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Opera t ing  c h a r a c t e r i s t i c s  of two 
magnet ic  suspens ion  sys tems  

George T. G i l l i e s  
1983 

Bureau I n t e r c a t i o n a l  d e s  Po ids  e t  Mesures 
P a v i l l o n  de B r e t e u i l  

F-92310 SZvres,  F r a n c e  

A b s t r a c t  

Two i d e n t i c a l  magnet ic  suspens ion  systems have been b u i l t  and 
t e s t e d  a t  t h e  BIPM l a b o r a t o r i e s .  These p r o t o t y p e  i n s t r u m e n t s  a r e  easy  
t o  o p e r a t e  and s t a b l y  suspend masses up t o  500 grams without  a u x i l i a r y  
magnets. The d e t a i l s  of t h e i r  c o n s t r u c t i o n  and an  a n a l y s i s  of t h e i r  
performance a r e  g iven  h e r e ,  a long  wi th  some d i s c u s s i o n  of t h e i r  p o s s i b l e  
a p p l i c a t i o n s .  

I n t r o d u c t i o n  

This  paper  is e s s e n t i a l l y  a s e r v i c e  manual f o r  t h e  o p t i c a l l y  sensed  
magnet ic  s u s p e n s i o n s  which have been b u i l t  a t  BIPM. S u f f i c i e n t  d e t a i l  
is given f o r  t h e  r e l a t i v e l y  s imple  t a s k s  of s u s p e n s i o n  s t a r t u p ,  
shutdown, and maintenance t o  be performed w i t h  e a s e .  I n  f a c t ,  t h e s e  
suspens ions  a r e  purpose ly  s imple  i n  t h e i r  d e s i g n ,  g i v i n g  t h e  u s e r  g r e a t  
f l e x i b i l i t y  i n  terms of i n c o r p o r a t i n g  them i n t o  new o r  e x i s t i n g  
measurement sys tems .  

These s u s p e n s i o n s  a r e  n e a r l y  i d e n t i c a l  t o  t h o s e  developed by J o n e s  
( I ) ,  Cheung (2) ,  Leyh ( 3 ) ,  Cheung, e t  a l .  ( 4 ) ,  and ( t o  some e x t e n t )  
G i l l i e s  ( 5 )  a l l  a t  t h e  T n i v e r s i t y  of V i r g i n i a .  R e f e r e n c e s  (1-5) c o n t a i n  
e x t e n s i v e  t e c h n i c a l  documentat ion on t h e  o p e r a t i o n  of magnet ic  
suspens ion  systems i n  g e n e r a l ,  and should be c o n s u l t e d  by t h e  r e a d e r  f o r  
a d v i c e  when p l a n n i n g  improvements t o  o r  changes i n  t h e  e x i s t i n g  BIPM 
d e v i c e s .  They a l s o  p r e s e n t  t h e  theory  of o p e r a t i o n  of magne t ic  
suspens ion  sys tems  i n  a  s u f f i c i e n t l y  g e n e r a l  way t h a t  t h e  d e t a i l s  of t h e  
system models can be a p p l i e ?  d i r e c t l y  t o  t h e  RIPM s u s p e n s i o n s .  

F i g u r e  1, t a k e n  i n  modif ied form from ( I ) ,  shows t h e  p r i n c i p l e  o f  
o p e r a t i o n  of t h e  BIPM suspens ion  systems. L i g h t  from an LED, Dl, is  
c o l l i m a t e d  by l e n s  L 1  and passed under t h e  po le -p iece  M of t h e  
e lec t romagne t  c o i l  C .  Pepending on t h e  d i a m e t e r  of t h e  c r o s s  s e c t i o n  of 
t h e  l i g h t  beam, one may o r  nay not  use  a  second l e n s  L2 t o  focus  i t  on 
t o  t h e  a c t i v e  a r e a  of t h e  s p l i t - c e l l  p h o t o d e t e c t o r  D2. I n  t h e  RIPM 
s u s p e n s i o n s ,  t h e  l e n s  L2 i s  no t  used.  The p h o t o c u r r e n t s  of D 2  a r e  
p r o p o r t i o n a l  t o  t h e  d i sp lacement  of t h e  suspended body, t y p i c a l l y  a 
f e r r o m a g n e t i c  s p h e r e  which is i n  the  c e n t e r  of t h e  l i g h t  beam. The 



differential pre-amplifier produces a voltage proportional to the 
photocurrents, and this signal drives the power amplifier A2. The 
electromagnet current, supplied by A2, is always such as to produce only 
the exact amount of magnetomotive force necessary to balance the 
gravitational force on the test body and produce stable suspension. The 
stabilizing phase lag is produced by an active differentiator. 

The mechanical, optical and electronic construction details are 
given below. 

Mechanical Structure 

Figure 2 is a photograph of the BIPM-1 system in operation. The 
mechanical construction is straightforward. A Plexiglass (Perspex) 
plate, 72 cm x 21 cm x 1.5 cm, serves as the mounting for the servocoil 
(electromagnet). This rectangular plate is supported by four aluminium 
legs, one at each corner. The legs are 1 cm in diameter and 27 cm long, 
and are fixed to brass rails supported by anti-skid rubber feet. 
Aluminium angle brackets have been added to the corners to stiffen the 
framework and prevent sagging or bowing caused by the weight of the 
servocoil. 

No special provisions have been provided for either tilt control or 
vibration isolation, although future experiments with refined versions 
of these devices would need such improvements. 

Plexiglass was chosen for.the mounting frame (and for the servocoil 
winding form) because it is electrically non-conducting yet mechanically 
stiff. One must avoid having closed loops of conducting material around 
the servocoil since the resultant eddy current losses would reduce 
substantially the suspension's efficiency. 

Electro-optical System 

Considerable experience with single-cell photodetectors used as 
suspended-body position sensors (5) led to the conclusion that much 
more stable support can be expected with split-cell detectors. For 
instance, single-cell detectors have a temperature drift as large as 
that of carbon composition resistors, and external compensating 
circuitry must be used to eliminate the drift. 

