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Radial velocity measurements 

Animation from ESO. 



Radial velocity measurements 

For 1 MSun stars: 

RV:   ~ 30 m.s-1 for giant planets. 
  ~ 1 m.s-1 for Neptune like planets. 
  ~ 0.1m.s-1 for Earth-like planets. 

RV shift (for λobs ~ 1µm):  
   
  ~ 0.1 pm for giant planets. 
  ~ 3.0 fm for Neptune like planets. 
  ~ 0.3 fm for Earth-like planets. 
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Radial velocity spectrographs 
PRV spectrographs must exhibit: 

-  High spectral resolution (R ~100,000). 
-  Exceptional stability and accuracy over long time periods. 
-  High throughput (the higher the better). 

Building PRV spectrographs for larger telescopes is difficult because: 

Nm = Number of modes. 
λ  = Wavelength. 
θseeing = The seeing of the site (in rad). 
Dtel = Diameter of the telescope. 

More modes = bigger PSF = bigger slit width = bigger spectrograph 
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Intensity distribution at spectrograph 
entrance / fibre output  (narrow 

wavelength band) 

Modal noise 
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What can photonics do for PRV? 

Ultra-compact high-resolution spectrographs 
Bland-Hawthorn et al, Physics Today 65 (2012) 

Fibre-Bragg-gratings for OH-line suppression 
Bland-Hawthorn et al, Nat. Comms. 2 (2011) 

Frequency combs for 
spectrograph calibration 

Steinmetz et al, Science 321 (2008) 



The PIMMS instrument concept 

J. Bland-Hawthorn et al,  
Proc. SPIE 7735, 77350N (2010) 

The photonic integrated 
multimode micro-spectrograph 

(PIMMS) concept 



S. G Leon-Saval et al, Opt. Lett. 30, 2545 (2005) 

• Couple light from one MMF to several SMF cores along a gradual taper transition 

• Low loss: let N (number of single modes) = M (number of MMF modes)  
⇒ conserve no. modes / entropy / brightness / etendue  couple light 
from one MMF to several SMF cores along a gradual taper transition 

The “photonic lantern” 



•  Unique fabrication capabilities: 
- 3D optical waveguides. 
-  Micro-optics. 
•  ULI is material flexible. 
•  ULI is a direct-write technology. 

Cartoon of ULI process 

Psaila et al,  Appl. Phys. Lett. 90, 131102 (2007) 

Ultrafast laser inscription 

Choudhury et al, Proc. SPIE, Paper No. 9151-158 (2014) 



Cartoon of the proposed  
integrated photonic lantern 

Integrated photonic lantern 
development 



µ-graph of multimode waveguide Near field video of 1.55 µm single modes 

50 µm 

µ-graph of single mode waveguide array 

[Nonlinear imaging measurements performed by M. Booth and co-workers (U. of Oxford)] 



3D reformatter development 

R. J. Harris et al, “Photonic spatial reformatting of stellar light for diffraction-limited spectroscopy” - arXiv:1402.2547  



On-sky reformatter testing 



oxy-butane burner Animation by W. Wadsworth (U. of Bath) 

Multicore fibre “photonic lanterns” 

Multicore fibre 

UV source have weaker FBGs because some of the light is absorbed or scattered by nearer 
cores (in which case we assume the UV light approached from the top-right). This could be 

reduced by increasing Λ to give the fibre a lower filling fraction of core to cladding glass - 
perhaps another design principle to add to those in Section 2. 

We can also see that λB uniformity was poor, and indeed there was a distinct pattern of 

cores with anomalous λB which persisted across a total of 7 samples with the same fibre. 
Since the orientations of the fibres during grating inscription were random, we attribute the 
deviations to variations in the MCF's cores themselves. This is not surprising, since fibre B 
was made with core rods from the less-uniform section of the original MMF preform (Section 
3.1). 

Other possible methods to prevent UV focusing include giving the fibre a flat side (a D-
shaped or even square outer boundary), during fabrication or by side-polishing afterwards. 

3.3 Taper transitions 

The MCF was tapered down to form transitions to interface the FBGs to the input and output 
MMFs. If tapered to a small-enough size the SM cores cease to be good waveguides, the light 
being guided instead by the fibre's outer boundary if the outside medium has a lower 
refractive index than the MCF's cladding. By using F-doped silica (with a lower index than 
undoped silica) as the outside medium, the entire tapered-down MCF resembles the core of a 
MMF, with the F-doped silica as the cladding. 

 

Fig. 7. (a-c) Cross-sectional optical micrographs (transmitted illumination, to the same scale) 
of (a) uncoated fibre A with outer diameter 230 µm, (b) fibre A jacketed with F-doped silica 
and (c) the jacketed MCF tapered down to mimic a MMF with a 50 µm core. (d) Montage of 
side-view micrographs of the transition. 

