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Abst.act

Measuremenrs of rhe 0 factor of oven pulled ribbons of itandard fused quanz ovcr a frequency.range of 6 to 160 Hz
give results close to hose prcdictcd by thermo-elastic damping, This material loss, maintained after breaking and rewelding.
is consistent with susoension reouirements of advanced gravitational *ave detecrors.

1. Intmduction

Several large interferomeric gravitational wave
detectors are currently under construction in various
countries around the world I l -3]. Each of these de-
tectors relies on using laser interferometry to sense
the differential strain, caused by the passage of
gravitationa.l waves, between rnirrors suspended as
pendulums.

It appea$ that thermal noise associated with |he in-
temal modes and suspensions of the test nasses is
likely to be the most important limitation to the sen-
sitivity of such insrruments and for the thermal noise
to be of an acceptable level it is essential that the loss
factors associated with the relevant modes and reso-
nances are very low.

In the case of the GEO 600 detector the sensitivity
modcl is bascd on thermal noisc above 50 Hz being
dominated by losses in the internal modes of the test
masses, Using a reported value 14,51 for lhe material
loss lactor of fused silica of 2 x 10-? thus sets a limit
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to the detector sensitivity of 7 x 10-20 m/rEi at 50
Hz.

To achieve this sensitivity the contribution to the
motion of each test mass at 50 Hz from the thermal
noise of the pendulum mode of its suspension must
be significantly less than the internal mode contribu-
tion. Thermal noise driven motion at a level of 1 x
lo-?t m/r/fr. from the pendulum mode thus seems
desirable.

The power sp€ctral density ofthe motion of the test
mass, i2(r.,), isrelated to the toial loss tangent, d(dr),
of the suspension by [6]

com[(a 's

where &g is Boltzmann's constant, f is the temperaturc
and rn is the mass of the oscillator. Thus a loss tangen-t
for the penduium mode of approximateiy 4 x l0-'
is required. It should be noted that while i2(ar) is
erpressed as a function of angular frequency, rrr (units
rads-l) the density is with respect to linear frequency
(Hz).

( 1 )
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Experiments [7] suggest that the most suitable sus-
pension fibre material to allow such performance to he
achieved is tused sil ica, A typical suspension design
consists of a test mass of l6 kg suspended on two fi-
bre loops or on four fibres. Following the discussion
in the Appendix and assuming that there are no excess
losses at thejoints where the l ibres leave rhe mass, (he
loss tangent of the pendulum mode of the suspension,
69. a(a), is related to the loss tangent of the mareriai
of the suspension fibres, drn*(o), by

l l m g l
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where ln is the mass of the pcndulum, 1 is the lenSth
of pendulum, I is the tcnsion in cach wire, E is the
Young's modulus and / is the moment of each wire,
If ihe fibres are operated zt 33?o of their breaking
stress (assuming a breaking stress of approximately
800 MPa tor fused sii ica) the above formula for the
l6 kg rest masses of 6EO 600 suggests that a material
loss faclor oi less than 5.6 x 10-6 is required. The
experiments of Braginskii and colleagues [7] have
demonsirated that better loss factors can be achieved
in very carefully prcpared fused sil ica fibres over a
range of frequencies. Similarly K,:valik and Saulson
[ 8 ] have achieved encouraging resu Its with cy l indrical
fused quanz fibres.

ln this paper we demonstrate that with standard nor-
mal grade fused quanz ribbon fibres drawn in a sim-
ple radio frequency (rf) oven, loss factors may be
achieved which are more than adequam lor the needs
of GEO 600 and other gravitational wave detectors.
We also show that welding of these fibres may be car-
ried out with no observable increase in the losses oi
the material.

2. Experimenlal philosophy

At a resonance of a horizontally suspended lused
quartz ribbon the loss tangent of the ribbon material,

d..r(<oo) is given by the inverse of the quality factor,

Q,no,, oi the resonance of the ribbon [91. The qual-
ity factors of the first four resonances of a ribbon fi-
bre were measured under high vacuum condil ions by
measuring the ring down ol the fibre resonances with
time. For a resonating fibre, with no drivc, thc cnergy,
E , decavs as

Fig. L Schemrtic diaSram of ex pe rime nial rpparatus fof nrelsunng
amplitude deccy of f ibe rEsonances.

