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A B S T R A C T 

In the framework of the ALOHA (Astronomical Light Optical Hybrid Analysis) project, we have implemented a fibre-linked 

interferometer connecting two telescopes of the CHARA (Center for High Angular Resolution Astronomy) array to the 
recombination beam facility using servo controlled hectometric outdoor fibres (240 m). During two consecutive nights, on- 
sky fringes at 810 nm were recorded on the star Vega (mag 0), with servo control of the fibre lengths. The optical path difference 
was set close to zero using internal fringes found before the on-sky observations. The repeatability of the delay line position offset 
between internal and on-sky fringes was less than 0.2 mm. The efficiency of the servo control systems has been demonstrated, 
leading to an enhancement of the signal-to-noise ratio from 68.9 with the servo off to 91.6 with the servo on. This result is 
a cornerstone for the ALOHA project goal of interferometry at 3.5 μm and a seminal step for the future kilometric infrared 

fibre-linked interferometer at CHARA. 

Key words: instrumentation: high angular resolution – techniques: interferometric. 
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 INTRODUCTION  

he use of optical fibres for high-resolution imaging in astronomy is
 major factor for future very long baseline projects. The original
dea was proposed by Connes, Froehly, and Facq (Connes &
eynaud 1988 ) and mentioned as the solution to the problem of
eam diffraction during free propagation between telescopes o v er
ectometre to kilometre distances (Shaklan & Roddier 1987 ). 
Using an outdoor optical fibre link is the only way to envision

ilometric baseline telescope arrays for applications in optical
stronomy, with angular resolutions in the nanoradian range. For
his purpose, we have conducted several studies on the parameters
o be controlled when using optical fibres in this coherent context.
n 1992, a system of interferometric control of fibre lengths for
 coherent telescope array was proposed by Reynaud (Reynaud,
lleman & Connes 1992 ). A description and laboratory tests of a two-

hannel prototype for a fibre-linked telescope were reported in 1995
Alleman, Reynaud & Connes 1995 ). In 2001, the OHANA (Optical
awaiian Array for Nanoradian Astronomy) project (Woillez et al.
001 ) was proposed at the observatory of Mauna Kea. The goal of
he OHANA project was to develop a fibre-linked interferometer
n the near infrared using single-mode fibres. In 2005, calibration
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f silica fibres for the OHANA project was performed with tests
n the differential chromatic dispersion evolution as a function of
emperature (Vergnole et al. 2005 ). The OHANA link was success-
ully used with the two Keck 10 m telescopes without any optical
ath difference (OPD) stabilization (Perrin et al. 2006 ). In 2019,
tability testing of the optical fibres previously used for the OHANA
roject was conducted (Lehmann et al. 2019a ) at the CHARA
Center for High Angular Resolution Astronomy) array (ten Brum-
elaar et al. 2005 ) located at the Mount Wilson Observatory (CA,
SA). 
Most instruments using optical fibres in the framework of interfer-

metry are in the context of beam combiners, for example MIRC-X
Anugu et al. 2020a ), MYSTIC (Setterholm et al. 2023 ), and SPICA
Mourard et al. 2018 ) at the CHARA array, or PIONIER (Le Bouquin
t al. 2011 ) and GRA VITY (GRA VITY Collaboration 2017 ) in the
LTI laboratory. 
In this paper, we describe the experimental set-up and the related

n-sky results with our 810 nm outdoor hectometric fibre link
nterferometer implemented at the CHARA array. This study takes
dvantage of the optical path stabilization reported by Magri et al.
 2024 ). The experimental results presented here are a cornerstone for
he future kilometre-sized CHARA Michelson array optical infrared
nterferometer (Gies et al. 2019 ; Ligon et al. 2022 ) and the ALOHA
Astronomical Light Optical Hybrid Analysis) project (Lehmann
t al. 2018 ). 
© 2024 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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 OVERVIEW  OF  THE  ALOHA  PROJECT  

he goal of the ALOHA project is to build a mid-infrared (MIR)
ectometric fibred, servo controlled, up-conversion interferometer at 
HARA. The key stage in this set-up is the up-conversion module 

hat shifts the astronomical light frequency from the MIR to the near
nfrared (NIR). This takes place at the focus of each telescope and
ses a sum-frequency generation (SFG) non-linear process (Boyd 
977 ). The ALOHA project offers several advantages: 

(i) The frequenc y up-conv ersion allows us to shift the science 
ignal out of the MIR domain, where the thermal noise makes 
ecessary the use of a cryogenic stage. 
(ii) The astronomical light can be transported through optical 

bres in the telecommunication spectral window. These precursor 
ests will also be important for the future expansion of the CHARA

ichelson array. 

