
-lcrncoI
-7

I
C

O
q)<

c)
C

^,
<

o:6>r_DT<
/)

-{--F
r

{s-rC
^)

C
^)

F.trr
JSg)
-b

iierL

A\I{'\
\lvi
t

,w\r)
\J:$t)-
I|\*r

tI
'i'\v$

.
A

-J 
R

.
.o

"tr
- 

5
fii

E
 

E
9

.9
 

.9
>

H
 

tis
?

E
 ?

E
€

o
 tr

 
o

 E
a

gg F5€
8

S
a

 :S
s

tv
)': 

il 
c

a
.i 

I
rn 

tr 
=

 
crt 

tilF
 

^
-

li.E
 

J
a

E
g

$
s

 :$
e

a)

*
€

,Ir 
A

{

H
-H

3
d

@
)

i
:

J
2

rr.i
u

:

t
 -

:

tri
\r 

:

!,(t

a

ltL
r:

^/r,
r "i:ilqgu)

€'€€o8uoclAl+
{ob.G
I

6z

:
:

:
:

is
fi

:t4
 $

ie
V

i
it -i
i "

W

"!d
 ni

-vi* fi
:hld? ori
v

' 
ri

r1
i | 

':

ri#
4

st: : )i
P

i ,'!
*ziB

4
zi 

b
!

rr! 
;

n
l 

#
i

B
,

z
:'il
:

g
.: 

I
F

&

Eotror,'rtG
'

8F
 s

s
fi s

E
;6

:s
<

r
H

'3
 h

(2
E

ro
.E

 }
E

F
g

S
1

6
 

'3
 -s

a
v

p
(

,



c\l
C

S

o-

a
\J

l.r !
U

(
rJ?

^
 

.;
2, 

6
=

?
I

^
5

t

a0H.F
lF
4

F
l-{()Hct
c

a\
t'{(l)oHHcg

FF
.L.{a\

F
*

o
+

4
0

l
c

d
i

F
{

,io
I

\̂/
'C

J C
>

H
\

O
C

g
?1 

\../

E
E

f&lr{ 
cA

a
t

r

E
g

B
h

'
{-) 

F
l

€
.8

$
{

A

H
E

e
,g

V
)

'<
r

(o.<
l-

!ri-

E<
r)

cr?

<
:

ss+c.o
g)I
G

,
g

I
g)LtJ

F



C
D

c9o-

s
g

.F
l 

.d

o
o

t
r

A
E

.g
E

E
h

.E
€

s
t

l

9
€

1t

ou)
.tioc{.Jo,qatroJJOo)
t-aC

)
O

-
A

E
H

.
4

-

E
Et

l
(

c
o

ii3Ig

tno\o\tE
{71F
'

o.F
{

HG
I

OE.F
{o0)a(r)Ab.r{(A()

OoO\ocrqrhv

!d-

cosrtqi-

Eoa<
v)

lrfr<
i

!f-f=
,

oFa-/')

(5-<
.r)

A
-

<
tr

_l<
D

-ct)
<

!?

<
t)

co(t)I
e.g

I
o)Ltl

F

"o

s'o
IC

'(1
) f"3

fl 
rrrrin

 lru
o

u
rt;rrrrl lm

n
d

d
r g

o
 llp

trp
 

lrrlrrd
r rrru

1
1

t3{u2J'+
td3

(y) n
,rr;r e

a
r,r p

u
o

1
1

r1
5

trl lu
)rd

d
r 

1
o

.(1
p

le
p

 prlrrd
r rrru

u

lr

i ,'.'.'.-, . ;

.
r

t
r

 |
 

|
 

a

l
r

r
r

.
 

|
 

|

.ii:i-:,:.i

tffi

iI{rli:,
V

:
fil.:li

ii:
J

!

,ii:

l
.

 I



s
fl

C
F

(t)
t{0)
'otr.F

{

F
a>

\ 
v)

o
-

F

t
-

/
A

-

d
K

s
-

o
-

t
r

(
l

)
d

'
F

t

E
 

E
T

'
s

a
o

.9
H

f;
.\ 

C
n

 
F

{

.
€

 R
A

?
t

E
=

 e
t 

tr-'E
 o

E
 h

H
 F

(t) 
o 

f 
a

o{-l+
ii'ro

H
S

f*{ 
F

{ 
..

fi "f 
+

-i-
E

.
j

.
E

F
 

A

IS
s

E
$

=
 

=
=

! 
a

 
(n

 
e

.

T
 * r 8

 g
'E

.\o
 .9

 
f; 'E

 'E
 -5

I 
€

 
y

 
c

d
 O

.q
; 

R
 ; E

 : 
F

E
 { 3F

€g
f

|
-

E
6

c
t

{
c

\
'O

ll 
(t) -q

 
o

 
o

 
a

r.l
f-l

lzEq.f-Ic>F
r{I"oF

a
I-lohXb0tro

t.{Er{Jaa

s.A\-,rr)
NE

N
c

)
F

v1 
t*f

GsI
?

