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some new experimental """".0r, ,..*iffi'lJ the Peformance and range of la""r
interferometers for gravitationel wave detection are describ€d These indude tlle use of

holographic diffractio"n gratings in test mass miEor coarings to permit higher light power and

reduied thermal noise, and possibilities for extending int€rferomet€r performance to lower

gravitational-wave ftequencies by use of magnetic levitation and other techniques'

l. Introduction

The sensitivity of laser interferometer gravitational wave detectors is determined by

noise of various typ;s, with the noise source which dominates being dePendent on the

fiequenry region b;ing considered. At high gravitational-wave frequencies photon shot noise

is gene."lly ihe limiting factor; at low frequencies seismic noise is expected,to set the limit

uniil graviLtional gradi-ent noise on the earth is encountered, and at inrcImediate frequencies

thermil noise from the test masses and their suspensions is expected to dominate until

quantum limis are reached. We discuss here some experimental concepts intended -to
facilitate pushing tlese limits down. To reduce photon shot noise we discuss possibilities for

interferometers using diffractive, instead of transmissive, coupling to allow operation at

higher light powers,;nd permit choice of test mass material for lower thermal noise. To

reduce seismic noise we inuoduce some concepts involving magnetic levitation, and also

discuss some possibilities for coupling the suspensions at tlre ends of each arm of an

interferometer.

2. Diffractive-coupled interferometers

To minimize photon shot noise high circulating light flux is required in the arms of

gravitational-wave interferometers: circulating Powers as high as 500--KW have been

iuggerted for',advanced', interferometers using power rerycling. Heating effects in even lolv-

loJminor coatings and in transmission through substrates of beamsplitters or through test

masses c;ln be liriiting factors. These can be reduced by avoiding transmission through

materials, and. forming-low-amplitude diffraction $ating pattems in the mirrors or reflecting

coatings. Light is then coupled into optical cavities, or divided and recombined at

beamsolitters, bv diffraction alone.

2. t Proposetl i nterJeronder co,tfguntt io,$

An example of a simple diffraction-cor,rpled Michelson interferometer is illustrated in

Fig. l. Losses associated rvith blazed gratings may be avoided by choosing a grating spacing

*h'i.h "lloru, only one order of interference, and by using oblique incidence near.tJre Littrolv

configuration it can be arranged that all ditlracted light appears in one output direction, as

indicated.
This oblique-angle diffractive coupling technique can be applied to triangular ring

cavities, to folded linear"Fabn'Perot cavitiis rvhcre tjre fold occurs at a diffractive Inirror' and

to complete interferometcrs. Sorne possible contigurations have been suggested in an earlier

paper  ( l  ) .
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Advantages of difrartive t/sttms
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It is possible to use a diffractive minor at normal incidence, and take advantage of

the two s)rmmetrical diffracted beams for input and output coupling. One system of this type

is illusuated, in schematic and simplified form, in Fig. 2. Here the two arms of a gravity-

wave detector are formed between pairs of suSpended non-transmissive test masses, and are

coupled via a ring cavity to give some power and signal rerycling.

we originally proposed diffractive coupling for gravity-wave detectors with the main

aim of avoiding"thermil linsing and allowing increased light power. The possibility of using

non- ansparent test masses can also make it practiCable to use single-Crystal test masses of

very high mechanical quality factor, Q, thus significandy reducing intemal thermal noise.

SuitaUle materials may include silicon and sapphire, which also have the advantage of high

thermal conductivity. The removal of subsfiate absorption losses can also reduce total
heating, which may eventuallv contribute to make it practicable to maintain test masses at

reduced temperature, where the highest Q-factors are achieved

2.3 Consideratiotrs ort nirror t sign and manuJadure

The lolv scattering losses desirable make holographic manufacturing techniques

advantageous. Some potentially-applicable techniques have been used for otler high-polver

laser sysienrs. However, further divelopment may be required to minimize scattering losseJ.

