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ABSTRACT

Context. The suite called Stellar Parameters and Images with a Cophased Array (SPICA) has two interferometric instruments installed
at the focus of the CHARA Array located at Mount Wilson, CA. SPICA is made of SPICA-VIS, a fiber-fed six-beam visible spectro-
graph with three spectral resolutions, and SPICA-FT, a six-beam near-infrared fringe tracker for the fast stabilization of the fringes.
Aims. SPICA is opening access to imaging in the visible domain with an unprecedented angular resolution down to 0.2 milliarcsec-
onds. It has been designed around a large survey of fundamental parameters of stars over the Hertzsprung-Russell diagram, aiming at
understanding the deviations from the standard empirical relations of stellar physics as a function of activity: limb darkening, multi-
plicity, rotation, winds, and environments.
Methods. SPICA makes use of the advanced technologies in electron multiplying detectors in the visible and electron-avalanche pho-
todiode arrays in the near-infrared. It benefits from the newly commissioned adaptive optics on the one-meter telescopes of the array.
The modules of the visible instrument, SPICA-VIS, optimize the injection of light into single-mode fibers for spatial filtering before
spectral dispersion in the image plane. The fringe tracker, SPICA-FT, performs group-delay and phase-delay tracking for six beams in
the H band. SPICA-FT can use an all-in-one or ABCD encoding of the fringe signals.
Results. We present the results of the SPICA commissioning and discuss the initial performance that has been established. In low-
resolution mode, SPICA reaches a limiting magnitude of 6.5, consistent with the initial estimate without fringe-tracking stabilization.
Conclusions. SPICA is operational on sky and is close to reaching the expected performance in low spectral resolution, in particular,
for the Interferometric Survey of Stellar Parameters (ISSP). More work is still needed to achieve the ultimate performance in terms of
sensitivity and to allow operations with higher spectral resolutions.

Key words. instrumentation: high angular resolution – techniques: interferometric – stars: atmospheres – binaries: general –
stars: fundamental parameters

1. Introduction
After 50 years of development, long-baseline optical inter-
ferometry has reached a high level of maturity and offers a
unique tool for probing the Universe to the broad astronom-
ical community, from exoplanets to galaxies. The landscape
today is dominated by the European Southern Observatory
Very Large Telescope Interferometer (ESO/VLTI, Woillez et al.
2015) in Chile and by the Center for High Angular Resolu-
tion Astronomy Array (CHARA, ten Brummelaar et al. 2005)
⋆ Corresponding author: denis.mourard@oca.eu

in California. Magdalena Rigde Optical Interferometer (MROI,
Creech-Eakman et al. 2024) has recently obtained its first fringes
and will ultimately offer a very powerful facility for imag-
ing with ten telescopes over baselines of 340 meters. In the
early ages of optical interferometry, access to sensitive low-
noise large-format detectors has favored the initial steps in
the visible. However, with the obvious interest of moving to
larger apertures, the limitations generated by atmospheric tur-
bulence, and the strong progression of the performance of
infrared detectors, the domain has been dominated by instru-
ments operating from the H to the N band. Consequently,
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about 90% of the publications1 cover the infrared part of the
spectrum.

Optical interferometry in the visible has grown through
the precursors Interféromètre à 2 Télescopes (I2T, Labeyrie
1975), Sydney University Stellar Interferometer (SUSI, Davis
& Tango 1985), MarkIII (Shao et al. 1988), Grand Inter-
féromètre à 2 Télescopes (GI2T, Mourard et al. 1994), Cam-
brigde Optical Aperture Synthesis Telescope (COAST, Baldwin
et al. 1996), and Navy Precision Optical Interferometer (NPOI,
Armstrong et al. 1998). More recently, the Visible spEctro-
Graph and polArimeter (CHARA/VEGA, Mourard et al. 2009,
2011) and the Precision Astronomical Visible Observations
(PAVO, Ireland et al. 2008) brought important results through
the improved angular resolution permitted by the combination
of the longest available baselines and the short wavelengths of
operation (see, e.g., Rousselet-Perraut et al. 2010; Bigot et al.
2011; Ligi et al. 2016; Mourard et al. 2015; White et al.
2018; Salsi et al. 2021). Precision and sensitivity were limited
(Mourard et al. 2012), however, and new developments have
been identified to make progress in addressing the most chal-
lenging science cases. It was necessary to adopt the principles of
spatial filtering (see, e.g., Perrin et al. 2024) to the case of vis-
ible wavelengths. Two major achievements were obtained with
the development of the Visible Imaging System for Interfero-
metric Observations at NPOI (VISION, Garcia et al. 2016) and
the development and on-sky operation of the Fibered spectrally
Resolved Interferometer – New Design at the CHARA Array
(FRIEND, Martinod et al. 2018). Following these successes and
by developing adaptive optics for the CHARA telescopes (ten
Brummelaar et al. 2014; Che et al. 2014; Anugu et al. 2020b), the
road was opened for the development of a new-generation visible
combiner called Stellar Parameters and Images with a Cophased
Array (SPICA) at the CHARA Array, as initially presented by
Mourard et al. (2017).

The CHARA Array is equipped with several beam combin-
ers, including two six-telescope infrared instruments. Michigan
InfraRed Combiner-eXeter (MIRC-X, Anugu et al. 2020a) oper-
ates in the H band, while Michigan Young STar Imager at
CHARA (MYSTIC, Setterholm et al. 2023) is designed for
the K band. From the very beginning, the development of a
new six-telescope visible combiner for the CHARA Array has
been made in synergy for science and instrumental purposes
with these two existing instruments. We also integrated the
important progress obtained with the fringe tracker (Lacour
et al. 2019) of the GRAVITY instrument at the VLTI (GRAV-
ITY Collaboration 2017) into our design. From an astrophysical
point of view, opening the possibility of simultaneous obser-
vations in the R, H, and K bands has clearly guided our
choices.

The SPICA instrument, composed of the visible spectro-
graph SPICA-VIS and the near-infrared fringe tracker SPICA-
FT, was commissioned in 2022 and 2023 and started its science
life at the end of 2023 (Mourard et al. 2024). We provide
a detailed overview of SPICA-VIS in its current state at the
CHARA Array, and we succinctly describe SPICA-FT, which
will be the subject of a separate paper. Section 2 presents the
main science drivers and the high-level specifications of the
instrument. Section 3 details the instrument concept and the
different subsystems. Section 4 describes SPICA operations,
including the fringe-tracking capability. The data flow and the
pipeline are presented in Section 5. Section 6 describes the ini-
tial on-sky performance, and concluding remarks are given in

1 https://www.jmmc.fr/bibdb/index.php

Section 7. Appendix B summarizes the different acronyms used
in this paper.

2. Science drivers and specifications

2.1. Main science drivers

The main science drivers for visible interferometry were estab-
lished a few years ago with a collaborative world-wide effort
(Stee et al. 2017). During the definition phase of SPICA, we
decided to focus our attention on fundamental parameters of stars
through an extensive and homogeneous survey of angular diame-
ters. The detailed science cases of this Interferometric Survey of
Stellar Parameters (ISSP) have been presented by Mourard et al.
(2022).

