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Abstract

We present the problems associated with generation of multiple control side-
bands for length sensing and control of dual-recycled cavity-enhanced Michelson
interferometers and the motivation behind more complicated sideband generation
methods. We focus on the Mach Zehnder interferometer as a topological solution
to the problem and present results from tests carried out at the Caltech 40m pro-
totype gravitational wave detector. The consequences for sensing and control for
advanced interferometry are discussed, as are the implications for future interfer-
ometers such as Advanced LIGO.

There are several large scale projects around the world building and operating laser
interferometric gravitational-wave detectors including LIGO [1] (USA), GEO600 [3]
(UK/Germany), VIRGO [2] (France/Italy) and TAMA [4] (Japan). These detectors
are based around enhanced Michelson interferometer optical topologies and operate by
detecting fluctuations in optical phase produced by gravitational radiation.

These first generation detectors are expected to open up the field of gravitational
wave astronomy with a detection event rate of a few events per year. The second gener-
ation of detectors are being developed to improve the peak gravitational wave detection
sensitivity by more than an order of magnitude and improve the expected event rate by
several orders of magnitude [5]. These advanced detectors will incorporate several en-
hancements over the basic Michelson design and will have the general form shown in
Figure 1. The interferometer has a specific operating condition requiring the relative
lengths between optics to be controlled. The final sensing and control scheme for the
Advanced LIGO [6] detectors is currently being investigated using the Caltech 40 m
prototype system.

The sensing and control scheme being considered for this system has been dis-
cussed in detail [7] and is an extrapolation from the well-known Pound-Drever-Hall
reflection locking scheme [8] where phase modulation sidebands are imposed on the
laser light (carrier). After interaction with the interferometer the light is detected at
one of the three detection ports and the signal is demodulated to give a bipolar control
signal for each degree of freedom.
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Figure 1: General form of the Advanced LIGO detectors and the 40 m prototype system.
The logical control lengths (or degrees of freedom) L−, L+, lp, l− and ls are shown,
and the 3 possible points for signal detection are identified as SP (symmetric port), AP
(antisymmetric port), and PO (pick-off port).
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With five degrees of freedom and only three available detection points the sensing
and control scheme being investigated requires the use of two sets of control sidebands
(at frequencies f1 and f2). In the 40 m system f2 = 5f1. The sensing signals chosen
to control the central part of the interferometer (lengths lp, l− and ls) are derived from
the beat signal between the sidebands (at ports SP, AP and PO respectively). One of
the primary advantages of this double demodulation sensing method is the decoupling
of the central degrees of freedom from the arm cavities (L− is the gravitational wave
detection length) which are controlled by single demodulation of the beat between
sideband and carrier.

At the desired operating point the arm cavities (L− and L+) and power recycling
cavity (lp) must be held on resonance with the incident carrier light, the output port
must be held to a dark carrier fringe (l−) and the signal recycling cavity (ls) must
be held to a specific resonance condition determined by the desired frequency re-
sponse [7]. The control sidebands also resonate within the system to allow generation
of length sensing signals. In the 40 m system, both sets of sidebands (at ±f1 and ±f2)
are resonant in the power recycling cavity, while only one sideband (at + f2) is reso-
nant in the detuned signal recycling cavity. This unbalanced sideband system means
that, while the interferometer is held to the operating point, different sidebands have
different responses to mirror motion. Through careful selection of demodulation phase
for each double demodulation signal, the coupling between the length sensing signals
for lp, l− and ls can be minimised. Since the central part of the interferometer is al-
ready decoupled from the arm cavities the sensing scheme for the system is optimally
decoupled at the operating point.

Double demodulation presents an additional difficulty with regard to the sideband
generation requirements for advanced interferometer control. Generation of one set
of sidebands of amplitude β at frequency f2 on top of another set of amplitude α at
frequency f1 will impose additional sets of sidebands offset from the carrier (amplitude
1) at frequencies f1 ± f2 with amplitude αβ. This effect can be seen quite clearly in
Figure 2 and has been termed ’sidebands on sidebands’. A signal produced by the beat
between sidebands on sidebands and the carrier will result in a signal (αβ × 1 = αβ)
of the same magnitude as one derived from the beat between sidebands (α× β = αβ).
Modeling of this system indicates that due to the high finesse of the arm cavities, the
arm cavity degrees of freedom will not only be strongly coupled with the central part of
the interferometer, but will actually be the dominant elements of the sensing signals for
the central degrees of freedom. A sideband generation scheme which does not result
in sidebands of sidebands being present on the light must be used. One such scheme
is to use parallel modulators in a Mach Zehnder interferometer configuration (see right
hand configuration in Figure 2).

