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'1. lntroduction
The investigation of incerferometric gravitational-
wave detectors is currently moving from srudies 0t

DrototyDe detectors with - 10-m baselines to the con-
itruction of fult-scale interferometers with kilometer-
lensth baselinesl2 for actual detection. Therefore
eac! oart ofthe detector should be improved so as to

be aoplicable to long'baseline interferometers'
The geometric stabllily of the light source .is in-

particuiar need ofimprovement' The deformation of

ihe laser beam that is due to spurious higher modes
degrades the efi.ciency of ihe interference, resulting
inln insu-fficient common-mode noise rejection ratro
(CMRR) and in a poor recycling gain of the detector'
The beam jitter, that is, angular or lateral beam nuc'
tuation caused by the vibration of the laser cauty or
by other optical components, couples -to the asfm'
metry of lhe interferometer and may be among lne
seriols noise sources.s To reduce the beam defor-
mation and beam jitter, mode cleaners have been
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incorlorated into most protol,?es between the laser

and the main interferometer.--5insi"-;oa" 
optical fibers{ or rigrd Fabry-Per-ot

caviLiess formed by mirrors attached to each end ol a

roa hu"" U""n usei as mode cleanerg' However' lhe

."*u"t-."a"-a.aner desigtts cannot be applied in

the future because optical fibers cannot sustarn these

iiish-p"*.t lasers being used; also, a rigid shorr

F"'uri-i.rot caritv has insuffcient angular stability

for deiectors rvith lor.; baselines. Th'eretbre the

*oa" .fu""* for a full-icale interferometer will in'

evitablv comprise sepa:ately suspended mirrors- on

long baselinei to give sufrcient stability and to all0w

its use with a high-Power laser'
We have thus developed a nelv type ot mooe

cleaner, a Fabn-Perot cavity with its two mrrrors

*"*pena"a independently as pendulums, and have

incdroorated it into a prototype gravitational-wave
detecior to estimate the performance of the comblned

"y.a""r. a" in<iependeirtly suspended Fabry-Perot
cavitv also enables us to use it as a reterence lor

ir"q,iencv staUilization of the laser. Henceforth' for

.""i"ri.it*, tt " term mode cleaner will occasionally
"rr"o.p"." the enrire inpur system, including the

Iisht s;urce (a laser), the mode'cleaner ca\'lty proper,

and the fteqr.,enc]'-stabilizarion system'

2. Principle
The name mode cleaner comes from its function' a

;;;;1"";; iitai excludes anv spurious beam.de-

ibrmation.3 This function can be realized wrtn- a

ii"Uti-p"."t cu"itt, *ttictt has mode selectivity.by
o'iri ii" iin"tence in the resonant frequency be-

tween the higher-order transverse modes and lne



* - - . .

fundamental mode. Here, the function of the
Fabry-Perot cavity as a mode selector is described.3,6

Assuming a laser beam incident to a Fabry-Perot
cavity with two mirrors having curvature radii of,Er,
.Rr and separated by a length Z, the resonant modes
can be expressed as Hermite-Gaussian modes, Be-
cause the Hermite-Gaussian modes form a complete
system, the inc-dent beam can be expanded in terms
of the cavity eigenmodes ({,-) as

U," . ,aent  = 
H"^f ,^ ,  

(1)

where ci^ are expansion coefrcients and I and,zr are
integers related !o ihe transverse mode:.

Their resonant frequencies are given by

c
v t ^ . = i l n + ( l + m + 1 h 1 ,  Q \

1
f = 

_: cos-t(g,€ir),rr,  (3)

f

5 1 , 2 - r - - ,  1 + /
ft  t . :

where c is the speed of light and n is an integer thar
characterizes the longitudinal modes,

In Eq. (2), the resonant frequencies of the carity
eigenmodes are diflerent frorn each other rvhen they
are not degenerate.i Therefore, if the incident light
is resonant with the firndamental mode ofthe cavity,
the transmitted light contains predominantly the
fundamental mode. and the other higher-modes are
reflected by the cayity; the incident beam is reduced
to the fundamental mode. Ifwe use such a beam for
the interferometric detector, a high contrast can be
realized.

