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SALTO project
Smart Adaptive-optics and Laser guide-star for medium Telescopes and Optical communications 

✦ Industry-oriented project led by AMOS


✦ 1-m class telescope with laser adaptive optics in the 
Belgian countryside


✦ Aim: 

• Develop expertise for AO on 2-4m class 

telescope for astronomy

• Demonstrate robust operation of LGS-AO

• First step towards optical communication


✦ Current status: on-site installation and on-sky 
commissioning
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SALTO consortium
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✦ Total budget: ~3.3M€

Louvain

Liège

Liège
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Liège
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Demonstrator overview
Integrated system at AMOS premises

✦ RC 800mm telescope


๏ Robust custom mechanical 
mount


✦ Nasmyth AO instrument


✦ Laser system on the altitude axis
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AO key concepts & parameters
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SALTO key parameters 

✦ 10x10 SH WFS, 12.5’’/subap (max)


✦ DM : 97 actuators


✦ WFS camera: <1e- RON at  1kHz


✦ 18W at 10kHz, 532nm laser @10km


✦ Gating with Pockels cell 2-10µs 
(300-1500m)


✦ Fast InGaAs camera for science & 
tip-tilt wavefront sensing


✦In-house development of Real-Time 
Computer

✦Two modes : NGS and LGS operation


✦Rayleigh laser guide star system




Laser system
• Nd:YAG 532nm


• 10kHz pulsed, 18W


• Polarisation control


• Beam expander


• Fast steering mirror


• Focus control



Early definition
AO error budget & DIMM
Assuming 2’’ seeing, standard Cn2: 


~145 nm WFE, or ~70% Strehl in the H-band

3.2 AO module preliminary design

The AO and imaging systems will sit on the Nasmyth focus of the demonstrator, providing a gravity
gradient-free platform. The optical layout follows a classical scheme : after a common deformable
mirror correcting tip-tilt and higher-order aberrations (about 70 modes), the light is split between
the laser light (532 nm) going to the wavefront sensor, and the red-visible and NIR light going to
the imager. For the WFS, we will implement a gated Shack-Hartmann with 10⇥10 subapertures,
each with 6 ⇥ 6 pixels. The gating is synchronized with the laser firing to expose the detector to
the backscattered light coming from 10 km ± 300 m. The laser will be stabilized on the WFS by
controlling a tip-tilt mirror in the laser launch system. The natural tip-tilt will be sensed by the imager
detector and controlled by the deformable mirror. The selected key subsystems are summarized in
Table 2.

Table 2: Selected key subsystems.
Subsystem Values [nm rms]
Deformable mirror single DM with 97 actuators

⇠ 70 modes controlled
LGS wavefront sensor 10⇥10 Shack-Hartmann

detector EM CCD 128⇥128
subaperture 6 ⇥ 6 pixels
Max. framerate 1kHz full frame

1.8kHz in 64⇥ 64
Tip-tilt sensor and imager InGaAs detector

Max. framerate 600Hz framerate full frame

3.3 Predicted performances

An example of basic error budget is given in Table 3. It assumes a 200 seeing (r0 = 5 cm) following
a standard altitude distribution (Hufnagel-Valley profile). The total higher order wavefront rms error
amounts to ⇠ 146 nm, or a Strehl of ⇠ 15% in the R-band and ⇠ 70% in the H-band.

Table 3: High-order error budget.
Error source Values [nm rms]
Focus anisoplanatism 82
Fitting error 62
Aliasing error 36
Temporal error 91
Wavefront measurement error 33
Multispectral error (zenith) 0
Total 146

End-to-end simulations allow us to refine this picture by including several effects such as e.g., the
telescope pupil, realistic influence functions for the deformable mirror, the wavefront sensor detector
properties, the laser uplink propagation, and scintillation. Because the turbulence will be relatively
strong (r0 = 5 cm and below) and our spatial sampling is relatively high (d = 7 cm), we expect the
flux within our WFS subapertures to vary strongly over time due to scintillation. We perform Fresnel

62

Bulletin de la Société Royale des Sciences de Liège, Vol. 88, Actes de Colloques, 2019, p. 55 - 64



SALTO AO demonstrator — Gilles Orban de Xivry — SPIE 2022

AO end-to-end simulations
✦ Tools : SOAPY and AOtools 


✦ Poor seeing as a major challenge: 
study for 1.5’’ - 5’’ seeing


✦ Simulation features:

• Fresnel propagation to include 

scintillation 
• Laser uplink

• AO system
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For 3’’: Gain of > 3x in FWHM expected at 1.55µm
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Adaptive Optics system of SALTO
From concept to opto-mechanical integration
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Telescope

WFS camera
NIR SCI camera

Acquisition camera

Calibration unit


AO optics : procurement status
ü DM : ALPAO-DM Hi-97 fast – characterization with interferometer done
ü WFS camera: Nüvü Hnü 128 – characterization pending

ü Associated chiller procurement on-going
ü Micro-lens array
ü Real time computer
ü Rack, optical breadboard (750x750mm)
ü Alignment laser HeNe, first optics and mounts
ü Master clock
x OAPs
x Pockels cell 
x Scientific camera – decided to postpone procurement to later in the project
x Acquisition camera
x Calibration sources, many optics, many mounts, etc.