The Mach Zehnder configuration solves the problem of sidebands on sidebands,
but for the purposes of high sensitivity interferometry the beams in each arm must be
recombined in phase. Residual deviations from the desired recombination phase will
introduce noise into the system and limit the interferometer detection sensitivity.

These residual motions were extensively modeled with respect to the effect on the
L− signal. An imbalanced interferometer will give greater coupling of laser noise
to the control signals so the system was modeled with differences between the ITM
transmissions of up to ± 10 %. A more balanced system will have less susceptibility to
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Figure 2: The left hand diagram shows the frequency components of the light with
sidebands of sidebands as generated by a conventional series modulator configura-
tion. The right hand side shows the required frequency components for a viable double
demodulation sensing and control scheme as generated using a parallel modulator
configuration.

noise coupling to the L− output signal.
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Figure 3: Mach Zehnder control loop. The signal at the dark port is demodulated to
provide a length sensing signal. This signal is fed back to the PZT in the f2 arm to
control the relative arm lengths.

Noise can be introduced in two main ways, namely common mode and differen-
tial mode fluctuations of the two Mach Zehnder arm lengths. Differential arm length
fluctuations couple directly to the L− signal and will also result in fluctuations in the
relative phase between the sidebands at f1 and f2. Modeling of the system gives the
coupling factor for differential Mach Zehnder arm motion to L− motion as around
10−6 for a ± 10 % difference between ITM’s. In contrast, common mode arm length
fluctuations couple indirectly through other control systems - in this case the strongest
indirect coupling mechanism is via the laser frequency stabilization servo loop. Mod-
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eling gives the coupling factor for common Mach Zehnder arm motion to L− motion
as around 10−7 for a ± 10 % difference between ITM’s. The dominant mechanism for
noise coupling is therefore direct coupling of differential Mach Zehnder arm length
fluctuations to the L− output signal.
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Figure 4: Mach Zehnder residual noise calibrated as fluctuations in the relative arm
length.

A servo loop (shown in Figure 3) is used to hold the relative arm lengths of the
Mach Zehnder constant and maintain the phase relationship between the sets of side-
bands. The system uses one of sets of sidebands (f1), detected at the unused Mach
Zehnder dark port and demodulated, to derive a control signal which subsequently
feeds back to a piezo-electric transducer (PZT) bonded to one of the mirrors. Fluctua-
tions on the signal are calibrated to give the residual change in relative arm length (see
Figure 4).

The residual noise of the Mach Zehnder can be seen to rise above 10−12 m/
√

Hz
in the several hundred Hz to 1 kHz region. With a 10 % imbalance in ITM transmis-
sivity the direct coupling mechanism will result in a detector sensitivity limit of around
10−18 m/

√
Hz from the L− sensing output. This is around 2 orders of magnitude

higher than the design specification for the prototype system.
The performance of the Mach Zehnder servo loop could be easily improved by in-

creasing the gain, but in the configuration shown, gain is limited by intrinsic resonances
of the PZT. The unity gain frequency of the loop is ∼ 11 kHz. The servo bandwidth
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could be increased by inserting a phase correcting electro-optic modulator in one of
the Mach Zehnder arms to feed back at higher frequencies and allowing the gain to be
increased in the region of interest. Using this method the residual length fluctuations
would be reduced by several orders of magnitude.

Using the Mach Zehnder parallel modulation scheme, sidebands have been gener-
ated without sidebands of sidebands. The resulting length sensing signals have been
used to lock the prototype interferometric system in a full Advanced LIGO configu-
ration. The work presented here demonstrates that, given a suitably high gain servo
loop, the parallel modulation scheme is a viable option for the generation of control
sidebands in full scale advanced interferometric gravitational wave detectors.
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