Another advantage of using the mode cleaner is a
reduction in the beam-jitter noise, because any fluc.
tuation of the bearn direction is equivalent to a ffuc-
tuation in the contribution of the higher transverse
modes.s The most significant contributions are the
first- and the second-order transverse modes. Ifthe
incident beam tilts by a small angle of Sq from the
cavity a-ris and shifts by a small displacement of 6o,
measured at the beam-waist position, the resulting
incideni beam (S6o) can be expressed with the funda-
mental ('!oo) and first-order (t10) cavity modes, ass

/Da &r,c,.6q \
U 6 o = U o - t -  * i  "  I ' 1 , ' 0 ,  1 5 )

\ w o L l

rvhere ruo is the beam-rvaist radius and i is the wave
number. The vanalion in the beam size (Eru) or the
lvaist position (6b) causes second-order modes, as

. 6 b  6 a r r  , , i
U ' in  = Qo,r  -  i i  -  +  - l+(+,D -  d , " ! ) .  16)

nwi t  au:  z

The suppression ratio of the higher modes relative
to the fundamental mode is dependent on the difer-
ence in the resonant frequencv between the funda-

(>Junzl € or SiEnal

Fig. 1, Schematic diagram of the l-m node cleaner. A laser-
diode-pumped Nd:YAC laser (Miser) lvas stabilized in lrequency b;..
.eferenee to a suspended Fabry-Perot cavjty housed iD a vacuulr.
The re,lected light from the cavity was used to lock lhe cavity on
the resonance at lower frequencies and to stabilize the laser fre.
quency at higher frequenciB. EOM, electro-optic rdodu.lator.

mental mode and the higher modes, as well as on the
reflectivity of the mirrors (rr, r2). The suppression
ratio of the TEillr- modes to the fundamental mode is

Sr,, =
{L + (29 /n)2 sir}f(l + m)cos-'(gg")L2l}Lt2'

where 9 l= -,r(rtr)t/2/(1- rrrr)] is t]re finesse ofthe
ca vity.

From Eqs. (5) and (7), we can expect a reduction in
the beam jitter by a factor of S1s for either the angu-
lar or the lateral jitter.

3. l-m Mode Cleaner

A. Setuo
Figure 1 shows a schematic diagram of the mode
cleaner. A 500-mlV laser-diode-pumped Nd:YAG ia-
ser (Miser, Model 122-1064-500-F, Lightwave Elec-
tronics Corp., I = 1064 nm) was stabilized in
frequency by reference to a Fabry-Perot carrity.e We
used a Miser, not only because it is tunable in fre-
quency when a piezoelectric transducet {PZT) af-
tached to the laser resonator is used, but aiso because
it has a good noise performance owing to its mono-
Iithic ring resonator.

The incident light was modulated in phase by ar
electro-optic moduiator (EOM) at 18 MHz. The re-
flected light from the cavity was detected and demod-
ulated to obtain a signal, which was used to loek the
cavity on the resonance at lower frequencies and to
stabilize the laser frequency at higher frequencies.

The parameters of the cavity are summarized in
Table 1. In our desigl, we chose "y : 0.3, using a
combination of a flat mirror and a concave one in
order to isolate the resonant frequencies of the first-
anri the second-order transverse modes from those of
th" fundamental mode. The cavity length was set at
1 m for this study, but it can be extended for future
Iarge-scale detectors.

Because the power Ioss of lhe mirrors must be ex-
tremely small, we used dielectric multilayer coating
mirrors made with the ion-beam-sputterinq methodr0
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Nominal
Cuwature ladiw (front)
Curvrlu-re radius iend)

Measured
Cavity lengrh
Finesse
Ca \rity transmittance

Calculated
Free speclral range
CutoF frequency
Miror reflectivity
Mirrot ioss
Beam-waist radius
Geometric factor
Higher-mode intenal
Supplession ratio

f t r  =  1 5  m

Z = 0.993 m
I = t . i t r 1 t )
?."- = 0.91

v r r v r r r r , / ? = 5 0 4 k H z
rj = 0,9979
o : = 9 . 6 r 1 0 - ;
Iro = .{90 pm
g ,s r  =  0 .338
'Y = 0.30
S r 0 = 1 . 3 x l 0 '

