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TORQUE FUSED SILICA OSCILLATORS WITH SMALL DISSIPATION
(the technology of preparation and methods of measurements)

V.B.BRAGINSKY, V.P.MITROFANOV, 0.A.OKHRIMENKO

Dept.of Physics, Moscow State Unlversity,
Moscow 119899, Russia

In this paper the technology of all-fused silica oscillators
preparation 1s presented. This technology permits to achieve the
decay time of oscillators Tﬁ = (1.2 ¢ 0.1)'107 sec and the quali-
ty factor Qy ~ 7°10°.

The content:

1. The design of the oscillators and the technology of prepa-
ration.

2. The design of the test installation.

3. The method of the decay time measurement.

4. The results of measurements.

5. Conclusion.



1. The design of the oscillators and the technology of prepa-

ration.

To test the decay time of torque oscillators made of fused
sllica we chose the following simple form of the oscillators: a
quartz cylinder was suspended on a thin quartz thread. In the
gseries of tests we used cylinders with the relatively small mass m
=308 ( the moment of 1nertia I « 25 g'cm2 ). The radii of
quartz threads were r = 60-100 um. The eigen <frequencles of
tested oscillators were wy = 1-5 sec™!,

The quartz thread of the oscillators was prepared 1in the
following way: a quartz stick with length 2.5-3 cm and diameter
0.2 cm was preliminary cleaned with chemlcals to remove from the
surface the organic and anorganic impurities which may cause the
additional losses of energy In oscillator. Thus the stick was
placed for 30 minutes in the mixture of chromic and sulphuric
aclds (to remove the organic impurities) and then for 30 minutes
In the 15% solution of hydrofluoric acid (to remove about 10 um of
fused quartz surface layer). After this the surface of the stick
was carefully washed in distilled water. Then the prepared stick
was situated in the open flame of oxygen burner to heat the middle
of the stick up to the temperature T « 1400°C when quartz became
soft. The volume to be heated depends on the required length
and thickness of the thread, it must be approximately 10 times the
volume of the thread. Thus to prepare the thread with the radius
100 um and length 30 cm 1t 18 necessary to heat approximately
0.5 cm of the stick with dilameter 0.2 cm. The softened quartz was
lengthened out manually to recelve the thread with two short



sticks on the ends (see Fig.1). A microscope was used to measure
the dlameter of the thread. The irregularity of the thread radius
as a rule did not exceed Ar/r = 0.2.

The choice of the fused silica kind for the Stick preparation
was the important point of the work. It 1s well known that the
fused quartz usually has several types of impurities ( NaOH, KOH,
CaCOz, attached water, etc.). These impurities not only affect the
window of optical transparency but also affect the mechanical
quallty factor. To prepare the stick we chose quartz which had had
at high mechanical frequences (wy = 6'103880_1) the high quality
factor (Qy x> 107). This kind of fused quartz had been tested 1in
another laboratory by measuring the Q of a tuning fork type
mechanical oscillator (1].

The next step was the attaching of the thread to the cylinder
and to the upper support ( a massive block of fused quartz ). To
avold additional losses we did not use any bolts to attach the
thread to the cylinder'and to the quartz block: the short sticks
at the ends of the thread were welded to the cylinder and to the
block. The cylindrical Juts in the welding areas of the block and
the cylinder were shaped by diamond‘tools as shown at Fig.1 to
decrease the temperature gradients during welding which can cause
the residual gradients of tension (an additional source of losses)
The stick at the end of the thread and the Jut were brought close
together and heated in the flame of OXygen burner up to « 1800°C.
In the case of visible optical unhomogenities absence after
getting cold we estimated the quality of welding as good.

After realization of all this procedures the prepared oscil-
lator was installed without delay in vacuum chamber. It was ne-
ceéssary to avold the accumulation of the oil, water and dust on



the surface of the thread.

2. The design of the test installation.

The scheme of the test installation 1s shown on Fig.2. The
mechanical part consisted of two heavy brass discs ( each disc had
the mass « 5'103g ). The lower disc was attached to the bottom of
the vacuum chamber. The discs were Joined by three brass columns.
The quartz block was situated on the top ‘disc. We used the
heaviest available in the lab discs and the block to reduce the
dissipation in the support system. It is possible to show that
the losses in the support system limit the quality factor of the
oscillator according to the simple formula:

Q! Q! oyl [ wm ]3 (1)
osc supp Jsupp Ysupp
where Qgypp 18 the quality factor of the lowest torque mode of the

support which has the eigen frequency Ugupp * Wy ° Jsupp 1s the
moment of inertia of the top disc with the quartz block, chl 1is
the moment of inertia of the test cylinder which with the quartz
thread constitute the oscillator. In our measurements Qosc~1'1o4'
(102)3~101O. This value 1s several orders higher than the
measured magnitude Q ~10°- 107 that may be regarded as the 1in-
trinsic one thus the losses 1in the support may be neglected. On
the other hand the parameters of our 1nstallation (wsupp and
Jsupp) do not permit us to test heavier oscillator and be sure
that the effect of "support limiting" Q,q. 1s negligible.

