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ABSTRACT

The advent of 30 m class Extremely Large Telescopes will require spectrographs of unprecedented spectral
resolution in order to meet ambitious science goals, such as detecting Earth-like exoplanets via the radial velocity
technique. The consequent increase in the size of the spectrograph makes it challenging to ensure their optimal
environmental stabilization and precise spectral calibration. The multimode optical fibers used to transport
light from the telescope focal plane to the separately housed environmentally stabilized spectrograph introduces
modal noise. This phenomena manifests as variations in the light pattern at the output of the fiber as the input
coupling and/or fiber position changes which degrades the spectrograph line profile, reducing the instrument
precision. The photonic lantern is a guided wave transition that efficiently couples a multimode point spread
function into an array of single modes. If arranged in a linear array at the input of the spectrograph these single
modes can in principle provide a diffraction-limited mode noise free spectra in the dispersion axis. In this paper
we describe the fabrication and throughput performance of the hybrid reformatter. This device combines the
proven low-loss performance of a multicore fiber-based photonic lantern with an ultrafast laser inscribed three-
dimensional waveguide interconnect that performs the reformatting function to a diffraction-limited pseudo-slit.
The device provided an in laboratory throughput of 65 ± 2 % at 1550 ± 20 nm and an on-sky throughput of 53
± 4 % at 1530 ± 80 nm using the CANARY adaptive optics system at the William Herschel Telescope.

Keywords: Waveguides, photonic lantern, adaptive optics, spectroscopy, ultrafast laser inscription

1. INTRODUCTION

One of the current major goals of astronomy is the identification of exoplanets with the aim of locating life
outside our solar system. One of the methods to detect exoplanets and determine their mass to identify rocky
worlds in the habitable zone of their parent star is the radial velocity technique. A star and planet orbit around
a common center of mass and the motion of the star is detectable as a Doppler shift in the observed spectrum.
Clearly this radial velocity shift of the spectral absorption lines of the star is maximized the larger the planet
orbiting it. As such the first planets detected using this technique were large Jupiter-like planets exhibiting radial
velocity shifts in the order of ∼ 50 m/s.1 To detect an Earth mass planet orbiting a Sun-like star spectrographs
capable of detecting radial velocity shifts on the order of 0.1 m/s will be required. The current state of the
art radial velocity spectrograph is HARPS (High Accuracy Radial velocity Planetary Searcher) mounted on the
ESO 3.6 m telescope in La Silla, which can achieve a radial velocity precision ∼ 0.6 m/s over a wavelength range
378 - 691 nm.2 In addition recent work using an improved laser frequency comb calibration source instead of a
Thorium-Argon lamp has demonstrated short term calibration of 0.025 m/s.3 Such precision will begin to allow
Earth-like exoplanets to be investigated.
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To determine the density of exoplanets and confirm whether it is rocky or gaseous, both the mass and radius
of the planet must be known. The radius of a planet can be determined by the transit technique, where a planet
is identified by measuring the reduction in stellar intensity as the planet passes in front of the star. The Kepler
space observatory uses this technique, and has confirmed over 2300 exoplanets with a further 2300 planetary
candidates awaiting confirmation. Of particular note Kepler has identified that many of the M-Dwarf stars it
investigated were orbited by a Earth radius planet.4 M-Dwarfs are smaller stars between 0.1 and 0.5 times the
mass of the sun and are consequently cooler with a black body emission spectra shifted towards the infrared.
As such visible wavelength spectrographs such as HARPS are not suitable to investigate these stars. Galactic
surveys have shown that M-Dwarfs are the most common type of star with approximately 75 % of the stars in our
local neighborhood being of this type. To investigate this wavelength range new near infrared high resolution
spectrographs such as GIANO on the 3.58 m TNG telescope in La Palma, investigating the 950 to 2500 nm
wavelength range are being developed and employed. GIANO can achieve radial velocity precision of ∼ 7 m/s
so requires further optimization to match the performance achieved by HARPS.

