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sional mode being arruo = 4X 103 tad/s) as a sup- e'2

port and to use the torsional-pendulum mode of the

cylinder oscillation which had @rors-pend = 2 rad/s
for the distance 2a = 2.5 cm. Relatively simple cal-

culations which we omit gave an estimate of the

limit of Qtorr-p"na to the recoil losses at a level of lOe g 
t''

due for the above values of @ron-p.nd and arruo and i
with the mass of the cage m."r" :'25 kg. ;

All accumulated experience [t,+,6] of losses in .g-

fused silica fiber permits one to assume that 4 sub- E

stantial part of thJ material losses may Ue OeslribeO e'38

by the stnrctural dissipation model [7]. According to
this the Young's modulus Y and the shear modulus

G of the material have imaginary pans which are

independent of the frequency,

Y:Yo(l +i6y), G: Go(l +ific),

PH\5.16TT50 ztt'ot4
16l.

r65

I
_3
r0

I
936o'o 

a)" 2;f3"'o"f --'. r' '''
Fig. 2. Timc dependence of the amplirude of the torsional-pendu-
lum mode oscillation during a free decay,

where @, and 6c are the angles of losses in the
material. These two values define Q,oo_o.no,

6v,

where g is the gravitational acceleration, r the
radius of the fibers. Substituting in this formula

6r:6c: l.4x l0-7 (see Ref. [5]), a:1.25 cm,
r: 1 X l0-? cm, we can expect O,i*-p*a 110" to

. rGru I
O,i,i.p."a = 6Qo+ 7

be reached. e
In the described experimens

?r P6(?

Fig. l. Design of thc pendulum and thc suspcnsion suppon
smJCtW€.

four pendulum sus-
pensions were tested, and the values obtained were

0,oo-p"nd = (0.5-l) x 108. These values are more
than'one order smaller than the expected Q= l}e.
Additional losses could be explained as due to sev-

eral small dust particles on the fiber's surface and

due to the sedimentation of silica vapour on the

surface of the fiber near the welding area.

Fig. 2 presents the measured time dependence of
the amplirude of torsional-pendulum mode free oscil-
lations in one of our tests. The recorded relative
decrease of the amplitude 2 X l0-3 during two days

corresponds to the relaxation time r,,i : 4.8 X 107 s
(+llvo). The gas pressure in the vacuum chamber
was 2 x 10-6 Ton. Conecting for this pressure we

obtain the excellent value rj = I X lOt s= 3 years,

which corresponds to O,o,r-o.na = I X lOE (t25%).
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t

One of the basic probiems concerning the LIGO,
VIRGO,- and. GEO-600 l*."t g:aviadonal-wave
antennas, which are iurrently being constructed (see' for
eiampie, t1l) is a suppressibn of the thermai motion of
the centeis-of test'masses (interferometer rnirrors)'
The oniy method for soiving this problem.is to increase

the quaiiry facrors O of a[ the mechanicai vibration
modis thit influence the modon of the test Eusses'

Accorciing to the flucnration-dissipation theorem' an

increase li E1 teaas to a decrease in the spectrai densi-

ties of the displacements of the cencoid of a test mass

a,*'av from the resonance freguencies of the mechanicai

vibrlion modes of the susplnsion and, consequently,

to ihe possibiiiry of ciececiing a. broadband bursr of
gravirationai radiation. The rnost important modes are

ihcse of the penduium anci vrolin vibrations in the sus-

oension and ihe normai (internai) modes of a rcsr mass

imirror) (see, for examole, [2' 3]): This work repors the

iesults of measuremenis of Q",o1for the vioiin vibradon

mocies of the suspension of the test mass rn that is ciose

in vaiue to the mass of the mirrors in the LIGO and

VnCO antennas.-The development of a technique.-for

th- suspension of 
'masses 

wa-s aimed ar the possibiliry

oi reaching and exceedilg S. so-called :iandard 
qtt2n-

tum limit (SQL) of sensitivtry.

It is known thal at a sufi-rciently low level of dissi
padon (see, ior exarnpie, [4]), the.rcBoaction of the.

instrumenrai fluccuanons (an inevitable consequence' ot
th. qu-** theory) derermines the sensitiviry limit for
,h. t"utut.menr of a force action on a test mass' If an

instrument is continuously recording the coordinare of
i t^t during the time inlervai t' and the acdng force

has the shapJof a sineie period t of a sinusoidai wave'

then the SQt for rhe dispiacement ampiinrde of the test

mass is

Ptsia-Dok/,r<b: \'tL t0.No. ]I' ]95'pp.56a.566.Tra'(lt'!,cd|maDoHadt,tl5.dcniiNaai.VoLSl5.No.3. l*5,pp.32a.]26'
'di;;;i {;"';'" ri c'pi"si o tsgs i't Bmsi^liiL Mitmfwtt'Tobruiov

?OKLADYI
PHYSICS

r.qs,(Jqqs)sz|

where i. is Planck's constant.

