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                                 ABSTRACT

         In this article, a newly devised gravimeter of the double bifilar suspension
      type was treated theoretically and experimentally for the purpose oÅí precise and
      continued ebservation of tidal and secular variation in gravity. It was proved
      theoretically and experimentally that the sensitivity of the gravimeter of this
      type may easily be rai$ed to a degree as high as 10-9g/mm/5m. A test observ-
      ation with the double bifilar gravimeter has been operated continuously for about

      three years at the deep-seated observation room of the Ikuno Copper Mine, and
      the value for the tidal facter of gravity for the M2-component was tentatively
      calculated as 2.08. Furthermore, in the present treatment, minimizing the
      gravirneter drift proved to be a most diMcult but important problern for a
      perfect and precise gravimetric observation.

1. Introduction

    The problem of gravitation and of terrestrial gravity in particulay has been an

essential and everlastingly attractive field of research in geophysics, ever since Newton's

time. The mode of surface distribution of gravity on the earth depends on the shape

of the earth and the density distribution of the earth's interier. The continuous and

serious efforts of many geodesists for the precise and world-wide survey of gravity,

even in the ocean areas, has made great contributions to the development of our

knowledge on the figure and internal mass distribution oÅí the earth. Under suck

circumstances as above-mentioned, the mode of gravity distribution oR the earth's

surface has been investigated more and more in detail, especially with the recent

developments of survey technique by use of the static gravimeter of small size and

easy manipulation. The gravity anomaly thus obtained informs us of the regional

aRd local complexity of the structure of the earth's crust, and provides us with many

interesting problems of a geological and geodetic nature. Contrary to Åíhe great

progress of our knowledge on the mode of gravity distribgtion on the earth's surface,

the problem of chaRge of gravity with time, shortly expressed as time variation of

gravity, may be said to remain an uncultivated field of research. Two ways of change

of gravity with time are generally supposed, the oRe being per2odic variation and
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the other non-periodic. The periodic variation of gravity caused by the tide-producing

forces due to the Sun and Moon is main!y treated by the gravimetric observatioR of

earthtides concurrentiy with ti{tmetric and extensometric observations. The periodic

gravity change of this kind is usualiy referred to as `tida} variation of gravity' and

its investigation gives us important information as to the elastic property of the earth.

    As to non-periodic gravity change, however, oniy little definite knowledge has

been ascertained as yet, but the observation on anomalous changes in gravity, if they

exist, of short duration (rapid change) or of long duration (secu!ar variation) may

greatly serve for the deveioprnent of our knowledge on the change of state or motion

of the deep underground material. In a succeeding series of articles, some problerns

on the time variation of gravity wi}1 be treated from the standpoint of geodesy and

seismology. In the present article, some considerations are made on the phenomena

of the tidal variation of gravity, especially on a newly designed gravimeter of high

sensitiv!ty and its application.

    0n the prob!em of earth tides Lord Kelvin first. discussed the phenomena in 1863

(1) from the theoretical treatment of the earth as an elastic sphere. Since the first

successful observation of earth tides with the tiiÅímeter of the horizontal pendulttm

type by E. v. Rebeur-Paschwitz in 1892 (2), a great many ti!tmetric observations of

earth tides have been made at various places in the world. And the number of

orthodox observations of earth tides with the tiltmeter amounted to nearly twenty five

since the day of Rebeur-Paschwitz to the present time. On the contrary, the gravi-

metric observation of earth tides may correctiy be said to have remained untouched,

because of the technical diraculty of observation with this instrument. Under such

circumstances the problems of intensity variation of gravity vector caused by Åíhe tide-

producing forces of the Sun and Moon are little soived at the present time, in contrast

to the great advance in know!edge on the tida} change of gravity direction by tilt-

 metric ebservation, and we are eagerly awaiting future developments in research by

the method of gravimetric ebservation. s
     After the first but provisional observation of tida! variation in graviÅíy with the

 gravimeter of the bifilar suspension type by W. Schweydar in 1914 (3), a precise and

 erthodox gravimetric observation was made by R. Tomaschek and W. Schaffernicht

 in 1932 with a bifilar gravimeÅíer of high sensitivity. And after a long inÅíerruption

 during the Second World War many but provisional gravimetric measurements of
 tida} variation have been made with portab!e gravimeters which were largely developed

 for the purpose of geophysical exploration fer oil fields and other subterranean

 resources. The findings obtained by these gravimetric measurements of tidal vari-

 ation will be listed in Table 1 at the end of this section.

     On the theoreticai treatment of earth tides, A. E. H. Love (4), in 1909, greatly deve-
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 loped and generalized the pioneering and brilliant work originated by Lord Kelvin,

 and recently in 1950, H. Takeuchi (5) fully discussed the problem of earth tides on

 the compressible earth of variable density and elasticity taking into consideration the

 density distribution of K. E. Bullen (6). According to this theory the quantity dg

 of the tidal variation of gravity at the earth's surface is expressed by the forrnula:

                        lig == G( aolil2 ).=.., G rm- 1-gk -t- h ,

 where U2 denotes the tide-producing potential expressed by a spherical solld harmonic

 of the second degree, r the radius vector from the earth's centre, a the mean radius

 of the earth, and h and fe are dimensionless censtaRts cal!ed the Love-nurnbers which

 are correlated with the elasticity and density distribution of the earth's interior• In

case ef a perfectly rigid earth, h and fe are to become zero and then

                                 dg="(0oY'2).venv..

Therefore, in the case of a real deformable earth, the tida! variation oÅí gravity shall

be observed on the earth's surface G times as large as that in case of the hypothetical

rigid earth. With such an interpretation the symbol G-the ratio of the observed

amplitude of tidal variation of gravity to that of the theoretical force- is conveniently

called the `tidal factor of gravity'or`gravimetric factor'. Corresponding to G of

the tidal factor of gravity in the gravimetric observation of earth tides, the diminishing

factor D should be introduced in the tiltmetric observation of earth tides which is

also derived as the ratio between observed and theoretical amplitudes. Since D is

expressed by the formttla Dur1+fe-h, the values of the Love-numbers h and fe will

directly be determined by the concurrent gravimetric observation with a tiltmeter at

any p}ace on the earth's surface. But the determination of the Love-numbers by the

combination of gravimetric and tiltmetric observation is, in practice, troublesome for

the following reasons. The tiltmetric observatiens of earth tides for deterrnining the

D-factor are greatly disturbed by the secondary effect of ocean tides at any piace,

especially near the open sea, and they are also spoiled by the large tilting motlon

of ground caused by rain fall, sun shine and other meteorological effects at some

stations, especially at shallow-seated observation rooms. And with regard to the

gravimetric observation, the precise and long continuous observation itself is very

troublesome mainly on account of technical dificulty, namely the problem of raising

the sensitivity of instrument to a sufuciently high degree, maintaining the instru-

ment in a high sensitive and stable condition during the severa! years' continuous

observation, and above all the most unmanageable problem of the so-called ` drift ' or

`zero shk' of the instrument, But in spite of these dithcult circumstances it is
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certain that the observation of earth tides and general crustal change concurrently

with the tiltmeter, gravimeter, and extensometer will greatly increase our knowledge

on the nature of earth tides and general crustal deformation. And in the present and

succeeding articles some problems on the gravimetric observation on earth tides and

rapid or secular changes of gravity will be treated in combinatien with the tiltmetric

and extensometric observation.

