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Abstract

In the framework of the ALOHA (Astronomical Light Optical Hybrid
Analysis) project, dedicated to high resolution imaging in the L-band
using optical fibre and nonlinear optics, we have implemented a servo
controlled hectometric outdoor fibre link between two telescopes and
the recombination beam facility of the CHARA telescope array. A two-
stage servo system using optical fibre modulator, fibre delay line, and
a metrology laser at 1064 nm allows to stabilise the optical path dif-
ference within 3 nm RMS over a 3000 s record. Using an internal
source at 810 nm, the signal-to-noise ratio of the fringe modula-
tion peak is enhanced by a factor better than two when the servo
control is switched on. This study can be also considered as a sem-
inal work towards very long base fibre linked telescope arrays and
allows to scale the perturbative environment of an outdoor fibre link.
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1 Introduction

The possibility to design and implement a very large telescope array is a crucial
quest for high-resolution imaging. The usual way to propagate the beams from
the distant telescopes to the mixing station uses a mirror train. This method is
robust, but induces very high losses due to the large number of reflections (typi-
cally in the range of 20) and involves a very demanding global mirror alignment
process. In addition, the longer the baseline, the larger the beam diameter to
minimise the diffraction impacts all over the interferometric arms. To overcome
these difficulties, the use of single mode fibres has been proposed very early
in the 80’s (Connes et al, 1985). After injection of the light at each telescope
focus, the spatial filtering allows to get highly calibrated fringes, as demon-
strated in various recombining instruments like FLUOR (Coudé du Foresto
et al, 2003), MIRC (Monnier et al, 2006) or SPICA (Mourard et al, 2018).
This experimental configuration reduces the number of freedom degree to be
controlled, limits the diffraction effects at the propagation in the delay lines
and significantly enhances the overall throughput of the instrument thanks to
the tremendous performances of the fibre optic transmission. However, to take
advantage of this new instrumental scheme, it is necessary to manage the dis-
persion, polarisation and optical path difference stability behaviours. First two
points have been extensively studied in laboratory, and robust experimental
configurations have been proposed to manage the compensation of differen-
tial effects between the interferometric arms (Lagorceix and Reynaud, 1995),
(Vergnole et al, 2005). The only successful on-site fibre link on a long baseline
was demonstrated in 2005 between the two Keck telescopes (Hawaii, USA),
but the fibres were laid indoor and without any Optical Path Difference (OPD)
stabilisation (Perrin and al., 2006). To address the issue of on-site OPD stabil-
isation in an outdoor configuration, preliminary results (Lehmann et al, 2019)
were obtained with a Mach-Zehnder fibre-optic interferometer fed by an inter-
nal source, and installed at the Center for High Angular Resolution Astronomy
(CHARA) Array site located at the top of Mount Wilson (Brummelaar et al,
2005), but without taking into account the fibre path in the telescope and with
a limited correction range.

In this paper, we present the complete implementation of a fibre link
between the two telescopes S1 (South 1) and S2 (South 2) and the CHARA
beam combination laboratory. The 240 m long fibres are laid outdoor on the
ground with simple foam insulation and a protective layer of PVC pipe. The
fibres reach the focusing stage of the telescope passing though the cable wrap,
taking care to mitigate the stresses applied to the optical fibre. A metrology
interferometer using a two-stage servo loop is used to stabilise the piston i.e.
the OPD fluctuation. Low frequency correction is achieved by a stepper motor
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driving a fibre delay line, while a fast stage using a piezoelectric drives a fibre
optical path modulator. When operated in real conditions, including telescope
and dome motions, we demonstrate the stabilisation of the OPD to within
10 nm over more than one hour.

2 General experimental configuration

The reported experiment is developed at the Mount Wilson Observatory (USA,
CA), in the framework of a collaboration between the XLIM and CHARA
teams. The goal of this demonstration of a fibre link with long outdoor fibres
is twofold.

