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The worldwide endeavour to build long baseline laser interferometers to de-

~ tect and study gravitational radiation is well underway. In the German-British

GEO600 project, it is proposed to pass the sidebands induced on the light

by an electro-optic phase modulator thfough a Fabry-Perot optical cavity used

~ in transmission. called a modecleaner. This can be achieved by arranging for

the phase modulation fréquency to match the first longitudinal mode frequency

of the modecleaner cavity, so that both carrier and sidebands are transmitted.

~The primary function of the modecleaner is to redice the geometry Auctuations

associated with the light, and thus any such noise induced by the modulation

process is also suppfésséd; We pféée}lf the results of an experiment that investi-

gates the feasibility of passing modulation sidebands through an optical cavity,
and the factors limiting its success. In particular, we show that it is possible
to avoid introducing excess noise associated with the transmitted sidebands,
provided that certain experimental criteria are satisfied. The work was carried

out on a prototype modecleaner cavity built and tested at Glasgow University,

but similar to the equivalent apparatus planned for GEO 600.

keywords: gravitational waves, modulation, modecleaner.

1 Introduction

The German-British 600 m arm length laser interferometer GEO 600. is cur-

rently being built near Hannover. When completed early next century, it is



anticipated that GEO 600 should be able to detect gravitational radiation from
violent events happening in the universe, by-measuring tiny differential optical
path length changes induced by the passing waves. In a svstem like GEQ 600.
there are several noise sources that have to be reduced before the interferometer

can reach an astronomically useful sensitivity. One of these sources of noise is

~geometry fluctuations associated with the laser light.! These fluctuations can

~be-modelled as-small contributions of high order transverse laser modes being

added to the fundamental mode.2® A convenient way of reducing beam geom-
etry noise is to use a non-confocal Fabry-Perot optical cavity in transmission,
locked to the fundamental mode of the laser, so that the higher order modes
are off-resonant and are suppressed. Such a Fabry-Perot system is known as
a modecleaner. In order to achieve the required level of beam geometry noise
suppression in GEO 600, the modecleaner scheme will consist of two optical ring
cavities arranged one after the other in in the beam path from the laser. to the
interferometer. |
Normally, the beam geometry fluctuations that must be suppressed are
those in the deteéfion bandwidth, say around 10Hz to 1kHz. However another
important function provided by the modecleaners is to suppress beam position
fluctuations induced by the electro-optic phase modulators used in GEO 600.
However, the number of modulators that can be placed before the modecleaners
Is restricted to one for the following reason: by choosing to place a given mod-
ulator before the modecleaners. we immediately define the frequency of that
modulator to be an integral number of the frequency spacing between longitu-
dinal resonances, or free spectral range (F'SR), associated with the modecleaner
cavities. Since all modulation frequencies are necessarily distinct. and should
not be harmonics of one another. this limits the number of pre-modecleaner
modulators to one. Furthermore, since it is unwise to have the F SRs of each
modecleaner identical. the modulator must be placed between the modecleaner

cavities so that the frequency of the induced sidebands is matched to the FSR



of the second modecleaner onlv. In GEO 600 it is intended to pa~s one of them

- INOSt: unportant~~modulahon frequencies: that used to control the power recy-

2 Modecleaners and modulatmn frequenc1es

cling cavity. throngh the second modecleaner.

o The propert;es of opt1cal modecleaners hme been well documented in vari- - .

ous “ubucatlons‘i-«’—wi-he*zrd*v;'anta;g“es‘ of using them over other methods of beam

geometry noise reduction stems primarily from the availability of very low loss

‘mirrors. “These optics can be used to construct a high finesse optical cavity

with very good power handling Capabilitﬂ'. and efficient light power through-

put. while the small linewidth makes for a useful low-pass filtering action that

will passively suppress other types of laser noise including power and frequency

noise.