In general, the inherent common-mode rejection of split-cell detec- 
tors makes it possible to operate a suspension in daylight, artificial 
light, and darkness ; even under conditions of large ambient temperature 
changes. 

The specific detector used in these suspension systems is the 
Silicon Detector Corporation "Quadrant Detector", Model 
SD-380-23-21-051. Appendix I contains the manufacturer's data sheets 
for this detector. An alternative detector with nearly identical speci- 
fications is the United Detector Technology Corp. Model PIN-Spot/9D, the 
data sheets for which are in Appendix 11. 



F i g u r e  3 shows t h e  schemat ic  diagram f o r  t h e  d e t e c t o r - p r e - a m p l i f i e r  
- a s  w e l l  a s  f o r  t h e  r e s t  of t h e  s u s p e n s i o n  c i r c u i t r y ,  d i s c u s s e d  l a t e r .  
The f o u r  independen t  photodiode anodes a r e  jo ined  e l e c t r i c a l l y  i n t o  two 
p a i r s  and each p a i r  i s  connected t o  t h e  i n v e r t i n g  i n p u t  of a  low n o i s e  
LM308A.N o p e r a t i o n a l  a m p l i f i e r .  One of t h e s e  a m p l i f i e r s  has a  f i x e d  
feedback  r e s i s t o r  and t h e  o t h e r  has a  v a r i a b l e  r e s i s t o r .  I n  o r d e r  t o  
b a l a n c e  t h e  sys tem,  the  o u t p u t  v o l t a g e s  of both  of t h e s e  a m p l i f i e r s  a r e  
measured s i m u l t a n e o u s l y  whi le  t h e  e n t i r e  s u r f a c e  of t h e  photodiode is  
i l l u m i n a t e d  by a  dc l i g h t  s o u r c e .  The l i g h r  must not  be too  b r i g h t ,  o r  
t h e  pho tod iodes  w i l l  s a t u r a t e  e l e c t r i c a l l y .  Under t h e s e  c o n d i t i o n s ,  t h e  
v a r i a b l e  r e s i s t o r  is a d j u s t e d  such t h a t  t h e  two o u t p u t s  a r e  equa l  t o  
w i t h i n  1.0 mV. The d e t e c t o r - p r e - a m p l i f i e r  i s  now balanced e l e c t r i c a l l y ,  
and when t h e s e  two s i g n a l s  a r e  " d i f f e r e n c e d "  by t h e  nex t  o p e r a t i o n a l  
a m p l i f i e r ,  a l l  modes common t o  both  w i l l  be s u b t r a c t e d .  T h e r e f o r e ,  
50 Hz hum, 100 Hz f l u o r e s c e n t - l i g h t  n o i s e ,  and a l l  o t h e r  common-mode 
s i g n a l s  do n o t  g e t  passed i n t o  t h e  remain ing  s i g n a l  h a n d l i n g  s t a g e s .  

I n  p r a c t i c e ,  t h e  d e t e c t i o n  sys tem's  l i g h t  beam should be produced 
by a  s t a b l e ,  e f f i c i e n t  source .  Some a p p l i c a t i o n s  ca l l  f o r  a  l i g h t  beam 
w i t h  low e n e r g y  d e n s i t y  s o  t h a t  t h e  t e s t  mass i s  n o t  hea ted  a p p r e c i a b l y  
when i r r a d i a t e d .  Convenient f o r  t h i s  purpose  a r e  s t a n d a r d  LED i n d i c a t o r  
lamps.  Red lamps a r e  most f r e q u e n t l y  used s i n c e  t h e  s p e c t r a l  r esponse  
o f  s i l i c o n  p h o t o d e t e c t o r s ,  such a s  t h o s e  d i s c u s s e d  above,  i n c r e a s e s  wi th  
wavelength  i n t o  t h e  n e a r  i n f r a r e d .  I n  o r d e r  t o  e n s u r e  a d e q u a t e  
u n i f o r m i t y  of t h e  l i g h t  d e n s i t y  over  t h e  e n t i r e  c r o s s - s e c t i o n  of t h e  LED 
o u t p u t  beam ( a f t e r  c o l l i m a t i o n ) ,  one t y p i c a l l y  al ters t h e  LED package i n  
t h e  way d e s c r i b e d  i n  Appendix 111. Power f o r  t h e  LED is  taken  from one 
of t h e  + 15 Vdc o p e r a t i o n a l  a m p l i f i e r  power s u p p l i e s ,  and a  500 Q, 5 W 
c u r r e n t - l i m i t i n g  r e s i s t o r  i s  put  i n  s e r i e s  w i t h  i t .  Under t h e s e  
c o n d i t i o n s ,  a  c u r r e n t  of 30 mA f lows through t h e  LED. T h i s  is about  
t h e  maximum l e v e l  p e r m i s s i b l e  ; beyond t h i s  t h e  LED semiconductor  
j u n c t i o n s  can be i r r e v e r s i b l y  damaged. One can  u s e  h i g h e r  c u r r e n t s  and - 
t h e r e f o r e  i n c r e a s e  t h e  LED b r i g h t n e s s  but  o n l y  i f  t h e  h i g h e r  l e v e l s  of 
c u r r e n t  a r e  d e l i v e r e d  i n  p u l s e s  of s h o r t  duty-cycle .  

