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Use an interferometer to do astronomy
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First signal

6http://dx.doi.org/10.1103/PhysRevLett.116.061102

Initial Masses: 29 (+4/-4) & 36 (+5/-4) Msun

Final Mass: 62 (+4/-4) Msun

Energy radiated: 3 (+0.5/-0.5) Msun c2

Distance   420 (+160/-180) MPc 
    (1.3 Billion light years) 

Peak amplitude: ~1e-21 strain (4e-18 m)

Freq: in band ~ 40 Hz, merge ~ 250 Hz 

Arrived in the middle of the night after  
     commissioning team went home.

GW150914
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Outline
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LIGO controls talk

• Overview of how the detectors work  
    & why we rely on realtime control

• Intro to the LIGO Control and Data System (CDS)

• Detector Improvements from Initial LIGO to now 
(25 years)

• Use of control in the Seismic Isolation subsystem 
 - flexible 
 - multiple sensors and degrees of freedom 
 - EPICS/ Guardian for sequencing and automation 

adapted from Randall Munroe’s XKCD/2501 by Derek Davis

https://m.xkcd.com/2501/
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The interferometer needs control
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Gravitational wave doesn’t move the 
mirror, it stretches the space

 - but -

Mirrors need to be quiet because the 
interferometer can’t tell the difference.

Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters
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Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters 1. Long Arms

2. Quiet Mirrors
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Mirror motion at 10 Hz ~1e-19 m/√Hz
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The interferometer needs control
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Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters 1. Long Arms

2. Quiet Mirrors

3. Precise Optical Readout
Mirror motion at 10 Hz ~1e-19 m/√Hz

Arm cavity controlled by variant of 
Pound-Drever-Hall locking  
  Length rms < 1e-14 meters 
  angle rms < 1e-9 radian
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advligorts: The Advanced LIGO Real-Time Digital 
Control & Data Acquisition System (CDS)
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R. Bork et. al. DOI: 10.1016/j.softx.2020.100619

Developed in-house, runs on Linux

More than 36 control computers running in parallel

Data IO at 65,536 samples/ sec 

Typically update rate for control is 16,384 cycles/ sec 

Over 120 “user models” 

Thousands of control loops 

Over 10,000 ‘fast channels’

Over 300,000 monitors

advligorts: The Advanced LIGO Real-Time Digital

Control and Data Acquisition System

Rolf Borka, Jonathan Hanksb,a, David Barkerb,a, Joseph Betzwieserc,a,
Jameson Rollinsa, Keith Thornec,a, Erik von Reisb,a

aCalifornia Institute of Technology, Pasadena, CA 91125, USA
bLIGO Hanford Observatory, Richland, WA 99352, USA

cLIGO Livingston Observatory, Livingston, LA 70754, USA

Abstract

The Advanced LIGO detectors are sophisticated opto-mechanical devices. At
the core of their operation is feedback control. The Advanced LIGO project
developed a custom digital control and data acquisition system to handle the
unique needs of this new breed of astronomical detector. The advligorts is the
software component of this system. This highly modular and extensible system
has enabled the unprecedented performance of the LIGO instruments, and has
been a vital component in the direct detection of gravitational waves.

Keywords:
real-time processing, feedback control, hardware control, data acquisition

Nr. Code metadata
C1 Current code version 4.0˜pre
C2 Permanent link to

code/repository used for this
code version

https://git.ligo.org/cds/advligorts

C3 Code Ocean compute capsule n/a
C4 Legal Code License GPLv3
C5 Code versioning system git
C6 Software code languages, re-

quired tools and services
C/C++, Perl, Python

C7 Compilation requirements, oper-
ating environments

C99, Linux OS

C8 Developer documenta-
tion/manual

https://dcc.ligo.org/LIGO-E1200653

C9 Support email jameson.rollins@ligo.org

Table 1: Code metadata

Preprint submitted to SoftwareX May 6, 2020

ar
X

iv
:2

00
5.

