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GALACSI NFM

i MUSE: AO modes of GALACSI

Laser GLAO Laser tomography AO
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Performance requirements
m WFM: improve EE x2 in 0.2” over 1’
B NFM: SR> 5% (goal 10%) @ 650 nm




B GALACSI NFM Upgrades Timeline

NFM
commissioning |RLOS+ Start
Q1 2018 March 2019

® u

Tomography IRLOS+ IRLOS+
optimization AlV & Comm 1 Comm 2
October 2019 March 2021 July 2021

Credit: ESO/S. Kammann

GALACSI NFM Upgrades, 4" November 2021 5 emiibmiz+=11"llIl = BIEIEEIEZE



+

+ES+

0 GALASCI/MUSE Narrow Field Mode

HST ACS-WEC F606W MUSE WFM-AQ white-light

MUSE NFM-AQ white-light

-

-« Goettgens etal., subm.

T

x x | y [
1G5 17026 02.5F 024" (A m> 021

B The LTAO mode of MUSE is providing high spatial resolution in the visible domain

m Performance limitation by suboptimal tomography Tomography optimization

B TT residuals and limiting magnitude of Jmag=15

GALACSI NFM Upgrades, 4t November 2021 6

IRLOS Upgrade

=ik =B EISEIEE



GALACSI NFM Upgrades Timeline

® '

Tomography
optimization
October 2019

Credit: ESO/S. Kammann
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WFE [nm rms]

Tomography Optimization in October 2019: |

Residual LTAO WFE with TT - Cycle 2

10? T — T

Focus
Astigmatisms
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Pseudo-synthetic reconstructor

Tuned tomographic reconstruction
of LO modes

More aggressive tuning of LTAO
reconstructor leading to controlling
850 modes

Tuning of temporal controller in
presence of new vibrations

Operation under worse seeing
conditions than initially expected
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Tomography Optimization in October 2019: |

WFE from LGS WFS residuals projected on axis

B Pseudo-synthetic reconstructor

O Sky data Ki=0.4

01| ot dta il M | M Tuned tomographic reconstruction
=== Simulated data - POLC MMSE - no NGS - square DM geom - no error budget
| of LO modes

- | M More aggressive tuning of LTAO
reconstructor leading to controlling
850 modes

B Tuning of temporal controller in
presence of new vibrations

WFE [nm rms]

B Operation under worse seeing
2 4 5 8 w0 1 u conditions than initially expected
Tau0 [ms]
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ol Tomography Optimization in October 2019: |

Cumulative histogram of Comcam SR
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- | TAQO before |

LTAO after

Cumulated probability
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SR @ 940 nm
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30

40

Pseudo-synthetic reconstructor

Tuned tomographic reconstruction
of LO modes

More aggressive tuning of LTAO
reconstructor leading to controlling
850 modes

Tuning of temporal controller in
presence of new vibrations

Operation under worse seeing
conditions than initially expected

10 = iE+=11NIIII S B EISEEE



+

+ES+

ol Tomography Optimization in October 2019: li

Elevation 76 deg
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Old Matrices, Short axis .............. .............
——New Matrices, Long axis | :
H —— MNew Matrices, Short axis .............. .............

Moffat fit FWHM (pixels)

o
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T | I
200 500 600 700 800 900 1000
Wavelength {nm)

Before

Credit: Johanna Hartke and Claudia Reyes

B Under good to median seeing conditions, PSF FWHM are as low as 35 mas (28
mas on the commissioning camera) at wavelengths ~ 900 nm.
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MUSE Strehl Ratio

Tomography Optimization in October 2019: Il

0 Strehl measured at 1" vs MASS-DIMM TauO pre vs post Oct 2019
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Credit: Fernando Selman and Johanna Hartke
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FWHM vs Airmass pre vs post Oct 2019
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GALACSI NFM Upgrades Timeline

IRLOS+ Start
March 2019

@ O O O

Credit: ESO/S. Kammann
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IRLOS: The Low Order WFS for MUSE NFM

B IRLOS: InfraRed Low Order Sensor operating in J + H band

M IRLOS provides:

» Fast Tip/Tilt control ClTe seed Tayer
» Truth sensing for Defocus and Astigmatisms  [.care vutter tayer
» Large scale for extended targets p-type absorber

p-n junction ——>
multiplication region —

M Old IRLOS Hawaii | with RON ~ 11 e- rms = conaet ———

M IRLOS Upgrade TLRs
» Move to Saphira technology (baseline for MAVIS, HARMONI and MAORY)
» Gain 2 magnitudes (goal)
» Complete project within 2 years

SAPHIRA Mark14b MOVPE
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Why upgrading IRLOS ?
Design driver1: limiting magnitude

1o Large KX Quasar catalogue Maddox et al. 2012
o) :
Q2
Q.
—————— % 103 é
Today Q2
Jmag=17 -:%
S 102
)
L2
o
L.
S
______ S 101t
Yesterday "E 5
Jmag=15 S
=
10° ' '
14 15 16 17 18 19 20