First, it’s a major step of the global ALOHA project (Lehmann et al, 2018)
which aims to promote the joint use of nonlinear optics and high resolution
imaging for astronomy. The infrared or mid-infrared light is shifted to a shorter
wavelength thanks to a sum frequency nonlinear process (Boyd, 1977) so that
the converted light can efficiently propagate through optical fibres towards
the CHARA'’s delay lines to be mixed. Our experimental setup is shown in
figure 1. The astronomical light wavelength initially around 3.5 pm is shifted
near 810 nm after mixing with a 1064 nm laser pump. This way, the fibre link
is designed around 810 nm.

ks =3.5 pm
Telescopes | =
Metrology @
As=3.5um  detector Off Axis
| | Motorized
= Parabola
[ /] N\ | @ @ 240 m
| | PM Fibre
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Fig. 1 ALOHA at CHARA: the astronomical light collected by the S1 and S2 telescopes
at 3.5 pm is converted to 810 nm at each telescope thanks to a nonlinear PPLN crystal and
a pump laser beam at 1064 nm routed through two 50-metre optical fibres. The converted
fields are then propagated in 240 metre long optical fibres whose lengths are servo controlled.
The converted signals coming out of the fibres pass through CHARA’s free space delay lines
before the mixing stage to get fringes as a function of time. The interferometric mixing is
finally detected by photon counting detectors after passing through a narrow-band filter.
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Second, this 810 nm fibre link can be seen as a precursor of the extended
CHARA array Michelson project (Gies et al, 2019) and will allow to scale the
environmental issues due to thermal and vibration disturbances.

In both cases, a servo control of the OPD is mandatory. In the following,
we will describe the ALOHA configuration. The corresponding metrolog-
ical scheme is illustrated on figure 2 and consists of two main blocks
with a Michelson and a Mach-Zehnder structures described in the following
paragraphs.

Mach-Zehnder metrology
interferometer

T

) Astro light
Michelson metrology interferometer

interferometer K\N/—\

Astro
S1 enclosure ilight Laboratory
240 m fibre
1064 nm g\“@ >
metrology 5“6‘ S1 telescope \
laser focus Mz | CHARA | ¥Astro
x metrology| delay light
Michelson 501,, S2 enclosure f lines fmixing
metrology 661-8 >
Servo S2 telescope | 240 m ﬁbreX - 4
loop focus ervo
T loop
Astro
light

Fig. 2 Synoptic scheme of the servo control system. The first servo control has a Michelson
interferometer structure used for metrology. It allows to stabilise the 50 metre optical fibres
which share the pump at 1064 nm towards the focus of each of the two telescopes. The second
servo control uses a Mach-Zehnder interferometer. It is used to stabilise the 240 metres of
optical fibres collecting the astronomical light for the two configurations, with or without
conversion.

The optical paths to be servo controlled for astronomical light correspond
to the sections from the telescopes focal points to the inputs of the delay lines.
The foci of the telescopes are separated by distances of up to several hundred
metres. This way, it is necessary to provide a phased metrology signal for each
telescope. In the framework of the ALOHA project, the nonlinear processes
requires sharing the same pump laser field to preserve the coherence properties
of the converted signals. The light from this pump laser can be therefore used
as a metrology signal to control the OPD between the two 240 m fibre.
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2.1 The Michelson interferometer: generation of
cophased reference beams

The first part of the metrology setup is a Michelson interferometer, as shown
in figure 3. Its input is located in S1, where the field emitted by a 1064 nm
distributed-feedback laser is injected into a 50/50 fibre coupler to share the
pump light equally between two 50 m single-mode Polarisation Maintaining
(PM) fibres at 1064 nm that deliver the pump waves to the S1 and S2 telescope
foci.
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Telescopes QSZ\
Astro ||
S1 enclosure light Metrology S
As=810nm detector [ Off Axis
| Motorized
1064 nm O —> || s1 PID
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Servo S2 telescope Ap =p1 06!1) nm Telescope' injection
100 focus module with FC/PC
P @ connector

Astro
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Fig. 3 Michelson stage of the servo control system: light of a metrology/pump laser at
1064 nm is equally shared between the two 50 m fibres. Most of the flux is transmitted to
the Mach-Zehnder stage, but a few percent are back reflected to generate the error signal
by detecting interferometric mixing. A PID filter and an amplifier are used to drive a fibre
optic modulator to correct the optical path fluctuations. A monitoring of the correction and
a fibre delay line are used to desaturate the optical path modulator stage.

