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ABSTRACT

This work aims to present a complex mid-infrared (L-band : 3.4 pm - 4.1 pm) astrophotonic chip made in Lithium
Niobate (LiNbO3), an electro-optic crystal, using Titanium diffused waveguides. The L-band presents several
key characteristics interesting in astrophysics, notably for imaging and characterise young exo-planetary systems,
as well as exo-zodiacal disks. With the increasing interest in exo-planetary science, new instruments and projects
are focusing in the mid infrared, such as METIS (ground-based), NOTT (ground based), or LIFE (space-based).
Combining such projects with photonics and on-chip beam combination will allow for more compact instruments,
easing their integration on ground or, even more so, space based projects, hence the interest for improving the
performances of photonic building blocks used for astrophysics.

Here, we are presenting building blocks such as Y-splitters, directional couplers, unbalanced beam splitters... that
have been optimised for the L-band in Lithium Niobate. Although such blocks have already been developed in
the mid-IR in this material, we are here using a different crystal orientation and newer design that are producing
lower losses and birefringence. In particular, a 4-telescope mid-infrared combiner (linked to the NOTT project)
was made in order to achieve nulling interferometry in the L-band. We show that we have relatively low loss
waveguides, controlled photometric splitters (20/80 flux ratio), as well as functional couplers and beam splitting
techniques. Furthermore, we will implement the electro-optic effect in this chip, in order to have internal
modulation, and to be able to finely tune the fringes and improve the contrast, allowing for a step further into
compact nulling interferometry.
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1. INTRODUCTION
1.1 Context

The NOTT (Nulling Observations of Dust and Planets) instrument is an L’-band nulling interferometer, part of
the Asgard consortium, an instrument suite in preparation for the VLTI visitor focus.! It aims at detecting young
exoplanets near the snow line (hot Jupiters), as well as exo-zodiacal dust clouds. These science cases require
high angular resolution and high contrast imaging, due to the flux ratio between these objects and their host
star. For young planets, this flux ratio is minimal in the L-band (3.4 pm - 4.1 um), up to 1074, as the planet
is still emitting light from its formation process. NOTT aims at fulfilling these requirements through nulling
(high contrast) interferometry (high angular resolution) in the L’-band (3.5 pm - 4.0 pm). Additionally, NOTT
is an integrated nuller, meaning that the 4-telescope recombination is made through waveguides on a chip. The
chip that will be used for the instrument is made of Gallium Lanthanum Sulfide (GLS), and the waveguides are
created using Ultrafast Laser Inscription.? The on-sky demonstration of the NOTT instrument will pave the way
for numerous applications of on-chip nulling interferometry in the mid-infrared, following already implemented
bulk nullers such as BLINC,* KIN,>% LBTIL,"® PFN,? or the integrated near-infrared nuller GLINT.'% ! The
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compactness of these instruments also allows to consider new applications, and in particular, space-based ones,
such as the LIFE project.

In that context, we are presenting in this work a 4-telescope beam combiner for nulling interferometry, based
on the design of the NOTT chips, but in a different material (Lithium Niobate, LiNbO3), and with another
fabrication method (Titane diffusion).

1.2 Nulling interferometry principle

The principle behind nulling interferometry is to cancel the light coming from a bright host object (star) so as to
be able to see its fainter orbiting companions (exoplanet for instance). In a classical Bracewell configuration,'?
the light from the {star + object} system is collected by two telescopes and recombined. Through a precise
control of said recombination, a destructive interferometric fringe is generated at the angular position of the
bright object, so as to cancel its light.

The interference pattern coming from the star I, and the object I, can be expressed as:

L(6,) = 21.(1 + cos(%ﬂBe*)) (1)

I,(0,) = 21,(1 + cos(%ﬁBoo)) (2)

with 6, and 6, the angles of the star and object respectively, and B the baseline (distance between the
telescopes). Now considering that the star is on axis, we have 6, = 0, that is to say a constructive fringe for
the star in the centre of the interferogram. With the right baseline B, we can have 27”390 = 7, resulting in a
destructive fringe for the object. Finally, adding a 7 phase shift in one of the arms of the interferometer will
inverse the system, resulting in a destructive fringe for the star and a constructive one for the planet.

