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ABSTRACT

Radial velocity instruments require high spectral resolution and extreme thermo-mecanical stability, even more
difficult to achieve in near-infra red (NIR) where the spectrograph has to be cooled down. For a seeing-limited
spectrograph, the price of high spectral resolution is an increased instrument volume, proportional to the diameter
of the primary mirror. A way to control the size, cost, and stability of radial velocity spectrographs is to reduce
the beam optical etendue thanks to an Adaptive Optics (AO) system. While AO has revolutionized the field
of high angular resolution and high contrast imaging during the last 20 years, it has not yet been (successfully)
used as a way to control spectrographs size, especially in the field of radial velocities.

In this work we present the AO module of the future NIRPS spectrograph for the ESO 3.6 m telescope, that
will be feed with multi-mode fibers. We converge to an AO system using a Shack-Hartmann wavefront sensor
with 14x14 subapertures, able to feed 50% of the energy into a 0.4” fiber in the range of 0.98 to 1.8 µm for
M-type stars as faint as I=12.
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1. INTRODUCTION

So far, High Resolution Spectrographs (HRS) have always been seeing-limited instruments, i.e. the size of the
slit/fiber projected to the sky is equal to the seeing, of the order of the arcsec. Since the linear size of optical
instruments is directly proportional to the entrance beam (the slit in the case of a spectrograph), the size of
seeing-limited instruments is several times larger than that of an ideal diffraction limited one, with an obvious
impact on the cost of the instrument. In addition, the stability and the feasibility of such instrument are also
affected, especially regarding the grating element. Several paths are explored nowadays to mitigate this issue,
that will become even more problematic with future ELTs instruments, the instruments size scaling as D2.
Several techniques such as pupil slicing have been implemented in the passed decade to partially mitigate this
issue. But the gain in the beam ”size” is only valid on a single optical element (the echelle grating generally),
and has to be paid back somewhere else – since slicing is not reducing the beam etendue – , most likely on the
detector, with multiple images of the entrance fiber, leading to potentially bigger detector, with degraded limiting
magnitude and Signal-to-Noise Ratio (SNR) because of increased detector noise. Another way to mitigate this
issue is to use an Adaptive Optics (AO) system to reduce the beam etendue, hence the size of HRSs, without
loosing in collecting efficiency. The beam etendue being indeed smaller than the seeing-limited one, all optical
elements of the HRS can be effectively smaller, with optimal SNR. Although AO systems have been mostly used
and optimized for high angular resolution and high contrast imaging, the ”AO-assisted spectrograph” path was
explored in the past decade with few attempts to couple light to single-mode fiber-fed spectrographs. However
efficient coupling in such instrument require working in high Strehl ratio (SR) conditions (typically higher than
60%). Such AO system are now reality, and a new effort for developing single-mode fed spectrographs is on the
way ( iLocator ), but we are not aware of any such instrument providing routine operations right now.

In this work, we have a different approach. We design an AO system feeding a multi-mode fiber-fed radial
velocity HRS, and use as figure of merit the Encircled Energy (EE). The classical estimator of an AO system
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performance, the so-called Strehl Ratio, is in our case not an appropriate figure of merit since we are not interested
in high spatial resolution (although we might make use of it), but rather to fast and sensitive spectroscopy on
bright and faint targets.

In Sect. 2, we introduce the future infra-red radial-velocity spectrograph NIRPS (for Near-Infra-Red Planet
Searcher) for the 3.6m-ESO telescope at La Silla Observatory, and define the requirements for its AO module.
The NIRPS consortium is made of partners from the Canada, the Brazil and the Switzerland with different
other minor contributors. In Sect. 3, we derive the AO global parameters providing the best compromise
between sensitivity and EE. Finally, in Sect. 4, we highlight issues related to coupling light into relatively small
multi-mode fibers in the infra-red.

2. CONTEXT OF THE STUDY: THE NIRPS INSTRUMENT

2.1 The science case

The Near Infra-Red Planet Searcher (NIRPS) is a future spectrograph to be mounted at the 3.6m-ESO telescope
at La Silla Observatory together with HARPS. NIRPS main science case is to find and confirm earth-mass planets
in the habitable zone of low-mass stars mostly identified by future space missions like TESS and PLATO, which
will ultimately require radial velocity follow-up at a precision better than 1m/s.

NIRPS is the only planned or under-construction ultra-stable high-resolution spectrograph to be installed
in the Southern hemisphere. Thanks to the simultaneous use of NIRPS and HARPS (High Accuracy Radial
velocities Planet Searcher, Pepe et al. 20021), high-resolution and high-fidelity spectra covering a wavelength
range from 0.4-1.8 micron will be obtained. This is particularly interesting to disentangle low-mass planets
around G- to M-type stars from their stellar activity with comparable Doppler signal. Other stellar physics
studies requiring high-fidelity and high-resolution data will benefit of this unique capability.

