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Appendix C is a glossary of technical terms. Those unfamiliar with seis-

moameter design may find it helpful to familiarise themseles wit.h the termi-

nology before reading the main text.

SUMMARY

A scismometer is described whose performance is intended to be comparable

with the best existing vault instruments and yet which should be suitable for

field work at remote sites. It incorporates a new type of leaf-spring suspension,

which allows long periods to be attained, yet permits severe handling of the

fully assembled instiument.

The leaf-spring suspension is found to be superior to the tisua] helical
spring syste.,, in that transverse and other modes of vibration of the spring

itself are of higher frequency than most noise sources, thereby avoiding reso-

nances which can lead to spurious long-period response. /

1. INWROD'CTION

In 19:9, the Field Experiments Division of A,\W. started to consider the

problems involved in the detection of underground nuclear explosions. It became

apparent from the findings of the 1958 "Geneva Conference of Experts" that

considerable reiearch would be required into the detection uf both short-perind

body waves and of Iong-peried surface waves emanating from all seismic sources.

It was also apparent. that inptrumental techniques required some'ii.nrovement uT

short-period seismometers, and considerable improvcrnermt ii, long-period scis•,,tt.r.

The Instruinent Fngineering Section of WEFT. (new C.P.A.), folln,,ing scme

exploratory work, first improved on existing designs of long-period stis.-otc,'p

and produced the VS3, vertical-co.',p,inret instrument (Figurc 1). Tlie stie ba.4i.
suspenmi.-tl was used a.; in i,aay sich ,.xisti~ig seismomcters, minov. cianucrs I•.:in

made, such a% in thL spring tr-rial ui,,d, and framre desigf, (c.•nmen with tl, e

matching horizortaI-co:;.unei;,t il,6Liucient).

In 1960, Dr. P. I.. Willmorc s:%ip r"te, thOe application of leaf-spriiigs .o

lonp-period vertical-compnnen', s,'istr,'.tcr :uspensio.1r, anid the d vriu:,, param•-tr,

of long-pcri,,d scis,,,-rtetrs .. rve(stia!..tc with respec" to t01-s prilciple.

A leaf-sprii,: s,::i,:,.I :,A- l,..l a h:,ui• proved :, e :fm l in the N 'l]- :r1o Ir
shmct-pcrina , s -.-. ter. I
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2. DISTRY

2.1 T e Coste nion

Until 1934. long-period vertical-component seismometers were almost

no-eoxistent as practical instruments, consisting either of large inertial

me"&es suspended by very long helical springs, or of moderately compact arrange.

meat but with poor period stability (linearity) due to the introduction of no&-

linear negative restoring forces.

L. 3. 8. LaCoate [1.21 then introduced the first practical linear

spring suspension system, by means of which periods of the order of 100 a can be

obtained from an instrument whose greatest dimension is less than a metre (see

Appendix A).

The LaCoste suspension is shown in its practical form in Figure I and

diagrammastically in Figure 2. The mass W, is fixed cn a Loom at distance d,

from the frictionless pivot, P, and is "supported by the helical spring, length

L, which is attached to the boom and to the-bark support at tihe frictionless

hinges 1, and H1 respectively. Adjustments A-A for spring tension and B-B for

period of oscillation are arranged at lk . (The diagram shows the simplest case

where N P - H, P, though this is not a criterion of operation.)

LaCoste showed that for the boom to be in equilibrium in all positions
(infinite period), one of the conditions is that the tqnsion T, of the spring

must be proportional to L, the distance between Il1 and Hf. This means thr.t when

the spring has zero extension it has zero length.

It is manifestly impossible for a helical spring of cylindrical format to

have actual zero physical length, but, helical springs can be wound in such a way-

[11 that, when the coils arc.tightly closed, it. has a residual tension equal to

the te|,sion of a true zero-lenrth spring extended to the same length. Its tension

will then he equal to that of the equivalent zero-length spring until it is

.tretched be)ond its limit of proportionality.

Tn the LaCoste system, there are two critcria that must be fulfilled

to a high de~reri of accuracy, if long periods are to he obtained. First, the

magnitu'Je of T tnust be prop,.ýrtional to L, and, Second, the direction of the

vector T must pass from 11, through thme fixed point corresponding to 11, in Figure

2. The latte| ray reem self-evidtnt, but must le considered when examining spring

vya•tms for which 11, is not a point fixed to the base.