18-Jun-20

 
Figure 1 (Left) DM mount setup in front of interferometer. (Right) Interferometer plus DM. 

 
With the appropriate selection of zoom optics from the DynaFiz, the DM pupil sampling is 
>400 pixels for the 13.5mm aperture. 
The Mx software is configured as follow: 

• Measure ‘surface error’ (= 1/2 of wavefront). 
• Pupil mask is defined manually. The focus is manually adjusted 
• Lateral sampling (pixel sampling) is also defined manually, setting the diameter to 

13.5mm (according to ALPAO external size drawings, this should be 14mm; note this 
has no impact on the wavefront measurement per say) 

• We use the QPSI or the PSI (phase shifting interferometry) mode to perform the phase 
measurements. 

 
DM control is performed in Python 3 using the ALPAO SDK 3.08.10. 
The interferometer is performed on a separated workstation using the Mx software. Data are 
typically saved in the format ‘.asc’. 
Data analysis is performed in Python, using the python package 
‘pykat’(https://git.ligo.org/finesse/pykat) to retrieve the phase map from the ‘.asc’ files 
 
  

• We transform the 2D IF maps in an interaction matrix IM of dimensions 
(n_valid_pixels x 97). 

• We compute the reconstructor matrix R by pseudo-inverse of the IM. We use the 
full rank1. 

• We compute the DM commands by the matrix product of R s, where s is the vector 
(n_valid_pixels) of the phase map measured by the interferometer. We iterate two 
or three times to obtain a good flat. 

 
A flat obtained after 2 to 3 iterations is illustrated below Figure 10 (Left). With a rms of 
4nm surface (or “mirror”) this is a little bit larger than the 2.6nm reported by ALPAO. 
However, it should be noted that ALPAO obtained their best flat in closed-loop.  
The DM flats themselves are different: our flat show the ‘print-through’ of the actuators, 
while this is not seen in the ALPAO report. 
 The commands sent to the DM in 2D are illustrated in Figure 10 (Right). 
 

 
Figure 10 (Left) Best flat obtained after 2 or 3 iterations on the 05-12-2019. (Right) DM commands producing the 

best flat. 

This map (Figure 10 right) corresponds to the command vector: 
20191205_best_flat_noPTT.fits. The command vector is directly plotted in Figure 11 
where we can see that flattening the DM uses about 5% of the full dynamic range 
(dominated by a few actuators at the edges). 
This fits file will be used in the future as a starting flat. 

 
1 from a rapid experimentation, lower rank did not improve the quality of the flat 

EMCCD 128x128

1kHz (1.8kHz in bin 2)


<1e- RON

LASER ELECTRO-OPTICS & ELECTRONICS COMPONENTS
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e!ect. Electro-optic e!ect is observed only in 
non-centrosymmetric crystals. 
Typical applications of Pockels cells are 
Q-switching of laser cavity, laser cavity 
dumping, pulse picking, light coupling into 
and from regenerative ampli"er, continuous 
wave laser beam chopping. 

Pockels cell is used to change the polarization 
state of laser light when high voltage is 
applied to it. The key element of Pockels cell 
is electro-optical crystal, which produces or 
changes birefringence induced by the electric 
"eld. Induced birefringence or refractive 
index modi"cation in the material by electric 
"eld is called electro-optic e!ect or Pockels 

Pockels Cells

KTP POCKELS CELLSPCK

PCK4

PCK4-O

PCK6-O
PCK6-O

PCK8-O

SPECIFICATIONS
MODEL PCK4 PCK4-O PCK6 PCK6-O PCK8-O
Clear aperture diameter, mm 3.5 5.5 7.5
Crystal  size (W×H×L), mm 4×4×10 6×6×10 8×8×10
Quantity of crystals 2
Half-wave voltage  
(@ 1064 nm), kV DC <1.8 <2.5 <3.6

Capacitance, pF 4 <6 <8
Optical transmission, % > 98
Contrast ratio >1:500
Cell size, mm Ø25.4×42.2 25×11.1×7.5 Ø25.4×42.2 25×13.8×10.6 25×16.6×13.4
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PCK series KTP Pockels cells developed at 
EKSMA Optics are based on specially grown 
high resistivity KTP crystals. KTP crystals 
have better optical homogeneity and higher 
damage threshold compared to RTP crystals. 
The outstanding feature is possibility to 
operate KTP Pockels cells at high duty cycles 
or even to keep at high voltage for the longer 
time.