Each modecleaner cavity in GEO 600 will support various longitudinal and.
~transverse-laser modes (TEJ/ modes), each having a different frequency of

resonance mthm the cawtv For a cavity having two_mirrors, with radius of ..

curwa,tures R1 R2 spparated b\« a distance L. the frequency fnmg for the mode

TEM, ., is given by?®

Jrmq = [(Q’i-1)+%(n+m+1)cos—1‘<\/ \/ ) FSR (1)

where n, m are the transverse mode numbers, g is the longitudinal mode num-

ber and FSR is the free spectral range of the cavity given by FSR = c/(2L).
For a given pair of transverse mode numbers, there are multiple longitudinal
resonances offered by each value of ¢, available in practice by altering the cavity
round-trip length by one wavelength of the light at a time. In normal opera-
tion each modecleaner would be locked to the fundamental mode of the light.
TE My,. effectively fixing a value for q, whereupon the modes with higher values

of (n 4+ m). and indeed different values of g, would be offset from resonance by




an amount A fy,, given by

c ) . c f L _Li ] L
/ = N\ () — A ‘05 / - 1 T .
-Afnrnq A(ITZLJ' + (n+ m}Q/TLj cos (\/ R, \/ R,

where L; is appropriate to the j** modecleaner (j = 1.2). In GEO 600 we have

for passage through the second modecleaner, should differ in value from those
that could give rise to coupling between a modulation sideband and a cavity

mode. In other words we should strive for

M, # |Aq + %—(n + m)cos™! (\/1 - %v’lll - é—;)J FSR; (3)
where M; = {M), Afy..... M, } represents the set of modulation frequencies cho-
sen for the various control systems employed up to and including the second
modecleaner in the GEO 600 system. One member of this set, say .;LI,, will not
obey this inequality and will have its value defined as FSR,. Further to the
above constraint on M;, we have also insisted that thé ﬁrst few harmonics of M;
satisfy the inequality also. The safety margin between M; or harmonics of M;,
and the various cavity mode frequencies has been taken to be ten linewidths of
each modecleaner cavity, by which stage any signal coupling into the cavities
would be reduced by 120dB through passive filtering alone. As indicated above,
low loss mirrors permit high values of light power throughput to be achieved
while also allowing narrow linewidths for the modecleaners, making it easier to
satisfy Eqn.(3) for all M; and first few harmonics. say up to 7V;. The mir-
ror properties of each modecleaner are identical. and they differ only in their
lengths. and hence their F'SRs and mode spacings. The important parameters
are given in Table 1. We should point out that both GEO 600 modecleaners are
triangular ring cavities having two closely spaced flat mirrors and a distant 6 m
curved mirror. The equivalent two mirror cavity configuration is then R, = 6 m.
Ry = x and L; = d;/2 where d; is the round trip optical path length within

the j®* modecleaner. listed in Table 1.



In addition to the cavity mode COIIQI(I(‘I‘athIls we also 1mpose thP Con(lmon o

~—-that-potential beatmfr between modulation trequoncws should not lie mthln the

bandwidth of any of the GEO 600 control systems. Given that the maximum

bandwidth of any of rhe GEO 600 control svstems is likely to be of order 1 \IHL ‘ L

- f
ati ‘:ﬁe‘ﬁ 10T

we have the addmonal crlterlon [1[ — M > 10° that must be.. sa

all 1 <ach < la #F ) Tt s proposed that the source producmo M, be

Tega 1’ edasa master osmﬂdtor in GEO 600 with all other modulatlon frequenaes -

M. L[, 1 phase Iocked to M. o o V -

3 Description of an experimental test of modecleaner response to
modulation sidebands |
Although in theory it should be possible to transmit modulation sidebands

throuch a modecleaner, it is instructive to consider the practical factors that

may exist to limit the success of such 2 proceedure. The modulation sidebands

that are-to-be transmitted through MC2 can be regarded as mdependently
apphed to the hfrht and thus mll not follow Changes or drifts in operating
7 COIldltIOIlS associated with the main Control systems that keep the cawtv on
resonance with the light. It is possible that changes In cavity alignment or
loop gain variations may affect the transmitted sidebands. Such concerns are
relevant not only in GEO 600 but i all the long-baseline interferometers around
the world, currently encompassing the American LIGO, French-Italian V IRGO
and Japanese TAMA projects. Experiments designed to address the issues have
been performed by these groups and some have been summarised in internal
project papers. Here we descfibe and report the results of a series of experiments
on the Glasgow modecleaner which was developed primarily as a prototype
cavity for the modecleaner system planned for GEQ 600.5

