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dResearch School of Astronomy & Astrophysics, Australian National University, Canberra,

ACT 2611, Australia
eMQ Photonics Research Centre, School of Mathematical and Physical Sciences, Macquarie

University, NSW, 2109, Australia
fI. Physikalisches Institut, Universität zu Köln, Zülpicher Str. 77, 50937 Köln, Germany
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ABSTRACT

Hi-5 is an ERC-funded project hosted at KU Leuven and a proposed visitor instrument for the VLTI. Its primary
goal is to image the snow line region around young planetary systems using nulling interferometry in the L’ band,
between 3.5 and 4.1 µm, where the contrast between exoplanets and their host stars is very advantageous. The
breakthrough is the use of a photonic chip based beam combiner, which only recently allowed the required
theoretical raw contrast of 10−3 in this spectral range. The VLTI long baseline interferometry enables to reach
high angular resolution (4.2mas at 3.8µm wavelength with the Auxiliary Telescopes (ATs)), while high contrast
detection is achieved using nulling interferometry. This polarisation requires a high degree of optical symmetry
between the four pupils of the VLTI, only possible with precise phase, dispersion and intensity control systems.
The instrument is currently in its design phase. In this paper, the warm optics design and the injection system up
to the photonic chip are presented. The different properties of the design are presented including the optics used,
the characteristics of the four beams and the current drawbacks. Particular attention is devoted to the optical
alignment and the tolerance analysis in order to estimate the precision required for the alignment procedure and
therefore to choose adapted optical mountings.

Keywords: Instrumentation, nulling interferometry, VLTI, Hi-5

1. INTRODUCTION

Imaging planetary systems close to the snow line is an important step in astronomy. This region is known to be
statistically rich in exoplanet distribution1 . Long baseline interferometry already manages to probe exoplanets
using high angular resolution (∼50mas) and high contrast (∼ 10−4) with the GRAVITY instrument2 at the Very
Large Telescope Interferometer (VLTI). Another solution to reach high contrast is to use nulling interferome-
try first presented by Bracewell in 19783 and already implemented for example with the Palomar Fiber Nuller
(PFN)4 , the Keck Interferometer Nuller5 or the Nulling and Imaging Camera (NIC)6 at the Large Binocular
Telescope (LBT). Hi-5 is a nulling interferometer7 proposed for the VLTI as part of the Asgard instrument suite8

dedicated to high contrast imaging9 . The instrument would be the first one to implement nulling interferom-
etry at the VLTI, achieving a contrast of 10−5 after self-calibration. It will use a photonic chip-based beam
combiner already successfully implemented for other interferometric instruments like in VLTI/PIONIER10 or
Subaru/GLINT11 ; it enables a more stable and more compact design as well as an easier alignment procedure
than free-space optics. The innovation brought by Hi-5 is the use of such integrated optics in the L’ band
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[3.5-4.1] µm, a spectral region where guided optics is still fledgling12 . The coupling between free space beams
with imperfect wavefronts and guided mode requires a careful engineering for the injection system. On top of
this challenge, nulling interferometry is indeed particularly demanding when it comes to the symmetry between
the different beams. This work is presenting the current design for the injection system of Hi-5 including the
different requirements that need to be fulfilled (Sec. 2), the optical design realized on Zemax (Sec. 3) and finally
its corresponding tolerance analysis (Sec. 4).

2. REQUIREMENTS FOR THE INJECTION SYSTEM

In this section, we define the main requirements that need to be considered for the design of the injection system:
the intensity, the polarisation and the phase. The studies on the polarisation and the phase will not be further
developed in this work as they are still in progress.

2.1 Description of the photonic chip-based beam combiner

The studied photonic chip-based beam combiner (or “chip”) is an integrated optic fabricated from a dielectric
substrate where an Ultrafast Laser Inscription (ULI) changes the refractive index of the material locally to create
optical waveguides13 . The use of couplers inside the chip enables to generate interferences by evanescent coupling
between the different waveguides (see Fig. 1) .

