
Extending our reach:
the next decade of GW 

detectors
Sam Waldman

APS April Meeting 2008

26

!"#$%&'()*+,%$-./+0'1*+2

Sam Waldman
LIGO Caltech

April APS Meeting
St. Louis 2008

LIGO-G080421-00-0



Waldman 
April APS  ‘08Outline

GW detectors

GEO, VIRGO, LIGO

Future upgrades
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“LISA promises to open a completely new window 
into the heart of the most energetic processes in 
the universe, with consequences fundamental to 
both physics and astronomy.” -National Academy
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lisa.nasa.gov

National Academy “Beyond Einstein” summary
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First GW detector
 dx/x ~ 5 x 10-10 

~ 1 mW

GW Detector 0.01

L = 10m

“0.01  = 5 nm”

Michelson, Morley 1887
Albert A. Michelson

30 cm
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LASER

Michelson SNR(ω) ∝ (P0)
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LASER

LIGO-T060156-01-I

3 Detector Enhancements

In this section, the major detector enhancements are described.

3.1 Increased Laser Power

To increase the laser power a new Master Oscillator / Power Amplifier (MOPA) will be
installed. These new units will be provided by our German Advanced LIGO partner, the
Albert Einstein Institute, and manufactured by the Laser Zentrum Hanover (LZH). The
plan is that AEI/LZH will make an early delivery of the front-end of the Advanced LIGO
high-power lasers. These MOPA front-ends provide 30-35 W in the TEM00 mode, around
3x more than our existing MOPA.

Figure 3: Diagram of the 30 W MOPA system
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LASER

1-July-05 YKIS2005 - Barish 15

LIGO
beam tube

! LIGO beam tube under 
construction in 
January 1998

! 65 ft spiral welded 
sections

! Girth welded in 
portable clean room in 
the field

1.2 m diameter - 3mm stainless

50 km of weld

LLO 4km beamtube
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Virgo: GEO:
25

 m

Inverted 
pendulum

Geometric 
anti-spring
filters

!"#$%&'())$*+,#-.#-/0#,#-

!"#$%&'()($&*(#+*(,

-$%#./0&&12345''''''''''''
67/(.38&'9#&"3"49#43%'
4+*."+%,'%+*8#.)1#*3%':'
3%#8*;&*.<

=+*+%#.9#4'(.38&(,'>?@@'0#2"&'A&3"('+*'")**#*8'BCD'E#.9'>F'$3".#3%'G&*.#*8(

Super Attenuator 
System

Triple Pendulum 
Suspension



Waldman 
April APS  ‘08Outline

GW detectors

GEO, VIRGO, LIGO

Future upgrades

8

101 102 10310−23

10−22

10−21

10−20

10−19

10−18

10−17

Frequency [Hz]

St
ra

in
 [H

z−
1/

2 ]



Waldman 
April APS  ‘08Worldwide network

9

LHO

LLO Virgo

GEO

CLIO
TAMA
LCGT
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Near Hannover, Germany 

600 m folded arms

Dual recycled Michelson

Triple pendulum suspensions
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LASER
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Near Pisa, Italy 

3 km power 
recycled Fabry-
Perot Michelson

Super-attenuator 
seismic isolation
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LASER
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3 IFOs at 2 sites in 
Hanford, WA  & 
Livingston, LA 

Power recycled 
Fabry-Perot 
Michelson

12

LLO
4km L1

LHO
4km H1
2km H2

LASER
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Cryogenic Laser 
Interferometer 
Observatory
100m FP Michelson in Kamioka

20 K mirrors, SAS system
18

Suspension

Test mass suspended through

two-stages intermediate mass Room temperature room above the cryostat
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2 kG sapphire 
test masses

19

Expected Noise Spectrum at 20K

Current best (300K)

Target sensitivity (300K)

Target sensitivity (20K)

Resonance of suspension system

Dec. 2006

Cooling test and achieved temperature

8.8K

45K

63K

12.9K

Apr. 2007

from K. Kuroda 03/2008
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SPI auxiliary mirror

SAS: 3 stage anti-

vibration system with 

inverted pendulum

Main mirror

Heat links start from this

stage to inner radiation shield

Conceptual design

of suspension

Radiation outer shield

Vacuum is common

Sapphire fiber 

suspending main mirror

3km
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•High frequency 
complements long 
detectors

•Increased power to 
reach thermal noise at 
1 kHz

•Possibly use squeezed 
vacuum

21
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Inject squeezed vacuum to 
reduce shot noise by ~4dB