To obtain high precision operation the spectrograph must be located in an isolated, thermally stabilized
environment. As such most spectrographs are located in a separate room in the observatory, or in the basement,
with the telescope light transported to the spectrograph via optical fibers. Atmospheric turbulence distorts the
stars point spread function (PSF) and as such multimode fibers are required to collect the light with minimal loss.
Adaptive Optics (AO) systems are employed on larger telescopes to reduce the effect of atmospheric turbulence
and reconstruct an ideal PSF, however they cannot obtain a perfect single mode image. Current Extreme AO
systems such as SCExAO operating on the 8m Subaru telescope in Hawaii are improving on this and have been
shown to demonstrate a 60 % coupling efficiency to single mode fiber.5 This demonstrates that there is potential
to use single mode fiber in some cases, however such extreme AO systems are limited to a narrow field of view
and will not be suitable for many desired targets.

The required use of multimode fibers introduces a new limiting factor in spectrograph precision in the form of
modal noise. This phenomena exhibits itself as variations in the output pattern of the fiber as the telescope slews
and results in variations to the spectrograph line function, limiting the achievable radial velocity precision.6,7 In
a fiber supporting many modes modal noise is minimal due to statistical averaging, becoming more significant
as the number of modes supported by the fiber is reduced and being worst in the case of a fiber supporting two
modes. In the single mode case modal noise is absent if any polarization effects are neglected. As such a single
mode fiber-fed spectrograph would in principle be free of modal noise. In practice it has been demonstrated
that gratings utilized in many astronomical spectrographs produce polarization dependent diffraction efficiency
profiles, though it may be possible to mitigate this through mechanical fiber agitation.8 The number of modes
that form a telescope PSF can be calculated by:

M ≈ (π θFocusDT/4λ)2, (1)

where M is the number of modes that form the telescope PSF (for each polarization state), DT is the diameter
of the telescope and λ is the wavelength of the light.9,10 θFocus is the angular width of the PSF, obtained from
a deconvolution of the diffraction-limited and seeing-limited images, but can be approximated as:

θFocus ≈
√

(λ/DT)2 + θSeeing(λ)2, (2)

where θSeeing(λ) is the so-called ‘astronomical seeing’ measured as the Full Width at Half Maximum (FWHM)
of the long-exposure PSF of the site in radians. With HARPS operating on a 3.6 m telescope located at a site
with 0.87 arcseconds median seeing the telescope PSF supports ∼ 996 modes at 378 nm and ∼ 299 modes at 691
nm. Conversely GIANO operating on a 3.58 m telescope located at a site with typical seeing of 0.6 arcseconds
produces a PSF comprising ∼ 100 modes at 950 nm and ∼ 15 modes at 2500 nm. From these numbers it is
clear that near infrared spectrographs are much more susceptible to modal noise than visible spectrographs and
present a significant limitation to their performance.11

A potential method to mitigating the effect of modal noise is a new class of guided wave device, the photonic
lantern, that enables the efficient coupling of incoherent multimode light into an array of single modes.12,13

The PIMMS (Photonic Integrated Multimode Micro-Spectrograph) instrument concept utilizes these devices to
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transform the multimode telescope PSF into single modes that can be rearranged to form a linear array.14 Used
as the input to a diffraction-limited spectrograph orthogonal to the dispersion axis it was proposed that this
would produce a series of spectra that are free of modal noise. An addition benefit of such an instrument is
that it operates at the diffraction-limit and as such the spectrograph size can be minimized in this axis enabling
tighter environmental stabilization. This has the potential to decouple the spectrograph size from the telescope
size, essential as the next generation of extremely large telescopes with diameters > 30 m come online.