J magnitude
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Design driver 2: improved performance

Lambda= 650 nm - seeing (bubble size)

025
® MUSE image
+ Comcam data 0.25T
L4 ’ Performance specification 3
02r :
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H magnitude

B Yesterday, limited at 200 Hz because of the RON, now 500 Hz becomes nominal > SR/EE
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0 Design driver 3: increased sky coverage
+

100 Probability to find more than 1 NGS Probability to find more than 1 NGS
m Larger patrol field
sl | 10 = = Galactic pole - 190 - 590 - r=6" 1
- -Galact?c pole - 190 - b90 - r=:l1" 7
B Larger sky coverage: Besangcon model > il == e e A A
80| g
!
B Improved offsetting / dithering possibilities = Gl plo 05001 o ;o
== =QGalactic pole - 190 - b90 - r=11" .|
= Galactic plane - 10 - b5 - r=6" !
=== Galactic plane - 10 - b5 - r=11" 7l 7 B
* e — | F
Guiding on unresolved target LEGEND é é B , 4 1
with small plate scale A s taraet é 50l 1 £ I,
& Science targe 3 é sl , |
o o /
* NGS s . ’
4 ’ 1
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*
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IR WFSing: Sky + thermal background noise

+

B Balanced budget for unresolved targets

10%k;y emlssu:lon spectrum with QIT: and bloclklng filterI OoD4 - Iarge APD g:iun > Dark < 50 e-/s/pix
‘ 4 » Thermal background < 70 e-/s/pix
102 F » 14e-/s/pix <Sky<140 e-/s/pix vs. plate scale
e ! ] Quantum efficiency of Mark14 eAPD
£ 1.0 L
o104k ] I ]
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= 10 L N - |
= L A |
3 b 3 — \ |
g 100} -\ _
E i — sky emission - no moon 1 'r\ R
14 3 — sky emission - moon 25deg : b
10.10 L IRLOS Thermal background ] | APD gain 1 —
\_ —e—es APD Gain = 421 N
..................................................................................................................................................................... I . \ ]
10-12 i I I ! ! | | ] 02 |‘ ‘ ('/—’T \ _
0.5 1 15 2 25 3 35 4 FILTERJ | | FILTERH | /FILTEHKW '\ i
| | B 4
Wavelength [microns] B j ‘ \\ ~ 1
00 ! | l // A It U,
1000 1500 2000 2500 3000 3500

GALACSI NFM Upgrades, 4t November 2021 Wavelength [nm]



Read-out optimization: low RON !

T:90 K - 500 Hz 2x2 - RON trend - NSA= 2

—e—97.76
—e—67.99 T:90 K - 500 Hz 2x2
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Read-out optimization: SNR matters !

+E+S+
)
+

FOWLER SAMPLING
T:490 K - 500 Hz 2x2 - SNR small scale - Mag 16 - NSA (solid=1 dashed=2)
i ————
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2.6 ’1 aNY |l e mmmmmmm T P TR T2 Te————f_:-f_:-.-'.'-ﬁ
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Remote AV & commissioning 1: March 2021




1st commissioning achievements

Strehl ratio = 0.75 at 1.6 microns - seeing ~ 1" - pixel scale 12.3 mas

B Robust operation at J magnitude > 17 @ 500 Hz

B The project TLRs are fulfilled in terms of limiting
magnitude, time to completion and budget

B MUSE NFM is back in routine operation with
upgraded performance

B LTAO performance

» SR ~0.75 in H band with a seeing of 1” incl. static
aberrations with TT loop @ 200 Hz

» Equivalentto 0.18 @ 650 nm
» ~4 times > specified performance
» ~twice > goal performance
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Credit: Fernando Selman and Johanna Hartke

“A pathfinder to observe high redshift galaxies with MUSE”

PGC 33606
SmallScale - 500Hz
J=10.69

Band: Cousins |
FWHM ~ 68 mas
Airmass: 1.235
Tau0: 4.8 ms

SmallScale - 500Hz
J=16.4Re =0.45"2z=0.1764
Band Cousins |

FWHM ~ 175 mas

Airmass: 1.11 Tau0: 9.2 ms
ExpoTime: 300 s
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Performance on MUSE vs. Tau0

FWHM vs Taud
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B MUSE NFM regular Quality Control on standard targets. On going accumulation of
performance points as a function of observing conditions

B As expected, the performance is less impacted by low TauO cases (colored vs. gray points)
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i A B  Wrap-up of bright modes
B Total noise characterization
{ m Centroiding optimization for faint end

1 m Rejection transfer function optimization

Tip 200Hz 20x20: Rejection TF
T

10
m L = _
g o
STD pixel map - Sky SmallScale 20x20 500Hz High Gain 18-07-21 CLEARSas a
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=10
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Commissioning 2: Faint end mode deployment

