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The British—German interferometric gravitational-wave detector GEO600 uses two high-finesse
triangular ring cavities of 8 m optical pathlength each, as an optical mode-cleaning system. The
modecleaner system is housed in an ultrahigh-vacuum environment to avoid contamination of the
optics and to minimize both the influence of refractive index variations of the air and acoustic
coupling to the optics. To isolate the cavities from seismic noise, all optical components are
suspended as double pendulums. These pendulums are damped at their resonance frequencies at the
upper pendulum stage with magnet-coil actuators. A suspended reaction mass supports three coils
matching magnets bonded onto the surface of one mirror of each cavity, allowing length control of
the modecleaner cavities to maintain resonance with the laser light. A fully automated control
system stabilizes the frequency of the slave laser to that of the master laser, the frequency of the
master laser to the length of the first modecleaner and the length of the first to the length of the
second modecleaner. The control system uses the Pound-Drever—Hall sideband technique and
operates autonomously over long time periods with only infrequent human interaction. The duty
cycle of the system was measured to be 99.7% during an 18 day period. The throughput of the whole
modecleaner system is about 50%. In this article, we give an overview of the mechanical and optical
setup and the achieved performance of the double modecleaner syst@®03cAmerican Institute

of Physics. [DOI: 10.1063/1.1589160

I. INTRODUCTION terferometer becomes adjustable by changing the reflectivity
of the signal recycling mirrofand/or position!*

The direct detection and analysis of gravitational waves  In order to achieve the GEO600 strain sensitivity goal of
emitted by astronomical sources is very likely to give a muchh=5x10"2%/Hz at 100 Hz, the illuminating laser light is
better understanding of the existing univets&The inter- required to be very stable in power, frequency, and geometry.
ferometric approach to the detection of gravitational wavesence, it is filtered temporally and spatially by a sequential
yields, in contrast to the resonant mass deteét@snuch  two-cavity modecleaner system. Since the modecleaner sys-
broader detection bandwidth from several tens of Hz taem needs to be seismically isolated, we have suspended all
a few kHz. Worldwide four earth-bound interferometric its optical components and chose double pendulums to ac-
gravitational-wave detector projects are currently under coneomplish this.
struction: The LIGO project in the USA with two detectors The main optical components of the interferometer itself
of 4 km length each and a third one with a length of 2%m, are suspended as triple cascaded pendulums to provide even
the French—ltalian VIRGO collaboration with an interferom- greater seismic isolation for these more sensitive optics.
eter of 3 km arm length,the 300 m TAMA300 project in Each double and triple suspension is actively damped at its
Japart, and the British-German GEO600 detector near Hanfirst (uppermoststage, using position sensors with feedback
nover, German§:° to magnet-coil actuators, to suppress the excessive motion at

GEO600 is a dual-recycled Michelson interferometerits resonance¥3
with arms of 1200 m length, each folded once. The nominal  In the following, the need for a double modecleaner sys-
operating point of the interferometer is the so-called “darktem for GEO600 will be deduced from the required spatial
fringe” at which, ideally, all of the light is reflected back to and temporal stability. Then, a description of the optical and
the input port. The technique of power recycling allows mechanical setup and finally the achieved performance and
maximization of the light power stored in the Michelson in- reliability of the system will be given.
terferometer by placing a mirror in the input port of the in-
terferometer(see Fig. 1 Placing a further mirror in the out- |I. DESIGN REQUIREMENTS
put port provides an enhancement of the phase modulation . : .
sidebands induced by gravitational waves. With this tech- For S'”?p"‘i'ty* the effects (_jue to 3|gna! recycln@g.g.,
nigue of signal recycling, the frequency response of the in-mOde healing are neglected n the following calculations

and hence the interferometer is treated as a power-recycled
Michelson interferometer. Thus, the results derived can be
dAuthor to whom correspondence should be addressed; electronic maif?onsiderecj those of a “worst case,” and the real require-
sfg@mpg.mpg.de ments would be more relaxed.
PMax-Planck-Institut fu Gravitationsphysik, Albert-Einstein-Institut, Teil- The error signal needed to keep the interferometer on the

institut Hannover, Callinstrasse 38, D-30167 Hannover, Germany. ; ; ; ; ;
9Stanford University, 450 Via Palou, Stanford, California 94305-4085. dark fringe is obtained using a technigue known as Schnupp

