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Figure 2: Interferometer diagram, showing ISC detection ports and length degrees-of-
freedom. Port acronyms: REFL, reflection port; POP, power recycling cavity pick-off; POX,
X arm pick-off; AS, anti-symmetric port; PTX/Y, transmitted power X/Y arm.
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mode 1 In this mode there is broad-band signal recycling (i.e., no detuning of the signal
recycling cavity). It appears to be easier to get good error signals for all the degrees-of-
freedom in this mode, and of course there is no unstable optical spring to control. This
mode could run with different input powers (the spectra for two are shown below),
presumably starting with low power. At high power, the sensitivity to NS-NS inspirals
is almost as good as can be achieved by specifically tuning for them.

mode 2 This is the canonical mode with full power and the SRC tuned to optimize sen-
sitivity to NS-NS inspirals. We have however fixed the SRM transmission at 20%,
which is a bit higher than the optimum for NS-NS sensitivity, as a compromise with
the broad-band case (the difference is less than 0.4%).

mode 3 This mode optimizes for 30-30 solar mass BH-BH inspirals, with a fixed SRC
detuning of 20 degrees and SRM transmission of 20% (i.e., laser power and homodyne
phase are optimized). This corresponds to a particular achievable operating point of
the SRC phase, as described later on.

mode 4 This mode optimizes laser power, homodyne phase and SRC phase for BH-BH
(30 solar masses each) inspirals. This leads to a much higher SRC detuning than the
preceding cases, which is more difficult to achieve with the sensing scheme. Note that
this mode also gives very poor sensitivity about 100 Hz.

mode 5 This mode uses a smaller SRM transmission (1.1%) and full power to get improved
sensitivity around 1 kHz. Note though that it achieves less than a factor of 2 improve-
ment compared to the broad-band case (mode 1b).

Mode NS-NS Range BH-BH Range Pin TSRM φSRC

0 137 Mpc 1.17 Gpc 25 W 100% –

1a 148 Mpc 1.49 Gpc 25 W 20% 0 deg.

1b 175 Mpc 1.23 Gpc 125 W 20% 0 deg.

2 179 Mpc 1.03 Gpc 125 W 20% 11 deg.

3 168 Mpc 1.61 Gpc 20 W 20% 20 deg.

4 158 Mpc 1.96 Gpc 4.5 W 20% 72 deg.

5 122 Mpc 1.38 Gpc 125 W 1.1% 4.7 deg.

Table 1: Parameters for the operational modes described above, and shown in Fig. 1. The
homodyne detection phase is also optimized in each case, which in practice can be set via
the Michelson dark fringe offset.

1.4 Interferometer Diagram

Refer to Fig. 2 for a block diagram of the interferometer, showing the ISC detection ports
and the length degrees-of-freedom.
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Figure 9: DARM noise budget for the zero detuning case.
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Loop Error signal UGF Phase margin
CARM REFL I1 65 kHz 68 deg
DARM AS DC 446 Hz 26 deg
PRCL POP I1 21 Hz 32 deg
MICH POP Q2 20 Hz 34 deg
SRCL REFL IM / REFL IP 15 Hz 37 deg
IMCL IMC I3 377 kHz 68 deg

The table is for the NS/NS case. In the zero detuning case the SRCL loop uses POP I2 or
REFL I2 as error signal.

The SRCL→DARM and MICH→DARM correction paths were implemented as described
in paragraph 3.5 with an accuracy of about 1%. Additionally a very rough PRCL→DARM
correction path was also implemented about 10% precision.

