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Abstract

Niobium membrane flexure suspensions have been proved to be ale to adchieve high
penduum Q-fador, while niobium cantilever suspensions have been proved to give
high internal Q fadors in sapphre test mases. Here we present the propaosed
sapphire test mass sispension systems based onthe use of niobium flexures. This
suspension system has the alvantage of being robust whil e maintaining the high Q of
the sapphire test mass We show that it is aso advantageous to use Nb flexures in
future ayogenic detedors.

1. I ntroduction

Thermal noise sources are limiti ng noise sources in interferometer gravitational wave
detedors. To reduce the internal thermal noise of the test mass and the penddum
noise of the suspension, \ery low lossmaterials shoud be used for the test massand
suspension. Current gravitational wave research projeds use fused silica for test
masses?. 1t was proposed™ that sapphire, the lowest acoustic lossmaterial of all, be
used as test mass material for advanced interferometer detectors. There is now
extensive reseach on sapphire materials**®.  Present interferometer detectors use
fused silica fibres” as penduum suspension material. Such suspensions result in
good penduum Q-fadors®. However fused silica materia is fragile and prone to
moisture damage. Furthermore, fused silica is noncompatible for future cryogenic
detedor. An aternative suspension scheme—niobium flexure suspensions has been
proposed®.  Niobium membrane suspensions offer several advantages. First,
niobium is the material with the lowest loss of al metals at al temperatures.
Seoondy, it is nonbrittle and easy to use. It has excdlent yield to Young's moduus
ratio, which is crucia in high Q-fador flexure design. And finaly, niobium has
excdlent cryogenic thermal conductivity which can be used effedively in cooling and
maintaining low temperature for sapphire test masses. The short membrane design of
the niobium flexure dso has the alvantage of avoiding violin string modes associated
with long wire suspensions™?.

2. Pendulum Q factor and membrane flexure
The Q-fadtor of apenduum can be written as'*!
K, +k, Kk,
Q, = K Qo »k_QO’ )

where kg is the gravitationa spring constant and ks is the spring constant, depending
on the geometry of the pendudum and the flexure respedively, while Qg istheintrinsic
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material Q-factor of the flexure. For a membrane flexure, ks is described in angular
spring constant term and is written as*?
= Ell @
tan(/)

where E is the Young's moduus of the material, I=at*/12 isthe inertial of area of the
membrane aoss ction, ais the width of the membrane and t is the thicknessof the
membrane, | = QMg/El), | is the length of the membrane. For simplicity, we can
asume that | satisfies the mndtion Il >3, so that tanh(ll )->1. Then, the agular
spring constant is sSmplified to

k,=MgEl . 3
The gravitational spring constant is proportional to Mg, while in the case of a
compound @nddum ks=MgL where L is the distance to the center of mass The
penduum Q-factor with membrane flexure can then be written as

_ |[Mg
Q, = \/;LQo- (4)

Substituting | into the equation (4) and wing d1 as the tensile loading fador (in
addition to the bending stress), dlY=mg/at, where Y is the yield strength, the &ove
eguation kecomes

L Y
Qp = \12012Q,. (5)
It can be seen that it is advantageous to have athin membrane (whil e the width of the
membrane can be relatively large to satisfy the strength requirement) to achieve high
Q-factor.

Previous work has demonstrated that a monolithic niobium membrane flexure
penduum can achieve Q fador 8 x 10° (limited by the vacuum presaure) 3,

3. Flexure module

To solve the pradicd problem of attaching the niobium flexure to the sapphire test
mass aflexure modue was proposed. Thismodule consists of micro-cantilevers and
membrane & down in Figure 1(b). This module will enable the flexure to be
mourted and replaced with relatively ease. There ae small ti ps on the cantilever at
the suppating contad points. Thisisto provide high presaure contacts between the
flexure and the test mass Previous work with micro-cantil ever suspension™® showed
that high contad presaure suspension is important in adieving high Q-factor of
sapphire samples.
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Figure 1. () Sapphre test mass sispended by niobium flexure modue. (b)
The flexure modue onsisting of a membrane incorporated with micro
cantilevers. The overall dimension d the modue is abou 7mmx 7mm x
7mm. (c) Dovetail groove on sapphire test mass