The experimental arrangement in shown in Fig1. The modecleaner cavity
contains four suspended fused-silica masses with attached mirrors. The masses

are damped using a local control svstem for each. The local controls also allow

(@)}



the masses to be rotated and tilted to permit manual alignment of the cavity

with respect to the ingoing light. The modecleaner round-trip distance was .

measured to be about 16.8m implying a longitudinal mode spacing of around
17.85MHz. The laser used is an argon ion laser operated at 514.5nm and a

power specification of around 1 W single mode. The laser light passes through

Ttwo EO;\’I units on its way to the modecleaner. The first EOM is fed from
“~a variable frequency oscillator to allow the modulation frequency to be varied
through the FSR of the modecleaner. The modulator used was an Electro-
Optic Developments model PC 14 which has an active length of 6.5cm giving
it a relatively low half-wave voltage of 85 V. We shall refer to the modulation
frequency associated with this modulator as fi. The second EOM, a Gsanger
P)M 25, applies modulation sidebands at 10 MHz which, in conjunction with the
reflected cavity signal at PD2, allows the locking of the laser to the modecleaner
using the rf-reflection technique.”* This modulation is also used in an automatic
alignment system that keeps the modecleaner optimally aligned to the ingoing
light. This is achieved by sensing the lateral and angular drift in the reflected
light using the photodiode array containing PD3 and PD4, and then deriving
suitable control signals which are used to rotate and tilt the input and output
mirrors to correct for these drifts.>!® During the experiment, the best visibility
obtainable manually was around 75 %, and the auto-alignment system held this
value when switched on.

The variable modulation was applied using a Marconi digital rf generator
matched into a 1 W amplifier and this in turn feeding a resonant LC voltage
multiplier circuit with the EOM providing the C. The arrangement is shown in
Fig?2 along with the tuning curve of the circuit based on a set of experimental

measurements taken using a Tropel scanning cavity to investigate the sideband

height relative to the carrier. For the purposes of our experiment it is important

that the linewidth of the resonant circuit powering the EOM is far greater than

the linewidth of the modecleaner so that the amplitude of the applied sidebands




. This Slmphﬁes chaonostlcs Tegarding” the effect of the (a\'lrv LPsponse on the

remains constant during a frequencx sweep through the modecleaner resonance.

51deband amplitudes.

In oenezal a hvhr field that has modulatlon sidebands applied can be de- ’

scrlbed b\

E=TI(3) 4 T(3) exp (iwnt) = Ji(3)exp (— i) Eoesxplivt)(4)

where w is the carrier frequency of the light. «,, is the modulation frequenm 53

~1sthe modulation index. E) is the amplitude of the hght field before modulatlon

and Jy,.J; are the Bessel functions of 0 and 1°' order. The light field at PD1
in Fig 1 depends on the back-reflected light from the cavity which will consist of
two contributions; the first is a directly reflected beam from the back surface of
the input mirror which we will denote E.. and the second is the light that leaks

back out of the cavity after undergoing several round-trips inside the cavity,

~which we-will eall Ej:-If we neglect the reduction in carrier power due to the

10MHz modulatlon and consider only the effect of the modulation_ applied.at. .. ...

h J’then these reflected fields can be described by

—_
Ut
T

Er=1Jo(31) = Ji(By) exp (iwit) + Ji(31) exp (—iwy )] By

Tpexp(icy) (31) Tpexp (i[o, + o))
L—pexp(ioy) "Y1 pexp(i[o, + ¢a])

oy Lpexp(ifo) —oq]) . _
—Jl(’dl)l — pexp (i[é1 — ¢o]) £ ©)

where wy = 27 f,, 3, is the modulation index for the a,pplied modulation at f;, T

E = [Jo(3)

is the power transmittance of the input mirror, p = (Ry, ... Rn)% where R, ... R,
are the power reflectances for each mirror in the modecleaner. o, is the phase
offset acquired in a round trip of the cavity due to f; not exactly maﬁching
FSR, and 0, has the same interpretation for the carrier itself. due to offsets.
or lack of gain in the laser frequency stabilisation scheme. There should be

an input mirror reflectance coefficient in Eqn.(5). however for high reflectance

{




mirrors we can approximate this to unity. In terms of the frequencies «; and
«9. where . is the frequency offset from resonance due to imperfections in the
stabilisation loop. we can write o, = «;/FSR and ©» = wo/FSR. The signal
1 observed at point () in Fig1 is that measured by PD1 and then demodulated

at f;. This can be calculated by extracting the terms with coefficient e*'! in

I = (E. + E)E + E) (7)
which, after some cons-iderable expansion and simplification, can be written as