Intensity &

103
IT,o

9 5

Figure 1: Principle of a Bracewell configuration to design an interferometric nuller. The star is observed on axis
by two telescopes, and the off-axis object is at an angle 6, from the star. With the right baseline and a 7 phase
shift in one of the arms of the interferometer, the system is reversed, resulting in a constructive fringe for the
object, and a destructive fringe for the star. These fringes are shown, in black for the star and blue for the
object, with the x-axis represent the optical path difference § and they-axis representing the intensity. Figure
adapted from Heidmann.'3
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As can be seen in fig.1, the faint fringe pattern of the planet should be visible in the destructive fringe of the
star. The performances of the interferometric nuller can be quantified by the null depth N, defined as:

1-C
N=—— 3
1+C 3)
With C the contrast, defined as:
Imar - Imzn
C=——— 4
Imaa: + ]min ( )

In fig.1, the null depth obtained is 10~%, allowing to faintly observe the signal from the planet in the nulled
star fringe. In the case of the NOTT project, the required null depth at the output of the chip is 1073 (allowing
to obtain a contrast ratio sufficient for NOTT’s science cases with additional post-processing).

2. NULLING CHIPS
2.1 Lithium Niobate

The material that was chosen to implement our photonic chip is Lithium Niobate (LiNbO3), an electro-optic
bi-refringent crystal, showing a Pockels effect. This non-linear effect allows to locally change the refractive index
by applying an electric field. The variation of the refractive index Ango as a function of the applied electric
field is described by:

1
Ango = _5 n3. Ts1 - Eapp (5)

with n the refractive index of Lithium Niobate, r5; an electro-optic coefficient specific to lithium niobate
(around 23 pm/V at 3.39 pm'?), and E,,, the applied electric field. This variation of the refractive index will,
in turn, induce a phase shift A®go of the fringes inside the material, through:

2T
A®po = N AngoLe (6)

with L¢; the length of the electrodes.
Finally, E,pp, can also be expressed as a function of the voltage applied V' and the gap between the electrodes
Wey, through:

\%4
Eapp = Wy (7)

Combining eq.5, eq.6 and eq.7 allows to define the value V. corresponds to the required voltage that needs to
be applied to obtain a 7 phase shift of the fringes (i.e. A®go = 7). This value can be determined theoretically
using the different parameters of the problem, and was found to be around 60V for the V4 electrodes (L =
4.6mm and we; = 18 pm). However, the experimental value can be quite different, due to the efficiency coefficient
of the electrodes. This will be observed in section 4.2.

In this work, contrary to previous mid-IR combiners in Lithium Niobate, our samples are made using z-cut
Lithium Niobate (instead of x-cut). The choice of this cut allows have the Pockels effect impacting both the TE
and TM polarisation with the same electro-optic coefficient, allowing to modulate both polarisations similarly.

13,15



1! [Photometric| Directional Directional i
| junctions | couplers | coupler |

Electrodes 2

Figure 2: Design of the interferometric nulling chip. Each of the input channels (T1, T2, T3 and T4) are
represented in a different colour, and the straight waveguide (SW) and reference curved waveguide (CW) are
also shown in black. There is an initial S-bend to avoid stray light, then Y-junctions allowing to obtain the
photometric outputs, and finally the three directional couplers (DC12, DC34 and DC23) allowing to obtain
the interferences pattern. Finally, the electrodes used to implement the electro-optic effect are represented in
golden-brown. Each of the interferometric outputs (01, 02, O3 and O4) are showcased with the colours of the
inputs that can be observed at this output.

2.2 Design

The interferometric chips that were implemented in the context of this project were designed following a double
Bracewell configuration.? The design of the chip is presented in fig.2

The light from 4 telescopes (corresponding to the 4 VLTI telescopes) are injected onto 4 single mode waveg-
uides. The first functions implemented is an S-bend in the waveguides, allowing to avoid stray light coming from
the injection to pollute the outputs. Each of the inputs is then splitted through Y-junctions (directional couplers
that allow for asymmetric flux distribution), so as to obtain P1, P2, P3 and P4, that will serve as the photometric
references (extracting 20% of the flux). The main remaining channels (80% of the flux) are combined two-by-two
through the DC12 and DC34 directional couplers: the flux interferes through evanescent coupling (50% / 50%
flux distribution). Finally, the interferences resulting from those two-by-two combination are once again coupled
through DC23, so as to obtain a double null configuration. In the specific case of the chip presented in this work,
two sets of electrodes have been added so as to implement the electro-optic effect.