The first fibre remains in the S1 basement, passes through the S1 cable wrap
and reaches the S1 Adaptive Optics (AO) table where starlight is available.
The second 50 m fibre section goes from S1 to S2 through an outside path,
then passes through the S2 cable wrap stage and reaches the S2 telescope AO
table. All connectors are FC/APC to avoid any backward reflection, except at
both ends of the fibres in S1 and S2, where a FC/PC connector is inserted to
send back a small part (5 percent Fresnel reflection) of the flux to the coupler.
The second coupler input is used as the Michelson interferometer output, and
the interferometric mixing is detected by an InGaAs photodiode. The error
signal is generated by removing the DC part of the interferometric signal. A
PID filter processes the error signal to provide the correction signal that drives
a fibre optic modulator after passing through a high voltage (HV) amplifier.
In our experimental configuration, this fast correction has a span in the range
of 50 pm. The HV amplifier/ optical path modulator is then desaturated by a
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slow fibre delay line driven by a servo system if the correction signal exceeds
operating boundaries, as show in figure 4. This two-level correction makes it
possible to manage sub-wavelength accuracy over the 20 mm stroke of the fibre
delay line.

Optical fibre Optical
delay line fibre modulator
Stroke 20 mm Stroke S0 pm

Step High Voltage
motor amplifier
Slow Fast
correction correction
span 20 mm span 50 pm

Correction
signal

time

Fig. 4 The correction of the optical path fluctuation is achieved by a two stage actuator:
an optical fibre delay line with a 20 mm stroke (left) and an optical fibre modulator with
a 50 pm correction range (right). The latter manages the fast correction over a limited
correction signal range (blue). If the correction signal goes out of this blue correction range
(orange and green) the optical fibre delay line is activated to desaturate the fibre modulator.

When the servo is turned on, the pump signals delivered at the telescope
foci are phase locked and available to perform the S1, S2 to Laboratory fibre
link servo control system.

2.2 The Mach-Zehnder interferometer: stabilisation of
the 240 m long fibre optical paths

The Michelson interferometer described in the previous section acts as a beam
splitter for the Mach-Zehnder interferometer which aims to servo the two
240 m long fibres. The two fields transmitted through the Michelson reflectors
(FC/PC connectors) are phase-locked, and are used as metrology inputs for
the two fibres connecting the S1 and S2 telescopes to the laboratory.

The injection stage is shown in figure 5. A dichroic plate allows to simul-
taneously inject the star light and the metrology laser light in the fibre. The
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Fig. 5 Schematic and drawing of the Mach-Zehnder metrology interferometer: the two arms
of the interferometer are fed by the outputs of the upstream Michelson interferometer. The
metrology beams then pass through the two 240 m fibres, and reach the inputs of the CHARA
delay lines. They are then captured by dichroic plates D and mixed by a fibre coupler. The
resulting interferometric signal is processed in the same way as for the Michelson metrology
interferometer, using a two-level correction (fibre modulator plus delay lines) on each arm
of the interferometer, in a push-pull configuration.