E = (Eo -  Eb )  e  
- " ! 'O  

+  Eb, ( 3 )

where ar6 is the angular resonant frequency of the fi-
bre, Eo is the initial energy of the fibre resonance and
E6 is the background value ofenergy to which the res-
onance decays. The Q of the fibre material ar angular
frequency <.16 is thus obtained from the gradient of rhe
line In(E - E6) versus t .

The fint ribbon tesred, of length 12.5 cm, width 3
mm, and thickness approximately 54 p,m, was drawn
from a fused quartz slide in an rf induction furnace
with a graphite susceptor. The end of the slide, of
ihickness I mm. was left attached to the ribbon ro al-
low robust clamping between aluminium plates. This
clamping arrangemenl should avoid problems associ-
ated with stick slip elfects at the clamping line I l0].
The clamp was rigidly attached to an aluminium lable
of thickness 25 mm supported by four aluminium legs
of diameter 50 mm pressed rigidly against the wall of
the stainless steel vacuum tank used. A vacuum level
of approximately 2 x l0-7 mbar was achieved using
a turbo molecular pump and an ion pump operating in
parallel. The oscillarory molion was sensed by illumi-
nating the fibre with rhe expandcd beam from a diode
laser or white light source and monitoring lhe diffrac-
tion/shadow pattern on a split photodiode, see Fig. l.

The outpu(s from lhe two halves of the diode
were subtracted. amplified and filtered before being
recorded on a PC based data logging system. The fibre
was excited by means of a rwo-strip capacitor plate
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placed underreath its end. The capacitor was bixed
to 750 V dc and the exciting signal was added on top
of this. The bias and drive were disconnected and the
plate grounded when ring Cown measurements were
being made. The fitst four modes of the fibre were ex-
cited in turn by a positive feedback method in which
the amplifred and suitably fi l tered output from the
sensor was applied in the corect phase to the drive
capacitor. The mode frequencies of this fibre were
lound to be 6.06 Hz, 22.8 Hz, 59.6 Hz and 106 Hz.

3. Initial loss measunements

ln order to check that the measured p factors of the
fibre were not being significantly l imited by damping
from the residual gas in the system the 0 factor of the
22.8 Hz resonance was measured as a funclion of gas
pressure in the system. The pressure was varied by
switching off the pumps and allowing the system to
slowly outgas. Our theoretical analysis suggests that,
at an angular rcsonant frequency ro6

where M is the molecular weight ofthe gas ofpressure
P, I is temperature and R is the gas constant. We
expcct

t t t l
r 5 ;

A-""r 0.", 0s". 0'h",

where l/0."," is the loss tangent o[ the system ob-
tained experimenta)ly, l lQe* is the contribution to
the measured loss tangent frorn gas damping of the
resonance, t/@,no, is the intrinsic loss tangent of the
material and 1/ooder represents any other soutces of
ioss present. A plot of l/8,.". as a function of P
should thus intersect the y a:is at a value equal to
( 1/Qmor+ I /gorhc,) allowing an upper l imit to rhe ma.
terial loss at 22.8 Hz to be found and thus a tower l imir
lo the material Q of the ribbon fibre at that frequency
to be estimated. A plot of l/0."". as a function of P
obuined as the system outgasscd is shown in Fig.2,

From this figure it can be deduced thrt for pressures
below approximately l0-" mbar gas damping is not
significant and that the material Q at this frcquency is
ol the oraler ot lt l".

trasu.r (dnN.l

Fig. :. vffiation of l/@.ec for Ihe 22.8 Hz resooance of a quartz
ribbon fibre ca the pressure in $e tank was vaiied by turning off
rhe vacuum pumps aDd rllowing the sys(em to outgai.

