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Appendix C i s  a  g l o s s a r y  o f  t e c h n i c a l  t e rms .  Those u n f a m i l i a r  w i t h  s e i s -  

mometer d e s i g n  may f i n d  i t  h e l p f u l  t o  f a m i l i a r i s e  themse lves  w i t h  t h e  t e r m i -  

nology b e f o r e  r e a d i n g  t h e  main t e x t .  

SUMMARY 

A seismometer  i s  d e s c r i b e d  whose performance i s  i n t e n d e d  t o  be comparable 

wi th  t h e  b e s t  e x i s t i n g  v a u l t  i n s t r u m e n t s  and y e t  which s h o u l d  be s u i t a b l e  f o r  

f i e l d  work a t  remote s i t e s .  I t  i n c o r p o r a t e s  a  new t y p e  o f  l e a f - s p r i n g  s u s p e n s i o n ,  

which a l lows  long p e r i o d s  t o  be a t t a i n e d ,  y e t  p e r m i t s  s e v e r e  h a n d l i n g  o f  t h e  

f u l l y  assembled i n s t r u m e n t .  

The l e a f - s p r i n g  s u s p e n s i o n  is  found t o  be s u p e r i o r  t o  t h e  u s u a l  h e l i c a l  

s p r i n g  system,  i n  t h a t  t r a n s v e r s e  and o t h e r  modes of v i b r a t i o n  o f  t h e  s p r i n g  

i t s e l f  a r e  of h i g h e r  f requency  t h a n  most n o i s e  s o u r c e s ,  t h e r e b y  a v o i d i n g  r e s o -  
nances  which c a n  l e a d  t o  s p u r i o u s  l o n g - ~ e r i o d  r e s p o n s e .  

1. INTRODUCTION 

I n  1959, t h e  F i e l d  Exper iments  D i v i s i o n  o f  AWRE s t a r t e d  t o  c o n s i d e r  t h e  

problems i n v o l v e d  i n  t h e  d e t e c t i o n  of underground n u c l e a r  e x p l o s i o n s .  I t  became 

a p p a r e n t  from t h e  f i n d i n g s  o f  t h e  1958 "Geneva Conference o f  E x p e r t s "  t h a t  

c o n s i d e r a b l e  r e s e a r c h  would be r e q u i r e d  i n t o  t h e  d e t e c t i o n  of b o t h  s h o r t - p e r i o d  

body waves and o f  l o n g - p e r i o d  s u r f a c e  waves emana t ing  from a l l  s e i s m i c  s o u r c e s .  

I t  was a l s o  a p p a r e n t  t h a t  i n s t r u m e n t a l  t e c h n i q u e s  r e q u i r e d  some improvement i n  

s h o r t  - p e r i  od se i smomete rs ,  and c o n s i d e r a b l e  improvement i n  l o n g - p e r i o d  se i smomete rs .  

The Ins t rument  E n g i n e e r i n g  S e c t i o n  o f  HFE (now C.P.A. ) ,  f o l l o w i n g  some 

e x p l o r a t o r y  work, f i r s t  improved on e x i s t i n g  d e s i g n s  o f  l o n g - p e r i o d  se i smomete rs  

and  produced t h e  VSI, ve r t i ca l -componen t  i n s t r u m e n t  ( F i g u r e  1). The same b a s i c  

s u s p e n s i o n  was used  a s  i n  many such  e x i s t i n g  se i smomete rs ,  m i n o r  changes  b e i n g  

made, such a s  i n  t h e  s p r i n g  m a t e r i a l  u s e d ,  and frame d e s i g n  (common w i t h  t h e  

matching h o r i  zontal-component i n s t r u m e n t ) .  

I n  1960, D r .  P. L. Willmore s u g g e s t e d  t h e  a p p l i c a t i o n  o f  l e a f - s p r i n g s  t o  

l o n g - p e r i o d  v e r t i c a l - c o m p o n e n t  se ismometer  s u s p e n s i o n s ,  and t h e  d e s i g n  p a r a m e t e r s  

o f  l o n g - p e r i o d  se i smomete rs  were i n v e s t i g a t e d  w i t h  r e s p e c t  t o  t h i s  p r i n c i p l e .  

A l e a f - s p r i n g  s u s p e n s i o n  had a l r e a d y  proved s u c c e s s f u l  i n  t h e  well-known Willmore 

s h o r t - p e r i o d  seismometer .  



2. HISTORY 

2 . 1  The LaCoste Suspension 

U n t i l  1934,  l o n g - p e r i o d  v e r t i c a l - c o m p o n e n t  se ismometers  were a lmos t  

n o n - e x i s t e n t  a s  p r a c t i c a l  i n s t r u m e n t s ,  c o n s i s t i n g  e i t h e r  o f  l a r g e  i n e r t i a l  

masses suspended by v e r y  long  h e l i c a l  s p r i n g s ,  o r  o f  modera te ly  compact a r r a n g e -  

ment b u t  w i t h  poor  p e r i o d  s t a b i l i t y  ( l i n e a r i t y )  due t o  t h e  i n t r o d u c t i o n  of non- 

l i n e a r  n e g a t i v e  r e s t o r i n g  f o r c e s .  

L. J .  B. LaCoste [ l ,  21 t h e n  i n t r o d u c e d  t h e  f i r s t  ~ r a c t i c a l  l i n e a r  

s p r i n g  s u s p e n s i o n  system,  by means of which p e r i o d s  of t h e  o r d e r  o f  100 S can  b e  

o b t a i n e d  from an  i n s t r u m e n t  whose g r e a t e s t  d imension i s  l e s s  t h a n  a  m e t r e  ( s e e  

Appendix A ) .  

The LaCoste s u s p e n s i o n  is shown i n  i t s  p r a c t i c a l  form i n  F i g u r e  1 and 

d iagrammat ica l ly  i n  F i g u r e  2. The mass W ,  i s  f i x e d  on a  boom a t  d i s t a n c e  d ,  

from t h e  f r i c t i o n l e s s  p i v o t ,  P, and i s  s u p p o r t e d  by t h e  h e l i c a l  s p r i n g ,  l e n g t h  

L, which is  a t t a c h e d  t o  t h e  boom and t o  t h e  back s u p p o r t  a t  t h e  f r i c t i o n l e s s  

h i n g e s  H, and tl, r e s p e c t i v e l y .  Adjustments A-A f o r  s p r i n g  t e n s i o n  and  B-B f o r  

p e r i o d  o f  o s c i l l a t i o n  a r e  a r ranged  a t  h .  (The diagram shows t h e  s i m p l e s t  c a s e  

where H, P  = H, P, though t h i s  i s  no t  a  c r i t e r i o n  of o p e r a t i o n .  ) 

LaCoste showed t h a t  f o r  t h e  boom t o  be i n  e q u i l i b r i u m ,  i n  a l l  p o s i t i o n s  

( i n f i n i t e  p e r i o d ) ,  one of t h e  c o n d i t i o n s  is t h a t  t h e  t e n s i o n  T,  of t h e  s p r i n g  

must b e  p r o p o r t i o n a l  t o  L,  t h e  d i s t a n c e  between H, and Q . This  means t h a t  when 

t h e  s p r i n g  h a s  z e r o  e x t e n s i o n  i t  h a s  z e r o  l e n g t h .  

I t  i s  m a n i f e s t l y  i m p o s s i b l e  f o r  a  h e l i c a l  s p r i n g  of c y l i n d r i c a l  fo rmat  t o  

have a c t u a l  z e r o  p h y s i c a l  l e n g t h ,  b u t  h e l i c a l  s p r i n g s  can b e  wound i n  s u c h  a  way 

[l] t h a t ,  when t h e  c o i l s  a r e  t i g h t l y  c l o s e d ,  i t  h a s  a  r e s i d u a l  t e n s i o n  e q u a l  t o  

t h e  t e n s i o n  of a  t r u e  z e r o - l e n g t h  s p r i n g  ex tended  t o  t h e  same l e n g t h .  I t s  t e n s i o n  

w i l l  t h e n  b e  e q u a l  t o  t h a t  of t h e  e q u i v a l e n t  z e r o - l e n g t h  s p r i n g  u n t i l  i t  is 

s t r e t c h e d :  beyond i t s  l i m i t  of p r o p o r t i o n a l i t y .  

I n  t h e  LaCoste sys tem,  t h e r e  a r e  two c r i t e r i a  t h a t  must b e  f u l f i l l e d  

t o  a h i g h  degree  o f  accuracy ,  i f  l o n g  p e r i o d s  a r e  t o  be o b t a i n e d .  F i r s t ,  t h e  

magnitude of T must be p r o p o r t i o n a l  t o  L, and,  second ,  t h e  d i r e c t i o n  o f  t h e  

v e c t o r  T  must pass  from H, through t h e  f i x e d  p o i n t  c o r r e s p o n d i n g  t o  H, i n  F i g u r e  

2.  The l a t t e r  may seem s e l f - e v i d e n t ,  b u t  must b e  c o n s i d e r e d  when examining s p r i n g  

sys tems  f o r  which H, is n o t  a  p o i n t  f i x e d  t o  t h e  b a s e .  