This way, it could be possible to design and implement a kilometric 
elescope array compatible with the NIR and MIR spectral windows. 
his ambitious project has been developed step by step during the last

wo decades. The first in-lab ALOHA proof of concept was demon- 
trated in 2008 (Brustlein et al. 2008 ) in the H band with a bright
rtificial source. After in-lab demonstrations in the photon counting 
egime with a blackbody source (Gomes et al. 2014 ), the experiment
as modified and transported to the CHARA array in 2015. Using the
1 (South 1) and S2 (South 2) telescopes, fringes were obtained on-
ky with sources in the H band up-converted to visible wavelengths 
Darr ́e et al. 2016 ) with a limiting magnitude H mag = 3 . 0. These
uccessful results in the H band convinced us to demonstrate the 
peration of ALOHA in the L band. In this framework, interference 
ringes were first obtained in the laboratory at 3 . 39 μm with an attenu-
ted monochromatic coherent laser source (Szemendera et al. 2016 ). 
hen, the up-conversion process was validated on one arm of the 

nterferometer during on-sky sensitivity tests in the photon counting 
egime, reaching a limiting magnitude in the L band L mag = 2 . 8
Lehmann et al. 2019b ). These tests were conducted on one of the
wo telescopes of the C2PU facility (Observatoire de la C ̂ ote d’Azur,
alern site, France; https:// www.oca.eu/ fr/ c2pu-accueil ). In 2020, 
n up-conversion interferometer using a blackbody source and a 
avefront division in the L band at 3.5 μm was demonstrated in

he laboratory (Magri et al. 2020 ). The next step is focused on
he implementation and testing of the ALOHA instrument at the 
HARA array. This paper presents the experimental interference 

ringes obtained on-sky at 810 nm using the ALOHA instrument 
ithout frequency conversion. 

 FIBRE  LINK  INTERFEROMETER  AT  CHARA  

SING  THE  ALOHA  ARCHITECTURE  

ITHOUT  NON-LINEAR  CONVERSION  

n order to demonstrate the possibility of using a hectometric outdoor 
bre link interferometer at CHARA, the ALOHA set-up was used 
ithout non-linear conversion at first. Our instrument installation 

tarted in 2019. In March 2022, a mission at the CHARA array
ocused on the interferometric capabilities of our fibre link, removing 
he non-linear stage (Fig. 1 ). 

The ALOHA instrument can be divided into two main parts: 

(i) The first is a 810 nm astronomical light interferometer. 
(ii) The second is a 1064 nm cascade of two metrology systems

sed to servo control the fibre optical length fluctuations. A Michel- 
on interferometer allows stabilizing the OPD between the two 50 m 

bres, used as a reference to feed the two 240 m fibres that propagate
he starlight. These two latter fibres then constitute the two arms of
 Mach-Zehnder interferometer used to stabilize the OPD. 

The o v erview diagram in Fig. A1 (in the appendix) presents in
etail the experimental architecture on the two telescopes. First, the 
stronomical light is collected by the telescopes S1 and S2. The
daptive optics (AO) systems of each telescope are used to correct
he wavefront distortion due to the atmosphere to maximize the 
ux injection in our set-up (ten Brummelaar et al. 2018 ; Anugu
t al. 2020b ). Each light beam is focused by an off-axis parabola
nd reflected on a tip-tilt mirror before injection into the collecting
bre held by a longitudinal motorized stage. The injection procedure 
tarts with a set of raster scans using the tip-tilt actuator feeding
he injection module (which is detailed in Fig. 2 ). The telescope
njection module is longitudinally actuated to place the fibre tip 
n order to maximize the starlight injection into the 240 m long
bre. The astronomical light coming from the telescopes passes 

hrough a dichroic plate, transmitting the signal around 810 nm and
eflecting the light at 1064 nm. The astronomical light and the 1064
m metrology signal are both injected into two 240 m PM fibres
oing to the recombination laboratory. These fibres are laid outdoors 
nd are protected by insulation foam and PVC pipes. 