Figure 1. (left) Example of a 4-Telescopes ABCD photonic beam combiner design. (right) Detailed structure of a photonic
coupler. Source:13

The chip planned to be used in the Hi-5 instrument is made of Gallium Lanthanum Sulfide (GLS) Chalcogenide
glass with propagation losses as low as 0.22 dB/cm at 4 µm wavelength14 . This chip is realized at Macquarie
University and it has four inputs corresponding to the four telescopes of the VLTI with the following optical
properties for each input: 

Numerical Aperture (NA) ≃ 0.1
Core diameter ≃ 20 µm

1/e² Mode Field Diameter (MFD) ≃ 22 µm@λ=4 µm
Input Separation ≃ 125 µm

(1)

After its manufacturing, the chip is being tested at Universität zu Köln12 .

2.2 Objective

The VLTI observatory is transmitting the signal as collimated beams with a diameter of 18mm and a separation of
240mm from its four Unit Telescopes (UT). These beams are first expected to go through the Asgard/Heimdallr15

fringe tracker with adapted optics mirrors that will change the beam diameter to 12mm. The challenge is
therefore to inject these 12mm-diameter beams into the four inputs of the chip combiner with maximum optical
throughput and minimum null depth.
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2.3 Requirements on the coupling efficiency

2.3.1 Coupling efficiency definition

The coupling efficiency ρ corresponds to the ratio of energy between the incoming beam and the light that
actually couples and propagates into the waveguide. Its expression is described in16

ρ =
|
∫∫

Fr(x, y)W
∗(x, y)dxdy|2∫∫

|Fr(x, y)|2dxdy
∫∫

|W (x, y)|2dxdy
(2)

with Fr and W the complex amplitudes of the receiving input mode(s) and the coupling beam respectively. When
simplifying the problem by considering a gaussian approximation for Fr and an Airy pattern from diffraction-
limited regime for W , a simpler expression for the coupling efficiency is obtained from17

ρ = 2

[
e−β2 − e−β2α2

β
√
1− α2

]
(3)

and: β =
π

2

ω0

λ
f# (4)

with α the central obstruction, ω0 the mode diameter of the waveguide, λ the wavelength of the beam and f#
the f-number of the input. The resolution of this equation with no obstruction (α = 0) gives an optimal value of
ρ ≃ 81% for β = 1.1209, which corresponds to f# ≃ 0.13@λ = 4µm.

2.3.2 Requirement on the coupling efficiency

The objective for each individual input is to maximize the coupling efficiency (see Eq. 2) with a minimum value of
75%. This value is very sensitive to aberrations, alignment and wavefront errors caused by the injection system
and a tolerance analysis is performed in Sec. 4 to evaluate it.

2.4 Requirements on the null depth

2.4.1 Null depth definition

The null depth of the instrument corresponds to the ratio between the stellar flux transmitted to the null output
(or stellar leakage) and the total stellar flux collected by the telescopes. A lower null depth enables to detect
fainter companions around the host star. To achieve its science goals18 , Hi-5 has an objective of a raw null
depth Nraw ≤ 10−3 and a calibrated null accuracy Ncalibrated of 10−5. This value is very sensitive to asymmetries
between the different beams in terms of intensity, polarisation or phase. To achieve Nraw ≤ 10−3, these sources
of asymmetry should all individually aim for a null depth ≤ 10−4 as a safe margin.

2.4.2 Impact of the relative intensity error

The relative intensity error between the inputs σI is capping the null depth NI
19

NI > σ2
I . (5)

The aimed relative intensity error is then σI ≤ 1% for a null depth of NI > 10−4 according to Eq. 5. The
tolerance analysis in Sec. 4 also evaluates the impact of the injection system on NI .

2.4.3 Impact of the polarisation

Relative polarisation asymmetries, both static and dynamic, are hampering the null depth of the instrument.
In the injection system, this asymmetry may arise from a differential TE/TM phase delay between the differ-
ent beams. The relative polarisation rotation angle between the inputs αrot is capping the null depth of the
instrument NP with19

NP >
α2
rot

4
. (6)
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This angle should be kept at αrot ≤ 0.02 rad in order to have a null depth NP > 10−4 according to Eq. 6 (see
Fig. 2). The injection system has to reduce as much as possible the differential delay between the TE/TM polar-
isations, for example by reducing the relative angle between the mirrors of the different arms in the instrument.
A system of birefringent waveplates also has to be implemented in the future to perform both static and dynamic
polarisation control.

