
Gravitational Wave Physics & Engineering @ KU Leuven

Thomas Hertog

Institute for Theoretical Physics

Einstein 
Telescope LISAETpathfinder



• Prof. Filip Tavernier 
• Alberto Gatti
• Ciana Barretto à later today



MICAS: Chip design for extreme environments

Einstein Telescope: MEMS accelerometers 
with novel Cryogenic CMOS

signal conditioning integrated circuits
(e.g. for low-temperature vibration control)

MICAS custom ASIC

Optical Bench on 
LISA Spacecraft

LISA

Advantages of custom-designed chips 
in low-temperature (ET) or

high-radiation (LISA) environments: 

• Integration
• Signal integrity
• Low power
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Semiconductor Physics: Low-noise mirror coatings
Noise sourcesMirror performance

New MBE
system

Coating thermal noise has large 
contribution to mirror performance!

• Noise of state-of-the-art amorphous 
coatings is major performance 
limitation for GW detectors

• Our goal: high quality single crystal 
oxide mirror coatings
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Institute of Astronomy: Interferometer optical design and control

Op+mal wavefront 
sensing scheme for Fabry-
Perot cavity alignment
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Figure 4. Schematic of the optical layout of a Fabry-Perot cavity designed for the
Anderson-Giordano technique. The alignment signals are detected in transmission of
the cavity.
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Figure 5. Modeling an Anderson-Giordano alignment sensing system: the left plot
shows the optical matrix coe!cients as a function of the demodulation phase of the q1

diode. While the right plot is the quality parameter ! as a function of the demodulation
phase of one quadrant diode, and the common Gouy phase o"set. The controllability
varies between 90 and ! 45 deg.

3.2. The Anderson-Giordano method

We now repeat the analysis for an optical configuration based on the Anderson-Giordano

technique [7], a variant of the Anderson method [8]. In this configuration the modulation

frequency is tuned to have the first higher-transversal mode of the upper sideband

resonating in the cavity, and the alignment signals are detected in transmission, as it is
shown in Figure 4.

From the left plot in Figure 5 we can see that for the Anderson-Giordano technique

the row matrix elements are not varying in phase as a function of the demodulation

phase o!set. This implies a strong dependence of the orientation of the row vector

on the demodulation phase which is confirmed by the right plot of Figure 5. Such a

system remains well controllable, reaching a minimum value for the quality parameter
of ! 45 deg, but if not optimised might be less robust with respect to the Ward-like

system described above. The point to note is that for any choice of Gouy phase it is

always possible to optimise the system by adjusting the demodulation phase.
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Figure 2. The optical layout of a Fabry-Perot cavity with a Ward-like alignment
sensing scheme: the alignment signals are detected in reflection of the cavity. The
quadrant photo diodes are labeled as qi. The telescopes in front of the diodes are used
to adjust the Gouy phase.
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Figure 3. Modeling the Ward sensing system: the left plot shows the optical matrix
coe!cients as a function of the demodulation phase of the q1 diode. The right plot
is the quality parameter ! as a function of the demodulation phase "dem1, and the
common Guoy phase "G. We can see that the quality parameter does not depend on
the demodulation phase, but varies with the Gouy phase tuning between 90 deg and
66 deg.

the common Gouy phase o!set !G (maintaining a constant Gouy phase o!set of 90 deg
between the two quadrants). From the right plot of Figure 3 we can deduce that the

controllability of the system does not depend on the demodulation phase but only on the

setting of the common Gouy phase o!set. This fact can be inferred also by the behavior

of the row matrix elements (m11, m12 and m21, m22 respectively), which are shown in

the left plot of Figure 3. The row matrix elements change sinusoidally in phase as a

function of the demodulation phase, yielding that the row vectors do not change their
orientation, but only their magnitude.

From the simulation results shown in Figure 3 we can see that the controllability

is acceptable for all demodulation phases and common Gouy phase o!sets (the angle

between the row vectors is constant for di!erent demodulation phases and remains above

! 66 deg for all the common Gouy phase o!sets).
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FIG. 2. Noise budget of an alignment sensor (WFS1) for the
pitch degree of freedom. Curves for seismic noise, suspension
thermal noise, and sensor noise are shown. Note that direct
seismic and suspension thermal noises are small in the GW
band, and the largest motions are impressed by our control
system. Sensing noise dominates above approximately 20Hz
where the seismic isolation stacks strongly isolate.
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FIG. 3. Block diagram of major components of the angular
control servo. The input matrix is the inverse of the sensing
matrix presented in Table III. Components within the dashed
box are analog.

the bandwidths of the WFS loops, which keep the mirrors
aligned to one another from DC up to several Hertz.
Figure 3 shows a simplified block diagram of the WFS

servo. The interferometer converts individual mirror mo-
tions into optical modes which in turn are converted into
error signals by the WFS. The angular error signals are
digitized, filtered, and converted into analog control sig-
nals for individual mirrors. Two matrices in series rotate

the alignment signals from the WFS basis to the optic ba-
sis. Control filters are implemented in the intermediate
basis.
In Initial LIGO, the sensing basis was that of common

and di↵erential ETM/ITM motion and the RM, and ser-
vos were designed in this basis. The input matrix was di-
agonal and the output matrix was created to send equal
or equal and opposite signals to the ETMs and ITMs,
respectively. In this work, we describe a change of ba-
sis to improve the stability of the interferometer in the
presence of radiation pressure torque.