    Retuming to the problem of the tidal factor of gravity, the values obtained by

R. Tomaschel< and W. Schaffernicht are greatly diverse from those obtained by other

researchers, as wi}1 be seen in Table 1. The cause of its diversity in spite ef their

cautious observation with a highiy sensitive gravimeter and at a deep and good

conditioned room has yet remained uninterpreted. Other observations listed in Table 1

show various numerals frorn O.9 to 1.6 as the tldal factor' of gravity, and it is aR

essential and attractive preblem on the gravimetric study of earth tides to seek the

cause of the diversity of their values. The observation periods in Table i are for the

most part two er feur weeks duration and moreover the observation rooms are on the

ground surface. Therefore the error in process of analysis for the data of short

period or the instrumenta! error caused by temperature change and other disturbances

might have vitiatecl the obtained G-value and caused their diversity. Or the effect

caused by the difference of surface or subterranean geological strttcture or the pertur-

batioR effect of the ocean tides and other unknown forces should be examined as the

source of diversity. Some detai!ed consideration will be made on thqse points in a

succeeding article. In the present article severa! points will be treated on ` How to

ralse the sensitivity of gravimeter to a suthciently high degree ? ', ` By applying what

kind of material to the instrumentai construction can we put the gravimeter in a stable

condition?', `At what sort of observation room should the gravimeter be set up and

how should observation be conducted for the purpose of the precise and trustworthy

study of earth tides? '. On these points both the theeretical and experirnenta! aspects

in our investigation will be described beiow.

    The foi}owing list in Table 1 are the data of observation for tidal variation of

gravity hitherte obtained by several investigators. In this table `Total' and `M2,,

S2, Ki, Oi' refer to the resultant tide and each component tide respectively, and G

and rc denote respectively the ratio of the observed amplitude to the theoretical one

and the phase !ag between the observed and the theoretical phases. The plus sign

means that the observed phase is behined the theoretical one, while the minus sign

shows that the observed phase is in advance of the theoretical one. The data in this

table are mainly taken from the papers of W. D. Lambert (7), P. J. Melchior (8) and

other original papers.
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2. Double bifilar gravimeter

(1) Gravimeter of bifilar sasPension tyPe

    The diversity of G-values hitherte obtained was mentioned in the preceding section,

the yaRge of their extyerne values having been estirnated to be O.9 to i.6, which can

not simply be attributed to observaÅíional and instrumental errors. W. D. Lambert

(20) has attributed its sources to the following three main causes: (i) secondary

effects of oceanic tides,'(ii) effects of !ocal geo}ogical structure and (iii) departuyes

from statical theory, such as those due to the existence of the liquid core of the earth.

In order to remove such disturbing factors and obtain an accurate value for G, we

musÅí rnake our observatiens (1) at various stations under various conditions, (2)

during a suthciently long period and (3) with the tiltmeter and extensometer cen-

currently. The gravimeter conforming to these three requiyements must be a se!f-

recording apparatus, structura!}y stout and easily manipulated. Under such circums-

tances, many portab!e gravimeters as used in these days for geophysical exploration

cannot be regarded as the most suitable ones for these requirements. On the contrary,

the `bifilar gravimeter' or gravimeter of Perrot-Schmidt is considered to be tke one

that satisfies these requirements, and its structure is schematically shown in Fig. 1.

A. Schmidt (21) has discussed the sensltivity oÅí a bifilar gravimeter which he has

called the`trifilar gravimeter'; however, it appears that he did not make use of his

gravimeter in practice. W. Schweydar first observed with a bifilar gravimeter and

discussed the value of G. Long after the pioneering observation by Schweydar,

R. Tomaschek and W. Shaffernicht greatly improved the bifilar gravimeter of the

Schweyder type and made a precise and long continttous observation at a deep-seated

underground room. The main points of the improvements were that `elinvar' was
used fer the spring, and electrostatic force was utilized for calibration of sensitivity,

along with other minor improvements. And they succeeded for the first time in taking

a photographic record of the tidal variation of gravity. This type of gravimeter

was a!so stttdied in detail by A. Berroth (22). Recently, H. E}lenberger (23) has

fundamentaily reanalyzed the bifilar suspension principle and has devised a new type

of gravimeter named the `Doppeibifilargravimeter'. His idea is very interesting, and

it is easi!y supposed that its sensitivity will show a great increase ovey that of the

ordiRary bifilar gravimeter, though its adjustment wil! be considerably more troub!e-

some ; and we are awaiting for the observational results of tida! variation with his

gravimeter. It ottght to be mentioned here that, in the point of name of`double

bifilar grav2meter', the gravirneter designed by the writer and that by Ellenberger

are entire!y the same, but they are quite different in the principle of construction.

According to experiments, it is considerably difficult to raise the sensitiviÅíy of

the ordinary bifilar gravimeter to a degree sufficiently higli to record tlie ticlal
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variation of gravity. The source of the difuculty lies in the fact that the sensitive

range of the lnstrument is very narrow, and furthermore, it iies near a labile

equilibrium point. The writer has examined tlte above-mentioned circumstances and

devised a new type of h2ghly sensitive gravimeter, which was designated as ` double

bifilar gravimeter'. Its princip}e of construction and some test experiments were

reported at the Autumnal Meeting of the Seismological Society of Japan in 1949 and

published in Japanese in i950 (24) and in i951 (25).

(2) Theoretical considerations on the sensitivily of an ordinary bifilar gravimeter.