Tabl6 1. Paramete.s of lho Mods-Cleaner Cavih/' upper mass in order to suppress any large motion of
the pendulum. Two magnets (2-mm diameter) were
attached to the end of the car for noncontact control
of the cavitl' lenglh with coil-magnet actuators. To
isolate the vertical vibration. which m.ay easily couple
to the horizontal mirror motion, re:tangular blade
springs were inserted at the upper and the lower
suspension points of the upper mass, resulting in
two-stage vertical isolation. which rve observed ie'
duces up to 50 dB of the vertical ground vibration at
30-100 Hz. An alignment control from outside the
vacuum chamber was realized by controlling the po-
sition of the uppermost ruspension points ofthe pen-
dulum with both motorized cirives (for coarse control
= 1 pm) and PZT actuators \for fine con:rol =10 pm).

Owrng to losses in the input optics, the incitient
power of the laser beam to the cavity diminished from
500 mW at the laser down to 240 mW. The resulting
power transmitted from the cavity was -220 mW.

B. Servodesign
The frequency-stabilization system contained two
servoloops: the siglal at low frequencies was fed
back to lhe cavity, whereas at higher frequencies the
Iaser frequency was lockeC to the cavity. Such a
servoloop at low frequencies rvas necessary because of
the instabilitlr of the cavity length, rvhich was due to
the pendulum motion's being ercited by seismic
noise. We chose the crossover frequency between
these loops to be *30 Hz, ccnsidering ihe cavity sta-
bility. Because a low crossover frequency causes the
reference for the frequency stabilization to be unsta-
ble, whereas a higher crossover frequency limits the
frequency stabilizaiion gain. we chose 30 Hz as a
tradeoff in this experiment. In the full-scale detec'
tor, frequencJ' siabilization at lower frequencies (from
dc) will be necessary both to keep long cavities on a
stable resonance and to observe varioug events. such
as coalescing binary neutron stars in the low-
frequency bandt, (10-100 Hz). Therefore another
low-frequency reference, such as a thermally con'
trolled rigid cavity or an absorption molecular cell,
will be used for frequency stabilization in addition to
the suspended reference cavity.

Figure 3 shows the caiculated transfer function of
the two loops: the pendulum loop to lock the Fabry-
Perot cavity [transfer functionF'(o)] and the PZT loop
for frequency stabilization [transfer function G(r,r)].
The unity gain frequency (-20 kHz) rvas limited by a
PZT resonance at -100 kHz. The stabilized fre-
quency noise (u".o) can be expressed as

"Calculated parameters are derjved from nominal or measured
parameters.

(fabricated by Japan Aviation Electronics Industry,
Ltd.). These mirrors, 20 mm in diameter, were at-
tached to a silica bar by optical contact. The ijnesse
ofthe cavitywas measured to be 1.5 x 10', which was
derived from both ihe resonant width of the cavity
and from the frequency response of the cavily in op-
eration. The loss of each p.rirror (96 parts in 10")
was calculated from the iransmittance of the cavity
on resonance _(7".". 

:.91So), assuming that the two
mIITOIS Were tOenucal.

The mirrors were suspendec ndependently as dou-
ble pendulums with 100-pm'diameter tungsten wires
(Fig. 2) and housed in a vacuum. The double pen-
dulum consisted of an aluminum upper mass and a
lower mass that comprised a fused silica bar with a
mirror; eddy-current damping'l was applied to the

Sid. Vi.u

Fig. 2, Suspension system ol a mode-cleaner mirror, which con-
sisted of the aluminum upper mass and the lower mass o[ ihe
fused-silica bar with the mirror. Eddy-current darnping was ap-
plied lo the upper mass in order to suppress the Iarge penduium
motion, To isolate the vertjcal yjbratjon, rectangular blade
springs were inserted at the suspension points of the upper mass.
The alignmenr conlrol was realized by controlling the position of
the upperrnost suspension points of the pendulum.

where u,, is the orignal frequency noise of the laser.
Therefore approximately an 80-dB frequency stabili
zation would be realized at 1 kHz.

In this servosystem, lve checked for continuous op-
eration for periods of up to 3 h. but sarv no failures of
the lockine in the absence of external vibration.