The core program of SPICA is therefore related to the fun-
damental parameters of stars and planets. The combination of
Gaia parallaxes (Gaia Collaboration 2023), the high precision
measurement of the transit of exoplanets with the PLATO space
mission (Rauer et al. 2025), and the angular diameters mea-
sured with SPICA will provide the radius of exoplanets with
1% precision. In addition, determining the radii of asteroseis-
mology targets (using detailed modeling or scaling relations)
will bring constraints on the mass and age of stars. Although
asteroseismology alone is limited to a precision of 10% on
these two main parameters (Lebreton & Goupil 2014), combin-
ing asteroseismology and interferometry allows us to reach 1%
(Lundkvist et al. 2025). These measurements will be used to
improve stellar evolution models and, ultimately, stellar ages. In
addition, the imaging and spectroscopic capacities of SPICA will
be used to study binaries (mass determination), stellar rotation,
wind and environment, as well as limb-darkening. The aim is
also to constrain the surface brightness color relations (SBCR)
in different regions of the HR diagram and to study the impact
of any stellar activity on the precision and accuracy of these
relations. The SBCR is a powerful tool for deriving the angular
diameter of any non-active star from magnitudes at two differ-
ent spectral bands. Such relations are widely applied in various
contexts, including the characterization of exoplanet host stars
(Gent et al. 2022; Di Mauro et al. 2022) and asteroseismology
(Valle et al. 2024; Campante et al. 2019). They have also been
used to determine distances to eclipsing binaries in the Large
(Pietrzyński et al. 2013, 2019) and Small (Graczyk et al. 2020)
Magellanic Clouds with unprecedented accuracies of 1% and
2%, respectively, results of particular importance for refining the
Hubble–Lemaître constant (Riess et al. 2022).

Following the important space missions of the last decade
in the domain of exoplanets through photometric measurements
(KEPLER, TESS), it is remarkable that the upcoming missions
(PLATO, ARIEL) are focusing more on brighter targets in order
to achieve a very accurate determination of the stellar parame-
ters. Thus, with the progress in sensitivity that is foreseen with
the new visible combiner, the overlap of the samples is better
in terms of the magnitude range, and the synergy between the
science programs is very strong.

2.2. Instrumental specifications

It is not surprising that the top-level specifications for this new
instrument are related to sensitivity and spectroscopic capabili-
ties. There is a long tradition in optical interferometry to pursue
spectrally resolved, high-angular studies while, at the same time,
increasing the coherence length of the instrument for easier oper-
ations. For SPICA, it was determined at an early stage that a
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Fig. 1. Different SPICA elements (in green) inside the CHARA beam-combiner laboratory. Visible light (in black and then blue) arrives from
the telescopes and the delay lines (OPLE) in the bottom right corner. The infrared light (in black and then red) feeds the MIRC-X and MYSTIC
instruments, also including the SPICA-FT ABCD chip. The periscope is used in down position to lift up the beams above the CHARA visible table
and to feed the SPICA table. When the periscope is in up position, the beams do not propagate to SPICA, but the reference beams from CHARA
visible table can propagate to CHARA telescopes for alignment purposes. The atmospheric refraction is corrected by the ADC. On the injection
table, the light is injected in single-mode fibers transporting the beams to the spectrograph. The IPDET detector is used to align the image and
pupil planes with a fraction of the visible flux, and the SCIDET detector records the dispersed fringes. The four elements LDC, VLDC, OPLE, and
DLL are used to correct the longitudinal dispersion and cophase all visible and infrared instruments. The VIS-FOLD device injects light from the
Six Telescope Simulator (STS) for alignment and cophasing purposes.

low-resolution mode (R ≃ 140) and full coverage of the visible
band were necessary to achieve the sensitivity required for the
fundamental stellar parameters program. Scientific objectives
concerning the study of the dynamical aspects of stars and their
environment lead to the need for higher spectral resolving power.
As a result of the compromise between scientific objectives and
possible performance, our decision was to design a spectrograph
capable of combining low resolution and two higher modes:
R ≃ 4300 and R ≃ 13 300.

With the progress of the CHARA adaptive optics pro-
gram, spatial filtering with single-mode fibers is also critical to
reach high precision on interferometric observables. As a con-
sequence, dedicated effort was put into the injection of light
in the single-mode fibers for efficient operation in the visible.
Early simulations have shown that a gain in the injection level
is possible if a real-time fast tip-tilt system is added in front
of the fiber to correct for the residual motion due to the par-
tial correction by the adaptive optics system. To cover the largest
possible spectral band in the injection process, a correction of
atmospheric refraction is necessary. Considering the interfero-
metric signal, the differential birefringence of the fibers needs
to be corrected, and the differential paths in air in the CHARA
Array need to be corrected by longitudinal dispersion compen-
sators, from the R band to the K band for an optimal use of all
three beam combiners.

The main conclusion of the preliminary studies for the esti-
mations of the signal-to-noise ratio was that a fringe tracker
that will allow long exposures in the visible is mandatory to
achieve the performance for the science programs described in
Sect. 2.1. In parallel to the development of SPICA-VIS, impor-
tant efforts have been devoted to the development and operation
of a six-telescope H band ABCD fringe sensor, and a complete
optical-path-difference controller aimed at performing group

delay and phase delay tracking at a frequency of about 250 Hz
using the main CHARA delay lines.

3. Instrumental concept

Two main systems make up SPICA: SPICA-VIS, the visible
instrument, and SPICA-FT, a new fringe sensor installed in
the MIRC-X instrument associated with a new optical path-
difference controller for realizing group-delay and phase-delay
tracking. SPICA is divided into different elements installed
in the CHARA Beam Combiner Laboratory as presented in
Fig. 1. The visible light (black and then blue) goes through
the main longitudinal dispersion compensators (LDC), the vis-
ible longitudinal compensator (VLDC), the periscope and the
atmospheric dispersion compensators (ADC). The SPICA-VIS
injection table prepares the beams for injection into single-mode
fibers through image-and pupil-plane adjustments made with an
IXON897 ANDOR detector, called IPDET. Finally, the SPICA-
VIS spectrograph table is used for the combination, dispersion,
and recording (IXON888 ANDOR detector, called SCIDET) of
the photometric and interferometric signals. The Six Telescope
Simulator (STS) can feed SPICA through dedicated fold mir-
rors (VIS-FOLD). Finally, an integrated optic six-beam ABCD
combiner is installed on the infrared MIRC-X table with its own
fibers connected to the MIRC-X injection modules and feeding
the MIRC-X spectrograph to form the SPICA-FT sensor.

3.1. CHARA alignment

The alignment of the CHARA Array is based on a visible light
source (laser or white-light source) retrofeeding the coudé opti-
cal trains. The combination of close and far targets allows control
of the alignment of the reference beams. Light propagates up
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Fig. 2. 3D drawing of SPICA-VIS injection table presenting the main
modules from the arrival of the CHARA beams (upper right corner) to
the injection into the single-mode fibers (lower left corner).

to the telescopes, and through retroreflectors placed at different
places in the coudé train, CHARA can be aligned by controlling
the orientation and position of the beams. Finally, the white-
light source, after retroreflection, feeds the instruments using
the VIS/IR dichroics and the beam samplers. The instruments
are thus aligned on the CHARA reference beams, and, finally,
the STS can be aligned on the instruments for further purposes.
Because of its location in the lab and the use of the periscope,
SPICA-VIS cannot be fed directly by the CHARA reference
beams and is aligned with the STS. SPICA-VIS receives the tele-
scope beams or the STS ones using the periscope. The group of
the six bottom mirrors of the periscope is removable to allow
propagation of the CHARA reference beams when needed.

3.2. SPICA-VIS injection table

The SPICA-VIS injection table is presented in Fig. 2. The
CHARA beams, after reflection by the periscope, arrive in the
upper right corner of the figure and are prepared to be injected
into the single-mode fibers at the lower left corner with the
injection device (INJ), mounted on a translation stage for the
compensation of differential delay (DDL). From the entrance of
the table, each beam crosses the shutter (SHU), and the polar-
ization compensation device (PDC); it is then focused (FOC)
to the image plane where a field lens (PUP) is installed for the
control of the position of the beam. The field lens reimages the
pupil plane on the fast tip-tilt mirror (FTT), and then the beam
is collimated again (COL). Part of the light is directed by beam
splitters (BSP) to the control camera, where a device (PIS) is
used to image either the image plane or the pupil plane. When
the fibers are back illuminated, part of the light is reflected by
the backside of the BSP and sent back to the control camera
by retroreflectors (RFL). During the commissioning of SPICA,
the characterization of the BSP demonstrated that these plates
behave correctly (10% in reflection, 90% in transmission) across
the spectral band [600; 900] nm. However, they also reflect full
light below 600 nm generating CONTROL images dominated
by the short wavelengths, which degrades the fast tip-tilt per-
formance (see Sect. 3.2.4). The addition of a high-pass filter
(>600 nm) solved the issue.