1. L. J. B. LaCoste:  (1934) " A  New Type Long P e r i o d  V e r t i c a l  Seismograph" . 
P h y s i c s ,  L 178 - 180 

2 ,  L. J .  B. LaCostel: " A  S i m p l i f i c a t i o n  i n  t h e  C o n d i t i o n  f o r  t h e  Zero-Length 

S p r i n g  Seismographw . Geophys. Suppl  . , 6, 129 



2 . 2  The Leaf -Spr ing  Suspens ion  

The c h i e f  d i s a d v a n t a g e  of  t h e  LaCoste s u s p e n s i o n ,  i n  i t s  u s u a l  form, 
i s  t h a t  high-frequency components of  ground motion may s e t  t h e  s p r i n g  i n t o  f r e e  

o s c i l l a t i o n s ,  i n d u c i n g  l o n g - p e r i o d  d i sp lacement  o f  t h e  boom. D r .  P. L. Willmore 

t h e r e f o r e  s u g g e s t e d  t h a t  t h e  h e l i c a l  s p r i n g  s h o u l d  be  r e p l a c e d  by a  suspens ion  

wire  a t t a c h e d  t o  t h e  t i p  of an i n c l i n e d  l e a f - s p r i n g ,  f o r  which t h e  n a t u r a l  

f r e q u e n c i e s  of  t h e  s e v e r a l  modes o f  v i b r a t i o n  would be  w e l l  above t h a t  of  any  

s i g n a l s  l i k e l y  t o  be r e c e i v e d  through t h e  ground.* 

The t h e o r y  of t h e  l e a f - s p r i n g  is g iven  i n  Appendix B, and shows t h a t  

a  t r i a n g u l a r  c a n t i l e v e r  of  c o n s t a n t  t h i c k n e s s ,  clamped a t  i t s  b a s e  and l o a d e d  a t  

i t s  apex,  w i l l  bend i n t o  a  c i r c u l a r  a r c ;  a l s o  t h a t  a  t r i a n g u l a r  l e a f - s p r i n g  o f  

l e n g t h  L ,  having a  r e l a x e d  p o s i t i o n  of t h e  form of  a  c i r c u l a r  a r c  o f  i n c l u d e d  

a n g l e  2 r a d i a n s ,  w i l l  ex tend  f l a t  when t h e  a p p r o p r i a t e  load W i s  a c t i n g  a t  i t s  
apex ( F i g u r e  3 ) ,  t h e  s p r i n g  t i p  moving th rough  an a r c  a l s o  of l e n g t h  L. Under 

t h i s  c o n d i t i o n  F igure  3 shows how, f o r  s m a l l  a m p l i t u d e s ,  t h e  load  W w i l l  
o s c i l l a t e  on t h e  apex of t h e  t r i a n g u l a r  s p r i n g  almost  e x a c t l y  a s  i t  would i f  

a t t a c h e d  t o  a  h e l i c a l  s p r i n g  of  t h e  same l e n g t h  L, f i x e d  a t  t h e  ~ o i n t  F, t h e  

approx imat ion  be ing ,  of c o u r s e ,  due t o  t h e  a r c u a t e  movement of  t h e  l e a f - s p r i n g  

t i p .  It can be shown ( e m p i r i c a l l y ,  by g r a p h i c a l  c o n s t r u c t i o n )  t h a t  t h e  l o c u s  o f  

t h e  s p r i n g  t i p  is t h e  a r c  of a c i r c l e  of r a d i u s  %L. 

l 
Figure  4 shows how t h e  s i m p l e  l e a f  - s p r i n g  geometry (90' - 4S0 con-  

f i g u r a t i o n )  is  a p p l i e d  t o  o b t a i n  t h e  ana logy  of t h e  LaCoste h e l i c a l - s p r i n g  

suspens ion  shown i n  F i g u r e  2 .  F i g u r e  4 i s  s e l f - e x p l a n a t o r y .  I d e a l l y ,  t h e  t e n s i o n  

v e c t o r  ( i . e . ,  b o t h  magni tude and d i r e c t i o n  of t h e  t e n s i o n  T)  is  r e p r e s e n t e d  by 

l 
Q & ,  where H, is t h e  i n t e r s e c t i o n  of t h e  susper is ion wire  w i t h  t h e  v e r t i c a l  

through P when t h e  boom i s  h o r i z o n t a l .  When t h e  s p r i n g - t i p  i s  a t  H, t h i s  is i n  
1 

f a c t  t h e  c a s e ,  but  f o r  p o s i t i o n s  of  t h e  s p r i n g - t i p  away from , t h e r e  is an 1 
approximat ion i n v o l v e d ,  i l l u s t r a t e d  i n  F igure  5.  i 

I n  F i g u r e  5 ,  t h e  d o t t e d  s p i r a l - f o r m  curve  ( p l o t t e d  by g r a p h i c a l  

c o n s t r u c t i o n )  shows t h e  i d e a l  l o c u s  of t h e  s p r i n g  t i p ,  t h e  markers  b e i n g  f o r  

10° i n t e r v a l s  of 8. The a c t u a l  l o c u s  is  shown by t h e  dashed  c i r c u l a r  a r c  of  

r a d i u s  %L. The a c t u a l  l o c u s  can be s e e n  t o  be o u t s i d e  t h e  s p i r a l  c u r v e  f o r  a l l  

p o s i t i o n s  of t h e  boom, making S ,  t h e  moment arm o f  t h e  t e n s i o n  v e c t o r ,  s l i g h t l y  

t o o  l a r g e  a s  t h e  boom moves from t h e  h o r i z o n t a l .  The s p i r a l  form of t h e  i d e a l  

locus  a l s o  g i v e s  asymmetry t o  t h e  approximat ion.  T h i s  e f f e c t  i s  a t  l e a s t  p a r t i a l l y  

compensated by a second  approx imat ion ,  which i s  t h a t  t h e  i d e a l  t ens i ,on  would be 

p r o p o r t i o n a l  t o  L minus t h e  s t r a i g h t - l i n e  d i s t a n c e  of t h e  s p r i n g - t i p  from H,, 
whereas t h e  a c t u a l  t e n s i o n  i s  p r o p o r t i o n a l  t o  L minus t h e  c i r c u m f e r e n t i a l  d i s -  

t a n c e  around t h e  s p r i n g - t i p  l o c u s  from 4 ,  g i v i n g  a  s l i g h t l y  s m a l l e r  v a l u e  of  T  

t o  ba lance  t h e  e r r o r  i n  S .  

* This  system is  t h e  s u b j e c t  of P a t e n t  A p p l i c a t i o n  Number 24878/62.  



2 .3  The VS3 Seismometer 

Using t h i s  t heo ry ,  i t  was decided t o  make a  t e s t  instrument  i n  which 
the  ~ r o ~ e r t i e s  of t h e  l e a f - s p r i n g  suspension could  be determined exper imenta l ly .  

Its mechanical con f igu ra t ion  can be expla ined  by r e f e r ence  t o  F igures  4, 6 and 

7. The main problem with t h e  con f igu ra t ion  shown i n  F igure  4  is t h a t  it i s  

d i f f i c u l t  t o  a d j u s t  the  per iod  and t ens ion  by moving t h e  f i x i n g  p o i n t  of the 
.F 

s p r i n g ,  due t o  t o r s i o n a l  l oad ing  on the  s p r i n g  mounting. The only o t h e r  p lace  

where a d j  ustments could be made is  on the  boom i t s e l f .  Therefore ,  a  rear range-  

ment of t he  geometry was cons idered ,  t h e  f i r s t  i dea  being t h a t  shown i n  Figure 6 .  

9 

Mr. A. C. Chris tmas,  who c a r r i e d  out  t h e  engineer ing  des ign  of the  

VS1 and VS3, pointed out  t h a t  g r e a t e r  compactness could be obta ined  by i n v e r t i n g  

t h e  s p r i n g  and wire suspens ion ,  wi th  the  mass p o s i t i o n  l a t e r a l l y  reversed .  The 

new arrangement is  shown i n  Figure 7 ,  and inco rpo ra t e s  a  balanced beam which 

r ep l aces  t h e  boom shown i n  Figure 6 ,  fo l lowing  a  sugges t ion  by Dr. Willmore. 

n e  beam is  designed t o  be volume symmetrical about P  so  t h a t  a tmospheric  buoy- 

ancy is balanced. Dr. Willmore a l s o  suggested t h a t  t h e  hinge-point  P  could be 

made the  a x i s  of a  p a i r  of c ros s - sp r ing  p ivo t s .  H, becomes t h e  i n t e r s e c t i o n  of 
t he  normal t o  the  beam through P  ( f o r  a l l  beam p o s i t i o n s )  and t h e  t e n s i o n  vec to r ,  

and y i s  now the  f i x i n g  po in t  of the  suspension wire  t o  t he  base.  Figure 8 i s  a  

photograph of  the t e s t - b e d ,  t he  VS3 seismometer.  

