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sional mode being w,, = 4 X 10° rad/s) as a sup-

su
port and to use the torgional-pendulum mode of the
cylinder oscillation which had w ,nq =2 rad/s
for the distance 2a = 2.5 cm. Relatively simple cal-
culations which we omit gave an estimate of the
limit Of Qo pena 10 the recoil losses at a level of 10°
due for the above values of @, peng aNd @, and
with the mass of the cage m,,. = 25 kg.

All accumulated experience [3,4,6] of losses in
fused silica fiber permits one to assume that a sub-
stantial part of the material losses may be deséribed
by the structural dissipation model [7]. According to
this the Young's modulus Y and the shear modulus
G of the material have imaginary parts which are
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independent of the frequency,
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Fig. 1. Design of the pendulum and the suspension support
structure,
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Fig. 2. Time dependence of the amplitude of the torsional-pendu-
lum mode oscillation during a free decay.

where ¢, and ¢, are the angles of losses in the

material. These two values define Qlors-pend

-, _mGr! 1 [wyrt
Qtors-pend - Mgaz ¢G + 21 2Mg ¢Y s
where g is the gravitational acceleration, r the
radius of the fibers. Substituting in this formula
¢, =d;=14%X10"7 (see Ref. [SD, a=1.25 cm,
r=1x107% cm, we can expect Qg ocs = 107 t0
be reached. ExXPECT

In the described experiments four pendulum sus-
pensions were tested, and the values obtained were
Qiors-pend = (0.5-1) X 10%. These values are more
than one order smaller than the expected Q= 10°.
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 amplitude of torsional-pendulum mode free oscil-
lations in one of our tests. The recorded relative
decrease of the amplitude 2 X 10~ during two days
corresponds to the relaxation time 7, = 4.8 X 107 s
(£10%). The gas pressure in the vacuum chamber
was 2 X 1078 Torr. Correcting for this pressure we
obtain the excellent value 7,7 = 1 X 10® s = 3 years,
which corresponds 10 Q,rs pena = 1 X 10 (£25%).
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Energy Dissipation in Violin Modes
of the Test Mass Suspensions
of Gravitational-Wave Antennas

Corresponding Member of the RAS V. B. Braginskii, V. P. Mitrofanov, and K. V. Tokmakov

Recsived May 17, 1995

One of the basic problems concerning the LIGO,
VIRGO,.. and. GEO-600 laser gravitational-wave
antennas, which are currently being constructed (see, for
example, [1]) is a suppression of the thermal motion of
the centers of test masses (interferometer mirTors).
The only method for solving this problem is to increase
the quality factors O of all the mechanical vibration
modes that influence the motion of the test masses.
According to the fluctuation-dissipation theorem, an
increase in O leads to a decrease in the spectral densi-
ties of the displacements of the centroid of a test mass
away from the resonance frequencies of the mechanical
vibration modes of the suspension and, conseguently,
to the possibility of detecung a broadband burst aof
eravitational radiation. The most important modes are
those of the pendulum and violin vibrations in the sus-
pension and the normal (internal) modes of a test mass
(mirror) (see, for example, (2, 3]). This work reports the
results of measurements of ., for the violin vibraton
modes of the suspension of the test mass m that is close
in value to the mass of the mirrors in the LIGO and
VIRGO antennas. The development of a technique for
the suspension of masses was aimed at the possibility
of reaching and exceeding the so-called standard quan-
turn limit (SQL) of sensiuvity. ’

It is known that, at a sufficiently low level of dissi-
pation (see, for example, [4]), the retroacdon of the
instrumental fluctuauons (an inevitable consequence of
the quantum theory) determines the sensiuvity limit for
the measurements of a force action on a test mass. If an
instrument is continuously recording the coordinate of
a mass during the time interval T, and the acting force

" has the shape of a single period T of a sinusoidal wave,

then the SQL for the displacement amplitude of the test
mass is

| [ac
'L\LSQL = E‘/—, (1)

m
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where £ is Planck’s constant.

If the test mass is suspended by a thin filament of
length [ and total mass |1, then the rms displacement of
the mass AL,;,; induced only by thermal vibrations in
the violin modes of the filament, is

1 B / 27kTl
ALVIOl = L ; me ’ (2)
Tn & Z viol

where k is the Boltzmann constant. T is the thermostat
temperarure, g is the free-fall acceleration, and n is the
number of the violin mode (n=1,2, 3, ...}.
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Fig. 1. Schematic of the test-mass suspeasion.
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| ENERGY DISSIPATION IN VIOLIN MODES OF THE TEST MASS SUSPENSIONS

" Thus, to achieve a high sensitivity of the antenna
and, for instance, to satisfy the conditon ALsq > AL,
we need the smallest possible value of . and large val-
ues of Q.. In the measurements described below, we
mainly applied the same technique as was used m the
preliminary experiments [5]: the test mass and the
suspension filament, including the upper part of its
artachment, were made from fused silica. The filament
was made from high-purity fused silica and, as a result,
had low characteristic losses. It was welded to the test
mass and to the upper part of the filament anachment.