Fig. A2 (in the appendix) shows the o v erview diagram of the
ombining laboratory set-up. The astronomical and metrology lights 
ass through the collimation module (Fig. 3 ) placed in the recombi-
ation laboratory: the light at the output of the fibre is collimated by
n off-axis parabola before passing through a dichroic plate which 
ransmits the 810 nm starlight and reflects the 1064 nm light to be
sed for metrology purposes. The astronomical light around 810 nm 

hen travels through the free space CHARA delay lines. A moving
art with a cat’s eye reflector is positioned on each CHARA delay line
o adjust the OPD and compensate for the Earth’s rotation. After a
ound trip in the free space CHARA delay line, the beam is collected
y the injection module detailed in Fig. 4 and positioned on the S1
nd S2 CHARA beam selection tables. Off-axis parabolas focus the 
tarlight into the two arms of a 810 nm fibre mixing coupler. One
rm of the coupler includes a phase modulator, where linear temporal
odulation applied by mechanical stretching of the fibre wounded 

round the piezoelectric ceramic allows displaying the fringes as 
 function of time. The light is then filtered by a [806–810 nm]
andpass filter in order to increase the coherence length and easily
nd the fringes. A linear polarization is selected by a polarizer placed
efore a photon counting detector. An acquisition system is used to
ecord the interferometric signals in the photon counting regime. The 
ringe pattern is finally Fourier transformed and the power spectral 
ensity (PSD) is used to measure the signal-to-noise ratio (SNR) and
ringe contrast (Magri et al. 2020 ). 

Simultaneously, a cascade of metrology systems using a very long 
oherence length laser diode at 1064 nm has been implemented 
n order to stabilize the OPD between the two 240 m long fibres.
his laser is only used for metrology in this configuration without
on-linear conversion, but will be used for both metrology and up-
onversion when using PPLN crystal conversion stages. 

First, the metrology laser beam is shared between S1 and S2
y a 50/50 optical coupler and 50 m optical fibres laid outdoor
n the ground and protected by insulating foam and PVC pipes.
he 50 m long fibres pass through the telescope cable wrap to

each the optical tables for the AO systems that are mounted
n each telescope. This stage needs special attention to limit the
ariable stress applied to the fibres. In order to manage the optical
ath fluctuation resulting from the vibrations, mechanical stress 
nd temperature variations, a two-stage actuator, including a fibre 
MNRAS 536, 266–273 (2025) 
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M

Figure 1. ALOHA at CHARA without the conversion stage: the astronomical light collected at 810 nm and the 1064 nm metrology laser beams are injected 
into the optical fibres thanks to dichroic plates (not sho wn here). Of f-axis parabolas are represented here as lenses, for simplicity’s sake. The metrology light first 
passes through 50 m long PM fibres. Then the metrology light and the astronomical light propagate in 240 m long PM fibres towards the CHARA free space 
delay lines. The interferometric mixing is then spectrally filtered by a 4 nm-bandwidth filter in order to increase the coherence length to easily find the fringes. 
The signal is finally recorded by a photon counting detector. Two cascaded servo control systems (in green in the figure) stabilize the OPD of the pump and 
astronomical signal fibres. D: dichroic plate to extract the metrology signal, SLED: broad-band superluminescent diode (internal source) used for searching the 
zero OPD (see Section 4 ), ϕ-modulator: fast servo loop phase modulator to servo control the fiber length (in green) or to display the fringe pattern as a function 
of time (in red), PID: proportional-integral-deri v ati ve controller to drive the actuator and ϕ-modulators, MUX: multiplexer. 

