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The LISA mission in one slide
General remarks about stray light

Measurement of stray light at system level

General approach for the measurement and identification of coherent stray light
Measurement of stray light in the LISA's "MOSA"
The frequency-ramped laser source, and the characterization of the instrument

Conclusion and perspectives
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The "Laser Interferometer space Antenna" in one slide

Measures the variation of the 2.5 Mkm arm lengths 10pm/\/Hz
- records gravitational waves in the 20pHz - 1Hz band
- supermassive black holes, primordial universe,...

The basic LISA instrument is the
"moving optical sub-assembly" (MOSA)

=> 2 MOSAs per spacecraft

=> 3 interferometers per MOSA
- "science" (long arm)
- "Test Mass"
- "reference”

Osi W

nom. amplitude

Sy < &g 0Qg

fractional SL optical amplitude
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s some considerations about stray light

Stray light = unwanted light in an instrument, an experiment, ... A problem in
* imaging

e spectroscopy

e polarimetry

e and in interferometry: coherent stray light
AStray Light

with coherent stray light: ~2 X =2 X \/stray light power / nominal light power

ANominal Light

Studied at component level, and at system level, in

e atomic clocks with optical pumping

* tests masses (added radiation pressure)

e ground-based GW interferometers

* in space missions with interferometers
* GRACE-FO space geodesy (interferometry over = 200 km)
* LISA space mission for gravitational wave detection

* need for the measurement and identification of stray light at system level
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@ various types of stray light : SCatte red |Ight

Scattered light is due to roughness, or contamination at surfaces (or volume contamination)

Optical amplitude is a speckle field
But it has also a speckle-type dependance of the back-scattered amplitude vs position
of the beam at the scattering surface

collimator

V. Khodnevych
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@ various types of stray light : SCatte red |Ight

Scattered light is due to roughness, or contamination at surfaces (or volume contamination)

Optical amplitude is a speckle field

But it has also a speckle-type dependance of the back-scattered amplitude vs position
of the beam at the scattering surface

collimator
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@ various types of stray light: what about optical fibres ?

The main SL generator in fibres is Rayleigh scattering
- due to the irregularities of the fibre core
- also displays speckle structure vs temperature

=> phase and amplitude noise due to d(Temperature) Backlink (2m)
LISA's backlink is a significant contributor in Perf. Model to MOSA B
£ 5" Sim. data (ARTEMIS — 12r 122
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experimental data is provided by Max Zwetz (Ackn: ESA, DLR)

=> small fibre lengths
choice of the optical fibres



s, various types of stray light : 0pt. return in fibered collimators (1)

2g. | — Scan 5,1GHz/s, OFDR protected, metal velvet, 6m fiber, 2mV/div 06/09/2024
- — Scan 5,3GHz/s, OFDR protected, metal velvet, 6m fiber, 2mV/div 06/09/2024

-3 ‘ ‘ __Scan 5,1GHz/s, OFDR protected, metal velvet, 6m fiber, 2mV/div 06/09/2024

— Scan 5,3GHz/s, OFDR protected, metal velvet, 6m fiber, 2mV/div 06/09/2024
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T, various types of stray light : Opt. return in fibered collimators (1)

h

fe erule

=> think of an AR coating at the ferule tip ! \

R —

ghost

-15 dB opt. return if no AR
coating at the ferule

...or use monolithic injectors !




various types of stray light: pola risation
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@ various types of stray light: pola risation

&inal "backlink" fibres f )AI\
—a N\

redundant

—> PBS

I\ SL may interfere at the recombination
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@ Stray light mitigation

- Black glass Hoya HA15 glass
- Black coatings: typical back-scatter 10"*-8 in a &2mm beam (T=10"-5 @ 1.06 pm) . ‘
- for ghosts: the 2-plate beam dump for low back-scatter (107-11 and below)

ML & A. V. Papoyan,
— Rev. Sci. Instr. 71 (2000) 4681

arc®zr0® 8

High quality polish jgterferometer

- anti-back-scatter coating can help lower the back-scatter

- Fancy about "zero-back-scatter" beam dumps with single-crystals ??

- Other aspects such as damage due to high power can lead to other materials
- Silicon, SiC, coated SiC, metals, ...