3.2.1. Compensation for longitudinal dispersion

Due to the propagation in air in the OPLE part of the CHARA
coudé trains, the longitudinal dispersion should be compensated
to permit a permanent cophasing of the instruments spread over
the R, H, and K bands and also to optimize the contrast of the
fringes within each band. This cophasing is made with the com-
bination of M-LDC compensating the dispersion in the band of
the fringe tracker (H band), differential delay lines for the K-
band, additional visible compensators and differential delay lines
in the visible. This complex scheme has been studied in detail by
Pannetier et al. (2021) and is used during SPICA operations.

The VLDC are also used to compensate the residual chro-
matism of the SPICA instrument. It was determined that with
all VLDC set to the same thickness, some of the fringe systems
exhibited a residual dispersion on the STS fringes. It is gen-
erated by the difference in thickness of the PDC glasses (see
Sect. 3.2.3) due to their different orientations, as well as some
differences in the fiber lengths. The maximum correction applied
is a difference of 450 µm in thickness between two VLDC.

This longitudinal dispersion compensation scheme replaced
the previous installation (Berger et al. 2003) at the end of 2023.
The correct cophasing between the H band and the R band was
demonstrated and the corresponding constant offsets were deter-
mined. However, we interpreted the low contrast performance of
SPICA as caused by problems with the delay lines (see Sect. 6.2
and Anugu et al. (2026)), and it was only after correcting this
issue in 2025 that we identified a remaining issue in the lon-
gitudinal dispersion compensation. Although being able to do
efficient phase-delay tracking with SPICA-FT (see Sect. 3.4), we
found that the H band group delay was drifting, clearly indicating
a residual dispersion. Both aspects (low contrast and group delay
drift) were correlated and related to wrong numerical entries
for the refraction index of air. The LDC and VLDC correc-
tions were, in fact, adding dispersion instead of correcting it.
This problem was solved in early 2026, and the recent results
demonstrate a much better performance, as we explain in Sect. 6.

3.2.2. Refraction compensation

The design goal for SPICA-VIS was to cover the red part of the
visible band [600; 900] nm. It can be calculated that for a zenith
angle of 45◦, the refraction over this visible band is on the order
of 0.37′′, which is much larger than the field of view of single-
mode fibers in the visible. In order to correctly couple the whole
spectral band in the fibers, the refraction needs to be compen-
sated by the atmospheric dispersion compensators (ADC). Each
ADC is made of two adjacent prisms, each with an angle of
1◦. Both can rotate in opposite directions to generate a prism
of variable angle between 0◦ and 2◦. The direction of dispersion
is adjusted to match the field rotation of the telescope by rotating
the two prisms in the same direction. Changing the angle of the
ADC generates a deviation of the beam which is compensated by
a tip-tilt of the upper mirror of the periscope (called IMG). These
IMG mirrors are motorized with precision close-loop piezo actu-
ators that permit blind correction of the deviation, taking into
account, after calibration, the possible runout of the motion of
the prisms. Their on-sky commissioning permitted us to cali-
brate the orientations and the field-rotation laws. We observed
Sirius at a zenith angle of 51◦, corresponding to a differential
atmospheric refraction of 0.46′′. This effect was corrected using
the ADC set to an angle of 0.94◦, combined with a field rotation
adjustment (for the hour angle of observation) of −97◦. A com-
parison of the injected flux before and after correction shows an
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Fig. 3. Squared visibility measurements on STS (blue crosses) as a
function of the position angle of PDC3, while PDC4 is fixed. The max-
imum of contrast, determined by a numerical model (orange curve) of
the measurements, gives the optimal position that compensates for the
differential delay in polarization.

improvement by a factor greater than 2. The Zemax model of
the injection device, accounting for this atmospheric refraction,
indicates that when image stabilization is performed at 700 nm,
the injection efficiency at 750 nm is reduced by a factor of three,
while it becomes nearly zero below 650 nm and above 750 nm.
The routine use of the ADC is therefore planned.

3.2.3. Compensation for polarization

Because of the differential birefringence of the single-mode
fibers used in SPICA-VIS, we installed Polarization Device
Compensators (PDC) to equalize the differential delay between
the two directions of polarization of any pair of beams. As
described in Martinod et al. (2018), we use α-Barium Borate
(αBBo) 5 mm-thick plates that can be precisely rotated to change
differential polarization. One is fixed (on Beam 4), and the five
others are adjusted to optimize the contrast in natural light. An
example of the calibration process is presented in Fig. 3 with
a numerical model superimposed on the measurements. Small
changes in position are needed from time to time, of the order of
one tenth of a modulation. This is understood as a result of varia-
tions in the fibers or small changes in the STS mirrors. Positional
variations are correlated with changes in temperature, especially
after intensive laboratory work. Because of non-common paths
between STS and SKY, it is necessary to check the possible
changes in the PDC settings for SKY operation. After sky tests
on October 1, 2025, we found that PDC3 and PDC6 needed small
adjustments to maximize contrast. These settings are now part of
the standard operations at each night.

3.2.4. Image and pupil control

Aligning the CHARA beams entering in the injection table (see
Fig. 2) to correctly form the image of the star at the entrance of
the single-mode fiber is one of the main critical aspects of the
coupling between the instrument and the infrastructure. It has
to be done before the beginning of each observing night, and
adjusted after each slew to a new star. For doing that, we have
implemented devices permitting the adjustment of the image
plane (tip-tilt of the beams) and the pupil plane (translation of
the beams), as well as the reimaging of the pupils within the
SPICA injection table. The upper mirrors of the periscope (IMG)

Fig. 4. Top: image planes of the six telescopes as seen on the IPDET
detector (B1 to B6 from left to right). The differences in shape for the
six beams are the results of static aberrations in the STS beams. Bottom:
same for the pupil planes. The images are from the STS source.

are motorized and permit a rough alignment in the image plane.
However, as these mirrors are not located in a pupil plane, chang-
ing their orientations generates small translations of the pupil, of
the order of one tenth of the pupil diameter for a correction of
one Airy disk. To correctly align the CHARA pupil plane at the
entrance of the injection module, we form an image plane using
a focusing device (FOC), and a field-lens (PUP) is placed in this
image plane on an XYZ translation stage. The Z-axis reimages
the pupil plane on the next mirror (FTT) mounted on a fast tip-tilt
actuator. The XY-axes correctly center the beam at the entrance
of the injection module. After the FTT, a lens (COL) collimates
the beam. The correct procedure is thus to align the image plane
and then the pupil plane.

3.2.5. Injection and differential delay lines

Once the beams are correctly aligned and prepared in terms of
dispersion and polarization, injection into the single-mode fibers
is the last operation of the injection table. The injection module
is an optical tube that contains two lenses for the best focus over
the spectral band. The head of the single-mode fiber is fixed on
a Z-translation stage, allowing for a fine-tuning of the focus at
the injection level. The whole optical system is mounted on a
translation stage called the SPICA differential delay line (DDL).
The injection modules were aligned, tested, and characterized
before commissioning, and we found that they reached an injec-
tion efficiency of 70%. The measurements with STS showed an
injection level of 40%, compatible with the initial setting if one
considers the quality of the STS wavefront at the entrance of the
injection module (60 nm RMS) corresponding to a Strehl ratio
of 70%. The same situation applies for the beams coming from
the telescope, due to the residual static aberrations not seen or
not totally corrected by the adaptive optics.