3.1 . Cas damping obsenations

It is interesting to note that wbeo Eqs. (a) and (5)
are combined the gradient, msas, ofa graph of 17'p..*
against P is directly proportional to the square root of
the molecular weight, y'M, of rhe gas in the system
such that

mg*= Pvqi ,  (6)

where B is a coostant. If the constant in Eq. (6) is
known rhe molecular weight of the gas contributing to
rhe damping may then be found. In order to evaluate B
the system was backfilled with nitrogen and the gradi-
cnt of a plot of l/Q against P caiculated. A value for
the gradient was obtained giving B = 0.013 i 0.002.
To check this value the system was then backfilled
wirh hydrogen. However in ordet to obtain an appro-
priate value for B for a case where the gas in the
system is something oth€r than nitrogen a correction
factoq 4, must be applied to the pressure readings as
shown on the ion gauge for the system I I I ] . The re-
sults obtained using hydrogen suggested a value for B
of 0,011 * 0,003, consistent with the previous value
within experimental errors.

For the case where the system was allowed to out-
gas we are thus left with a relationship between the
molecular weight of the gas in the syslem and the ap-
propriate gas correction factor given by

( 4 )
t l

a * . * *

^/c *
7l

M ^

RT"

t 3  + 2 . ( 7 )



I 5 6

Fig. 3. Spread of measured Q values for the firsl four modes

ol a fused quanz nbbon and the linlit to mcasursble Q set by

lhcrmo-eiastic damprng. The tempemlure in thc hborntory {hcn

meesurcmcnts label led {a) were trken was signi i icantly lower than

when mecsuremcnts labelled (b) werE taken approximarcly one
month latel

A residual gas analyser sensitive to molecular weights

up to a maximum of 80 was used to analyse lhe gas
conten t of the system; however none of the gases fou nd
had coftection factors consislen( with the aboYe rela-
tion. This leads us to suspect that when the system
outgasses the gas responsible for damping of the fibre

resonances coniains molecules of very high molecular
weight. perhaps produced by an epoxy used

4. Results

A series of measurements at lhe best achievable
vacuum, where gas damping effects were negligible'
were made and th€ results are shown in Fig. 3.

The measurements were made over a period of sev-
eral weeks during which the temperature of the labora-
lory rose by several degree5. Coupling between modes
was an observed feature of the measutemenls and ,s
the temperature rose it became impossible to obtain
an erponential ringdown for the mode at 59.6 Hz. In-
stead the 59.6 Hz mode died very quickly and the en-
ergy was seen to transfer into the 6.06 Hz mode' Thus
there is only one point recorded at 59.6 Hz. A similar
effect was observed at 106 Hz' Also there is a sig-
nificant spread of @ values for 6.06 Hz and 22.E Hz.
It shoufd be noted that the best 0 at 22.8 Hz cofie'
sponded to a relatively poor p at 6.06 Hz when the
laboralory temperature was parricularly low and that
as the taboratory temperature rose the 0 at 6.06 Hz im-
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proved while the C at 22.8 Hz reduced. The existence
of mode coupling makes the results shown in Fig. 3
somewhat difficult to interpret in detail. However it
can be clearly seen that lbe material used and method
of 6bre prod.rction adopted allow material 0 factors
oi approximarely 5 x l0s to a few 106 to be achieved
which are signilicantly betler than is required for the
gravitational wxve detectors under constructjon.

5. Thermo.elastic damping

Ir is expected that thermo-elastic damping [12]
should be significant tbr the fused quarlz ribbons un-
der rest. In particular the limi(.Qtc, to the mcasured 0
of the material set by thermo-elastic damping is given
by

l @ 7
:- = 4:---:------; ,
arc  |  +  u 'T '

where

/  o \
I = ---- 

^-pL

and r = l lTtr fcna, with the characteristic frequency,

/ch- of the fibre given by

.  r K
tcha! = 

,;Fi,

(8 )

(  l 0 )

with a being the coefficient of linear expansion, C
being the specific heat capacity. p being the density,
K the thermal conductivity, and I the thickness of the
ribbon.

