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Test of an 18-m-long suspended modecleaner cavity
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Fluctuarions in Iaser bcam geometry such as lateral beam movement and beam width variation can
produce perturbations in the output signnJ of a Iaser interlerometer through various coupling
mechanisms. In order to avoid this type of laser noise from degrading the sensitivity of
interferometers designed to detect graritrt ional radiation, cuncn(ly plaflned long-base-line deleclors
will employ resonant optical f i l ters called modeclelners to suPPress bexm geometry noise. Here we
describe a prototype modecleaner cavily conslruct€d at Clasgow having an optical Path length of I8

m and containing four suspended minors, We present results delail ing various aspecls of its
performance. Q 1996 American lnsritute of Physics. [50034-6748(96)05 I 07-6]

I, INTROD.UCTION

There arc now several projects around the world con-
strucling laser-based gravirational wave detectors of long
base lioe. In Lhe USA rhe LIGO team is building two 4 km
detectors to be sired in the srares of Louisiana and Washing-
ton, respecdvely.r The French-ltalian VIRGO ream is cur-
rently developing a 3 km detecror in ltaly.2 The Japanese
have begun construclion of a 300 rn base-line detector-
TAlvlA3OO in Tokyo,3 Meanwhile, in Germany work has
commenced in constructing the 600 m arm lenerh German-
Brirish detecror-GEo 600.{ Ir is projecred rhat all of $ese
deiecto$ wil l come on line during the yerr ?000 or soon
after.

During their first phase of operation the above detectcrs
are e.tpected to achieve a strain sensitivity of the order of
l0-N/.lHz at 100 Hz. There are various types of noisa that
have ro be dealt with before this level of performance can be
realized in pracrice. In $e case of geometry flucruadons as.
sociated with the illuminating laser beam, suppression of
several orders of magnitude is required, This can be achieved
eidrer with rhe use of a single-mode oprical 6ber or a reso-
nant Fabry-Perot optical cavity placed between the laser and
the input of the interferometer. The latter of rhese forms the
basis of a modecieaner scbeme and is the system'rhat all of
the long-base-line detectors will implement in one form or
another. Experience with prototypes has shown that optical
fiben have rather poor laser power handling capabil it ies
making it difficult to achieve power firoughpur vaiues of
mote rian about 507o. The proposed modecleaner schemes
should be able to achieve much higher throughpurs while
providing large suppression factors for beam geometry noise.

All the long-base-line interferometers will use infrared
Nd;YAG lasers (I= I064 nm). This conrrasrs wjlh prorotype
inten'erometers which have used argon-ion lasers. The use of
Nd:YAC lasers is driven primariiy by their much be(er ef-
ftciency and generally quierer characteristics with rcgard to
practically all types of laser noise. In the case of beam ge-
omelry noise, measur€ments show that. Nd;YAG lasers are
about an order of magnitude quieter rhan ffgon-ion lasers.
having beam jicter and width fluctuation noise levels of
6x/w-2x 10-61 ,,Eiznd 3w/ w - I0-6/ vfri. respectively.
ar 100 Hz.J Thus, the requiremenrs impos€d on a mode-

cleaner system to suppress berm geometry noise arc made
somewhat less stringent by the use of Nd;YAG lasers.

II. BEAM GEOi.4ETFY NOISE IN INTEFFEROMETEFS

To assess the beam geometry noise suppression that wil l
be necessary-tbr an interferometer Io achieve a strain sensi-
rivity of l0-"i r/Hz. we must have a good knowtedge of the
noise pedormance of the i l)uminating laser and the slrength
of the potential coupling mechanisms that exist. An estimate
of the beam geometry noise associated wirh the i l luminating
laser can be based upon existing measuremenrs such as those
given above. The coupling mechanisms rre a more complex
issue anci two panicular cases are considered herc. First,
rhere is ccupJing of lateral begm movemen! due to beam
splirter misalignment from a perfectly symmetric intentrom-
eter system. Second, there can be coupJing of beam width
fuctuation beccuse of a lack of symmetry in the interierom-
eter introduced by a mirror cur"ature mismatch in (he arms,
for example. Both of these are considered for the case of a
simple Michelson incrferometer where the drivjng laser has
a beam waist at the beam spliner.