Figure 2. 3D scheme of the injection module in each telescope, without 
frequenc y conv ersion. The astronomical light at 810nm collected by the 
telescope and the 1064 nm metrology signal are both injected into a 240 m 

PM fibre going to the recombination laboratory. 
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Figure 3. 3D scheme of the collimation module at the entrance of the free 
space delay line. The astronomical light around 810 nm travels through the 
free space CHARA delay line whereas the 1064 nm signal is extracted thanks 
to a dichroic plate for metrology purposes. 

i  

a  

i  

I  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/536/1/266/7887830 by guest on 31 January 2025
elay line and a phase modulator, is implemented on one of the
wo 50 m long fibres. The servo control for the OPD of the
0 m long fibres has a Michelson interferometer architecture as
iscussed by Magri et al. ( 2024 ). The error signal is provided
y the interferometric signal and processed by a proportional-
NRAS 536, 266–273 (2025) 
ntegral-deri v ati ve (PID) filter. The resulting correction signal feeds
 high voltage amplifier and drives a fibre piezoelectric modulator
n a fast servo loop (0 . 2 ms response time, 3 nm RMS accuracy).
n parallel, a fibre delay line driven by a motorized actuator is
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Figure 4. 3D scheme of the injection module at the output of the free space 
delay line. After a round trip in the free space CHARA delay line, the beam 

is injected into the recombination coupler. 
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Figure 5. Internal fringe peak, with and without servo control of the length 
of the optical fibres, during 1000 frames of 0 . 2 s. The internal source used is 
a SLED at 810 nm. 

Figure 6. Contrast of the internal fringes with and without servo control as a 
function of the number of spectral channels used to integrate the fringe peak 
on either side of the spectral channel 35. The fringe peak was first temporally 
inte grated o v er 1000 frames of 0 . 2 s. The internal source used is a SLED 

at 810 nm. The instrumental contrast is equal to 68 per cent and has been 
obtained from the internal fringes when the servo control system is on, by 
integrating the fringe peak over 10 spectral channels. Since the curves were 
obtained from a single data set, we were not able to derive error bars. 
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sed to desaturate the piezoelectric modulator in a slow servo 
oop. 

A Mach-Zehnder interferometer is used for the metrology stage of 
he 240 m fibres (Magri et al. 2024 ). The metrology laser light at 1064
m is injected into each 240 m long fibre thanks to a set of lenses,
irrors and a dichroic plate placed on the telescope injection module, 

s shown in Fig. 2 . Note that for the future ALOHA project, a PPLN
rystal will be placed after the dichroic plate for the frequency up-
onversion with the same module footprint on the telescope optical 
oard. After passing through the 240 m long fibre, the metrology 
ight is injected into the collimation stage as detailed in Fig. 3 . It
s then reflected by a dichroic plate on each arm in the collimation
odule. The two beams at 1064 nm are mixed by a coupler and the

nterferometric signal is used as the error signal. After processing 
y a PID filter and amplification, the correction signal drives a fibre
elay line and two phase modulators included on each arm of the
nterferometer and working in push–pull mode. The two-stage servo 
ontrol system is operated in the same way as in the Michelson
etrology interferometer. 
Fig. A3 (in the appendix) shows the set-up installed in the telescope 

tage at CHARA during the mission in March 2022. 

 INTERNAL  FRINGES  

n order to find the fringes on-sky, we estimate in a first step the zero
roup delay position by calibrating the OPD from the telescope foci, 
assing through the 240 m long fibre sections and the CHARA delay
ines, to the interferometric combination. The 50 m long fibres are 
sed to share an internal broad-band source (SLED) around 810 nm 

etween the two telescopes. The high accuracy of the fibre length 
qualization during the manufacturing process leads to an OPD offset 
n the order of few mm. The light emitted around 810 nm by the
nternal source propagates into the two 50 m and 240 m long fibres,
asses through the CHARA free space delay lines and reaches the 
ecombination coupler. The fringes are displayed as a function of time 
sing the fibre optical path modulator of the recombining ALOHA 