4, Effed of grooves on sapphire test masses

Use of the flexure modue requires asmall groove to be ait into the sapphire & $own
in Figure 1. It is posgble that such a ait might increase the thermal noise of the test
mass There ae two main fadors. (a) surface damage of the ait and (b) geometry
effect of the aut --, that is the motion d the alge of the ait ading as extra resonant
massthat coupes to the test massinternal modes*¥. We have demonstrated that the
first fador can be minimised by annealing treatment of the sample dter cutting. The
later fador depends on the shape and pasition d the ait. Finite dement modeling of
a f150nm x 60mm piece of sapphire with a dovetal cut shows that there ae no
significant extra mode introduced by the groove for modes below 10kHz. Modeling
results also show that couding of motion d the small mass arourd the ait to the
motion o the midde of the massis very small*9.

We have tested the Q-factor of a small sapphire sample with agroove ait into it. The
sample is a 30mm in dameter and 100nm long cylinder with two faces poli shed and
fine groundsides. The measured Q-fador of this pieceof sapphre withou the aut is
~1x10’. Then asmall straight groove ~ 2mm deg and ~ 0.5 mm thick was cut in the
middle of the cylinder. This caused the Q-factor to reduced to 810°. However, after
low temperature annealing (1100C), the Q-fador remvered to 1.310.

Furthermore, a pair of dovetail grooves as $hown in figure 1 were ait in the dowve
sample. Unfortunately, significant imperfedions and microcracks were introduced
during this cut. The Q-factor degraded to 17x10°. After the low temperature
anneding the Q-fador recvered to 7x10°. Similar results were obtained using
doule loop tungsten wire suspension as well as Nb flexure modue suspension. This
implies that the flexure modue suspension daes nat create significant losses at this
level. We nate that for this test, the surfaceratio between the grooves and the sample
islarge. It isuseful to compare the large slotted sample with that required for the full
scdetest masses. The surface ratio between the small straight groove surface and the
sample was 0.4%. It was 1.8% for the large dovetall grooves. For a 10 kg test mass
the surface ratio between the test mass and the grooves would be <0.2%. Thusit is
expeded that with a good finishing and anneding the Q-degradation due to cutting in
afull sized test mass $ioud be very small.

5. Advantage of Niobium Flexurein Cryogenic Detector

In future cryogenic interferometer detedors, the short niobium membrane flexure
modue is advantageous. First, the ayogenic Q-fador of niobium is very high, abou
10'~10° 1. Semndy, niobium has excdlent cryogenic thermal conductivity
(100Wm K @4K!*®). The short length of the membrane has very low thermal
resistance Since the contading point of the niobium flexure cantilever is at yield,
there is good contact between the flexure and the test mass The thermal boundary
resistance (Kapitzaresistance) is given by
R =bIAT?, (6)

where A isthe contading areg b isthe wefficient and T isthe temperature. The value
of the coefficient of b between solids is not well known, bu is estimated to be b~
10°—10* m*KHYW1%29 Asaiming that the mntadt area A is the aea under yield,
then A isin the order of 5x10'm? for a 10 ky mass Using the worst case b=1073, the



Kapitza resistance & 10K is abou 2 K/W. This is snal compared with the bulk
thermal resistance of the Nb flexure (20K/W at 10K). We modeled the latter using
the ANSYS finite dement modeling padage, for a flexure design optimized for a
room temperature performance. The result of this analysisis given in Figure 3. The
result is only negligibly modified by adding the Kepitza resistance, aso shown in
Error! Reference source not found.. It can be seen that for a hea power input of
300mW, niobium flexure modue is expeded to maintain the test massat 10K. For
comparison the result of sapphire fibres suspension™ from TAMA group is aso
showninfigure 3.
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Figure 2 The epeded cryogenic test mass temperature with
different input hea power using niobium moduar flexure. The top
two lines are results from TAMA group with of sapphre fibre
suspension.

The expeded thermal noise of a 10kg sapphire test masswith Nb flexure suspension
is $own in Figure 3. It can be seen that under cryogenic condtion the pendudum
thermal noiseis close to the quantum limit.
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Figure 3. Comparison d thermal naise of room temperature and cryogenic
interferometer gravitational wave detedors.