FEATURES
 ❯ More than twice smaller HV requirement 

comparing to double BBO Pockels cells

 ❯ Operates at high duty cycles

 ❯ Very low piezo-electric resonances

 ❯ Standard apertures: 4×4, 6×6 and 8×8 mm

APPLICATIONS
 ❯ Q-switching for high repetition rate lasers 

1 kHz – 1 MHz

 ❯ Pulse picking of high repetition rate lasers

For drawings of other standard  
KTP Pockels Cells please visit  

www.eksmaoptics.com

KTP Pockels

>1:500


<4-10µs opening time, 10kHz

1/2 wave voltage ~1kV


CRED-3

600Hz


640x512

InGaAs 900-1700nm

C-RED 3

www.first-light-imaging.com

INDUSTRY: 
Semiconductor Inspection
Quality and Production control
Waste sorting
Non-destructive Testing 
Environmental monitoring
Welding

LASERS: 
Free Space Optics
Laser alignment 
Laser Beam Profiling

SURVEILLANCE:
UAV
Security

UNCOOLED InGaAs WITH ADAPTATIVE BIAS 

VERY HIGH SPEED COMPACT 
SWIR CAMERA

APPLICATIONS

Product Datasheet / January 2020

600 FPSFULL
FRAME

<30 e- RON

640 x 512 InGaAs,
15 µm pixel pitch

SWIR 
0.9 - 1.7 µm

93 dB and true 16 bits
High Dynamic RangeHDR

SDK compatible with
µManager, LabVIEW,          , , 

OEM module available - contact us 

70
0m

m

ALPAO 97-15 Hi-speed




RTC concept

• Custom RTC software but using data stream concept of CACAO / MILK


• IPC contained in the data, held in the shared memory and contain semaphores


• ImageStreamIO of MILK     https://github.com/milk-org/ImageStreamIO


• C and Python support

Guyon et al. 2018 



RTC architecture

WFS camera Slope calculation

(+ TCP server)

Control

(+ TCP server) DM combine ALPAO DM

SCI camera Tip-tilt calculation

(+TCP server)

LGS tip-tilt (CSL)

Calibration:

Subaperture, interaction matrix, 

DM tools

Configuration of RT processes 
(TCP/IP with zmq)

Snapshooter 

(from GenericDataCollector)

UI and GUI

(Python)

TCS offloading

Generic data collector

(Listen to all data stream)
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Calibration & AO procedures
✦AO control and procedures:


๏ tCoG (fixed or dynamic)


๏K-L modes, leaky integrator — up to 66 modes


๏Anti-windup


๏LGS modes: async tip-tilt; focus, polarisation, etc. TBD


๏DM to TCS offload


✦Calibrations


๏Fried geometry


๏Push-pull modal interaction matrix with modal amplitude


✦Daytime test: 


on-the-fly injection of turbulence using infinite (extruded) 


phase screens
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NGS: perfect Fried geometry LGS: slight deviation from Fried geometry



Temporal performance

✦ Pure computation delay : ~600µs 


✦ AO bandwidth characterisation 


๏ ETFs compared to standard control model


๏ Pure delay of ~2.5ms measured based on rejection

Readout ~1ms

Computation ~600µs

TBD (DM ?, Camera ?) ~1ms
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AO First light
NGS work 03/09/2021

• Closed-loop on NGS at 100Hz, 31 modes corrected


• Images taken at 1.55µm (0.1sec/frame)
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10 seconds on-sky, 1.55µm
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AO first light
NGS work (con’t) 09/09/2021 and 05/10/2021

• Re-alignment of pupil


• TCS offload


• Streamline AO operation 


• Test at 500Hz


• 60 modes and better basis
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Before After
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AO first light
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LGS first light on the WFS 28/04/2021

• Lower power operations ~200mW


• Laser triggered operation


• Laser beam tuning


• Alignement & acquisition


• Centring on the WFS : 

‣ going from 30 arcmin to 12.5’'



Current work & Prospects

✦ Finalise installation Redu Space Service


✦ NGS AO characterisation


✦ LGS AO commissioning


✦ Future


๏ Use it as a platform for R&D (e.g. predictive control)

Any feedback & interest : gorban@uliege.be