1. L. .1. 11. IaCos.te: (191t) "A Nevw Type L.oe l'eriod V\erticaI S"ii '1igraph"

Physics, S 178 - 180

2. L. J.11. LaCoste: "A Simplific,•ton in the C•n,dition for the Zero-I, Lapth
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2.2 The Leaf-Spring Suspension

The chief disadvantage of the LaCoste suspension, in its usual form,
is that high-frequency components of ground motion may set the spring into free
oscillations. inducing long-period diSplocement of the boom. Dr. P. L. Willhraoe

"therefore suggested that tht helical spring should be replaced by & suspension
wire attached to the tip of an inclined leaf-spring, for which the natural
frequcncies of the several modes of vibration would he well a*jve that of any
signals likely to be reepived through tile ground.*

The theory of the leaf-spring. is given in Appendix B, and shows that

a triangular cantilever of constant thickress, clamped at its base and loaded at
its apex, will bend into a circular arc; also that a triangular leaf-spring of
length L, having a relaxed position of the form of a circular arc of included
angle 2 radians, will extend flat when the appropriate load W is acting at its
apex (Figure 3), the spring tip moving through an arc also of length L. Under
this condition Figure 3 shows how. for small amplitudes, the load W will
oscillate on the apex of the triangular spring almost exactly as it would if

attached to a helical spring of the saae length L, fixed at the point F, the

approximation being, of course, due to the arcuate movement of the leaf-spring
tip. It can be shown (empirically, by graphical construction) that the locus of
the spring tip is the arc of a circle of radius '4L.

Figuire 4 shows how the simple leaf-spring geometry (90*. - 45* con-
figuration) is applied to obtain the analogy of the LaCoste helical-spring
suspension shown in Figure 2. Figure 4 is self-explanatory. Ideally, the tension
vector '%i.e., both magnitude and direction of the tension T) is represented by
11,l1,, where 1% is the inter:section of the suspens ion wire with the vertical

through P when (.he booer is hori?.ontal. When the spring-tip is at 11 this is in

fact the case, but for pcsitior.s of the spring-tip a'vay from 14 , there is an
approxi tior. involved, illustrated in Figure S.

In Figure 5, the dotted spiral-form curve (plotted by graphical
constru tion) shows the ideal locus of the spring tilt, the markers being for

lop intirvals of 0. The actual locus is shown by the dashed circ'ilar arc of
redios 4L. The actual loti-s can he seen to be outside the spiral curie for all
posi ti os of tht boom, ma 2 ing ., the motment arni of the tension vector, .

too large !is th-- 6soon r.,o'-c fron the lbori Lntal. Thic spiral form of th.! i ,.;I

lItus also gives asvynmetry to L114- approxinlatinn. This erfect. is it ,asi. parý i .A!:

compens~e,! by i seýo'id *pprcyimoiven. -hi,:f, is that the ideal tensinn wo•ili !w
prorortional ti. L.minus the straight-line distance of the spring-tip fror 11,,
4lereus the acLua] tel.-iii.s is proportional to, I. minus the circurnfi.rer.taii ,ii.
tar;:e around the spritif;-tip Iovus from lii0, gi ing a slightly .aller value o" "1
to balnoee the error in s.

"This system it- the subject of Patent Application Number 2V179/62.



2.3 The 'VS3 Saismometer

Using this theory, it was decided to make a test instrument in wh- *h

the properties of the leai-spring suspension could be determined experimentally.
Its mechanical configuration can be explained by reference to Figures 4, 6 and

7. The main problem with the configuration shown in Figure 4 is that it is

difficult to adjust the period and tension by moving the fixing point of the

spring, duo to torsional loading on the spring mounting. The only other place

where adjustments could be made is on the boom itself. Therefore, a rearrange-

meat of the geometry was considered, the first idea being that shown in Figure 6.

Mr. A. C. Christmas, who carried out the engineering design of the

V51 and V53, pointed out that greater compactness could be obtained by inverting

the spring and wire suspension, with the mass position laterally reversed. The

new arrangement is shown in Figure 7, and incorporates a balanced beam which

replaces the boom shown in Figure 6, following a suggestion by Dr. Willmore.

The beam is designed to be volume symmetrical about P so that atmospheric buoy-

&hey is balanced. Dr. Willmore also suggested that the hinge-point P could be

made the axis of a pair of cross-spring pivots. tli becomes the intersection of

the normal to the beam through P (for all beam po.itions) and the tension vector.

and It is now the fixing point of the suspension wire to the base. Figure 8 is a

photograph of the test-bed, the VS3 scismometer.

In Figure 8 the inertial mass can he seen at the left-hand end of the

balanced beam, with a Perspex flotation compensator at its mirror position. Two

ni-Span C leaf springs are clamped in a shaft near the compensator. Rotation of

this shaft provides coarse tension adjustments. The apices of the springs are

attached via wires to an adjustable anchorage mounted on an upright projecting

through the beam from the base. Movement of this anchorage enables the period
and tension to he adjusted.

The VS3 enabled tile following conclusions to be drawn:-

(a) The leaf-spring susoension is superior in many respects to the

helical-spring suspension, as regards pendulum performance.

(W) l'e balnnced-beam configuration is inefficient, in that the

encrgy eontený of . simple leaf-spring suspension is sriall, and an

adequately stiff beam is rather massive, leading to siiznificnnt loss

of dynamic efficiency (see Appendix C).

The !eaf-sprinp principle, hazing been confirm.ed, and the balanced-

beasm system shmcn inefficient, it was decided to develop a new instrument, viz.,



the VS4. The broad lined of this instrument were laid down by Mr. E. W. Stevens,

and correspond closely with the original system as in Figure 4, but with the

period and tension adjustments on the spring mounting. It was thought that suitable

4b design should avoid the difficulties associated with the torsional loading.