3.2.6. Control of alignment

To control the position of the pupil and the image, as explained
in Sect. 3.2.4, 10% of the light collimated by the COL is directed
by a beam splitter (BSP) toward an ANDOR Ixon897 detec-
tor, called the control camera of SPICA-VIS, or IPDET. With
a series of small oriented prisms, the images of each of the 6
beams are arranged linearly on the detector as shown in Fig. 4. A
movable lens, called the Pupil Image System (PIS), switches to
pupil imaging when the PIS is in the beam. With these devices,
the alignment in the image and pupil planes is possible, and the
FTT closed-loop could be run for the image stabilization at the
entrance of the fibers. When needed, shutters (SHU) can be used
to close any of the 6 entrance beams.

The positions of the image and pupil on the detector are cal-
ibrated using the fiber-back illumination device (FBI) located
near the exit of the fibers on the spectrograph table. A laser
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Fig. 5. From left to right: 2D image of the SCIDET SPICA-VIS detector, 1D projection, and 2D power spectrum. The left panel shows the dispersed
fringes, superimposed in the interferometric channels, and the 6 dispersed photometric channels (B1 to B6, from top to bottom) can be seen. In
the middle figure, the 1D integration over the columns shows the non-redundant spacing of the six photometric channels (like the six fibers in the
V-groove, B1 to B6 from right to left) and the Gaussian distribution of the interferometric channels, where the six beams are superimposed and
interfere when the optical path is adjusted. The right figure presents the 2D power spectrum of the left image (with a rotation of 90◦); the 15 fringe
patterns are correctly phased when the energy is centered on the horizontal line, and the 15 fringe patterns are separated in frequency (horizontal
axis) because of the non-redundant arrangement of the six fibers.

feeds the fibers back to the injection table. While most of the
light continues toward the CHARA beams, the backside of the
BSP redirects 10% of the light to the control detector using a
retroreflector (RFL). Reference positions for images and pupils
are recorded when the FBI is IN. Aligning the image and pupil
planes of the telescopes or of the STS on these reference posi-
tions ensures the direct injection of light into the fibers. On sky,
the residual aberrations introduced by the partial correction of
the adaptive optics create images that are much larger than the
core of the single-mode fiber. It is therefore not mandatory to
refine the centering, and we only use fiber maps on the STS to
adequately calibrate the position of the fiber cores.

3.3. SPICA-VIS spectrograph

The SPICA-VIS spectrograph creates the science data on the
IXON888 detector (see Fig. 5), called SCIDET. The entrance
device of the spectrograph (see Fig. 6) is the V-groove for the
positioning of the six single-mode fibers and the additional cal-
ibration fibers. The V-groove system was discussed previously
by Mourard et al. (2022). The six main single-mode fibers are
arranged in a linear non-redundant scheme to permit a frequency
separation on the detector. A microlens array is glued at the out-
put of the V-groove to collimate the beams. About 10% of the
light is directed toward the photometric channels, whereas the
rest of the light continues its travel to the interferometric chan-
nel. The photometric beams cross a series of lenses, inverting
the pupil and the image planes before dispersion. In the interfer-
ometric channel, a pair of cylindrical lenses adapts the beam for a
correct sampling of the fringes on the detector. The interferomet-
ric channel and the six photometric channels are then dispersed
and collimated by a F-500mm lens on the SCIDET detector. The
interferometric channel is collimated in the image plane (super-
position of the Gaussian distribution of the six fibers), whereas
the six photometric channels are separated on the detector, due
to the conjugation with the microlens array plane at the exit of
the V-groove.

For higher dispersion, we have two different gratings with a
resolving power of R=4300 and 13 300, over 500 spectral chan-
nels on the full width of the detector. The medium resolution

Fig. 6. Drawing of the SPICA-VIS spectrograph. (A) is the V-groove
with the different fibers arriving from the right of the figure, (B) is the
FBI movable device, (C) is the beam splitter separating the photometric
channels (going through the small tube in the direction of the disper-
sion (D)) and the interferometric channel (travelling in red, below the
photometric tube), (D) is the dispersion device, and (E) is the ANDOR
Ixon888 detector, equipped with a long tube containing the collimating
lens.

covers a band of 88 nm and five settings have been defined
around a central wavelength of 640, 685, 720, 800, and 850 nm.
The high-resolution spectral band is 29 nm wide and the central
wavelength could be specified at any value within the instrument
range. The low resolving power mode (R=140) is provided by the
dispersion of a prism after reflection on a flat mirror. The whole
[600, 900] nm band is covered in 60 spectral channels spanning
120 columns of the science detector. This mode is the most sen-
sitive one and has been used almost exclusively for the different
science programs.

3.4. SPICA-FT

The SPICA-FT has been described in detail by Pannetier et al.
(2022). The FT is composed of three main elements: (1) the
fringe sensor measuring the phase of the 15 fringe systems, (2)
a calculator computing the commands to be sent to stabilize
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Fig. 7. Design of the injection module of MIRC-X with the new transla-
tion stage that permits injection of the beam into different fibers, mainly
all-in-one or ABCD combiners.

the fringes, and (3) the actuators for the correction of the opti-
cal path differences, which are the main CHARA delay lines.
CHARA implemented some time ago a fast and dedicated com-
munication channel to the delay lines controllers for the fringe
tracking (Anugu et al. 2026). We have developed a new calcula-
tor called mirc_opdcontroller, as a new server embedded in the
MIRC-X system. It reads, in a shared memory, the 6 fluxes and
the 15 complex coherent fluxes extracted in real time from the
frames acquired by the MIRC-X C-Red One detector. Following
the design of the Gravity Fringe Tracker (Lacour et al. 2019),
we implemented an extension of the equations for 6 beams, 15
fringe patterns and 20 closure phases. The calculator computes
in real-time the group delay, phase delay, signal-to-noise ratio,
and variances. It manages all the state machine commands nec-
essary to feed and control the combination of group delay and
phase delay tracking, as well as the necessary relocking func-
tions when the fringes are lost. The closuse phases are used to
build phase reference vectors allowing to lock the fringes even
when the star exhibits intrinsic phase signals on some baselines.

The SPICA-FT is operational and can be fed by the classic
All-In-One MIRC-X combiner or by the SPICA-FT integrated
optics chip encoding each of the 15 fringes following the ABCD
principle (Pannetier et al. 2022). Switching from one combiner
to another takes less than five minutes with realignment at pre-
set positions. We have installed translation stages (see Fig. 7) in
the focus of each off-axis parabola, allowing injection into dif-
ferent sets of fibers, one for All-In-One, one for ABCD, and one
for alignment purposes. Presets of the XYZ stages for each of
the 6 positioning systems at the focus of the off-axis parabola
have been calibrated for the two recombination modes. Very few
alignment steps are necessary when making the switch.

Running SPICA-FT is an operation on top of the classical
MIRC-X operation. Fringes are first acquired with the classical
MIRC-X group delay control. When fringes are centered, this
first loop is open and the SPICA-FT group- and phase-delay
tracking is activated. For a correct determination of the signal
to noise thresholds, an estimation of the phase variances is done,
a few times per night, by setting the delay lines out of coherence.
Recording science data with MIRC-X could be done in parallel
of the fast group- and phase-delay loops.

Fig. 8. Screenshot of the SPICA-FT real-time display showing the phase
of the 15 baselines as a function of time. The star we observed on 2025
July 9 was HD 3360. The values on the right gives the RMS of the
phase residuals in nanometers. The residuals range between 100 and
180 nm, corresponding to a stabilisation better than λ/10 in the H band,
and about λ/5 at 700 nm. The figure represents about 10 s of phase
tracking.

Despite limitations due to issues in the CHARA delay lines
control up to the end of 2024 as well as the wrong correction
of longitudinal dispersion, SPICA-FT operations demonstrated
stable phase tracking between 100 and 180 nm as presented in
Fig. 8.

