r e n g t h ) .  I f  t h e  p s e u d o - d i a d i e l e c t r i c  des ign 

were t o  d u p l i c a t e  t h e  pseudo-diamagnetic des ign ,  we would measure D 
i n  a reg ion  and c o n t r o l  r e a l  charges such as  t o  n u l l  t h e  measurement. 

However from Eq. (72) we no te  t h a t  whereas we can measure B (and n o t  

H) we cannot measure D (but  r a t h e r  E). Although D and E a r e  u s u a l l y  

l i n e a r l y  r e l a t e d ,  t h i s  i s  n o t  t r u e  w i t h i n  a  conductor,  where E = -? 
Thus we a r e  l e d  t o  t h e  conclus ion t h a t  t h e  pseudo d i a d i e l e c t r i c  sensor  

(measuring E)must n o t  be s h i e l d e d  by t h e  conducting s u r f a c e s  which w i l l  
suppor t  t h e  c o n t r o l  charges .  

Noting from Eq.  (78) t h a t  t h e  normal component of D i s  continuous 

i n  reg ions  wi th  no r e a l  charge,  we conclude t h a t  t h e  sensor  .(which 

measures E) f o r  t h e  d i a d i e l e c t r i c  des ign  should be l o c a t e d  normal t o  
and i n  t h e  free space j u s t  o u t s i d e  of a  conducting s u r f a c e .  Now, i f  

t h e  r e a l  charge on t h a t  s u r f a c e  i s  a d j u s t e d  t o  n u l l  t h e  output  of t h a t  

s e n s o r ,  then  D i n  t h a t  r e g i o n  w i l l  be n u l l e d  i n  t h e  same fash ion  a s  

i t  would be n u l l e d  wi th  a  m a t e r i a l  of zero p e r m i t t i v i t y .  The design 

implied by t h i s  reasoning i s  shown i n  Fig .  7.  Each a x i s  c o n s i s t s  of 

a  p a i r  of p a r a l l e l  p l a t e s  d r iven  by a  v o l t a g e  t h a t  i s  p ropor t iona l  t o  

t h e  sum o f  t h e  sensor  o u t p u t .  The sensors  provide a  vo l tage  p r o p o r t i o n a l  

t o  t h e  normal component o f  E a t  t h e  o u t s i d e  s u r f a c e  of t h e  p l a t e s .  

I f  t h e  sensors  a r e  d i sp laced  away from t h e  p l a t e s ,  they a r e  l e s s  

s e n s i t i v e  t o  t h e  app l ied  f i e l d .  Hence t h e  t o t a l  e l e c t r i c  f i e l d  n e a r  

t h e  o u t s i d e  s u r f a c e  of t h e  p l a t e s  can be d r iven  t o  t h e  oppos i t e  2 o l a r i t y  

of t h e  a p p l i e d  f i e l d .  Th i s  would provide us  w i t h  a  "super pseudo- 

d i a d i e l e c t r i c "  cond i t ion  analogous t o  t h e  t t super  pseudo-diamagnettt con- 

d i t i o n  of P a r t  a  of t h i s  Sec t ion .  

The d e t a i l e d  a n a l y s i s  of t h e  des ign of t h e  p s e u d o - d i a d i e l e c t r i c  

device  o u t l i n e d  h e r e  i s  given i n  Appendix B. The a n a l y s i s  confirms 

t h e  analogy t o  t h e  magnetic f i e l d  des ign.  
I t  i s  i n t e r e s t i n g  t o  r e f e r  t h e  conclus ions  of t h i s  e l e c t r i c  f l e l d  

case  back t o  t h e  magnetic f i e l d  device .  To have a  t r u l y  analogous 

s i t u a t i o n  we would r e q u i r e ,  of t h e  magnetic des ign ,  t h e  i n c l u s i o n  o f  

a  (we igh t less )  sphere  o f  h igh permeabi l i ty  i n  t h e  c e n t e r  o f  t h e  c o i l s .  