A. Beam splitter misalignment

lf the beam splitter is aligned so that (he interferometer
system is pertectly symmetric then lateral displaceme:rts of
the beam at the input produce no signal at the interferometer
output. However. if the beam spliuer is misaligned ftom this
ideal siruarion by a smalJ angle a then a simple geometrical
argument shows thar a lateral movement dx of the input
beam causes rn effective differential displacement signal ds
given by

6s:1a 6s.

For De case of the GEO 600 detector which contains a
folded delay l ine in each irm, the optical rrm length is ef-
iecriveiy 1200 m and the lateral beam ji(er noise for a
Nd:YAC laser starcd above yields an eflective strain sensi-
r i v i rY  l im i t  o f

measur€d ir 100 Hz, The precise value of the misalignment
iingle will depend on the precision of auto-alignment
sysremso "mong other factors- Experience wirh prototype in-
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tenerome€rs suggests that a value of a=10-7 is mnin-
tainable leading_to a srain sensjtiviry l imir of
,1.i,-7x l0-18/F. Thus, we requrre a suppr€ssron l i lcror

:, l.uho:, l i" 
orders of magnirude ro achieve rhe rarg€r scn-

slt lvrty in lhis case.

B. Mlrrof curvalure mismatch

_ 
In a simple Michelson interferomeler i l lumjnared wirh a

Gaussian laser beam, the recombining beams have a definite
Guoy phase reJarionship at rhe rccomcinarjon poinr. The
uuoy ph3se characrcrizes the difference between the ware
front.of a propagating Gaussian beam and an ordinary
spherical wave fiont.t For the inrerferometer applicarion
here, $is phase is dependent on a number of factors includ_
rng the distance rraveled in the arms, the size ol rhe beam
warst at the beam spliner, and the curvature of the mirrors ar
the end of each arm, Alteration of some or all of Lhese pa_
famerers wjl l affect the phase relationship of rhe recombin_
ing beams which may lead to an effective displacement
noise, Of panicular interesr here is the case where the beam
waist size ar t ie beam splitter is nuctuttjng. In a perfecrly
symmefic intedercmeter lhis wil l have no effect on rhe rela_
tive phase of the beams at the recombination poinr. However,
if the minor curvatures are mismlrched by I lrucrional
amour! df,/.R r.hen a waist size Eucruation dx,o will produce
an-effectivc differenrial displacement noise ds. For rhe CEO
ow detecror wirh its I200 m arm length. computarion of rhe
prop^agation of rhe Guoy phase along each arm yields I value
ror d.r gtven by.

-  . ^_ ,  dR dw6
or* lu v _ _____:, 

i3)
which can be used with the yaiue of beam widrh flucruation
glven above ro give a sensitivity limit of

A P /
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at 100 Hz. It is generally accepred (hat large curvarure mir-
rors can be matched to around l%_giving dse to a strain
sensidviry limit of -gX l0-r8/.IHz ar l0O Hz. Ccnse-
quendy, we require beam widtb fluctuarion suppression of
almost nve orders of magnitude.

III. MOOECLEANER FILTER FOR BEAM GEOI,]IETFY
NOISE

As il lustrated above it appears that for a simple Nlichel_
son rntel1eromerer sysrem. berm geomerry noise suppression
oI up to hve orders of magnirude is required ro rl low I rar-qer
strairr sensirivity of te-22t,rE ar I00 Hz ro be reached. A
more realistic detector system will involve power recycling
cavities alld possibly Fabry-perot cavities in rhe inreri!rom_
eter arms which will have propenies that differ iiom rhe
simple Michelson arrangement. However, the above figures
can be considered as upper bound estimales of the suppres_
ston requir:d since the more complex systems usuf,l lv pro_
vrqe some exra degree of suppression for the coupiing oi
oesm geometry norse,

To assess the pertbrmance of a moctecteaner as a fi l ter
lor beiim geometry noisr'. ir is uselul to consider strch noise
in the transverse nrode fi lme of the laser l ight. In rectangular
coordinates the laser rnodes of propagation can be described
lo 

a go-od approximarion by rhe Hermite_Caussiun
luncr ions . 'For  r  c rv i ry  w i rh  opr ic  ux is  l l i gned w i th  the :
r1.(rs.ol c Ca esian coordinlte sysrem, the sprriai pm of rhe
ampiitude field describing rhe TEM,,," mode is given by