The LED beam i s  c o l l i m a t e d  by a  double  convex l e n s  of d i a m e t e r  
17.5 mm and f o c a l  l e n g t h  39 m i n  one system ; and by a double  convex 
l e n s  20 mm i n  d i a m e t e r  and 34.5 mm i n  f o c a l  l e n g t h  i n  t h e  o t h e r .   h he 
o n l y  reason  f o r  u s i n g  n o n - i d e n t i c a l  l e n s e s  was t h a t  two i d e n t i c a l  ones  
were not  r e a d i l y  a v a i l a b l e  a t  t h e  t i m e  of c o n s t r u c t i o n . ]  The LED i s  
p o s i t i o n e d  a t  an o b j e c t  d i s t a n c e  e q u a l  t o  t h e  f o c a l  l e n g t h  of t h e  l e n s  
i n  o r d e r  t o  c o l l i m a t e  i t s  l i g h t  beam. The beam d i a m e t e r  upon e x i t i n g  
t h e  l e n s  depends upon e x a c t  a d j u s t m e n t ,  bu t  i s  u s u a l l y  abou t  15 mm. 
With beams t h i s  s m a l l ,  no second l e n s  i s  n e c e s s a r y .  T h i s  is  because  t h e  
suspended bod ies  t y p i c a l l y  used a r e  s m a l l  enough n o t  t o  i n t e r r u p t  a l l  
t h e  l i g h t  when t h e  suspens ion  i s  o p e r a t e d  i n  t h e  "balanced" mode, and 
o t h e r ,  l a r g e r  b o d i e s  can be suspended i n  t h e  "semi-balanced" mode which 
u s e s  on ly  h a l f  of t h e  l i g h t  beam. The d e t a i l s  of t h e s e  two o p e r a t i n g  
modes a r e  d i s c u s s e d  l a t e r .  

* 
The system is  s a t u r a t e d  when t h e  o p e r a t i o n a l  a m p l i f i e r  o u t p u t s  equa l  

t h e i r  s u p p l y  v o l t a g e s ,  which a r e  nomina l ly  + 15 Vdc. 



The photodetector/pre-amplifier is housed in an aluminium cylinder 
which also serves as a grounded shield for the circuitry it contains. 
The pre-amplifier output is connected to the rest of the electronics via 
a BNC cable. 

The LED is housed in a teflon tube which also contains the current- 
limiting resistor. This tube telescopes into a second teflon tube at 
the front of which the collimating lens is fixed. By moving the LED 
tube inside of the lens tube one can adjust the beam collimation and 
size to the optimal value for any particular application. 

Figure 4 shows these tubes and their cabling alongside a scale in 
centimetres. 

Both the det-ector tube and the LED/lens tube are held inside 
circular ring clamps whose rods pass through brass fixtures mounted on 
the Plexiglass plate. In this way, adjustments of both vertical and 
azimuthal positions can be made. 

Electronic Circuitry 

The remaining part of the electronic circuitry is quite standard 
and has been described in detail (1, 2, 3, 5). Nevertheless, a 
discussion of the principal features of the circuitry is given below. 

The detector/pre-amplifier circuit is mounted on Vero board and 
surrounded by a Teflon sheet which prevents electrical contact with the 
inside wall of its aluminium housing tube. The rest of the suspension 
circuitry, except for the stand-alone power amplifier, is housed in an 
aluminium mini-box. 

From stage to stage, the circuit elements in the mini-box are the 
following : (1) a switchable inverting/non-inverting amplifier which 
controls the sense of the feedback, (2) a gain stage which controls the 
system's proportional gain, (3) an offset amplifier which controls the 
system's dc level, (4) an active differentiator which damps vertical 
oscillations of the suspended body and (5) a voltage follower which 
presents a constant output impedance (and no varying phase shifts) to 
the power amplifier. 

The phase of the output signal can be changed by 180° with respect 
to that of the input signal by throwing the switch on the mini-box 
control panel from "Inv" to "NonInv". By doing so, one changes the 
polarity of the output of the unity-gain operational amplifier preceding 
the gain stage, as mentioned above. This adds flexibility to the 
circuit and permits one to use power amplifiers different from the one 
discussed below, if necessary. 

The gain stage is regulated by adjusting a 10-turn potentiometer on 
the mini-box front panel, as is the offset amplifier. When the counting 
dial of the offset amplifier is set at 5.00, it adds no dc to the 
system's signal level. 



The details of the differentiator are given by Gillies in reference 
(5) 

All operational amplifiers in the pre-amplifier network and the 
signal-handling network contained in the minibox are powered by Analog 
Devices Corp. Model 920E dual-output ( 5  15 Vdc) power supplies (200 mA 
maximum). 

All adjustable resistors are ten-turn wire-wound potentiometers. 
They have full-range linearity better than 0.25 X ,  and retain this 
linearity unless they are used to dissipate large amounts of power. 

The LM308AN operational amplifiers used in the pre-amplifier are 
externally compensated by 20 pF capacitors in order to filter high- 
frequency ringing from the signal. The other operational amplifiers are 
all standard internally-compensated RCA Corp. Model CA741CE. 

The power amplifier is a Kepco Corp. Model BOP 36-6M bipolar 
operational power supply/amplifier. This unit can drive from 0 to 
+ 36 V at from 0 to f 6 A over a frequency range of dc to = 1.5 kHz. It 
is operated in the "voltage" mode (the voltage control switch "on" and 
the current control switch "off"). 

The front-panel connections on the power amplifier are as follows : 
The output from the voltage follower, the last stage of the operational 
amplifier circuitry in the mini-box, is used to drive the power 
amplifier's "voltage programming input" via RNC cable. The black 
"common" jack is linked to the black "sense" jack, and the red "output" 
jack is linked to the red "sense" jack. The green "ground" jack is left 
unconnected. The servocoil connections are made by putting banana plugs 
on the coil leads and inserting them into the "output" and "common" 
jacks. The front-panel "voltage control" potentiometer serves only to 
add dc offset onto the signal, and is therefore redundant with the 
offset control in the operational amplifier circuitry. It may be 
adjusted if convenient ; it is preferable to leave it zeroed. 

The servocoil consists of approximately 4,700 turns of 0.8 mm 
diameter, enamelled copper wire wound on a Plexiglass (Perspex) coil 
form whose inner diameter, with no windings present, is 12 mm and whose 
outer diameter (when fully wound) is = 100 mm. The length of the coil 
is about 100 mm. The coil core is made of cold-rolled steel 10 mm in 
diameter, 177 mm long with a hemispherical pole-piece. It is held in 
place by nylon bushings with brass scews. The coil resistance at dc is 
33.6 Q, and it has an inductance (with core) of 0.85 H. Its impedance 
at 500 Hz is about 2 700 Q. 