6. Conclusion

We have shown that sapphire test masses can be suppated by niobium flexure
modues withou significant Q-degradation for Q values >10°. Small grooves
necessary to suppat the sapphire sample have avery small effect mode shapes of the
test masses and do nd degrade the Q-fador as long as the surface is anneded after
cutting and as long as microcradks are avoided. At cryogenic temperatures niobium
flexures off er a substantial advantage over other proposed suspension methods.

7. Acknowledgement

This work is supported by Australian Research Courcil and is part of the research
program of the Australian Consortium for Interferometric Gravitational Astronamy.

Reference

LW. J. Startin, M. A. Beilly, and P. R. Saulson, “Mechanica quality factors of fused
sili caresonantors,” Rev. Sci. Instrum. 69 (10), 3681 (1998.

2 S. Rowan, S. M. Twyford, J. Hough et al., “Mechanicd |osses asciated with the
technigue of hydroxide-catalysis bondng o fused silica” Phys. Lett. A 246 (6), 471
(1998.

3 L. Ju, M. Notcutt, D. Blair et al., “Sapphire beamsplitters and test masses for
advanced laser interferometer gravitational wave detedors,” Phys. Lett. A 218 197
(1996.

*T. Uchiyama, D. Tatsumi, T. Tomaru et al., “Cryogenic aodling of a sapphire mirro-
suspension for interferometric gravitational wave detedors,” Phys. Lett. A 242, 211-
214(1998.

> T. Uchiyana, T. Tomaru, M. E. Tobar et a., “Mechanica quality fador of a
cryogenic sapphire test massfor gravitational wave detectors,” Phys. Lett. A 261, 5
(1999.

® B. Oreb, A. Leistner, G. Billingsley, B. Kells and J. Camp, “Interferometric

Measurement of Refractive Index Inhamogeneity on Polished Sapphire Substrates:

Applicaionto LIGO-II", Submitted to SPIE (2001)

”'S. Rowan, S. M. Twyford, R. Hutchins et al., “Q factor measurements on prototype
fused quartz pendudum suspensions for use in gravitational wave detectors,” Phys.
Lett. A 233 303(1997.

® S. Rowan, S. M. Twyford, J. Hough et al., “Mechanicd |osses asciated with the

technigue of hydroxide-caaysis bondng of fused silica” Phys. Lett. A 246 (6),
471(1998.

° D. G. Blair, L. Ju, and M. Notcutt, “Ultrahigh Q penduum suspension for
gravitational wave detedors,” Rev. ci. Instrum 64, 1899(1993.

193, E. Logan, N. A. Robertson, and J. Hough, “An investigation d limitations to
quality factor measurements of suspended masses due to resonances in the
suspensionwires,” Phys. Lett. A 170 352(1992.

1P, R. Saulson, “Thermal noise in medhanicd experiments,” Phys. Rev. D 42 (8),
2437(1990.

12\W. D. Winstein, “Flexure-pivot Bearings,” Machine Design 37 (6), 150(1965).

13, Ju, M. Baker, and D. G. Blair, “High Q niobium membrane flexure penduum,”
Phys. Lett. A 280, 182(2001).



14 M. Taniwaki, L. Ju, D. G. Blair et al., “Design and \erification d low acustic loss
suspension system for measuring the Q-fador of a gravitational wave detedor test
mass” Phys. Lett. A, 246, 273(1998.

2 V. P. Mitrofanov and V. N. Yakimove, “Effect of couding between modes of
ocsill ation onthe Q-fador of gravitational-wave detedor,” Vestn. Mosk. Niiv., Ser.
Fiz. 40(3), 30(1985.

8 D. Paget, High Q Niobium Dovetail Suspensions for Sapplire Test Masses, Honars

thesis, University of Western Australia, 2001

73, Ferreirinho, Low temperature internal frictionin niobium, PhD thesis, University
of Western Australia, 1986

18 y. S. Tououkan (Ed), Thermal Properties of Matter, Purdue University,
Thermophysicd properties research center. 1970

19F. Pobell, Matter and Methods at Low Temperatures, Springer, 1996

2 G. Frossati, Leiden University, Brazil, Private communication, 2001

ZT. Uchiyama, D. Tatsumi, T. Tomaru et al., “Cryogenic coding of a sapphre
mirror-suspension for interferometric gravitationa wave detectors,” Phys. Lett. A
242 211214(1998.