3. GlXEA'L aEQU319iti T1S FOR T11E V¥4 SEISMOMMTER

No rigid specification was laid down for the instrumenc, the main object

being to effect a significant improvement over existing designs. It was thought

that improvements were necessary in pendulum performance and portability. These

are discussed seperately below. The instrument was intended to cover the period

range 10 to 100 a.

3.1 Pendulum Performance fNequirements

Experience having been gained with the VS1 and some commercial

seismometers, it was found that they all had some of the -following faults:-

(a) Variation of period with boom deflection.

(b) Lack of restriction to one degree of freedom.

(c) Severe change in period with gross tilt of the seismometar in

the plane of the suspension (partly inher-rnt in the LaCoste suspension,

but aggravated by helical springs of significant mass).

(d) Poor hinge properties. All the tested instruments had bending

strip or wire hinges, which involve movement of the apparent-pivot

axis with boom deflection. Some suffered from hysteresis'if incor-

rectly assembled.

(e) ||elical-spring resonances of low freqoiency (normally about 10
c/s; 25 cis for the VSI) which could be stimulated by ground motion

in. that part of the .sciric spectrum, thus givi~ng rise to spurious

long-prriod respons.e (caused by an effective shortening of the

helicai spring duritig -ero.nalcc).

(f) No flotation ,rcnus4ation.

(g) Only partially t'ffective t-erperature.cornpensation, 'hirh was

usually nton-iinear also (;.e., required a resetting of th,.e cr.p.n-

sation rat,: ,ct diffcrcnt ternperatu; c).



The VS3 showed that (a) and (e) were eliminated entirely by the change
to a leaf-spring suspension, and that (q) was greatly improved. The other faults

were expected to be avoided by appropriate engineering design, and (g) by suit-

able choice of materials (see Appendix C, re Ni-Span alloys). Analysis of the
problem of temperature compensation showed thnt expansion troubles could be

eliminated by disposing materials, of similar expansion coefiicients, syiMetri.
cally about the vertical through the boom hinge. Choice of Ni-Span D for the
spring material should then allow linear temperature compensation to be affected
with simple bimetal systems.

3.2 Portability

The Field Experiments Division of AWRE required not only a precision
seismometer of high mechanical efficiency but also a field instrument, easy to

adjust and calibrate, portable by one man, and of compact configuration. Com-
mercial seismometers were usually designed for permanent installation, and

required almost complete dismantling for even short transits. It was felt that
the VS4 should be designed such that the removal of a few clamping bolts should
enable the instrument to operate with its pendulum swinging freely after trans-
portation. The leaf-spring suspension made this a practical possibility, whereas

a helical-spring would involve severe complexity.

4. DESCRIPTION OF TIIE VS4

Figure 9 is a keyed drawing of the VSr', showing the cover in place, sad
Figure l0is a photograph from the same viewpoint. Figure 11 is a general view
from a different aspect.

4.1 The Ni-Span D Leaf-Springs

Four Ni-Spon D leaf-springs are incorporated in the suspension so as
to give sufficient tension to accomodate an adequately efficient mass distribution

on the boom (see Appendix C - Dynemic Efficiency), consistent with each spring
working well within the limit of proportionality of its load-extension curve.

4.2 The Cross-Spring Pivots

T7e design of the cross-spring pivots has been arranged (I1 to

miniise axis novemcnt rather that, to obtain zero stiffness, which is the

princip]e used in sone American seismometers [2). The dissdvantage of the zero
stiffness arrangement is that its action depnds upon axis movement, while good
pendalun performance requires a fixed axis porition. Ni-Span D alloy is used as

1. W. Ii. WittrieYk (Iebruarv 1951) "The Properties of Crossed Flexure Pivots,

and the Influence cf the Point at which the Strips Cross". Aeronautical

Quarterly, 1I, 272 - 279

2. J. It. llailton Pnd E. Steph.ens: "New Develorr.ents in Seis..oiocical Instru-
r.,entati,,n.". Te,..,nicai ilr-.ort..No. 62-1, 7he Goottccan'cai C',iporptivn,

6-irland, Texas



the material for the cross-springs to eliminate change of stiffness with tempe-

rature. Whjile the chosen cross-spring design minimises the adverse effect of

transverse forces on the stiffness of the pivot, care has been taken to place

the centre of gravity of the entire suspended sub-assembly as near as possible

to the suspension point (14 in Figure 4). The pivots are spaced widely relative

to pendulum length so as to restrict the pendulum to one degree of freedom.

4.3 Flotation Compensation

Flotation coepensation is afforded by the sealed Perspex cylinder,

sa-n best in Figure 12. This is intended to have the same volume-monent on that

side of the pivot axis as the'sum of the volume moments on the other side (see

Appendix C - Flotation Compensation).