The thermo-elastic limit for the ribbon under test
is shown in Fig. 3 and it can be seen that while lhe
thermo-elastic effelt is close lo limiting the fibre at

frequencies above approximately 100 Hz' there must
be some other limiting mechanism, perhaps intrinsic
to the dbbon produclion method, at lower ftequency.

6. Further exp€riments

When using fused quartz as a susPension material i!
is very useful if quanz ribbons can be weldcd to each
other or to fused quartz substrates forjoinling purposes
and it is imporranr to determine whether such welding
can be carried out without increasing the losses in the
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Fig. 4. Spread of measured € vclues for the first four modes of
qu|rnz nbbon after hrving bcen broken nnd welded

F7<{!.nN lh?,

Fig. 5. Sprcd of nlcatlired O vrlucs Plus thermoelastic danping
limir for secood sanrple ol fuscd qunnz ribbon

material. To investigate lhis tbe ribbon tested above

was broken and the two pieces of the ribbon weLded

close to the neck at which the ribbon e\pands into the

thicker slide. The Q values for the first four modes

of the ribbon were remeasured, the mode lrequencies

being only slightly changed. The results are shown

in Ftg.4 from which it can be seen that the welding

procedure has not caused any appatent increase in loss.

To investigate (he vatiation of material 0 values

between samPles a second fused quartz ribbon was

tested with approximate dimensions of l4 cm length'

I mm width and 90 am rhickness. The measured p'

values for the first four ribbon resonances along with

the appropriate lhe.moelastic damping l imit for this

ribbon are shown in Fig.5.
The measured p factors for this ribbon can be seen

to be of the order of 106 in agreement with the results

for the previous measurements'

To check that the geometry of the ribbon was not

significantly affecting the vaiues of Q factor obtained,

a cylindrical fused quartz fibre was tested. The mea-

sured p factors wcre found to bc of the same order as

for the quartz ribbons,

7. Conclusions

In the frequency range 6 to 160 Hz the material loss

factor of standard fused quartz ribbons, drawn from a

slide in an rf induction furnace, is reproducibly found

to be of the order of 2 x l0-6 to I0-6, a level where

this fused quanz should be an excellent material for

the suspension fibres for the lest masses of gravita-
(ional waye detectors such as GEO 600. Welding of a

ribbon appeared to have a negligible effect on the ma-

terial losses. Measuremenls of the material loss of a

cylindrical fused quartz fibre gave Yalues of the same

order as for the ribbons.
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App€ndix A. Brief discussion of the rclationship

between the loss tangent of a pendulum and th€

material loss tangent of the pendulum susPension

Sbres

There have been several publications on the rela-

tionships of the loss tangent of a pendulum, dp.na ( <.t ) '

to that of the violin modes of the pendulum suspen-

sion wires, d,iorin (. ), I I 3.14], and to that of the ma-

terial of the suspension wires, dn:ar(ar) 16l. In the

latter crse, for a pendulum suspencied by n wires the

following relationship is derived,

i t ,
g '

il

ril

t c

l t
rn
ts
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where r = 4.
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where rn is the mass of the penduJum, / is the length
of pendulum, I is lhe tension in each wire, E is the

Young's modulus and / is the moment of each wire.

Study of Refs. [ l 3- 1 5 ] suggesrs that this formula is

a description of the situation where the wires are in

one plane, a plane through the ceoler of mass of the

pendulum whose normal is paral)el to the direction of
swing of the pendulum. In this arrangement lhe sus-

pension wires bend only at the top when rhe Pendulum
swings. If the wires are not all in this plane thc pendu-

lum mass is constrained to move essentially without

rocking such tha( bending takes place both at the top
and bottom of the suspension wiresi thus th€ conlri-

bution of the material loss to that of the pendulum is

increased by a factor of two. For the GEO 600 sus-
pension design discussed in Section I the relationship

berween the loss factor of the pendulum and the loss

factor of the malerial becomes
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