/  l  t  t / . t ,  l ' u 2
t . tx.:)=l : l  l  - . ' --- ,-J "r, ,- i ,"n- 'rr :r". j r
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with ao equivalenr expression for the amplitude field along
the,y a,\is. It is useiul to srate rhe expressions for the fundal
mental, f irst-, and second-orCer modes, These can be de-
duced by seuing a =0.1,2, respecriveiy, in Eq. (-5) to vieid
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If ,r Irser beam containing onJy rhe fundamental mode trans-
lales sldeways bv a small amount dx rhen it is equivalenr to
adding to Eq. (0) a small amounr of first-oider mode
E1(;r,:). Ttre new light field E 5,(x,7) can be expressede

If a laser beam containing only rhe fundamental mode under-
goes a ffuctuation twD in the size of its waist w9 rhen the
light feld nerr rhe waisr E6.o(.r,:) is equjvrJenr io Eq. t6,r
irdded to a smull rmounr of EzG,z) ancl can be wrirten as

Ea-o(r,z) = Eo(-r,:) * L!! 4G,d.

(8)

(e)

The coupling coefficients of the higher-order mode in each
case are seen to be direcdy related ro the value of the beam
g€ometry fluctuarjons. This modeling of beam geometry
noise as conraminations to the fundamentai moOe w;tir
higher-order transve$e modes simplif ies the anrlysis regard_
ing the role of a Fabry-perot crvity as a fi l ter for such noise.
A modeclerner is such a cavi!y used in transmission, whose
geometry is chosen such that when the fundamentrl mode is
resorr:nr rhe higher-order modes. which have different cavitv
eigenfreguencies from the fundamental, are srorsly off-
resonanl and are suppressed.lo

For a two-mirror Fabry-perot cavity on resonance with
the lundamenrrl lJser mode. rhe tmplirude rhroughpur of a
_qenerat transvefse mode A,,,. can be expressed in terms of
the lundamenrai ampJrrude,{0o by rhe formul3

( t 0 )
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vthefe ! i, ri and R; are the power transmittance, reflectance,
and curvaure of rhe irh mirror, respectively, and L is rhe
mrrror separadon, The leading term on rhe right_hand side of
Eq, (l l) is an amplitude transmission factor common ro all
modes. The light power rhroughput when rhe caviry is on
resonance with the fundamental mode can be exDressed in
terms of this factor as

D  , lt t t 2

P, 
= 

(l:EF (r2)

The term in curly brackets !n the denominator of Eq, 0l)
conrains ihe dependancy of rlre higher-order mode rhiough.
put on the caviry geomerry and can be considered as the
suppression factor,9n- afforded to a general TEM,_ mode
by a caviry locked to the TEMo0 mode. In Frms of thi cavity
finesse -f rhis suppression facror can be wrinen

| 4-r2s , -=11+ ; : -
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nesse. The solutioo for GEO 600 is to use rwo modecleuners
placed in series each having a finesse of -1000. Together
these should provide >105 suppression of beam jitrer and
width ffuctuarion, which should more Lhan sadsfy lhe rarg€r
sensitivity requiremenk, while stjl l affording a satjstactory
level of power throughput.

IV. DESIGN OF A PBOTOTYPE SUSPENDED
MOOECLEANER

The modecleaner developed in rhe iaboratory ar GIas-
gow contains four suspended minors ananged in a figure-
eight cavity geomery as shown in Fig. L A ring cavity de.
sign avoids problems caused by Jighr direcdv re8ecred back
to the laser. The mirors used were all Z5-mm-diam super-
polished substrates with coatings manufacrured by British
Aerospace, The minors were attached to fused-silict masses
by the use of small arnounu of cyanoacry)ite adlesjve. The
input and output coupling mirrors are bodr flat and have
tnnsmittance 0.570 while the orher minors have 15 m radius
of curvature and marimum reflectance. The'total oprical
round rip path is l8 m providing a free spectral range of 8.3
MHz whjch is sufficiently low ro permit the passing of
modulation frequency lidebands, should that be required at
some later stage of system development. This cayjry geom-
etry is equiyalent to two miffors of 15 m cuwature placed 9
m apan, and so meets the R/a=0.6 criterion. Each minor is
suspended as a single pendulum by a single loop of steel
wire and locally damped by the use of four shadow sensor
coil-magnet assemblies as illustmted in Fig. 2. Three assem-
blies rre mounted at the rear of the mass and one at the side.
Together they damp all degrees of freedom of morion asso-
ciated with the mass and also allow conEoi over iE position
by feeding dc signals to the control coils, The laser used was
a highly modified Specrra-Physics l7l argon-ion type run.