; 2
1y = 24T7(3) <Z—F-)

s

N dBsine,  hGsin(e+e) | A()s
11 + (”)2sin2 A 14 (‘—“’f——)zsin2 (%’l) 1+ (%‘ﬂzsin? ("—?—;ﬂ>

" where F is the finesse of the cavity, given approximately by F' = %};, and 4isa
constant depending on the signal strengths. This expression is the mathematical
description of the error signal that is obtained from an rf reflection locking
scheme with demodulation frequency f;, however with the added effect of an

additional phase offset from resonance for the carrier resonance given by ¢,.

4 Experimental aspects of the modecleaner response to modulation

sidebands

The signals of primary interest in the experiment are those measured at P
and @, denoted by Vp and V{ respectively. The signal Vp is the laser power
transmitted through the cavity, measured with a broadband photodiode. To
begin with this signal will be investigated at the modulation frequency f,. Fol-
lowing this. it will be demodulated with a local oscillator derived from f; and
the spectrum of the result will be analysed.frorn DC up to a few hundred Hz.

As discussed above, Vp is the light reflected from the cavity measured by

PD1 and demodulated at f; and will show a dependency on both the carrier




offset from resonance and the modulation frequency offset from the modecleaner

- -FSR. Both these effects are described by Eqn:(8).

41.  Investigation of th. transmitted light at the modulation frequency f

It is possible to use Vp to provide information about when fi matches the

—cavity FSR. I the first instance, Vp was measured with a high-frequency. .

either side of the cavity FSR. The component of 15 at f1, which can be

__regarded as the amplitude modulation imposed at f; on the throughput. lighte o
was plotted as a function of f; and is shown in Fig 3. The minimum value occurs
when f; = FSR, and provides a direct measurement of the FSR. At frequencies. -
on either side of this minimum the modecleaner converts the frequency sideband.
Fourier components into even greater amplitude modulation on the transmitted
light, since the sidebands get reflected from the cavity in accordance with the
modécleaner resonance curve; this curve provides the characteristic shape of
the central dip in F ig3. The finesse of the modecleaner was measured to be
around 600 corresponding to a linewidth of around 30kHz, which is-in good
agreéﬁnent with the value suggested by Fig3. The shape of the plot in Fig3 at
frequencies further away from the central dip is determined by the tail of the
cavity response combined with the tuning curve of the modulator circuit shown
in Fig2.

It is promising that the character of the sidebands when f; = FSR is iden-
tical before and after the modecleaner, as demonstrated by the scans shown in
Fig4. These were taken with a Tropel scanning Fabry-Perot frequency discrim-
Inator.

A fact of particular interest here is whether or not the minimum value of Vp
in Fig3 represents the same relative amplitude modulation on the throughput
light as that measured on the ingoing light to the modecleaner. It would be
desirable that the modecleaner should not impose any extra amplitude modu-

lation on the light. provided that the condition f; = FSR could be maintained.

9




The amplitude modulation at f; on the light power entering the modecleaner

was typically 2x 107, being induced by polarisation noise at the EOM coupling -

to amplitude modulation through subsequent optical components having polar-

1sation sensitivity. The polarisation noise associated with the EOM is highly

temperature dependent and the level of amplitude modulation was sometimes

seen to drift over timescales of minutes. For this reason, comparison measure-

~ments on the light entering and exiting the modecleaners were performed within -~

a few seconds of each other.