Figure 5 shows a plot of the frequency response of the electronic 
part of the system in the critical (low audio) range necessary for 
stable suspension. It shows the typical high-frequency enhancement 
associated with active differentiators. A roll-off, however, occurs at 
about 1.7 kHz due to the limited frequency response of the power 
amplifier. 



Opera t ing  Sugges t ions  and Trouble-shooting Procedure 

These suspens ions  can be opera ted  under a lmost  any ambient l i g h t  
and tempera ture  c o n d i t i o n s .  D i r ec t  i l l u m i n a t i o n  of t h e  photode tec tor  by 
b r i g h t  l i g h t ,  though, w i l l  s a t u r a t e  t h e  p re -ampl i f i e r .  This  must be 
avoided.  

The f i r s t  s t e p  i n  ach iev ing  s u c c e s s f u l  o p e r a t i o n  involves  checking 
t h e  al ignment  of t h e  o p t i c s .  The co l l ima ted  beam e x i t i n g  from the  
~ E D / l e n s  tube  should be c i r c u l a r  i n  c ros s - sec t ion  and should f a l l  
d i r e c t l y  on t h e  a c t i v e  a r e a  of t he  pho tode t ec to r .  

The t o p  of t h e  beam should be no more than  about  12  mm below t h e  
bottom of t he  c o i l ' s  pole-piece.  This  dimension i s  not c r i t i c a l ,  but i n  
gene ra l  t h e  l a r g e r  t h e  po le -p iece / ro tor  s e p a r a t i o n ,  t h e  l a r g e r  t he  c o i l -  
c u r r e n t  needed f o r  s t a b l e  support .  On t h e  o t h e r  hand, l a r g e  c o i l -  
c u r r e n t s  ( s a y ,  g r e a t e r  than 1.0 A) l ead  t o  ohmic l o s s e s  i n  excess  of 
20 W i n  t h e  s e r v o c o i l ,  and t h i s ,  too ,  should be avoided.  

The g a i n  s e t t i n g  on t h e  feedback c i r c u i t r y  de te rmines  t h e  speed of 
response of t h e  system. Typ ica l ly ,  one should use  a s  l a r g e  a  ga in  a s  
p o s s i b l e  i n  o r d e r  t o  minimize d r i f t  i n  t h e  r o t o r  he igh t .  

V e r t i c a l  o s c i l l a t i o n  of t h e  r o t o r  w i l l  r e s u l t ,  though, from e i t h e r  
t oo  high a  g a i n  s e t t i n g  o r  from too much dc o f f s e t .  I f  o s c i l l a t i o n s  
begin,  one should lower t h e  o f f s e t  r a t h e r  than  lower t h e  ga in .  
Sometimes i t  i s  necessary  t o  lower both,  p a r t i c u l a r l y  i f  small  r o t o r s  
a r e  t o  be suspended. 

I n i t i a t i n g  t h e  suspension ( p u t t i n g  t he  r o t o r  i n t o  suppor t )  i s  o f t e n  
t h e  most d i f f i c u l t  p a r t  of the  process .  One must be c a r e f u l  t o  minimize 
t h e  amount of l i g h t  i n t e r r u p t e d  by one ' s  f i n g e r s  whi le  ho ld ing  t h e  r o t o r  
i n  the  l i g h t  beam. It is  necessary  t o  manipula te  t h e  o f f s e t  c o n t r o l  and 
t h e  r o t o r  s imul taneous ly  i n  o rde r  t o  o b t a i n  s t a b l e  suppor t .  

With a  l i t t l e  exper ience ,  one can f e e l  t he  r o t o r  "lock i n t o "  t h e  
s t a b l e  suppor t  r eg ion  y e t ,  when r e l e a s e d ,  it u s u a l l y  s t a r t s  t o  o s c i l l a t e  
v i o l e n t l y  and o f t e n  f a l l s .  One must s imply spend time manipula t ing  t h e  
g a i n  and o f f s e t  c o n t r o l s  i n  o rde r  t o  a r r i v e  a t  t h e  r i g h t  combination f o r  
any given r o t o r .  Complete i n a b i l i t y  t o  g a i n  s t a b l e  support  u s u a l l y  
means t h a t  e i t h e r  t h e  o p t i c a l  system has become misal igned o r  t h a t  t he  
"Inv" - "Noninv" swi tch  must be thrown. However, once i n  suppor t ,  
should t h e  r o t o r  f a l l  because of mechanical shock o r  a c c i d e n t a l  
i n t e r r u p t i o n  of t h e  l i g h t  beam, i t  i s  u s u a l l y  p o s s i b l e  t o  simply p l ace  
i t  back i n  suppor t  without  changing the c o n t r o l s .  Note, t oo ,  t h a t  
d r i f t s  may occur  du r ing  the  f i r s t  two o r  t h r e e  hours  of ope ra t i on  due t o  
warm-up by ohmic hea t ing  of t he  s e r v o c o i l .  This  is  e a s i l y  compensated 
by changing t h e  o f f s e t  a s  necessary .  

It should be noted t h a t  t h e r e  a r e ,  i n  t heo ry ,  two p o i n t s  of s t a b l e  
suppor t  f o r  a l l  r o t o r s .  These correspond t o  1) r o t o r  p o s i t i o n s  where 
t h e  r o t o r  shadow f a l l s  on only t he  bottom h a l f  of t h e  photode tec tor  ( t h e  
"semi-balanced" mode), and 2 )  r o t o r  p o s i t i o n s  where t he  r o t o r  shadow i s  



g e o m e t r i c a l l y  c e n t e r e d  on t h e  p h o t o d e t e c t o r  ( t h e  "ba lanced"  mode). The 
BIPM sys tems  o p e r a t e  i n  mode 1 b u t ,  w i t h  changes  t o  t h e  o p t i c a l  sys tem,  
cou ld  be made t o  o p e r a t e  i n  mode 2. Even o p e r a t i n g  "semi-balanced*', 
though,  t h e  common-mode r e j e c t i o n  a v a i l a b l e  makes i t  a  f a r  more s t a b l e  
t y p e  of s u p p o r t  t h a n  t h a t  a c h i e v a b l e  w i t h  s ingle-ended pho tod iodes .  