- Convenient low-footprint beam blocks developped by AEI
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Measurement of coherent stray light at system level

The "SLOGSE" : Stray Light Optical Ground Segment Equipment for LISA

Amaél ROUBEAU-TISSOT (PhD st., € cnes and maEllE)

(theses.hal.science/tel-04709436)
Marco NARDELLO

Frédéric CLEVA
Michel LINTZ
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Measurement/identification of stray light at system level

Phosphorous

Relay Streak tube SEreein
. . . " optics Photoelectrons )
Time of flight techniques: ofraxis Test optical “ Deflection  MCP
qaranoia instrument ;. :
- ultra-fast laser source + ultra-fast detectors o R
=> knowledge on the distance (hence the path) followed by stray light I """"""""
Loty Anodi

NN +24ps +34ps +59ps I Mesh il

‘r ‘} Spatial filter I Bigtm Photocathode ultra-fast

. | splitter

' Microscope

, obiectivz Laser Resolution < 1 mm

Trigger
|+95ps +122ps +132s +151ps

ultra-fast

L. Clermont et al. (Lieége)

They are not specific of coherent stray light: useful for imaging systems, not necessarily for interferometers

Coherent techniques: can be implemented after the assembly of the system under test, using the system's detectors

=> inspired by optical frequency-domain reflectometry (OFDR), the optical version of the radar's FMCW (frequency modulated CW)
Commercial reflectometers for the monitoring of faults in telecom networks

...but not adapted to measuring stray light in LISA
- stray light in LISA is not just optical return (scattered light, diffraction, ghosts, .. to all the detectors)

Same with low coherence ("White-light") reflectometry + moving mirror

14
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Measurement + identification of stray light in a complex optical system

f o
x 50 "inge

System
under test RECORD

Inject a laser in Beam 1,
- ramp the laser's opt. frequency
- record all the exiting signals
=> Fourier transform of all the signals

M. Lintz, GRASS, Trento 2024 o,
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The stray light measurement in LISA's MOSA

/ vacuum chamber

N
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The stray light measurement in LISA's MOSA

vacuum chamber

mﬂl

TxN ma

'-_""--—- =
QPRs, SEPRs :
PWR, T°C ~
-

Beam Dump support

y
- Laser source produces two beams:
- one powerful,
- the other *x1mW Powerful
- beam emitted => beam dump required
17
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The stray light measurement in LISA's MOSA

additional
® photoreceivers

frequency-
= A controlled
, . laser
Beam : — &r
— —
Dump QPRs, SEPRS Acquisition
PWR, T°C Device
-
T
CMD-
CNTRL

Tx-N injection

vacuum chamber

Beam Dump support

- Laser source produces two beams:
- one powerful,
- the other *x1mW Powerful
- beam emitted => beam dump required
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The frequency-ramped laser source: monitoring the ramp

Frequency ramp must be linear (<107-4), with a known and reproducible value .
W fibre s
P enuator

1m fibre loop: 1.45m OPL

=> The "calibrator" is a fibered interferometer which monitors
- the linearity of the frequency ramp
- the reproducibility of the ramp rate 2X2 coupler =
- the presence of stray frequency modulations

and more

1
-

10 o€ « Scan 5,1GHz/s, Monitor, pico 5, channel D, laser2, air, 16102023
)| SL  1.45m = Scan 5,3GHz/s, Monitor, pico 5, channel D, laser2, air, 16102023
| ) 10 i 1
=>7 nominal peaks | : : Nonn
. L § Ll : P2 : Mingy
allows real-time monitoring of the ramp to << 10 102 : : 3 Peqjs

SL/nom amplitude ratio (Vpi/Vpc)

M. Lintz, GRASS, Trento 2024 SL/nom OPD (m)



The frequency-ramped laser source: monitoring the ramp

Frequency ramp must be linear (<107-4), with a known and reproducible value

=> The "calibrator" is a fibered interferometer which monitors

- the linearity of the frequency ramp
- the reproducibility of the ramp rate

- the presence of stray frequency modulations

and more

=> 7 nominal peaks

allows real-time monitoring of the ramp to << 10

Trick to identify parasitic peaks:

- first scan with scan rate SR1

- second scan with rate SR2
—> only true optical peaks exactly overlap red/blue
= signature to reject pickups of spurious signals

M. Lintz, GRASS, Trento 2024
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Implementation of the frequency swept laser source

190.0| Vescent \
: * D2-105
® ©® diode laser

tical .
R Optical system
®Al (ma) ®AT (°q) under test
Photodigm Laser -

o | (1,190 mA) g

fibered
delay
& line

Current

phase-locked
frequency

Mach-
Zehnder ¥

intey

50/50

photodiode

laser scan rate: Avopt _ CAF | ppgse-lock with offset demodulation allows for
At nAY/ accurate + linear ramp of the laser frequency

2nm-span optical frequency-
scanned laser source



Implementation of the frequency swept laser source

D
/ h Optical system
D Vescent
Controller under test
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Characterization of the Stray Light measurement: OPD resolution

« "Spectroscopist's resolution” : * "Metrologist's resolution” :
Resolution between nearby peaks, Reproducibility/consistency
characterized with a 1mm silica etalon at the 0.1 mm level in the
(optical frequency scan: 530GHz =2nm) OPD measurements