et-up. Fringes are processed through a PSD analysis and the fringe 
eak is centred at 175 Hz . Each 200 ms frame is Fourier transformed
nd the averaging process is performed on the PSD to fit the on-sky
rocedure. 
The optical servo control system can be either switched on or off
n order to demonstrate the fringe contrast impro v ement due to the
ptical path stabilization. As the flux emitted by the SLED source is
ery high, the internal fringes can be found very easily and quickly.
he measurement of the internal fringes PSD is shown in Fig. 5 .
hese results highlight the influence of the servo control on the

nternal fringes (Magri et al. 2024 ). Phase noise induced by the fibre
erturbations is corrected by the metrology servo loop in the internal
ringe configuration. It results in a sharper fringe peak and enhanced 
NR. The contrast values are obtained from the ratio between the
ringe peak integral and the PSD value at the zero frequency (Magri
t al. 2020 ). Fig. 6 plots the evolution of the contrast as a function
f the number of spectral channels used to integrate the fringe peak.
MNRAS 536, 266–273 (2025) 
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M

Figure 7. On-sky fringe peak on Vega, with and without servo control of 
the length of the optical fibres, after integrating over 1000 frames of 0 . 2 s. 

T  

t  

s  

c  

f  

p

5

T  

n  

t  

l  

m  

o  

T  

c  

g  

(  

c  

u  

i  

V  

S  

G  

b  

p  

b  

s
 

a  

T  

c  

n  

d  

m  

t
 

t  

d  

s

Figure 8. Signal-to-noise ratio of the on-sky fringes on Vega with and 
without servo control as a function of the number of frames. The fringe 
peak is integrated over seven spectral channels. 

Figure 9. Contrast of the on-sky fringes with and without servo control as 
a function of the number of spectral channels. Integration time: 200 s. Since 
the curves were obtained from a single data set, we were not able to derive 
error bars. 
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he contrast increases more quickly and reaches a higher value when
he servo is on (contrast = 65–70 per cent) in comparison with the
ervo off configuration (contrast = 55–60 per cent). The instrumental
ontrast is equal to 68 per cent and has been obtained from the internal
ringes when the servo control system is on, by integrating the fringe
eak o v er 10 spectral channels. 

 ON-SKY  FRINGES  

he measurements presented in this section were obtained during the
ight of 2022 March 25 to March 26 between 5:40 and 5:46 am (local
ime) with the star HD172167 (Vega). The atmospheric coherence
ength r 0 at 550 nm was estimated at 7 cm , corresponding to a

oderate seeing of approximately 1.6 arcsec. The photometric levels
n the S1 and S2 arms were 2100 and 1100 photons s −1 , respectively.
he fringe frequency was set to 175 Hz corresponding to a fringe peak
entred around channel 35 (i.e. 35 fringes per frame) in the PSD
raph. At the observing time, Vega’s theoretical contrast at 808 nm
central wavelength of the spectral filter at the end of the instrument
hain) for a 34 . 0 m projected basis is around 57 per cent (calculated
sing the uniform disc model; Lawson 2000 ). The position of the
nternal fringes was first determined before scanning for fringes on
ega. We scanned for fringes with the CHARA delay lines by moving
1 cart with a speed of 70 . 7 μm s −1 by keeping S2 as reference.
iven that we transport light via optical fibres, the CHARA standard
aseline OPD solution employed for re gular on-sk y observations
ro v es inef fecti v e. Instead, we hav e used the optical fibre transport
aseline solution configuration in the Optical Path Length Equalizer
erver. 