Initially, the level of AM on the signal at P was seen to be a few times"

worse than the corresponding AM measured for the input light. However. an
improvement in the frequency stabilisation circuitry, giving a few dB more gain
up to several kHz, permitted the reduction of the AM at P to a level comparable
with the AM on the incident light: around 2 x 107" at f; also. If the gain of the
stabilisation control loop was reduced. then in general this level of AM could
not be achieved. These measurements were performed with the auto-alignment
control loop switched on. An interesting effect was noted if the alignment of the
cavity was manually adjusted. By deliberating misaligning the cavity slightly,
it was possible to actually reduce the level of AM measured at P to a value
below that measured for the incident light: down to around 4 x 10~ with care.
This is most likely due to the misalignment generating a high order transverse

mode which couples into AM within the cavity, and then this adds out of phase

to the AM associated with the incident light.

42.  Investigation of the transmitted light demodulated at the modulation fre-

quency fi
Having studied the level of AM associated with the signal at P at frequency

fi we now investigate Vp demodulated with respect to f; and examined over a
given frequency range. For gravitational wave interferometers, we are interested
particularly in noise from a few tens of Hz to a few kHz. The demodulated spec-

trum is a particularly relevant measurement because it helps determine the suit-

10




ability of the modulation process at f; for an electro- opmc control s Sy srem Where

—any-excess-noise’ introdiced by the cavity would be- undefurable In GEO- aOO

it is anticipated that the locking of the power-recy cling cavity will rel\ on the

modulation apphed at /1. Fortunately however. the GEO 600 control topoloow

is such that the feedbad\ loop lockmd the power-recycling cavity to the lm‘hr Can

—tolerate a much p greater level of noise around the modulation frequencv f1 thdn

say.-a-loop-which is telated to the actual interferometer feedba.ck swnal which

o oN

would carr\v information about passing rantatlonal Waves Thus we make the

“Ineasurement here, prlmarlI\ fo ensure that the level of noise associated with

the demodulation of the light amplitude signal after the modecleaner Is not con-
siderably greater than that associated with the equivalent measurement made

for the light entering the modecleaner cavity. The experimental proceedure is

- shown in Fig5. The light before and after the modecleaner 1s examined using

a révised photodiode circuit designed to be optimally sensitive to light noise

~at the modulation frequency with gain approaching zero towards DC. The DC

light-level could be conveniently “monitored by measurmg the voltage developed
across the lmH inductor which has a resistance of around 0.7Q). The swnal
from the photodiode circuit is demodulated with a local oscillator derived from
the signal generator used to drive the modulator circuit at frequency f;. The

demodulated signal is then Investigated using a low-frequency spectrum anal-

yser.

Initially, the background noise level associated with the signal after the
modecleaner was found to be higher than the comparable measurement made
for the light entering the modecleaner. In more detail, the noise level associated
with the input light was consistent with the shot noise corresponding to the
25mW of light falling on the photodiode. However the noise level of the light
exiting the modecleaner was around 10dB higher up to 100 Hz. thereafter falhno

to a level comparable with the input light noise.

The reason for the excess noise at low frequencv was thought most likely to

11



be a combination of three principal factors. The first mechanism is modecleaner
mirror motion in turn producing a fluctuating FSR. and hence providing direct
coupling of the phase sidebands at f; to light power noise at f; associated with
the throughput light. The second important factor is phase noise intrinsic to

the rf generator used to apply the modulation sidebands. The modecleaner

cavity will convert such phase noise into light power noise on the throughput

~light. The third consideration, which has an impact on the previous two. factors,

is concerned with the laser stabilisation scheme that keeps the laser locked to
the modecleaner cavity; insufficient gain in this feedback system, especially in
the frequency band of interest, would cause the sidebands at f; to fluctuate
around the FSR of the cavity. The consequence of f; not being matched to
the cavity F.SR is that the power noise coupled in by the first two factors will
then increase, according to the gradient of the cavity resonance curve shown in
Fig3. This effect could be produced experimentally by deliberately offsetting
the value of f; from the cavity F.SR by adjusting the frequency of the Marconi rf
signal generator; for example an offset of just 100 Hz would produce an increase
in the demodulated signal of just over 10dB. We should also point out that
the level of excess noise was also seen to be dependent on, although not very
sensitive to, the alignment of the modecleaner. For example, the effects of drifts
in visibility of around a few percent were just beginning to become noticeable
on the throughput noise trace, however the problem was removed altogether in
the presence of the auto-alignment scheme.