The presence of slightest quantities of o1l vapour on the

thread surface can seriously decrease the quality factor. To pump

>




out the chamber with the installation we used a ceolit pump ( till
g*1073 torr ) and then the working vacuum ( 2°10™° torr ) we ob-
talned with the help of magneto discharge pump.

To be able to heat the thread of the oscillator in situ (this
turned out to be the essential part of procedure ) a heater was
Installed inside the apparatus. It consisted of heated with
tungsten wire stainless tube that surrounded the quartz thread and
a couple of coaxial screens. To control the temperature inside the
heater we used a copper-constantan thermocouple.After the calibra-
tion procedure (determination of temperature dependence on heating
current ) the thermometer was removed to avoid the possible addi-

tlonal source of losses. The heater permitted to warm the thread
up to T = 500 °c.

3. The method of the decay time measurements.

We chose a simple way of the oscillator excitation based on
the use of pondermotive electrostatic force. The bottom of the cy-
linder was partly covered with graphite ( two sectors electrically
coupled ). Two metallic plates which had the same form as the
Sectors were situated under the main cylinder. These plates had an
angular shift relatively the sectors. The gap between the bottom
of the cylinder and the plates was 0.15 cm. Applying a d.c. vol-
tage U ~ 1000 V between the plates it was possible to produce 0s-
clllator angular shift « 310 3rad ir Wy o 1 gec™!. Usually we
applied several d.c.pulses to the plates with the period close to
ZWVwM . It was sufficient to excite the torgwe oscillations with
the angular amplitude ( 1-5 )*1072 rad.

The probable source of dissipatlion associated with this




system of excltation 1s electrostatic charge on the surface of the
cylinder. Estimations, whiéh we omlt here, shows that this
probable source corresponds the decay time Tﬁ > 10'0 sec.

The decay time Ty Was measured by registering the change of
the free osclllations amplitudes when the system of excitation was
switched off. The oscillations were registered by an optical angu-
lar meter: the optical beam reflected from the mirror, attached to
the oscillator cylinder, reached the net of detectors situated on
a panel. When the 1ight spot passed the :photo detectors the
electrical pulses were generated. The intervals of time, which
depended on the angular amplitude of oscillations, were registered
by a frequency control meter and then recorded. This system of
measurements permitted to accumulate data during several days
(this 1s the typical time of one measurement). The scheme of the
Installation for the decay time measurement is shown on Fig.2.

1f the laser beam passes between two photo detectors during
the time interval At ,' the following relationship 1s true:

AX
A= (2)
L Sin( A% wM)
where AX 18 the distance between photo detectors, A - the

amplitude of the torque oscillations, L - the path of the beam
Irom the mirror on oscillator to photo detector.
As far as decay time 1s defined
A
x
g = - (3)
dasdt '

one can obtain the simple relationship between Tﬁ and the change
of the time interval At in the course of time t ( under the




conditions: AT Wy « 1 § to-t,=T « Tﬁ where T 1s the time of
observation )
th—1 AT
.\t ATy

Ty . | (4)
M

Hence experimentally measured interval At linearly depends on
the observation time T . Using the linear regression analysis we
calculate the decay time.

Evidently the accuracy of the measurement wmethod 1s
determined by the variance of time interval of laser beam passing
between the photo detectors. Fluctuations of this value are caused
by laser power changes, trigger level variations of the frequency
meter counters and so on. But the main source of fluctuations 1is
the seismic excltation of nontorque oscillations of the quartz
cylinder suspended on the thread, namely modes M, and M2 -
pendulum oscillations in two mutually orthogonal directions, M,
and M, - the rotations of the cylinder around two orthogonal
horizontal axes,passing through the cylinder center of mass. In
Steady state the average amplitude of oscillations of this modes
depends on thelr quality factors and the magnitude of the
osclllator suspension point seismic motlon. Since we did not used
any selsmic vibration isolation system and these modes had high
quality factors Q > 10%, the average amplitude of modes M, and M,
achieved 5°1072 cm, modes M, and My - 51073 rad. These
oscillations caused motion of the reflected laser beam 1in
horizontal and vertical direction and shift of the time point at
which the photo detectors were triggered. The RMS of a relative
error of the time interval duration o(AT)/AT was near 107°. Tt
permitted to measure t* « 107 s per time less then 10° s with the