astronomical light around 800 nm and the metrology signal at 1064 nm travel
simultaneously in the two waveguides. In each telescope, the 240 m-long fibre
route passes through the cable wrap in the telescope enclosure, where it is
held by a tubular sling supported by stainless steel cable to relieve stresses
applied to the fibre. All along the fibre link, the fibre is packed in a 3 mm fur-
cation tubing embedded in a 10 mm diameter flexible stainless steel conduit.
For all the outdoor sections, the fibre is laid on the ground and wrapped in
an insulating pipe protected by a PCV tube. The fibre cables pass through
the laboratory hall to reach the entrance of the CHARA delay lines, close to
the periscopes used in the classical mirror train configuration. Two collima-
tion assemblies are installed on the CHARA delay line rails. At the output
of each fibre, the 810 nm light is collimated to the CHARA delay lines, while
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the 1064 nm metrology light is collected through a dichroic plate, and injected
into a fibre mixing coupler. The resulting metrology interferometric signal is
used to generate an error signal after removing the DC component. A PID fil-
ter and a power amplifier drive optical path modulators implemented on each
240 m fibre section to correct OPD fluctuations in a push-pull configuration.
In parallel, a fibre optic delay line allows to desaturate fibre optic modulator
with the same scheme as for the Michelson stage.

2.3 Internal source and fringes

In order to test the efficiency of the servo control system, the interferometer
is tested internally by injecting a broadband source with a spectrum around
810 nm, as shown in figure 6. A 1064 nm / 810 nm fibre multiplexer mixes
the 810 nm radiation and the metrology signal so that the 810 nm radiation
propagates along the same path as the metrology light to the dichroic plates
at the CHARA delay lines inputs. After passing through the dichroic plates,
the 810 nm optical fields are sent into the CHARA delay lines and then mixed
by a fibre coupler.

Coupler Polarizer
0 o + Filter

/ Photon counting
detector
Piezo OPD Ac =810 nm

modulation

Fig. 6 Internal fringe configuration: the light emitted by a Superluminescent Diode (SLED)
used as an internal source passes through the 50 m pump fibres to reach the S1 and S2
telescopes where it is injected into the 240 m fibres and routed into the CHARA laboratory
building. The emerging optical beams are sent through the CHARA'’s free-space delay lines
before being mixed, filtered and detected by a photon counting detector. This set up allows
us to search for the zero optical path difference of the fibre link by scanning the OPD with
the CHARA delay lines.

At the output of the 810 nm interferometer, the fringes are displayed as
function of time using a fibre optic modulator. A narrow band filter allows to
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Fig. 7 Response time of the Michelson metrology interferometer servo control system. An
external electronic perturbation (Heaviside shape) is used to characterise the time taken to
reach the operating point. The response time is about 0.2 ms FWHM.

adjust the coherence length of the detected interferogram to the optical path
modulation of each temporal scan. The recorded signal is Fourier Transformed
to get the fringe pattern spectrum. An averaging process is then applied on the
square modulus of this spectrum to fit the same signal processing conditions
as on the sky. By adjusting the free space CHARA delay lines, it is possible
to find the zero optical group delay with this internal fringes configuration.
As the two sets of fibres have been equalized in length with an accuracy in
the order of mm, the real interferometer is ready to be used on the sky with
fringes position close to zero OPD.

3 Experimental results

3.1 The Michelson interferometer: generation of
cophased reference beams

In a first step, we determined the response time of the Michelson interferometer
stabilisation system. A Heaviside electronic perturbation is injected into the
servo loop in order to measure the response time required to stabilise the
interferometer at the operating point. The experimental results show a typical
0.2 ms response time FWHM, as shown in figure 7, which is fully compatible
with the OPD temporal fluctuations to be corrected.

In a second step, the short-term stability is analysed over a 100 ms frame
(figure 8). The RMS fluctuation of the OPD is around 3 nm when the servo
control is ON; i.e. in the range of A\/300 at the metrology wavelength.
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Fig. 8 Michelson stage short-term stability over a 100 ms frame: the calibration of the
fringe amplitude allows to derive the residual OPD fluctuation with a 3 nm RMS value when
the servo is ON.