2.3 Fabrication method

All of the photonic functions implemented on the chip are Titanium Diffused waveguides in a z-cut LiNbOgzsample.
They are made with a lithographic process: titanium ions are deposited in the material on chosen areas of the
sample through the use of a mask. These ions then diffuse in Lithium Niobate, creating single-mode mid-infrared
waveguides.'® The obtained refractive index change An is at maximum around 1072, and this technique allows
to guide both the TE and TM polarisations with similar -relatively low- propagation losses. The final step is



the implementation of the gold electrodes, deposited onto a thin substrate layer on top of the sample through a
lithographic progress.

3. CHARACTERISTICS OF THE CHIP

Using the reference straight and curved waveguides (SW and CW), the propagation losses and bending losses of
the chip were characterised:

® Qprop ~ 1.0 dB/cm for the propagation losses ® Qpending ~ 0.3 dB for the bending losses

The bending losses are relatively low, which is expected as the curvature radius that we implemented is long:
R, ~ 341 mm.
Each of the four inputs were then injected separately, using an HeNe 3.39pm laser. The obtained image on the
detector (a FLIR camera) is shown in fig.3:
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Figure 3: Outputs illuminated for each of the inputs injected (T1 in violet, T2 in pink, T3 in yellow, T4 in
green). The results are as expected: one photometric output illuminated for each input, and three of the four
interferometric outputs illuminated (02 and O3 every time, and O1/04 depending on the injected channel.

From these results, the splitting ratio for the directional couplers (both for the photometric outputs and the

interferences) can be deduced. The photometric channels were expected to have 20% of the flux, and got on
average 21.5%. The directional couplers used to create the interferences were supposed to split the flux in a
50/50 % ratio, and we obtain an average of 40/60%. Using the values of the propagation and bending losses
previously calculated as references, the losses induced only by the photonic functions (one Y-junction for the
photometric output and two successive directional couplers for each of the channel) can be obtained. For the
best channel (the T3 injection), these losses have been found to be around 2.22 dB. The throughput of the chip
can be deduced from this results, and is, for the complete chip, 4.3%. This is quite a low throughput, however
the main losses are expected to come from propagation. The chip is currently 8.4cm long, meaning that reducing
its length will allow to drastically improve the throughput.
These results are presented using unpolarised light, however the sample has also been injected using TE and
TM polarised light. In the case of the reference waveguides SW and CW, both polarisation led to similar low
propagation losses (as expected, see section 2.3). However, it is interesting to note that the remaining waveguides
(T1, T2, T3 and T4 channels) are showing propagation losses much higher for TM light than for TE, due to the
presence of electrodes around those channels. This was confirmed by tests on another sample, that contained
only straight waveguides, some with electrodes and some without, and showed the same tendency: TM polarised
light perfectly guided without any electrodes, and absorbed in the presence of the electrodes.



4. INTERFEROMETRIC RESPONSE

In order to study the interferometric response of the nulling chip, the T2 and T3 channels in fig.2 were injected
simultaneously, through mirrors and a converging lens. The optical path was then modulated, either externally
(section 4.1) or internally (section 4.2). The obtained interferogram can be described by the following equation:

2
IT211+12+2-\/11-IQ-V-COS(%-5) (8)

with I; and I5 the flux from the two arms of the interferometer, V the visibility and ¢ the optical path
difference (OPD). The OPD corresponds to the geometrical path difference multiplied by the refractive index
in which this geometrical path difference happens. The visibility quantifies the maximum contrast that can be
obtained, and depends on several parameters (the source, the instrument, the atmosphere...). In our case, the
visibility is considered to depend only on the instrument itself (point-like source, and laboratory conditions).
Finally, the corrected intensity, expressed as:

IT,mes - (Il + I2)

Icorr =1+
2.1 - I

(9)

will be plotted.
With T2 and T3 injected, the P2, O1, O2, O3, 04, and P3 outputs are illuminated. O2 and O3 represent the
interferometric outputs, where the light from T2 and T3 interfere through the DC23 coupler (whereas O1 and
O4 are not interfering with any of the other channels), and P2 and P3 are the photometric outputs and will
allow to obtain I; and I5.