911GO Laboratory, California Institute of Technology, MS 18-34, Pasadena,(0r “frontal”) mOdU_lation which requires slightly different
California 91125. arm lengths of the interferometer. As a result, the laser fre-
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FIG. 1. Simplified optical layout of
GEO600. The power-recycling mirror al-
lows maximization of the light power at
the beamsplitter, while the signal-
recycling mirror controls the frequency re-
sponse of the detector. The laser beam is
spatially and temporally filtered by the two
Power modecleaner cavitie@ach of 8 m optical

Recycling pathlength before being injected into the
interferometer. EOMs are located at the la-
l ser bench25.2 MHz, required for the con-

trol of the first modecleangrbetween the

Beam Splter 600m two modecleaner&l3 MHz for the second
modecleaner and 37.19 MHz for the
Signal power-recycling stabilizatiorand after the
Modecleaner 2 Recycling second modecleangi14.9 MHz for the
Michelson interferometer and 9 MHz for
Output the signal-recycling stabilization
Laser

quency noise couples into the interferometer output. With a  If the beam splitter is misaligned by 16 rad, a lateral
relative arm length asymmetry dfl/L=10"4, the required movement of the laser beam at the beam splitte®xfw
frequency stability of the light entering the power-recycling =10"%/\Hz at 100 Hz would lead to a strain sensitivity
cavity is 10°* Hz/\/Hz at 100 Hz. limit of the interferometer at 100 Hz of

Due to the finite gain of the control servos, a residual 18
misalignment of the beam splitter, thermal lensing effects in himin=7> 10 /\/H_Z' 2
the beam splitter, variations of the index of refractivity inside Beam width fluctuations ow/w=10"%/\/Hz at 100 Hz at
the beam splitter, a mismatching of the radii of curvature ofthe beam splitter would cause, due to a mismatctiRgof
the mirrors, and asymmetric optical losses in the arms, theéhe radii of curvaturdR of the interferometer mirrors, a strain
interferometer output port cannot be kept perfectly dark. Ifsensitivity limit at 100 Hz of
the fringe offset at the interferometer output port can be kept
at Ad=27x10"° rad at 100 Hz, the power fluctuations of ho. ~8x 10 16. E/\/H—z 3)
the light illuminating the power-recycling cavity are allowed mn R '

—8 4
to be 5<10%Hz at 100 Hz. The specified radii of curvature are 6404h0 m for the
A. Spatial stability folding mirrors and 600 nmt 10 m for the end mirrors. This

. . .gives a limit at 100 Hz of
The primary requirement of the modecleaner system i

to provide a filter against varying deviations of the laser  hy,=4x 10"/ \Hz. (4)
beam geometry from the power-recycling cavity fundamenta
Gaussian eigenmode, due to varying contaminations of th
fundamental laser mode with higher-order motfeBeam SxIw= 10*11/\/H—z (5
jitter and beam width fluctuations are, due to the mode se- . ,
lectivity of the power-recycling cavity, partly converted into °€aM Jitter noise and less than
amplitude fluctuations gnd par.tly excite higher-order modes  syw/w<10"1%/Hz (6)
within the power-recycling cavity. ) ) _

From previous measuremenfswe know that the beam P&am width noise at 100 Hz at the beam splitter.
jitter noise 8x and beam width noiséw of the Nd:YAG This restriction keeps the strain sensitivity limit set by
light source, mainly due to varying contaminations of theth® beam-width noise and beam-position noise well below
fundamental TEM, mode with first- and second-order the limit set by the internal thermal noise of the interferom-

l(l;hus, the illuminating light is required to have less than

higher modes, respectively, may be as high as eter optics.