00
21

9v
2 

 [p
hy

si
cs

.in
s-

de
t] 

 4
 M

ay
 2

02
0

https://doi.org/10.1016/j.softx.2020.100619


G2602216

advligorts: The Advanced LIGO Real-Time Digital 
Control & Data Acquisition System (CDS)

13R. Bork et. al. DOI: 10.1016/j.softx.2020.100619

https://doi.org/10.1016/j.softx.2020.100619
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advligorts: The Advanced LIGO Real-Time Digital 
Control & Data Acquisition System (CDS)

13R. Bork et. al. DOI: 10.1016/j.softx.2020.100619

Divide up the detector into pieces  
(a mirror suspension, a seismic isolation 
table, interferometer readouts

https://doi.org/10.1016/j.softx.2020.100619
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Divide up the detector into pieces  
(a mirror suspension, a seismic isolation 
table, interferometer readouts

Dedicate 1 core of linux computer as the 
Real Time System controlling that piece.  
It runs a “control model”
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table, interferometer readouts
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Real Time System controlling that piece.  
It runs a “control model”
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other RTS models at high speed 
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advligorts: The Advanced LIGO Real-Time Digital 
Control & Data Acquisition System (CDS)

13R. Bork et. al. DOI: 10.1016/j.softx.2020.100619

Divide up the detector into pieces  
(a mirror suspension, a seismic isolation 
table, interferometer readouts

Dedicate 1 core of linux computer as the 
Real Time System controlling that piece.  
It runs a “control model”

RTS communicate with ADCs, DACs, and 
other RTS models at high speed 

EPICS is used as the supervisory level

https://doi.org/10.1016/j.softx.2020.100619
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advligorts: The Advanced LIGO Real-Time Digital 
Control & Data Acquisition System (CDS)

14R. Bork et. al. DOI: 10.1016/j.softx.2020.100619

Single timing system Data system combines all data streams

https://doi.org/10.1016/j.softx.2020.100619
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Control model
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Control models developed by the 
operators & hardware developers using 
Simulink. 

Lots of standard parts - math functions, 
filters, matrices, data ports/ connections

Custom C parts for new/ novel functions

Models can be big - visual design is critical

Excerpt of the HAM-ISI model
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User Interface
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MEDM is the interface used for EPICS

Overview screen for the HAM-ISI

Operators/ developers can create 
interface screens
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MEDM is the interface used for EPICS

Overview screen for the HAM-ISI
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interface screens
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User Interface
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MEDM is the interface used for EPICS

Overview screen for the HAM-ISI

Operators/ developers can create 
interface screens
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Guardian
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Operation can also be scripted

Sequencing and monitoring can be 
automated

“Guardian” is a state machine 
    which can lock and run the  
    interferometer  automatically 

Isolated

Damped

Start
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The interferometer needs control
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Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters 1. Long Arms

2. Quiet Mirrors

3. Precise Optical Readout
Mirror motion at 10 Hz ~1e-19 m/√Hz



G2602216 21



G2602216 22

Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

HEPI

BSC-ISI

Mirror 1x10-19 m/√Hz near 10 Hz

3x10-12 m/√Hz at 10 Hz

~3x10-9 m/√Hz at 10 Hz

Mirrors are separated from the ground by 7 stages, each 
providing isolation and control.

External Quiet Hydraulic stage for low frequency 
positioning

2 stage Internal Seismic Isolation (ISI) stage for isolation 
above about 100 mHz

4 stage mirror suspension to give excellent isolation at 10 
Hz and quiet actuation for interferometer control

Goals: 
   1. reduce the motion by 30 billion at 10 Hz 
   2. Control the position of the optic below ~ 10 Hz 
   3. Staged isolation and action for low noise  
          performance at the optic.