2.2 The instrument

NIRPS will be assisted by an AO system feeding optical fibers with a field-of-view (FOV) of 0.4”. Note that
contrarily to past attempts to combine an HRS with an AO system, we are not aiming at using single-mode
fibers, but will instead work in the few-mode regime. After passing through a mode scrambling stage, the fibers
reach the spectrograph, where light is spectrally dispersed on a R4 grating covering a wavelength range from
0.98 to 1.80 µm with a resolution of 100,000. This high resolution ”white” spectrum is finally cross-dispersed
and recorded on an Hawaii 4RG 4k x 4k. In a second stage of the project, a K-band module and a second
spectrograph might be added to NIRPS. A dedicated on-line pipeline will produce science-ready reduced spectra
and on-the-fly radial velocities as an integral part of the NIRPS full system.

2.3 The AO requirements

The AO module of NIRPS will operate with a natural guide stars (NGS), either on-axis or off-axis up to a
radius of 10” for specific binary targets. Wave-front sensing will use photons between HARPS and NIRPS
bands, i.e. between 700 to 950nm. An extended mode for sensing down to 500nm is also planned. From the
TESS planet candidates catalogue (Sullivan et al. 20152), using a selection of Teff < 4000K, R? < 1.0R� and
RPlanet < 2.5R⊕ in order to be focused on M-dwarf type stars, the AO system must allow 50% EE in the
0.4” fiber core for star magnitudes as faint as I=12, corresponding to the 150 brightest M-type stars of
the sample (Fig. 1, left).

3. THE AO SYSTEM OF NIRPS

3.1 Adaptive Optics conceptual design for NIRPS

The goal of the AO module of NIRPS is to reduce the beam etendue at the telescope, so as to allow a very
compact instrument spectrograph. Since we are not interested in high spatial resolution, our figure of merit to
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Figure 1: Left: I magnitude distribution for the TESS M-dwarfs candidates. Adapted from Sullivan et al. 2015
[2]. Right: Histogram of the seeing at La Silla Observatory taken from the 13 years of HARPS data.

design the AO system is the Encircled Energy (EE), with a requirement to reach 50% coupling up to I=12, this
value corresponding typically to the geometrical energy collected by the fiber of a seeing-limited instrument∗.

An AO system can correct efficiently the low spatial frequencies of the corrugated wavefront. The high
spatial frequencies require a larger number of actuators and a higher loop frequency: they are therefore much
more difficult to correct and limit the sensitivity of the wavefront sensor on faint targets. Unfortunately, theses
high frequencies correspond to the wings of a long exposure AO-corrected PSF. Hence, to correct efficiently the
wavefront and maximize the EE in a given diameter (several times smaller than the seeing), our AO system
requires a large density of actuator.

3.2 Presentation of simulations

For this study, we had a two-step approach to assess the best parameters of the AO system. First, a semi-analytic
simulation (PAOLA4) is used to explore the free-parameter space of the AO system: number of DM actuators
and AO loop speed vs sensitivity limit, performance on EE vs fiber size, etc. Once we converged on these
fundamental parameters, the end-to-end simulation CAOS (5) is used to confirm and refine our analytic results
as well as to assess the AO loop stability (an information that PAOLA does not provide). Table 1 presents the
parameters we used for these simulations.

3.2.1 Atmosphere

The atmosphere is simulated using 3 layers with an average wind speed of 10 m/s. We have noticed that the
number of layer to simulate our atmosphere has a limited impact as we operate in on-axis. Off-axis performance
have been assessed yet. We considered 3 different values of seeing (0.7”, 0.9” and 1.2”) corresponding to 25%,
50% and 75% of the nights in La Silla Observatory respectively (Fig. 1, right). Those values were obtained from
the HARPS log data from the last 13 years.

3.2.2 NGS magnitude

For the analytical simulation, the NGS source is a black body with a Teff = 3200 K and magnitude in the I band
of 6 to 14, and using two different wave-front sensor spectral ranges: 0.7-0.95 µm for simultaneous observations

∗Usually, a gaussian shape seeing-limited PSF is assumed to compute the coupling efficiency in a fiber. Under this
assumption, a fiber with a diameter of 1.0” collects 50% of energy with a seeing of 1.0”. However, a Moffat function is a
better fit to the seeing, with only 42% EE in the seeing FWHM (e.g. Trujillo et al. 20013).
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Table 1: Used parameters for our simulations.