I n  F igure  8 t,be i n e r t i a l  mass can be seen  a t  t h e  l e f t -hand  end of  t h e  

balanced beam, wi th  a  Perspex f l o t a t i o n  compensator a t  i t s  mi r ro r  pos i t i on .  Two 

Ni-Span C l e a f  s p r i n g s  a r e  clamped i n  a  s h a f t  near  t he  compensator. Rota t ion  of  

t h i s  s h a f t  provides coarse  t ens ion  adjustments .  The ap i ces  of t h e  s p r i n g s  a r e  

a t tached  v i a  wires  t o  an a d j u s t a b l e  anchorage mounted on an up r igh t  p r o j e c t i n g  

through the  beam from t h e  base. Movement of t h i s  anchorage enables  t h e  per iod  

and t ens ion  t o  be ad jus t ed .  

The VS3 enabled t h e  fo l lowing  conclusions t o  be drawn:- 

( a )  The l e a f - s p r i n g  suspension is  s u p e r i o r  i n  many r e s p e c t s  t o  t h e  

he l i ca l - ; sp r ing  suspens ion ,  a s  regards  pendulum performance. 

( b )  The balanced-beam conf igu ra t ion  is  i n e f f i c i e n t ,  i n  t h a t  t h e  

energy content  of a  s imple l e a f - s p r i n g  suspension is  sma l l ,  and an 

adequate ly  s t i f f  beam is r a t h e r  massive,  l e ad ing  t o  s i g n i f i c a n t  l o s s  

of dynamic e f f i c i e n c y  ( s e e  Appendix C ) .  

The l e a f - s p r i n g  p r i n c i p l e ,  having been confirmed, and t h e  balanced- 

beam system shown i n e f f i c i e n t ,  it  was dec ided  t o  develop a  new ins t rument ,  v i z . ,  



t h e  VS4. I h e  b road  l i n e s  of t h i s  i n s t r u m e n t  were l a i d  down by Mr. E. W .  S t e v e n s ,  

and cor respond  c l o s e l y  w i t h  t h e  o r i g i n a l  system a s  i n  F igure  4,  b u t  w i t h  t h e  
per iod  and t e n s i o n  a d j u s t m e n t s  on t h e  s p r i n g  mounting. It was thought  t h a t  s u i t a b l e  

d e s i g n  should  a v o i d  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  t o r s i o n a l  l o a d i n g .  

3. QENERAL REQUIREMENTS FOR THE VS4 SEISMOMETER 

No r i g i d  s p e c i f i c a t i o n  was l a i d  down f o r  t h e  i n s t r u m e n t ,  t h e  main o b j e c t  

b e i n g  t o  e f f e c t  a  s i g n i f i c a n t  improvement over  e x i s t i n g  d e s i g n s .  It was t h o u g h t  

t h a t  improvements were n e c e s s a r y  i n  pendulum performance and p o r t a b i l i t y .  These 

a r e  d i sc 'ussed  s e p e r a t e l y  below. The ins t rument  was i n t e n d e d  t o  cover  t h e  p e r i o d  

range 1 0  t o  100 S .  

3 . 1  Pendulum Performance Requirements 

Exper ience  hav ing  been g a i n e d  w i t h  t h e  VS1 and some commercial 

se ismometers ,  it was found t h a t  t h e y  a l l  had some of  t h e  f o l l o w i n g  f a u l t s : -  

( a )  V a r i a t i o n  of p e r i o d  w i t h  boom d e f l e c t i o n .  

( b )  Lack of  r e s t r i c t i o n  t o  one d e g r e e  of  freedom. 

( C )  Severe  change i n  p e r i o d  w i t h  g r o s s  t i l t  of t h e  seisrnometer i n  
. , 

t h e  p l a n e  of t h e  s u s p e n s i o n  ( p a r t l y  i n h e r e n t  i n  t h e  LaCoste s u s p e n s i o n ,  

b i t  a g g r a v a t e d  by h e l i c a l  s p r i n g s  of s i g n i f i c a n t  mass) .  

* ( d )  Poor h i n g e  p r o p e r t i e s .  A l l  t h e  t e s t e d  i n s t r u m e n t s  had bending 

s t r i p  o r  w i r e  h i n g e s ,  which i n v o l v e  movement of t h e  a p p a r e n t  p i v o t  

a x i s  w i t h  boom d e f l e c t i o n .  Some s u f f e r e d  from h y s t e r e s i s  i f  i n c o r -  

r e c t l  y  assembled. 

( e )  H e l i c a l  - s p r i n g  resonances  of low f requency  (normal ly  about  10  

c / s ;  25 c / s  f o r  t h e  VS1) which cou ld  be s t i m u l a t e d  by ground motion 
i n  t h a t .  p a r t  of  t h e  s e i s m i c  spectrum,  t h u s  g i v i n g  r i s e  t o  s p u r i o u s  

long-per iod  response  (caused by an e f f e c t i v e  s h o r t e n i n g  of t h e  

h e l i c a l  s p r i n g  d u r i n g  resonance) .  

( f )  No f l o t a t i o n  compensation. 

( g )  Only p a r t i a l l y  e f f e c t i v e  t e m p e r a t u r e  ,compensat ion,  which was 

u s u a l l y  n o n - l i n e a r  a l s o  ( i . e . ,  r e q u i r e d  a  r e s e t t i n g  of t h e  compen- 

s a t i o n  r a t e  a t  d i f f e r e n t  t e m p e r a t u r e ) .  



The VS3 showed t h a t  ( a )  and ( e )  were e l imina t ed  e n t i r e l y  by t h e  change 

t o  a  l e a f - s p r i n g  suspens ion ,  and t h a t  ( c )  was g r e a t l y  improved. The o t h e r  f a u l t s  

were expected t o  be avoided by app rop r i a t e  eng inee r ing  des ign ,  and ( g )  by s u i t -  

ab l e  choice  of m a t e r i a l s  ( s e e  Appendix C, r e  Ni-Span a l l o y s ) .  Analysis  of  t he  
problem of tempera ture  compensation showed t h a t  expansion t r o u b l e s  could be 

e l imina t ed  by d i spos ing  m a t e r i a l s ,  of s i m i l a r  expansion c o e f f i c i e n t s ,  symmetri- 

c a l l y  about t h e  v e r t i c a l  through t h e  boom hinge.  Choice of Ni-Span D f o r  t h e  

s p r i n g  m a t e r i a l  should then al low l i n e a r  temperature compensation t o  be a f f e c t e d  

with s imple b imeta l  systems. 

3.2 P o r t a b i l i t v  

The F i e l d  Experiments Div is ion  of AWRE r equ i r ed  not only a  p r e c i s i o n  

seismometer of h igh  mechanical e f f i c i e n c y  but a l s o  a  f i e l d  i n s t rumen t ,  e a sy  t o  

a d j u s t  and c a l i b r a t e ,  po r t ab l e  by one man, and of compact con f igu ra t ion .  Com- 

merc ia l  seismometers were u sua l ly  designed f o r  permanent i n s t a l l a t i o n ,  and 

requi red  almost  complete d ismant l ing  f o r  even s h o r t  t r a n s i t s .  I t  was f e l t  t h a t  

t h e  VS4 should be des igned  such t h a t  t he  removal of a  few clamping b o l t s  should 

enable  t h e  ins t rument  t o  ope ra t e  wi th  i t s  pendulum swinging f r e e l y  a f t e r  t r a n s -  

p o r t a t i o n .  The l e a f - s p r i n g  suspension made t h i s  a  p r a c t i c a l  p o s s i b i l i t y ,  whereas 

a  h e l i c a l - s p r i n g  would involve  severe  complexi ty.  

4. DESCRIPTION OF THE VS4 

Figure 9  i s  a  keyed drawing of t h e  VS4, showing the  cover i n  p l ace ,  and 

Figure 1 0 ' i s  a  photograph from the  same'+viewpoint.  F igure  11 is  a  genera l  view 

from a  d i f f e r e n t  a spec t .  + 

4 . 1  The Ni -SpanDLeaf -Spr ings  

Four Ni-Span D l e a f - s p r i n g s  a r e  i nco rpo ra t ed  i n  t h e  suspension s o  a s  

t o  g ive  s u f f i c i e n t  t ens ion  t o  accomodate an adequate ly  e f f i c i e n t  mass d i s t r i b u t i o n  

on t h e  boom ( s e e  Appendix C - Dynamic E f f i c i e n c y ) ,  c o n s i s t e n t  wi th  each s p r i n g  

working we l l  w i th in  t h e  l i m i t  o f  p r o p o r t i o n a l i t y  of i t s  load-extens ion  curve. 