The suppression of higher-order modes of a cavity scales
oX  Ow s with its finesse 7 and largely depends on the cavity
W:W”:lo /\Hz at 100 Hz, 1) geometry®®> The geometry of the power-recycling cavity is

defined by the optical pathlength of 2400 m, the radii of
wherew is the beam widtHi.e., the radius curvature of the interferometer mirrors of 600 m and 640 m,
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FIG. 2. Optical layout of the modecleaner
system. In addition to the six cavity mir-
rors (MMC1a, MMC1b, ... four beam-
steering(BDs) mirrors are suspended, one
each at the input and output of each mode-
cleaner cavity. Two reaction masg&iVis)
are suspended in front of MMC1b and
MC1c ,BD MMC2b, to allow length control of the
7 ——— cavities. The EOMs for the second mode-
YL BD! cleaner and for the interferometer are
q 7| MY mounted on suspended platforms, called
MMCZZ i “mounting units (MUs),” after the first
\ |X ! 7£Z and after the second modecleaner. In addi-
N\ tion to the modulators, the last mounting
BD unit supports two Faraday isolators and a
mc2 Mmcze lens. Sprﬁall pick-off mirrgrs(most have
Lassr“’B";n i been omitted for clarity hejeare mounted
on the bottom plates of the vacuum cham-
bers to direct the laser beams needed for
the control of the cavities towards the pho-
todiodes (not shown here that are in-
stalled outside the vacuum system.

3.9m

1

MC1

respectively, and the flat power-recycling mirror. That leadsB. Temporal stability
togethe_r_ with the d_e3|gned flnessg of approximately 4500, to The modecleaner system also provides temporal filtering
an additional amplitude suppression of about three orders of . .
. . ; of the transmitted light. Short-term frequency and power
magnitude for the first higher-order modes. Thus, the mode; . . .
i . fluctuations are reduced by the averaging effect of the optical
cleaners should provide about four orders of magnitude sup-_".: N . . !
) : . : cavities. The filtering effect is most important at the Fourier
pression to give a sufficient safety margin.

Figure 2 shows the optical layout of the GEOB00 mc)de_frequenues corresponding to the phase modulation side-

cleaner system: Each modecleaner cavity consists of two flét)("’mdS that are applied in order to provide readout of the

mirrors close together, defining the short side of the triangle':"g"]"jIIS (;hit are rqulrert]j t‘? cor]:trol the GEO600 mterfer(()jm—
and one curved mirror approximaget m distant at the acute eter and that contain the interferometer measurement data.

angle of the triangle. With that geometry, a simplified expres-1 "€ modulation frequencies are in the 8 to 40 MHz range.
sion for the suppression factor, Sfor the TEM,,, mode, is The extent of the filtering at a given Fourier frequency is
given by determined by the linewidth of the optical resonances of the
finesse. However, no temporal filtering will occur at Fourier
frequencies corresponding to multiples of the free spectral
range of the cavities. Hence, the two modecleaners in
where L is the optical pathlength of the cavitig is the  Pathlengths of 8.00 m and 8.10 m. Thus, at Fourier frequen-
radius of curvature of the nonplanar mirror, andn are ~ Cieés where one modecleaner has a gap in its filtering, the
integer numbers. For the first and the second modecleandtther provides significant filtering. The small length differ-
This ratio provides a significant suppression not only of thespatial modes that may be present in the ingoing laser beam
TEMy; and the TEM, modes to which beam jitter and beam profile. Identical modecleaners would transmit some higher-
width noise most strongly couple, but also of the next feworder modes that happen to be on resonance, while with

(1)

modecleanergi.e., the free spectral range divided by the
F? L
Smn= "\ 1+4—5sir?| (n+m)arccos 1_§
T
GEOG600 were chosen to be of slightly different round-trip
the ratioL/2R was chosen to be 0.59 or 0.60, respectively.ence should also improve the rejection of very high-order

higher-order modes. slightly different lengths, only some extremely high-order,
The amplitude suppression factor for one cavity for theand hence insignificant, modes are likely to be transmitted
first two higher-order modes is through both cavities.
Other requirements of the modecleaners are reliability
So1= S16= Spo= S$,0=0.49 F. (8)  and autonomous operation, because GEOG600 is designed for

remote operation with only infrequent human intervention.