In contrast with the preliminary experiments {5],
where the values of Q. were measured in filaments
with a small suspended mass (m = 30 g), in our experi-
ments, we suspended a mass m = 1.6 kg, which is close
to the mass of the mirror planned for the final version
of the LIGO program. This significant increase in the
mass made it necessary to use an intermediate element
with a mass of approximately 2 kg in the suspension
(Fig. 1.). This allowed us to suppress the leakage of the
energy of the violin vibrations to the support.

. . . -{ .
The calculations of the insertion loss QL inroduced

by this leakage (they are not presented here) give an
: -1
estimate of 0, < 107
The second significant difference in our experi-
ments from the preliminary ones is that the fused-silica
filaments used were more heavily stressed. This made
it possible for filaments with the diameter D =150 um
and length [ = 0.2 m to have a rather smal: value of
u =8 x 107 g. The suspended mass induced the stress

o = 4mg/aD?= 10° N/m?,

in these fibers, i.e., approximately 2% of the Young’s
modulus.

The O-factor for the violin vibration modés Q. of
strained filaments depends on their tension, which is
determined by the suspended mass M and intrinsic
losses in the filament material characterized by the loss
angle o,

—_ . —
w2y (ma) Yl .
Qv.ou=7,‘/m{l--—7j—”lm}@qv (3)

where [ = tD*/64 is the moment of inertia for the cross
secrion of the fused-silica filament, ¥ is the Young’s
modulus, and g is the fres-fall acceleration.

The losses in the material were determined from the
measured value of Q... the @-factor for the bending
vibration modes of unloaded filament segments
approximately 10 mm long with one end welided t0 a
massive support. Thev wers made from KS-tV ana-
lytical-purity fused silica with the lowest impurity

concentraton. In this case. Q;m = @,. Figure 2 shows
the axperimental values of Q-factors for lower modes
of bending vibrations of the filaments. The curve is
calcuiated for the case when the znergy losses are
determined only by the thermoelastic mechanism (61.
No. il 1993
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Fig. 3. Q-factors for violin vibradon modes of the susgen-
sion {ilaments for thres fused-silica penduiums.

The maximum of thermoelastic losses for the fllaments
under study was located near the charactenstc fre-
quency f = 40 Hz, so that. at fiequencies above | kHz,
thermoelastic losses made an insignificant coneribution
to the damping of beading vibratons of the filameats.

__ Substituting numerical values of the parimeters into

(3), we obtain the expected. value of the Q-factor for
violin vibration moedes of the suspension fiaments.
QVIOl = 2 X 109 )

Figure 3 presents the values of the Q-factors for
lower harmonics of the violin vibraton modes of the
suspension filaments. measured for the several pendu-
lums that were studied. The statistical errors of the
measurements were about 5%. The damping
inroduced by the energy transfer to the moiecules of
the residual gas in the vacuum chamber was
-0

(Qra) o= (5221 x 10
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Sample number 1 2 3 4 5 6 7
Stress value, S/S 084 | 085|083 | 048 | 063 | 0.13 ] 0.25 | 0.27
total data length, hrs 2 1.5 4 2.5 4 4.5 2 1
Number of the
amplitude bursts
overcoming the levels
>3 A4 115+15 343 | 306 | 217 | 236 | 155 112 | 126 72
>4 A 25%+2 59 116 77 82 32 44 43 22
>5 4 4+4 12 | 3 | 16 | 20 4 | 15| 16 | 4
>6 A 0 9 13 3 4 0 2 4 0
>7T A 0 6 2.5 0 0 0 0 1 0
>8 A4 0 6 0 0 0 0 0 0 0
04 0 6 | 0 0 0 0 0 o | o
>104 0 6 | 0 0 0 0 0 o | o

Table 1. The results of the violin mode noise measurements

on the tungsten wires.The S, is a break point stress value
for the samples, A is the mean amplutude of oscillation.
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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.

4 is a theoretical prediction for the thermal noise mean amplitude.
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The peak intensity hystogram.  is the number of peaks per hour
with the amlitude larger than A.
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