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Laser Interferometer Space Antenna

space-borne gravitational wave observatory

sources in the 0.1mHz to 1Hz frequency regime
(inaccessible to ground-based detectors due to
seismic and gravity gradient noise)

recently chosen by ESA as their L3 mission

3 S/C orbiting the sun in a tilted cartwheel
formation

mean inter-S/C arm lengths 2.5million km

peak target strain sensitivity surpassing
Hz around 5mHz

optical readout of differential path lengths
between free-floating test masses (TMs)

1 auSun

60°
19-23°

2.5 GmEarth

1 au (150 Gm)Sun
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Laser Interferometer Space Antenna (cont.)

• TMs aboard drag-free controlled S/C⇒ cascaded
interferometry (TM↔OB↔OB’↔ TM’)

enormous inter-S/C distances, yet only Ø 30 cm-telescopes
a S/C cannot act as a passive end mirror to another S/C
master transponder scheme

orbit dynamics continuous arm-length changes (±1% p.a.)
angular variations (±1.5° p.a.)

intra-S/C TM readout well tested (LISA Pathfinder) main
challenges: long arm interferometry and phase reference
between moving optical benches

many aspects of inter-S/C interferometry will be tested within
the GRACE-FOmission (scheduled for launch on April 27, 2018)

60° ± 1.5°

2.5 Gm ± 25 Mm
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Primary beat-note readout and phase extraction

arm flexing (< 10m s) large dynamic Doppler shifts (< 10MHz) heterodyne interferometry
photoreceivers and phasemeter suitable for 5-25MHz beat-notes (and frequency plan)

enormous distances, yet only Ø 30 cm-telescopes 100 pW beat-notes low-noise photoreceivers

peak resolvable one-way single-arm strain h 5 10 21 using an L 2 5 Gm arm length
L L h 12 5 pm phasemeter delivering pm Hz precision

cascaded arm interferometry approach no optical
cancellation of laser frequency noise in the sectional
measurements phase readout with high
dynamic range (up to 10 orders of magnitude)

Image: FPGA-based LISA phasemeter prototype
(co-developed in the scope of an ESA technology
development program by AEI Hannover, Technical
University of Denmark and Axcon ApS)
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Problem: How can we test a phase readout system for this unusually high level of precision?

DPLL

0?

Absolute signal test: requires a signal generator with
an extremely high phase fidelity (not readily available)

DPLL

DPLL 0?

Split signal test: oblivious to common-mode effects
like phase nonlinearity or signal-triggered cycle slips

DPLL

DPLL

DPLL

0?

Three-signal test: generates three signals, the sum of
which should vanish if measured correctly Hexagon

Hexagon – Testing the Phase Readout SystemHexagon – Testing the Phase Readout SystemHexagon – Testing the Phase Readout System
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Post-processing & Auxiliary Functionality

direct signal combinations are equivalent to an unequal arm
length Michelson laser frequency noise does not cancel

time-delay interferometry (TDI), uses sums of delayed
signals to synthesize an equal arm length interferometer

TDI requires absolute ranging NASA DSN for coarse
positioning ( 25 km) plus weak PRN code phase-modulated
onto the laser links for sub-meter accuracy

ground communication preferably with only one S/C at a
time inter-S/C communication will piggyback on PRN code

each S/C running on its own separate clock clock-tone
transfer via GHz sidebands on the laser links dynamic
re-sampling in post-processing (often considered part of TDI)