Techniques mav include rnaking a grating profile on the top layer of a mirror coating stack,

making the p"it.rn on the substratc, or possibly generating a patteln of refractive index in

the coating material by ion inrplantation or suitable irradiation.

3. Extension of interferometer performance to lowel frequencies

Isolation of the test masses of a gravitational wave detector becomes increasinglv

difficult as operating frequencv !s reduced, since it is difficult to achieve sufficiendy loN'

mechanical resonances in the stages Of a paSSive isolation system, and seismic motions

thenrselves become larger at lorv frequenry' We propose here the Possibilitv of using

magnetic levitation to fornr test mass suspension and isolatjon systems with lorver resonance



frequencies than achieved in simple mechanical systems usually used in this field. We also
propose some new coupled isolation concepts.

3 .1 Magnetic levitation techniques for test mass suspmsion

The levitation techniques we are dweloping are ctrrrently all room temPerature
systems, with the fields generited by permanent magnets. Stabilization of the leyitated

objecU is achieved by sensing venical position and feeding small control currents to trimming
coils around the fixed perrnanent magnets. Such systems can have negligible power

dissipation. We are developing sweral different magnetic configurations-. _For _test mass

suspension it is essential to have very low thermal noise, and correspondingly low dissipative
losses. To obtain this, electrically insulating magnetic materials are required, at least in any

location where fields depend on the position of the test mass in tJre direction of the laser

beam. Further, coupling to time-varying ambient magnitude fields must be made small

enough to avoid intod;cing significant noise. We propose using one or more- pairs.of

oppo;itely-oriented magnets-on the test mass to cr.ncel dipole and possibly higher-order

*omenu, thus reducing coupling to external fields' An example of a simple 2-magnet

configuration we are testing is shown in Fig. 3
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Figure 4

In the version shown, a pair of oppositely'polarized small permanent magnets is

attached to a high-Q test mass, via a nrechanically-isolating connection to reduce thermal

noise. The suspinding field is produced by two long, insulating, pennanent magnets, with

trimming coils. The v;rtical position of the test mass is sensed by a simple shadow system

uslng twi infra-red beams iniersecting the top of the t€st-mass magnets, which control tlc

stabilizing current in the trim coils.
Tists with suspensions of this general r)?e have shown that the period for pendulum-

t)?e motion in the diiection of the laser beam mav be dominated by accidental irregularities

in'the fields of t]1e suspending magnets. A small fimming Pennanent magnet (not, shown)

located to the side of tlre main rnignets may be used to adlust the period' In preliminary

experiments, typical periods are arorind l0 seconds or longer, with rela-xation times of several

hours.



3-2 Magnetic levitation seismfu isolatiqn st^ges

Slightly different considerations apply here, in that eddy-current damPing provided
by the conductivity of typical rare-earth magnets can be used to advantage Further, a system
providing more isotropic isolation can be use.firl. A simple configuration used in some
preliminary tests is illustrated in Fig. 4. Here three separate levitated "legs" are used, each
having a levitated magnet htween two fixed field magnets. Each levitated magnet has _its
own vinical sensing system, for which we have used Hatl-effect sensors (not shown) in this
case.

3.3 Tilt-aupledsuspensinns

The test-mass suspension shown in Fig. 3 is very sensitive to ground tilt when
adjusted for a long period. We have earlier suggested coupling tlre positions of the
suspension points of conventional pendulum-type suspensions at each end of the arms of
gravitational wave detectors by autiliary interferometers, to reduce or monitor differential
horizontal ground motion. In long-period qAtems tiere may be an advantage in coupling
tilt motions at the ends of each arm in a similar way, as illustrated schematically in Fig. 4, for
the case of a magnetic suspension system.
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Systems of this general t)?e, whetier using magnetic elements or otlter suspension or

isolation techniques seem likely to be useful as a way of improving seismic isolation at very

low frequencies.
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