The on-sky fringe PSD is plotted in Fig. 7 with servo control on
nd off. The height of the fringe peak is greater when the servo is on.
he influence of the servo control systems is less significant on-sky
ompared with the internal fringes (Fig. 5 ) as the phase and intensity
oise of the atmospheric turbulence has a large impact at 810 nm and
ominates the other sources of noise. As a result, the fringe peak is
ore spread out and shows a smaller difference in height between

he two peaks with and without servo control. 
The servo control impro v es the SNR (Fig. 8 ) with an SNR equal

o 91.6 with the servo on and 68.9 with the servo off after integration
uring 1000 frames of 0.2 s. The fringe peak is integrated over seven
pectral channels. 
NRAS 536, 266–273 (2025) 
Fig. 9 shows the contrast obtained by integration as a function
f the number of spectral channels of the PSD. The fringe con-
rast obtained on-sky was equal to 22 per cent with the servo
ontrol on (taking the photometric imbalance into account). The
ontrast value corrected from the instrumental contrast reaches
2 per cent ÷ 68 per cent = 32 per cent (measured fringe
ontrast/instrumental contrast). The ratio between this measurement
nd the 57 per cent theoretical contrast of Vega is equal to 56 per cent,
ainly due to the phase and intensity fluctuations resulting from the

tmospheric turbulence. 
Using this protocol, we were able to find the fringes on Vega during

wo consecutive nights. From the first night to the next one, the length
ifference between the two 240 m long fibres has changed by 2 mm .
his shift has been determined and compensated by moving the S1
at’s eye cart in order to retrieve the internal fringes. When we started
n-sky measurements, we had to move the S1 cart from the position
btained for the internal fringes by only 0.2 mm to find the on-sky
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ringes back. These results are very promising for the future use of
bre links at the CHARA Array and more generally for very long
aseline interferometers. 

 CONCLUSION  AND  PROSPECTS  

uring our mission in March 2022 at the CHARA array, we were
ble to find fringes on-sky with our outdoor hectometric fibre link 
ervo controlled interferometer at 810 nm by using the interferometer 
f the ALOHA project (without the non-linear up-conversion stage). 
Our servo control system allows stabilizing the OPD between 

he 240 m long fibres (with an accuracy of 3 nm) (Magri et al.
024 ). The protocol to find fringes on-sky starts by searching for
he internal fringes. This way, we were able to find the fringes for
he star Vega during two consecutive nights. The 240 m long fibre
ength difference from one night to the other were less than 2 mm
nd compensated with the internal fringe procedure. The delay line 
osition repeatability was better than 0.2 mm for the on-sky fringes.
e measured an SNR equal to 91.6 with the servo on and 68.9 with

he servo off when integrating the fringe peak o v er sev en spectral
hannels. This result was obtained with only a 200 s integration time.
he on-sky contrast value corrected for the instrumental contrast 

eaches 32 per cent, with the servo control on, taking the photometric
mbalance into account. Due to the atmospheric turbulence, the ratio 
etween this measurement and the 57 per cent theoretical contrast of
ega is equal to 56 per cent. 
These results are part of the first step for the ALOHA project at

.5 μm. During a future mission, we plan to test the interferometer
ith the up-conversion of the mid-infrared light at 3.5 μm. These 

esults are also a first step for the future kilometric infrared fibred
nterferometer at CHARA. More generally, this e xperiment pav es the 
ay for very long baseline interferometers using fibre optic links. 
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Figure A1. Overview diagram of the telescope’s setup at CHARA for the ALOHA project. The astronomical light collected by the telescopes S1 and S2 and the 
1064 nm metrology signal are both injected into two 240 m PM fibres going to the recombination laboratory. SLED: superluminescent diode (internal source), 
PID: proportional-integral-deri v ati ve controller, MUX: multiplexer, HV: high voltage amplifier, ϕ-modulator: phase modulator. 

Figure A2. Overview diagram of the combining laboratory (mixing) set-up. The astronomical and metrology lights coming from the 240 m fibres pass through 
the collimation modules. The astronomical light around 810 nm travels through the free space CHARA delay lines and the 1064 nm signal is extracted for 
metrology purposes. Det: photon counting detector , D A C: digital-to-analogue con verter , ADC: analogue to digital con verter , Ao: analogue output, Ai n: analogue 
input channel n, PID: proportional-integral-deri v ati ve controller, HV: high voltage amplifier, ϕ-modulator: phase modulator. Note that in the future, a second 
photon counting detector can be added in order to enhance the signal-to-noise ratio. 
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Figure A3. Picture of the injection stage in the telescope (S1 or S2). OAP: 
Off Axis Parabola. 
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