4.4 Operating Adjustments

When the LaCoste geometry is set to its "perfect" form of a 450

90" triangle, than, from simple theory, the suspension is metastable, i.e.,

has infinite period. However, in practice, the various flexure points of the

suspension have enough stiffness, to reduce the period considerably. Nle to the

low-mass suspension of the VS4, its period would be reduced to less than 10 a.

Therefore, an inverted pendulum is incorporated above the pivot point in order

to counterbalance the torque produced by the suspension. By moving the inverted

pendulum mass vertically, the period required can be set approximately. This

pendulum is not shown in the piotographs but is fitted with the taut visible ia

the centre of Figure 12. Figure 13 shows the tension and period adjustments on

the spring tnountinr, and deonsztrates the operating position of the apring

tensioning jig.

The fine period ,djstment shifts the spring mounting parallel to

the booma axis over a small range (. '1 in.). This is sufficient. to change the

period by a few percent without detracting from the pendulum performance.

The spring teosior jig, when in its operating position, iFre-

tensions the lerf-springs for transport, assembly or dis,.antling. Nrmnall' it is

withdrawn only a feew dreivs, :unJ. so limit% tlvý movement of te ,.priiiaz shoulL

the suaiension wire br-.ak wi'hn the acismtxnet Žr is cpornting.

The ten.-i,,n 3(!ju; .trnfent rotates th, spring rnom'nting shlaft about the

spring clamp jaw-lire. it has a differenizal-sc''W to allow cetmiring of tit"

bnom at periods up to ibolit .0 S, beyond wihich point a rider on th- bone. can

be used.

9IM



4.5 Clamping Arrangements

The heads of two of the clamping bolts can be seen in each photo-

graph oi the VS4. There are two pairs, one pair being near the pivot axis, and
the other at the free end of the boom. One bolt of esch pair is a "reference"
bolt pnd defines the zero position of the boom during assemhly, and the other

clamps the boom to the reference bolt's inner shoulder. These bolts are indi-
vidually fitted d.ring assembly, to a close tolerance which still allows a vary

smooth fit.

With this arrangement the period of oscillation can be set under

laboratory conditions, the boom clamped, the instrum.ent moved to a field vault,
levelled, and the boom unclamped. The boom will thee swing at the same period
as Iefore '.id the instrument will be ready for use after any slight adjustmeat
which may be necessary to the tension to centre the position of the mass. A
small circular bubble level is fittcd to aid this operation.

4.6 Transducer Facilities

(See Appendix C for description of transducers used.) Three trans-
ducer positions are provided, so as to give great operational flexibility. The
two inner positions are alongside the centre of gravity of the suspended sub-

assembly, and, since the mass distribution is such as to give the pendulum a
dynamic efficiency (see Appendix C) of 731., a factor of 1.37 must be applied to

convert transducer motion to ground motion (as well as normalising according
to the response curve of the seismograph). The outer transducer correction

factor is 0.653.

A calibration head. consisting of a standard micrometer barrel, is
fitted rt the outer tranducer position. When a displacement transducer is fitted.

the head enables it, linearity and magnification to be determined, while the.
head'may also b- fitted .ith a synchronous motor drive for velocity transducer
linearity tests.

Damping should take place at the inner trensduccer positions, as they

are alongside the centre of gravity, in order to minimise traeesverse forces on
the cross-spring pi-vots. If heavy u1iapi,)g is arranged, both side, soo•ild
contribute equally, for the same re.soi.

4.7 Temperature Comipensation

Chen fitted. temtperozture coirpensationt in achieved by replacing the

shaft of the inverted p'.tidilin puriod -djuster with a bi•-etal stnip of the
appropriate rate, leaving the inverted pendulum mass in the some position.

10



Fill

Temperature compensation is fitted only when the (at present)

experimental batches of Ni-Span D are found to have an appreciable residual

temperaLure dependence. It is hoped that eventually the perfected version of

Ni-Span D will allow springs to be fitted whose tcmperaLure coefficient of

stiffness is low enough for conlhCel1ti on not to le needed except in extrem'

condi tions.

5. PERFORMANCE

5.1 Pendulum Performance

With the seismometer in a stable vault, experiments were carried

out to determine:-

(a) Lincarity of period as the boom was disp!aced from its central

position.

(b) Freedom from structurai vibrations with frequencies so low

that resonrices cotild be exciLed by typical scismic noise.

(c) C••nplete restricticn of the suspension to the one degree of

freedom retquired.

(d) Dynamic efficiency (see Apperdix C). 71is was determined before

coMpleLe aS.serr.'y of the in' lrure't, and iwas found to be 73%.

Pqes nal ts

(a) "'he period Vwas found to be c:,,:aj,lct ey itiiiepcindlenL of boom.

pb;;ition Aithin the Y_-T zneifar limiz, iimipo:ed by the mncharical

stops.