The SPICA-FT is used routinely during ISSP runs and is
typically working correctly up to magnitude H=6.5. During fast
seeing episodes, the performance is degraded so that the phase-
tracking mode is failing. SPICA-FT can be run up to a frequency
of 500 Hz, but it has been discovered that the performance
degrades. Analyzing the residual and the highest possible gain
of the phase-tracking loop, as a function of the sampling fre-
quency, we identified a loop-delay larger than 5 ms at 300 Hz
and 500 Hz. The most critical remaining action on SPICA-FT
is thus to understand this loop-delay and reduce it to improve
the overall performance. In addition to this work, the remain-
ing SPICA-FT activities include: (1) the development of a more
user-friendly graphical interface for CHARA observers; (2) the
characterization of the overall performance, in terms of magni-
tude and phase residuals, for both the All-In-One and ABCD
combiners, together with the acquisition of seeing parameters
(see Sect. 3.5); (3) the validation of tracking performance when
the SPICA-FT loops are fed by MYSTIC; and (4) the delivery
of a post-processing pipeline for MIRC-X data acquired with the
ABCD combiner.

3.5. PSAUM: A seeing monitor for CHARA

Adaptive optics and fringe tracking performance are critical ele-
ments in the optimization of an interferometric array. For SPICA
operating in the visible at a mean wavelength of 700 nm, it is
of utmost importance to reach the best behavior of these sys-
tems. Their characterization is usually done through a complete
modeling in which the seeing conditions are among the main
parameters. And finally, for their operational optimization, hav-
ing an independent estimation of the seeing conditions is highly
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Fig. 9. 10-min average of r0 measurements by PSAUM at Mount Wilson
Observatory for the night of 2025 December 15. The r0 values are given
for a wavelength of 0.5 µm.

valuable. The lack of a seeing monitor at Mount Wilson Obser-
vatory has probably been one important limitation in recent
years. In 2025, we installed an independent seeing monitor called
PSAUM2 (Polar inStrument for Atmospheric tUrbulence Moni-
toring). This 10 cm aperture telescope without motorized mount
is pointed at Polaris and automatically captures an image of the
star with a wide field of view detector. Every minute, a 20s
sequence of short-exposure images (5 and 10 ms) is taken. The
analysis is done in real time and the different seeing parame-
ters are then broadcasted on the CHARA network. Mean values
over 10 min are usually formed to smooth the individual data
and obtain the general tendency during the night. PSAUM gives
an estimate of seeing, r0, t0, isoplanetism and isopistonic angle,
and index of scintillation. A representative night is presented in
Fig. 9.

4. Operation

4.1. Preparing the observations

Carrying out observations of a large stellar sample is not com-
mon practice in interferometry. The ISSP survey described in
Sect. 2.1 plans to observe 1000 stars (800 for angular diam-
eters and 200 for imaging) over the course of several years.
To make the best use of observing time, we have developed a
tool called the Night Scheduling Software (NSS3). Its purpose
is to choose, from a pre-selected pool of about 3000 stars, the
targets to be observed in a given range of declination and mag-
nitude, following a set of priorities based on the completion
status of each subprogram. This strategy has two main advan-
tages. First, it increases efficiency by favoring short slews, stable
alignments, and consistent fringe offsets. Second, it ensures a
stable and repeatable array configuration throughout the night,
which in turn improves the stability of the instruments’ trans-
fer function. The NSS tool is connected to the JSDC catalog4

for identifying calibrators; it also uses a sample of robust pri-
mary calibrators that are scheduled for observation from one
night to another. The NSS tool is interoperable with ASPRO2,
for the final preparation of the night strategy and its management.
Finally, ASPRO2 sends the required information to CHARA and
SPICA for data recording, using the interoperability principles
of the A2P2 software.

The 3000 preselected stars correspond to an initial catalog
called SPICA-DataBase (SDB) that is used for the follow-up
2 patent US-2023-0072720.
3 https://github.com/dsalabert/spica-nss
4 JSDC available at http://www.jmmc.fr/jsdc

of the progress of the survey. This survey management is done
through a web-service5, connected to SDB and to an additional
catalog called SPICA-FollowUp (SFU) storing the information
about the observations carried out. We can add new targets into
SDB, update the priorities, and validate or reject observation
blocks. Additional python tools connected to the SDB and SFU
catalogs perform statistical and additional global analyses with
cross-matches with online catalog such as Gaia.

4.2. General software architecture

The SPICA-VIS and SPICA-FT instruments are con-
trolled using the CHARA client-server architecture. For
SPICA-FT, we added, on the MIRC-X computer, a server
(mircx_opdcontroller_server) managing the group delay and
phase delay algorithms. Two clients are used, one for the setting
of the parameters of the loops (mircx_opdc_gtk) and one for the
real-time display of the different data (mircx_opdc_rtd). These
clients run on any remote machines in front of the user. A more
user-friendly interface is currently being developed for general
use by the CHARA community.

For SPICA-VIS, the server architecture is based on two com-
puters, spica-control and spica-science. On the spica-science
machine, we run spica_scidet_server for the control of the
science detector and for the acquisition of the science data,
and spica_ob_server is used to communicate the informa-
tion of the next observing block between ASPRO26 and
spica_scidet_server using the A2P2 interface7.

The spica-control machine is used for managing the Control
Detector through a dedicated server (spica_ipdet_server) and
for the control of all the SPICA-VIS devices (Periscope, IMG
mirrors, ADC, Shutters, PDC, PUP, FTT, DDL, PIS, FBI, Dis-
persion). Except for the FTT used in a close-loop system and
the DDL adjusted for the chromatic correction in an open-loop
system, all the other controls are just for alignment and nothing
else is moving during the acquisition. A shell script is used at the
beginning of the night to start or restart the servers. Moreover, we
use two additional servers on the CHARA side for the control of
the LDC and of the VLDC stages, and one additional server for
calculating the air paths and the required glass thicknesses and
offsets of the differential delay lines.

Three main graphical user interfaces are used:
spica_ipdet_gtk for the control camera and the devices of
the injection table, spica_scidet_gtk for the science detector
and the dispersion system, and finally, spica_rtd_gtk for the
real-time processing of the science detector frames to control
the fiber injection and the appearance of the fringes.

4.3. Standard steps for a complete SPICA observation

Before the start of the night, the SPICA-VIS instrument is
aligned on the STS. A complete calibration sequence is thus
recorded doing successively (see the different items of Sect. 5.2)
a background, a spectral calibration, a κ-matrix calibration, and a
STS fringes data set plus the foreground (out of coherence) with
the associated darks. When the decision to slew to a new star is
made, the following steps are taken, following the SPICA User’s
Manual8:

5 Available at https://spicaweb.oca.eu
6 Available at http://www.jmmc.fr/aspro
7 https://github.com/JMMC-OpenDev/a2p2
8 https://chara.gsu.edu/wiki/doku.php?id=chara:
instruments
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– During the slew by CHARA, check the correct setting of the
LDC, VLDC, CHARA delay lines and SPICA DDL. Set the
ADC to their expected position.

– When the star is locked on the adaptive optics devices and
aligned in the infrared on the Six Telescope Star Tracker
(STST), center roughly the star in the corresponding box of
the control camera by moving the required IMG mirrors. The
STST is then used in guiding mode to stabilize the beam drift
during the data recording.

– Check and adjust if necessary the position of the pupil in
SPICA control detector.

– Lock the fast tip-tilt mirror to center the star on the refer-
ence position and activate the low-frequency offload of the
FTT to the IMG alignment mirrors. This step compensates
the visible drift of the alignment with respect to the infrared
alignment during the tracking and keeps the FTT close to the
center of their active strokes. This drift is due to dispersive
materials in the optical train of the CHARA telescopes. With
the recent progresses brought by the slow infrared guiding in
the laboratory (Six Telescope Star Tracker – STST), the need
for offload is strongly reduced and it is activated only during
one minute after the lock of the FTT loop. The impact on the
pupil position is thus negligible if the initial alignment has
been done correctly.

