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Abstract: Modulated differential wavefront sensing (MDWS) is an alignment control scheme in the regime
of beams with strong higher order transversal modes (HOMs). It is based on the differential wavefront
sensing (DWS) technique. MDWS represents a significant upgrade over conventional techniques used
in the presence of high HOM content as it allows for higher control bandwidths while eliminating the
need of auxiliary alignment modulations, that otherwise cause loss of applied squeezing. The output
port of gravitational wave (GW) interferometers (IFO) is one such place where a lot of HOMs are present.
These are filtered out by a cavity called the output mode cleaner (OMC), whose alignment gets challenging
due to the presence of HOMs. In this paper, we present the first demonstration of the MDWS scheme for
aligning the fundamental mode from the IFO to the OMC at the gravitational wave detector-GEO 600.
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1. Introduction

GEO 600 is a Dual Recycled Michelson Interferometer (DRMI) [1], which operates with a small dark
fringe offset (DFO), which allows a certain amount of carrier light to leave the interferometer (IFO) at the
output port (Figure 1). In this operating state, the Michelson interferometer (MI) as a whole behaves like a
mirror and reflects the injected laser light almost completely. The power recycling mirror (MPR) recycles
this light by forming the power recycling resonator (PRC) with the rest of the IFO (Figure 2). The carrier
light is resonantly amplified by the PRC, with a gain factor of about 1000. The signal recycling mirror (MSR)
at the output port forms another cavity, called the signal recycling resonator (SRC). This cavity resonantly
enhances the gravitational wave signal sidebands (GW) exiting towards the output by reflecting them back

Galaxies 2020, 8, 81; doi:10.3390/galaxies8040081 www.mdpi.com/journal/galaxies

http://www.mdpi.com/journal/galaxies
http://www.mdpi.com
https://orcid.org/0000-0002-5160-0239
https://orcid.org/0000-0002-2066-5355
http://dx.doi.org/10.3390/galaxies8040081
http://www.mdpi.com/journal/galaxies
https://www.mdpi.com/2075-4434/8/4/81?type=check_update&version=3


Galaxies 2020, 8, 81 2 of 8

into the IFO. Due to imperfections in the optics, their misalignment and thermal effects, especially in the
beam splitter, there is a significant amount of light present as higher order transversal modes (HOMs) [2]
at the output port. In the standard operational operating state of the detector, the total light power at
the IFO output is about 36 mW, of which the carrier component TEM00 is about 6 mW and each of the
Michelson control sidebands (MI SBs) at 14.9 MHz is about 1 mW. The rest is due to HOMs.

Figure 1. A mode scan of the output mode cleaner (OMC) with dark fringe offset (DFO) (Figure taken
from [3]) showing the higher order transversal mode (HOM) content of the interferometer (IFO)
output beam.

HOMs and SBs contribute to (shot) noise, but do not carry a useful GW signal. Therefore, an Output
Mode Cleaner (OMC) (see Figure 2) is provided which is in resonance with the carrier and attenuates the
HOMs and SBs to reduce their contribution to shot noise in the GW frequency band by a factor of 10 [4,5].
The technique used to read out the GW channel is called DC readout [6], which creates a beat between
the carrier and the GW SBs when transmitted through the OMC. For good detector sensitivity, the carrier
must therefore be well aligned with the OMC.

All interferometric GW detectors have used OMC alignment techniques based on the dithering
of the quantity of interest [7], which in our case are alignment degrees of the beam incident on the
OMC. In the case of GEO 600, for example, this would be done by modulating the beam steering optics
(BDO) (see Figure 2), i.e., BDO1 and BDO3 in rotation and tilt at these dither frequencies: BDO1R–17 Hz,
BDO1T–11 Hz, BDO3R–3.5 Hz, BDO3T–14 Hz.

If the intensity of the beam in transmission of the OMC is given as I (θ), where the angle (θ) is the
input beam angle, then a modulation injected into θ can be expressed as:

θ = θ0 + m sin ωt

where m � 1 is the modulation index and ω is the dither frequency. Then the resulting intensity
fluctuation will look like:

Iθ = I(θ0 + m sin ωt) ≈ I(θ0) +
∂I
∂θ

(θ0)m sin ωt + ... (1)

The amplitude of the modulation signal at ω is proportional to the partial derivative term and can be
extracted by demodulation. Since the cavity transfer function is symmetric around optimal alignment,
the derivative will disappear there, indicating the desired alignment for that degree of freedom (DoF).
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If this is done for all four DoFs then four feedback loops can be employed to keep the incoming beam
aligned to the cavity’s eigenmode. This is the principle of dither locking. The extension of dither locking is
the beacon dither technique used at GEO 600, where the optical mode in which a GW signal would be
present is marked by a “beacon” signal by differentially actuating on the MI end test masses at 3.17 kHz.
The beacon dither scheme aims to maximize the transmission of the beacon signal as described in [7,8].
This scheme is robust against small alignment drifts and is sufficient for the daily operation of the detector,
but has certain limitations.