(b) All mecha nical vil'rations that could li in- tiat.ed by pluckiel,

or i!.!jqu; siig p;: ': t i the iC. - ir ;;t •ere iJ thOle raie of nudible

Ir,ýqu'nici i ' , no,,nt' ,io, lowe: .i.hai 50 N/-. N"7  resomro ncf:. :!,atover

'er c foir,! on dOiljei' t~c suspc:lsion w t'th a s"grnal k enur.-Iot, I,'et.lAcv v

0.1 und 21bO n,ýs.

(r) "' usk cl'i .•l -. ••.~~ y va fnu,ud I.[) Ie VerN ril'idi., 1-fl'n.,od

Prioided the in;!:t r12'ril.t nas o';ntfl 'In P ),itd :,no-ti, ho; i .uni-ll
sur ;, -, a •ha p ~l•z, hord !•ru' . ti :. it tre %hr, lc i:•': rt,i:,Pnt

lodily ni,!(,'Way.q hý d inuc:1 ,S All inch, fit'Jcd to al]ter the ;oa t.ili oi

of tOve , tc ppy ->:t,!nt VisiMle to t.0h: !y.. "jis 3.i not. so fnr

I I

•" ,-

r a I I I1



: t5.2 Gross Performance

5.2.1 External Influences on Pendulum Period

Tests were initiated to determine the dependence of the

pendulum period upon tilt of the whole instrument, and upon temerature chang•a.

It was found that, like all LaCoste suspension type, vertical

comaponent seismometers, tilting the suspension relative to the direction of

gravity seriously affected the period. However, within the range of accuracy of

the instruuent's bubble level, there was no measurable change in period.

Temperature changes had no effect on the period.

5.2.2 Internal Influences on Long-Term Stability

During the, initial tests, serious flexure was found in the

spring mounting unit shown in the photographs. This was redesigned, and the

fault almost eliminated. A residual amount of flexure was found to be due to the

use of independent units between the spring clamping point and the hinge point.

It is felt now that a single unit should have been designed to carry both

suspension and hinge (see Section 7).

Residual flexure was accepted, pending redesign of this

region of the instrument, and other tests, commenced.

An important characteristic of 4 good vertical component

seissometer is long-term stability, i.e., the stability of the position
of the boom over long periods of time, perhaps six months or more.

Early results with the VS4 showed an alarming tendency for a quite rapid drift

away from the set position. This was eventually explained by observation of

serious corrosion of the Ni-Span D leaf springs in the highly alkaline humid

atmosphere oF'the vault. Maximum energy storage occurs on the surface of leaf

springs, and it wps this surface that was being removed by corrosion.

The corrosion was permanently stopped by applying a coat of

aluminimn in vacuumo, with a top coat of silica. lhe thickness of the coatin.r

was half a wavelength of yellow light and they had no observable effect on

spring properties.

Sourcea of residual irift w-re rapid1l)y.Cat.ed in the sos-

pension wire fixing points, and eventually the ;nstruiinent was found stable ove:r

a period of n-cnths.

12



However, residual flexure limited the upper ean of the

period range to ahout 20 s. It wae hbope that the residual flexure would be

eliminated by redesign, as mentioned above, but chatiging emphasis in the aeisi

mology programme resulted in the long period systems receiving low priority

attention. A serviceable long period system had been established with VS1 and

HS. seismometers and the change to the VS4 system was eventua!iy consider-C4
vunsesasary. Work finally ceased on the VS4 project and the flexure pzoblem has

remained unsolved.

S.2.3 External Influences on.I.ong-Term Stshility

Temperature changes were not a problem in the thermally

stable vault3 used by the MAEA, and little attention has been paid to

temperature compensation of the VS4. There was, in any case, no serious depen-

dence on temperature, and effort was concentrated on flotation (buoyancy) com-

pensation.

The VS4 employs a comparatively low-,iias high-volmae inertial

system and changes in the atmospheric density showed mdrked buoyancy effects

upon an uncompensated version of the VS4. This was demonstrated by comparing the

Srecordings of a ficrobarograph and of a VS4, when correlation was seen to be
* -high despite totally different response cutves. Fitting the compensator imed-

istely reduced the flotation signal of thie VS4 by about two orders, but left a

residual that was very difficult to adjust to a sufficiently low level.

The reason for the difficulty lies in the very short maoment

arm over which the flotatior, compensation takes effect. Minute adjusteents of

the moment arm can be quite high fractions of the moment at-a length. There is,

therefore, a need for a vernier a 'Istment for the final setting (Gee Section 7).

S.2.4 M•echanical Clnar:tcterisics

Although th,ý \'S4 design was not carried to completion,

several new features in the r,'eciianicai systu.-,: have 1.roved successful. In

particular, the Cr , n .,,,,nt. Anrkeri pc, fectly from the outset. Vte.t\'S.

is probably the fitis4 ong periad v'ertical componeint se1i.r.,ome.t..r to r,,3 tran)(,t.,#
in the fiNlly an.sc.•i,:ed aad :•.t-u, state. '.it. the VS,, on a vault plihjth, the

period can be set, the svste,.ý, claaped, the irstrumen't pic'koi t, 'ira lv o•- man,
tiJted. -1% eitAd, trn.ns,ýorteAJ u:tl.v jiwt. r7,A',d conitin, anA yet,

when replaced en a. - iinth au, I -'-l hed, !e bilm swi.nrin ir-eely ns s,.-ou as it iir

unclnam.pe nd r nii ha: ; prtcis<-l t, ,er oJ th si e I,c to,'ev- i nd.