In 2013 we developed and tested a fully integrated device that seemlessly combines a photonic lantern function
with a reformatting function to reshape the single modes into a diffraction-limited pseudo-slit that is single mode
across the slit and highly multimode in the orthogonal axis.15 The device was created within a 15 x 30 x 1 mm
Borosilicate glass chip using the technique of Ultrafast Laser Inscription (ULI). This process uses a femtosecond
pulsed laser beam focused within a bulk substrate to induce nonlinear mechanisms and permanently modify
the material at the focus. With correctly chosen laser parameters the modification exhibits in two primary
ways, a permanent refractive index change16 and an acceleration of the chemical etch rate.17 This “photonic
dicer” device has an input of a multimode waveguide supporting 36 modes, this is split up into 36 single mode
waveguides and reformatted into a slab waveguide at the output. When tested in the laboratory with 1550 nm
light the device demonstrated a 66 ± 3 % throughput. The device was subsequently tested on-sky at the 4.2 m
William Herschel Telescope (WHT) in collaboration with the CANARY AO team. The AO corrected telescope
PSF was reformatted into a slit, single mode in one axis and highly multimode in the orthogonal axis with a
throughput of 19.5 ± 2 %.18 The loss in throughput is due to suboptimal matching of the multimode waveguide
to the CANARY PSF with the device being designed to match only the number of modes supported in the
Full Width Half Maximum (FWHM) of the PSF. Furthermore recent work performed by Macquarie University
has demonstrated that an imperfect match between a multimode optical fiber and a ULI waveguide acts as a
wavelength selective filter, imparting additional modal noise.19

In this paper we present an improved device, the hybrid reformatter to efficiently reformat the CANARY
PSF into a diffraction-limited pseudo-slit with high throughput. The improved device combines a low loss
photonic lantern manufactured from a multicore fiber and a ULI reformatter component to reshape the PSF
into a slab waveguide. By connecting the two devices at a single mode interface this should in principle prevent
the additional modal noise. The photonic lantern input can accept the telescope PSF and the multicore fiber
transport the light to the spectrograph with the reformatter end of the component forming the input to a future
instrument.

2. HYBRID REFORMATTER MANUFACTURE

2.1 Multicore fiber lantern

The previous photonic dicer device was designed to support 36 modes based on previous AO corrected PSF’s
obtained from CANARY which were calculated to contain ∼ 25 modes at the FWHM. For the improved device
an overmoded reformatter was designed to reduce loss at the input and demonstrate that such reformatters
can provide sufficient throughput to be useful in practical astronomical applications. From Equation (1), the
WHT diameter of 4.2 m, the lowest wavelength in our measurement passband (1450 nm) and the median seeing
at the WHT of 0.7 arcseconds an uncorrected PSF should contain ∼ 60 modes. As such a reformatter that
supports ∼ 100 modes was chosen. The photonic lantern used was manufactured from a multicore fiber (MCF)
containing a total of 92 cores, 90 cores arranged in 5 concentric rings around a central core, with an extra core
of the sixth ring for alignment and testing purposes. The MCF was manufactured by the standard stack and
draw fabrication technique. The cores were formed from 25 mm diameter step index Ge-doped silica rods with a
Numerical Aperture (NA) of 0.11. The MCF preform was formed by jacketing these in a thin-walled silica tube
and drawing this down to a produce a fiber with an outer diameter of 255 µm, containing 9 µm diameter cores
with a center to center separation of 17.6 µm. The second-mode cutoff wavelength was 1370 nm, ensuring the
cores are single mode at 1550 nm and the fiber attenuation was measured to be < 0.034 dB/m via the cut back
technique.

The photonic lantern transition was created by jacketing one end of the MCF with a fluorine doped silica
capillary that has a refractive lower than undoped silica with a relative NA of 0.22.20 The capillary and MCF
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Figure 1. (a) 3-D schematic of a simplified 7 - core hybrid reformatter. The colors differentiate different waveguide paths.
(b) Photograph of the hybrid reformatter device. (c) Photonic lantern with multimode input port. (d) Facet of the
multicore fiber, with the extra 92nd core visible in the bottom left. (e) Multicore fiber placed in a custom ULI fabricated
V-groove. (f) Input facet of the ULI manufactured reformatting component. (g) Pseudo-slit output of the reformatting
component.

are bonded using an oxybutane flame and stretched to form a biconical taper until the MCF diameter was 43
µm. Cleaving the tapered waist produced a multimode fiber port with the core formed from the tapered MCF
and the F-doped capillary acting as the cladding. The 43 µm diameter was calculated to ensure the multimode
end supported 92 modes, matching the 92 single mode cores of the MCF providing a low-loss transition with a
throughput greater than 89 %.