(The B s e n s o r s  would be o r thogona l ly  p a i r e d  on t h e  o u t e r  s u r f a c e  of 

t h e  sphere ) .  Following t h e  l i n e  of reasoning p resen ted  f o r  t h e  e l e c t r i c  

"This s ta tement  is  made i n  t h e  sense  t h a t ,  i n  a  conductor,  al though 
E = 0, D may have a  non-zero va lue .  
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f i e l d  des ign ,  we conclude t h a t  t h e  i n c l u s i o n  of the  high permeabi l i ty  

sphere  would have no f i r s t  o rder  e f f e c t  on t h e  performance of t h e  

pseudo-diamagnetic dev ice ,  al though a second order  e f f e c t  i s  due t o  

t h e  f a c t  t h a t  t h e  device-generated magnetic f i e l d  i n t e r n a l  t o  t h e  c o i l  

is  n o t  uniform. 



APPENDIX A 

Rota t iona l  S t a b i l i t y  

A device  a t  o r i e n t a t i o n  g w i l l  be i n  r o t a t i o n a l  s t a b i l i t y  i f  i t s  

moment M(E) - i s  zero and,  i f  when i t  i s  d i s tu rbed  by a r b i t r a r y  i n f i n i -  

t e s imal  r o t a t i o n ,  6 ,  

This s t a t e s  t h a t  t h e  torque a t  the  d i sp laced  o r i e n t a t i o n  tends t o  r e t u r n  

t h e  system t o  t h e  o r i e n t a t i o n  or. Since 

we r e q u i r e  f o r  s t a b i l i t y  t h a t  

a M 
which w i l l  be t h e  case  i f  i s  nega t ive  d e f i n i t e .  Since (See Fig .  

A 1  1 



F i  gure A 1  Coordinate Sys tern 



and t h e  c r i t e r i a  f o r  a  nega t ive  d e f i n i t e  mat r ix  i s  given i n  terms of a  

symmetric matr ix  where 

then $ 1  i s  nega t ive  d e f i n i t e . i f  and only  i f  (17) 

where l a i j /  i s  t h e  determinant  of E q .  (A4) .  

I f  any of t h e  cond i t ions  a r e  i d e n t i c a l l y  zero ,  then t h e  matr ix  

is  s e m i d e f i n i t e  and t h e  device  w i l l  have n e u t r a l l y  s t a b l e  modes. 

Def ining c o i l  parameters  as  



E q .  (19) can be rewritten as 

- 
Mx - aByoBzo 

M = bBxoBzo Y 

- 
Mz - cBxo@yo 

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

Bxo = B COS E COS y 

B ~ o  
= B sin y 

BZ, = B sin E cos y 

Under small angle rotation (8,@,5), the field components become 

- Bx - BxO + EByo - @Bzo 

- By - -SBxo + Byo + BB,, 

- 8, - SBxo - eByo + Bzo 

and hence 

Therefore we have 



aMx 2 2 2 2 
all = = a5 ( s i n  E cos y  - s i n  y) 

1 2 
a12 = (a-b)5 cos E s i n  2y 

2 2 
a13 = + (c-a18 s i n  Z E  cos y  

1 2 
aZ3 = (b-c)B s i n  E s i n  2y 

2 2 
a Z 2  = bB cos 2 E  cos y  

2 2 2 2 
a33 = C B  ( s i n  y  - cos E cos y) 

Case 1 (One of t h e  c o i l s  i s  o r i e n t e d  f o r  maximum f l u x  d e n s i t y )  

Case 1 condi t ions  can be met by having ( f o r  example) 