3.1 Sensing matrix

The following sensing matrices for Science mode 1 and 2 were calculated in Optickle:

Sensing Matrix in Watts per meter at 1 kHz, for Science Mode 2 (NS/NS inspiral)
Port CARM DARM PRCL MICH SRCL
REFL I1 9.4e+08 2e+05 7.3e+07 1.1e+06 5.5e+03
AS DC 1.3e+06 4.2e+09 2.8e+05 1.5e+07 7.6e+06
POP I1 3.2e+07 6.7e+03 1.2e+07 6.8e+03 3.1e+02
POP Q2 1.5e+07 2.3e+04 1.4e+06 4.3e+05 3e+04
REFL IM 1.4e+06 2.5e+04 5.1e+06 4.5e+05 2.8e+05

Sensing Matrix in Watts per meter at 1 kHz, for Science Mode 1 (zero detuning)
Port CARM DARM PRCL MICH SRCL
REFL I1 9.4e+08 1.3e+05 7.3e+07 1e+06 1.4e+04
AS DC 3e+06 9.7e+09 6.7e+05 3.4e+07 7e+03
POP I1 3.2e+07 4.4e+03 1.2e+07 6.6e+03 3e+02
POP Q2 8.7e+06 4.2e+04 4.6e+05 7.4e+05 8.8e+04
POP I2 8.7e+06 9e+03 1.8e+06 9.9e+04 3e+05

The contractions used in the port name are: I: I-phase, Q: Q-phase, 1: demodulated at f1, 2:
demodulated at f2, M: demodulated at f2−f1, P: demodulated at f2 +f1. The main matrix
elements are in bold red. The biggest worrisome elements are in blue. The full sensing
matrix with all available ports is shown in Figures 20 and 21 of appendix A.

3.2 Sensing noise

The shot noise for 100 mWatt on the detection diodes the shot noise is about 2e−10 Watt/
√

Hz;
it varies slightly between the ports because the non-stationary shot noise contribution de-
pends on the amount of sideband. The following table summarizes the optical gain and
approx. sensing noise at 100Hz. It is calculated for science mode 2 (NS/NS), but the num-
bers for zero-detuning are very similar. (See also sections 3.3 and 3.4 for detailed noise
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4 Alignment Sensing & Controls

4.1 Overview

The alignment of optical axis of the interferometer cavities as well as the centering of the
beam spots on the optics are achieved and maintained by the Alignment Sensing and Control
Subsystem (ASC).

The Figure 19 gives an overview of the sensing part of the ASC. Some fraction of the light
beams exiting the interferometer dark, reflected and pickoff ports is sent to the Wave Front
Sensors (WFS). Each core optic is instrumented with an optical lever and viewed by a CCD
camera. In addition, the transmitted beam of each optic will be monitored by a quadrant
photo detector (QPD). The ASC sensor signals are processed and send to the optics through
the Suspension (SUS) system.

WFS

WFS

WFS

WFS

WFS

WFS

QPD

QPD

From 

Input

Optics

To LSC

To LSC

QPD

To LSC

QPD

Figure 19: ASC sensor diagram.

4.2 Functions of the Alignment Sensing and Control System

The requirements for the residual angular motion of the test masses are specified in T070236.

• Before the interferometer longitudinal degrees of freedom are controlled by the LSC
system the ASC system provides signals for the initial alignment of the cavity axes
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• In-vacuum sensing for all DOF
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Figure 31: Concept for the ETM transmission detection. The in-vacuum components are
mounted on a platform with the ETM beam reduction telescope; the platform is suspended
from the BSC ISI. The exterior components will be mounted on an optics breadboard/table.
Next to each detector is listed the power range over which that detector is expected to
operate. Since only ∼ 100mW is needed on the in-vacuum quad at full power, only a small
fraction of the beam is taken for this. The beam delivered by the reduction telescope is
15mm diameter, so further reduction is needed for the quad detector, likely with one lens as
shown. The beam is steered to and centered on the quad with a picomotor-actuated mirror.
It is not yet clear whether the preamps for the quad will be in the vacuum (we’ll be guided
by experience with eLIGO detectors); if so, the vacuum packaging developed for the LSC
DC detectors can be used here. For acquisition, most of the exterior beam is directed to a
single-element detector that must be sensitive enough to detect a fraction of the single arm
power (i.e., microwatts; this can probably be a commercial detector, Thorlabs, e.g.). Its
output will be sent to two or more ADC channels with different gain scalings, to cover the
3-4 orders of magnitude of this signal. A small fraction of the exterior beam is sent to a quad
detector. The quad sum output can be used if the dynamic range of the first detector is
exceeded. Also, the beam position information may be used during the power increase stage,
to counteract radiation torques on the test masses. Each of these detectors is equipped with
a flippable dump for protection (design TBD). For science mode operation, the high-power
beam is dumped in-vacuum by inserting a HR steering mirror in the beam path to direct
the beam to a dump instead of allowing it to exit the vacuum. Both the steering mirror and
the vacuum-dump are mounted on the isolated platform.
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Figure 23: Concept for in-vacuum RF photodetector.
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• ~10 pm DARM offset