4 .2  The Cross-Spring P ivo t s  

The des ign  of t h e  c ros s - sp r ing  p ivo t s  has been ar ranged  [l] t o  

minimise a x i s  movement r a t h e r  than t o  o b t a i n  ze ro  s t i f f n e s s ,  which i s  t h e  

p r i n c i p l e  used i n  some American seismometers [ 2 ] .  The d isadvantage  of t h e  zero  
s t i f f n e s s  arrangement is t h a t  i t s  a c t i o n  depends upon a x i s  movement, whi le  good 

pendulum performance r e q u i r e s  a  f i x e d  a x i s  p o s i t i o n .  Ni-Span D a l l o y  is  used a s  

1.  W. H. Wi t t r i ck :  (February 1951) "The P r o p e r t i e s  of Crossed Flexure P i v o t s ,  

and t h e  In f luence  of t h e  Poin t  a t  which t h e  S t r i p s  Cross" .  Aeronaut ica l  

Qua r t e r ly ,  11, - 272 - 279 

2. J. H. Hamilton and E. Stephens:  "New Developments i n  Seismological  I n s t r u -  

mentat ion".  Technical  Report No. 62-1, The Geotechnical  Corpora t ion ,  

Garland,  Texas 



t h e  mater ia l  f o r  t h e  c ros s - sp r ings  t o  e l imina te  change of s t i f f n e s s  with tempe- 

r a t u r e .  While t h e  chosen c ros s - sp r ing  design minimises t h e  adverse e f f e c t  o f %  

t r ansve r se  fo rces  on t h e  s t i f f n e s s  of the p i v o t ,  c a r e  has been taken t o  p lace  

the  c e n t r e  of g r a v i t y  of t he  e n t i r e  suspended sub-assembly a s  near  a s  p o s s i b l e  

t o  t h e  suspension po in t  (H, i n  Figure 4 ) .  The p ivo t s  a r e  spaced widely r e l a t i v e  
t o  pendulum l eng th  s o  . a s  t o  r e s t r i c t  t h e  pendulum t o  one degree  of  freedom. 

4 . 3  F l o t a t i o n  Compensation 

F l o t a t i o n  compensation i s  a f forded  by the s e a l e d  Perspex c y l i n d e r ,  

seen b e s t  i n  Figure 12. This  i s  intended t o  have the  same volume-moment on t h a t  

s i d e  of t h e  p ivot  a x i s  a s  t h e ' s u m , o f  t he  volume moments on the  o the r  s i d e  ( see  
Appendix C - Flo ta t ion  Compensation). 

4.4 Operat ing Ad.iustments 

When t h e  LaCoste geometry i s  s e t  t o  i t s  " p e r f e c t "  form of a  4 5 O  - 
90° t r i a n g l e ,  t han ,  from simple theory ,  t h e  suspension i s  me tas t ab le ,  i . e . ,  

has i n f i n i t e  period.  However, i n  p r a c t i c e ,  t he  var ious  f l e x u r e  p o i n t s  of t h e  

suspension have enough s t i f f n e s s  t o  reduce t h e  per iod  cons iderably .  Due t o  the 
low-mass suspension of the  VS4, i t s  per iod  would be reduced t o  l e s s  than 10 S .  

Therefore,  an inve r t ed  pendulum i s  incorpora ted  above the  p ivo t  po in t  i n  order  

t o  counterbalance t h e  torque produced by the  suspension.  By moving t h e  i n v e r t e d  

pendulum mass v e r t i c a l l y ,  t h e  period r equ i r ed  can be s e t  approximately. ?his  
- 
pendulum is no t  shown i n  the  p?lotographs but  is f i t t e d  wi th  the  nut v i s i b l e  i n  

t h e  c e n t r e  of Figure 12. F igure  13 shows the  tens ion  and per iod  adjustments  on 

the  sp r ing  mounting, and demonstrates the  ope ra t ing  p o s i t i o n  of t h e  s p r i n g  

tens ioning  j i g .  

The f i n e  per iod  adjustment s h i f t s  t h e  sp r ing  mounting p a r a l l e l  t o  

the  boom a x i s  over a  smal l  range ( t  i n .  ) .  This i s  s u f f i c i e n t  t o  change the  

period by a  few percent  without d e t r a c t i n g  from the pendulum performance. 

The sp r ing  t ens ion  j i g ,  when i n  i t s  opera t ing  p o s i t i o n ,  p re -  

tens ions  t h e  l ea f - sp r ings  f o r  t r a n s p o r t ,  assembly o r  d ismant l ing .  Normally i t  i s  

withdrawn only a  few degrees,  and so l i m i t s  t h e  movement of  the  sp r ings  should 

t h e  suspension wire break when the  seismometer is  opera t ing .  

The tens ion  adjustment r o t a t e s  t he  s p r i n g  mounting s h a f t  about  t h e  

sp r ing  clamp jaw- l ine .  I t  has a  d i f f e r e n t i a l - s c r e w  t o  al low c e n t r i n g  of t h e  

boom a t  periods up t o  about 20 S,  beyond which po in t  a  r i d e r  on the  boom can 

be used. 



4 .5  Clamping Arrangements 

The heads of two of t he  clamping b o l t s  can be seen  I n  each photo- 

graph of t he  VS4. There a r e  two p a i r s ,  one p a i r  be ing  .near  t h e  p ivo t  a x i s ,  and 
the  o the r  a t  t h e  f r e e  end of t h e  boom. One b o l t  of each p a i r  i s  a  " r e f e rence"  

b o l t  and def ines  t h e  zero p o s i t i o n  of the boom dur ing  assembly, and the  o t h e r  

clamps t h e  boom t o  t h e  r e f e r ence  b o l t ' s  i nne r  shoulder .  These b o l t s  a r e  i n d i -  

v idua l ly  f i t t e d  du r ing  assembly, t o  a  c l o s e  t o l e r ance  which s t i l l  al lows a  very 

smooth f i t .  

With t h i s  arrangement t h e  ~ e r i o d  of o s c i l l a t i o n  can be s e t  under 

l abo ra to ry  c o n d i t i o n s ,  t h e  boom clamped, t h e  instrument  moved t o  a  f i e l d  v a u l t ,  

l e v e l l e d ,  and the  boom unclamped. The boom w i l l  then swing a t  t h e  same per iod  
a s  be fo re  and t h e  instrument  w i l l  be  ready f o r  i s e  a f t e r  any s l i g h t  adjustmentb 

which may be necessary  t o  t h e  t ens ion  t o  c e n t r e  t h e  p o s i t i o n  of t h e  mass. A 
small  c i r c u l a r  bubble l e v e l  is f i t t e d  t o  a i d  t h i s  ope ra t ion .  

4.6 Transducer F a c i l i t i e s  

(See Appendix C f o r  d e s c r i p t i o n  of t r ansduce r s  used. ) Three t r a n s -  
d u c e r  p o s i t i o n s  a r e  provided,  s o  a s  t o  g ive  g r e a t  o p e r a t i o n a l  f l e x i b i l i t y .  The 

two inne r  p o s i t i o n s  a r e  a longs ide  t he  c e n t r e  of g r a v i t y  of t h e  suspended sub- 

assembly, and, s i nce  t h e  mass d i s t r i b u t i o n  is  such a s  t o  g ive  t h e  pendulum a  

dynamic e f f i c i e n c y  ( s ee  Appendix C) of 73%, a  f a c t o r  of 1 .37 must be app l i ed  t o  

convert  t ransducer  motion t o  ground motion ( a s  wel l  a s  normal i s ing  accord ing  
t o  t h e  response curve of the  seismograph). The o u t e r  t ransducer  c o r r e c t i o n  

f a c t o r  i s  0.653. 

A c a l i b r a t i o n  head, c o n s i s t i n g  of a  s t anda rd  micrometer b a r r e l ,  i s  
f i t t e d  a t  t h e  outer  t randucer  pos i t i on .  When a '  displacement t ransducer  i s  f i t t e d ,  

t h e  head enables  i ts  l i n e a r i t y  and magni f ica t ion  t o  be determined,  while  t h e  

head may a l s o  be f i t t e d  wi th  a  synchronous motor d r ive  f o r  v e l o c i t y  t r ansduce r  
l i n e a r i t y  t e s t s .  

Damping should t ake  place a t  t h e  i n n e r  t r ansduce r  p o s i t i o n s ,  a s  they  

a r e  a longs ide  the c e n t r e  of g r a v i t y ,  i n  order  t o  minimise t r a n s v e r s e  fo rces  on 

t h e  c ros s - sp r ing  p ivo t s .  I f  heavy damping i s  ar ranged ,  bo th  s i d e s  should 

c o n t r i b u t e  equa l ly ,  f o r  t h e  same reason. ' 

4 . 7  . Temperature Compensation 

When f i t t e d ,  temperature compensation is achieved by r ep l ac ing  t h e  

s h a f t  of t h e  i nve r t ed  pendulum per iod  a d j u s t e r  w i t h  a  b imeta l  s t r i p  of  t h e  

app rop r i a t e  r a t e ,  l e av ing  the i nve r t ed  pendulum mass i n  t he  same 



Temperature compensation is f i t t e d  only  when the ( a t  p r e s e n t )  

experimental  ba tches  of Ni-Span D a r e  found t o  have an app rec i ab l e  r e s i d u a l  

temperature dependence. I t  is  hoped t h a t  e v e n t u a l l y  t he  p e r f e c t e d  ve r s ion  of 
Yi-Span D w i l l  a l low s p r i n g s  t o  be f i t t e d  whose temperature c o e f f i c i e n t  o f  

s t i f f n e s s  is low enough f o r  compensation not t o  be needed except  i n  extreme 

condi t ions .  