Figure 2. Impact of the polarisation angle error on the raw null depth and comparison with the impact of phase error,
assuming 100 nm RMS for the ATs and 200 nm RMS for the UTs20 .

2.4.4 Impact of the phase

The relative phase difference between the four beams may have various sources: mainly the Optical Path Delay
(OPD) and the longitudinal dispersion from water vapor21 . The OPD represents the difference of optical path
∆x between two light beams. The associated phase difference ∆ϕ scales with the optical frequency ν as

∆ϕ = 2πnν
∆x

c
= 2πn

∆x

λ
(7)

with c, the speed of light in vacuum and n, the refractive index of the medium of propagation. After correction
of the static phase difference, the total relative phase fluctuation σϕ is capping the null depth Nϕ

19 :

Nϕ > σ2
ϕ. (8)

Even though Hi-5 is planned to include internal delay lines to correct the static piston effect (from static OPD),
this correction can only go up to ∼12mm. The injection system design thus has to implement the four arms of
the interferometer with no static OPD to simplify this static correction. The fast variations of OPD are corrected
by the Asgard/Heimdallr fringe tracker beforehand.

3. DESIGN OF THE INJECTION SYSTEM

In this section, we provide a description of the injection system optical design and the technical challenges faced
for its realization.

Fig. 3 shows a detailed schema of the injection system optical design realized on Zemax. The four beams
coming from the VLTI arrive parallel and collimated with a diameter of 12mm after the Heimdallr fringe tracker
and are focused via four identical Off-Axis Parabolas (OAP) onto an Intermediate Image Plane (IIP). The use
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Figure 3. Design of the injection system on Zemax considered in this study.
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of four identical OAP is motivated by the need of high symmetry between the arms of the interferometer. The
focal length of these OAP can be customized if necessary but in our case the optical design was chosen to match
with standard (or commercially available off-the-shelf) OAP parameters.

OAP parameters:

 fOAP = 646mm
DOAP = 25.4mm
AngleOAP = 15 deg

(9)

Since the four OAP share the same angle, folding mirrors are being added to the design in order to direct
the beams towards the IIP. Once in the IIP, additional mirrors called ”slicer” (as a reference to the slicer used
in integral field spectroscopy) are orienting the beams towards the chip combiner. The injection in the chip is
performed for a separation of 125 µm between each inputs, as such it is necessary to magnify this separation
in the IIP in order to relax the spatial constraints on mirrors and optical mountings. This magnification is
performed using a telecentric system with two lenses in Zinc Selenide (ZnSe): a collimation aspherical lens and
a telecentric lens (see Fig. 4).

Telecentric lens:


ftelelens = 20mm
Dtelelens = 7.5mm
ttelelens = 10mm

Conictelelens = −0.4

; Collimation lens:


fcollilens = 230mm
Dcollilens = 10mm
tcollilens = 15mm
Coniccollilens = 6.8

(10)

The magnification value corresponds to the ratio of focal lengths M = fcollilens
ftelelens

which needs to be maximized
in order to have less constraints on the optics located at the IIP. In the current situation, the magnification
obtained from Eq. 10 is M∼11 which gives a beam separation of 1.33mm in the IIP.

Figure 4. Full telecentric system design on Zemax.

A telecentric system is an optical system which has one of its pupil located at infinity resulting in a low
dependency of the image to the angle of incidence of the incoming beams. In our situation, the exit pupil is
located at infinity to allow all the light going through the aperture stop to be injected into the chip. To place
the exit pupil at infinity, the aperture stop of our system must be located at the focal plane of the telecentric
lens like in Fig. 5.
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Figure 5. (left) Example of a telecentric lens for a four beam injection in the chip combiner. (right) Results in the
image plane with the spot diagram of the four beams, the black circle corresponds to the Airy disk associated with the
wavelength and f# of the lens.