System

Telescope diameter 3.6 m

Telescope obscuration 1.2 m (33%)

Imaging wavelength 1.0 - 1.8 µm + K-band

Turbulence

L0 20 m

Seeing 1.1” (r0=0.094 m @ 0.5 µm)

Turbulence layer altitude [100, 2200, 8000] m

Wind speed [9, 5, 15] m/s

Wind angle [0, 90, 180] ◦

C2
n strength [0.5, 0.2, 0.3]

Average wind speed 10 m/s

Wave-front sensor

Sampling frequency 250 - 1000 Hz

Wavelength range 0.50 - 0.95 & 0.70 - 0.95 µm

Number of subapertures 14x14

Pixels per subapertures 6x6

Read-out noise 0.3 e−/pix/frames

Slope computation center of gravity

Deformable mirror

Type of mirror ALPAO DM241

Number of actuators 15x15

Settling time (at ±10%) 1.6 ms

Wavefront tip/tilt stroke (PtV) 40 µm

Control

Gain Optimized & fixed

Mode Modal / Zernike

with HARPS and NIRPS, and 0.5-0.95 µm for the NIRPS alone mode. The stellar type mostly impact simulations
for the NIRPS alone mode (wavefront sensing in 0.5-0.95µm), with expected gains summarized in Tab. 2. The
optical transmission of the system to the wave-front sensor used in our simulations is represented in Fig. 2 (left),
with optical losses estimated from a preliminary design of the front-end.

3.2.3 Hardware

After few iterations in the study, we could converge on some suitable hardware, allowing to determine precisely
the simulated parameters, such as the pure delay of the loop and the transmission of the system to the WFS.
For the DM, we choose an ALPAO DM241, especially due to his large stroke (40 µm) which will allow us to
correct directly the tip/tilt and have enough actuators for our requirements. Its settling time of 1.6 ms has
limited impact on EE performance. For the WFS camera, we consider an OCAM2K especially due to its high
QE in R and I bands (average QE> 80% for λ=0.7-0.95 µm), and also because of its high speed as well as very
low read-out-noise.
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Table 2: Sensitivity gain in magnitude by extending the WFS sensitivity band blueward from 0.7µm to 0.5 µm,
for various stellar types.

Spectral Type Gain in magnitude

M5V 0.15

M0V 0.45

G0V to K5V 0.50 to 0.75

3.2.4 Control

For the loop, we explored sampling frequency from 250 to 1000 Hz, an optimized gain and a delay of 2.5 ms
was chosen. The delay is determined from the parameters of the DM and the camera used in the WFS and
decomposed as: a settling time of 1.5 ms for the DM, 0.5 ms for the WFS-CCD read-out time, and a real time
computer pure delay of 0.5 ms. As shown in Fig. 3 (right), the impact of delay is rather limited when considering
EE.

3.3 Exploration of free parameter space (PAOLA)

We are first interested in finding the optimal size of the fiber. For that, we computed the diameter for EE=50%
with respect to the number of actuators on the deformable mirror.

The imaging wavelength used to compute the EE in the first part of this work (λ = 1.0µm) corresponds to
the bluest part of the NIRPS spectral coverage and the EE performance are naturally improving in the red part
of the spectral range (Fig. 2, (right)).

Fig. 2 (right) shows the diameter for EE=50% at a wavelength of 1µm , and for a guide star with I=12. It
shows that our EE=50% requirement is reached with a fiber of 0.4” and a 15x15 DM actuators configuration.
Note that according to (Carbillet & Jolissaint 20116), the analytic simulation PAOLA tends to over estimate the
AO performance compared to the end-to-end simulation CAOS. In addition, we noticed that zero-point defined
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Figure 2: Left: Optical transmission of the system to the wave-front sensor. The dark grey area corresponds
to the the simultaneous mode NIRPS + HARPS wavelength range while the light grey area corresponds to the
extension to the blue for the NIRPS alone mode. Right: Diameter of the EE=50% with respect to the number
of actuators on the deformable mirror for an M-type NGS of magnitude I=12.
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Figure 3: Left: Impact of the loop pure delay on EE. Right: Impact of the integration time on the AO perfor-
mance. The solid line represents the EE in 0.4” and the dashed line represents the Strehl Ratio. The delay of
2.5 ms represents the pure delay, after the end of the frame.

in PAULA for the I-band is ∼30% more optimistic than the one of CAOS (all other bands being equal within
5%).

Impact of the loop delay As demonstrated in Fig. 3 (left), the EE criterion is less sensitive than the Strehl
ratio criterion to delays in the loop, that is to speckles building up in the fiber core area. We therefore also
explored the impact of slowing down the AO system to increase magnitude limit. Fig. 3 (right) shows that indeed
for magnitudes up to I=14 slowing down the system from 1000Hz to 250-500Hz improve performance. At lower
frequencies, the additional delay balances the gain in sensitivity.

3.4 Validation with end-to-end simulations (CAOS)

We now fix the fiber diameter to 0.4” and the number of DM actuators to 15x15, and refine our AO parameters and
performance with the end-to-end simulation tool CAOS. We performed simulations in the following conditions:

• Seeing: 0.7”, 0.9”, and 1.2”;

• Loop frequency: 250Hz, 500Hz, and 1000Hz;

• Loop delay: 2.0 to 5.0ms;

• NGS magnitude in I-band: 10, 12, and 14.