Thus, the required suppression factor of four orders of mag-
nitude cannot be achieved using a single cavity—the finesse
would have to be so high that the throughput would be conJABLE I. Calculated suppression factors of the two modecleaners for the
siderably reduced due to the presence of the finite absorptid}it four higher-order modes.
and scatteri_ng Ioss:e_s at the mirror.s. For this reason, two TEMy, TEM,, TEMys TEMy,
mode cleaning cavities are used, yielding other advantages
discussed next. Table | shows the calculated suppression fa]g—Cl 1325 1687 822 641

) . c2 937 1185 562 474
tors for the first four higher-order modes of the modecleanerg, e, 12416 2% 10P 2.6%10P 3IX10P
and the resulting suppression factor for the whole system.
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Thus, the duty cycle of the modecleaners should be as clogABLE Ii. Properties of the modecleaner cavities. The optical pathlength,

as possible to 100%. ;h:cr:reczvsipeglal ir\:;t:r?e, the beam waigt, and the Rayleight rangey of
Due to the fact that the seismic noise roughly has the fy are given.
form of 107 m/\/Hz- (1 Hz/f )2 above 10 Hz at the detector MC1 MC2
5|t.e, the m(_)decleaners need to be selsm|cglly isolated. T[Eptical pathlength 8.00m 8.10 m
mirror motion should not exceed a limit 0bx=6.3 g 37.48 MHz 37.12 MHz
X 10~ m/\/Hz at 100 Hz, set by the Doppler-induced fre- w, 1.05 mm 1.05 mm
qguency shift of the light. Zr 3.3m 33m
. OPTICAL SETUP dulum. This drive has not been used so far and is fixed at the

The light source for GEOB00 is a 14 W injection locked Short extreme.
master—slave system with a 1 W Nd:YAG nonplanar ring
oscillator (NPRO) as the master las&t.The slave laser is a V. MECHANICAL SETUP
ring oscillator in bow-tie configuration, housed in an Invar

spacer. The active media are two Nd:YAG rods, each diode To provide sufficient seismic isolation, each optical com-

pumped from one end. At low Fourier frequencies, up to 0500nent of the modecleaner systefwavity mirrors, beam

Hz, the frequency of the master laser is controlled by ather§teer|ng mirrors, and mounting unités suspended as the

i s ; Aower stage of a double-pendulufsee Fig. 3, described
mal drive to maintain resonance with the modecleaners. : : i
next. Magnet-coil actuators at the intermediate mass allow

piezoelectric actuator controls the emission frequency of theosition and alignment control of each mirror, and provide

NPRO via stress-mduced birefringence in the I.aser. CryStaﬁ)cal damping of the relevant mechanical eigenmodes of the
with a bandwidth of 20 kHz. Up to 100 kHz, the light is kept

. ) - suspensions.
on the resonance frequency of the cavity with a Li:NbO The modecleaner components are housed in two vacuum
electro-optic modulatofEOM) as a fast phase shifter. P

) : chambes 1 m indiameter each, connected by two parallel
The mode-matching telescope for the first modecleaner . .
. . corrugated stainless-steel tubes of 300 mm diameter and 3 m
as well as an electro-optic modulator that provides a phas .
. . ength. Each tube carries the beams for one modecleaner
modulation at 25.2 MHz to the laser frequency, required for _ *
. . cavity.
the length control of the first modecleaner, is located on the . . . N
An ultrahigh vacuum is used to avoid contamination of
laser bench. . X
the mirrors and to reduce the effect of fluctuations of the

The modecleaners were selected to be triangular ring L ) .
" . ; : efractive index of the air. Furthermore, both acoustic cou-
cavities to provide reasonable isolation of the laser system

o h rernng gt Referig o .2 h mcming % "Ll e of e susensions e mirs
light is coupled into the first cavityMC1) through the flat Y ’ y g

mirror MMC1a (Mirror ModeCleaner 1 aand coupled out were used, to minimize contamlnatlgn of the_mlrrorsé The
. . volume of the modecleaner cluster is approximately >4 m

through the second flat mirror MMCl1c. After the first mode- .