In the previous experiment (Lehmann et al, 2018) the correction was only
applied by the piezo optical fibre modulator, leading to servo stalling due
to a limited stroke of the correction actuator. In our new servo system, the
adjustable delay line allows to desaturate the piezo so that the servo control
system benefits from the high accuracy piezo correction all over the delay line
stroke. The delay line voltage applied to the piezo is monitored to remain
within a +24 V voltage range (corresponding to a correction signal between
-2 V and +2 V before amplification with a gain equal to 12). Fig. 9 plots simul-
taneously the optical path correction applied by the optical fibre modulator
(black) and the delay line position (red). As the delay line compensates for the
main drift during the record, it is a good way to characterise the environmen-
tal disturbance to be corrected. Note that, experimentally, we have observed
a fluctuation of less than one millimetre for the 50 m long fibre set used in
the Michelson interferometer. The small peaks on the black curve correspond
to dome motions that are well corrected. Conversely, the significant transient
behaviour in the middle of the graph corresponds to a rapid slewing of the tele-
scope and its dome when moving from one astronomical target to another. Of
course, during these non observation periods, the servo is not effective. These
results demonstrate the efficient operation of optical path servo control of the
two 50 m long fibres included in the Michelson configuration with an accuracy
of a few nanometres. This way, it is possible to provide phase-locked optical
fields to stabilise the 240 m fibre sections.
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Fig. 9 Michelson interferometer long-term stability. Black: optical path correction applied
on the optical fibre modulator, red: delay line position.
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Fig. 10 Mach-Zehnder short-term stability over a 100 ms frame: the calibration of the
fringe amplitude allows to derive the residual optical path fluctuation with a 3 nm RMS
value when the servo is ON.

3.2 The Mach-Zehnder interferometer: optical path
servo of the 240 m long fibres

Firstly, the response time tests on the Mach-Zehnder stage show identical
results to those of the Michelson, with a typical transient behaviour of 0.2 ms.
Secondly, a short-term optical path stability of 3 nm RMS is measured when
the servo is switched on, as shown in figure 10. This demonstrates that the servo
control system is fully appropriate for the stabilisation of the interferometer.
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Fig. 11 and 12 describe the long-term evolution of the correction signal
applied to the piezoelectric modulator, and of the optical fibre delay line posi-
tion. Fig. 11 focuses on the first 200 seconds of servo monitoring. During the
first 20 seconds the servo is off, the correction signal (black curve) is saturated
and the delay line (red curve) is set to the reference position. When the servo is
switched on (point A), the correction reaches the operating range (blue area)
and the delay line moves to the 0.12 mm position. Between points A and B,
the correction signal changes from -2 V to 2 V to compensate for OPD fluc-
tuations. The delay line remains at the same position. At point B, the delay
line adjustment is applied to desaturate the correction. This process is applied
again at points C and D.

g B St A Y 0.2
s 2 W;o.ls £
& o £
< i
£ EEssece o E
S s (8] [cffo[ 't bS]
= 1 r 2
.g 1 £0.05 5
@ —41 n S
g i 2
§ o ro =

—07] r )
=] il
2 ] 005 2
A —84 . a

ofE@l sewooN F-0.1

0 50 100 150 200
Time (s)

Fig. 11 Correction voltage and delay line position at the beginning of the Mach-Zehnder
servo operation during the first 200 s of operation. At point A: servo switched ON, at points
B, C and D: the delay line desaturate the correction

Fig. 12 shows the evolution of the correction voltage and delay line position
over 3000 s during the night of 03/19/2022. The servo control system operated
successfully over two 1400 second slots. The only transient behaviour at 1400 s
and 2800 s correspond to the rapid slewing of the telescope when moving from
one target to another. During these two steps, the servo stalls and induces a
small shift (about 0.5 mm) in the position of the delay line(red curve). This
minor shift can be easily compensated by the CHARA delay lines using internal
fringes, as explained in the next paragraph.