' I  -  F i , . , \

1 + F ( ( , ) ) + G ( o r )
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Fig. 3, Calculated transfer function ofrhe frequency-stabilizarion
system: the pendulum loop to lock lhe Fabry-Perot cavity and
the PZT loop for the frequency stabiiization. .{pploxtmately
80-dB frequency stabilization would be reaiized at I kHz.

4. Performance

A. Measurements of the Beam Jit ter

To estimate the performance of the mode cleaner as
a mode selector, we measured the reduction in tl..e
beam jitter by the mode cleaner, using the 20-m
vacuum charnber as a stable optical parh (Fig.4).
The argdar fluctuation is magnified by the lenglh
of the arm. The position of the transmitted beam
from the end chamber was detected by a knife-edge
position sensor, which blocks half of the light hor.
izontally or vertically. The effects of the intensity
noise were cancelled out when the intensiiv of the
sampled light was subtracted from the outp.rt of thu
position sensor.

L Efects of the lrlode Cleaner
First we measured the horizontal beamjitter rviihout
the mode-cleaner cavity. The thick dashed curve in
Fig. 5 is the lowest measured level, rvhich rvas limited
mainly by the vibration of the position sensor as well
as the electric noise of the sensor. UnforLunately,
because of the large path length between the laser
and the chamber, we found that the relatively large
beam jitter onginated from a fluctuation in the air.

IllC cavlty 20m chimber

LASER

Fig. 1. lvleasuremenl of thc beam Jitten the angular Buctuation ili
magniiied by the 20,m vacuum path. The posjuon of Lhe Lrans,
miLted beem from the end chamber was detecLed by a knife-edge
position sensor, lvhich bloclG half of the lieht horizontally or ver-
t ical ly. Wc cnmpared four cases. with or withoui the mode
cleaner, whco the air conditione. was tuined on or of. MC. mode
cleaner: BS, beam sDli t ter.

Frequency (Hzl

Fig- 5. Horizontal beam jitter in four cases: with the mode
cleaner IMC) installed when the air conditioner (AC) was rurned on
Ithin solid curve) : of {thick solid cuwe) and lrithout the mode
cleaner when the au conditiooer was turned on (thin i -shed cut-ve)
or of ithick dashed curve). By comparing ihe two curves whed
the AC was turned on (both thin curves), we can see approximately
a 3o-dB reduction wirh the mode cleaner lear.-30 Hz, whrre the
detcclioo is limiLed by background noise, such as vibratioi- of Lhe
EOSrttOn Sensot.

When the air conditioner near the Dath was turned
on, the beam jitter at iorv ffequenciei increased to the
thin dashed cur,,'e in Fig. 5. AJthough we are inter-
ested in the beam jitter ofthe lll iser itself,13 we could
not estimate it because of the above-mentioned back-
ground noise. \Ye therefore estimated the total
beam jitter, including the air fluctuation, and ob-
served such a reduction of beam jitter that was due to
the mode cleaner-

We then measured the beam jitter again in the
same way after the mode-cleaner cavity had been
installed (as shown by the figure in Fig. 4). The
measured hori?ontal beam jitter is shown in Fig. 5 as
two solid curves: the solid thick (thin) curve with
the air conditioner turned off (on),

By comparing the two curves when the air condi-
tioner rvas turned on (both thin curves), we could see
approximately a 30-dB reduction with the mode
cleaner near -30 Hz. Although approximately a
60-dB reduction is expected from the parameters
given in Table l, the detection is Limited by the back-
ground noise, such as vibration ofthe position sensor
(shorvn as a thick dashed cuwe).

It can be seen that the beam jitters with the mode
cleaner (both solid cr:rves) below *10 Hz are almost
identical, regardless of the status of the air condi-
tioner. The remarkable increase in the beam jitter
near -3 Hz is due to the instability of the mode-
cleaner cavity; this can be clearly understood by a
comparison of the horizontal and the vertical beam
jitter, as shown in Fig. 6. Some of the peaks are
resonances of the vibration isolation system: the
hoizontal pendulum motion at -3 Hz and the verti-
cal resonances of the blade springs at -10 Hz.
Hence the beam jitter at low frequencies may be en-
hanced because of resonances of the vibration isola-
tion of the mode-cleaner cavity.
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Fig. 6. Horizonlal or veftical beam jitter with the mode cleaner
installed. Horiuontal peDdulum molion appeared at -3 Hz aod
vertical resonances ofblade springs at .- 10 Hz, Hence the beam
jitter a! low frequencies may be enhanced because ofresonances of
the vibration isolation of ihe mode-cleaner cavity.