• Requires RIN ≈ 10-9 
Hz-1/2 at 10 Hz

• Output Mode Cleaner
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Figure 33: OMC breadboard and tombstone construction.

the possible pointing fluctuations.

8.3.1 Length control and noise

Length actuation is necessary in order to lock the OMC to the IFO output beam. The
Enhanced LIGO OMC has two length actuators, a high-frequency, low range PZT and a
low-frequency, high range thermal actuator system (OTAS). The PZT is bonded directly
between the OMC spacer and a cavity mirror. The OTAS consists of an aluminum cylinder
and heater mechanically attached to the OMC spacer and bonded to a cavity mirror. The
noise contribution from these two elements is expected to overwhelm the thermal noises
described above. However, the PZT actuator has a natural actuation bandwidth of ≥ 50 kHz
which, in theory, will allow a high-bandwidth control loop to suppress the OMC length noise.
In practice, the OMC length servo will be limited by cross-coupled noise terms that are not
well understood. If length noise suppression is unnecessary, the Advanced LIGO OMC may
do without a PZT between a mirror spacer and rely on slow thermal tuning. Results from
the Enhanced LIGO OMC will be used to determine the final Advanced LIGO actuator
requirements.

The OMC length noise is fundamentally limited by the thermal noise of the OMC mechanical
spacer, mirror substrates, and mirror coatings. Following the derivations in PRL93, 250602,
the noise terms are:

Gspacer =
4kBT

ω

L

3πR2E
φspacer, (8.6)

Gsubstrate =
4kBT

ω

1− σ2

√
πEw0

φsubstrate, and (8.7)

Gcoating =
4kBT

ω

2d (1− σ − 2σ2)

πEw2
0

φcoating. (8.8)

Here G is the single sided displacement power-spectrum, T the temperature, L the Fabry-
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Figure 35: Frequency response of the CARM error signal
√

(TRX + TRY ) to a CARM
motion.

9.2.2 Central cavity error signals

Standard Pound-Drever-Hall signals generated by the beating between carrier and sidebands
and demodulated at the modulation frequency are strongly dependent on the behavior of
the carrier inside the arm cavities. These signals are therefore affected by changes of the
CARM offset, and they are not useful for controlling the central cavity d.o.f’s in our scheme.
Moreover, in broad-band configuration, double demodulation (f1 + f2, f2 − f1) does not
provide useful error signals for control. In order to get signals which are independent from
the CARM offset, the use of signals demodulated at three times the modulation frequency
(3f) have been studied. The main features of these signals is that they are produced by the
beating between 2f and f sidebands and between 3f sidebands with the carrier. The second
contribution is typically smaller than the first one, so that the 3f signal depends very little on
the carrier behavior [10]. Signals detected in reflection and demodulated at 3f1 and 3f2 are in
fact very good signals for PRCL, MICH and SRCL, as shown in figure 36. For different values
of the CARM offset, the behavior of a 3f-demodulated signal is compared with the single
f-demodulated signal planned to be used in science mode. Where the f-demodulated signal is
strongly dependent on the CARM offset, the 3f-demodulated signal is almost independent.