02 T T T T
. Jmag= 19.3 = 2.11 photons / frame / subaperture > SNR =1
%0.15- . :, : . 1
|': o4l ] Fernando Selman
0.05 - * . - - B0B: e % z -
10 12 14 16 18 20 | oH- Remaining Time until End: 00:00:00 - ~u T e 5 v = File_Engineering nisrface
Magnitude : ) = - - - T T R ——

« Net sbservation biacks
-7 Meenang - B0AG100(D) - Condar
47 MUSE_tec_a0_EvaliatePert - MUSE LGS

PR
+ CATG - TEST |
< TECH = IFU =

I

SEQ
|- BASENAME = Perf_scan
|-+ comcAmoiT = 1

<+ COMCAMMNEIT = 1

< TYPE = DARK L
< GAIN_HO_KI - -08

Template log-message DSH positions

SR TR [ e—— e T
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Commissioning 2: deployed Modes

a | Booleantest SW User + Extended:Y/N Acquisition Acquisition
Z - - bright Faint
G inputs ¢ Jmagnitude
& 1CS HW Mode 256x256 10 Hz | | 256x256 10 Hz
: APDgain1 || APD gain 100
0s -|y Extended A
PSC/FS PSC/Fs
ICS Small scale Large scale
I
| | | | [ |
0s 0.5<Jmag<10.5 Jmag<10.5 10.5<Jmag<16 16<Jmag<19 Jmag<10.5 Jmag>10.5
ICS LGS spreading Filter Clear Filter Clear Clear 8" Filter Clear Filter Clear
for JImag <7
NGC APD gain 1 APD gain 68 APD gain 100 APD gain 1 APD gain 68
Filter BP190 for 496Hz 496Hz 200Hz 200Hz 200Hz
3.5<Jmag< 5.5 %2 SH <2 St
SPARTA Filter BP20 for x2 SH X2 SH 2x2 SH 2x2 SH 2x2 SH
Jmag< 3.5 4x20x20 pixels || 4x20x20 pixels || 4x20x20 pixels 4x20x20 pixels | | 4x20x20 pixels
MODE Unresolved Unresolved Unresolved Extended Extended
very bright bright faint bright faint
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Commissioning 2: MUSE performance

15.0 Strehl vs Tau0
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Credit: Fernando Selman and Johanna Hartke Tau0



Show case: Einstein cross

https://www.eso.org/sci/publications/announcements/sciann17429.html  psps seeing = 1.03

A J-15.89

500 nm 600 nm 700 nm 800 nm 900 nm
FWHM (mas) 95 75 70 65 62
Strehl (maoppy) 0.6% 3.1% 6.5% 13.4% 19.2%

GALACSI NFM Upgrades, 4t November 2021

Airmass=1.14

Tau0=3.6 ms

600s total integration time
Cloudy sky (thin)

Such lensed quasar was not observable
with the previous IRLOS

It's now straight forward, in the bright
regime of IRLOS+

Visible correction radius consistent with
the correction of 850 modes

Despite conditions, probably the highest
spatial resolution image of this object
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Next: PSF Reconstruction

le+04

le+03

le02

Radial profile [Fy/10Xergs..etc]

MUSE.2021-07-14T23:17:25.029

DROT: 43.0

Seeing: 0.77 Taul: 0.002 Airmass: 1.353 Wavelength: 4980 mn MAOPPY Strehl: 0.06%

Target: PGC33606-OffAxis (J:12.77)

SPARTA RO: 10.5 em (500 nm) LO: 274 m Perf: 0.34% (750 nm)

MUSE_NFM

D: 8.0 [m]

Nact: 36

FAO: 2.250 [1/m]
FAO* Az 0,231 [ns]
cost: 1,08140-03
Strehl: 0.001

a’i 2.221e401
vl 1L08G [m)
Mihe=02

o 100003

A: 1.35

— Data (azimuthal median)

Model maoppsy fit

! 2.0
- 0,407 —  Azimutal mean 975
:"' 0.20 . ’ * I e . .....I.I..'. 3.0
= 0.00 4 S e S 95
= -0.20 10
— _0.40 o 2 0log(3% Azimuthal std dev.)/F(0) i 15"

0.0 .1 1.0

wunoppys V133, May 30 01 Radius [as]

Credit: Fernando Selman and Johanna Hartke

s nfm pedlibs V070, 17 Angust 2021

PhD of Arseniy Kuznetsov on self-learning AO: stay tuned ...
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Status and next steps

B The only LTAO system in operation delivers high performance and robust science
B GALACSI NFM now goes 4 magnitude fainter (Goal was 2)

B Before the upgrade 7<Jmag<15 - After the upgrade 0.5<Jmag<19

B Off axis guiding has been pushed to 5” radius

B NFM performance is now less sensitive to Tau0 and seeing, also better and more
robust performance on extended targets

B Next steps:
» Commissioning report and PAC
» Dissemination of the results
» Further improvement of the LTAO: technical time in November 2021
» PSF reconstruction and improvement of MUSE NFM optical quality
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The IRLOS+ team

/\im\l
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