     An ordinary bifi!ar gravimeter is schematical!y

shown in Fig. 1. If the instrument is inastate of O
equi!ibrium for the present value of gravity g, the
                                                                   m-rmI
conditions of equilibrium are expressed by Iho

               s(ifm[.iol".)P-Si)",g,nv.,.B4,gl'lloOll (i)

and geometrically

             gilnha';?ltn, ) (2)

             I"=m2-(a2+b2-2abcosq), j

where -ll-P is the tension of the string, s and f the eiastic

constants of the spring with regard to e!ongation and

torsion respectiveiy, ca and op the turning angle of the

spring head and the weight respectively, Mthe mass of

the weight system, and other symbo}s are as shown in

the figure. If op varies by dg correspondingly to the
variation of gravity dg, the sensitivity S-qg is calculated

from (1) and (2) as follows:

      X"=-.ffb.}i,",q,,,'-li,4{M-(s+;;)g,e'}• (3)

putting mz;;h, -dd tVi;:go in a first approximation, we have

                          dop abMsin op
                          dg mf+abPcosop'

    Next, !et us calculate

and the sensitivity. Assuming that g is virtually varied

     111
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Fig. 1. Schematic figureof
 an ordinary bifilar gravi-
 meter.

                                                (4)

tke correlation between the free oscillating period of rotation

                            by e as a result of some
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minute disturbing force, then the restoring moment R is as follows :

                        R..f{,, ..- (op ÅÄ,)} ww pab sinfiop +E) .

Ptttting cose='=nv1, sine::-=-e appreximately, since e is small, we have

                   R..- {f(cti -q) -- pab trn sc} -{ f-F pab C.O,S op}E .

By (1) the first term on the right-hand side is equa! to zero, and therefore the equ-

ation of motion becomes

                            I[illl33 -- ww {f+ pcz..b-.gÅís..S9.},, . (s)

where I is the moment of inertia of the weight. Frorn this equation, the oscillating

period P is expressed by

                             p="2rrVl.,.tTt,ua.o!lli' (6)

Inserting (6) into (4) wkh the substitution of l=L-r2M, we obtain

                               tdqg-=---"2.S-iii.".9p2. (7)

    In this expression, a, b, fn and

r are constants fixed to the instru-

ment. Therefore, it will be under-

stood that iÅí q is heid constant, the

sensitivity is proportionai to the

sqttare of period. This re!ation is

usual}y applied, in practice, to

estimating the sensitivity of the

gravimeter. In the expression
     dop
(4),        is a function of P aRd g7.    dg
Fig. 2 shows the relation between
P, ca and dd-S, in which the adopted

numerical values of the constants

are as follows : a:= 6, b==3, m=:130,

f=-iOOO, M==50, g=a-980 c.g.s. units
                     8.5[ZS,ee,C`l"8.'X'SlgdMP,memuf5orm'ril(•(fvefff
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  Fig. 2. Sensitivity
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ment. The construction is sirnply to connect the lower end

of the main spiral spring and the weight with a fine string

as shown in Fig. 3. The finer the string is, the more
favourable the condition, as long as it endures a consider-

ably heavy load. Such a comblnaÅíion of a fine $tring with

the ma2n spring of a bifilar gravlmeter rnal<es it possible

to gain a single spring with a small torsiona! constant and

a large tenacity for load.
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The nurnerals on the sensitivity-axis indicate the comrnon logarithms of -91g- corres-

                                                                       g
ponding to 1 mm. disp}acement of the optical image on the recording paper of which

optica} distance is 5meters.
    As clearly seen in Fig. 2, Åíti suddenly varies from minus infinity to plus infinity

aÅí qi or ge2, and a sensitive demain is limited within the very narrow neighbourhood

of gi or g2. And furtkermore, on account of the sensitivity curve being very abrupt

at that point, the sensitivity is very labile, consequently the gravimeter itse!f is liable

to becorne unstable. This is the cause of the dificulty of raising the sensitivity of

the ordinary bifilar gravimeter to such a high degree.

    For the purpose of removing the source of the difficulty aRd raising the sensi-

#vity, let us agaiR examine the expressi6n (4). We leam from the expression (4)
that 2n order to increase the absolute value ef ill/i over the whole range of g, the first

term mfin the deneminator ef the right-hand side may need to be minimized because

P and op in the second term are at our option. While, in the case of shortening •the
length of the string m, itd- tve becomes }arge and is not neglected as above treated in

a first approximation. From the relation (3), it is understood that the increase of
S-gh results in a way to decrease the absolute value oÅí [iit}g. ThereÅíore we rnust abandon

this manner of shortening the length of string m but endeavour to reduce the value

of the torsional elastic constant f.

    The most direct method of reducing the torsional constant f is to use a feeble

spring. While, the use of a feeble spring implies the decrease of the mass M of the

weigkt for which the $pring is endurab}e. According to the expresslon (4), the
                                                           dgdecrease of M results in the decrease of the absolute value of                                                                 Therefore, after                                                           dg'
all, the problem of raising the sensitivity oÅí the bifilar gravimeter te a sufuciently

hign degree comes to a point as to whether or not there exists a spring which would

tolerate a conslderably beavy load and yet have a !ow-
                                                           Il
enough torsional elastic consSant. For tlae purpose ef iRvest- l 'l
ing the spring with such quality as above required, the I I
                                                           llwriter has devised the following censtructioB oÅí the instru- I i
                                                           1•l                       ' l/I                                                                      g.- -" l                                                           l
                                                           l e>-/k :.

                                                                     .--. ... I                                                           t.thrm, -m:
                                                                      -ww:)S-sm)tsj
                                                              L.- .-                                                                      pt--

  l

Fig. 3.
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    Now, let the tersional constant of string T be equal to one-hundredth of that

of spring f, then the seRsitivity of the bifi2ar gravimeter equipped with such a string

and spring is as follows:

                  Sf"=-..T.f",b.Si:,q,.,,'Z{Mnt(f"mh")IIg4'}' (s)

             dhPutting mg;iKh, iigr-::-O as in the previousiy assumed approximation, and since T<<f,

we have approximateiy

                            dq abMsinq                            ag == -mT -. abp cos g' (9)

The last expressien is indentical wiÅíh that in which f is replaced by T in the expres-

sion (4). And it indicates that if only we appropriateiy control the tension of the
bifilar strings p, the absolute value of S!ti increases to the extent of a hundred times

as large as that of the ordinary bifilar gravimeter over the whole range of g. Name!y,

we can easi!y raise the sensitivity oÅí a gravimeter a hundred times as high as that

of the ordinary bifilar gravimeter by such a simple modification as the string con-

nection. The writer has exper!mentally ascertained that the above condltion is prac-

tically satisfied. Tltus it may safeiy be said that this method of connecting a string

might to some extent serve as one soltttion for the prob!em of raising the sensitivity

of the bifilar gravimeter. Kowever, iÅí was experimentaily proved that the gravimeter

thus modified also has many points of inconvenience which should be examined for

the purpose of precise and long continuous observation of tidal variation of gravity.