List of Metrology Challenges – Part 2List of Metrology Challenges – Part 2List of Metrology Challenges – Part 2
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Step-by-step simplification of LISA

no external forces acting upon the three LISA S/C

remove test masses along with dedicated readout interferometers

use only one optical bench and one laser per S/C

remove all clockwise laser links

remove telescopes and shrink
constellation down to fit on a
single ultra-stable optical
bench Hexagon
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• automatic beat-note acquisition
FFT-based search for spectral peaks and initialization of digital phase-locked loops (DPLLs)

laser offset locking
keep beat-note within phasemeter’s bandwidth & beat-note sweeping ( dynamic Doppler shifts)

quad phase tracking optimized for differential wavefront sensing on QPDs
using sum/differential signals

pilot tone injection and tracking
measure intra-satellite clock jitter

clocktone transfer
measure inter-satellite clock drifts

sub-meter inter-satellite ranging
PRN modulation (TX) & delay locked loop (RX)

low bandwidth data communication
switching sign of chunks of PRN chips
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Intra-Spacecraft Motion and Spurious Light

angular breathing variable pointing of telescopes and their rigidly
attached dedicated optical benches inter-bench phase reference
distribution system (PRDS a.k.a. ”backlink”) to subtract laser frequency
noise in post-processing (requirement: pm Hz reciprocal phase noise)

imperfect coatings, impurities, quantum mechanics ghost beams and
scattering spurious in-band beat-notes (problematic when thermally
or mechanically driven)

fiber back scatter within PM fibers has previously been measured to
be 4 ppm m, but what are the effects of cosmic/solar radiation?
separate experiment using gamma and neutron radiation [AEI &
Fraunhofer INT]

Images: LISA moving optical subassemblies (MOSAs), each comprising
telescope, optical bench and test mass chamber; courtesy of Airbus D&S
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Classic Attenuated Fiber BL

TX

TX'

• objective: each spacecraft houses twoTX laser sources (one for each
arm, indicated in red and green) which need to be interconnected
by a flexible optical backlink

easiest solution: PM fiber

lock the green laser to the red one, using the upper interferometer

fiber has a very poor path length stability use the lower
interferometer to measure the phase drift between the two lasers
for subtraction in post-processing this only works if the backlink
behaves reciprocally (same optical pathlength in both directions)

lab test: place setup on a common optical bench and add reference
interferometer (middle) classic fiber backlink experiment

not sufficient: back-reflected beams wherever light was coupled
into a fiber coupler spurious beat-notes in our interferometers

attenuation stages after TX fiber couplers back-reflected beams
attenuated twice as much as TX beams

no such solution exists for the backlink fiber couplers (backlink light
and spurious beams would see the same attenuation)

Classic Attenuated Fiber Backlink – SetupClassic Attenuated Fiber Backlink – SetupClassic Attenuated Fiber Backlink – Setup
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• attenuation stages (solid lines) and balanced detection sufficient for required fiber phase reciprocity

• balanced detection requires more photoreceivers and phasemeter channels

• DWS correction (classic backlink used commercial fiber couplers instead of monolythic ones)
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Other Activities

• residual pointing noise of telescope or test mass⇒ tilt-to-length coupling⇒ imaging systems for
suppression⇒ LISA optical bench testbed (pictured below) [AEI & University of Glasgow]

cartwheel roll and arm flexing paired with finite speed of light variable angular offset between inbound
and outbound beams (±6 µrad) point-ahead angle mechanism (PAAM)

ultra-stable monolithic fiber couplers (“FIOSs”) [University of Glasgow & UK ATC]

30 cm-telescope optics and scatter simulations [NASA GSFC]

in-field pointing: backlink alternative based on a single
optical bench and two rigidly attached wide-field-of-
view telescopes in conjunction with beam steering
(downside: actuator in optical path, telescope
more prone to scattering) [Airbus D&S]

and much more: laser development, frequency
pre-stabilisation, laser link acquisition, signal
pre-processing, TDI, LISA simulator, ...

List of Metrology Challenges – Part 4List of Metrology Challenges – Part 4List of Metrology Challenges – Part 4
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• Laser Interferometer Space Antenna
space-borne gravitational wave observatory for
sources inaccessible to ground-based detectors

• The Hexagon Interferometer
an optical three-signal testbed for LISA’s phase
readout system but capable of testing the full LISA
arm metrology chain in the future

• TheThree-Backlink Experiment
direct comparison between several alternative
implementations of a LISA backlink, providing an
optical phase reference between the two moving
optical benches within one S/C Thank you very much!
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