– Find the fringes with MIRC-X group delay tracker and close
the group delay and phase delay loops with SPICA-FT. Co-
phase MYSTIC with the associated differential delay lines.

– If necessary, adjust the co-phasing of the visible fringes in
SPICA-VIS science detector using the DDL. Refresh the
setting of the ADC.

– Start recording simultaneously SPICA, MIRC-X, MYSTIC
data as well as the telemetry data of SPICA-FT (results of
the real-time processing of each recorded frame) and a 30 s
sequence of control images. For SPICA, the recording is
made in ten files of 1 minute duration. MIRC-X (resp. MYS-
TIC) records 10 (resp. 9) files of 30 s (resp. 33 s) covering
5 min; then a remapping is done and a new sequence of 5 min
is done.

– If required, finish with a shutter sequence on MIRC-
X/MYSTIC for calibration purposes.

We do not describe the required calibration sequences with
the STS for MIRC-X and MYSTIC here. They are described
in the corresponding papers. When SPICA-FT is used with
the ABCD chip, the real-time processing uses a pixel-visibility
matrix calibrated on the STS. This calibration sequence records
a dark, a shutter sequence, and modulated fringes for all pairs of
beams. The same principle applies for the post-processing of the
MIRC-X data when the ABCD chip is used.

5. SPICA data flow and pipeline

5.1. Data flow

The SPICA data flow can be described in three main steps. The
first concerns the processing of the raw data to obtain the uncali-
brated L1 FITS files. The second is the calibration of the Science
data to generate the calibrated L2 files. The third is the final
validation of the L2 files for the programmatic aspects of the
ISSP survey through the web-service, and their publication in
the OiDB database9.

9 ISSP collection available at https://oidb.jmmc.fr/
collection.html?id=issp

During step 1, the raw SCIDET data are copied from the
spica-science computer to the spica-pipeline machine, together
with the SPICA-FT telemetries from the MIRC-X computer. The
STS calibration files are processed to generate all the necessary
calibration maps (dark, spectral dispersion law, kappa matrix,
and fringe position). Details are given in Sect. 5.2. After that, all
individual 1 min science and calibrator raw data are processed
and uncalibrated L1 files are created. An additional L1 file is cre-
ated as result of the complete merging of the 10 min recording. A
summary of the processing is stored in a quality control PDF file
for each observing block. All L1 calibrator files are appended
with the diameter information derived from the JSDC catalog
(Bourges et al. 2017). Finally, the L1 and processing report files
are copied to the SPICA data center in Nice and the spicaFol-
lowUp catalog is updated with the new entries. The metadata
(L0) are extracted by JMMC/ObsPortal tool from the header files
and synchronized into the OiDB10. Step 1 is not interactive and
runs as a Python script at the end of the observation night. A par-
allel archive of the raw data and of the L1 files plus processing
reports is done toward the CHARA data center in Atlanta.

Step 2 (see Sect. 5.3) is an interactive phase during which the
PI of the data uses the tools of the SPICA pipeline to generate the
L2 calibrated files. Different spectral or temporal binning is pos-
sible. The main program is the estimation of the transfer function
as a function of time during the night, based on the L1 data
for the calibrators. After that, the calibrated visibilities for the
science targets are estimated and the L2 files are produced. All
processing parameters are stored in the header of the L2 file, such
as the calibrators used, the rejected baselines or spectral chan-
nels, and the version of the pipeline. This step is also applied on
the MIRCX and MYSTIC data after their pre-processing at the
CHARA data center in Atlanta and their transfer to the main cen-
ter in Nice. The headers of these L1 data are updated to match the
ISSP characteristics in terms of identifier in SPICA-DB, name of
the PI, and reference of the sub-program of the ISSP survey.

Step 3 is also interactive through a web-service. This tool
allows us to follow the progress of a program by showing the
existing L1 and L2 data (SPICA, MIRC-X, and MYSTIC). For
the validation of a L2 file, the PI sets the “HIERARCH QUAL-
ITY LEVEL” keyword in the header and could add comments
describing the processing and the calibration processes. The L2
file is shared on a web server with a secured access (PI or Co-
I based upon the release date) and its metadata referencing the
observation are synchronized with the OiDB SPICA collection.
Finally, the completion rate of the corresponding program in the
SPICA catalog is updated and the reference of the L2 file is
stored.

5.2. SPICA-VIS pipeline

The SPICA data reduction pipeline is implemented in Python3.7
and produces science-ready data in OIFITS format (Duvert et al.
2017). The main steps of the pipeline are as follows.
1. The detector bias map is estimated from a cube of dark

images. They are obtained by closing the shutter just before
the detector.

2. The spectral calibration is done by feeding the spectrograph
with two fibered spectral calibration sources (Neon and
Mercury/Argon). The pipeline derives the pixel-wavelength
relation in the topocentric frame by (i) identifying the
well-known spectral lines of the calibration sources in the

10 L0 data at https://oidb.jmmc.fr/collection.html?id=
issp_l0
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recorded spectrum and (ii) fitting a third-order polynomial
function to the (pixel – wavelength) pairs. With this method,
the precision of the wavelength calibration reaches 0.2%.

3. The interferometric signal is estimated in the Fourier space.
It is therefore necessary to know the spatial frequency of the
fifteen fringe peaks. For this, we record fringes with the STS
artificial source. The pipeline computes the power spectrum
of each spectral channel and estimates the spatial frequency
of the center of the fifteen fringe peaks.

4. The κ-matrix gives the flux ratio between the interferomet-
ric and photometric channels for each beam. It is estimated
by recording six image cubes corresponding to all shutters
closed except one.

5. Squared visibilities for the baseline i j are computed as
follows (<> represents the time average):

V2
i j(λ) =

< |Ĩi j(λ, t)|2 > −β(λ)
2κi(λ)κ j(λ) < Pi(λ, t)P j(λ, t) >

, (1)

where Ĩi j is the Fourier transform of the interferogram at the
spatial frequency corresponding to the center of the fringe
peak i j, Pi is the photometry of the beam i, κi is the coeffi-
cient of the κ-matrix for the beam i and β is the photon bias.
This bias is measured at high spatial frequencies, where no
astrophysical or instrumental signals can be present.

6. The closure phase of the triplet i jk is computed as the
argument of the bi-spectrum,

Ci jk =< Ĩi j(λ, t)Ĩ jk(λ, t)Ĩ∗ik(λ, t) > −βi jk(λ), (2)

where βi jk is a real additive term, accounting for bias and
visibility and due to the all-in-one combination of the inter-
ferograms. Its estimation follows the method described in
Anugu et al. (2020a).

7. The differential phase ϕk
i j is defined as the phase of the

fringes corresponding to the baseline i j and of the spectral
channel k, assuming the following constraint:

n∑
k=0

ϕk
i j = 0, (3)

where n is the number of spectral channels. The estima-
tion is done in two steps: (i) computing the argument ψk,k+1

i j
of the cross-spectrum between two consecutive channels
< Ĩi j(λk, t)Ĩ∗i j(λk+1, t) >, and (ii) solving the following linear
system:
1 −1 0 · · · 0
0 1 −1 · · · 0
...

...
...

...
...

0 0 0 · · · −1
1 1 1 · · · 1





ϕ0
i j
ϕ1

i j
...

ϕn−1
i j
ϕn

i j


=



ψ0,1
i j

ψ1,2
i j
...

ψn−1,n
i j
0


. (4)

For steps 5, 6, and 7, a selection of frames is applied before esti-
mating the interferometric signals. This selection is based on the
photometry of each telescope and on the detection SNR of the
fringes given in the telemetry of the fringe tracker. For a visibil-
ity measurement on baseline i j, the frame is valid if both fluxes
are above the photometric threshold and if the SNR of SPICA-
FT for the corresponding frame is above the detection threshold.
For a closure phase measurement on triplet i jk, the frame is valid
if the three fluxes are above the photometric threshold and if the
SNR of SPICA-FT for the corresponding frame and the three
baselines i j, jk, and ik are above the detection threshold.