FIO. 2, The suspension assembly wirh the dahDing coit rrnngemcnr for onc
of the s!spended mrsses- Thc mass conrains four magncrs each uroched ro
r small  f l rg. Erch jhrdow \ensor coi l- .nrcn.l  . :ni t  co-nrcns th. pol irron of
(hc f i3g into r signrl  which is f i l tered and ted Srck !o rhe con(rol coi l .  Thc
coil produccs r lolrl damping iorc|l by rc(ing on rhe magrc!.

Various clvity geomeries provide different degrees of sup-
pression for a given mode. In pracdce it is desirable ro sup-
press those modes to which beam geomerry ffucfuations
couple most stongly, panicularly TEMI0 and TEM,o to
which beam jiner and beam curvature variation are most
strongly related. The caviry geomery Rt =rRz=R with rR/Z
=0.6 is a popu)ar choice, giving S,o*0.58F ana S-o*O.tff
(compared wirh a maximum possible suppression of
-0.6aF). In principle, the required suppression can rhen be
achieved by choosing an appropriate value for the mode.
cleaner cavity finesse. With currently available superminors
it is relatively scraighdorward to consulct a caviry heving a
finesse of up to a few thousand rhat can cope with incidenr
light powers of many wans;ll however, to achieve suoores-
sion facrors of order ld requircs an unreasonably hilh fi-

FIG. I. The geomcrry of lhe four,minor modeclcaner cavity developed jt
Glasgow. Tha figurc-c'ght con6gunrion ailowr a lrrgc opricai parh lcngth ro
bc obtain.d in a rctadv.ly shon physjcnl spacc.
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FIC-.-3.  Thc.expcn. j :enla l  conf igura(ron ol  rhe modecjcrncr s ls lem 5no( InB
rnc rwo leedbi€k loops. The nrsr loop frcquencv \rabilizcs rhe l,rscr r.lowini
Ine second loop ro lo{l rhc mode:le.ner caviry ro rhe light-

ning in a single longitudinal and rransverse mode ar ).=514
nm. The laser provided abour 200 mW ar the inDut lo $e
modecle3ner caviry. The experimenral confi gurarion conmins
a dual loop feedback sysrem shown schema]ically in Fig. 3.
The first )oop is a laser srabil ization sysrem that conlajns n rf
refl€ction. Iocking schemel2 (modulation frequency l6 lvlHz)
and a rigld reference cavity of l inesse -1000. This svsrem
significandy reduces the frequency excursions of the arpon_
ion laser down to about 3x l0-l HzlvE above a ferv Hz.
The second loop also contains a rf reflection locking scheme
(moduiatio4 frequency l0 MHz) deriving its signal-from rhe
modecleaner caviry and providing a feedback signrl rhrr
Iocr(s the cavi!y to the srabil ized l ight. This is rchreved by
applying the feedback signal ro three of the coils mounred at
the.back of rhe ourput modecleaner mass. providing a lon-ui-
tudinal feedback force. In operation, rhe frst looo woukl be
manuaily closed and then the second loop woukl t ind u
fringe and lock to it almost immediarely. Acquisit jon of lock
was found to be sEaightforward while the losine of lock was
almost always caused by the first loop fail ing.-becluse of r
mode fansition in the argon-ion laser, for example.