In order to address the excess noise problem two steps were taken. Firstly,
the Marconi rf signal generator was replaced with a Hewlett Packard HP 8648A
synthesizer having a very favorable documented specification regarding phase
and amplitude noise. Secondly, the laser stabilisation scheme was improved
further to increase the gain at low frequeucy. producing an open loop gain of
~ 10° at around 10Hz. The change of rf generator had a noticeable effect

on the level of noise associated with the demodulation of the light before the



modecleaner. the background being 10 dB lower up to several hundred Hz. This ~

noise specification than the Marconi unit. at least for amplitude noise.

With these measureé we have been able to achieve a level of noise associated

constitutes an experimental confirmation that the new HPsynthesizer has lower = —

:;AQ tne input- h«rht at all but very low- frequenm A Comparxson betueen two

-measured- traces-is-shown-in Fig 6. The-excess noise-b elow-around 10'Hz is

most probably due to seismic motion of the modecleaner mirrors. We have

—measured. the ground motion around the modecleaner vacitnT tanks using a
seismometer, and also spectrum analysed the local control signals that damp the
modecleaner masses. The spectra of each of these measurements have revealed
structure characteristics that correlate with the low frequency part of the trace
associated with the light after the modecleaner in Fig6. In view of the results
of Fig6, it seems reasonable to suggest that the transmitted sidebands would
‘be aéceptable for use, even in a control system where there is a rather lower -

tolerance of noise around the modulatlon frequencv than for the power-recyclmg

control loop in GEO 600.

43.  Investigation of the reflected light .and its relevance to thermally induced
offsets

We recorded an important feature during our experiments regarding temper-
ature drifts in the operating environment each time the equipment was turned
on for the first time each day. The modulation frequency f; had to be retuned
typically by around 600 Hz in the morning, and then slowly decreased during
the day as the apparatus, and the laboratory itself, became warmer. This re-
tuning is necessary to correct for the drift in the round trip length of the cavity,
caused by thermally induced stress associated with the vacuum chamber. An
increase in the FSR of 600 Hz. which is around 2% of the cavity linewidth.
equates to a 0.56 mm decrease in round trip distance. or a 0.14mm reduction

in the nominal physical spacing between the mirrors. From Fig3 it can be seen

13




that an offset of 600 Hz from the FSR of the cavity represents a rather large

increase in the value of AM associated with the light at P. The exact increaseis .

rather difficult to determine from the graph, but inspection of the experimental
data points suggest that it is around a factor of 5. In addition. there is the i1ssue

of introducing excess noise associated with the demodulation of the throughput

light with respect to f;, described above. Therefore if such thermally induced

effects are as evident in GEO 600 it may be necessary to correct for them either .

by tracking the cavity length to regulate the FSR, or else by feeding back to a
VCO to alter the value of f;.

In order to do this we must be able to generate an error signal and such
a signal can be derived from Vg in Figl. The plot shown in Fig7(a) shows
the form we would expect for Vo, as a function of the modulation frequency,

based on Eqn.(8). The plot shown in Fig 7(b) is based on a set of experimental

measurements of Vg as f; is varied in steps of £100Hz on either side of the

cavity FSR. The position of the null of the AM measured at P, and hence the
cavity FSR, corresponds to f; = 17.8496 MHz for this plot. The suitability of
the signal Vg as the source of a control signal. should it be required, is evident
from these plots. The exact location of the null in the measured error signal at
() depends on ¢,, the carrier frequency offset from resonance. Thus in practice

it is advisable to keep the offsets in this loop as low as possible.

5 Conclusion

We have investigated the practical considerations of passing phase modula-
tion sidebands through a Fabry-Perot optical cavity. This process is important
for the modecleaner scheme in the GEO 600 gravitational wave detector, where
it is planned to pass modulation sidebands through such a cavity. Based on the
experiments performed on the Glasgow prototype modecleaner, we have man-
aged to reduce the level of AM on the throughput light to the equivalent level

measured on the incident light. We have also investigated the demodulation

14



of the throughput hght power nmse over a bandwidth of a few hunured HL

_..and. found that-we can eliminate excass noise introduced m “the modedeaner

at all frequenmes abme ~ 10Hz subject to there bemg sufficient gain at low
frequency in the feedhack svstem used to lock the laser to the modecleaner )

cavity. It has been pointed out that both these results are subject to various

- ,”orpé_*ratlncr conditions:- One of these conditions is thdt ‘the modedeaner must be