5 .  PERFORMANCE 

5 . 1  Pendulum Performance 

With t h e  seismometer i n  a  s t a b l e  v a u l t ,  experiments  were c a r r i e d  

out t o  determine: - 

( a )  L i n e a r i t y  of per iod  a s  the boom was d i sp l aced  from i t s  c e n t r a l  

p o s i t i o n .  

( b )  Freedom from s t r u c t u r a l  v i b r a t i o n s  with f r equenc ie s  s o  low 

t h a t  resonances could be e x c i t e d  by t y p i c a l  s e i smic  no i se .  

( c )  Complete r e s t r i c t i o n  of t h e  suspension t o  t h e  one degree  of  

freedom requ i r ed .  

( d )  Dynamic e f f i c i e n c y  ( s e e  Appendix C ) .  Th i s  was determined be fo re  

complete assembly of t h e  i n s t rumen t ,  and was found t o ' b e  73%. 

Resu l t s  

( a )  The pef iod  was found t o  be completely independent of boom 

p o s i t i o n  wi th in  the  +p angular  l i m i t  imposed by t h e  mechanical 

s t o p s .  

( b )  A l l  mechanical v i b r a t i o n s  t h a t  cou ld  be i n i t i a t e d  by p lucking  

or  impulsing p a r t s  of t h e  ins t rument  were i n  t he  range of aud ib l e  

f r equenc ie s ,  none be ing  lower than 50  c / s .  No resonances whatever 

wbre found on d r i v i n g  the  suspension with a  s i g n a l  g e n e r a t o r ,  between 

0 .1  and 250 c / s .  

( C )  The suspended sub-assembly was found t o  be very r i g i d l y  l i nked  

. t o  the base i n  both l ong i tud ina l  a n d  h o r i z o n t a l  t r a n s v e r s e  d i r e c t i o n s .  

Provided the  instrument  was mounted on a hard smooth h o r i z o n t a l  

s u r f a c e ,  a  sha rp  blow, hard  enough t o  s h i f t  t h e  whole ins t rument  

bodi ly  sideways by a s  much a s  an i n c h ,  f a i l e d  t o  a l t e r  t h e  p o s i t i o n  

of t he  boom t o  any e x t e n t  v i s i b l e  t o  t he  eye. This  is  not  so  f o r  

o t h e r  v e r t i c a l  component long per iod  seismometers i n v e s t i g a t e d ,  
. because  of  t h e  h e l i c a l  s p r i n g  be ing  s t i m u l a t e d  i n t o  t r a n s v e r s e  

v ib ra t i ons .  



5.2  Gross Performance 

5 . 2 . 1  Ex te rna l  Inf luences  on Pendulum Per iod  

T e s t s  were i n i t i a t e d  t o  determine t h e  dependence of t h e  
pendulum period upon t i l t  of t h e  whole i n s t rumen t ,  and upon temperature changes. 

I t  was found t h a t ,  l i k e  a l l  LaCoste suspension type ,  v e r t i c a l  

component seismometers,  t i l t i n g  t h e  suspension r e l a t i v e  t o  t h e  d i r e c t i o n  of 

g r a v i t y  s e r i o u s l y  a f f e c t e d  the  per iod .  However, w i th in  t he  range of accuracy of 

the  i n s t rumen t ' s  bubble l e v e l ,  t h e r e  was no measurable change i n  per iod .  

Temperature changes had no e f f e c t  on the  per iod .  

5 . 2 . 2  I n t e r n a l  In f luences  on Long-Term S t a b i l i t y  

During t h e  i n i t i a l  t e s t s ,  s e r i o u s  f l e x u r e  was found i n  t h e  

s p r i n g  mounting u n i t  shown i n  t h e  photographs. This was redes igned ,  and the  

f a u l t  almost e l imina t ed .  A r e s i d u a l  amount of  f l e x u r e  was found t o  be due t o  t h e  

use  of  independent u n i t s  between t h e  s p r i n g  clamping p o i n t  and t h e  hinge p o i n t .  

I t  is  f e l t  now t h a t  a  s i n g l e  u n i t  should have been designed t o  c a r r y  both 

suspension and hinge ( s e e  Sec t ion  7 ) .  

Res idua l  f l e x u r e  was accepted ,  pending redes ign  of t h i s  

reg ion  of t h e  i n s t rumen t ,  and o the r  t e s t s  commenced. 

An impor tan t  c h a r a c t e r i s t i c  of a  good v e r t i c a l  component 

seismometer i s  long-term s t a b i l i t y ,  i . e .  , t h e  s t a b i l i t y  of t h e  p o s i t i o n  
of t h e  boom over  long pe r ibds  of t ime,  perhaps s i x  months o r  more. 

. . 
Ear ly  r e s u l t s  w i th  the  VS4 showed an a la rming  tendency f o r  a  q u i t e  r a p i d  d r i f t  

away from t h e  s e t  p o s i t i o n .  This  was even tua l ly  expla ined  by obse rva t ion  of 

s e r i o u s  cor ros ion  of t h e  Ni-Span D l e a f  s p r i n g s  i n  t h e  h igh ly  a l k a l i n e  humid 

atmosphere o f  t he  v a u l t .  Maximum energy s t o r a g e  occurs  on t h e  s u r f a c e  of l e a f  
s p r i n g s ,  and it was t h i s  s u r f a c e  t h a t  was be ing  removed by co r ros ion .  

The co r ros ion  was permanently s topped  by apply ing  a  c o a t  of  

aluminium i n  vacuum, with a  t op  coa t  of , s i l i c a .  The th i ckness  of t h e  coa t ings  

was h a l f  a  wavelength of  yel low l i g h t  and they  had no observable  e f f e c t  on 

s p r i n g  p r o p e r t i e s .  

Sources of r e s i d u a l  d r i f t  were r a p i d l y  l oca t ed  i n  t h e  s u s -  

pension wi re  f i x i n g  p o i n t s ,  and even tua l ly  t h e  ins t rument  was found s t a b l e  over  

a period of months. 



However, r e s i d u a l  f l e x u r e  l i m i t e d  t h e  upper end of t he  

per iod  range t o  about 20 S .  I t  was hoped t h a t  t h e  r e s i d u a l  f l e x u r e  would be 

e l imina ted  by r edes ign ,  as  mentioned above, but changing emphasis i n  t h e  s e i s -  

mology programme r e s u l t e d  i n  t he  long  per iod  systems r e c e i v i n g  low p r i o r i t y  

a t t e n t i o n .  A s e r v i c e a b l e  long per iod  system had been e s t a b l i s h e d  with VS1 and 
HS2 seismometers and t h e  change t o  t h e  VS4 s y s  tem was e v e n t u a l l y  cons idered  

unnecessary. Work f i n a l l y  ceased on the  VS4 p r o j e c t  and t h e  f l e x u r e  problem has 

remained unsolved. 

5 . 2 . 3  Ex te rna l  Inf luences  on Lona-Term S t a b i l i t y  

Temperature changes were n o t  a  problem i n  t h e  thermal ly  

s t a b l e  v a u l t s  used by t h e  UKAEA, and l i t t l e  a t t e n t i o n  has been pa id  t o  

temperature compensation of t he  VS4. There was, i n  any ca se ,  no s e r i o u s  depen- 

dence on temperature,  and e f f o r t  was concent ra ted  on f l o t a t i o n  (buoyancy) com- 

pensat ion.  

The VS4 employs a  comparatively low-mass high-volume i n e r t i a l  

system and changes i n  t he  atmospheric dens i ty  showed marked buoyancy e f f e c t s  

upon an uncompensated ve r s ion  of t he  VS4. This  was demonstrated by comparing the  

recordings of a  microbarograph and of a  VS4, when c o r r e l a t i o n  was seen t o  be 

high d e s p i t e  t o t a l l y  d i f f e r e n t  response curves .  F i t t i n g  t h e  compensator immed- 

i a t e l y  reduced t h e  f l o t a t i o n  s i g n a l  of t he  VS4 by about two o r d e r s ,  but  l e f t  a  

r e s i d u a l  t h a t  was very d i f f i c u l t  t o  a d j u s t  t o  a  s u f f i c i e n t l y  low l e v e l .  

The reason f o r  the  d i f f i c u l t y  l i e s  i n  t h e  very s h o r t  moment 
arm over  which the  f l o t a t i o n  compensation t akes  e f f e c t .  Minute adjustments  of  

t h e  moment arm can be  q u i t e  high f r a c t i o n s  of t he  moment arm length .  There i s ,  

t h e r e f o r e ,  a  need f o r  a  v e r n i e r  adjustment  f o r  t h e  f i n a l  s e t t i n g  ( s e e  S e c t i o n  7 ) .  