.

accuracy near 10%.
Nevertheless a procedure of the oscillator decay time measure-
ment usually takes several days. One of the reasons 1is that we can

not monitor the true amplitude of the oscillator immediately after

pumping the chamber to high vacuum and exciting of torque oscilla-
tions. Representative time dependence of the time interval AT
recorded at the beginning of measurements is shown on Fig.3. It
imitates light increasing of the oscillator amplitude. This fact
can be explained if one takes into account that measured value
X(t) is the sun of the harmonic oscillations S(t) and noise
oscillation N(t) produced by seismic vibration that we consider as
Gaussian noise.

L(t)=8(t)+N(t) (5)

The total signal amplitude p(t) statistical distribution 1is
the generalized Rayleigh distribution [ 2 1:

p [ P Pg ] P+ ot
Wp) =— I . €xp [ - ——-————-] (6)
R 2 o

where Io is modificated Bessel function, 02 is variance of noise,

X(t) = p(t) cos [ Wt + G,
S(T) = pg(t) cos (gt + ¢g(t)1.
So the measured amplitude
0 . .
mU=Ipwm)m (7))
—00

can change its value due to variation of 02 ‘which 1s caused by




selsmic exciting of all oscillator modes:

p(t 4 1 02
p(t) =4 pg [+ ‘Ps] | (8)
under the condition pS/Z @ » 1.

After the lapse of time necessary to establish steady-state
amplitudes of oscillations in modes M, - M,, corresponding to the
middle 1level of the seismic noise In laboratory ( this time was
near 10° s ) we reglistered linear dependeﬁce of Interval AT
duration on time and founded the magnitude of the decay time Tﬁ by
the least-square method.

4. The results of measurements.

Eight fused silica torque oséillators were fabricated accor-
dingly to the described above technology and tested.

The decay time of ‘this oscillators tested without heating 1In
vacuum after preparation was ( 2-4 )'106 s ( frequency wy = (1.1-
1.6) s~!. It the threads of oscillators had been heated at
300-350°C during 3-5 hours and then cooled straight before the
measuring the Ty value increased.

The maximum achieved magnitude is

= (1.2:0.1)10 s,
that corresponds Qy « 7108, Fig.3 shows the experimental time
dependence of At. The regression analysis of the part of this
curve,measured after the completion of transitional processes, re-
veals the Ty magnitude.

After the oscillator stay in low vacuum (107! tor) during 10-
12 hours the Tﬁ value decreased but the repeated heating restored



it.

The obvlous dependence of Tﬁ on the circumstances of heating
shows that the Ty value (5°10%-10") s characterizes the damping
processes comnected with thread surface )phenomena. Since the
structure changes in fused silica take place at the temperatures
above 600°C, heating at 350°C evidently affects desorbtion of
absorbed molecules, specifically water vapor, from the thread
surface and diminution of the viscous loss on the surface. On the
way of surface damping processes elimination apparently the
further Tﬁ and Qy increasing 1is possible, until the value of Qe
will be limited by the loss in fused quartz structure.

5. Conclusion.

1. The achleved value of quality factor Qg for torque fused
silica oscillators is the highest on record for low frequency
mechanical oscillators. But it 1s not to be considered as a 1limit
of a fundamental nature. It can be increased, for example, by
more careful cleaning of quartz thread surface. For the same
energy dissipation Qﬁ1 Tﬁ can be increased with 1 (the length of
the thread) and J (moment of inertia of mass) increasing.

2. All measurements were performed on the preliminary test
Installation. The advanced installation which we are creating now
will pérmit to test oscillators large masses and lengths of the
threads. We project to measure Ti and Qy for pendulum fused quartz

oscillators as well.

This work was partially supported by the LIGO project ( Cali-
fornia Institute of Technology ).
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Fig.1. Design of the fused quartz torque osclllator.
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.2.5cheme of the test installation: 1{-vacuum chamber; 2-ceolit vacuum pump;
g}%agneto charge vacuum pump; 4-top disc; 5-two metallic plates; 6- He-Ne la-
ger; 7-beam collimator ; 8 Yo focus lens y 9-mirrors; 1 —mirror attached to
cylinder; t1-photo detector panel' 12-formative ampllIier' 13-frequency meter.
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Fig.3.

Deprendence of 4T vs time.
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