If the test mass is suspended by a thin filament of
lengrb I and total ma-ss p--then the rms dispiacement of
the-mass Al*ioti induced oniy by thermal vibrations in
the vioiin modes of the filament, is

'|il
Al .=--

: !6
-Lnt"

where k is the Bolumann consurll ?'is the thermosat
temDerature, g is the free-fail acceieradon' and z is the

number of thJ vioiin mocie (n = i, 2,3, .--).
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ENERGY DISSIPATION IN yIOLIN MODES OF THE TEST I\4ASS SUSPENSIONS 565

'Thus, to achieve a higir sensitiviry of-the antenna ' -Q i....- - -'. -

and, for instance, to satisly the condirion Al5q1) AI*iot, 10tf " / '-

we need the smaliest posiible "1": glt_1d_15*."* - | ,, .., ..<*. (6'
ues of Qno,. h the measurements descnbeo oetow' we 'l ,' v -
mainly appneA the same technique as was used T 9e I I 6 o
preliniiniry experiments [5]: the test mass and-$e I i
suspension filament, inciuding the.-upplpart- ot rts 

I i
anichment, were made from fused siiica- The filament li
was made from high-puriry firseci silica and,.as a;esult' louf 

-

had low characteristic losses. It was weloed torre test 
I o l Q aillRWmass and to the upper pan of the frlament anachqlent. . I =., 

.. .. \
ln contast with the preliminary experimens [5], | -'-

where the values of Qaot were lneasured m IUamenE 
I

with a small suspencied mass (m=3p-g), in ourexperi- -l
ments, we suspeirdeC a mass ^= !.9 kg, which is close I 

I

to the mass of the mirror pianned for the final version 1951. ' r

of the UGO program. This siglificant increas:,h e: 0 1000 2000 
o ,,_3@

mass made it necissary to use 
-an 

intermediate element f,llz
with a mass of tppt#irnu,ely 2 kg T q" :u1P:ry19n Fis.z- 

'-fi:rors 
for lowcr modes of rhe bcnding vibrrtiors

fFie. l.). This allowed us to suPpress the leaKage or rne of a rusJd-sliica filanenr
.ne-rev' of the vioiin vibrarions to the suPPon'

ffr.lui.ot"tions of the insenion loss Ql'", introduced
--^-^-,^A haec\ oirra an A

by this leakage (they are oot Presen€d here) give an 
IO:

esdmare of O,l, s 1O-rt.

The second significant difference in our 9xP9ri-
ments from the pre'iiminary ones is that the. fused-siiica

fiiaments used were more heaviiy srressed' This made -< x l0?

ii possiUfe for t-tiament5 with the diameter D = 150 lrm
ani lengrh ! = 0.2 n to Save a rather smail value of
g = 8 x-10-j g.The suspended mass induced the srress

6 = tmglnD: = lOe N/m3, 
I

incheseftbers,i.e''appro.rimately?vooftheYoung'szxto,'ffi
mooutus. - f,Ilz

The Q-factor for the viotin vibradon moci€s .4',r,9f
stninedtiamenrs depencis on their tension, which is Fig. 3. Q-factors ror violin vibracion modes of lhe suscen-

determined by the suspended mass M and inuinsis sion iiamenc for thre: rusec-siiica penciuiums.

tosses in the Fiiament miterial characrerized by the loss

angle ou: The marimum of themroeiastic losses for lhe iliaments

.!_, 2 ,F,, - (nd E_,,n (3.' [::::#t"ir: iTil:l :."nJffls'";;H'f*fi:
Q,rct = -t.l W\L - T ^i,lrTtt 

*o' \Jt 
rhermoiiastic losses made an insignificantconnibution

where I =rD'l64is the moment of inenia for the cross to the damping of bending vibradons of the t'liaments'

seirion of the fuseci-silica filament, I is the Young's Subsdruting numericai vaiues of the panmercrs into

*oJuiur, *d g is rhe tree-iail acceleracion. (3), we obtain-the expected value of tie Q-iaclor ior

The losses in rhe mareial were determined from rhe violin vibnrion modis of the susoension friaments.

mecsurec value of S;.;'il C-ri..t ror the bendin g Q"ot = 2 x lOe'

vibradon modes of unioaded f,tlament segmen$ Figure 3 presenu the values of the Q-iaciors for
aoproximarely l0 mm long rvith one end-welded to a loweiharmonics of ihe violin vibradon modes of ihe

;;:il *ppon. The,, 'oeie made from KSrV ana- susoension frlamens. tn".tuiia ior the severei pendu-

iiti""r-pu"qn rused silica with the lowest impuriry lurns that were smciied. The satisrical erors oi the

concenrarion. In rhis case. Ql.o = rp.. Figure 2 shows measurements were about 5?o- The darnptng.

rhe experimenrai vaiues oi DJtii,o.s-fo, iour", modes 11::l:ttd 
by the energy uansttr to the moiec:rles or

of bending ,ribrarions--or- ,tri ifiu-.nts. The curve is the residuai gas in lhe vacuum chamber was

caicuiated- for the s35g when the energy losses are

derer-mined oniy by the ihernoelastic mich;il t6I Q-''",),=, = (5 -2) x l0-'0
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The sample
(top view)

. Figure I
The sketch of the measurement system.
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Table l. The results of the violin mode noise measurements

on the tungsten wires.The,Sa is a break point stress value

for the samples, Zis the mean amplutude of oscillation.
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A, cm lE-8

t, min

Figure 2.

The time dependence of the oscillation amplitude for the well stressed
sample of tungsten wire. Strain is 0.85 of break point value.The averaging time is 30

second.

Z is a theoretical prediction for the thermal noise mean amplitude.
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Figure 3.

The peak intensity hystogram.,l/is the number of peaks per hour
with the amlitude lareer thanA.
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Figure 4.

The dependence of excess peak rate R on the stress value. The peaks
with the amplitude 3 times higher then the rms value are counted.

Solid line is theoretical prediction for the thermal noise.
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Figure 5.

Typical shape ofthe excess noise event.
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