2.2 Reformatter component

The capability of ULI to induce a permanent positive refractive index change was used to inscribe the reformatting
component within an alkali-free borosilicate glass substrate (AF45).21 The inscription was performed with a fiber
laser (MenloSystems BlueCut) which generated a 500 kHz train of 350 fs pulses at a wavelength of 1030 nm. The
single mode cores of the MCF were designed to be well matched to standard telecommunication fiber (SMF-28),
so inscription parameters were chosen by a detailed optimisation process to produce waveguides that provide a
minimal insertion loss when tested with SMF-28 input butt coupling and free space output coupling at 1550 nm.
The optimum waveguides were constructed by the multiscan technique22 from 31 scans with a 0.2 µm inter-scan
separation, a pulse energy of 174 nJ and translation speed of 8 mm/s. These waveguides were observed to be
single mode at 1550 nm with a measured throughput of 80 ± 2 % for 30 mm long straight waveguides.

The 92 waveguides at the input of the reformatting component were arranged in the same hexagonal pattern
as the MCF with a 17.6 µm center-to-center separation. These waveguides are rearranged over a 30 mm length
to form a linear array at the output with a 6.2 µm center-to-center separation that forms a ∼ 570 µm long
slit-shaped planar waveguide. As shown in Fig.2(a) each column of waveguides at the input forms a discrete
section of the slit. The waveguides were written column by column, with the order in each column being from
deepest to shallowest. This ensures the slit is constructed in order from one side to the other to ensure as smooth
and continuous structure possible. Furthermore the laser focusing was manually optimized after each waveguide
to reduce the effect of thermal variation within the laboratory over the course of inscription.
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Figure 2. (a) schematic diagram showing the path of each waveguide within the reformatter, inset demonstrates the input
pattern with the colors highlighting individual columns. Waveguides were inscribed from input to output, column by
column, constructing the output slit in order from right to left. (b) Graph of waveguide loss vs. horizontal position as in
inset a. Waveguides on the left hand side show higher loss due to the shadowing effect of preciously written waveguides
aberating the inscription beam. (c) Optical micrograph of the seven straight waveguides written as an alignment guide
next to the reformatter on the substrate.

The throughput of each waveguide was determined by SMF-28 fiber butt coupling to each input waveguide
and free space output coupling of the slit to a detector. Each waveguide was measured at 1550 nm for two
orthogonal polarizations with the average throughput for each waveguide shown in Fig.2(b) as a function of the
horizontal position of the waveguide. The waveguides on the left hand side of the device were written last and
as such demonstrate a higher loss caused by distortion of the focal spot at the input due to focusing through
modified material. Alternative inscription orders and geometries were tried to remove this effect however these
resulted in increased bend losses or a distorted slit that reduced the overall performance of the reformatter. The
average throughput of the reformatter waveguides was 75 ± 2 %.