Hence 
- - = Bye - B z 0  = all = alZ - a13 = aZ3 = 0 (A141 

and 

Taking Eq. (A16) f i r s t  and expressed i n  terms of c o i l  parameters ,  

t h i s  s t a b i l i t y  requirement i s  t h a t  

I n  o t h e r  words t h e  c o i l  parameter X must be e i t h e r  t h e  l a r g e s t  o r  t h e  

s m a l l e s t .  Eq. (A15) r e q u i r e s  t h a t  



b - c  = (X-Z) - (Y-X) = 2 X  - (X+Y) < 0 (A1 9 1 

and we s e e  t h a t  t h e  X c o i l  parameter must be l e s s  than t h e  average of 

the  o t h e r  two. These cond i t ions  can be met i f  and only  i f  t h e  X c o i l  

parameter (which i s  a l igned  t o  t h e  f i e l d ]  i s  the  s m a l l e s t  of t h e  t h r e e ,  

i . e .  

As expected,  t h e s e  r e s u l t s  a l s o  apply i f  t h e  f i e l d  i s  a l igned  wi th  

e i t h e r  of t h e  o t h e r  c o i l s  (with an appropr ia te  change i n  c o i l  l a b e l ) .  

Note t h a t  it i s  immaterial  whether t h e  zero f l u x  c o i l s  a r e  equal o r  

no t .  

Case 2 (Two of t h e  c o i l  parameters a r e  equal  and t h e  o t h e r  i s  o r i e n t e d  

f o r  zero f l u x  d e n s i t y )  

Case 2 cond i t ions  can be met by having ( f o r  example) 

Hence 

M2 = c = B Z o  = a13 = a23 = a33 = 0 

and 
2 2 2 al l  + a Z 2  + a33 = -88: s i n  y + bB2 cos y 

thus  t h e  on ly  requirement f o r  s t a b i l i t y  i s  



Since 
a = Z - V = Z - X = Z - Y  

t h e  cond i t ion  f o r  s t a b i l i t y  i s  t h a t  

o r  t h a t  t h e  Z c o i l  parameter be l a r g e r  than t h e  o t h e r  two. Note t h a t  

t h i s  r e s u l t  does n o t  c o n f l i c t  wi th  Case 1. 

Case 3 (Equal c o i l  parameters)  

I f  a l l  c o i l  parameters a r e  equal  namely 

we s e e  t h a t  

and t h e  device  i s  n e u t r a l l y  s t a b l e .  

S t a b i l i t y  Summary 

The device  w i l l  be r o t a t i o n a l l y  s t a b l e  i f  and only i f  one of t h e  

fol lowing condi t ions  a r e  met: 

1 )  t h e  s m a l l e s t  c o i l  parameter i s  a l igned  wi th  t h e  

magnetic f i e l d  ( 1  degree of r o t a t i o n a l  freedom) 

o r 2 )  t h e  l a r g e s t  c o i l  parameter i s  normal t o  t h e  
magnetic f i e l d  and t h e  o t h e r  two c o i l  parameters 

a r e  equal  ( 2  degrees o f  r o t a t i o n a l  freedom). 

o r  3) a l l  t h r e e  c o i l  parameters a r e  equal  ( 3  degrees 

o f  r o t a t i o n a l  freedom). 
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APPENDIX B 

Pseudo-Diad ie lec t r i c  Analysis 

Let us c a l c u l a t e  t h e  moments and f o r c e s  on an orthogonal s e t  of 

charged d i p o l e s  as  shown i n  Fig .  B 1 .  

F i g u r e  B1 O r t h o g o n a l  D i p o l e  C o n f i g u r a t i o n s  
1 

The f o r c e  (E) on a  charge (q) i n  terms of t h e  f i e l d  a t  t h e  cen te r  

