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I. Context
1. L-band 1n astrophysics
2. Photonic chips

II. Whatis a SWIFTS ?
1. Principle
2. Get an interferogram
3. Sample the Interferogram
4. Collect & Inverse Fourier Transform the interferogram

III. SWIFTS in the L-band
1. Mi1d-IR SWIFTS’s characteristics
2. Challenges of Mid IR detectors
3. What to expect from a mid IR SWIFTS ?
4. Spatial Multiplexing

IV. How do you make a mid IR SWIFTS ?
1. Choose your material
2. Make your waveguides
3. Make your antennas

V. Conclusion & Perspectives
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*

I 1 L—band in astrophysms

L-band (astrophysws) 3.4 um to 4.1 um
e Dust 1n exozodiacal disks

* Young exoplanets within the snow line

1600 K (Beta Pic b)
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avelength (um) Emission spectra of a young hot Jupiter

Skemer et al, 2014 S. Heidmann. Composants actifs en optique intégrée pour l’interférométrie stellaire dans le moyen infrarouge.
Optique / photonique. Université de Grenoble, 2013. Frangais. NNT : 2013GRENT096. tel-01199463v2
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- I-band in astrophysics =~

Star
Planet
o~ ~ -~ ~
0 0
B
aperture aperture
I />
;
I. Lagadec et al, 2021
PI : D. Defrere (KU Leuven) PI : S. Quanz (ETH Zurich)

HEIMDALLR | Baldr | RFRCST

https://l ife-space—si on.com

* Nulling interferometry :
direct detection of exoplanets

Star

@® Planet

Congreés général des 150 ans de la SFP, 3-7 juillet 2023, MC17-



S 12 Photonic chips..*"

 Waveguide : local change of the refractive index to confine the light

Substrate : n;
» Beam splitters

» Directional coupling

. L .
» Integrated spectrometers... '\(\%\\%‘Q Waveguide : n ~—_
‘& \

Substrate : n;

n <nm

Astrophysical photonic chips :
= GRAVITY (4 telescope beam combiner for
the VLTI)

= Compact, weight reduction...
= Embedded applications '
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- ¢ H.1:SWIFTS.: Principle = =

* SWIFTS = Stationary Wave Integrated Fourier Transtorm
Spectrometer S\X)((fg

# | : Scattered light Antenna
*i
[— = ——— " = .-
;21__ |Pr0pagatingligh Waveguide
> . Substrate

2cm

e Principle : - interferogram in a waveguide
- sample the interferogram via scattering centres : antennas
- collect the information
- Inverse Fourier Transform => spectrum of the source
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¢ IE2: Get aninterferogram

* Principle : 1. obtain an interferogram in a waveguide

Source

“Gabor” configuration

Interferogram
» controllable Optical Path Difference

» complete interferogram, central fringe in the middle of the waveguide
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- IL.3: Sample the interferogram =

e Principle :

«y

2. sample the interferogram : antennas

* Antennas = “‘grooves”
(dielectric discontinuities)
periodically etched in the sample

Radiation pattern

Light Entrance

Interferogram

Radiation pattern
Waveguide 1 = 7 0 ©
[
Substrate A‘}tennas
Propagating light Propagating light
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I1.4 : Collect & Inverse Fourier Transform the interferogram

* Principle : g

3. Collect the interferogram & Inverse FT => spectrum of the source

 Detector’s pixel matrix directly on top of
the antennas

= no relay optics Light Entrance

Interferogram
@ Spectrum "
J
3 il
At
( |t

3 6 .; ", :
= !
€ 4
e At * Inverse FT {Interferogram}
-3 - Interferogram
It , = Spectrum {Source}

3 }’, \ “. PD i}

s
| Ly - Source
t M FOVC—N
, | N e - SWIFTS
1 \L"J NG
PRARPUSR ki NN e ety
15 V1 &1 1 'g., 163 164 166 166 1"?-;. ﬂ;")';’ 1 SQW Coarer, Etienne & Blaize, Sylvain & Benech, Pierre & Stefanon, llan & Morand, Alain & Lerondel, Gilles & Leblond, Grégory &

% : ' Kern, Pierre & Fedeli, Jean-Marc & Royer, Pascal. (2007). Wavelength-scale stationary-wave integrated Fourier-transform

Wavelergth ium) spectrometry. Nature Photonics - NAT PHOTONICS. 1. 473-478. 10.1038/nphoton.2007.138.
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HLL: Mid-IR SWIFTS charaeteristics