U .. _pumped by a turbomolecular pump with a pump rate of 180
cleaner, the light is passed through another EOM, providin . . iy

. . s. The residual gas pressure isx%0 °Pa (5

two phase modulation frequencies at 13 MHz and at 37.19 10 mbar), dominated by water vapbr
MHz that are required for the length control of the second ’ y ’
modecleaner and for the control of the power-recycling cavA. Suspension
ity. This modulator is mounted on a suspended platform, a

so;jcalleptl ;r;]ountlrr:gt]hunfllt.tThe Ilgp/ltl\l/lsclgjec;e(tj |_nto thte Set(i- pendulum suspension. The upper suspension wires are at-
ond cavity through the fiat mirror a, but, in contrastlo 4o -hed to a top plate common to all pendulums in one

the first cavity, coupled out at the acute angle of the trianglg/ : ;
; acuum chamber. This top plate is supported on three two-
through the curved mirror MMC2b. MMC2b has a convex stage rubber spring isolators, so-called “stacks.” These iso-

reatr igrfafel 0 formfa I(irr:s that is the f|r|§t lens .c;f tg‘?tm?ﬁefators are enclosed in internally damped stainless-steel bel-
maiching te'escope for the power-recycling cavity. Aler €y, 16 avoid contamination of the vacuum. The design and

second modepleaner, the I|ght Is directed tqward the 'merfecrperformance of these isolators has been described in Ref. 13.
ometer, passing through a third electro-optic modulator, tw

Far isolators, an nd lens. Th mponen
a aday solators, and a second lens ese components %GBLE IIl. Transmission, scattering and the radii of curvature of the mode-

located on the last mOEJ_”“”g umt'_ Som_e key prOpertle_S of th%Ieaner mirrors as measured by the manufacturer. The four higher transmis-
two modecleaner cavities are given in Table Il, while thesjve mirrors are used as in- and out-coupling mirrors, respectively.

optical properties of the cavity mirrors are given in Table IIl.

Figure 3 shows a schematic drawing of a double-

For the reasons described herein, the optical pathlengths Transmission ~ Scattering ~ Radius of curvat(rent/back
of the first and second cavity are chosen to be 8.00 m angimcia 1778 ppm 23 ppm flat/flat
8.10 m, respectively, which would lead to a free spectraMMC1b 35 ppm 35 ppm concave 6.72 m/flat
range(FSR of 37.48 MHz or 37.02 MHz. MMClc 1606 ppm 33 ppm flat/flat

The length of the second modecleaner is tunable by ap%mg;g ggé Sm gg Sm concave 6 ;'gt/rg/aéonvex 034 m

proximately 6 mm with a motor drive, by shifting the posi- \;vcac 114 ppm 32 ppm flat/flat
tion of the suspension point of MMC2b and its reaction pen
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Flex pivot rotational isolation

Height adjustment motor
High tensile

C70 steel wires FIG. 3. The suspension scheme of the
2nd passive isolation layer 64 pm double pendulums: A mirror, 100 mm in
radius wires

diameter and 50 mm thick, is suspended
from an aluminum mass, itself suspended
from a support block. Both stages weigh
about 0.86 kg. While the mirror lies in two
tum loops made from steel wires, the interme-
radius wires, diate mass is suspended by two steel
wires, clamped to the mass. The double
pendulum itself is hung from a plate that
stands on passive isolators. Magnet-coil
actuators at the intermediate mass allow
alignment control of the pendulums and
damping of their fundamental resonances.

---------- 1st passive Isolation layer

Longitudinal Support platform
actuators 460 mm

4mm —p|la-

Mirror = -==<=========

two stacks have been omitted for clarity two stacks have been omitted for clarity

~— ~N—

side view front view

For further decoupling of the suspension points from seismi@alignment is done via bias currents through the actuator
noise, the top plate is connected to the stacks via three “flexoils.
pivots” that are soft in rotation. The mechanical quality facto3 of the violin modes of