5 .2 .4  Mechanical C h a r a c t e r i s t i c s  

Although t h e  VS4 des ign  was not  c a r r i e d  t o  complet ion,  

s e v e r a l  new f e a t u r e s  i n  t h e  mechanical system have proved s u c c e s s f u l .  I n  

p a r t i c u l a r ,  the  clamping arrangement worked p e r f e c t l y  from t h e  o u t s e t .  The VS4 

i s  probably t he  f i r s t  long per iod  v e r t i c a l  component seismometer t o  be t r a n s p o r t e d  

i n  t h e  f u l l y  assembled and s e t - u p  s t a t e .  .With t he  VS4 on a  v a u l t  p l i n t h ,  t he  

' p e r i o d  can be s e t ,  the  system clamped, the  instrument  picked up by one man, 

t i l t e d ,  shaken,  i n v e r t e d ,  t r anspo r t ed  under q u i t e  rugged cond i t i ons ,  and y e t ,  

when rep laced  on a  p l i n t h  and l e v e l l e d ,  t h e  boom swings f r e e l y  a s  soon a s  i t  i s ,  

unclamped, and has p r e c i s e l y  t he  per iod  s e t  beforehand. 



Pendulum performance a lone  t e s t i f i e s  t o  t h e  f a u l t - f r e e  

ope ra t ion  of t he  c r o s s - s p r i n g  hinges.  Being of Ni-Span D (aluminis 'ed and s i l i c a -  

coated f o r  cor ros ion  proof ing)  they  were f r e e  from temperature e f f e c t s  and had 

undetec tab le  f l e x u r a l  h y s t e r e s i s  and creep .  

The adjustments  f o r  t ens ion  and period on the  s p r i n g  mounting 

u n i t ,  a l though i d e a l l y  s i t u a t e d  and easy t o  u se ,  d e t r a c t e d  from the  mounting 
u n i t  r i g i d i t y ,  and gave r i s e  t o  a  propor t ion  of t he  r e s i d u a l  f l e x u r e  mentioned 

i n  Sec t ion  5 . 2 . 2 .  J u s t  a s  convenient i n  p r a c t i c e  was adjustment  of t h e  i n v e r t e d  

pendulum ( see  Sec t ion  4 . 4 )  f o r  per iod  a l t e r a t i o n ,  and movement of a r i d e r  on 

the  boom f o r  boom c e n t r i n g .  

6. CONCLUSIONS 

In view of t h e  e x c e l l e n t  pendulum performance of  the VS4, t h e  ~ e a f - ~ r i n ~  
LaCoste suspension has  been shown ' t o  have c h a r a c t e r i s t i c s  s u p e r i o r  t o  those  o f  

s i m i l a r  systems inco rpo ra t ing  h e l i c a l  sp r ings .  Provided the  g e n e r a l l y  lower 

energy s t o r a g e  c a p a c i t y  can be t o l e r a t e d ,  then  the  l e a f - s p r i n g  suspens ion  should 

provide complete freedom from resonances which may l ead  t o  spu r ious  long-period 

response. 

Using t h e  l e a f - s p r i n g  suspension,  i t  should be poss ib l e  t o  des ign  long- 

per iod  v e r t i c a l  component seismome'ters a s  po r t ab l e '  and robus t  a s  the  well-known 

~ i 1 l m o r e ' ~ h o r t - P e r i o d  Seismometer Mark 11,  now used ex t ens ive ly  i n  t h e  UKAEA 
seismometer a r r ays .  

* 
Many p o i n t s  of  t h e  VS4 des ign  proved extremely succes s fu l ,  and a  developed 

form of t he  ins t rument  could undoubtedly take  i t s  p l ace  a longs ide  s t anda rd  

v a u l t  ins t ruments ,  wi th  t h e  added advantages of p o r t a b i l i t y  and speed of  s e t t i n g -  

As mentioned i n  Sec t ion  5 . 2 . 2 ,  a  redes ign  of t h e  s p r i n g  mount was found 

d e s i r a b l e  i n  view of t h e  r e s i d u a l  f l e x u r e  i n  t h e  system. The f u l l  recommendation 

is  t h a t  a  s i n g l e  u n i t  should  r ep l ace  t h e  two u n i t s  ( s p r i n g  mount and c r o s s -  

s p r i n g  hinge p i l l a r )  s o  t h a t  t h e  e n t i r e  suspension i s  conta ined  i n  a  s t r u c t u r e  

s t r e s s e d  only i n  compression and tens ion .  

I n  conjunct ion wi th  t h i s ,  i t  would be b e s t  t o  have t h e  adjustments  f o r  

per iod  and boom c e n t r i n g  i n  t h e  form of movable masses on t h e  boom i t s e l f .  



l%e p r o v i s i o n  of  t h r e e  t r a n s d u c e r  p o s i t i o n s  gave g r e a t  o p e r a t i o n a l  f l e x i -  

b i l i t y  t o  t h e  VS4, b u t  a  p roduc t ion  i n s t r u m e n t  would need a  complement of two 

t r a n s d u c e r s  a t  t h e  most a n d ,  i n  many c a s e s ,  one would be s u f f i c i e n t ,  ~ e r f o r r n i n ~  
t h e  f u n c t i o n s  of  t r a n s d u c e r  and damping u n i t  s i m u l t a n e o u s l y .  

I n  such  a  d e s i g n  i t  would be advantageous t o  p r o v i d e  a  t e n s i o n  w i r e  f o r  

each s p r i n g ,  each  wire  f i x e d  t o  a  p o i n t  on a r i g i d  b r i d g e  on t h e  boom ( i m p o s s i b l e  

on t h e  VS4 because  o f  t h e  t r a n s d u c e r s  a l o n g s i d e  t h e  c e n t r e  of g r a v i t y ) .  The 
f i x i n g  p o i n t  of t h e  VS4 s u s p e n s i o n  w i r e  i n s i d e  t h e  boom a l lowed  o n l y  d i f f i c u l t  

a c c e s s  i n  t h e  e v e n t  o f  b reakage .  

I n  S e c t i o n  5 . 2 . 3  were mentioned t h e  d i f f i c u l t i e s  of  f l o t a t i o n  compensat ion 

wi th  t h e  s i n g l e  c y l i n d e r  and i t s  a s s o c i a t e d  s h o r t  moment arm. A v e r n i e r  a d j u s t -  

ment is d e f i n i t e l y  needed i n  o r d e r  t o  o b t a i n  p e r f e c t  compensation. P o s s i b l y  

e c c e n t r i c a l l y  mounted c y l i n d e r s  a t  t h e  ends o f  t h e  main c y l i n d e r ,  w i t h  a  s t i f f  
p i v o t e d  connect i o n ,  would s e r v e .  

It would be  b e s t  t o  make t h e  compensator i n  meta l  r a t h e r  t h a n  t h e  "Perspex"  

t h a t  was used  i n  t h e  VS4 d e s i g n .  Perspex i s  n o t  comple te ly  imperv ious  t o  a i r ,  
nor  is it a  p e r f e c t l y  s t a b l e  m a t e r i a l .  P robab ly  t h e  optimum m a t e r i a l  would have 

been Duralumin, s e a l e d  by weld ing  and e x t e r n a l l y  anodised.  

I h e  need  f o r  f l o t a t i o n  compensation can be a v o i d e d  i f  t h e  i n s t r u m e n t  can 

be p l a c e d  i n  a  vacuum. ' Ihis  a l s o  a v o i d s  convec t ion  c u r r e n t  e f f e c t s .  

A d e s i g n  based on t h e s e  recommendations i s  shown s k e t c h e d  i n  F i g u r e s  1 4  and 

15. These s k e t c h e s  show t h e  proposed d e s i g n  a c t u a l  s i z e .  The i n s t r u m e n t  i s  i n t e n d e d  

t o  be  b u i l t  i n t o  a  vacuum-t igh t  c a s e ,  and o p e r a t e d  under c o n s i d e r a b l y  reduced 

p r e s s u r e  ( f o r  example,  l e s s  t h a n  1 t o r r ) .  The o n l y  remain ing  i n t e r n a l  n o i s e  s o u r c e s  

would be the rmal  n o i s e  from t h e  t r a n s d u c e r  c o i l s  and Brownian motion i n  t h e  

i n e r t i a l  system.  N o t i c e  t h a t  t h e  r i g i d  frame i s  t h e  s i n g l e  s u s p e n s i o n  u n i t  recom- 
mended above, and t h a t  i t  i s  f i x e d  on ly  i n d i r e c t l y  t o  t h e  b a s e p l a t e  and c o v e r ,  

s o  t h a t  it does  n o t  p a r t a k e  i n  f l e x u r e ,  of t h e s e  components. A l l  components o f  t h e  
suspension system a r e  i n  compression o r  t e n s i o n  o r ,  a t  w o r s t ,  f l e x u r a l  stress i n  

t h e  p l a n e  of  t h e i r  maximum s t i f f n e s s .  (Except of c o u r s e ,  t h e  s p r i n g !  ) 

Messrs.  H i l g e r  and Watts Ltd,  a r e  l i ,censed t o  manufac ture  an i n s t r u m e n t  

based on t h e  p r i n c i p l e s  used i n  t h e  VS4; they  a r e  t a k i n g  n o t e  o f  t h e  recom- 

mendations made and a r e  f u r t h e r  i n v e s t i g a t i n g  t h e  performance of  t h e  i n s t r u m e n t .  
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APPENDIX A 

EMPERICAL THEORY O F  THE LACOSTE SUSPENSION [l] 

I h e  above arrangement i s  shown i n  a s impler  form i n  F igure  2 and is  

descr ibed  i n  Sec t ion  2 .1 .  