First, the control bandwidth achieved is less than 20 mHz [5], which is not sufficient to suppress the
misalignment caused by the MI suspension resonances around 1 Hz. Second, the process of dithering
introduces additional jitter of the beam incident on the OMC, which has been shown to cause a 0.2 dB
loss in squeezing at the 5.5 dB level [3,9]. To get around these limitations, we have tested a new scheme
called Modulated Differential Wavefront Sensing (MDWS), which allows for a higher control bandwidth
and eliminates the need for dithering. It was first proposed and a preliminary demonstration was shown
in [10].

2. Differential Wavefront Sensing Technique

As already mentioned, MDWS is an extension of the well known DWS technique, which can measure
the relative misalignment between two wavefronts. When the longitudinal degree of a cavity is locked,
for example with the Pound–Drever–Hall (PDH) technique [11] (or any other), the relative misalignment
between the axis of the incoming beam and the cavity eigenmode axis can also be sensed by the same
technique of using phase modulated sidebands, also known as heterodyne sensing.

Any misalignment (beam tilt or beam translation) of a Gaussian beam couples light to its first higher
order mode. This creates a spatial phase gradient across the beat field of the carrier and the promptly
reflected sidebands. The DWS method uses this spatial information to probe angular misalignment.
This concept was first proposed by [12] and first experimentally demonstrated by [13,14].

To make the equations generic to longitudinal and angular misalignment, the notation of [13] is being
used where the modulated and matched field can be described as

E1 = A1U0ej(ωt+m(t)+Φ), where (2)

m(t) is the phase modulation and Φ is a constant phase difference between the fundamental modes of E1

and a mismatched field, E2, described as

E2 = A2U0ejωt + A2U1ej(ωt+φ(z)+αn), where (3)

φ(z) is the Gouy phase shift associated with the first order mode of a Gaussian beam and αn is the phase

shift due to the misalignment. For beam tilt, α0 =
π

2
and for beam translation, α1 = 0.

Also, U0, U1, U2 are the first three higher order modes of a Gaussian beam.

The total light field incident on a photo detector is given by Et = E1 + E2 and the signal is given by

ET = EtE∗
t . (4)

The resulting field has terms due to the superposition of the fundamental modes of the two fields,
which are proportional to A1 A2U2

0 cos(m + Φ). Taking the integral and demodulating at m gives the PDH
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error signal. However, the terms interesting for angular mismatches are the coefficients of E0E1 and when
the modulation m is small,

ET ≈ U0U1[m sin(φ − αn)]. (5)

This approximation is valid only when Φ = 0, i.e., when the length of the cavity is held constant and
the second order modes, arising due to mismatches in the waist size and the position of the two interfering
beams, have also been corrected. Using a quadrant photodiode, the difference in intensity of its two halves
along the x-axis can be expressed as

Ix =
∫ ∞

0
ETdx −

∫ 0

−∞
ETdx. (6)

Ix ≈ m sin φ cos αn − m cos φ sin αn. (7)

The misalignment can be obtained by suitable values for αn, φ and demodulation with m(t). Hence,
two quadrant photodetectors placed at z = 0 (near sensor) and z ≈ ∞ (far sensor) serve as an orthogonal
sensing basis for the two kinds of misalignment. If this is also done for the y plane, the four misalignment
signals can be obtained.

3. Modulated Differential Wavefront Sensing

The equations developed for DWS can now be extended to explain the MDWS scheme. As explained
in section 1, the light fields at the GEO 600 output port consists of a small TEM00 component at the carrier
frequency, control sidebands and mostly HOMs at the carrier frequency. This means that the field reflected
by the OMC is also contaminated and so a small misalignment of the carrier w.r.t to MI SBs, that serve as
reference for alignment, cannot be sensed by a DWS setup. So, an additional modulation is used to mark
the OMC’s internal mode. The sensing procedure remains the same.

Figure 2. Schematic of the Modulated differential wavefront sensing (MDWS) sensing and control scheme.
The input optics have been ignored for simplicity. The Michelson interferometer (MI) sidebands (SBs),
fMI , at 14.9 MHz are imprinted onto the carrier via the EOM before it enters the IFO. The OMC length
modulation, fOMC, at 6 kHz marks the eigen mode of the OMC and is applied through the digital control
system. The QPD signals are demodulated twice as shown to give the MDWS error signal which is used for
actuation on the BDO1 and BDO3 mirror.
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The rationale of two modulations is as follows:

(i.) The first is a phase modulation at 14.9 MHz, referred to as the MI SBs ( fMI), which is done to the
MI input beam (see Figure 2). The MI SBs are resonant in the MI along with the carrier, but with a
smaller power enhancement factor. Hence, they are predominantly in the TEM00 mode and serve as
a good approximation of the fundamental GW carrying mode [10]. Also, they are promptly reflected
by the OMC and can be found in the OMC reflected field.