13



Pendulum performance alone testifies to the fault-free

operation of the cross-spring hinges. Being of Ni-Span I) (aluminised and silica-

coated for corrosion proofing) they were free from temperature effects and had

undetectable flexural hysteresis and creep.

The adjustments for tension and period on the spring mounting

unit, although ideally situated and easy to use, detracted from the mounting

unit rigidity, and gave rise to a proportion of the residual flexure mentioned

in Section 5.2.2. Just as conveiient in practice was adjustment of the inverted

pendulum (see Section 4.4) for period alteration, and movement of a rider on

the boom for boom centring.

6. CONCLUSIONS

In view of the excellent pendulum performance of the VS4, the leaf-spring

LaCoste suspension has been shown to have characteristics superior to those of

similar systems incorporating helical springs. Provided the generally lower

energy storage capacity can be tolerated, then the leaf-spring suspension should

provide complete freedom from resonances which may lead to spurious long-period

response.

Uaing the leaf-spring suspension, it should be possible to design long-

period vertical component seismometers as portable and robust as the well-known

Willmore Short-Period Scismometer Mark [I, now used extensively in the UKAEA

seismometer arrays.

Many points of the VS4 design proved extremely successful, and a developed

form of the instrument could undoubtedly take its place alongside standard

v.ault instruments, with the added advantages of portability and speed of setting-

up.

7. RECOMMLNDATIONS

As mrntioned in Section 5,2.2, a redesigr, of the spring moint was found

desirable in view of the residual flexure in the system. The full meco,-ri,endation

is that a single unit alsould replace the two units (spring mount ar,d cr,,.s-

spriiig hinge piilar) !o tw:•t the entire susi~cnsion is contained in a stzuctire

ttresscd oiily in compresiion und tension.

In conjunction with this, it would bc bc..t to have the ,djustmeits for

pericrd ani Io, er.ntring iII the lorm of movi, de rna:.:;Cs Oi tll( borom itself.

1'4



The provision of three transducer positions gave great operational flexi-

bility to the VS4, but a production instrument would need a complement of two

transducers at the most and, in many cases. one would be sufficient, performing

the functions of transducer and damping unit simultaneously.

In such a design it would be advantageous to provide a tension wire for

each spring, each wire fixed to a point on a rigid bridge on the boom (impossible
on the VS4 because of the transducers alongside the centre of gravity). The
fixing point of the VS4 suspension wire inside the boom allowed only difficult

access in the event of breakage.

In Section 5.2.3 were mentuoned the difficulties of flotation compensation

with the single cylinder and its associated short moment arm. A vernier adjust-

"ment is definitely needed in order to obtain perfect compensation. Possibly

eccentrically mounted cylinders at the ends of thL main cylinder, with a stiff
pivoted connection, would serve.

It would be bcst to make the compt..nsator in metal rather than the "Perbpex"

that was used in the \'S4 design. Perspex ;s not coMpletelV impervious to air,
nor is it a perfectly stable material. Probably the optimum material would hlive

L been Duralumin, sealed by welding and externally anodised.

The need for flotation compensation can he avoided if the irnstrument can

be placed in a vacuum. This also avoids convection current effects. I
A design based on these recommendatioils is shown sketched in Figures 14 iAi

15. These sketches show the propoted desigm actual size. hlie instrument is intend d

to be built into a vacuum-tight ca!e, and op,:rated under considcrnbly reduced

pressure (for exajmpi,., loss that, I torr). hI',v only remnaining internal ;noibc sou'i -

would be the:mal noise from thm. janndmduccr coils and lirowaian motionY in the

inertial system. Notice that t.h, rii-id frame is the sinele suspensiro, unit ir(.tn-

mended slove, and that it is fixud only indirectly to the basopl14t, and cove|,

sn that it does not partake iii flexure of these componnimt,-. Al. e, co ,•neets of tio
auspension system -r,. in compre.sion or te.*':;1on% or, at wor:t., fiex':-..i .tress i i

the 1 1ane of th..- 1 na:xi•jmo St. f flic':s. (Except- of ,ourse, the spr i ni:!

Mv.s .s rs iS i l e I and V.;,t It , ai.I I ( vi. ;e'l to n .r nu,' 1 o, ire a, 11.7.ln rui;. n..

bavt.d oe Otw pi i nc i, u:.'. in t V!,v .'4- l, .' are ,akitm' not': of t,-" t.ou-

,r ndlt I i r,ns r...adh . a , fur I •,. i ,v.st igaL tin t he p- j'roirn mcc ol thin. .-41. r :n,'-,t

"" iJ
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APPENDIX A

EMPERICAL THEORY Of TIME LACOSTE SU.SPENSION W1] /
//

"\"1

\L

w

The above arrangement is shwnn in a simpler ftrm in Figire 2 and is

described in Section 2.1.