PROOF FOR THE CONDITION O F  STABILITY WITH INFINITE PERIOD 

Zero-length sp r ing  t ens ion  = kL, where k i s  t h e  s p r i n g  cons t an t  . 

Torque produced by t h e  s p r i n g  
Ns = - kLs. 

Torque produced by the  i n e r t i a l  mass 

NW = Wd s i n  8, 

1. H. Benioff :  "Earthquake Seismographs and Associated Ins t ruments" .  pp. 

255 - 257 



b s i n  0 
s i n c e  L = 

s i n  ,B 

and s = a s i n  ,B 

then  Ns 3 - k a b  s i n  8. 

T o t a l  t o r q u e  i s ,  t h e r e f o r e  

N = NW + Ns = (Wd - k a b )  s i n  0. 

I f  Wd kab ,  then  N = O f o r  a l l  v a l u e s  o f  0 ,  and t h e  p e r i o d  i s  i n f i n i t e  

f o r  a l l  p o s i t i o n s  of t h e  boom. 

D e v i a t i o n  from t h e o r y  is caused  by r e s t o r i n g  f o r c e s  a t  p o i n t s  q ,  4 and  

P, and by d i s t o r t i o n  o f  t h e  h e l i c a l  s p r i n g  under  i t s  own weight .  The l a s t  e f f e c t  

causes t h e  t e n s i o n  v e c t o r  n o t  t o  p a s s  th rough  H, (from o r i g i n  H, ) ,  b u t  t h r o u g h  

a  p o i n t  somewhat n e a r e r  P ,  t h e  p o s i t i o n  of t h e  p o i n t  depend ing  on boom d e f l e c t i o n .  



APPENDIX B 

THEORY OF THE TRIANGULAR CANTILEVER LEAF-SPRING 

Consider  t h e  c a n t i l e v e r  AB as i n  F igure  16. I t  has f r e e  l eng th  L, f i xed  
a t  A ,  w i t h  load W ,  a t  B. Consider the  s e c t i o n  K - K  of  t he  c a n t i l e v e r ,  d i s t a n c e  

X from A. The bending moment M a t  K-K i s  expressed  a s  

I n ,  F igure  1 7  i s  shown a  small  l ength  m ,  of t he  c a n t i l e v e r  c e n t r e d  on s e c t i o n  
K-K. This element i s  bounded by the  s u r f a c e s  MN, UN, UT, TM. The n e u t r a l  s u r f a c e  

PQ subtends an angle q5 a t  i t s  c e n t r e  of  cu rva tu re  and, i f  the  r ad ius  of c u r v a t u r e  
i s  R, then PQ = R+. Since QV i s  p a r a l l e l  t o  PM, and s i n c e  FG i s  t h e  l eng th  of a  

s t r e t c h e d  f i b r e ,  d i s t a n c e  z  from the  n e u t r a l  s u r f a c e ,  then FW = PQ = m, t h e  
normal l eng th  of t h e  f i b r e ,  while  dm i s  i t s  ex tens ion .  The t e n s i l e  s t r a i n  i s  

then dm/m and, i f  p  is the  magnitude of  the  i n t e r n a l  force  which produced t h i s  

ex tens ion ,  

.where a is t h e  c r o s s  s e c t i o n a l  a r ea  of t he  f i b r e  and E i s  Young's modulus f o r  
' 

t h e  ma te r i a l  of the  beam. 

dm z  P  E 
But IQ = m = Rq5 and dm = z+ and s o  - = - and +- = - z  

m R a R' 

The moment of p  about Q i s  E 
pz = - z 2 a .  

R 

and s o  t h e  i n t e r n a l  bending moment, which i s  the  sum of a l l  such terms,  i s  

I pz = - - z z 2 a .  
R 

in, quantity z2a i s  analogous t o  t h e  moment of  i n e r t i a  about t h e  n e u t r a l  ,. - 
a x i s  and i s  c a l l e d  t h e  "geometr ica l  moment of i n e r t i a "  of  the  c r o s s  s e c t i o n  

about t h e  a x i s .  I t  i s  equal  t o  A K 2 ,  where A i s  t h e  c ros s  s e c t i o n a l  a r e a  and k 
i s  the  r ad ius  of gy ra t ion .  

EAkZ 
Hence, i n t e r n a l  bending moment = - R 

and t h i  S must balance t h e  moment 

of  t h e  e x t e r n a l  fo rces  a t  t he  s e c t i o n  K-K. 

1. F. H. Newman and V. H. L. Sea r l e :  "The General P r o p e r t i e s  of Ma t t e r " ,  

4 th  Ed i t i on ,  pp. 103 - 105 



We have, t h e r e f o r e ,  

Now A = b t ,  where b  i s  t h e  width of  t he  c a n t i l e v e r  a t  s e c t i o n  K-K and t 

is  i t s  th ickness .  

I f  t is  cons tan t  f o r  t he  whole c a n t i l e v e r ,  

If the  c a n t i l e v e r  i s  t r i a n g u l a r  i n  shape wi th  i t s  base a t  A and i t s  apex 

a t  B i n  F igure  16, then 

, -  cons t an t  L - X 

and R i s  a  cons t an t  f0.r each d i s c r e t e  va lue  of W .  

Hence, a  t r i a n g u l a r  c a n t i l e v e r  clamped a t  i t s  base ,  having a  cons t an t  

t h i cknes s ,  w i l l ,  when loaded a t  i t s  apex, bend i n t o  a  c i r c u l a r  a r c .  

W 
Also, s i n c e  WR - cons t an t ,  then - - 1 

cons t an t ,  where R = - and p  i s  t h e  

dW P  P  
curva ture ,  and we may w r i t e  - = cons t an t .  

dp 

So, f o r  a  t r i a n g u l a r  l e a f  s p r i n g ,  dW = Kdp, where K i s  t h e  s p r i n g  cons t an t .  

In  Figure 18 a  t r i a n g u l a r  l e a f  s p r i n g  of length  L has a  re laxed  p o s i t i o n  

of  t h e  form of a c i r c u l a r  a r c ,  and is extended nea r ly  f l a t  by a  load  W a t  i t s  

apex. The ex tens ion  i s  y ,  and a  f u r t h e r  ex tens ion  dy i s  caused by an i n c r e a s e  

i n  load  dW. 

Consider an element dx of  t h e  s p r i n g  d i s t a n c e  X from t h e  f i xed  end of  t h e  

s p r i n g .  Then 

R now being t h e  r ad ius  of cu rva tu re  of t he  s p r i n g  i n  i t s  re laxed  p o s i t i o n .  To 

ob ta in  the  s imp le s t  pos s ib l e  geometry i n  t h e  system, y  can be made equal  t o  L,  
and then 



Under t h i s  c o n d i t i o n ,  t h e  t r i a n g l e  i n  F i g u r e  4 shows how, f o r  s m a l l  ampl i -  
t u d e s ,  t h e  l o a d  W w i l l  v i b r a t e  on t h e  apex o f  t h e  t r i a n g u l a r  s p r i n g ,  a l m o s t  

e x a c t l y  a s  i t  would i f  a t t a c h e d  t o  a  s p i r a l  s p r i n g  o f  t h e  same l e n g t h  L ,  f i x e d  

a t  t h e  p o i n t  F, t h e  approximat ion b e i n g ,  of c o u r s e ,  due t o  t h e  ( a r c u a t e )  move- 

ment of  t h e  s p r i n g  t i p .  I t  can be shown ( e m p i r i c a l l y ,  by g r a p h i c a l  c o n s t r u c t i o n )  

t h a t  t h e  l o c u s  of t h e  s p r i n g  t i p  is t h e  a r c  o f  a  c i r c l e  of r a d i u s  3%L. 



APPENLIIX C: 

GLOSSARY O F  TECHNICAL TERMS 

Seismograph 

A complete  sys tem f o r  r e c o r d i n g  e a r t h  rnovemwts, c o n s i s t i n g  of seisrt)  t ~ t , , : r . ,  

a m p l i f i e r  ( o r ,  i n  some c a s e s ,  ga lvanomete r )  and ! . I  c o r d i n r  system (pen on p a p e r ,  

pho tograph ic  emuls ion,  magnet ic  t a p e ,  e t c .  ) . 

Seismometer 

The f i r s t  s t a g e ,  o r  d e t e c t o r ,  o f  a  sei:;lnograph, u s u a l l y  compr i ses  an 

i n e r t i a l  mass i n  some form of  pendulum, suspended from a  r i g i d  framework, and 

a  t r a n s d u c e r  which c o n v e r t s  t h e  r e l a t i v e  movement between mass and f rame t o  an 

e l e c t r i c a l  ana logue .  The s u s p e n s i o n  r e s t r i c t s  t h e  d e g r e e s  o f  freedom of t h e  

i n e r t i a l  mass t o  t h e  one o f  t h e  component o f  e a r t h  movement b e i n g  r e c o r d e d .  