III. ASC DESIGN IN THE PRESENCE OF A
RADIATION PRESSURE INSTABILITY

The e↵ectiveness of the Initial LIGO ASC design is
limited in the regime of high circulating power where ra-
diation pressure modifies the simple pendulum plant in
a way which is power-dependent. As is detailed in this
section, torque due to radiation pressure couples the an-
gular motions of the arm cavity mirrors such that the
simple single resonance of a given mirror’s torque-to-
angle transfer function splits into two, with frequency
shifts dependent on power. Controlling this new plant
could be accomplished with the Initial LIGO system by
increasing the gains of the WFS loops, but it would be
at the expense of introducing too much control noise in
the GW measurement band. An alternative solution is
thus required to achieve both adequate angular control
and minimal noise impression. In this section, we first
review the formalism of radiation pressure torque in cav-
ities. Then, we present a direct measurement of the opto-
mechanical modes of the Enhanced LIGO arm cavities for
several powers. Finally, we describe the modified control
scheme and present its implementation.

A. Torque induced by radiation pressure

In the limit of no circulating power in a suspended
Fabry-Perot cavity, each of the individual mirrors has
independent equations of motion. With power circulat-
ing in the cavity, however, radiation pressure e↵ects cou-
ple the equations of motion of the two mirrors. As a
beam impinging a mirror o↵-center creates a torque, an
opto-mechanical angular spring is created due to the ge-
ometric relationship of beam displacements and mirror
angles [22]. This fact has two important consequences:
on one hand, as the torque induced by radiation pressure
is proportional to the power stored inside the cavity, the
opto-mechanical angular transfer functions of the cavity
mirrors change as a function of the stored power. On the
other hand, for large powers, radiation pressure can even
overcome the restoring torque of the mirror suspension,
creating an unstable system.
To understand how the cavity dynamics are a↵ected by

radiation pressure, it is useful to diagonalize the coupled

Mirror angular control servo

(Dooley 2013)

Designing an optimal control system for 
aligning the interferometer mirrors of 
ETpathfinder… 
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FIG. 2. Noise budget of an alignment sensor (WFS1) for the
pitch degree of freedom. Curves for seismic noise, suspension
thermal noise, and sensor noise are shown. Note that direct
seismic and suspension thermal noises are small in the GW
band, and the largest motions are impressed by our control
system. Sensing noise dominates above approximately 20Hz
where the seismic isolation stacks strongly isolate.

FIG. 3. Block diagram of major components of the angular
control servo. The input matrix is the inverse of the sensing
matrix presented in Table III. Components within the dashed
box are analog.

the bandwidths of the WFS loops, which keep the mirrors
aligned to one another from DC up to several Hertz.

Figure 3 shows a simplified block diagram of the WFS
servo. The interferometer converts individual mirror mo-
tions into optical modes which in turn are converted into
error signals by the WFS. The angular error signals are
digitized, filtered, and converted into analog control sig-
nals for individual mirrors. Two matrices in series rotate

the alignment signals from the WFS basis to the optic ba-
sis. Control filters are implemented in the intermediate
basis.
In Initial LIGO, the sensing basis was that of common

and di↵erential ETM/ITM motion and the RM, and ser-
vos were designed in this basis. The input matrix was di-
agonal and the output matrix was created to send equal
or equal and opposite signals to the ETMs and ITMs,
respectively. In this work, we describe a change of ba-
sis to improve the stability of the interferometer in the
presence of radiation pressure torque.

III. ASC DESIGN IN THE PRESENCE OF A
RADIATION PRESSURE INSTABILITY

The e↵ectiveness of the Initial LIGO ASC design is
limited in the regime of high circulating power where ra-
diation pressure modifies the simple pendulum plant in
a way which is power-dependent. As is detailed in this
section, torque due to radiation pressure couples the an-
gular motions of the arm cavity mirrors such that the
simple single resonance of a given mirror’s torque-to-
angle transfer function splits into two, with frequency
shifts dependent on power. Controlling this new plant
could be accomplished with the Initial LIGO system by
increasing the gains of the WFS loops, but it would be
at the expense of introducing too much control noise in
the GW measurement band. An alternative solution is
thus required to achieve both adequate angular control
and minimal noise impression. In this section, we first
review the formalism of radiation pressure torque in cav-
ities. Then, we present a direct measurement of the opto-
mechanical modes of the Enhanced LIGO arm cavities for
several powers. Finally, we describe the modified control
scheme and present its implementation.

A. Torque induced by radiation pressure

In the limit of no circulating power in a suspended
Fabry-Perot cavity, each of the individual mirrors has
independent equations of motion. With power circulat-
ing in the cavity, however, radiation pressure e↵ects cou-
ple the equations of motion of the two mirrors. As a
beam impinging a mirror o↵-center creates a torque, an
opto-mechanical angular spring is created due to the ge-
ometric relationship of beam displacements and mirror
angles [22]. This fact has two important consequences:
on one hand, as the torque induced by radiation pressure
is proportional to the power stored inside the cavity, the
opto-mechanical angular transfer functions of the cavity
mirrors change as a function of the stored power. On the
other hand, for large powers, radiation pressure can even
overcome the restoring torque of the mirror suspension,
creating an unstable system.
To understand how the cavity dynamics are a↵ected by

radiation pressure, it is useful to diagonalize the coupled

Alignment sensor noise budget

(Dooley 2013)
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Institute for Theoretical Physics: Testing (extensions of) GR

e.g. primordial gravitaQonal waves from inflaQon

Planck: r < 0.07

R2 inflation theoretically and observationally appealing à open up phenomenology



Institute for Theoretical Physics: Testing (extensions of) GR
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