G2602216

aLIGO Isolation
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

1x10-19 m/√Hz near 10 Hz

~3x10-9 m/√Hz at 10 Hz

stage 1
support - stage 0

optics table - stage 2 



G2602216 24

Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

1x10-19 m/√Hz near 10 Hz

~3x10-9 m/√Hz at 10 Hz

stage 1
support - stage 0

optics table - stage 2 

aLIGO Isolation
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

ISI stage 1

ISI stage 2

optical table
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

ISI stage 1

ISI stage 2
mass/ spring

optical table
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

ISI stage 1

ISI stage 2
mass/ spring

inertial sensors

optical table
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

ISI stage 1

ISI stage 2
mass/ spring

inertial sensors

position sensors

optical table
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

ISI stage 1

ISI stage 2
mass/ spring

inertial sensors

position sensors

actuators

optical table
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

HEPI

ISI stage 1

ISI stage 2

optical table

floor

sensor noise

A. Pele, G1900949

https://dcc.ligo.org/LIGO-G1900949
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

floor

Damp the modes

A. Pele, G1900949

https://dcc.ligo.org/LIGO-G1900949
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

floor

Isolate Stage 1

A. Pele, G1900949

https://dcc.ligo.org/LIGO-G1900949
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

floor

Isolate Stage 2

A. Pele, G1900949

https://dcc.ligo.org/LIGO-G1900949
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

floor

Sensor correction

Isolation of  
 ~10,000 at 1 Hz

A. Pele, G1900949

https://dcc.ligo.org/LIGO-G1900949
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Isolation walkthrough
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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

IFO control

floor

quiet, controlled,
instrumented table  
to use as part of  
the interferometer

A. Pele, G1900949

https://dcc.ligo.org/LIGO-G1900949


G2602216

Initial to Advanced
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Initial LIGO (first article for testing)
All Passive, 4 layers of masses and springs
Almost no diagnostics
supports a single stage suspension

Advanced LIGO
Passive/ Active Hybrid, 2 stages
Excellent diagnostics
supports a 4-stage suspension

D. Coyne G020169

https://dcc.ligo.org/LIGO-G020169/
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Initial to Advanced
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Transmission
1

1e-4

20 Hz10

1 Hz0.16

D. Coyne G020169

https://dcc.ligo.org/LIGO-G020169/
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Detector Performance
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First signal
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Detector Performance
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Initial LIGO

1st detection

now
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Cumulative Detections
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m1 = 34.6+4.4
−2.6 m2 = 30.0+2.9

−4.6 M⊙

m1 = 33.6+1.2
−0.8 m2 = 32.2+0.8

−1.3 M⊙

spins < 0.65, 0.75

spins < 0.24, 0.26

spins of GW150914: arXiv:1606.01210

masses of GW150914: arXiv:2108.01045

GW250114: arXiv:2509.08099

https://www.ligo.caltech.edu/news/ligo20250910
https://arxiv.org/abs/1606.01210
https://arxiv.org/abs/2108.01045
https://arxiv.org/abs/2509.08099
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Detector Performance
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Initial LIGO

1st detection

now

power, squeezing, SRC~thermal noisecontrol noise
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Actual Detector Noise
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Total (measured)
Total (modeled)

ASC (Alignment)
OSEM (Pendulum control)

LSC (Length)
Thermal

Quantum

LIGO Hanford Noise Budget

A. Mitchell, adapted from S. Dwyer LHO log 86555

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=86555
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Actual Detector Noise

45

Total (measured)
Total (modeled)

ASC (Alignment)
OSEM (Pendulum control)

LSC (Length)
Thermal

Quantum

LIGO Hanford Noise Budget

A. Mitchell, adapted from S. Dwyer LHO log 86555

 controls give good performance 
 they also cause noise
 the computerized system allows excellent diagnostics

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=86555
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Stabilizing the interferometer 
with more interferometers

46

Seismic Platform 
Interferometer (SPI)

Seismic Platform Interferometer Pathfinder

6

• Measure tilt and differential 
displacement between 
Internal Seismic Isolation 
(ISI) systems

• Explorative pathfinder 
between vacuum chambers 
HAM2 and HAM3 at LHO

• Host to input mode cleaner 
and power recycling  mirrors

• Installation after O4!