The upper stage of a double pendulum is formed by arthe lower stage of a modecleaner pendulum have been mea-
aluminum block of about 0.860 k@he intermediate mass, sured to be 5% 10° to 1x 10°.%°
85X 75X 50 mn?), suspended by two 290 mm long steel The control scheme described next necessitates the pos-
wires of 64um radius. These wires are clamped to a block atsibility to apply feedback at one mirror of each cavity. To
the top plate(the “slider”) and to the intermediate mass, avoid the coupling of seismic noise to the cavity through the
using small stainless-steel blocks. The four ends of two furlength control actuators, we suspended a reaction pendulum
ther steel wires of 5Jum radius are clamped to each inter- in front of the mirror pendulums MMC1b and MMC2b. This
mediate mass to suspend the optics. The upper/lower wirggaction pendulum is made in the same way as the mirror
break off the intermediate mass at 5 mm above/below th@endulums but instead of a mirror, it contains a reaction mass
center of mass. The lower wires form two loops and passupporting three coils. The intermediate masses of the reac-
over break-off point defining baf2 mm above the center of tion pendulum and the mirror pendulum are separated by
mas$ on each side of the cylindrical mirror. The mirrors about 5 mm. With the reaction mass, as well as the mirror,
have a diameter of 100 mm, are 50 mm thick, and weighbeing 35 mm thinner than the intermediate mass, this results
0.864 kg. The lower stage has a length of 460 mm. The firsin a separation of the lower masses of about 40 mm. The
few calculated resonance frequencies of the suspensions areils protrude from the reaction mass in order to match three
given in Table IV. magnets(3 mm thick and 10 mm in diameter, made of

To suspend a pendulum the slider, the intermediate madsd:Fe:B, bonded onto the surface of the mirror. For these
and a mirror-sized aluminum block are fixed in a “jig” that bonds, we used Ceramabond 571 VFG. Since the bonds
gives the right separations of the masses. Then, the wires aseem to get weakened under vacuum conditions, we changed
positioned at the masses with a precision of about 0.1 mntp Vacseal for bonding magnets onto the signal-recycling
using a positioning jig. This second jig ensures as well thamirror and onto the intermediate reaction masses of the main
the wires are running rectangular with respect to theirsuspension of the GEOG600 interferometer. The reaction
clamps, to provide a well defined break-off point without
bendlng of the eres. One end c.'f ‘?aCh wire IS.then ClampquBLE IV. The calculated values of the relevant resonance frequencies of
to the intermediate mass. All this is done hor!zontally On_ 8the double pendulums. Tilt, rotation, and vertical are also known as “pitch,”
bench. The other end runs over a pulley and is loaded via §aw,” and “bounce,” respectively. The lower frequencies belong to the
weight to provide similar tension of the two wires within common-mode motion of the two pendulum stages, while the higher fre-
each pendulum stage. While the wires are loaded, the C|am[ggencies are caused by the differential-mode motion of the two stages.
are tightened. The pendulum can then be installed inside the

. . e Mode Resonance frequen¢iyiz)
tank without the lowest mass, which is inserted later. The
attachment of the suspension to the top plate is done via a Longitudinal and tilt 0.6,1.3, 1.6, 2.3
revolvable table, allowing the rotational prealignment of the ;'g;‘:‘i'szs and rol 0'6’01'75'213' 34.5
mirrors, while the tilt prealignment is done via a small bal- g icq) 11.8, 30.1

ancing weight on top of the intermediate mass. The final
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masses have an aperture of 43 mm in diameter to provide 2
enough clearance for the through going beam.

Furthermore two platformgmounting unit are sus-
pended as double pendulums using steel wires. Each mount- 4 l
ing unit supports an EOM, while one supports in addition to
that two Faraday isolatorsee Fig. 2.

(=]
1

Amplitude (a.u.)

B. Local control

The position and orientation of the intermediate mass,
and as a result of the suspended optics, is controlled in four ]
degrees of freedom using four magnet-coil actuaieese
Fig. 3. The Nd:Fe:B magnet$3 mm thick and 10 mm 2 T T T T - T
in diametef are bonded with Ceramabond 571 VFG onto Time (s) 2
spacers attached to the intermediate nfassThe

glass-encapsulated coils are mounted on a rigid frame eX/G. 4. Performance of the local control by damping the free longitudinal
tending down from the top plate oscillation of a double pendulum. The arrow marks the moment when the

. . damping was activated. A quality factor of 3.5 for the damped oscillation
Simple optical sensors, so-called shadow sensors, are Cgan be calculated from the decay curve.