Namely, the drift of the zero position of the gravimeter cau' sed by the inevitable fiow

of the spring and the undes2rabie effect of temperature change upon the function of

the instrument are generally the most troubiesome problem for every gravimetric

observation, and the case of present gravimeter cannot be an exception. Since the

striRg connecting the spring and the weight yields t-o torsional force, the above-

mentioned manner is disadvantageous for the drift aRd the temperature change. For

the purpose of avoiding the foresaid inconvenience, the writer has further devised the

foilowing construction. Xt is the construction of connecting the spring and the weight

with two strings so fine that the torsional rnoment is negligible, iR place of one

elastic string, as seen in Fig. 4. The writer has given a name of`doub!e bifilar

gravimeter'to the bifilar gravimeter improved in this way. In the next, the function

of a doub!e bifilar gravimeter will be discussed iR some detail,

(3) Function of the dozcble bifilar gravimeter

    If a double bifilar gravimeter is in a state of equilibrium foy the present value



of

are

               TsinB-ftsin ev-Mg--O (10-l)
                s(l- l,)-Tsin B-O, (le-2)
in the rotationa} direction

              Tce sinO- tab Sil}Lg nduto ao-3)
                  nm
                         ce sin 0                              - :•-O; (10-4)           f(tu-0-g)-T
                            n
and geometrically

                   l-Y ]e =:= ho -rh (il-1)
                  sin av -- -Zi- (11m2)
                         m
                         k                  SinB:== 'r.T (11-3)
            h2 =in-- m2- (a2 A- b2-2ab cos g) (11-4)

            k2=n2-(c2 -y e2-2ce cos e) , (11-5)

wheretand T are the teRsions of the euter and inner
bifiIar strings respectively; s and f the elastic constants

of the spring with regard to elongation and torsion res-

pectiveiy ; w, e and op the turning angle of the spring head,

the angle between the lower end of the spring and the

weight, and the turniRg angle of the weight ; MÅíhe mass

of the weight system; and other symbols are as shown

in Fig. 4.

    Introducing a new quantity q by the relation :

                                   t=--qT,

we can obtain the sensitivity formula from these

From (10-i), (il-2), (11-3) and (12)

                                Tmu•-fe--Mg-7i•

                                   'iiT + q il,

inserting (13) lnto <10-4) and differentiating we get

  -f(dfi,d,,) ce.M[(;1 {ntq;l'i)(S!R fidgn"i gCli/lfiilZ)3i, )gsine(
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gravity g, neglecting the torsional moment of strings, tke conditions of equilibrium

 as follows: dynamically, in the vertical direction

e)

 Io'illll -  
  
  
  
  
  
  
  
  
  
  
  
  
rn')f:L:

141"1

  
  
  
  
  
  
  
  
  
  
  
 .nC

iil

  11  111

        c]

         "tlg

Fig.,• 4• .Sc g.el s,/rc fi,g,,:g?

 gravimeter.

conditions in the

kle+t4de

         (12)

following way.

(13)

+-.q-dh)] a4)
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On the other hand, from (10-3) and (12)

                           abn .                     sin0==e                              sln if                           cem
                          abn                                     abn                   cos ede := cem sin opdq -- cem qces op dq as)

                      de .. Å} -s2.n...op4.a A-g cos qdq. ,

                            V(ga'//Mwwi")2-(gsinq)2

where the plus sign coyresponds to the case O :Elle$. -n 2-, and Åíhe minus sign corresponds

to the case - i}<e$x•
   !nserÅíing (15) iRto (14) gives

    wwfldopÅ}71ns,,q.as2Ei'9(iOgS'l.q'//Åé2="9/"wwÅ~ct;r.i,..-h,mm)iÅ~[(-il-+g$i){qgS."singdg

     " g(gebmn sin qdq " -ac- i-;gi q cos q dq )} - gq[}e-Z:l sin g(-itdle -{- ;Zi de -i- iqii- dli)] •

Taking out dop and regniating, we get

          "['(iiv('//,s?'/")''',,'t9"'""i'tt,,tte"'s'i"lÅÄg'-b'g(r\,gig"i'tt)--]dq

          =r-flctba(-th,g.;i.axq)dg-y[(4/m.,fY,p.),{"bg(HSiq'k-)ww-qnb..q.g....te}

          Å}V(Åí////nyn')2i(,,,..3m-,]S'"qdewhS,b('tbu.,M.g,2I.,\.)ca2ne($dle-F-;qiidh)• (i6)

Next, de in the expression (16) is calculated from the conditions in the foliowing

way. From (li-1)

                             dl -'-" dh-dle. (17)
Inserting (11-3) aRd (13) into (10-2) gives

                                  Mg le                        s( l- le) - ')s-mm"'zn ' -th" "= O •

                     ' -th--+qi,

Differentiating this and substituting dl in the resuk with (17), we get
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                   M (-.k- +eÅí-g- ) (iedg -•y gdie) - gle(idfe -}- hde -}- -.a-dh)

         S(dhrm dle) pm ii.r" 'um-=ww-""'"(-l/;, ,,eS,;: )2 =O'

After rearrangement, we get

  dq="mtA'[IS)fe/(?,+eS}){iCiS(-S+qS;')(dh-dfe)-(kdg+gdk)}+(-ltrdk+-.q-dh)]. (is)

If necessary, we can express dh and dfe by dq and dg by using the remaining coRdi-

tions (11-4) and (11-5). However, the process of the calculation is very troublesome

in spite of the circumstaRces that ah and dle are Begl}gible quantities and do not affect
the estimation of [i!k/. Therefore it ls useless to discuss ln detail the values of dh

and dk in general for the present treatrnent. Cornbining (16) with (18), we obtaln

the final formu}a for the sensitivlty:

[i/k=f(iÅ}ecx-siS"X.bftfc,o..Åífx[(\ve(3brvil-i.lg,ip-)2Å}iilli)Z'Za

    '-.nv,(".,egtih>(im(4,.g,lh,<:)(}adS'Sid%')l]• ,ag)

wkh
  :lk/ ::'; ww esn [th( g, +q;.L) {"M-S (-'h "i-q,il ) (-S--g' - S-2 ) - (le -{- gS,'e)} -- -} -il.l\'e g ii g.fili--] •