When c l o s i n g  down a  s u s p e n s i o n ,  one s imply  removes t h e  r o t o r  from 
s u p p o r t .  Before  t u r n i n g  o f f  t h e  power a m p l i f i e r ,  however, one must 
a d j u s t  t h e  o f f s e t  c o n t r o l  s o  t h a t  t h e  c o i l - c u r r e n t  i s  brought  t o  z e r o .  
I f  t h i s  is n o t  done,  t h e  c o l l a p s e  of t h e  magne t ic  f i e l d  of t h e  s e r v o c o i l  
produces  a v e r y  l a r g e  v o l t a g e  which w i l l  damage t h e  o u t p u t  s t a g e  of t h e  
power a m p l i f i e r ,  n e c e s s i t a t i n g  e x p e n s i v e  r e p a i r s .  T h i s  damage mechanism 
i s  known as " i n d u c t i v e  k i c k " .  While i t  is  n o t  s e v e r e  f o r  c o i l  c u r r e n t s  
of a  few mA, it can be f o r  h i g h e r  c u r r e n t  l e v e l s  ; and i t  i s  t h e r e f o r e  
h i g h l y  recommended t h a t  t h e  above shut-down procedure  be fo l lowed .  

The t r o u b l e - s h o o t i n g  p rocedure  f o r  t h e s e  sys tems is s t r a i g h t -  
forward.  I f  s t a b l e  suppor t  cannot  be a c h i e v e d ,  do t h e  f o l l o w i n g  : 

( A )  Check t h e  a l ignment  of t h e  o p t i c a l  sys tem.  See t h a t  t h e  l i g h t  
beam p a s s e s  under t h e  c e n t e r  of t h e  c o i l  po le -p iece  and t h a t  i t  
f a l l s  symmet r ica l ly  on t h e  p h o t o d e t e c t o r .  

(B) Try changing t h e  phase  of t h e  feedback  by 180' u s i n g  t h e  
"Inv"  - "Noninv" swi tch .  

(C) Check t h e  p h o t o d e t e c t o r  o u t p u t  t o  be s u r e  t h a t  i t  is n o t  
s a t u r a t e d .  I f  i t  i s ,  reduce t h e  l e v e l  of ambient l i g h t  o r  pu t  
some b l a c k  paper  around t h e  f r o n t s  of t h e  LED/lens and d e t e c t o r  
t u b e s .  T h i s  w i l l  h e l p  t o  s c r e e n  o u t  ambient l i g h t .  

(D) Check t h e  o p e r a t i o n a l  a m p l i f i e r s  i n  t h e  p r e - a m p l i f i e r  and 
f e e d b a c k  networks f o r  " s h o r t s " ,  open c i r c u i t s  o r  o t h e r  
f a i l u r e s .  

( E )  Check t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  Kepco power 
a m p l i f i e r ,  f o l l o w i n g  t h e  p rocedures  o u t l i n e d  i n  i t s  s e r v i c e  
manual.  

The above s t e p s  should i s o l a t e  t h e  problem, and t h e  c o r r e c t i o n s  
needed w i l l  u s u a l l y  be obvious .  P l e a s e  n o t e ,  t o o ,  t h a t  one should 
v e r i f y  t h e  c o n t i n u i t y  of a l l  c a b l e s .  F u r t h e r ,  t h e  v o l t a g e  l e v e l s  of t h e  
+ 15 V dc s u p p l i e s  should  be checked under  l o a d ,  as q u i t e  f r e q u e n t l y  -- 
n o t h i n g  more s e r i o u s  t h a n  power s u p p l y  f a i l u r e  is  a t  t h e  r o o t  of such 
problems. O c c a s i o n a l l y ,  more s u b t l e  d i f f i c u l t i e s  deve lop ,  and can be 
d e a l t  w i t h  by r e f e r r i n g  t o  r e f e r e n c e s  (1-5). The a u t h o r ' s  e x p e r i e n c e ,  
though, i s  t h a t  o p t i c a l  misal ignment  is u s u a l l y  t h e  source  of t r o u b l e .  

Performance C h a r a c t e r i s t i c s  

The BIPM-1 suspens ion  has  had o v e r  350 hours  of maintenance-free  
o p e r a t i o n ,  i n c l u d i n g  one u n i n t e r r u p t e d  s t r e t c h  of about  100 hours  
wherein  t h e  r o t o r - h e i g h t  v a r i a t i o n  was p robab ly  much l e s s  than  one 



wavelength of light. Interferometric measurements of ultimate stability 
have not yet been made. 

Figure 6 shows a solid steel rotor of about 100 g mass in suspen- 
sion, and Figure 7 a cylindrical rotor of about equal mass. Other 
shapes can be suspended, too, but for highly irregular geometries it is 
usually best to attach a small ferromagnetic sphere by a thin extension 
rod and let this act as the sensed mass (cf., reference 1). 

The principal forces at work in the vertical direction are the 
gravitational, buoyancy and magnetic forces, the first being balanced by 
the last two, evidently to better than 1 part in lo6 over a one second 
averaging time. There are also torques about the suspension axis and in 
some applications-these must be made very small. Such torques arise 
from the interaction between the residual magnetic moment in the ferro- 
magnetic rotor and the azimuthal gradient of the magnetic field. In 
principle, these can both be made very small by annealing the rotor and 
by careful design of the servocoil. In practice, restoring torque 
constants as small as 7 x 10-lo N m have been observed although, at this 
level, the stability of the rotor's residual magnetic moment is not good 
and the value of the restoring torque drifts. 