For each set of simulation, we explore the loop gains so as to determine the optimal one (Fig. 4). The Shack-
Hartmann WFS is calibrated with a modal Zernike base using a Singular Value Decomposition (SVD) to filter
out noisy modes and those to which the WFS is blind. We ended up with up to 233 Zernike modes selected for
correcting the wavefront.

To decrease the simulation times, each of our simulations correspond to an observing sequence of 0.5 seconds.
The AO loop being closed in typically a few 10 milliseconds, this allows a first estimation of the performance.
Once we converged on the best AO parameters for each set of simulations, longer runs (equivalent to 5.0s
observations) are also performed to estimate the temporal stability of the system.

Globally, we observed that best performance were achieved for a loop sampling of 1kHz (up to mag I=12)
and a pure loop delay of 2.5 ms, with EE reaching up to 60-75% for bright stars. For fainter magnitude, we will
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Figure 4: Exploration of the loop gain under three seeing conditions of 1.2”, 0.9” and 0.7” for a magnitude I=12,
the EE is computed in the wavelength range of 1.0-1.8 µm with a frequency loop of 1kHz. We notice the small
dependency on seeing conditions.

benefit from increasing the integration time, at the cost of an additional delay. The results of the end-to-end
simulation are presented in Fig. 5 and Tab. 3. Optimization for I>13 have to be made, but for I=12, the average
EE shows an encouraging value of 50%.

4. FEW-MODE FIBER CONSIDERATIONS

It must be noticed that a fiber of 0.4” FOV for the 3.6m telescope only guides between 20 and 6 modes for
wavelengths from 1µm to 1.8µm respectively. Our fiber will therefore work in the so-called ”few-mode” regime.
Contrary to fibers containing hundreds to thousands modes, like in HARPS, we can arguably apply ”geometrical”
arguments to estimate their coupling and output near- and far-field properties. We mention here on-going studies
on few-mode fibers properties.

4.1 Fiber coupling

To estimate the coupling into those few-mode fibers, we performed a study similar to Horton et al. (2007),7

in which we include the corrected wavefront obtained from our CAOS AO simulations. We then compute the

†We can notice a value smaller than the EE in seeing limited mode for a fiber size of 0.4”. The AO system degrades
the EE for these conditions of seeing and magnitude.

Table 3: Results of the end-to-end simulation for a sampling frequency of 1kHz and a delay of 2.5 ms.

Seeing @ 0.5µm
EE in 0.4” averaged over

λ = 1.0 − 1.8µm [%]

I=10 I=12 I=14

0.7” 74 ± 2 63 ± 3 30 ± 9

0.9” 63 ± 3 55 ± 4 21 ± 7

1.2” 57 ± 4 33 ± 4 9 ± 5†
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Figure 5: Encircled energy in a diameter of 0.4” with respect to the wavelength under median seeing conditions
(0.9”) and for a frequency loop of 1kHz.

coupling in each individual mode, their sum leading to the total coupling efficiency in the fiber. As a preliminary
result, we observe that the coupling efficiency in our few-mode fibers is similar to what is estimated from pure
geometrical arguments (i.e. the EE), as long as the number of modes is ≥ 8. On the reddest part of the spectrum,
coupling efficiency seems to exceed EE by 10%. Whether it is specific to residual wavefront PSD of our case or
a general behavior of such fibers is under study.

4.2 Modal noise

A major source of noise against which radial-velocity instruments fight is the modal noise. It is known fact that
the lower the number of modes, the higher the modal noise. A striking example was observed on GIANO for
instance,8 with fibers of seeing-size showing residual spaghetti-like patterns at the percent level. NIRPS fiber
being smaller than the median seeing, it appears to be in a particularly unfavorable situation regarding this noise,
theoretically 2-4 times higher than for GIANO. Our fiber coupling simulation allows us to study this source of
noise at first order. From there, a certain number of ”scrambling” methods can be simulated. This study is
paralleled by a lab effort.

5. CONCLUSIONS

The idea of coupling an AO system with a fiber fed spectrograph is not new. NIRPS is following the alternative
path of coupling into multi-mode fibers, a situation of relevance in the forthcoming ELT era. We presented in
this paper a proof of concept for the future NIRPS spectrograph: the benefit of an AO assisted fiber injection has
been demonstrated and consists in an optimization of the beam size with important advantages on the optical
design of the spectrograph. Thnanks to it, the preliminary optical design of NIRPS spectrograph is about 3
times smaller than HARPS (linearly) for the same spectral resolution, while leading to coupling efficiencies up
to 75%, higher than a seeing-limited instrument in similar seeing conditions for our star of interest.
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