  F::'--,vX(2ebM.)2-(qg,flrmthq)S. .Ji

We can simplify the formula (19) by putting

                                          dli dfe                       mc-nx-- h, ni-mg-- le and ag-- mu"-v== zl3} -:-;x•-=O. (20)

Then, since q<<1, we get

                                   dq 1                                   itg.- = 'sti (21)

Inserting (20) and (21) into (19), we obtaln the approxlmate sensltiv}ty formula as :

                     4-g.- (abMÅ}n-gtt)sinq i'li

                     dgme mf(ldeeCOFSq)+abaMgcosq' li, (225

                                                        i
                      F uz •V(2ebM.)2- (a sin q)2• l'

                                                        '
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The formula (22) corresponds to the formttla (4) for the sensitivity ef the ordinary

bifilar gravimeter. Next, let us obtain the correlation between the free osciliating

period of rotation and the sensitivity. Consider that q and e are virtually varied

by s and o" respectively by some minnte disturbing force. Then, according to the

condition (10-4), the following relation ought to be established:

                                           ce sin (fi -+- 6)
                   f{to-(fi g- 6)-(op+e)}-T . =::O,

which, after transformation, becornes

           {f(to-o- if)HuT.-9.ene.Si" tj cos or}pt{f(o"-F s) +, -TCe,gOSasin o"} .,.o. (23)

Since e and o" are both small angles, we may put sin6== o" and cos 6-uuml. Then, the

terms in the first bracket of (23) vanish owing to (iO-4), and xsre have

                           f(6 mi- ,) -l,- .Z. .c.e.vig...s...e..," ,.nv o ,

whence we get

                              "f
                              o==-                                       ce cos ,t7 S' (24)
                                  f-yT-mmn ww

Therefore, by (!O-3) and (i2), the restoring moment 1? caused by the angular vari-

ation e becomes as follows :

                1? =' =m T{Sl// sin(fi -fE.- Tpm.ttttmt:ti..g..e.. s) -agi'i sin (q) +l' c')l (2s)

As proved by numerical estimation,

                               iwwTf/g/g ,.,e <<i,

 so that

                                  f                             'im 5ecosoS"=O(e).
                             f+T -
                                     n

 Therefore we may put approximately as follows:

' sin (f+ TwwmtL.ttg.s.-as)="f+ Tie.Lc,",os-eS a"d COS (f+ Tcfe c.os fie) ""i'

 Consequently, (25) is reduced to the following formula:
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The

    R== T(-Cn-e sin e-q;:b- sin g) w T(:t cos ef+ TLgfEe cno{;re -Y q:-tb COS 9)e'

 first term on the right-hand side vanishes according to (10-3). Consequently,

              R=: - T (git cos Of+ T cfe cos e+qa-mb cos g) e• (26)

                                  n

Therefore, the equation of motion for the rotation becomes

             i[#': =- T(tlle cos Of+ T cfe co, e-y qt'bne- cos q) e, (27)

                                   n

where

period

f is the

P as
momentof inertia of the weight. Frorn (27) we get the oscillating

                 P== 2nV T(gte cos efg- T2ie c7of s p+eS9' cos q)

On the other hand, from (10-3)

                       sin e=qnab sin q, ti
                             mce {
                       cose=iVi--(amicaebsing)2, .l

and frorn (10-1), we have approximately

                                 T--Mg.

Inserting (29), (30) and I==r2M into (28), and squaring both sides we have

             p2:=4n2mr2MÅ}tdofg'V(Yibe)2i(asmq)2 ,

(28)

(29)

mf
[iÅ}V( q cos op

where
obtain

mce
nab '2 -) - (g siR q)2

l+abqMgcos op

ius of gyration of the weight. Combining (22)

 correlation :

           S//---",b.2inn.gp2.

 is indentical with the period-sensitivity relation

and

(30)

r is the rad

the following

(7) of

(31)

The expressloR (32)

(31), we

(32)

ordinary
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bifilar gravimeter. Fig.

values of constructiona!

b--3, c==-e==O.1, m==-l30,

    7.0
q==looo fOr curve I and :=i loob- for curve II.

In Fig. 5, the full-!iRe curves correspond to

the plus sign ef tke formula (22) and the

broken-line curves to the minus sign. The

nurnerals on the sensitivity axis, simi!arly

to Fig. 2, indicate the common logarithms
of d-q- corresponding to i mm. displacernent of

   g
Åíhe optical image en the recording paper of

which optical distance is 5 meters. The chain-

liRe curves show the reiation between P and
S-9g- in the case of r2::--2c.g.s. unit. The sensi-

tivity of the double bifi!ar gravimeter thus

theeretica!ly obtained shoulcl be experimentally

ascertained, and it will be described in some

detai! in the next seetion.

(4) Some exPeriments on the function of the

    The writer has tentatively constructed

tionai constants are nearly the same as the

method of appending a smal} mass to the

measurement of the sensitivkty. This is the

other hand, it also has a weak point in

sensitive state on account of the lower limit of

Therefore the experiment for sensitivity

condition of somewhat low sensitivity.

    At first, the experiment en the
Since dd-q

g is proportional to sin op and the

correiation ought to be expressed by a sine
(P-Sg/) correlation by a parabola when q is

those corre!ations respectively. The three dots

repre$ent the experimentai values respectively.

experimental results coincide perfectly with

experimental errors. Extraporating the

low sensitivity te the high sensitivity, we get

           T. !CHINONE

                                      dif
5 shows the re!ation betw(en q, q and d-- g. The numerical

constants adopted in the calculation are as follows: aex6,

 n =10, f==IOOO, M= 50, g== 980c.g.s. units respectively, and

   7.2
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          doecble

      a doub!e bifilar gravimeter whose

        above-mentioned

        gravlmeter s

       most

      that

          the

      calculation

period-sensiÅíiviÅíy

     square of

          curve

           kept

           in

        the

   experimental

          the

  rrig. 5. Sensitivity curve ef a double
   bifilar gravimeter.

     bifilar gravimeter.