,-=
s

 H
b

F
h

R
 

F
i

s
>

b
 x

rrl 
I 

I 
f-

H
 X

Y
N

f
-

#
 

\./ 
.?

?
V

 
,

7
.-.r- 

S

t
 H

d
F

a
-

!
/

 
H

 
E

I
}

 
E

tr-t
a

1
 O

=
q

l
l

 a

a
a

torl*r)GC
J

tiirl{(J{)ea€
()ta

o
l((I)

&

F
l

<
o-g-

€G
I

<
r)

C
D

=
rs!F=
,

<
>

raJ)
<

E

=
,

<
tr

T<
tr

<
5

=
,

F'sl'

ct)

<
o

C
DI

e,<
tr

=
Io)LUF



C
D

ca
-l-C

t
6t-ooD

I

{|r,co(t

$D!7L$5EEoo"O

$E

(9ltr6\Lql
F.ss€cDv

\t

urtl

IE

?qlt,

,$F:t!*J

Loi,oEflE

EC
'I

rF

b.Eo(,L.g!tosEoo-Eoo{JoN

,qf

rtrgT
'

\r'c,93Acocto5U
'l-p-.EI

Itguloo@oufo

.<
r

<
o=
r

r{>

€(Y
)

cf)

€=
l

'sr+=
,

oEF<
r)

oa.<
tr

<
t>

:Eo-.J<
-D

a,

€=(t)

(oo)I
e.z

I
q)lJ.J

F

g,oo



coC
F

d
l

o:rc'tro,o

Lo*roFLtlF-

A3o,5c-gC
L

\./

Co'6coC
L

O3ol-e.=EI
Egluooroo]U(t

sf(o€r<
'

6cfJ
cf)

-{-

!€-

.<
r

{-z,oEF<
J>

<
tr

(3z,<
,/>

:Eo-<
tr

J<
-D

=
,

=cs,
T

T
ct)

<
oct>I

EL
I

(t)

tri
=

e.xc6a-



c-C
F

o-

oE(UC
L

-oorHo*

goo

Jl
h

,F
 P

g
'p

-E
S

,g 5
3L!r 

C
L

stth' 
lL. 

-

.t!�|. 
f

G
-

-
r

-

6
6

$
r

p 
ft)

L
\

/
($

/*

6"Eotto-rr-e

o5J

AL-

o
€

t
u

<
. 

rI-

€
l

a
N

=
 

\.t

; 
crt

+
o

=
T

E
O

a
o{J

=
6

*
c

)
r

o
E

(O
=

oLLI
=

o
<

t)

(oo)I
x.g

I

Eui=

*()C{|,o
E

E
c

D
a

,
.x

a
ro

E
r

-
E



<
i

<
o

5'r{-

G
'

<
\D

C
Y

)

rqi-

!ci'

s-+=
,

oEt--
<

J>
<

tr

o=
,

<
tr

aJ>

o-<
tr

_Ja_D

=
,

=:Yo)<
o

cr)I
e.g

I
a>ut-F



)t

o)€

Ntsr+Ot-(Xo\(>tl.
{

.\t

sk-foX\otrttl:
A

r

b0
MtnF
dra{-r
'FE()
Ector-{

'ltsllraG
IG

trHHF
t

(>w+
f?tl

6a
t

<

C
)

F
{

H'oF
<

HG
I

EtrF
'

c)e?|
L{o{-)C

)
F

{
,{Hcg

.F
l

'o+
{o

F
I

F
rtO(lo

Jt

\rr(

\ot-'
&rt(.)
gtrF

I
cl

Eg3qioU
)

LorOtrril
frl>

\()

ca+
{o+
r()

cn

\nt-{

\oFil.

15.

<
o.<
r

q{'

6'cr)
a'o

sr<
.-l.=
,

c)<
t)

<
tr

-a,

<
-r)

o-<
tr

-t=
,

c\J
-l'g)(o<

t)I
E<

tr
=

I
cr)

IIJ



)gs

P
1

A
-

at,
u,

ID

oEgg'

€
t

$
EIItt

€gcB
.

\
bfig.!5(t

C
'

ro

ulF
r

Eat
uG

'

-
Eo!i:GBa

N
E

)
EacEo

I

F&+
{oboH. 

l-l

T
'C
C

I
oF
1

g@sE<
r?

oq9f=
,

aFoz,C
E

<
J>

<
E-).E
'

=
,

R
F

E
S

S
e

o
.,!'.ro

E
 F

 F
^

E
 Eg

g
R

.
l

 
5

E
t

o
o

5
d

E
d

3
gF

<
D

a>I

e
I

a>

U;>



Require h sensitivity of I0j2 , [,, at 100H2
Sets limits on therrnal noise f*{rl ffndulum
modes, violin rnodes and internal rnodes of
suspension

Thermal noise

Qviolin

Qinternal

(assurnes structural dampittg)

ments for GE 600:

alone gives tu = rc4 
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Qp.ndulurn = Qrnaterial