5.3. Calibration tool

The last step of data reduction consists in calibrating the raw
visibility, which means removing the instrumental signature.
Actually, the raw contrast is always lower than expected from
a theoretical point of view. The raw visibility Vraw could be
modeled as follows:

Vraw = VinstVexp, (5)

where Vinst is the system visibility (or transfer function) and
Vexp is the expected visibility. The transfer function is estimated
on unresolved stars or on stars with a well-known geometry,
called calibrators. The transfer function is derived by dividing
the raw visibility of the calibrators by their expected visibili-
ties assuming a central uniform disk (UD) model. UD diameters
are automatically retrieved from the JMMC catalog (Chelli et al.
2016; Bourges et al. 2017) or can be given manually. Then the
transfer function estimates are interpolated at the time of the sci-
ence observation following the method proposed in Lachaume
et al. (2019).

This function has been adapted to MIRC-X and MYSTIC
data. All processing parameters are stored in the headers of the
L2 OIFITS file. For sensitivity purposes, spectral binning could
be done before the calibration.

Interferometric data are strongly subject to correlations
within the data, due to the different spectral channels, the dif-
ferent baselines, and the fact that the same calibrator is used for
correcting the transfer function. We implemented an experimen-
tal module for computing these correlations and adding them as
an additional table in the L2 OIFITS files. The method is still
under validation and is not described in this paper. An evolution
of the model fitting tools is, of course, mandatory to fully exploit
this.

5.4. Propagation of uncertainties

The error propagation from the raw to the calibrated visibility is
divided into four parts:

– The error of the raw visibility is statistically estimated by
dividing an OB into ten sub-OBs and computing the RMS
of the ten resulting visibilities.

– The transfer function is computed for each calibrator as the
ratio of the raw visibility to the expected visibility knowing
the angular diameter of the calibrator. So its error could be
computed as the error of the ratio of two random variables.
The method is presented in Appendix A.

– The transfer function at the time of science observation is the
weighted average of the transfer functions of each calibrator
taking into account the observing time of the calibrators as
explained in Lachaume et al. (2019). The error of the inter-
polated transfer function is therefore given by the standard
formula of the error of the weighted average.

– The calibrated visibility is computed as the ratio of the raw
visibility by the interpolated transfer function. Therefore, its
error is also computed with the method presented in the
Appendix A.

6. Initial performance

The performance formalism of the SPICA-VIS concept has been
presented in Mourard et al. (2017) and revisited by Martinod
et al. (2018). It is unchanged, and we refer the reader to the
equations detailed in this last paper. The first results of the com-
missioning allow us to review most of the numerical hypotheses
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Fig. 10. Statistics of number of photons per second recorded for each
telescope (first row: S1–S2, second row E1-E2, and third row: W1–W2)
in the photometric channel as a function of the magnitude of the star. A
numerical model is overplotted following the standard law 10−0.4m, with
m the magnitude of the star. The scaling factor yields estimates of the
mean Strehl ratio <SR> of each telescope, as well as the min and max
values.

used. Obviously, for the CHARA/SPICA instrument we consider
the number of telescopes Ntel = 6. We focus our attention on the
case of the low-resolution mode (R = 140) for which the num-
ber of spectral channels is NSC = 60. SPICA-VIS is using an
ANDOR IXON 888 as the science detector. It should be noted
that the amplification gain of the ANDOR detectors has to be
recalibrated after few years of use. This operation maintains
the best performance in the amplification of the signal before
recording. The following values are considered: readout noise in
electrons Ron=1, spurious Clock Induced Charges (CIC) Nc =
0.0018/pixel/frame, and dark events Nd = 0.0002/pixel/second.

6.1. Photometry, transmission, and fiber coupling

In Fig. 10, we present the statistics of the flux recorded for each
telescope as a function of the magnitude in the corresponding
photometric channel of the instrument. For each telescope, the
number of photons Np for one frame could be written as:

Np = TCTAOCoS tel∆λDIT10−0.4mΦ0Q (6)

Some parameters remain unchanged:
– TAO = 0.765: transmission of adaptive optics,
– S tel = 0.75 m2: collecting area of the 1 m telescope,
– ∆λ = 280 nm: the spectral band,
– DIT = 0.02 s: detector integration time,
– m: the magnitude of the target,
– Φ0 = 6.2 × 107 ph/m2/nm/s: the reference flux at m = 0,
– Q = 0.9: the quantum efficiency of the detector.

To correctly match the photometric measurements and their anal-
ysis presented in Fig. 10, we adjusted the overall transmission
and the coupling efficiency:

– TC = 0.005: instrumental transmission
– Co = 0.02: the coupling efficiency (0.4 × Strehl = 0.05)

Two important remarks must be made here. First, it can be seen
that the instrumental transmission is lower than previously con-
sidered. This decrease in CHARA transmission could be due, for
the data presented here, to the aging of the coating of the mirrors
in the telescope. We expect an increase by at least a factor 2
with the fresh coating currently being made. Second, the cou-
pling efficiency has been revisited because of the performance
of adaptive optics that delivers a Strehl ratio (Born & Wolf 2019)
in the visible closer to 5% (average value of the 6 telescopes)
than the initially expected value of 25%. However, it should be
noted that some scopes (E1, E2, S1) can reach a Strehl Ratio
above 10%. Progress is being made on this topic, and observa-
tions demonstrate that all telescopes are now reaching a Strehl
ratio between 12 and 15% for median seeing conditions.

6.2. Transfer function and estimation of the signal-to-noise
ratio

In addition to the correct estimation of Np, the estimation of the
signal-to-noise ratio is highly dependent on the system visibility.
On the STS, we have measured system visibilities Vins between
0.85 and 0.50 depending almost linearly on the sampling of the
fringes, encoded at different spatial frequencies on the detector
(see Fig.11). However, the situation on sky has been very differ-
ent during the first years of operations, with values ranging from
0.10 to 0.44, for an average visibility in the range [680–850] nm.
Fig. 11 presents the comparison, baseline by baseline, between
STS and the statistics of measurements in 2023, 2024 and 2025.

Defaults in the electronics of the control of the delay lines
have strongly degraded the quality of the delay line tracking, gen-
erating spurious motions with an amplitude (up to 150–180 nm)
depending of the speed of the cart. This issue was solved at the
beginning of 2025, but it does not seem to be the main cause of
reduction of the transfer function.

Baselines including E1 are the most affected by the degra-
dation of the transfer function. E1 is also the cart that has the
fastest motion to compensate for the rotation of the earth and
often exhibits tracking errors at the level of 50–70 nm.

But the main cause of degratation was identified at the begin-
ning of 2026. The longitudinal dispersion (see Sect. 3.2.1) was
in fact wrongly corrected, both in the infrared and in the visi-
ble. A numerical error was made in the air refraction index in
the visible and has generated error in the calculation of the glass
thickness. The consequence was first identified in the infrared, as
important drifts of the group delay during the phase tracking by
SPICA-FT, especially on the longest baselines, the most affected
by the rapid changes in air path. For the visible, the consequence
of this wrong correction was a large residual of dispersion. It was
not identified because the estimation of the differential phase
is done classically with the removal of a polynomial function
to account for the residual optical path difference and disper-
sion. After the correct implementation of the dispersion, we have
demonstrated improved performance of the fringe tracking and,
even more importantly, better performance in the system visibil-
ity in the visible. Recent measurements demonstrate that we are
now reaching, on sky, about 50% of the system visibility in the
STS source, as shown in Fig. 11. The 2026 statistics are not very
rich for the moment and suffer from poor seeing in April and
particularly low flux on South telescopes.
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Fig. 11. Comparison of the STS (light blue)
and SKY transfer function as measured in 2023
(dark blue), 2024 (orange), 2025 (green), and
2026 (purple).