Planning for deployment at 
GEO Spring 2009

22
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Figure 1: (Color online) Schematic of the experiment. Generation and full coherent control of a broadband squeezed vacuum
field at 1064 nm was achieved utilizing two independent but phase-locked laser sources. Laser 1 provided the main carrier
frequency of homodyning local oscillator (ω0). It also provided the quadrature control field (QCF), which was frequency shifted
through an acousto-optical modulator (AOM), and the optical parametric oscillator (OPO) pump field, which was produced
through second harmonic generation (SHG). Laser 2 provided another frequency-shifted control field for locking the OPO
cavity length. PBS: polarizing beam splitter; DC: dichroic mirror; LO: local oscillator, PD: photo diode; EOM: electro-optical
modulator, PZT: piezoelectric transducer.

Figure 2: (Color online) Complex optical field amplitudes at
three different locations in the experiment, which are marked
in Fig. 1.

and from the interference of the QCF with the local oscil-
lator field at the homodyne detector. We label those two
error signals SQCF−P

err and SQCF−LO
err , respectively, and

first derive an expression for the parametrically amplified
quadrature control field QCF. Before parametric amplifi-
cation the QCF at optical frequency ω0 + Ω represents a
single sideband field with respect to the carrier frequency

ω0 (see ! in Figs. 1 and 2). In the following we describe
this field by the real-valued amplitude αΩ. The expec-
tation values of the annihilation operators of the upper
and lower sideband fields at frequencies ω0±Ω may then
be written as follows:

〈â+〉 ≡ 〈â(ω0 + Ω)〉 = αΩ ,

〈â−〉 ≡ 〈â(ω0 − Ω)〉 = 0 .
(2)

The quadrature amplitudes [18] are given by

â1 =
1√
2
(â+ + â†−) , â2 =

1
i
√

2
(â+ − â†−) . (3)

Here all quantities are defined for discrete frequencies.
This simplifies our description and is reasonable because
the bandwidth of the error signals is small compared to
Ω.

The OPO acts on these quadrature amplitudes in dif-
ferent ways. If it amplifies the phase quadrature then
it deamplifies the amplitude quadrature, and vice versa.
Mathematically, this effect of amplification and deam-

plification of the quadratures ā =
(

â1

â2

)
can be de-

scribed with the use of the squeezing operator S(r, φ) =
exp[r(â+â−e−2iφ − â†+â†−e2iφ)] with squeezing factor r
and squeezing angle φ (see [18]). The resulting squeezed

6

Figure 5: (Color online) . Measured quantum noise spec-
tra at sideband frequencies Ωs/2π: (a) shot-noise and (b)
squeezed noise with 88 µW local oscillator power. All traces
are pieced together from five fast Fourier transform frequency
windows: 10–50Hz, 50–200Hz, 200–800Hz, 800–3.2 kHz, and
3.2–10 kHz. Each point is the averaged rms value of 100, 100,
400, 400, and 800 measurements in the respective ranges. The
RBWs of the five windows were 250mHz, 1Hz, 2Hz, 4 Hz, and
16Hz, respectively.

both wavelengths. The cavities had a free spectral range
of approximately 4 GHz. The crystals were mounted into
the ovens in such a way that s-polarized fields could sense
the nonlinearity

The SHG used an outcoupling mirror with power re-
flectivities of R1064 nm = 92% and R532 nm < 4%. The
cavity length was controlled using the Pound-Drever-Hall
(PDH) locking scheme with a phase modulation at a
sideband frequency of 18MHz. The generated second-
harmonic field had a power of up to 500mW.

The OPO cavity utilized an outcoupling mirror with
power reflectivities of R1064 nm = 95.6% and R532 nm =
20%. This resulted in a linewidth of 28.9 MHz at 1064nm
(see Fig. 4). For the OPO or OPA two different control
loops for stabilizing the cavity length were set up. The
first cavity length control loop was used during alignment
of our experiment. It utilized a resonant s-polarized seed
beam that carried phase modulation sidebands at a fre-
quency of 12 MHz for a PDH locking scheme. The error
signal could be generated using either the sum of the
homodyne detectors or an additional detector placed in
transmission of the OPA (see Fig. 1). The latter detector
was also used to determine the frequency offset between
the s- and p-polarized laser beams inside the OPA or
OPO. The error signal was fed back to the PZT-mounted
output coupler. The second cavity length control loop
was used for the generation of squeezed vacuum states at
low frequencies, since the first control loop introduced too
much noise at low frequencies (see Sec. II). This control
was realized with a p-polarized field generated by the
second monolithic nonplanar Nd:YAG ring laser (laser
2). Due to the birefringence of the MgO:LiNbO3 crystal
the TEM00’s of the OPO cavity for s- and p-polarization