In the L’ band, between 3.5 and 4µm wavelength, every object at ambient temperature is emitting significant
thermal light. It is then necessary to mitigate this background emission from the light that we inject into our
photonic component. The usual solution in that case is to place the aperture stop from Fig. 5 at the pupil plane
inside a cryostat to block this light from reaching the inputs of the chip. We therefore call it “cold stop”. As a
safe margin, the cold stop diameter is usually chosen to be slightly smaller than the pupil diameter of the beams
thus insuring an optimal reduction of the background flux. A pupil matching also needs to be performed by
overlapping the exit pupil from the collimation lens, the entrance pupil of the telecentric lens and the cold stop.
This pupil matching is important to make sure that the background is properly filtered from the signal and that
no loss from vignetting is reducing the intensity from the telescope.

For the telecentric lens position to the chip, two solutions are possible: the first solution would be to directly
glue the lens to the chip. This solution has the benefits of being more robust and would offer an easier align-
ment for the injection system. The second solution with a detached lens would put less constraints on the size,
thickness and focal length of the lens but would also make the alignment with the chip more complex. The key
parameter to consider here is the numerical aperture for the four inputs of the chip that is worth NA = 0.1. In
the case of a glued lens, the medium of propagation is in ZnSe with a refractive index n ≃ 2.4 in the L’ band.
Considering that the maximum thickness of a manufactured glued lens is ≃ 1 cm, this induces an cold stop
diameter DCS ≃ 0.834mm. Such a diameter for a cold stop makes the alignment difficult and since increasing
the thickness of the lens above 1cm would make its manufacturing risky, the option of a detached lens as in
Fig. 4 becomes default to respect NA = 0.1. The detached telecentric lens position is chosen to allow a cold stop
diameter DCS = 4mm corresponding to the pupil diameter after the collimation lens.

Fiber injection vs direct injection:
For light injection into a photonic chip devoted to astronomical interferometry, two methods are generally used:
the first and most common one consists of attaching optical fibers through v-groove fiber arrays to the inputs and
injecting the beams through the fibers; this is the case for the instruments PIONIER10 , IOTA22 or GRAVITY23

for example. The second one consists of using a direct injection setup with lenses or micro-lens array to focus
the light beams on the different inputs as in the GLINT11 example. The first method with optical fibers has the
benefit of being stable and easier to align and inject in the chip. However as Hi-5 is an instrument performing
in the mid-infrared (in the L’ band specifically), the chip combiner has to be placed inside a cryostat to reduce
the background. To this day, standard MIR fibers are not adapted to low temperatures; their attachment to the
chip would therefore require a long and expensive development phase. The second method of direct injection is
then the default solution chosen for the design of the system.
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4. TOLERANCE ANALYSIS

Using the design previously presented and realized on Zemax, the tolerance analysis aims at testing the tolerance
for each optics and assessing the impact of misalignments, surfaces qualities and other optical errors on the
coupling efficiency with the chip. The objective is to decide which optics can be used for the alignment procedure
and to meet the requirements stated in Sec. 2.3. To assess this impact, the coupling efficiency defined in Eq. 2 is
calculated for each of the four inputs directly with Zemax.

4.1 Optical misalignment

4.1.1 Optimal coupling efficiency on Zemax

Using the tools on Zemax to compute the coupling efficiency for each of the four beams in the case of a perfect
alignment, we obtain 

ρ1 = 0.800 (blue beam in Fig. 3)
ρ2 = 0.798 (green beam in Fig. 3)
ρ3 = 0.800 (red beam in Fig. 3)

ρ4 = 0.798 (yellow beam in Fig. 3)

. (11)

The different coupling efficiencies come from the difference in aberration between the beams closer to the optical
axis (blue and red beams) and those closer to the edges of the lenses (green and yellow ones) in Fig. 3. If we
consider a symmetric intensity between the four beams, then the relative intensity error induced by the difference
in coupling efficiency alone is σI ≃ 0.125% which is smaller than the 1% requirements mentioned in Sec. 2.4.2
for a null depth of N < 10−4. This divergence < 1% in the coupling efficiency is the benefit of the telecentric
system that is implemented.

4.1.2 Impact of misalignment on coupling efficiency

Three optics are studied in the tolerance analysis to observe the impact of their misalignment on the coupling
efficiency. For each of these optics, we study the worst beam in terms of coupling efficiency which corresponds
to the green beam (or the yellow beam that is symmetric) in Fig. 3 and we estimate the precision required to
have a coupling efficiency > 75% as mentioned in the requirements (see Sec. 2.3).