0007 g - Scan 5.226Has, Lock, MOSA Sim. Wede i, Etalon imm 040112023

— 1st Echo

0.014 A — 2nd Echo
0.006 reflection reflection 2 8SL \ — 3rd Echo
from the from the 0.012 ;’%\ — 4th Echo _
0.005 front side rear side / ’,\ \‘\ \ . Scan 5,1GHz/s, Lock, MOSA Sim 20/04/2023
: 0.010 A
J.’ AT
HHL
0.004 { 0.008 PO 1mm

0.003 o

Imm

0.002 Etalon

Ghost frac. amp. (arb. units)

SL/Nom amplitude ratio ' (V,x/Vpe)

o
o
o
-

1.400 1.401 1.402 1.403 1.404 1.405 1.406
. optical path length (m)

1.1375 1.1400 1.1425 1.1450 1.1475 1.1500 1.1525 1.1550

A

0.000

Stray light to nominal OPD [m]
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What noise floor for the SL optical amplitude measurement ?

For each component the "acceptable fractional SL amplitude” 8accept-SL stems from the performance model:

- noise in the final LISA measurement should not exceed 10 pm/\Hz with less than = 1 pm/VHz from stray light

- the allocation can be broken to = 0.1 pm/vVHz for each contribution to stray light

Then, for each contribution to stray light, the acceptable fractional amplitude is given by

Eaccept-sL. = [Allocation for stray light] / [SL path length noise]

nom. amplitude

* Then the measurement floor must be < [g,cceptsi Ismaest With @ margin (SNR) of 30

* Presently this leads to a fractional noise floor of 2x10"-6
in the Fourier transform data.

1
w

-
o

A

-
o

-
o

* If an excess is observed with one component, the final check
Is done globally, at MOSA level, against the Performance Model

1
o

Amp ratio SL/nom (V,/Vpc)
S

—
=)
4
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Typical recordings on the ZIFO interferometer

2&g, « Scan 5,1GHz/s, QPR1-A, pico 1, channel A, laser1, air, 23102023
: = Scan 5,1GHz/s, QPR1-A, pico 1, channel A, laserl 2 sk

10 peaks due to

s a reflection
-3 - QPR 2 masked at QPR #2 !

=7

0.00

Y

0

SL/nom amplitude ratio (Vyk/Vbpc)
=

0.75 1.00

0.25 ’
SIL./nom OPD (m)
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Conclusions and outlook

<

+ Scan 5,3GHz/s, Lock, MOSA Sim, M1 white diffusor, 1 MSa 16/06/2023

2 . Scan 5,3GHz/s, Lock, MOSA Sim, M1 white diffusor, 1 MSa rec 2 16/06/2023
SSL . Scan 5,1GHz/s, Lock, MOSA Sim, M1 white diffusor, 1 MSa 16/06/2023

= Scan 5,1GHz/s, Lock, MOSA Sim, M1 white diffusor, 1 MSa rec 2 16/06/2023

(3]

4X10'5—>

A

peaks obtained with a
white diffuser placed
before mirror M1

w

* Presently no showstopper with the prototype

N

-

 OK for the measurement of scattered light => AL

SL/nom amplitude ratio (Vy/Vpc)

(=]

* Noise floor at OPD <30 cm to be improved by normalization of the signals
1.377 1.378 1.379 1.380 1.381 1.382 1.383
SL/nem OPD (m)

« "Polarization wobbling" reduces the effective dynamics
 Residual modulation in the laser's optical frequency scan (=> small, reproducible stray peak) to be reduced

« The prototype was recently coupled to "ZIFO", a LISA-similar optical interferometer
« => check for the difference tests in vacuum vs tests in ambient air
No striking difference apart from the index of air
* Interpretation of >2 thirds of the observed SL contribution (ongoing work)

 Modeling under FRED retrieves most of the observed Stray Light peaks
« =>will be presented at ICSO 2024 by Marco Nardello

« Addition of a Michelson IFO allows to turn the "SLOGSE" into a reflectometer
« =>will provide many data for optical return from photodiodes, black coatings, etc...
* noise floor presently 107-13 (expected = 10”-14) in fractional stray light power

M. Lintz, GRASS, Trento 2024
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Back-up slides: dispersion in the master interferometer’s fibre?

0.014

The 100s of data are processed over
-the 100 s A\
- the first 50 s M
-thelast50s

i . Scan 5,1GHz/s, MOSA Sim, half 1
y \ . Scan 5,1GHz/s, MOSA Sim, half 2
« Scan 5,1GHz/s, Lock, MOSA Sim 20/04/2023

5mm

first 50 seconds => |
last 50 seconds => |

100 seconds => |'

no significant dependance (<<1mm)
= no significant non-linearity

SL/nom amplitude ratio (Vpi/Vpc)

1.390

0.000) [e=——t=—=gume

1.395 1.400 1.405 1.410 1.415
SL/nom OPD (m)
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Back-up slides: the MOSA simulator

« Nominal »
- O
\/
Photodiode
7 /

M2

Collimator

Silica Wedge plate
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