A,nd-Q*ateriat l

for a}-Loop
a

suspenslon
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length
tension

fl = number of wires

P - Youngs rnodulus
I - moment of mass =

r = radius of wire
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Eot aJ6ks rnass
o Carbpn steel

[ = 2 1 0 x 1 0 e
T = 160N (40N/wire)

Breakingstress-3x10e

SUSDENd on 4 wires made from:

. Fused silica
E - 7 3 x 1 0 e
f = 160N (4ON/wire)

Breakingstress-8x108
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For GEO;
let stress = breaking stress/3

401( rEP) -3x IOe13 40l$ t rz )=8x108/3

rsreet= 1 13pm =) fsilica= 22011m



Relatio io betw then orn
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Qpend = Qmat

=+ need Qmat

x 300

>- L.7 x 103

o Fused Si.lica

Qpend = Qmat

=+ need Qrnat

x 140

> 3.6 x 103

Necessary Q*ut values suggest that steel rs jusf good
enough fused silica is much safer choice.

(Typical Qrat for (carbon) steel = few x 103 )
(Typical Q** for fused silica = fewx  106 )



endul desi rnust seru material

Possibility of o'monolithic" fused silica suspensions:

Welditrg of fibre to mass (excellent results for
small rnasses - Braginskyo Traeger)

Optical contacting of fibres with rod ends
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for pendulum (2009)
suspendq.d by fused siliga fibres

Fused silica fibres drawn frorn rods of 3mm
diarneter - end of fibre still have rods attached
Rods at top:

clamped/glued into brass cylinders using
vacuum epoxy
brass cylinders held in aluminium clamp

Rods at bottom:

glued to glass pendulurn
or clamp edl glued to rnacor pendulum
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onolithic sus esirablensl0n

Aim: use fused silica fibres to suspend rnass - ends of
fibre optically contacted to test mass

(a) measure Q** of ribbon fibres =+ gives Q*at for

Qprno therrnal noise calculations

(b) measure Qprna of mass suspended by silica fibres

+ comparison of these results?
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Measuring O*^* fused silica ribbonsrrrr-lIlal,l,

Fused silica ribboll - drawn from silica slide
using RF oven
Dirnensions: length

<.
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o.)
cr?
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E
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width

thickness .v

12.5cm
0.3cm
54pm

o Use positive feedback and electrostatic drive to
excite resonances of fused silica fibre

. Measure decay of amplitude of resonances to find
Q*u,
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Meas$rernqnt of Q."nofor pendulurn suspend
fused silica fibres

' Experimentalset-up similar to that for wire pendulum

' Fused silica fibres drawn frorn rods of 3rnrn diameter -
end of fibre still have rods attached

' Rods at top glued into brass cylinders using vacuum
epoxy

o Rods at bottom glued to glass pendulum

' brass cylinder clamped into aluminium holder
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Amplitude decay as a function of time for glass pendulum suspended by
SiliCa fibfeS ( eerr rorc Go\Atv/.a*yssrD)

c
rn

<D
I

3
.J

I
<o(t)

co
<tl
cs

=.

C'r-
:t>
rc

(J'

:D=,
a

:D
c/>

(:l
-.

+
.b
.F

..r

C^)
<^)
F

.H

.E
o)
.E

Amplitude
(arbitrary units)

25

30000 40000

Time (seconds)

Page 1



<
o

<
r)

I

trl
I'i5E"ttH('g(

)
A

.
-

x
?. 

tsa
E

i 
-.() 

b0
E

 
E

A
a

i 
ilI

O
 

i.iN
Jt 

c.i 
lll

€
 

i
l

E
.E

 
H

-tr
S

 
F

E
H

,
E

tr 
l4

=L.
a()G

'
-r23

tnFgoaotl
trE
FatrL

e
!

S
E

:
v

)
l

-
t

v

tr()
rn\otr(J

=
,

<
/)

=
,

<
E

U
>

F
 

t/rI
<

tr 
-l

-
J

.
<

D

f
=

, 
2.

=
6),v

E
E

Y
?

o
)

!v
<

o 
,u

c
P

+
&

t
g

^
n

+
Y

o)utF

u,
€

L.
{)g,ott'trtctol-.
.o 

_-___5
=

:

trHuEEtr!
()g.hog



Amptitude decay of macor pendulum suspended by silica fibres - rnixture
AmPlitude of clamping and gtueing

(arbitrary units)
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Investi / a
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. Opening tank and re-tightening clamps further -

Qp"oa initiatly recovered then degraded again

o Opening tank so pressure = atmospheric but
withput re-tightening clamps then re-pumped tank -

Qpeoo initially recovered then degraded again
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o Forces on tank under vacuum causing tank/internal
structure to distortflose stiffness - requires further
investigation



Future. rneasurements

o Make fibres from rods with flats
(in progress)
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. Optical contacting of these flats on to small masses -

test in systern in Glasgow
(soon)

o Optical contacting of similar fibres to full scale GEO
600 test mass
(test of this system in Pisa/Perugia?)
Test of durability of silica suspensions
Measurement of internal Q of large test rnass when
optically contacted
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