PROOF FOR THE. CONDII1ON OFS TAMl1LITY ITI! LNFINITI 'EPEIORM

Zero-length spring tensior. - kL, where k is the spring colstnt

Torque producTd by th'e spring
Ns - - kLs.

Torque prondicetd by the, inprtial ass

Nw Wd sin 0.

1. II. lr., n~ff" ' "E; rt!, 1 ',•.. •,,j r.Q~o' r, x.• ,'nI .\LS,'1i au1tt,} Tnst. r :,nt s". pip.

255 - 257
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since L b sin a

sin j9

and = a sin

then Ns - kab sin 0.

Total torque is, therefore

N Nw +Ns - (Wd - kab) sin 0.

If Wd - kab, then N - 0 for all values of 0, and the period is infinite

for all positions of the boom.

Deviation from theory is caused by restoring forces at points II, H3 and
P. and by distortion of the helical spring under its own weight. The last effect
causes the tension vector not to pa"s through I1, (from origin H,), but through

a point somewhat nearer P, the position of the poi,.t depending on boom deflection.

'1!

I
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APPENDIX B

THEORY OF THE TRIANGULAR CANTILEVER LEA/-SPRING

Consider the cantilever AB a•, ii. Figure 16. It has free length L, fixed

at A, with load W, at B. Consider the section K-K of the cantilever, distance

x from A. The bending moment M at K-K is expressed as

M . W(L - x).

In Figure 17 is shown a small length m, of the cantilever centred on section
K-K. This element is bounded by the surfaces %Vt, UN, UT., N. The neutral surface
PQ subtends an angle 6 at its centre of curvature and, if the radius of curvature

is R, then 19 - N•. Since QV is parallel to PM1, and sin•. [G is the length of a

stretched fibre, distance z from the neutral surface, then FW - PQ - m, the
normal length of the fibre, while dm is its extension. The tensile strain is

then dm/m and, if p is the magnitudo of the internal force which produced this

extension.

p di

"where c. is the cross sectional area of the fibre and E is Young's modulus for

the material of the besam.

dM p E
Bit i'= m - Ro and dm - zt and so - nd z

E

R

The moment of p about Q i3 F.
p2= R tz a.

and so the .nternal bending morment, which is the sum of all such terr.s. is

z pz- 1r~z a.

T1e quantity Zj z2a is analognois to the m,•ment of inertia aLoott thn neutral

axis and in called the "re.-,etrical m"..-n, of inettia" of the cross sct3ion
abut the sX:,s It is ei'Ja1 to A.X', where A is ti.e cross sectio:.xl area r-.n• k

is the rTdius of gyr-tion.,

SHence, internal hcn~ing mome t . -jj" and ILis must balance -he wo'ncrt

of the extritnl fortrr., '-. the section K-K.

F. I. .',a:, atd V'. NI. L. '-vare: "Mhe Genaerai Proetrties ni .1 t.te,'",

4th Editinn, pp. 103 105

S... ... ..... ..... .. ... .. :.i19



We have, therefore,

EAkV
W(L- x) - Ek

or R I --
W(L- x)

Now A - bt, where b is the width of tLhe cantilever at section K-K ead t

is its thickness.

If t is Constant for the whole cantilever.

R Etk2 [b]

If the cantilever is triangular in shape with its base at A and its apex

at B in Figure 16, then

b
- .. constantL-x

and R is a constant for each discrete value of W.

Hence, a triangular cantilever clamped at its base, having , constant

thickness, will, when loaded at its apex. bend into a circular arc.

w .
Also, since Wfl - constant, then - - constant, where R * and p is the

dW P P
curvatur.e, and we may write - = constant.

So, for a triangular leaf spring, dW ..Kdp, where K is the spring constant.

In Figure 10 a triangular leaf spring of length L, has a relaxed position

of the form of a circimlar arc, and is extended nearly flat by a load W at ite

apex, The extension is y. and a further extension dy is caused by an increase

in load dW.

Consider an element dx of the sprin g distance x from the fixed end of the

spring. Then

dy J' xdpdx -

" TI2, a,.

R now hein? the tvdius of curvature of the spring in its relaxed po.sition. To

nta11 tO. siip Ie-t pns.i , m. - ::rtry in the s..tern, y can oe made !fual to L,

20



L
2

Under thin condition, the triungle in Figure 4 shows how, for small ampli-

tudes, the load W will vibrate on the apex of the triangular spring, almost

exactly as it would if attached to a spiral spring of the same length I., fixed

at the point F, the approximation being, of course, due to the (arcuate) move-

ment of the spring tip. It can be shown (empirically, by graphical constructioni)

that the locus of the spring tip is the arc of a circle of radius •t.

; I

Fl
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I
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APPENDIX C

GLOSSARY OF TECIINICAL TERMS

Seismograph

A complete system for recording earth movements, consisting of 5aisameter,

amplifier (or. in asme cases, galvanometer) and recording system (pen on paper,

photographic emulsion. magnetic tape, etc.).