located with the actuators. These sense the position of a
metal flag 'bor?ded onto each magnet, by measuring thg dQ/—_ CONTROL TOPOLOGY
gree to which it blocks a beam emitted by an infrared emitter
from reaching a silicon photodetector. The sensor compo- Since the control topology is described in detail in Ref.
nents are mounted within the same glass encapsulation as t@8, only a brief summary is given here. We use the well
actuator coll. known Pound-Drever—Hall sideband technique to stabilize
The position sensors allow a position/orientation controlthe laser frequency to a resonance of the modecleaner cavi-
at low frequencies, and provide a signal that is used for acties. The laser light is phase modulated at 25.2 MHz to ob-
tive damping of the relevant mechanical eigenmodes of théain control signals from the light reflected from the first
suspension. The four sensors and actuators are positionedrwodecleaner. This provides an error signal that is used to
sense and control position in the two horizontal degrees ofontrol the laser frequency to maintain the light on resonance
freedom and rotations about the vertical and about the horiwithin the cavity. The laser frequency is thereby defined by
zontal axis parallel to the reflective surface of a mirror. Therehe length of the first modecleaner. A second control system,
is no control in the vertical direction or of roll motion around based on a modulation at a frequency of 13 MHz, applied by
the normal to the reflective surface of the mirrors. the second EOM, stabilizes the length of the first mode-
The control algorithm used to damp the normal modes otleaner to the length of the second modecleaner. Thus, the
the suspension is derived from velocity feedback, optimizedength of the first modecleaner, and hence the laser fre-
for the double-pendulum configuration. The control law usedquency, is slaved to follow the master second modecleaner.
gives better damping of the lowest frequency modes, andhe locking bandwidth of the laser to the first modecleaner is
includes low-pass filtering to exclude sensor noise above itapproximately 100 kHz while it is approximately 25 kHz for
active band(of approximately 3 Hg The objective is to the first modecleaner to the secoridn order to keep the
provide a short settling time without adding significant noisecontrol servos stable, several filter stages, each with a pair of
in the gravitational-wave signal band. This so-called local-resonant poles and a zero, designed to provide a sharp roll
control circuit has more than one unity gain frequency, theoff, are included to avoid exciting internal modes of the mir-
lowest at 0.3 Hz and the highest at 3 Hz. The fact that thereors. Finally, the length of the second modecleaner is stabi-
is no gain at very low frequencies allows the applicationlized to the length of the dual-recycled Michelson interfer-
of offset currents to the coils for alignment purposes. Theometer.
analog local control servo is digitally supervised and can  During the process of lock acquisition of the first mode-
be controlled/adjusted from a personal computer usingleaner, the laser frequency is slowly ramped, since the fre-
LABVIEW .2 quency drift of the free-running laser system would cause the
To measure the performance of the local control, we delight to be on resonance within the modecleaner cavity only
activated the damping of a mirror pendulum and applied an the order of once per minute. The control loop is closed
step function in the longitudinal direction. After one step, thewhen the light is resonant in the cavity: If the light power
excitation was turned off and after some seconds of freeeflected from the first modecleaner falls below a certain
pendulum oscillation the local control servo was reactivatedthreshold, the control system applies feedback to the laser to
The measured performance of the active damping is disacquire and extend the lock.
played in Fig. 4. While the quality factor of the undamped  Similarly, the length of the first modecleaner is changed
motion is in the ordeQ=10", derived from the measure- by a step function to minimize the acquisition time of the
ments of the violin modes, presented in Ref. 20, a qualitynext control loop which stabilizes the length of the first cav-
factor of Q=3.5 is obtained for the damped oscillation. ity to the length of the second.
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1607 TABLE V. Measured modecleaner quantities. The finesse of the first mode-
cleaner was measured both with a ringdown and an amplitude transfer func-

] i
to08 M w/*‘ '\ tion method. The finesse of the second modecleaner is derived from the
.5

" MC2 feedback / laser locked on MC1 ——

M '
10-09 _M‘H i mirror specifications. Furthermore, the measured visibility and throughput

| of both modecleaners are given.