The resulting control scheme for lock acquisition is shown in Table 15.

Control filters for each degree of freedom are plotted in figure 37.
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• Lock Acquisition 
Interferometer to 
control arm cavities 
independent of 
vertex

• Digital 
Interferometery,  
Seismic Platform 
Interferometer, 
frequency shifted 
PDH

• Reduce RMS arm 
motion to ≲ 1 nm

• Reduce force 
required from quad  
actuators

15

5 Frequency shifted PDH system
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Figure 5.3: Feedback to the penultimate mass only. The dotted lines represent the rms
values.
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•Lock acquisition
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•Current status

ANU group, et al.
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Heptonstall, Barton, Cagnoli, Cumming, Faller, Hammond, Hough, Jones,

Kumar, Martin, Mittleman, Rowan, Strain, Tokmakov, van Veggel
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• Stepped circular fiber new 
advLIGO baseline

• Already produced at LASTI

• Cylindrical fibers proven in 
GEO600 suspensions
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•IFO description and sensitivity goals

•Sensing and control

•DC readout

•Lock acquisition

•Fused silica suspensions

•Enhanced LIGO

•Current status

a. Cummings, 
a. Heptonstall
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• Advanced LIGO approved by NSF 

• Stable power- and signal- recycling

• Zero detune, 125 W, 180 Mpc baseline

• 9, 45 MHz RF sidebands with short 
Schnupp asymmetry

• DC readout with output mode cleaner

• Lock acquisition interferometer

• Tapered, cylindrical suspension

17

•IFO description and sensitivity goals

•Sensing and control

•DC readout

•Lock acquisition

•Fused silica suspensions

•Enhanced LIGO

•Current status
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• Enhanced LIGO 
commissioning 
underway, S6 in January 
2009 

• DC readout with OMC

• HAM Internal Seismic 
Isolation (ISI)

• 35 W LZH laser

• Advanced LIGO at LASTI

• BSC ISI

• Quadruple suspension 
prototype 

18

•IFO description and sensitivity goals

•Sensing and control

•DC readout

•Lock acquisition

•Fused silica suspensions

•Enhanced LIGO

•Current status
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9
G080279-00-D

Core Optics – Test Masses

• Completed the Preliminary Design Review successfully

• Drawings and specifications all in place

• Request for Quotes officially on the street for procurement of the blanks

• Readying the LASTI Test Mass

for integration with the Quad

suspension

RFQ’s for blanks 
“out on the street”

10
G080279-00-D

Auxiliary Optics

• Thermal Compensation for eLIGO in integration, test

• New approach using an ‘Axicon’ to produce desired annular heating 

pattern

• Image on paper of

deposited heat

• Lots of design work–

Telescopes and their

suspensions, SLC,

Baffle material, Layout…

TCS upgrades 

5
G080103-00-R

Seismic Isolation

• The Test Mass (BSC) isolator prototype is 

coupled to the Test Mass (Quad) 

suspension prototype

• Looked for influence of resonances 

of Quad on isolator, looks acceptable

• Preparing to install Isolator and 

Suspension together in the LASTI 

vacuum system – important step in 

integration, coordinated test

Quad 
at 

LASTI
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3x 35 W 
LZH PSL
delivered

Monolithic output 
mode cleaner
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5

G080279-00-D

HAM Seismic Isolation

• HAM isolators – installation completed at LLO and well 

underway at LHO for eLIGO output detection bench

6
G080279-00-D

ISC Output Mode Cleaner 

on OMC Suspension

• The complete output mode cleaner mini-optical-table, 

suspended by its double suspension, tip-tilt steering mirrors as 

well, installed on the HAM Seismic Isolator!

HAM ISI  at LLO 
with OMC and 

suspension