Slicer or IIP mirrors:
With regards to their position in the IIP, the mirrors misalignment is only acting on the pupil position with
regards to the cold stop and not on the spot position in the image plane. A pupil misalignment therefore results
in a loss of energy coupled with the chip combiner. Fig. 6 shows that a precision of ∼ 800 µrad is required to
have a coupling efficiency > 75%. The IIP mirrors are planned to be manufactured as a monolithic system with
fixed positions for the mirrors.

Figure 6. (left) Example of tilt angle for a slicer mirror. (right) Energy coupling with the chip input depending on the
tilt angle of the slicer mirror as simulated on Zemax for the green beam.
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Folding mirrors:
Folding mirrors are located in an intermediate plane between the IIP and the pupil plane of the system. They
are then acting both on the pupil position with regards to the cold stop and the spot position in the image plane.
The energy loss in the injection may therefore be caused by both misalignments. The precision required for a
coupling efficiency > 75% is about 450 µrad as plotted in Fig. 7.

Figure 7. (left) Example of tilt angle for a folding mirror. (right) Energy coupling with the chip input depending on the
tilt angle of the folding mirror as simulated on Zemax for the green beam.

Tip/tilt mirrors:
Tip/tilt mirrors are located in the pupil plane before the OAP of the system. They are acting on the spot
position of each beam in the image plane without changing the pupil position with regards to the cold stop. The
precision required for a coupling efficiency > 75% is about 50 µrad as shown in Fig. 8.

Figure 8. (left) Example of tilt angle for a Tip/tilt mirror. (right) Energy coupling with the chip input depending on the
tilt angle of the Tip/tilt mirror as simulated on Zemax.

4.1.3 Alignment procedure

The alignment of the injection system requires both spot alignment in the image plane with the inputs of the
chip and pupil alignment between the pupil plane and the cold stop. The optimal solution would be to use the
IIP mirrors to align only the pupil planes while the tip/tilt mirrors would align the spots in the image plane.
However, the IIP mirrors are planned to be fixed in the design with a monolithic design. Therefore, the pupil
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alignment needs to be performed by the folding mirrors in association with the tip/tilt mirrors to maintain the
coupling efficiency above 75% for all individual inputs.

4.2 Surface quality

4.2.1 Impact of surface errors on coupling efficiency

Surface imperfections are generating wavefront errors which result in aberrations when focusing the beam in the
image plane. The aberrations are hampering the coupling efficiency with the chip input. This energy loss from
wavefront aberrations can be approximated by the Strehl ratio which represents the ratio of peak diffraction
intensities between an aberrated and a perfect wavefront. For small aberrations (normalized wavefront error
ω ≤ 1/10RMS), this Strehl ratio S can be calculated using Maréchal’s approximation:

S ∼ e−(2πω)2 (12)

with the normalized wavefront error RMS ω corresponding to

ω =
λref

N
.
1

λ
(13)

with λref the reference wavelength (usually λref = 633 nm), N the integer for surface quality and λ the central
wavelength of the beam (λ = 3.8 µm in this case). A mirror with a reflected wavefront error (RWE) RMS of
λref

4 then has ω ≃ 0.0416 at λ = 3.8 µm which then leads to a Strehl ratio S ≃ 93.4%. For a multiple optics
combination, the total Strehl ratio of such a system with a number of optics Noptics is

S ∼ e−(2πωt)
2

(14)

with: ωt =

√√√√Noptics∑
i

ω2
i . (15)

In the case of OAP mirrors, the surface quality is already given in RWE RMS. While for plane mirrors, the
information is given in terms of surface flatness Peak-to-Valley (P-V): ωflat. To convert the value of ωflat into a
wavefront error RMS, the following relations are used:{

ωbest = 2ωflat.
1
3.5

ωworst = 2ωflat
. (16)

The factor 2 enables to convert the surface flatness into wavefront errors. The conversion from P-V to RMS
is trickier because no exact solution exists: in the best case scenario, the mirror has a single broad smooth
defect allowing a factor 1/3.5 to be applied for conversion. In the worst case scenario, the P-V measurement
is equivalent to the RMS and no additional factor is then applied for the conversion. Because a RMS value is
a statistic measurement for the entire optical surface, it contains more information than a P-V measurement,
explaining this uncertainty in the conversion.