—reasonably-well aligned:at Teast o “within the capablhtles of auto- ahgnment

control schemes such as the one 1mplemented here. In addltlon the F SR ot

~~the cavity must not driff with respect to the modulation frequenm by more

than a small fraction of the cavity linewidth. We found that thermal drifts i in

the cavity length amountmd to a 600 Hz change in the FSR caused the level of

AM on the output hght to increase by almost a factor of 5 while . an offset of

100Hz caused the noise associated with the demodulated throucrhput hfrht to

increase bV over 10dB. The implication for GEO 600 is that control over such

driffs may need to be employed, and we have shown that the necessary error

51gnal for this can be obtamed from the demodulated 51gnal corresponding to

the: reﬂected hght from the cavity.
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Table and Figure Captions

Parameters of the first and second GEO 600 Inq.lgcleaners; MCI and MC2.

Figure 1-

Experimental arrangement of the apparatus used to investigate the process

ol passing modulation sidebands through a modecleaner cavity.

~ Figure 2
The circuit used to apply modulation sidebands on the light with adjustable |
frequency f;. The linewidth of the prototype modecleaner Cavitj,-' is only 20 kHz.
hence in view of the resonance curve of the modulator circuit shown here we
may deduce that the variation of applied sideband height is slight over several
caVity linewidths.
F zgure 9
2The amplitude modulation of the transmitted light power as the sideband

frequency is varied through the modecleaner cavity FSR.

Figure 4
The appearance relative to the carrier of the applied modulation sidebands
(a) on the light entering the modecleaner, (b) on the light exiting the mode-

cleaner when on resonance. The graphs were obtained using a Tropel scanning

Fabry-Perot cavity.

Figure 5
A simplified diagram showing the experimental arrangement to investigate
the light noise demodulated with respect to f. The signals to be spectrum

“analysed at 4 and B are those associared with the light after and before the

modecleaner.




Figure 6

Traces showing the photodiode signal demodulated at f, measured for the
light entering and exiting the modecleaner cavity. With a greater span we
observed that by several hundred Hz the backgrounds of both traces tend to

the measurement shot noise level for the light power used (25mW): around

10dB lower than the backgro"ﬁ‘nd level at 100 Hz.

W VF wgure 7

(a) the error signal that would be expected from a theoretical consideration

of the cavity response, and (b) the demodulated signal actually measured at

point @ over a smaller frequency range.
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Table 1: Parameters of the first and second GEQ 600 1>no’dve/cfi‘e:aners. MC1 and MC2.
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Figure 1: Experimental arrangement of the apparatus used to investigate the process of passing

modulation sidebands through a modecleaner cavity.
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Figure 2:-The circuit-used to-apply modulation sidebands on the light with adjustable frequency
f1- The linewidth of the prototype modecleaner cavity is onlv 20 kHz, hence in view of the

curve of the ‘modulator circuit shown here we may deduce that che variation of

apphed sideband height is slight over several cavity linewidths.
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Figure 3: The amplitude modulation of the transmitted light power as the sideband frequency

is varied through the modecleaner cavity FSR.
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Figure 4: The appearance relame to the carrier of the apphed modulauon ~1debands {a)on the .

light entering the modedea.ner (b) on the light e\mnv the modecleaner when on resonance.

The graphs were obtained using a Tropel scanning Fabry-Perot cavity.
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Figure 5: A simplified diagram showing the experimental arrangement to investigate the light
noise demodulated with respect to f,. The signals to be spectrum analysed at 4 and B are

those associated with the light after and before the modecleaner.
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Figure 6: Traces. showing_the photodiode signal demodulated at Ji measured for the light

entering and exiting the modecleaner cavity. With a greater Span we observed that by several

hundred Hz the backgrounds of Both traces tend tg the measurement shot noise level for the

light power used (25 mW): around 10dB lower than the background level at 100 Hz.
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Figure T: (a) the error signal that would be expected from a theoretical consideration of the

cavity response, and (b) the demodulated signal actually measured at point @ over a smaller

frequency range.
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