V, PEFFOFMANCE OF THE PROTOTYPE
MODECLEANER

- .A.pIt 
from rhe beam geometry noise suppression irt_

forded by the modecJeaner, there arc severat other aspects of
the sysrem thrt are inreresring ro test, The achievable po,.*er
Inroughput, the spacial mode cleaning imposed on rhe belm.
and the long-Lerm cavity alignment sltbil iry are three orher
prop€rt:es that could be important for gravitational wave in_
terferometers, These are now considered brienv in tum,
A. Power throughput

The best power throughput of the modecleaner cavitv.
rssuming each of the four mjrrors to have r nominrl loss ol.-50 ppm, can be calculated to be g6qo. However, there i lre
various facrors such as imperfect mode matcfiine and rhe
power channeled into modulation sidebands rhat wil l oro_
duce a lower power throughput in pracrice. In the rbsencc ot.
mrr|or losses, the crviry finesse should be arounrj 600: horv-
ever, nng down mexsurements showed the finesse of the clv_
iry to be around 550, implying a minor loss of over J00 pprn
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FlG. 4. A qualitarive comp.nrison of rhe p.otiles of rhe incident, rcflecled.
and l r rnsmincd laser beams. Thc l iBht  powers in each iarc arc d i i iercnt  and
the vcnicnj irxes are not dra*n {o a common scajc,

psr miror. This loss is much higher than expecred rnd was
a(ribured ro the cleanliness conditions in rhe laborarory and
lhe fact thl the minors used were not new. The mea;ured
throughput was 70Z. r 'hich, given rhe obsened cavitv vis-
ibil i ty of 90q, and the mersured cavity losses. is coniisrenr
with theory.

B. Spatial t i l terlng action

The modecleaner should act as a spatial f i lrer for rhe
incident laser beam. supponing a fundamenral cavity mode
whose Gaussian integrity is detemined by the geomerrical
quality of rhe cavity mirrors, rather than rhe nature ol the
incideat bearn profile. This propeny of rhe sysrem can be
regarded as rhe cavity mode suppression consider€d at zero
frequency, The fiaces shown in Fig. 4 were taken by a
scanning-slir beam profi ler. The disrorted proii ie of the re-
i lecred beam contrasts sharply with the punty of the tran.s_
mined beam. There are slight imperfections on fie uansmit_
ted beams but these are due to rhe fact that rhe beam exiting
from the caviry passes through an unrreated elass viervpon.

C. Long-term stabitity

The loflg-term drifr of the cavity alignmenr was moni_
to.ed by mexsuriDg the cavit), visibil i ly over a period of sev-
erii/rvesks. The svsrenr ruas inirially aligned and a visibil iry
of 9096 was achieved. The visibil i tv dropped to 20Vc over a1
month period, There was no auro-alignmenr scheme insralled
on rhc -sysrem rnd so rhis change in visibil irv is due enrireiy
to settl ing of stcck.\. or clri irs in the position of rhe incident
laser beam. This dcgree oi misalignmenr orcr such a ttme

Modecleanea cavity



, scale implies minimal maintenance to keeD the svstem
locked as  pan o f  a  de tec tor  s .vs rem.  Auro_ l l ienment  svs tems
shou ld  be  rb je  ro  mc inra in  good modcc le rne i . .u , ,y  i l r ib i l_
ity requiring infrequent manual adjusrmens.