(ii.) The second modulation at 6 kHz ( fOMC) is done via the PZT attached to one of the mirrors of the
OMC. This frequency fOMC, modulating the carrier inside the OMC, appears as phase modulation
sidebands leaking out through the reflection port of the OMC, thus marking its eigenmode. There is
also a component due to the prompt reflection of the carrier at the OMC reflected port, but this does
not contain information about the cavity mode. It should be mentioned here that fOMC is an already
existing modulation used for the longitudinal control of the OMC by the dither locking technique.
Therefore, no additional auxiliary modulation is required for MDWS.

In this case, the error signals can still be obtained using the difference of the modulated currents
from the quadrant photodiode but now the signal will be present at the beat frequency of fMI − fOMC.
Equation (7) gets modified as

Ix ≈ (m1 − m2) sin φ cos αn − (m1 − m2) cos φ sin αn (8)

where m1 = fMI and m2 = fOMC.
The signal of interest is obtained by a two-step demodulation. The first demodulation at fMI is done

in the analog domain, giving the DWS signal. This signal is acquired by the digital system [15] and then
demodulated at fOMC, giving the MDWS error signal.

To obtain reliable MDWS alignment signals, the spot of the interfering light fields has to be kept
centred on the QPDs based on the beat signal between the upper and lower MI SBs. This is called the
2f sensing technique. The usual method for spot centering is based on ensuring that the DC power is
symmetrically distributed on the sensors. However, this method does not work at the detector output
because the carrier is strongly contaminated with HOMs, which make the DC method unreliable. Instead,
the distribution of the beat of the MI SBs at twice the frequency is used, giving the light power on the four
quadrants at 2 fMI [16]. A feedback loop actuating on mirrors attached to galvanometers (labelled “galvo
scanners” in Figure 2) that direct the beam on the QPDs is used for centering.

4. Measurements and Results

We demonstrated the proof of principle test for MDWS and obtained control bandwidth of up to
2 Hz (Figure 3). A limitation of the system is the 8◦ Gouy phase separation between the actuating mirrors,
BDO1 and BDO3, which is only a particular limitation of the current GEO 600 setup. This means that for
spanning the full DoF space the actuators have to make excessive movement that can lead to coupling
between the loops. To ensure that the actuation stays well decoupled a gain hierarchy is maintained such
that BDO1 loops mainly compensate for the misalignment while BDO3 acts on residual misalignment.
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Figure 3. Amplitude spectra of the MDWS error signals at the near and far QPD for the horizontal (top)
and vertical (bottom) plane. The loops in which more suppression is visible are at a higher gain.

An important quantity to estimate is the noise contribution of a subsystem to the GW channel which
can also be called as the GW strain (h) channel. This can be measured through noise projections [17] from
the respective channel to h. Figure 4 shows the coupling of noise through the MDWS feedback to h where
the loops with higher gain contribute more noise.

Figure 4. The noise projection of the MDWS feedback signals to h. The rotation of the mirror about the
horizontal axis is called tilt and about the vertical axis is called rot. Below 1 Hz, h is dominated by the
feedback noise but reduces gradually for higher frequencies.
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It was observed that the MDWS error signals get random alignment offsets when the IFO loses lock
and relocks for which hand-tuning of offsets was necessary. A suspected reason behind this is the spot
centring electronics that causes spurious DC offsets and leads to drift in the alignment signals.

5. Conclusions

This work shows the successful implementation of the MDWS alignment scheme for the OMC in
GEO 600—the first implementation of this technique in a gravitational wave detector. We achieved a
control bandwidth of 2 Hz, about 100 times better than the conventional beacon dither scheme that also
surpasses the MI suspension resonances around 1 Hz. This can be further extended by better actuator
separation and reduction of HOMs at the output port as already mentioned. To improve the system further,
we have developed new electronic modules for spot centering with better RF shielding that will heavily
reduce any coupling related to imperfect electronics. As a long term improvement, the spot centering
servo is being migrated to the digital system.

In summary, MDWS is a promising scheme in the presence of beams with high HOM content, which
is currently true for the output port of all GW detectors. Getting rid of dithers for alignment control of the
OMC is another advantage that will reduce losses in the application of squeezing, which will be routinely
used in the next generation of GW detectors.
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