Applications : Proposed Experiments 

These instruments are prototypes which are adaptable to a variety 
of different uses. A few possibilities will be mentioned here. 

A. Sakuma has proposed the ' use of a suspended body as a new type of 
seismometer. The feedback signal contains complete information on the 
displacement, velocity and acceleration of the rotor with respect to the 
surface of the earth, and spectral analysis of it would produce a sub- 
stantial amount of information on both natural and man-made vibrations. 
Problems associated with using a suspension in this way might arise from 
errors in the repeatability of rotor positioning, residual drifts due to 
power supply output variations and dc tilts of the suspension 
framework. 

T. Quinn has proposed the use of a suspension system as a feedback 
mechanism for a flexure strip balance. Difficulties to be overcome here 
include mechanical drift, non-negligible magnetic susceptibilities in 
the kilogram prototypes, differential thermal expansion and low 
frequency oscillations on the feedback signal. 

T. Witt has proposed the use of a suspended rotor as the indicator 
in a novel galvanometer system. In this case, some limiting factors 
might be instability of the azimuthal restoring torque (especially at 
low torque levels), vertical-position/azimuthal-angle-offset couplings, 
and non-linearities in the torque produced by the drive coils at highest 
sensitivities. 



A p p l i c a t i o n s  : Exper iments  i n  P r o g r e s s  

Two o t h e r  exper iments  have been i n i t i a t e d  wi th  t h e s e  s y s t e m s ,  
a l t h o u g h  n e i t h e r  is f a r  advanced a s  y e t .  T h e i r  p r i n c i p l e s  of o p e r a t i o n  
a r e  d i s c u s s e d  below anyway. 

L a s e r  Power Meter  

I n c r e a s e s  i n  t h e  s e n s i t i v i t y  and a c c u r a c y  of a b s o l u t e  laser-power  
measurements at  t h e  m i l l i w a t t  l e v e l  would be welcome. With t h i s  i n  
mind, t h e  r a d i a t i o n  p r e s s u r e  t e c h n i q u e  of Aida and Bouzidi  ( 6 )  was r e -  
examined w i t h  t h e  goa l  i n  mind of r e p l a c i n g  t h e  f i b e r  suspens ion  of 
t h e i r  movable m i r r o r  by a magnet ic  s u s p e n s i o n .  The p r e l i m i n a r y  
a p p a r a t u s  developed f o r  t h i s  purpose  was des igned  f o l l o w i n g  t h e i r  
a p p a r a t u s  and i t  is  shown i n  o p e r a t i o n  i n  F i g u r e  8. The p r i n c i p l e  of 
t h e  method is  v e r y  s imple .  The i n v e r t e d  "T" has  a  m i r r o r  of h i g h ,  known 
r e f l e c t a n c e  on one arm and a  coun te rweigh t  ( a n  i d e n t i c a l  m i r r o r )  on t h e  
o t h e r  arm. When a  l a s e r  beam i s  r e f l e c t e d  from t h e  m i r r o r  a t  nea r  
normal i n c i d e n c e  w h i l e  t h e  e n t i r e  mechanism is  m a g n e t i c a l l y  suspended 
( a s  shown i n  F i g u r e  8), a couple  a c t s  on t h e  sys tem about  i t s  s u s p e n s i o n  
a x i s  and t h e  sys tem r o t a t e s  through a  s m a l l  a n g l e .  From a  measurement 
of t h i s  a n g l e  and t h e  i n t r i n s i c  suspens ion  r e s t o r i n g  f o r c e ,  t o g e t h e r  
w i t h  a  knowledge of t h e  rotation-axis/laser-beam s p a c i n g ,  t h e  l a s e r  
o u t p u t  power can be deduced. Problems w i t h  t h i s  t echn ique  i n c l u d e  
a c c o u n t i n g  f o r  r a d i o m e t r i c  f o r c e s ,  h e a t i n g  of t h e  i r r a d i a t e d  m i r r o r  
( w i t h  r e s u l t i n g  the rmal  expans ion)  and t h e  a b s o l u t e  measurement of t h e  
r o t a t i o n  ax i s / l a se r -beam spac ing .  

Low-Frequency V i b r a t i o n  I s o l a t o r  

A second exper iment  invo lved  t h e  s u s p e n s i o n  of a  two-mass mecha- 
n i c a l  o s c i l l a t o r .  F i g u r e  9 shows two s t e e l  s p h e r e s ,  wi th  one of them 
m a g n e t i c a l l y  suspended and t h e  second m e c h a n i c a l l y  suspended by t h e  
s p r i n g  from t h e  f i r s t .  With r e s p e c t  t o  t h e  s u s p e n s i o n  framework, i.e., 
t h e  e a r t h ,  t h e  lower  s p h e r e  is  coupled  by two s p r i n g s ,  t h e  f i r s t  
mechan ica l  and t h e  second magnet ic .  The p o i n t  of t h i s  e x e r c i s e  was t o  
c r e a t e  t h e  b a s i s  f o r  an improved "super  s p r i n g " .  That i s ,  an ul t ra- low- 
f r e q u e n c y  v i b r a t i o n - i s o l a t i o n  system,  such as t h a t  developed by Rinker  
and F a l l e r  ( 7 ) .  I n  t h i s  c a s e ,  though, r a t h e r  than  u s i n g  a  suspended 
loud-speaker  c o i l  t o  d r i v e  t h e  mechan ica l  s p r i n g ,  we i s o l a t e  and d r i v e  
t h e  mechan ica l  s p r i n g  by magnet ic  s u s p e n s i o n .  T h i s  h a s  t h e  advan tage  of 
t u n e a b i l i t y ,  t h a t  i s ,  one can change t h e  "upper" s p r i n g  c o n s t a n t  mere ly  
by changing t h e  g a i n ,  wi th  t h e  r e s u l t  t h a t  perhaps  even sub-microseismic  
n o i s e  can be i s o l a t e d .  