1e-10

First cavity Second cavity

1e-11

Finesse 2700 1900
le-12 Visibility 94% 92%
Throughput 80% 72%

Lengh noise [m / sqri(Hz)]

te-13

1e-14

the second modecleaner cavity. However, since the long-term

drift of the second modecleaner is small enough, the fre-

1 10 100 1000 quency offset needs to be adjusted in the order of only once
Froquency [l per month. For simplicity this is done manually, so far. In

FIG. 5. Differential length noise of the two modecleaners. To record thisGEOB600, all of the oscillators used to drive EOM are phase

spectrum the laser was locked to the free hanging first modecleaner, to keépcked to a Rb reference oscillator which tracks the global
it transparent. Then, the second modecleaner was locked to the first one TS ;
- . . fb%smonln system time standard.
well. Displayed is a calibrated feedback spectrum of the second mode- g sy
cleaner.

1e-15

=

L.

1e-16

VI. MEASUREMENTS, RESULTS, AND ANALYSIS

The stabilization of the master—slave system and of the To measure the residual motion of the suspended mir-
two modecleaners is fully automated with an average lockors, we locked both the laser and the second modecleaner to
acquisition time for the whole system of less than 30 s. Thehe first modecleaner. From the feedback signal of the second
analog control servos are digitally supervised and can benodecleaner, one gets the differential motion between the
remotely controlled from a personal computer usimg-  two cavities(see Fig. ».

VIEW. The reliability of the system is discussed in Sec. VI. In the low-frequency regime up to 1 Hz, the spectrum is

A further optical technique, the differential wave-front dominated by seismically induced motion. The bump at 2.3
sensing, is used to obtain information about the relativeHz is caused by the well damped longitudinal and tilt modes
alignment of the beam entering each modecleaner with resf the pendulum. The multiple peak structure at 10 to 12 Hz
spect to the fundamental Gaussian laser mode inside eaclrresponds to the mechanical resonances of the two tubes
cavity. The signals thus derived are used to control the aligneonnecting the modecleaner vacuum chamhbéds4 and
ment of the modecleaner mirrors with a bandwidth of 0.2 Hz13.2 H2 and of the tube that connects the modecleaner
to ensure maximum throughput of the filtered light. This isvacuum chambers to the power-recycling tdtk Hz). The
described in detail in Ref. 24. tubes are now damped at their centers with styrofoam blocks.

A third phase modulation is needed to provide theThe vertical resonance of the double penduluic@mmon
Pound-Drever—Hall reflection locking signal for the power-mode at 11.8 Hras well as the roll mode at 15 Hz remain
recycling cavity. This modulation at 37.197 MHz is applied undamped. The very narrow peak at 23.5 Hz belongs to a
between the two modecleaners to benefit from the spatiatacuum pump which is now suspended by a coil spring. The
filtering of the second modecleaner, as well as from temporalwo sharp peaks at 31 Hz and 36 Hz are caused by the un-
filtering. In order to pass it effectively through the seconddamped differential vertical mode of the two pendulum
modecleaner, this modulation frequency should be adjustestages and another roll mode, also undamped.
to be exactly on resonance within this cavity. This is The residual differential motion of the two cavities
achieved by adjusting the modulation frequency until it cor-around 100 Hz is 10*° m/\/Hz. This corresponds to a fre-
responds exactly to one free spectral range of the cavity. Aguency stability of
optical sensing and control scheme called the “dc lock”

senses how well this modulation frequency matches the free &z ﬁ p=2.82x 10" Hz = Sv=30 mHzAHz.
spectral range of the second modecleaner. This is done by L v
demodulating the light reflected from the second mode- ©

cleaner at a beat frequency of the two modulation frequen- Finally we locked the length of the second modecleaner
cies(13 MHz and 37.197 MHg Then, the latter modulation to the power-recycled Michelson interferometer which has
frequency can be adjusted to match a free spectral range ah optical pathlength of 2400 m.

TABLE VI. Duty cycle of the two modecleaners during an 18 day run. Overall the whole system was in lock for 99.72%, the longest lock lasted for more than
120 h.

Day 1 2-5 6 7 8 9-10 11 12-14 15 16 17 18 Overall

MC1 locked (%) 100 100 99.91 99.95 99.98 100 98.86 100 98.82 100 99.62 99.9199.84
MC2 locked (%) 99.98 100 99.87 99.94 99.84 100 98.79 100 97.81 100 99.05 99.7699.72
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