4.1 External modulation

The external modulation is implemented through one of the injection mirrors, that is mounted onto a motorised
translation axis (Physik Instrumente). This allows to externally change the optical path difference (OPD),
resulting in the modulation of the interferences in the O2 and O3 outputs. The corrected interferogram is
presented in fig.4:

In fig.4, the O2 and O3 outputs are, as expected, in phase opposition, and the best contrast and null depth
achieved can be obtained for both outputs (02 and O3):

e best contrast for 02: 86% e best null depth for 02: 7.1072
e best contrast for O3: 90% e best null depth for O3: 5.1072

These results are very preliminary, and obtained on a bench not optimised for nulling interferometry. Several
sources of errors can be identified, with, in particular, a strong effect of the photometric error: the flux injected
in T2 and T3 inputs is not balanced. Unbalanced photometries will result in a loss of contrast, and a higher null
depth.
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Figure 4: Outputs O2 (in coral) and O3 (blue-green) when T2 and T3 are injected. The optical path difference
is externally modulated through a moving mirror, resulting in an interference pattern in phase opposition at the
02 and O3 outputs. The x-axis represents the time (in s) during which the OPD is modulated, and the y-axis
the intensity at the two outputs, corrected following eq.9.

4.2 Internal modulation

The internal modulation is achieved through the electrodes, that allow to implement the electro-optic effect. In
particular, the V4 electrode was connectorised, and a triangular electric ramp of 70 Volts from peak to peak
was applied, allowing to locally modify the refractive index in the T3 waveguide. This, in turn, will change the
optical path difference between T2 and T3, also resulting in the modulation of the interferences in the O2 and
03 outputs.

02 and O3 remain in phase opposition, but the applied electric ramp is not enough to cover a full interfero-
metric fringe. This results in a lower amplitude than previously, and the fact that each time the ramp reaches
a peak (minima or maxima), the phase also changes its course. The value V., corresponding to the voltage
required to obtain a 7 phase shift, i.e. A®go = 7, can be deduced from fig.4 and fig.5. The values obtained are:

e Ve = 113 V for the O2 output o VP =122V for the O3 output

Theoretically, applying a ramp of around 120V should allow to obtain a 7 phase shift. To diminish the value
V., and modulate several fringes, other parameters can be considered. In particular, the length of the electrodes
L.; (see eq.6) and gap between the electrodes w,; (see eq.7) can be changed. In our case, V4 is 4.6mm long,
which is relatively short. Implementing longer electrodes will allow to increase the efficiency of the electro-optic
effect.
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Figure 5: Outputs O2 (in coral) and O3 (blue-green) when T2 and T3 are injected. The optical path difference
is internally modulated through the electro-optic effect, with a triangular electric ramp of 70 Volts (in violet)
applied onto the V4 electrode. The x-axis represents the time (in s) during which the OPD is modulated, the
y-axis (left) the intensity at the two outputs, corrected following eq.9, and the y-axis (right) the applied electric
ramp.

5. CONCLUSION AND PERSPECTIVES

The chip that is presented in this work allowed to obtain very promising results: the directional couplers (for
both the photometric and interferometric outputs) behaved as expected, splitting the flux with ratios very close
to what was expected, and the electro-optic effect was successfully implemented. As this chip is a first test-run,
this is very promising for future technological iterations. In newer design, to gain in throughput, the length of the
chip could be reduced by removing the initial S-bend (a gain of a few cm), or increasing the curvature radius of
the initial S-bend -although at the cost of higher bending losses. As the absorption of the TM polarisation results
from the deposition process of the electrodes, another method could also be studied, so as to ensure that both
polarisations are correctly guided. Finally, designs for achromatic couplers could be envisioned, with, for instance,
the use of the electro-optic effect,'” asymmetric directional couplers,'® multimode interference couplers,'® or,
more recently, tricouplers.?®

Additionally, still using the current chip, a null closer to the required value (10~2) could be obtained with tailoring
the bench for nulling interferometry (balancing the photometries, allow for a 4-telescope injection instead of 2-T
one...) which should allow to deepen the obtained null, and represents our short-term focus.
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