 Resolution :

P L 2 X neff @ " sampled length
A )

eL=1cm=>R>10000 (AA ~340pm)

e Spectral Bandwidth :

/12
A/Ib andwidth — pitch between 2 antennas
4xngrX(A) ——

* A =30 um => AMbandwidn ~ 44nm

= Compact, high resolution spectrometer : spectral
emission, absorption lines
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. III ZChallenges of Mld-IR détector.s,'
 Mid-IR detectors :

Absorption of the photons
* 1 groove per antenna = crosstalk on
the pixels
\_/ PlXGl\MatTIX \_/ > Absorption of the photons
Substrate U A

ini-di ‘ ' mi tor layer
= mini-diffraction gratings : emi-conduc aye

several grooves per antenna

Pixel Matrix
= reduction of the angular diffraction -M- M -M-
Substrate
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: ' III ZChallenges of Mld-IR dé‘téctors.’

- lambda - 1551 nm

520pum

= Reduction of the angular
diffraction when increasing the
number of grooves per antenna

 Distance sample / pixel matrix

£
8

Number of grooves per antenna

I N NN
—<

0 = Pitch between two grooves

‘ Collected information, coming from 1 antenna

e Extraction from 1 groove (5 grooves)

A

0 & —— = Period of the interferogram

Refr
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L 3. What to expect from a mld-IR SWIFTS ? '

. Simulalon : theoretical sampled \/ \/ \/ \/ \/ \/ \/ \/ \/ \/ \-{

signal — 20 antennas

A = 9 0 um 0 um (central antenna)
Antenna s position :
810,um 0 (cen e) 810 um
l 3 39ﬂm L ) i | Amin = 3,39um
90 um from
the centre
Aliasing | |
window | ! - == 810 um from
- the centre
A« — 3. 45ﬂm T . Amax = 3,45Hm
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- IL 4, Spatial Multiplexing

Antennas N = number of waveguides, ex 4
— HH——Ht——HH——H Jlavesuide L
R LI LI L 1111 Waveguide 2|
: RN LT [TTTT FTTT
> WvG3 | .
— Wv(G4
N LU LI L] H{H «
A llill llill LTTT
-~ A
N
Source
@ 1st Waveguide’s grooves groups yr 3rd Waveguide’s grooves groups
A 2nd Waveguide’s grooves groups B 4th Waveguide’s grooves groups

= [ncreases the bandwidth
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- IV. 1. €hoose your material =~ =

* Lithium Niobate (LiNbO3) : m Transparent in the Mid-IR

= Electro-active material : Pockels effect

\ 1
. 3
An(Eapp) o 5 X nLiNb03 X r33LiNb03 X Eapp

Variation of the local refractive index

= Temporal modulation of the Eapp = 0V

‘lml‘\ ]m'

W \'Hl!"

,‘\“"’,»\H“,H“ ii"fﬁ‘:/“” W

fringes : increases the bandwidth

1 1 1 1 1 1
86 24. 4 k 4 L

Simulation of the interferogram in the waveguide
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‘IV. 2a Make your waveguides : Titane Diffusion

» 2 technologies
- Titane Diffusion

§  ~20um$*

e An ~ 102- 1073

SCIENCES &

Lithium Niobate TECHNOLOGIES

50

Waveguide injected at 3.39 um

0

10 20 30 40

Pixels along the x-axis (1 to 256)

* Complex planar geometries :
4-Telescope recombiner for
nulling interferometry

1004

Simultaneous injection

coupling of the light : nulling interferometry

= ASGARD/NOTT project, D. Defrere, KU Leuven
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IV. 2b. Make your waveguides : Direct Easer Writing

» 2 technologies

- Direct L.aser Writing

An ~ 5x10-4 - 1x10-3

(Inverse Helmholtz technique)

Waveguide : W3 1

1500

- 400

300

200

Pixels along the y-axis (1 to 320)

100

10 20 30 40 50 60 70 80
Pixels along the x-axis (1 to 256)

Waveguide injected at 3.39 um

Image of a waveguide in white
light

* depressed index cladding technique

* Simple and fast
* 3D geometries

ALF..