                          construc-
             numerical values. The

 ' ' weight is adopted for the
simple aRd sure method, but on the

the gravimeter cannot be used in so

  dimension of the appendant mass.

     had to be carried out in the

     correlation wili be mentioned.
   p by the expression (32), (q-[iltig)

     when P is kept constant, and

    constant. Figs. 6 and 7 show

  Fig. 6 and the four dots in Fig.7

These two figures indicate Åíhat the

theoretical ones, allowing for some

     results obtained in the state of

  results as given in Table 2.
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WITKTIME (1)

.
7

{1

giF

 io ' io' ' so --eS

Correlation between P and
dtdll

3e5

op l opticai distaRce l Peried Sensitivity

           12eO l 5meters                                                     178.0Å~10m9g/rnm                                       25 seconds
                 i            Il I. Il ,,gg ll tfl2 ll
            " I' " 150 " 4.93 "
            " l " I .209 ...H ..tl .?•7s. "

    Fig. 8 gives one example of gravitogram obtalned by the above-stated double

bifilar gravimeter constructed for a trial with a period of 160 secofids at the Abuyama

Seismological Observatery of Kyoto Univer$ity (?,==135034'E, q==34052'N, k== 200 m).

The subsequent restlessness is caused by the microseisms of the ground and the

convection current of the air. Therefore, even if we could make the gravimeter more

high}y sen$itive, it would be useless unless some devices were applied to reduce the

                                                jeffect of microseisrns to negliglbly small degree. Fig. 9 gives also another example

of gravitogram obtained during one week by the same gravirneter as that in Fig. 8

with a period of 82 seconds at the same Observatory. The semi-diurnal periodic

           Doubk Bifilat Grevimeter
                    Period : 160 Sec' , Optteal distanee : i90 "M'

         hilW"'twNv,.vJwwhiK.?"Xin,-,7P'Vt•N,.ityL"VAN"sV`",wt.;'" iXvA,/Vx.bN,,N"L'svAx,..x,.".,. .

        I9429h• &p• l7th 3h thh sh 6h ''7h

          . sl                 Fig. s. Gravitegram in rapid rec6rding at Abuyama.
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Double Bifilar Gravimeter

     1949, Sept.
        20 21 22

l

li

        Period : 82 SeC•

Optical distance : 190CM'

23 24 25 26
                 Fig. 9. Gravitogram in slow recording at Abuyama,

variation in the figure was proved to be the tidal variation of gravity, and the !arge

swell was found to be caused by the variation of atmospheric pressure.

    In conclusion, the problem of raising the sensitivity of gravimeter may be said

to be settled to a certain degree by adopting the principle of double bifilar suspension,

but in practical case other undesirable disturbances such as the earth's tremors, the

change of meteorological elements and above all the unmanageable plastic flow of the

main spring will greatly vitiate the gravimetric observation, and would really impede

the aim of our research. In the next section, the experimental treatment on the

problem of plastic fiow of the gravimeter's main spring will shortly be reported•

3. Some experiments on the plastic fiow' of the spiral spring

    The experiment on the plastic fiow of the spiral spring of the bifilar gravimeter

was made with the spring materials available in our laboratory. Since the plastic

flow of the spring or, in other words, the drift of the gravimeter is the most essen-

tial and troublesome problem in all gravimetric observation, a detailed investigation

should be made from every possible approach, and it will be discussed at other oppor-

tunity. In the present section a short account will be mentioned.

    The materials used for the experiment are ` Tungsten ', ` Steel ', ` T6hoku-elinvar '

(manufactured by the Metal Research Institute, T6hoku University), ` Sumitomo-elinvar

A, B, C' (manufactured by the Sumitomo Metal Corporation), ` Fused silica' (manu-

factured by the Houston Technical Laboratories, U.S.A.), and `Isoelastic alloy'

(manufactured by the North American Geophysical Co., U. S. A.). These materials

except ` Fused silica ' and ` Isoelastic alloy ' were formed into nineteen spiral springs

whose annealing conditions were respectively different. The annealing conditions of

these samples are as inserted in Table 3.

    These samples were tested by the method shown in Fig, 10. The drift speed

obtained from the experiment is sbown in Figs. 11, 12, 13 and 14. In these figures,
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Table 3

Number
of group

I

Number
of spring

Annealing condition

Material ig2kn,pe,ear'1"glg,&agmg

l

i

Holding
time

,
Cooling
method

I

l
l

'

Fused silica

l Sumitomo-elinvar
l
lSumitomo-elinvar

Tungsten
ISteel A

    1

l

II

l
l

l

i Sttmitomo-elinvar

Sumitomo-elinvar

Sumitomo-elinvar

Sumitomo-elinvar

Sumitomo-elinvar

IE 5800C
580

580

580

580

44 min• I

40

39

52

30

i' Sumitomo--elinvar

Sumitorno-elinvar
l
iSumkomo--eiinvar

Sumitomo-elinvar

Sumitome-elinvar

i, 700

800

900

800

58e

l

III

t
I' steei B

iSumitomo--elinvar

lSumitomo-elinvar
l
lT6hoku-elinvar

T6hoku-elinvar

:g. ig

IV

l

F

l

A
A

21 11 Isoelastic alloy
be

e min.

o

o

o     l
e

gil

l

g,gc il     iii'il

:

N.C.: Natural cool ing, QO.: Quenchlng in cetton-seed oil, Q.W.: Quenching in water
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   numerals on the abscissae denote the

number of days from the beginning of

the suspension of springs, except for the

       made of `Fused siiica' whose
      is that of about fifteen months

     suspenslon.

    From these experiments, the follow-

    may be concluded:

   Among them, the sprtng made of
 Isoelastic alloy' is considered to be the

    in the point of drift, and no drift

       spring was observed in a range

       present measttrement. Among
    other materials except `Isoelastic

      ` Sumitomo-elinvar C ' is compara-

      excellent. ts'
   With regard to the cooling methods,

qnenching in cotton-seed eil produces a

     effect on springs with respect to

   With regard to the heating conditions,

    following case was the best as far

    Sumitoino-elinvar' was concerned:

     Heating temperature is about 6000C,

     Heatlng time is between from 8 te
10 minutes,

     Holding time in maximum temper-

     is about 10 minutes. BuÅí it is to be

remarked that, in any case, the heating

    carried eut in air.
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4. Regarding drift, the putting of ` Carbon ' in the furnace for the purpose of preserv-

ing the materials from oxidatiQn ,seems to be effective,

    Among the all springs except thqt of`Isoelastic alloy', as seen in the figures,

the spring of No. 2 has tb,e srpallest drift, even which amounts to O.76xlO"5/day.