Fig. 12. Distribution of the signal-to-noise ratio on visibility measured
on SPICA as a function of the correlated flux and for the three short-
est baselines, S1S2 at the top, E1E2 in the middle, and W1W2 at the
bottom. The noise model is superimposed on each plot, taking into
account the difference of system visibility (0.32/0.10/0.31 respectively
for S1S2/E1E2/W1W2).

We also performed some SPICA recording at different DIT:
20, 13, 7, 5 ms. On the S1S2 baselines, we obtain system vis-
ibility of 0.32, 0.36, 0.43, 0.49 and 0.16, 0.19, 0.21, 0.26 for the

Fig. 13. Signal-to-noise ratio per individual spectral channel for an
integration of 10 min. Three different Detector Integration Time
[12, 200, 2000] ms are considered and represented as [plain, dashed,
dotted] lines.

E1E2 baseline, which corresponds to a non-negligible improve-
ment of a factor 1.5. These experiments continue and involve fast
reading modes with the ANDOR detectors.

As a conclusion, we can adopt a system visibility Vsys = 0.35
as an average value for the different baselines on sky.

In Fig. 12, we present statistics of the measured signal-to-
noise ratio of visibility as a function of the correlated flux for the
three shortest baselines, S1S2, E1E2, and W1W2 for all obser-
vations for 2025. The noise model is superimposed on each plot
with the corresponding system visibility (resp. 0.31, 0.10, and
0.31). Our noise model is capable of correctly reproducing the
measurements with recently determined parameters.

Finally, in Figure 13 we present an estimate of the signal-to-
noise ratio in low-resolution mode, for one individual spectral
channel, a visibility V=1, and for 10 min of integration. The
results are presented for three different DIT of 12, 200, and
2000 ms. In this simulation, we use the mean system visi-
bility Vsys = 0.5, considering the new values after dispersion
correction (0.35), the hypothesis of the shortest DIT, instrumen-
tal transmission TC = 0.01, and a Strehl of 15% that gives a
coupling efficiency Co = 0.06. With the recent improvements
described in this section, we have been able to reach magni-
tude 6.5 under good seeing conditions, which seems to agree
well with the numerical model presented. The efforts to improve
coupling efficiency, overall transmission, and stabilization with
SPICA-FT are critical to achieving our scientific goals.

7. Conclusion

We have presented the recently commissioned visible 6T instru-
ment for the CHARA Array, SPICA-VIS, and its complement
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SPICA-FT for the fringe tracking in the H band. Initially
designed for a large and homogeneous survey of fundamental
stellar parameters, SPICA is also open to a wide range of sci-
entific programs. Observing time on SPICA is available to the
community through the CHARA open-access program offered
through NSF NOIRLab11. Combined systematically with the
infrared instruments MIRC-X and MYSTIC, this unique operat-
ing mode presents the opportunity for simultaneous observations
over the very wide spectral coverage of the CHARA Array, from
the R band to the J, H, and K bands. This multi-chromatic
operation of CHARA is a very strong advantage for science
programs.

After a detailed description of the instrument, we presented
its operation, the data flow, and the details of the data-reduction
pipeline. Despite a difficult start with multiple issues, we have
finally succeeded in a better characterization of its performance
and have established a solid numerical model of the system
signal-to-noise ratio.

First science papers are being published soon, addressing the
main programs of the survey: a characterization of exoplanet host
stars (Nowacki et al., in prep.), a calibration of seismic scaling
relations (Vrard et al., in prep.), the surface brightness color rela-
tions for FGK stars (Ibañez Bustos et al. 2026), a study of limb
darkening across the HR diagram (Ebrahimkutty et al. 2026),
and stellar masses and binaries (Jonák et al. 2026).
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Appendix A: Variance of the ratio of two
independent random variables

The variance of the ratio of two independent random variables
Z = X/Y is computed with the following formula:

– if S (Y) > 4, the 4th order approximation of Winzer is
applied:

Var(Z) = Z2(
1

S (X)2 +
1

S (Y)2 −
1

S (Y)4 +
3

S (X)2S (Y)2 ) (A.1)

where

S (X) =
X
σX

(A.2)

and

S (Y) =
Y
σY

(A.3)

– if S (Y) < 2, the asymmetric "modified-triangular" distribu-
tion is applied:

Var(Z) =
(Max(Z) − Min(Z))2

4
(A.4)

where

Max(Z) =
X + σX

Y − σY
(A.5)

and

Min(Z) =
X − σX

Y + σY
(A.6)

– if 2 < S (Y) < 4, a linear combination of both preceding
methods is applied.

Appendix B: List of acronyms

Table B.1 presents the main technical acronyms used in this
paper.
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Table B.1. List of acronym used in this paper.

Acronym Definition Details
ADC Atmospheric Dispersion Compensator Device installed in each SPICA-VIS beam to correct the atmo-

spheric refraction before the injection in the single-mode fibers
BSP Beam Splitters The six beam splitters deviating 10% of the light of each beam

to the IPDET detector for the control of the image and pupil
planes

CHARA Array Center for High Angular Resolution
Astronomy

the CHARA Array

COL Collimating device Optical device permitting to collimate the beams after the FTT
mirror and before the INJ Module

DDL Differential Delay Lines The differential delay lines of the SPICA-VIS instrument for the
cophasing and the compensation of the chromatic offsets

FBI Fiber Back Illumination Alignment laser and its movable device to retro feed the SPICA-
VIS single-mode fibers for alignment purpose

FOC Focalization device Optical system permitting to form the intermediate image plane
in the SPICA-VIS instrument

FTT Fast Tip Tilt XY-piezo stage for the fast stabilization of each of the SPICA-
VIS image at the entrance of the injection module

INJ Injection module Optical device permitting the injection of the CHARA beams in
the single-mode fibers of the SPICA-VIS instrument

IPDET Image Pupil Detector Detector of the SPICA-VIS instrument for the control of the
image and pupil planes

LDC Longitudinal Dispersion Compensator Visible and Infrared variable glass thickness for the correction
of the longitudinal dispersion due to the difference of air paths

OPLE Optical Path Length Equalizer The CHARA delay lines.
PDC Polarization Device Compensation The optical module permitting to compensate the differential

polarization between the six fibers of the SPICA-VIS instrument
PERI Periscope Device installed on the CHARA visible table and permitting

(when DOWN) to send the CHARA beams to SPICA-VIS, or
to send (when UP) the CHARA reference beams back to the
telescopes for alignment and cophasing

PIS Pupil Image System Switchable optical lens at the entrance of the IPDET detector to
image either the pupil or the image plane

PUP Pupil device Optical system permitting to stabilize each of the CHARA
pupils in lateral and longitudinal directions

RFL Retro reflectors Six corner cubes used to send the FBI light reflected by the
BSP to the IPDET detector, for internal alignment of each of
the SPICA-VIS beam

SCIDET Science Detector Detector of the SPICA-VIS instrument
SHU Shutters Shutters installed in the SPICA-VIS instrument and permitting

to close independently any of the six beams.
SPICA Stellar Parameters and Images with a

Cophased Array
the SPICA project

SPICA-FT SPICA Fringe Tracker The fringe tracker of the SPICA project
SPICA-VIS SPICA Visible Instrument The visible combiner of the SPICA project
STS Six Telescope Simulator A CHARA Array subsystem that simulates the light from all six

telescopes for alignment, cophasing, calibration, and testing of
interferometric instruments

STST Six Telescope Star Tracker A CHARA Array subsystem that allows a slow guiding in the
infrared for the stabilization of the alignment in the instruments

VIS-FOLD Visible Fold Optics Movable device permitting to switch from the telescope beams
to the STS beams, for the visible instrument

VLDC Visible Longitudinal Dispersion Com-
pensator

Additional variable glass thickness for an optimal correction of
the longitudinal dispersion in the visible
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