3.3 Internal fringes: Calibration of the optical path
difference

In order to calibrate the optical path difference between the two 240 m fibre
arms, a broadband source (SLED) emitting around 810 nm is injected through
the Michelson and Mach-Zehnder interferometer cascade using a multiplexer
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Fig. 12 Correction voltage and delay line position of the Mach-Zehnder servo during a
3000 s operation: The global operation is similar to figure 11. The servo was only stalled
when the telescope was slewing fast from one target to another (at times 1400 s and 2800 s).

as described in the related paragraph (2.3). In a first step, we searched for
the internal fringes around the supposed zero OPD by scanning over +5 mm
using the CHARA delay lines. In a second step, we measured the electrical
pulses generated by the photon counting detector as a function of time around
the zero OPD thanks to the piezo electric modulator (situated just before the
output coupler). The raw data were achieved over a 500 frame integration
with 0.2 s duration per frame, and the fringe modulation frequency was set to
175 Hz (35 fringes per temporal frame).

Fig. 13 shows the averaged Power Spectral Density (PSD) of the raw
dataset in two configurations: when the servo controls of the Michelson and
Mach-Zehnder interferometers are switched off (black curve), then when they
were switched on (red curve). Both curves show the presence of a modula-
tion peak on spectral channel 35 as expected. Moreover, the modulation peak
is sharper and higher when the servos are ON, clearly demonstrating the
efficiency of the two fibre-length control systems.

To quantify the impact of fibre length servo on the characteristics of the
fringe peak, we calculated the signal-to-noise ratio (SNR) defined by the ratio
between the amplitude of the fringe peak in the PSD and the RMS value of
the background fluctuations far from the fringe peak. Table 1 shows the SNR
value calculated:

® by measuring the fringe peak amplitude at spectral channel 35,
® by integrating the whole fringe peak over several spectral channels.

In both cases, the SNR is improved by a factor greater than 2 when the
servo controls are activated. This also demonstrates the improvement brought
about by the use of servo systems.
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Fig. 13 Fringe spectrum, integrated over 500 frames of 0.2 s, when the servo is off (black

curve) and on (red curve). The efficiency of the servo control system is demonstrated by a
sharper and enhanced fringe peak.

Table 1 Signal-to-noise ratio of the fringe peak with and without servo-control after
temporal integration over 500 frames of 0.2 s

Servo ON  Servo OFF  SNR Ratio
SNR measured at channel 35 1331 579 2,3
SNR by integrating the fringe peak 1890 (@) 929 (®) 2,03

(@) obtained by peak integration over 3 spectral channels.

(®) obtained by peak integration over 9 spectral channels.

4 Conclusion and perspectives

In this paper, we have experimentally demonstrated the possibility of imple-
menting an outdoor fibre link in the framework of the CHARA telescope array.
We have proposed a two-stage servo control system whose architecture is com-
pliant with the ALOHA experiment, which aims to promote the joint use of
high resolution imaging telescope array, fibre-based light transport and spec-
trum conversion through nonlinear optics. This experiment demonstrated a
very good optical path stabilisation in a range of a few nm and a response
time of about 0.2 ms, compatible with the spectrum of disturbances to be
corrected. Thanks to the reliability of the servo systems, the fringe position
remains within a millimetre range around the operating position. This relia-
bility is a key point to find the fringes without wasting time by performing
long span scans. We are now ready to test on the sky our ALOHA instrument
in two steps. First, without frequency conversion, to find the zero optical path
at 810 nm. Second, with frequency conversion using the nonlinear stage, to
complete the proof of principle of the ALOHA project on the CHARA array.
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This kind of servo control system will be one of the key technologies neces-
sary for the deployment of the new very large telescope array of the future
CHARA kilometric infrared interferometer (Gies et al, 2019). In this context,
the interferometric architecture proposed by F. Reynaud (Reynaud et al, 1992)
in the 90’s could be used. In this architecture, the optical length of each arm
of the fibre link array is compared with a reference fibre. All the electronics
for the two-stage correction system could be identical to the one reported in
this paper.
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