Sei smometer

The first stage, or detector, of a seismograph, usually comprises an

inertial mass in some form of pendulum. suspended from a rigid framework, and

.a transducer which converts the relative movement between mass and frame to an

electrical analogue. The suspension restricts the degrees of freedom of the

inertial mass to the one of the component of earth movement being recorded.

Inertial Mass

That part of a seismometer which tends to rimain at rest with respect to the

average position of the ground, as the ground and seismometer framewrk oscillate.

Pendulum Per formance

The degree of independence of the pendulum and its suspension from all

effects, mechanical and environmental, except ground motion of the single com-

ponent being measured, and the degree to which the relationship between the

pendulum anti the ground is stable and linear.

Helical Spring

A spring in the form of a helix. Not to be confused with spiral springs.

A "zero-legth- helical spritig has built-in pretension such that the load/

spring-leitgtik curve passe:, through the origin.

Ni-Span and lso-Elastic Al.o•s

Nickel steels with low temperature deperdence used as the material for

precision springs. Iso-Elastic is work-hardened to obtain its tensile stre•gth,

while Ni-Span C and 1) arc heat-treatcd. Ni-Span !) is not suitable for zero-length

helical F rin!'s az the hedt treatment removes the preter.sion. Ni-Span C, howxver,

(cas, be ;.-treated for zero th-rrio-elatic coefficient at a temperature low
ennrlgh nut to remove pretensio:n, if the penalty of low tensile strength (and,

the:-eferc. z'rt.atr spring rnass) can be accepted.

22



All three materials have inherently low creep au~d hystere.-is, Ni-Spen D

exceptionally so. Ni-Span D is also the optimum alloy for a combination of high

tensile strength and low temperature coefficient of stiffness.

Long Period-

By this is mean~t periods greater than about 10 a. Usually, long period

saismometers are arranged to detect the long-period surface waves emanating from
seism.ic events whose spectrum ranges from 10 to 100 a (in mask cases).

The natural period of the .eismometer is, therefore, set relative to these

limits according to the requiied parameters of the seismograph, bearing in mind

that pendulum stability is inversely'proportior.al to the square cf the natural
period.

Flotation Compensation

11he suspended parts of a vertical-component seismomneter displace their own

volume of air and so experience an upthrust equal to the weight of that volume

of air. When the air density changes, this upthrust chances proportionately,

and, if the pendul4m is not volume-mo.ment nymmetricpl about its pivot axis, Lhe,

with long natural periods of the pendulum, noticeable defleptions occur.. Flo-

tation compensation is most easily and reliably effected by baJanting the

volume moments about the pivot axis, though this is achieved at the 'xpevz.e of a

alight loss of dynamic efficiency (see below).

Transduce rs

In this npplication, transducers are usually t!ectromagnetic devices •hic

convert movement of the seismc.•cter boom, relative to the frame, into electrical

signals which can,b' amplified as requirrd. 7Tirre are two bisic types used iri

seismology, nanely displacement and velocity txsnsductr%.

Displacement transducers, :ich as the Tut!Acr trnnsducer III . ': the. 1i.

placement of a coil to r,odulate :6-e anp)it•'de of a*r ttc:-,l~y (re,.rantcdj sic, -xk
hal snprplied to the transdacer.... iisplect-ic-it trar-sdicer has the ,.'. .. ,'.',

that it will require accurate rcnti-nr of tht boom. This ,uoc.' nut nti-' .

velocity transducers, the only r!quirement for boom cu(irinq heior.• n keep

within the linaear range of the transducer.

Velocity tranducers Pre sirtle Oevi ct-, -.nC tc'.ii-r no ".c-rnci drive.

Th11E. 7,U ut of t6C 1,I-s,3 ,ypi. is,3L .i t0C voIdgt: iic a n.a coil ".!,"len it

moves in the rragnetic field of a perm.anent wcf3nle,. The voltage is proportional,

to the relative velority of tr.e coii and ini,;i.tic ric!r.

1. "1. 1. Tq',,,':pr' (S rc.r , b'.po •9.2• •.', I < :. r. ", .. ,,: •, ft:: K): F' .•r ,

M~a.rICO ~'...C;, o .l~l.e. ~t~ .~' ..v'cn ..... 42 - .•M. J.p ;r•.,t. . F ,'• ,• ~:x~,r n• -,,r-, .~ '

or3
f

IW



Dynamic Effluiency

The degree of approach to d poinLf•.ass on a w'eighiess boom affor,ded by

the compound pendulum that is tle suspended sub-assembly of a sei.inometer. IL iL

found by swinging the sub-assembly as an ordinary pendulum about its pivot axis,

mea.iuring the natural period, and calculating ile ],tgth tli iI, siaiple pendultun

with that period. The ratio of the distance of the centre of gravity from the

pivot axis to the length of the equivalent simple pendulum i. the dynamic

efficiency, which is usually expressed as a percenl.age.

24
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