Converting it into gravity change, this value is equivalent to about thirty times as

large as the total amplitude of tidal variation. In practice, such an enormously large

plastic flow of the gravimeter spring as above described greatly hinders the gravi-

meter from increasing its sensitivity to exceedingly high degree, and the elimination

of secular drift of the gravimeter is the most important as well as the most unmanage-

able and troublesome matter, the solution of which should necessarily be found in

near future'for the purpose of precise and continuous secular observation of the

gravity change.

4. 0bservation of tidal variation of grravity with the double bifilar gravimeter

    The first long period observation of the tidal variation of gravity by the use of

a double bifilar gravimeter was carried out at the adit of the Ikqno Copper Mine.

The situation of the observation room in the mine is as follows: 1=134050'E, if=

                                                      /:i tt 't t t'

Fig. 15. Plan of the dou•ble
  bifilar gravimeter at Ikuno.

 1: Main spiral spring (fused
   silica)
 2:Inner bifilar string (30
   microns super invar)
 3: Outer bifilar string (30
   mictons super invar)
 4: Weight (brass)
 5:Fine torsion adjuster of

   mam sprmg
 6: Fine vertical. adjuster of
   main spring
 7: Vertical adjuster of outer
   bifilar string
 8: Refiecting mirror
 9: Lens
10 : Calibration apparatus
11: Exhaust-opening
12: Cover (glass)
13: Level adjuster
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Fig. 16. Photograph of the
 double bifilar gravimeter
 at Ikuno.

'tt

',fi1 ''
'f.t

sS' ;L
ne

e'r.,

tn
l

,r

, 'f
'

't /'

'

t• .)
lk'//.'

.t:

•J A,1
t., '

I
' tt 't' '

'll'

,
` '

ts'.'t-ttt. t;.•--- -,'' .tt

+11 ,v '

   2ot-



 310 T. ICHINOHE
3501e'N, h:=440m above the sea level, and 237m depth under the ground surface,

in which mine the tiltmetric observations had continued since i943. The terr}perature

of the ebservation room is 170C, and it maintains aimost the same temperature through

the year. The gravimeter had been set on Apri! 3rd, 1952, and the observation was

cornmenced on Aprii 26th, 1952, it being continued to the present. The gravimeter

used for the observation at Ikuno ls somewhat smaller compared with that described

in bR2. The structure of the gravimeter and its exterior view are as illustrated by

the plan of Fig. 15 and the photograph of Fig. i6. The main spring was made of

` fused silica' which was No. 1 in Fig. 11 and manufactured by the Houston Technical

Laboratories, U. S. A., the maximum durab}e load and the extension of which are

40grams and i.8cm/gr respectiveiy. The inner and outer bifi1ar strings are both

composed of super-lnvar wires of 30 microns in diameter. The materials of the other

main constructions are as explained in the figures. The gravimeter has no temper-

atuie compensater, for temperature variation in the observation room is very small.

The gravimeter has an air-evacuating apparatus, but it was not ttsed in the present

observation. The rotating speed of the recording paper is 22.0mm. per day, and

the recording cylinder revolves once in two weeks. The optical distance is 398cm.

As mentioned in bR 3, the spring has a considerable drift. Therefore, in order to prevent

the light image of the gravimeter from getting out of the recordirg photographic

paper, the sensitivity of the gravimeter should be kept at undesirably low degree.

This restraint of sensitivity greatly reduced the ethciency of the double bifilar gravi-

rneter and practically vitiated the present observation. Fig. 17 gives or.e example

of gravitogram obtained during present }ong period observation. The calibration was

done by means of the method of appending a small mass to the weight, similar to

the method described in bR 2. The numericai values of the quantities concerned wit.h

the calibration ,are as inserted in Table 4.
                                    '                             '              ttt           '              '                                                          !s.of           No. 64. Ikuno             A "pg, } :' .idS t, 130oll 30slg5 2.S. ,t ho2,1,E .3..OIMd 'i ,1 ,9,5.4 ,. , 3gs . . .//•-t'-""""'""'

                                     /
                               /

        /     /
   /
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Fig. 17. Gravitogram with

l lo-6
g

   2t 2s 26 27 28,Lma"---A   the double bMlar gravimeter at Ikuno.
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ca

Period

Optical distance

Mass of the weight

 Weight, containing

 A half of mass of

system
 a mirror and a

the main spring
cross-shaped body

12oa

6 sec

398 crn

26.690 gr

 21.789 gr

  4.901 gr

         Mass of the appendage                                                        O.63 mgr
                                                       'g7,s'm-m '         Displacement of the light image on the recording paper

        tt           '                  '                       '                                   '                                              tt
    The motion of the light image when the appendage was put on the weight and

removed was as shown in the record of Fig. 18. From the record, we lean that the

gravimeter does not leave any hYsteresis caused by such a procedure. In consequence

of the calculation by Table 4, we obtain the following value as the sensitivity :

                       Sensitivity: 4.105Å~10r' g/mm,

This is almost twice the sensitivity of Schweydar's gravimeter, but it is too low to

be applied for the precise observation of tidal variation of gravity. From these

               "'eeglgtwtton . w•

               ff'l"'' '

               ir•

circumstances it is naturally in the precise
gravimetric observation is to minimize the drift of th muc' h as possible

for the purpose of keeping the gravimeter.
The experiments on the gravimeter made by means
of the method of really tilting the triangular base on which the gravimeter was set

up. According to the results of the experiments, the changes becaused by tilting of

1" angle are expressed in terms of variation of gravity as follows:

            In the longitudinal direction: -2.67Å~10u8g/second angle,

            In the transversal direction: +30.05Å~10"8g/second angle.

According to the tiltmetric studies of E. Nishimura (26), the observed tidal variation.s

of tilting of M?-component at Jkvno ar,e as tollows ;

                        -v
                                  s   tt                             .          •-           ttt:-  "'l ../M--,k• ve"N,. - i-
I{!tx•Erni.,.• . , s•?r.s-m,,mlx#s

    ti t it tt ttt/ tt t" tttt                        .. Ii ,.L-l .,.1-.'' ' .•. '''''... ..;'

                             tttt t

              Ficr. 18.                o
      understood that the most urgent problem

                         e gravlmeter as
     suthciently high degree of sensitivity in

  effect of ground-tilt for the ' was
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                  In the N-S direction: O".Oe240 cos (2t-2640),

                  In the E-W direction: O".O0458 cos (2t--880).

 On the other hand, the expected amplitude of the tidal variation of gravity of the

 M2-component was about 5Å~10-8g. Therefore, we usua]ly did not take any account

 of the correctiens for tilting as far as the present tentative observation was concerned.