Although b o t h  of t h e  above-mentioned mechanisms were made opera-  
t i o n a l ,  much a d d i t i o n a l  work w i l l  be r e q u i r e d  i n  o r d e r  t o  make t h e s e  
d e v i c e s  u s e f u l  t o o l s .  



Conclusions 

Two identical magnetic suspension systems have been built, tested 
and are now available for use at the BIPM. Their operating charac- 
teristics have been presented and discussed. Possible applications have 
been mentioned and limiting factors for each of them suggested. 

Although the designs for these instruments are not inherently new, 
they do have some novel features which should make them useful as a new 
type of metrological tool. 
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Appendix I 

SILICON DETECTOR CORPORATIOK. 855 Lawrence Dr.. Newbury Park. CA 91 320. Phone:805/498-6737. Telex:182225 

POSITION 

SENSORS 

GENERAL D E S C R I P T I O N  

APPLICATIONS CHARACTER ISTICS 

. Vibration Analysis Accurate Analog Position Measurement - 1.06 c m  

. Optical "Bore-Sighting" and Alignment . Detection of Minute Position Shifts - rfil Angstrom 

Measurement of Optical Aberrations Large Measurement Range - 
and Distortion -.49 c m  t o  +.49 crn (dual-axis) 

-1.48 c m  t o  +1.48 cm (single-axis) . Angle Measurement and Indexing .97 c m  diameter (quad) 

. Non-Contact Surface Profiling Fast Pulse Response (quad) - 8 Nanoseconds 

High Peak Responsivity - 0.55 A/W 
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used t o  precisely-measure - - .  the - 4ucaticm e ;ofwpricai images with"respect . z t o  specifled system reference 
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operate at wen/ high mptical modu la t~on  frequencies. -*. 
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OPERATING SPECIFICATIONS 

R E r a d lu s  oi i igh t  spot  in cm 
A f s y s t e m  bandwidth in H z  

P r total l ~ g h r  power on device In War: 
H power density In iignr spot In W/cm2 

EQUIVALENT OUTPUT CIRCU IT: Each 0u:put 



TYPICAL CIRCUIT CONNECTION 

JVNCTlOh BIAS 
(COMMOH 

CONNECTION; 

DIFFERENCE BETWEEN 
CURRENTS FROM 
OPPOSING OUTPUTS 

S U M  OF CURRENTS FROM 
OPPOSING OUTPUTS 

OUTPUT TRANSFER CHARACTERISTIC (IDEAL) 

. . 
-1.0 -.8 -.6 -.4 -.2 4 .2 .4 .6 .8 1.0 

POSITION (NORMALIZED TO OPERATING RANGE) 

TYPICAL SPECTRAL RESPONSE IPhotovottaic @ 25" C\ 

WAVELENGTH (Nanometers) 





Appendix I1 

POSITION SENSING DETECTORS 
PIN Spot/8D, SpotI9D 

UNITED DETECTOR TECHNOLOGY, INC. 

/ UDTs "Spot*' wries position sensors are bisell or quadrant 
detectors ideally suited for a wide range of nulling and 
centering appli'cations. 

The devices consist of two or four discrete elements on a single 
substrate with an active output lead from each element. When 
a light beam is centered on the detector (null or center 
position is the intersection of active elements) output current 
from each quadrant is equal. As the beam moves, current 
imbalance indicates off-center position. These devices exhibit 
excellent stability over time and temperature, high 
rcsponsivity and fast response times necessary for pulse 
operation. 

The PIN-Spot18D and PMSpot /9D are quadrant detectors for 
two axis position information. 

FEATURES: 
Broad frequency response 
Fast rise time 
Low capacitance 
High accuracy, long term stability 

of null position 
Easy hookup 

S P E m A L  RESPONSE 
.6 
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WAVELENGTH INANOMETERSI 

SOURCE RESISTANCE VS TEMP 
s h e w  PISYPNT 

APPLICATIONS : 
Lens centering 
Feedback control systems 
Guidance systems 
Laser alignment 
Madune tool alignment 
Targeting 
Rocess machinery alignment 

I I 
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WAVELENGTH (NANOMETERS) 

CAPACITANCE VS 81AS VOLTAGE 
EACH ELEMENT 

BIAS VOLTAGE fW 

DARN CURRENT VS TEMP EACH ELEMENT @ 10 V 

2644 30TH STREET, SANTA MONICA, CA 90405 8 TELEPHONE (213) 396-3175 . TELEX 65-2413 



ELECTRICAL  CHARACTERISTICS 

I 

MECHANICAL  SPEC1 F l C A T l O N S  

%se Time at 633.8 nrn 
107i-90% (ns) With @ 10V Bias 15 - - - I - 
50-Ohm Load 

Package 
1 " Kovar 5-Pin Header 

Window Glass Glass 

Fall Time at 632.8 nrn 
@ 10V Bias 

907- 10% (ns) 
Frequency Response at 632.8 nrn @ lOV Bias 
(MHz) With 50-Ohm Load Q 50V Bias 
Maximum Output for 10% 

@ 10V Bias 
Nonlinearity (ma) 
NEP @ Peak A, 1 kHz, 10V (w/Hzn) 
Forward Resistance (9) 
Approximate Saturation Level (mw) 

Field of View 
Full Angle 

122O 145' 

1 1 Temperature Range 1 I 1 

- 
- 
- 

0.5 

- 
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- 

1 SCHEMATIC DIAGRAM 
Y OUTPUT 

X OUTPUT 

CONNECTIONS 
FOR DUAL AXIS DETECTOR 
TO MODIFIED UDT 301A 
AMPLIFIER' 

i *Amplifier bias polarity must be changed. 
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Appendix 111 

Altered light-emitting diode point source emitter 

George T. Gillies 
Physics Deporrmenr. Uniwrsiry of L'lrgrn~c. Chorlor~es~.illc. Virginia 22901 

I t  is often ncccssar!. to produce 2 collima~ed light beam 
i n  the student laborator!. for csc in  optics cxpcrimcnts. 
There are se\.cral \va!:s of doing this. such 3s csp?.nding 2 

laser beam or collimating incandcsccnt lamp lisht. 
There are, ho\s~evcr. gcncral disadvantages to such 

mcthods. For instance. i t  is oftcn inconvenient to monopolize 
thc use of 3 pcncral purpose laborator!. laser for 3 task 
\\.hicli could bc pcrformcd by a less cspcnsivc. sirnplcr dc- 
vice. Further, thc finite filament dimensions of incclndcscent 
lzrnps produce an uneven luminous intcnsit! distribution 
in  an image beam. Also. the luminous output of such I~rnps  
\<3rics nonlinearly with f i lamen~ current. 