D. Beam jitter suppression

The primary objective of a modecleaner systjxl is ro
reduce the levels of geomerry noise present in the laser
beam. This was checked tbr larcral beam movements b_v ap_
plying an anificial beam jiner to rhe l ight incidenr ro the
modecleaner. The jiuer was applied by replacing one of rhe
main beam steering minors in the modeciianer iniection oo-
tjcs chain wirh a mirror mounted on a loudspeaker cone. The
motion of rhe loudspeaker cone when energized from a sig-
nal generator was ]ongirudinal, giving rise o a purely later-al
translation of the beam. The levels of bearn jirter noise.for
the incident and exiting beams were rhen measured by direct-
ing each beam in um to lhe cenke oi a splir phorodtde and
measuring rhe difference signal wirh r rpi.,*nr rnalyzer. A
common problem when making beam jirter measurements is
the sensitivity of lhe measurement process to 8ucruations in
iaser power. In principle rhis problem can be minimized by
Dll)arnalarntng exaclly equal amounrs of power on each half of
the spUt photodiode, for then rhe difference sicnal is insen_
sirive to laser power noise- In practice, sloi berm drifr
makes this condition impossible ro maintain without consrant
manual atlenrion. To avoid the need for such manuai adiust_
mcnts, the rwo segmenrs of the split photodiode ,ara aon.
nected to voltage-conrolled load resisrors rhat focmed pan of
a feedback system to help mainrain symmerry automarically
in the presence of sjow berm drift i .5 The-issue of laser
power noise is especially imponant fo, measurements made
at the output of the modecleaner. Herc there is laser power
rcise rhat is ransmitred rhrough rhe modecleaner caviiy be_
row )ts comer l iequency. In addition, rhere is new power
noise due to rhe modecleaner action of conveding bea; j irter
of.the input light to laser power noise on the outiut lighi- to
achjeve the necessary leyei of laser power noise suppiession
at rhe outpur of the modecleaner, a light power stabilizer was
co[strucrcd, For the purposes of the measurements being
made herc, it was sufficienC to mount rhis system locally ai
the modeclerner ourput, so rfiar the active co.ponent ali.r,
the light exiting the cavity. In a real derecror syirem. such a
servo would probablv rake irs sample beam fiom after the
modecleaner but act on the l ight before the modecleaner so
thar any bef,m ji l ter inuoducid by the acrive componenr, usu.
ally an etectro-opric modulator (EOM\, would then be sup-
pressed. The acijve component uses nere was an acousto_
optic modularor (AOM) driven from a.lO MHz rf source
wirh adjusnble drive power. Carefully designed systems us_
ing AOMs can provide many orders of mignjtude suppres_
sion of laser power noise.r3 The decision io us" an nOl,t

FI6. J. Thc €xperirncn(al con6guratjon ior comparing lhe bcam jju.r levels
alsoaiatcd wirh |he lighr ar lhe iopu( 3nd outplr of rhc nrodcclcjner cavirv.
A beam spl i t ter  is  ured ro d i recr  c j lhcr  !he jncidenr or  cx i r inr  bcrm onro r}c
cenrer of  rhe spl i l  phorodiodc.

set. The feedback signal produces a variatjon of the l isht
power diffracred by rhe AO-!t. which in rum controls ihe
intensiry of the undeflected beam. The undeflecred beam was
lhen directed ro rhe splir photodiode where rhe beam jiner
measuremenrs were made_ This sysrem could afford up to 30
dB of inrensity noise suppression airhough only aUoui 20 dB
was found to be required,

The traces in Fig. 6 show various backgrounds of beam
jitter mexsured before and after the modecleaner wirh a.j itter
peak applied at 125 H?. The overall suppression facrcr af_
forded to the applied perk aon oa,""rui.d between de too
Jnd bonom traces ro be -a8 rjB {factor of -250). Given rhi
measured modecleaner finesse of 550, the exoected suDores_
sion for TIM,6 should be 5 | dB (fucror of 319). This resulr
is in reasonable agreement with rheory.

It should be noted that the background level of rhe bot_
rom race in Fig. 6 is comparable wirh rhe magnirude of
seismjc noise associarcd wift he guiding minors, laser
power srabii izer, and photodiode unit, as rneasured wirh an
accelerometer. The true level of beam jiner noise at the
modecleaner ourput is l ikeiy ro be lower, determined mainly
by the residuai motion of rhe modecleaner minors.

In summary, the modecleaoer cavity developed at Glas-
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rather $an an EOM was driven primarily by the rendency of
the latter to inroduce asymmelric Delm geometry Do,se. A
simplif ied diagram of the measuremenr system ls shown in
Fig. 5. The signal from rhe reference phorodiode was ampli_
fied and applied wirh degative feedback ro the AOM drive.
Also applied ro rhe AOM drive was a manually adiusrable dc
bias io allow rhe operaring point of rhe inrensirv servo to be
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Irequency 2AA Hz

FIC. 6. Comparison of berln ji(er noije levcl rssoci ed wirh the betm
cnrerrng rhe modcclean€r lr'ld lh. b€am eriring rhc modeclehcr wirh the
lnrcnsrty scfto swirched olf and rhcn on. Tle pcrk of 125 Hz is !n rnr6_
cir l ly  appl icd lar€ru1 bcan j i r ler .
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