4.2.2 Impact of surface errors on null depth

Even though the use of waveguides relaxes the constraints on surface quality by filtering the wavefront, the RWE
may still translate into a relative intensity error. The RWE are indeed generating an uncertainty in the coupling
efficiency for each beam that is translated to a photometric relative unbalance, which then hampers the null
depth capacity of the instrument. This null depth is calculated from the normalized wavefront error RMS ω
obtained in Eq. 14 following the formula from24

N =
(2πω)4

16
. (17)

Similarly to the requirements listed in Sec. 2, to allow a total raw null depth < 10−3 for the instrument, the
contribution from the surface errors should give a null depth ≤ 10−4 as a safe margin.
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4.2.3 Requirements on surface quality

The current injection system design lists four reflective optics susceptible to generate wavefront errors on each
beam: three plane mirrors (tip/tilt, folding and slicer/IIP mirrors) and an OAP mirror. The surface quality for
the two lenses in the telecentric system are not taken into account in this calculation. The RWE RMS of OAP
are generally estimated at λ

4 @633 nm. Using Eq. 14 and Eq. 17, the mean Strehl ratio and mean null depth can
be calculated depending on the number of plane mirrors and their surface flatness in Fig. 9.

Figure 9. (left) Strehl ratio and (right) null depth at λ = 3.8 µm with respect to the number of plane mirrors and their
associated surface flatness P-V. An OAP with RWE λ

4
@633 nmRMS is considered in addition.

The maximum surface flatness for three plane mirrors is λ
20 @633 nm to have a null depth below 10−3, however

this is not sufficient to ensure a safe margin with a null depth of > 10−4 as mentioned in Sec. 4.2.2. Moreover,
a minimum Strehl ratio of 95% is also required to have a coupling efficiency > 75% which is prevented mainly
by the surface quality of the OAP. Optics with higher surface quality then have to be considered to satisfy the
requirements for both the coupling efficiency and the intensity error. If we consider the same simulation with a
RWE RMS of λ

10 @633 nm for the OAP, we obtain the results in Fig. 10.

Figure 10. (left) Strehl ratio and (right) null depth at λ = 3.8 µm with respect to the number of plane mirrors and their
associated surface flatness P-V. An OAP with RWE λ

10
@633 nmRMS is also considered.

The minimum surface quality required to achieve both a Strehl ratio > 95% and a null depth < 10−4

corresponds to plane mirrors with a surface flatness of λ
20 @633 nm and a RWE RMS of λ

10 @633 nm for the OAP.
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For three plane mirrors at λ = 3.8 µm, this gives the following values:{
S ≃ 97%

N ≃ 6.6× 10−5 (18)

which are in agreement with the requirements.

4.3 Other errors impact on coupling efficiency and intensity errors

In order to respect the requirement of 1% relative intensity error demonstrated in Sec. 2.4.2 compared to the
coupling efficiency of 80% from Eq. 11, a minimum coupling efficiency of 78.3% for each individual input is
required on Zemax, and will be used as reference for the following analysis. At the end of the section, the Strehl
ratio from Eq. 18 is applied to ensure that each individual coupling efficiency is at least 75%.

4.3.1 Impact of OAP focal length error

The precision on the OAP focal length must not degrade the coupling efficiency and cause an intensity difference
between the inputs of the chip. Taking a focal length error of ±0.1% gives the results in Table. 1.

Inputs -0.1% 0 +0.1%
ρ1 0.794 0.800 0.799
ρ1 0.798 0.798 0.797
ρ1 0.797 0.800 0.796
ρ1 0.799 0.798 0.798

Table 1. Coupling efficiency between the four beams and their respective inputs in the chip combiner for the ideal OAP
effective focal length and the maximum associated errors ±0.1%.

4.3.2 Impact of the cold stop position error

The cold stop position at the pupil plane ensures that the system remains telecentric as stated in Sec. 3. The
results in Table. 2 are obtained for a cold stop position error of ±2mm.