Aplicaciones del Laser y Fotonica
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g IV. 3a M;ake your an.ten.'nar,s;:' FIB

+FKIB (Focused Ion Beam) :

30

Diffraction pattern of the antennas (Waveguide injected at 3.39um)

20

Pixels along the y-axis (1 to 32(

100

120

Pixels along the x-axis (1 to 256)

work in progress

femto-st

BEBNESCIENCES &
TECHNOLOGIES
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IV. 3b-Make your antennas : Direct Laser Writing

+Direct L.aser Writing :
90 um

Image in white light of the antennas

—

54

Diffraction pattern of the antennas

A
1.6uym = —
work in progress neff

= ]deal pitch between the
grooves
A
3.2um =2 X —
el USAL

Aplicaciones del Laser y Fotonica
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V. 3b-Make your antennas : Direct Laser Writing

L USAL

Aplicaciones del Laser y Fotonica

+Direct Laser Writing :

e
S -

f‘ uhih- ’w'huliimwfnmw]mMIAunﬂmmﬂ}um{uw1‘1Im‘lmnr\Jln(lum‘mim(

ultra sound cleaning
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-

-+ Conclusion & perspectives

» Small and compact high resolution spectrometer in the L-band
= embedded applications ! (drones, satellites, rovers...)

* Different technologies explored :
- Titane Diffusion + FIB
- Direct Laser writing

L-band (3.4 pm - 4.1 pm):
*R>10 000
e A bandwidth ~ 44 nm
e Spatial multiplexing
* Temporal modulation

See also :

* M. Bonduelle, G. Martin, A. Morand, J. R. Vazquez de Aldana, C. Romero Vazquez, N. Courjal, A. Coste, "Development of mid-IR waveguides to implement high
resolution spectrometers in integrated optics," Proc. SPIE 12188, Advances in Optical and Mechanical Technologies for Telescopes and Instrumentation V, 121885R
(29 August 2022)

* Martin G, Zhang G, Bonduelle M, Allaw R, Callejo M, Morand A, Rodenas A, Cheng G, Stoian R, d'Amico C. Development of a 3D ultrafast laser written near-
infrared spectro-interferometer. Opt Lett. 2023 May 1;48(9):2253-2256. doi: 10.1364/0OL.484270. PMID: 37126247.
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.« Conelusion & perspectives

* New samples on the way 1n both technologies

* Implementation of the EO effect

Antennas of 5 grooves each, centred in the middle of the sample

d = Pitch between two grooves

Waveguide [T L LK [111 I

A = 2* pixel pitch
Substrate

* New type of detectors directly grown on the antennas
(NIT) NIT

Technologies

See also :

* M. Bonduelle, G. Martin, A. Morand, J. R. Vazquez de Aldana, C. Romero Vazquez, N. Courjal, A. Coste, "Development of mid-IR waveguides to implement high
resolution spectrometers in integrated optics," Proc. SPIE 12188, Advances in Optical and Mechanical Technologies for Telescopes and Instrumentation V, 121885R
(29 August 2022)

* Martin G, Zhang G, Bonduelle M, Allaw R, Callejo M, Morand A, Rodenas A, Cheng G, Stoian R, d'Amico C. Development of a 3D ultrafast laser written near-
infrared spectro-interferometer. Opt Lett. 2023 May 1;48(9):2253-2256. doi: 10.1364/0OL.484270. PMID: 37126247.
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Lan B

-+ Conclusion & perspectiyes

ALF.

BE BB SCIENCES &

Aplicaciones del Laser y Foténica TECHNOLOGIES
 Javier R. Vazquez de Aldana » Nadege Courjal
e Carolina Romero Vazquez * Roland Salut
* Victor Arroyo Heras e Laurent Robert

Thank you very much !

Questions ?

F* CUS

Focal Plane Array for Universe Sensing

Labex Focus : ANR-11-LABX-0013

The authors acknowledge funding from ASHRA (Action Specifique Haute Resolution Angulaire) 320 from INSU- CNRS and LabEx FOCUS ANR-11-LABX-0013
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Additional slides
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- Lippmann configuration.

Half-interferogram set near the mirror

No need for a precise control of the OPD

Mirror
P

N

|

Light Entranc

Interferogram

-
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.+ Inverse Helmholtz technique =

Waveguide : W3 1

-1 500

[$)]
o

-1 400

D
o

300

w
o

200

Pixels along the y-axis (1 to 320)

N
o

100

—_
o

10 20 30 40 50 60 70 80
Pixels along the x-axis (1 to 256)

An(x,y) v \/I( )

- 2npk?\/1(x,y)

2D Gaussian

An [W3_ -- id] 10
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