 The duration of the observation was about thirty-one months, but the period which

 was made subject to harmonic analysis was about three months during Juiy 17th to

 October 17th, 1953, for various reasons such as interruptions in recording. Since the

 drift speed was not uniform through the period of analysis, the drift was reduced

 by subtracting from the corresponding observed values the running averages of the

 observed values over periods of 25 hours. As a result of a harmonic analysis of the

 data drift-removed, the fol}owing tidal va}ues of gravity were obtained:

    M2(lunar semi-diurna! component) : 5.43Å~!O-8gcos (2t-1450.03)Å}O.16Å~10'MSg

    S2(solar semi-diurnai component) : 13.42Å~10-8gcos (2t-170.24)

    Oi(lunar diurnal component) : 8.17xlO-Sgcos (t-1930.38)

 As seen at a glance, these results are very curious, for the amp}itudes of the S2 and

 O,-components are }arger than the Mafcomponent, notwithstanding the fact that the

former shou}d theoretically be smal}er than the latter. Detailed discussions on the

cause of this curious result wili be made iater on. The theoretical value of the tidal

 variatien of gravity, in other words, the tidal variation of gravity in the case that

the earth be perfectly rigid is calcu!ated as follows :

                     rvf2(theor.) : 5.01 Å~ 10-8g cos (2t-1800).

The tidal factor G calcu}ated by dividing the value of observed camplitude by thact of

theoreticai amplitude is

                           Gii. iii.:. 1 -•-- -i-ie - l- h •:, 1 .08Å}O.03 ,

and the phase }ag rc is as fol}ows:

                           fi ::=3250.03 (or -34e.97).

The vaiue of G--•=1.08 thus obtained is considered to be right in approximation, but

its accuracy is not suthcient to discuss the small difference, if it exists, of the G-value,

because the present observation at Ikuno had to be operated with an undesirably low

sensitivity in the gravimeter because of the large drift of the lnstrument. And, on

the other hand, the G-value recently obtained by the one-month's precise observation

with a portable Worden Gravimeter at Kyoto (27) was estimated as G =-=-i.18s, rc=-10.96.

The difference between these valttes at both stations of Ikuno and Kyoto seems to

be too large, even if the effects of geologicai structure, infiuences of oceanic tide ac nd
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  others might be different for both stations. The detai}ed treatment of the problem

  of the local character of the G-value, if it exists, will be reported in a succeeding

  article after the accomplishment of precise gravimetric observations at many statioRs

  under various conditions. Returning to the present observation at Ikuno the cause

  of the anomalous fact that the observed amplitude of the S,-component is larger than

  M2-component may be interpreted as follows, The curve of the S,-component (includ-

, ing the Si-component) bears a good resemblance to that of the diurnal variation of

  atmospheric pressure except phase difference of abeut three hours as seen in Fig• 19•

  By reason of the similarity between the forms of both curves, it is concluded that
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    15

    10

     5

     o

   -5

   -10

   -i5

   -20

e

,

/ /  /   /

1
1 -/ .

/-.xx
    x

x
N

x
x

-Gravity

/ /  /

IXIN    x

Å~! Xv-
-

e.

.e

Attaospherie

XINXxx x          
 pressure

v
/

IIFmm /  t/   1    /

.
.

e

 O.8mdig

 O.6

 O.4

 O. 2•

o

-O,2

-O.4

-- O.6

-O.8

-1.0

                O 6 12 18 24h
                Fig. 19. Solar term in gravity variatien and change of
                  atmospheric pressure. '
the abnorma}ity of the amplitude of the S,-component would certainly originate in

the variation of atmospheric pressure. The similarity between the gravity-curve and

the pressure-curve is also clearly recognized at the time of the passing of a typhoon,

as in Fig. 20 which is a typical example ameng the many which indicate its similarity.

In this case, centrary to the case of the S2-curve, the phase difference is almost

undetectable. Two ways as to how the variation of atmospheric pressure has an

infiuence on the graviineter may be supposed: the one is by way of the variation of

buoyancy for the weight, and the other the variation oÅí upperward attraction oÅí alr

inass. By whichever manBer, the decrease of pressure should apparently present

itself as the increase of gravity, but the actual state is contradictory to this. In the

present time it cannot be interpreted through what mechanism the variation of pres-

sure has an influence as is shown in Figs. 19 and 20 upon the gravimeter. This

question must be further examined in the future.
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                Fig. 20. Anomalous change of gravity at the time of
                  the passing of a typhoon.

    In concluding this section it was ascertained from the present observation at Ikuno

that 'the problems of high sensitivity of the gravimeter and the effect of temperature

change upon the instrument rnight, to a certain degree, be solved by the application

of a di uble bifilar suspension and by setting the instrument in a deep underground

room. But it is also quite evident that the remaining and most dithcult problem

for a !on' g continuous and precise observation of tidal and secular variation of gravity

is how to minimize gravimeter drift. The problem of drift will persistently be treated

in succeeding articles.

Summary and acknowledgement
    All the contents described in the present article may be summarized as follows.

For the purpose of raising the sensitivity of the gravimeter, a double bifilar gravi-

meter. •was devised by the improvement of an ordinary bifilar gravimeter. Also, the

functiQn. of double bifilar gravimeter was ascertained from both the theoretical and

experimental sides. It became very easy to raise the sensitivity of the gravimeter

to a suMciently high degree by the application of a double bifilar suspension, but,

to our regret, it was also proved that its ethciency was greatly reduced by the large

drift of the gravimeter in the practical observation. A long period observation with

the double bifilar gravimeter had been carried out, as a trial, at a deep underground

room of the Ikuno Copper Mine, and a value of 1.08 was obtained as the tidal factor

of gravity, referred to as the M2-component. Although the accurate value of the
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tidai factor was not obtained by the present observation, it was proved that a gravi-

meter of the double bifilar sttspension type is certainly useful for a long continuous

and precise gravimetric observation with the condition of a suitably small instrumental

drift.

    Finally, it is the writer's pleasure to express his sincere gratitude to Professor

E. Nishimura for his consistently kind guidance throughout this study. The writey's

hearÅíy thanks are also expressed to Mr. I. Nakagawa who assisted him with all

calculations and drawings, and Mrs. I. Yasuda and Y. Tsushima who undertook the

manufacture of the instruments. The writer also wishes to acknowledge indebted-

ness to the members of the Ikuno Copper Mine who have given much assistance on
the occasion of the long period observation. The cost of this study was partly defrayed

by the grant-in-aid for scientific research of the Ministry of Education.
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