I n e r t i a l  Mass 

T h a t  p a r t  o f  a  se ismometer  which t e n d s  t o  r tmain  a t  r e s t  w i t h  r e s p e c t  t o  the 

average  p o s i t i o n  of t h e  g round ,  a s  t h e  ground and seismometer  framework o s c i l l a t e .  

Pendulum Performance 

The d e g r e e  o f  independence of t h e  pendulum and i t s  s u s p e n s i o n  from a l l  

e f f e c t s ,  mechanical  and env i ronmenta l ,  e x c e p t  ground motion o f  t h e  s i n g l e  com- 

ponent b e i n g  measured,  and t h e  d e g r e e  t o  which t h e  r e l a t i o n s h i p  between t h e  

pendulum and t h e  ground i s  s t a b l e  and l i n e a r .  

H e l i c a l  S p r i n g  

A s p r i n g  i n  t h e  form o f  a  h e l i x .  Not t o  be confused w i t h  s p i r a l  s p r i n g s .  

A " z e r o - l e n g t h "  h e l i c a l  s p r i n g  has  b u i l t - i n  p r e t e n s i o n  such  t h a t  t h e  l o a d /  

s p r i n g - l e n g t h  c u r v e  p a s s e s  through t h e  o r i g i n .  

Ni-Span and I s o - E l a s t i c  Al loys  

Nicke l  s t e e l s  wi th  low t e m p e r a t u r e  dependence used  a s  t h e  m a t e r i a l  f o r  

p r e c i s i o n , s p r i n g s .  I s o - E l a s t i c  i s  work-hardened t o  o b t a i n  i t s  t e n s i l e  s t r e n g t h ,  

w h i l e  Ni-Span C and D a r e  h e a t - t r e a t e d .  Ni-Span D i s  n o t  s u i t a b l e  f o r  z e r o - l e n g t h  

h e l i c a l  s p r i n g s  a s  t h e  h e a t -  t r e a t m e n t  removes t h e  p r e t e n s i o n .  Ni-Span C,  however,  

can be  h e a t - t r e a t e d  f o r  z e r o  t h e r m o - e l a s t i c  c o e f f i c i e n t  a t  a t e m p e r a t u r e  low 

enough n o t  t o  remove p r e t e n s i o n ,  i f  t h e  p e n a l t y  o f  low t e n s i l e  s t r e n g t h  ( a n d ,  

t h e r e f o r e ,  g r e a t e r  s p r i n g  mass) can be a c c e p t e d .  



A l l  t h r e e  ma 

e x c e p t i o n a l l y  s o .  

t e n s i l e  s t r e n g t h  

t e r i a l s  have i n h e r e n t l y  low c r e e p  and h y s t e r e s i s ,  Ni-Span D 
Ni-Span D i s  a l s o  t,he optimum a l l o y  f o r  a  combinat ion of  h igh  

and low t e m p e r a t ~ l r ~  c o e f f i c i e n t  o f  s t i f f n e s s .  

Long P e r i o d  

By t h i s  is meant p e r i o d s  g r e a t e r  than about  1 0  S .  U s u a l l y ,  l o n g  p e r i o d  
seismometers  a r e  a r ranged  t o  d e t e c t  t h e  long-per iod  s u r f a c e  waves emanat ing from 

s e i s m i c  e v e n t s  whose spectrum ranges  from 10 t o  100 s ( i n  most c a s e s ) .  

The n a t u r a l  p e r i o d  of  t h e  seismometer  i s ,  t h e r e f o r e ,  s e t  r e l a t i v e  t o  t h e s e  
limits a c c o r d i n g  t o  t h e  r e q u i r e d  paramete rs  o f  t h e  seismograph,  b e a r i n g  i n  mind 

t h a t  pendulum s t a b i l i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  n a t u r a l  

p e r i o d .  

F l o t a t i o n  Compensation 

The suspended p a r t s  o f  a  ve r t i ca l -component  seismometer  d i s p l a c e  t h e i r  own 

volume of  a i r  and s o  e x p e r i e n c e  an u p t h r u s t  equa l  t o  t h e  weight  o f  t h a t  volume 

o f  a i r .  When t h e  a i r  d e n s i t y  changes,  t h i s  u p t h r u s t  changes p r o p o r t i o n a t e l y ,  

and, i f  t h e  pendulum is  n o t  volume-moment symmet r ica l  about  i t s  p i v o t  a x i s ,  t h e n ,  
wi th  l o n g  n a t u r a l  p e r i o d s  o f  t h e  pendulum, n o t i c e a b l e  d e f l e c t i o n s  o c c u r .  F l o -  

t a t i o n  compensation i s  most e a s i l y  and r e l i a b l y  e f f e c t e d  by b a l a n c i n g  t h e  

volume moments about  t h e  p i v o t  a x i s ,  though t h i s  i s  ach ieved  a t  t h e  expense  o f  a  
s l i g h t  l o s s  o f  dynamic e f f i c i e n c y  ( s e e  below).  

Transducers  

I n  t h i s  a p p l i c a t i o n ,  t r a n s d u c e r s  a r e  u s u a l l y  e l e c t r o m a g n e t i c  d e v i c e s  which 

c o n v e r t  movement o f  t h e  seismometer boom, r e l a t i v e  t o  t h e  f rame,  i n t o  e l e c t r i c a l  

s i g n a l s  which can be a m p l i f i e d  a s  r e q u i r e d .  There  a r e  two b a s i c  t y p e s  uesd i n  

seismology,  name1 y d i sp lacement  and v e l o c i t y  t r a n s d u c e r s ,  

Displacement  t r a n s d u c e r s ,  such a s  t h e  Tucker t r a n s d u c e r  [ l ]  , use  t h e  d i s -  

placement o f  a  c o i l  t o  modulate  t i le  ampl i tude  o f  an e x t e r n a l l y  g e n e r a t e d  a c  n i g -  

n a l  s u p p l i e d  t o  t h e  t r a n s d u c e r .  A disp lacement  t r a n s d u c e r  h a s  t h e  d i s a d v a n t a g e  

t h a t  i t  w i l l  r e q u i r e  a c c u r a t e  c e n t r i n g  of t h e  boom. Tnis  doea n o t  app ly  t o  

v e l o c i t y  t r a n s d u c e r s ,  t h e  o n l y  requ i rement  f o r  boom c e n t r i n g  b e i n g  t o  ksap 
w i t h i n  t h e  l i n e a r  range o f  t h e  t r a n s d u c e r .  

V e l o c i t y  t r a n d u c e r s  a r e  s i m p l e  d e v i c e s ,  and r e q u i r e  no e x t e r n a l  d r i v e .  

The o u t p u t  of t h e  u s u a l  t y p e  used  i s  t h e  v o l t a g e  produced i n ,  a  c o i l  when i t  
moves i n  t h e  magnet ic  f i e l d  of a  permanent magnet. The v o l t a g e  i s  p r o p o r t i o n a l  

t o  t h e  r e l a t i v e  v e l o c i t y  o f  t h e  c o i l  and magne t ic  f i e l d .  

1. M .  , l .  Tucker:  (September 1952)  " A  L i n e a r  Transducer  f o r  t h e  E l e c t r i c a l  

Mcas~irernent o f  Disp lacements" .  Elect,rical Enginner ing ,  24,  295, 420 - $22 



Dynamic E f f i c i e n c y  

'Ihe d e g r e e  o f  approach t o  p o i n t  mass on a w e i g h t l e s s  boom a f f o r d e d  by 

t h e  compound pendulum t h a t  i s  t h e  suspended sub-assembly o f  a  seismometer .  I t  is  
found by swinging t h e  sub-assembly a s  an o r d i n a r y  pendulum about  i ts p i v o t  a x i s ,  

measuring t h e  n a t u r a l  p e r i o d ,  and c a l c u l a t i n g  I l e  l e r g t h  01' t l  c simple pendulum 

w i t h  t h a t  p e r i o d .  The r a t i o  o f  t h e  d i s t a n c e  of t h e  c e n t r e  of  g r a v i t y  from t h e  

p i v o t  a x i s  t o  t h e  l e n g t h  o f  t h e  e q u i v a l e n t  s imple  pendulum is  t h e  dynamic 

e f f i c i e n c y ,  which i s  u s u a l l y  expressed  a s  a  p e r c e n t a g e .  
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F I G U R E  2 .  T H E  LACOSTE S U S P E N S I O N  



L 

\ 
\ 

E X T E N D E D  P O S I T I O N  

FIGURE 3. T H E  O P E R A T I O N  OF A  T R I A N G U L A R  C A N T I L E V E R  L E A F  - S P R I N G  



FIGURE 4 .  APPLICATION OF THE TRIANGULAR CANTILEVER LEAF-SPRING 

TO T H E  LA COSTE SUSPENSION 





F I G U R E  6. R E V E R S E D  LEAF -SPRING SUSPENSION 



F I G U R E  7. R E V E R S E D  AND I N V E R T E D  L E A F - S P R I N G  S U S P E N S I O N  



F I G U R E  8. S U S P E N S I O N  ARRANGEMENTS LEADING TO THAT USED 
I N  THE V S 3  




