Inputs -2mm 0 +2mm
ρ1 0.797 0.800 0.800
ρ1 0.798 0.798 0.798
ρ1 0.800 0.800 0.794
ρ1 0.799 0.798 0.796

Table 2. Coupling efficiency between the four beams and their respective inputs in the chip combiner for the ideal cold
stop position and the maximum associated errors ±2mm.

4.3.3 Impact of the telecentric lens focal length error

The focal length of the telecentric lens is critical for the injection of the four beams into the chip. The results in
Table. 3 are obtained for an error of ±0.1%.

Inputs -0.1% 0 +0.1%
ρ1 0.803 0.800 0.792
ρ1 0.797 0.798 0.796
ρ1 0.803 0.800 0.792
ρ1 0.797 0.798 0.796

Table 3. Coupling efficiency between the four beams and their respective inputs in the chip combiner for the ideal focal
length of the telecentric lens and the maximum associated errors ±0.1%.
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4.3.4 Impact of all the optical errors

From the results in Table. 1-3, the most critical case for the system coupling efficiency corresponds to an OAP
focal length error of +0.1%, a telecentric lens focal length error of +0.1% and a pupil position error of +2mm.
This gives the following total individual coupling efficiencies for the four inputs:

ρ1 = 0.791
ρ2 = 0.794
ρ3 = 0.784
ρ4 = 0.794

. (19)

Considering the Strehl ration from Eq. 18 of 97% and the results from Eq. 19, the total minimum coupling
efficiencies of the system for the four inputs is 

ρ1 = 0.767
ρ2 = 0.770
ρ3 = 0.760
ρ4 = 0.770

. (20)

These results respect the requirements in terms of relative intensity error. The surface quality and optical
errors mentioned in this section have to be discussed with manufacturers to assess their feasibility.

5. CONCLUSION

In this work, a first version of the Hi-5 fiber-free injection system coupling the four VLTI beams into a L-band
photonic chip is presented. The main guidelines to be respected are a coupling efficiency ρ > 75% and a raw
null depth N ≤ 10−3, which sets the maximum relative intensity errors at approximately 1% between the four
beams. We demonstrate that the design implemented on Zemax, composed of two telecentric system lenses and a
pupils combiner (slicer), satisfies those requirements. A tolerance analysis is then performed to assess the impact
of mirrors misalignment both on the pupil and image planes. We identified that to achieve a coupling efficiency
of ρ > 75%, the adjustment of two degrees of freedom is needed, and we selected the folding mirrors and the
tip/tilt mirrors as possible motorized actuated controls. Their angle precision amounts to about 450 µrad for the
folding mirrors and 50 µrad for the tip/tilt mirrors. The impact of the reflected wavefront errors due to the OAP
and flat mirrors surface quality is also investigated, as it contributes to degrade both the coupling efficiency and
the null depth. The results show that a RWE of at most λ

10 @633 nmRMS for the OAP and a surface flatness

of at most λ
20 @633 nm P-V for the plane mirrors are necessary to fulfill the requirements. Finally, we suggest

that to respect a relative intensity error of at least 1%, the OAP focal length error, the cold stop position tol-
erance and the injection lens focal length precision should be respectively limited to ±0.1%, ±2mm, and ±0.1%.

6. FUTURE WORK

As the Hi-5 warm optics design develops towards a compute system, the next step is its integration into the
Asgard suite. The beams will enter into Hi-5 after L/K band dichroic mirrors shared with Heimdallr, a high-
sensitivity K-band fringe tracker8 . The combination will be done respecting the optical path length, the space
constraints, the throughput, and the pupil matching between the two systems. Secondly, a pupil and image
control by an alignment camera will be added before the chip, back-illuminated with a powerful source. This
configuration is being tested now in the laboratory. In parallel, we will discuss with manufacturers the feasibility
of the optics with the required properties and surface quality. This will lead to update the tolerance budget
(for example, the lenses quality has not yet been considered). As a subsequent control, an evaluation of the
polarization mismatch will be performed to quantify its impact on the null depth. Finally, the system will be
implemented and tested in the laboratory.
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