2.3 Device construction

A custom V-groove was fabricated in a 9 x 5 x 1 mm fused silica substrate using ULI and selective chemical
etching with hydrofluoric acid. The MCF end of the lantern was secured in the V-groove with ultraviolet cured
adhesive (Norland NOA61) to provide a large surface area enabling a strong, permanent bond between the two
components of the device. To align the lantern and reformatting component an additional 7 straight waveguides
corresponding to the six corner and extra alignment core were inscribed in the reformatting component Fig.2(c).
The MCF and V-groove were butt coupled to these alignment waveguides with the multimode end of the lantern
flood illuminated with 1550 nm light. The alignment of the two components were adjusted on a 12-axis precision
mechanical stage until all seven output cores of the chip were illuminated. By this method perfect alignment of
the components is ensured and the center-to-center separation of the single modes in each section is verified to
match. The reformatting component is then translated the set distance from the alignment waveguides to the
reformatting waveguides and the devices permanently bonded using ultraviolet cured adhesive. The completed
hybrid reformatter was tested with incoherent multimode light over a wavelength of 1530 to 1570 nm and
measured to have a throughput of 65 ± 2 %.
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Figure 3. Schematic diagram showing the free-space optical setup used for the on-sky tests. Stellar light collected by the
William Herschel Telescope is fed through the CANARY AO system. A dichroic is used to remove the visible part of the
spectrum (< 1000 nm) from the light beam, which is then collimated using a lens (L1). Beamsplitter (BS1), reflects 10 per
cent of the collimated beam to a reference path, re-imaging the PSF onto the camera. Beamsplitter (BS2) reflects 81 per
cent to the secondary science arm which focuses the core of the PSF onto the multimode port of the secondary lantern via
L4. Remaining light is focused by L2 and L3 onto the hybrid reformatter which samples the whole PSF. The reformatted
outputs from both devices are imaged onto the camera using lenses L5 and L6. The inset shows the hybrid reformatter
removed from the system with L5 moved up to L3 to re-image the PSF onto the camara and obtain a reference from
which to determine the device throughput. (WHT image courtesy of the Isaac Newton Group of Telescopes, La Palma).

3. EXPERIMENTAL SETUP

The on-sky experimental setup shown in Fig. 3 accepts the near-infrared light from CANARY and splits it into
three separate “arms”. Beamsplitter (BS1) reflects ∼ 10 % of the light into the reference arm which uses a lens
(L7) to re-image the CANARY PSF onto the InGaAs camera. A second beamsplitter (BS2) reflects ∼ 81 % of
the light into the secondary science arm with lens L4 used to inject the light into the multimode input of the
secondary lantern (an identical MCF photonic lantern to that used in the hybrid reformatter). The primary
science arm couples the remaining ∼ 9 % of the light into the multimode input of the hybrid reformatter with
lenses L2 and L3. The output of the secondary lantern was mounted on top of the hybrid reformatter output
with both re-imaged simultaneously onto the camera using L5 and L6. An H-band spectral filter (F) was placed
in front of the camera to define the experimental wavelength as 1530 ± 80 nm. To ensure that the camera did
not saturate and that the output of each arm could be clearly imaged on the camera a 0.6 absorptive neutral
density filter (ND) was placed in the reference arm. The reference arm continuously monitors the shape and
photon flux of the telescope PSF during observation allowing the throughput of the hybrid reformatter to be
determined regardless of PSF variations. The primary arm couples the entire CANARY PSF into the hybrid
reformatter in order to determine the throughput and performance of the device. As the reformatter is designed
to be overmoded it is expected that different levels of AO correction will have a limited effect on the performance
of the device. To demonstrate the benefits of combining such a device with CANARY the secondary science arm
was designed to couple the core of the PSF into the secondary lantern.

CANARY is an AO demonstrator system capable of operating in a variety of modes.23 To test the throughput
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Figure 4. Colour map images of the camera sensor for averaged, reduced data showing the output of the hybrid reformatter
(along the very top), the secondary lantern (lower right) and the telescope PSF (lower left) from the reference path for
(a) closed-loop, (b) tip-tilt only and (c) open-loop modes of AO correction. Note: The camera has 30µm pixels and
the secondary lantern output is distorted due to an imperfect cleave. Bottom row: Histogram plots showing percentage
transmission distribution over the number of images acquired for (d) closed-loop, (e) tip-tilt and (f) open-loop AO modes.
Hot pixel removal and background correction algorithms have been applied prior to evaluating the transmission for each
image frame acquired.

of the hybrid reformatter the system was configured to use an on-axis natural guide star as a wavefront reference
to provide closed-loop AO correction. The experimental system was aligned and optimized using a 1550 nm
laser coupled into a single mode fiber which was moved into the CANARY input focal plane, passed through
the CANARY optics and was re-imaged onto the input of the hybrid reformatter. The AO-correction loop was
engaged and static offset terms applied to the measured wavefront sensor signal as in the Nelder-Mead simplex
method to modify the shape of the deformable mirror.24 This altered the PSF shape at the hybrid reformatter
input allowing the detected flux from the pseudo-slit output to be maximized. The deformable mirror shape
and the optimal values of the wavefront sensor were recorded and used as the correction reference for on-sky
measurements.