2. Beam Jitter by Frequency Control
Another component of beam jitter of particular inter-
est is that which is due to the PZT attached to the
Iaser crystal for controlling the resonant frequency by
deforming the laser crystal. When a swept sinusoi
dal voltage was applied to the PZT, the frequency
dependence ofthe beam jitter was measured (without
the mode cleaner). As shon'n in Fig. ?, extra beam
jitter foom controlling the laser frequency does exist
at similar levels horizontally and vertically. Such
jiiter will also be reduced by the mode cleaner. .Al'
though the voltage to the PZT produces an extra in-
tensity change, we showed that this efect is
negligible compared with the result from repeated
measurements without the knife edge (dashed curve
ir Fig, 7).

B. Estimation of the Frequency Stability
The frequency stability of the mode-cleaner system
was estimated. Although it can be calculated from
the error siglal of the sewosystem to some degree,
the instabilitlr that is due to any deficiencies of the
mode-cleaner cavity as a reference or to the detector
noise cannot be estimated in this way. Another ref-
erence cavity with the same or higher stability is
needed. For this reason we used a reference cavity,

FrEauency (Hu )

Fig. ?. Extla beahjitter lhatis due lo the frequency control ofthe
Miserwheo a PZT attached to rhe las€rcrystal is used. Repeated
measulements without the knife edge (dashed curvei showed that
aD extra intensity chalge by frequency control lvas negligible to
the result.
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Fig. 8. Expccted frequency noise of the mode cleaner. The thin

curve indicates the free-running spectrurn ofthe laser. With the
stabilization, the errot signal fell to the d- j1ed curve. The ex-
pected frequency noise of lhe output light was calculated from the
stabilized error signal witi" :he feedback loop to the pendulum at
low frequencies, level, talrcn into account.

which is an independently suspended Fabry-Perot
cavity that has a length of20 m and a finesse of -350.

1. Expected Frequency Noi.se
Before an estimation, for which a 20-m Fabry-Perot
cayity was used, the frequency noise l€vel expected
froni'the original frequen-y noise of --ne laser and the
sewogain was evaluated. The thin curve in Fig.-8
indicates the free-mnning spectrum of the laser ob-
tained from the €rror signal without stabilization'
Above 30 Hz the spectrum shows the trend of the
frequency noise of the Miser, which is inversely pro'
poriional to the Fourier frequency, whereas vibration
of the pendulum motion can be seen below 30 i{z'
Wiih stabilization, the error signal fell to the dashed
curve. This level agrees weil with the theoretical
Ievel caiculated from the thin line and the sewogain
(Fig. 3). We calculated the expected frequency noise
of ihe output light from the stabilized error signal
while takiirg into account the feedback loop to the
pendulum at low frequencies [Eq' (8)], which appears
in Fig, 8, labeled expected level.

2. Estimation uith the 20-m FabrT-Perot Cauity

Figure 9 shows the setuP for estimating the fre-
quency noise of the mode cieaner by use of a 20-m
Fabry-Perot cavity. The beam from the mode
cleaner iiluminated the 20-m reference cavity housed
in the vacuum chamber. To obtain a signal, the
transmitted beam from the mode cleaner \',ras modu-
iated in phase at 40 MHz, and the reflected beam
from the 20-m Fabry-Perot cavity was extracted by
an oplical circulator. The signal was demodulated
in the same way for the mode cleaner and then fed
back to the end mass in order to keep the cavity on
res0nance,

Figure 10 shows the calibrated spectra from
20-m Fabry-Perot cavity as well as that from

- 1

the
the

mocie cleaner. The two dashed curves, which repre-
seni runs without stabtiization, agree well with each
other, excent below 30 Hz. The difference comes

- lleo run
--- stabi l ized
- expecled level

Fequency lHz)