( )  and t h e  f i r s t  o rder  g r a d i e n t s  lag/aal w i l l  be 

where 



Since t h e  d i p o l e s  a r e  a l igned  t o  t h e  axes ,  we have 

The v e c t o r  moment and f o r c e  on any d i p o l e  w i l l  be 

I f  we p l a c e  p a i r s  o f  e l e c t r i c  f i e l d  sensors  on e i t h e r  s i d e  of t h e  

d i p o l e  charge a t  d i s t a n c e  X (X > R) from t h e  c e n t e r  o f  t h e  d i p o l e s ,  

and a l igned  t o  d i p o l e  a x i s ,  t h e  summed ou tpu t  of a  p a i r  of sensors  

w i l l  be 



where Es i s  t h e  t o t a l  e l e c t r i c  f i e l d  a t  t h e  s e n s o r ,  Ksn i s  t h e  s e n s i -  

t i v i t y  of t h e  s e n s o r s ,  Etn  i s  t h e  average e l e c t r i c  f i e l d  component 

a l igned  wi th  t h e  d i p o l e  a x i s ,  and Ed is  t h e  e l e c t r i c  f i e l d  component 

a t  t h e  sensor  due t o  t h e  d i p o l e  i t s e l f .  * 
Since 

and d e f i n i n g  

we have 
A 2qnK 

2Etn = ( + x [ E ] ~  - + F& - X[E]n)*n + 
4 ' r r ~ ~ R ~  

I f  we se rvo  t h e  charge on t h e  d i p o l e s  t o  be p ropor t iona l  t o  t h e  

ou tpu t  of t h e  appropr ia te  sensor  p a i r  we have 

Note t h a t  t h e r e  i s  no cross-coupl ing of t h e  e l e c t r i c  f i e l d  of one 
d i p o l e  t o  t h e  sensor  of another  



Defining* 

we have 
2 

9 n = - ~ T E ~ C , R ~ E ~  (B141 

Also no te  t h a t  i n  f r e e  space 

D = E ~ E  - (B15) 

S u b s t i t u t i n g  Eqs. (B14) and (B15) i n t o  Eqs. (B4) and (B5) we have 

= - an 3 A 

En - C R D  E~ n n n  ( n x % )  (B16) 

F = -  
-n C R317 [DIG 

E~ n n n -  

Expanded, Eqs. (B16) and (B17) a r e  

- 
*Note t h a t  K P = 1 a t  X = 1 .95  



The force on dielectric material in a static electric field is (5 1 

E 
0 F = - (1 - E) VVE 2 - E 

0 

- 1 - (1 - c) VVD 2 2EO 0 

A comparison of Eqs. (B18), (B19) and (B20) with Eqs. (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 

and 
2 

U = Bxo 

then we see that 



For Case 1, where two of t h e  components o f  t h e  f i e l d  a r e  zero ,  (e.g.)  

we s e e  t h a t  (e.  g . )  

For Case 2 ,  where one o f  t h e  components of t h e  f i e l d  i s  zero ,  (e .  g . )  

B z o  = 0 

we s e e  t h a t  (e .g . )  

and f o r  Case 3 
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NEW TECHNOLOGY APPENDIX 

PSEUDO-DIAMAGNETIC SUSPENSION 

This r e p o r t  i s  publ ished i n  the  b e l i e f  t h a t  it c o n s t i t u t e s  

an improvement i n  t h e  s t a t e  of  t h e  a r t  of  f o r c e  f i e l d  suspension 

( l e v i t a t i o n ) .  In  p a r t i c u l a r ,  t h e  concept of us ing  f o r c e  f i e l d s  

s e n s o r s  and e l e c t r o n i c  components i n  such a  f ash ion  a s  t o  i m i t a t e  

t h e  magnetic (o r  e l e c t r i c )  p r o p e r t i e s  of  m a t e r i a l s ,  which have 

t h e  c h a r a c t e r i s t i c  t h a t  they can be suspended ( l e v i t a t e d )  i n  

p r o p e r l y  shaped f i e l d s ,  i s  novel .  The a n a l y s i s  i n  t h i s  r e p o r t  

suppor t s  t h e  v a l i d i t y  of t h i s  hypo thes i s  and d e s c r i b e s  a  l a b o r a t o r y  

experiment which f u r t h e r  confirms the  concept.  