CANARY was operated in three different modes to investigate different levels of AO correction. Closed loop
mode corrects both tip-tilt and higher order wavefront aberrations providing the highest degree of correction
possible with the system. In tip-tilt operation the position of the PSF is simply stabilized in real-time with
no high order AO correction applied. Open loop mode removes the tip tilt correction gain providing minimal
correction, effectively simulating seeing-limited operation.

During on-sky testing multiple datasets of 100 images with a 400 ms integration time were acquired for each
mode of AO operation. Dark exposures and sky background images were periodically obtained throughout the
night to determine the background noise floor. Once sufficient data had been acquired the secondary lantern
and hybrid reformatter were removed from the system and lens L5 moved towards lens L3 to directly re-image
the PSF onto the camera through the primary science arm. Additional datasets of the PSF re-imaged through
the primary and reference arms were obtained. The throughput of the hybrid reformatter was determined by
subtracting the integrated power in the slit normalized to the PSF in the reference arm from the integrated
power when the hybrid reformatter was removed from the system, again normalized to the reference arm PSF.
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4. RESULTS

On-sky tests were performed between 20:30 and 22:45 GMT on the night of 11th October 2014 observing the
1st magnitude star TYC 3156-2223-1 (Gamma Cygni) from the Tycho 2 catalog.25 During the course of obser-
vations an on-site monitor26 measured the astronomical seeing values to vary between 0.5 and 0.8 arcseconds
representative of median seeing for the site.

Fig. 4(a–c) shows images of each AO mode showing the outputs of the hybrid reformatter, secondary lantern
and reference arm. The images are averaged over 100 frames and present reduced data with background noise and
hot pixels removed. The MCF output is distorted due to an imperfect cleave, this was corrected in subsequent
tests, but not required to determine the throughput of the hybrid reformatter. The slit output is seen to be
relatively evenly illuminated across its length and shows minimal difference between the various AO modes. The
transmission of the hybrid reformatter under maximum AO correction in closed loop operation was measured to
be 53 ± 4 % Fig. 4(d). While operating with reduced correction in tip-tilt and open loop operating modes the
device throughput was measured to be 47 ± 5 % and 48 ± 5 % Fig. 4(e & f) respectively.

5. CONCLUSIONS

We have developed a new device, the hybrid reformatter which combines a low loss photonic lantern and an
ultrafast laser inscribed reformatting component. The device supports 92 modes and reformats a multimode
telescope PSF into a pseudo-slit that is single mode across the slit and highly multimode in the orthogonal
axis. The device was tested in the laboratory with incoherent multimode light for 1550 ± 20 nm and produced
a throughput of 65 ± 2 %. When tested on-sky using the CANARY AO system at the WHT the device was
measured to perform with a throughput from 53 to 47 % depending on the degree of AO correction applied. The
throughputs demonstrated here are approaching the levels required for use in an astronomical instrument. Closed
loop mode of operation provided little improvement over open loop operation as expected due the overmoded
nature of this device. Future work will include designing a hybrid reformatter that supports a fewer number
of modes optimized for the AO system it will work with. We believe the work presented here demonstrates
the potential of guided wave devices to be used in astronomical instruments specifically for coupling infrared
multimode light into spectrographs operating at the diffraction limit. Such an ability would be instrumental in
reducing the effect of modal noise and potentially enable high precision spectrographs capable of achieving the
cm/s radial velocity precisions required to detect Earth mass planets in the habitable zone of M-Dwarf stars.
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