Figure 6: (Color online) . Measured quantum noise spectra:
(a) shot noise and (b) squeezed noise with 8.9mW local os-
cillator power. The spikes at 15.5, 22, and 26 MHz are results
from the dark noise correction of modulation peaks due to
other electronic fields.

are not degenerate. To ensure that both polarizations
resonate simultaneously in the cavity we shifted the fre-
quency of the p-polarized field. We determined the fre-
quency shift to be about 1.4 GHz. The frequency off-
set was controlled via a phase-locking loop (PLL) that
could be operated from nearly DC up to 2GHz with
a bandwidth of several kilohertz. The error point of
the PLL was fed back to the PZT of the second laser.
Phase modulation sidebands at a frequency of 153.8MHz
were imprinted onto the p-polarized field, which was then
injected through the back surface of the OPO crystal.
The transmitted part was spatially separated from the s-
polarized squeezed vacuum with a polarizing beam split-
ter (PBS) and detected by the photodetector. A PDH
locking technique was used to generate an error signal
which was fed back to the PZT of the OPO cavity.

Following our proposal described above we utilized a
second coherent but frequency-shifted control field for the
phase control of the squeezed vacuum field, detuned by Ω
with respect to the main carrier frequency (ω0, laser 1) by
an AOM [see Eq. (3) & ! in Figs. 1 and 2]. The frequency
of the AOM was Ω/2π = 40MHz. This frequency-shifted
s-polarized infrared QCF (440 µW) was also injected into
the OPO cavity through the crystal’s back surface. It
therefore had to be spatially overlapped with the p-
polarized locking beam using a 50/50 beam splitter. To
eliminate technical noise below 1 kHz in the homodyne
spectra, the zero order of the AOM had to be blocked
carefully. If only small fractions of this non-frequency-
shifted field leaked into the cavity, the squeezing spec-
trum was spoiled by the large technical noise in the low-
frequency regime.

Figure 4 shows that only 11.5% of the QCF was cou-
pled into the cavity. This 11.5% interacted with the
pump field inside the cavity, its quadratures were para-
metrically amplified and deamplified, and an additional
sideband at −40 MHz [see Eq. (9)] was generated. This
outgoing QCF from the OPO then consisted of two side-

Chelkowski et al: PRA 75, 043814

FI
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• Improved Super-attenuator mechanics,  6 DOF 
payload control,  Monolithic suspensions

•Signal recycling,  increased laser power, 
adaptive thermal compensation

•Heavier mirrors,  low thermal noise coatings
23

 ~1 MW
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LIGO-T070247-01-I
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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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NSF MREFC 
funding approved 
April 1,  2008 !
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Quad + SEI

HAMs
Old

HAM

New HAM

HAM ISI at Livingston 
Feb. 20, 2008

DeBra et al. Stanford

Noise prototype at 
LASTI,  MIT 2008
UK GEO group
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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
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LIGO-T070247-01-I
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0) NO SRM

1a) Zero Detune, low power

1b) Zero Detune, high power

2) NS!NS Opt.

3) BH!BH 20° detune

4) BH!BH Opt.

5) High Freq

Figure 1: Proposed modes of operation for the Advanced LIGO interferometers. See text
for description of the modes.
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Laser readout of the test 
mass position changes the 
test mass position

28

“Light enforced quantum uncertainty”

δx ≥
√

!
2Mω
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LIGO-T070247-01-I
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• ~1 year science run at 2x S5 
sensitivity starting 2009

• Prototype aLIGO technologies
• DC readout
• Active seismic isolation
• High(er) power
• Low frequency noise

• ~10x increase in detection rate!

30

More Laser Power

• 10W -> 35 W

• Lasers from LZH/AEI

• Pump power via fiber 
coupled diodes

• AOM for ISS
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• h = 3 x 10-22 in a 100 Hz band, dx ~1.4 x 10-18 m

• Noise sources well understood for LIGO, Virgo, 
GEO

• 1 year data at design sensitivity,  70% single IFO 
duty factor

• Next generation technologies installed at the 
observatories 2008-2010

• Enhanced IFOs with ~2x range, ~10x rate in 2009

• CLIO, LCGT, GEO-HF,  Advanced Virgo in 
development

• Advanced LIGO underway,  first IFO 2012
31
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Adv. LIGO Range for BNSI

Initial LIGO Range

Original image: R. Powell
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1.4 x 1.4 Msun 
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