G2401862

HAM3

HAM2



G2602216

Seismic Platform Interferometer
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fiber coupled 
laser at freq F0

F0 + 4 kHz 

•Phase tracking heterodyne interferometer
•Phase of the beat note tracks the length change 
   position of beam on quad diodes measures angle change 

•based on the LISA phase-meter 

Recently adapted to an XFEL experiment at SLAC

47
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SPI at SLAC
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      Stabilize the x-ray beam  
co-propagate (nearly) an optical beam to measure the path
use realtime servos to stabilize the path 

3 
 

recirculated X-ray pulse, ~50 μm in transverse size, and ~10 μm in length, must maintain overlap 
with respect to a similarly sized electron bunch traveling along the undulator with a typical 
length larger than 100 m. This translates to alignment requirement to maintain path length down 
to ~1 micron level and combined angular alignment down to 100 nrad scale. In this work we 
present a motion control architecture, implemented on a 3-element X-ray optical configuration 
that forms half of such tunable X-ray cavity, with the goal of meeting such tight requirement 
with laser interferometry and active position feedback control.  

 

Figure 1. a. Schematics of a 6 optic X-ray cavity optics layout that provides a small range of 
tunability. b. Arrows indicating coordinated motion required for M1 and M2 to extend the cavity 
length by going from the blue to red beam path, with a fixed input and output beam path. c. 
Arrows indicating coordinate motion required for M1, M2, and M3, to adjust cavity resonance 
wavelength while maintaining overall cavity length and as well as output beam path. 

Experimental Setup 
The 3-element X-ray optics setup was constructed as illustrated in Figure 1 b/c and Fig 2. The 
optical path is defined by two Bragg crystal reflections and a shallow-angle reflection from a 
platinum coated X-ray mirror. The Bragg reflections of Si (400) and diamond (400) were chosen 
such that the cavity resonant wavelength is centered around 8.34 keV, near the Ni K edge. The 
silicon (400) reflection has a Bragg angle of ~33.2 degrees, and the Diamond (400) reflection 
~56.4 degrees. The grazing incidence flat mirror is 300 mm long, with a critical angle of 0.5 
degree at the chosen photon energy. At ~0.4 degree incidence angle it makes up the difference to 
90 degree total incidence angle, and completes the 180 degree return of the X-ray beam with a 
horizontal offset of 300 mm. This mimics half of the tunable cavity as shown in Figure 1a. Fig 
1b illustrates the simultaneous linear motions required for cavity length adjustment. To mimic 
photon-energy adjustment, the Bragg condition of the two X-ray crystals must be adjusted 
simultaneously. The grazing incident mirror will change its angle to maintain the incidence angle 
sum of exactly 90 degrees. In addition, the exit beam offset, and effective path length shall 
remain constant via translational motions. In total, three mirrors’ rotations plus translations of the 
two Bragg crystals are needed. This six-axis motion is illustrated in Figure 1c and needs to be 
executed in coordination.  
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horizontal offset of 300 mm. This mimics half of the tunable cavity as shown in Figure 1a. Fig 
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photon-energy adjustment, the Bragg condition of the two X-ray crystals must be adjusted 
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remain constant via translational motions. In total, three mirrors’ rotations plus translations of the 
two Bragg crystals are needed. This six-axis motion is illustrated in Figure 1c and needs to be 
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Sina Koehlenbeck w. Zhirong Huang, Diling Zhu, Jerry Hastings and others
DOI: 10.1038/s41377-025-01774-5

https://doi.org/10.1038/s41377-025-01774-5
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SPI at SLAC
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Anti-imaging
filter

Digital to analog
converter (DAC)M1

M2

Trans
impedance

amplifier

Diagonalization:
Length, Pitch, Yaw

Phase and angle
correction

Diagonalization:
Piezo X,Y,Z

Anti-aliasing filter

CDS interface

CDS interface

Analog to digital
converter (ADC)

HV amplifier

Digital signal processing

PA

Digital
oscillator

LP+comb-filter

Phase
calculation

! = atan(Q/I) 

Interferometer
length change
Quadrant A: LA

Amplitude
calculation

Phet = " (Q2+I2)

cos sin

IQ

Servos

Error signals

b

Pitch

Length

Yaw

Piezo
driven:

M1

IR light from laser preparation
via fiber optic cable

a

Compound
refractive

lens

Reference 

= Mirror 

= Beam splitter 

Measurement 

Signals from and to digital
control and data system

Vacuum system

Legend:

X-ray profile
monitor

M3

7.2 m
0.8 m

0.6 m

0.3 m

Piezo
driven:

M2

X-ray beam

x

z
y

A B
C D

A B
C D

A B
C D

Fig. 2 Design of the laser-assisted measurement and feedback system. a Layout of the X-ray beam path (purple) and the IR laser optical
guidance system (red and green). The X-ray beam is reflected by the optics M1–M3 at a height 25 mm below the optical guide beam and
passes the other IR optics through apertures in their posts. M1 and M2 each consist of a Bragg reflector for the X-ray beam and a mirror for the
IR laser beam. For each X-ray/IR optics pair, the respective optics are mounted on top of each other within a rigid mechanical holder, mounted
on a 3-axis piezo steering stage. M3 reflects both the X-ray and IR wavelength. The guidance system laser beams have a frequency offset of
4096 Hz from each other and their interference generates a beat note at this frequency. Two interferometers are formed from them, and their
detection is highlighted in yellow (reference interferometer) and blue (measurement interferometer) shapes. The reference interferometer
signal is used to subtract common mode noise from the measurement signal. The compound refractive lens focuses the X-rays onto the profile
monitor for beam pointing measurements. b Schematics of the data acquisition and control flow for the interferometer readout and motion
control feedback architecture. All photodiode elements are first converted to voltages with transimpedance amplifiers (TIAs) and digitized with
an ADC. The signal processing is performed with a LIGO style Control and Data System (CDS). The length changes in the interferometer are
measured via phase tracking to a digital oscillator at the beat note frequency and control signals computed and distributed to the piezoelectric
mirror mounts

Koehlenbeck et al. Light: Science & Applications ���������(2025)�14:129� Page 4 of 12
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Active control makes it better

51
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Figure 3. Measured center of the X-ray beam on the detector in units of equivalent beam tilt. The 
red data points were taken during delay and energy scans without feedback control form the 
interferometer and blue show the equivalent scans with the feedback enabled. Panel a. shows 
pitch (vertical tilt), and b. yaw (horizontal tilt) during a short and long delay scan and an energy 
scan of the halve cavity experiment. The black lines are the moving median average of 250 data 
points. A reduction in peak-to-peak motion once the feedback loops are active can be seen. 
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Summary
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• Advanced LIGO is an example of an instrument designed 
with control in mind

• (almost) everything is monitored and controlled

• We get excellent performance

• We get excellent diagnostics

• Helps guide improvements

• Hopefully, some of the things we do have more general 
application
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aLIGO Suspension (UK led)
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aLIGO Suspension (UK led)
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Betsy Weaver,  
LHO Operations 
Lead, with the 
Engineering 
prototype
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Betsy Weaver,  
LHO Operations Lead, 
with the Engineering 
prototype

aLIGO Suspension (UK led)
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aLIGO Suspension (UK led)
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Blend filter example
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Watchdog screen
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Blend switching

61



G2602216

Overview screen for BSC-ISI
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Bias controls
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Guardian control
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OSEM estimator 
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sophisticated control
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Real Impact of seismic isolation
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range monitor over 24 hours
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Real Impact of seismic isolation
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but there was a train
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Real Impact of seismic isolation
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Timing System

69S Countryman D2200137

https://dcc.ligo.org/LIGO-D2200137/public
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Timing system performance

70S. Countryman, Z. Marka, T1700297

https://dcc.ligo.org/LIGO-T1700297/public
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GEO600 Advanced

LIGO
LIGO 

A#

z x

A# suspension
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A# suspension is an upgrade the current 
suspension design with lessons learned 
from Advanced LIGO operation

Joint effort of Glasgow, Stanford, LIGO 
Lab and other LSC groups 

40 kg
34 x 20 cm 

105 kg 
45 x 30 cm 

5.6 kg
18 cm ø x 10 cm thick 

16
2 

cm