Light-emitting diodes ( L E D )  are another candidate. Thc 
light radiated by these lamps is t>,pic311y either red. green. 
!.ello\{. or orange. They require only small amounts of input 
po\\.er. usually 30 mA 31 less than 2 \!. Luminous intcnsitics 

---- - -- - 
range from-i.0- 10.0 mcd. Thcir operatini  tempcraturc is 
lo\\ enough to be cool to the touch, and the LED hous~ngs 
are such that they can be casily inscrted into small ( l / l - in .  
d ~ a m )  n~ounting I~olc> in panels or other thin plates. 

Most commercially available two-lead LED "displa!. 
lamps" havc an epoxi-drop lens above the active elemen;. 
Thcir properties as a point source emitter are  discussed by 
\ifunderlich e-r 01. ' Sometimes, however, the presence of this 
lens complicates collimation and in some cases makes it 
impossible due to extreme surface deformation. Thc optical 
characteristics of these lenses usually vary from diodc to 
diode. and simple arguments show that  in most cases they 
produce a virtual image of the source. 

By alicring the LED structure however, these problems 
can be overcome. 

Usinp a serrated-edge knife,  he epoxy lens a n  be cut off 

=diode a p p ~ o x j ' m a ~ e ~  i/32 inch or  SO above the diode 
active area. Care must be taken not 10 expose or otherwise 
damage the diode active are2 durins cutting; further, the 
cur must be made perpendicular to thc diode axis. Any large 
surface irregularities due to thc cutting process can then bc 
gently filed down until the resultant surface is flat to the 
touch. The surfdce will bc cloudy bccausc of the scrarchcs 
on the remaining cpos\. It can be polished to lransparency 
hosvcvcr. b!. carefull!- rubbing i i  on a smooth sheet of7;ery 
fine grdin finishing paper (placca on 3 flat working surface) 
which h2s been lubricated it.iih a couple of drops of mincral 
oil. 

I t  is very easy in this way 10 obtain 2 point source emitter 
\\.hose beam can be easily collimated. Depending on the 
structure of the diode active clerncn~. the image m3y be 
conlposcd of thc scp~rarely magnified cmittcr components; 
ho\rcvcr appropriate masking or very slight beam dero- 

\\.ill  the user with 3 beam or uniform inten- 
si ly .  

I u.ould like to thank Proressor Rogers Ritter for his 
hclpfu] discussion and the h'SF and Na~iona l  Institutes of 
Health for financial assistancc under Grants No. 
pH )'7SJ0320S and G %I 1682-08, respectively. 

IF. J.  \\'undcrlirh. D. E. Shau. and H .  J .  Hones, Am. J. Ph!s. 45. 106 
(1977) .  



Figure 1. The block diagram for the operation of a magnetic 
suspension system using a split-cell photodetector. 



Figu re  2 .  An o v e r a l l  view of BIPM-1 i n  o p e r a t i o n ,  showing f u l l  
mechanical d e t a i l .  





Parts List for the Electronics Circuitry 

Code Component I Part Number/ 
Component Value 

OP amp 

power amplifier 

capacitor 

capacitor 

capacitor 

LED I 
Quadrent 
Photodetector 

zenar diode 1 
coil with iron 
core 

5 W power 
resistor 

1/4 W Resistor 

1/8 W Resistor 

Potentiometer 

118 W Resistor 

1/8 W Resistor 

118 W Resistor 

Potentiometer 

1/8 W Resistor 

Potentiometer 

118 W Resistor 

118 W Resistor 

118 W Resistor 

SPST Switch 1 

CA7 4 1 CE 

BOP 36-6M 

20 pF 

2.2 pF 

2.2 nF 

MV 5752 

SD-380-23-21-051 

National 
semiconductor 

1 RCA 1 
Kepko, Inc. 

Centralab 

Ern 

1 EFD I 
Monsant o I 

Silicon 
Detector Corp. 

ECG 

Allen-Bradley 

Allen-Bradley 

SERNICE 

Allen-Bradley 

Allen-Bradley 

Allen-Bradley 

MCB 

Allen-Bradley I 

TRW/IRC 

MCB 

Allen-Bradley 

2 

1 

1 

I  SECMB I 1  
Allen-Bradley 1 



F i g u r e  4 .  The t u b e s  h o u s i n g  t h e  LED and l e n s  (on  t h e  l e f t )  and t h e  
p h o t o d e t e c t o r  and p r e a m p l i f i e r  ( o n  t h e  r i g h t ) .  





Figure 6. A magnetically suspended steel ball with a mass 
of about 100 g. 



F i g u r e  7 .  A m a g n e t i c a l l y  suspended c y l i n d e r  ( w i t h  t a p e r e d  ends) 
of mass about  100 g. 



F i g u r e  8. A m a g n e t i c a l l y  suspended " i n v e r s e  Tee" used a s  t h e  d e t e c t o r  
i n  a  new a b s o l u t e  measurement of l a s e r  o u t p u t  power. 



Figure 9. Coupled oscillators, in magnetic suspension, 
for possible use in an ultra-low frequency 
vibration isolation system. 