A convenient form of this structure would be a MCF with the F-doped silica built-in as an 
outer cladding, around an undoped inner cladding containing the SM cores. The fibre could 
then be tapered without further steps to form the MMF ports. Indeed the outer cladding would 
help FBG inscription as discussed in Section 3.2, like the undoped outer cladding of fibre B. 
However, such a fibre is unlikely to yield good FBG filters. All light passing the FBGs should 
be guided by the SM cores, so that the unwanted OH lines are reflected. However, no taper 
transition is perfectly adiabatic: there will always be some mode coupling to the MCF's 
cladding modes. This light is not filtered by the FBGs and can persist to the output MMF, 
allowing up to 10% of the light in a lantern of just 0.5 dB loss to be transmitted unfiltered, 
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Conceptual diagram of the 3D interconnect 

Optical micrograph of (a) the 120 core MCF and 
(b) the MCF coupling end of the 3D fan-out 

(a) 

(b) 

For more info see:  
R. R. Thomson et al, "Ultrafast laser inscription of a 
121-waveguide fan-out for astrophotonics," Opt. Lett. 
37, 2331 (2012)  

3D interconnect development 



Video of interconnect output while aligning the MCF 

Throughputs of > 60% are now achievable in the lab. 





20. M. Ohashi, M. Tateda, K. Tajima, and K. Shiraki, “Fluorine concentration dependence of viscosity in F-doped 
silica glass,” Electron. Lett. 28(11), 1008–1010 (1992). 

1. Introduction 

The photonic lantern is a tapered structure that allows a multimode optical fibre device to take 
advantage of the performance of single-mode components [1–4]. It was motivated by the need 
to filter out narrow spectral lines from multimode light delivered by astronomical telescopes, 
where the single-mode component is a complex fibre Bragg grating (FBG) [5]. The first 
example combined N = 19 individual single-mode (SM) fibres to form one multimode fibre 
(MMF) core in a photonic crystal fibre cladding [1]. Subsequent work has raised N as high as 
61, with low-index F-doped silica glass as the MMF cladding [2–4]. Photonic lanterns with 
such claddings are now being tested on sky [4]. Nevertheless they are cumbersome and 
expensive to produce by a specialized tapering process, and require N identical single-mode 
FBGs to be spliced to twice as many SM fibre pigtails for each device. 

Integrated-optic photonic lanterns have also been made by ultrafast laser inscription [6]. 
This technology is scalable to much greater N, offers a variety of other functions and can 
work at wavelengths that are not transmitted by fused silica. However, such photonic lanterns 
are at an early stage of development and have yet to be demonstrated with the filtering 
function. In comparison the fibre approach currently retains advantages of low loss and ready 
compatibility with fibre-coupled telescope optics. 

 

Fig. 1. Schematic of a photonic lantern filter. It is formed from a multicore fibre tapered at 
both ends in a jacket of low-index glass to form MMF ports. Fibre Bragg gratings are written 
in the SM cores in the middle section of the MCF. 

Here we report a compact, readily-manufacturable prototype of a photonic lantern based 
on a multi-core fibre (MCF) containing N = 120 separate single-mode cores, Fig. 1. Bragg 
gratings were written in one inscription process across all of the cores at once. (To the 
authors' knowledge the maximum number of MCF cores into which FBGs had previously 
been simultaneously inscribed was four [7, 8].) The MCF was tapered within a snug-fitting F-
doped silica jacket to produce MMF ports at both ends. The resulting multimode filter had a 
notch transmission spectrum with a depth of 7 dB and a width of 0.2 nm, against a 
background insertion loss of <0.5 dB. The notch depth was limited by the uniformity of the 
gratings across the cores not the quality of the lantern transitions, and should be improved by 
further development of the multicore FBG inscription process. This form of the photonic 
lantern was first proposed in 2005 [1] and preliminary experimental results were presented in 
[9, 10]. 

The lantern device (without FBGs) was also a very effective MMF mode scrambler, with 
output near-field intensity distributions that were much more sensitive to perturbations (and 
so easier to make uniform by time or spectral averaging) than a simple MMF. 

2. Design 

2.1 Mode number mismatch loss 

Lossless coupling of light from an input MMF's Nin arbitrarily-excited spatial modes into one 
SM core would decrease the number of degrees of freedom and hence the entropy, and so is 
forbidden by the second law of thermodynamics [1]. Any left-over degrees of freedom couple 

to loss. For low loss there must therefore be NSM ≥ Nin SM cores in the MCF. Similarly, for 
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The compact PRV spectrograph 



•  Astrophotonic concepts may revolutionise astronomical 
instruments. 

•  The field of astrophotonics is driving the development of entirely 
new photonic concepts and devices e.g. the photonic lantern. 

•  The first “real” science application for photonic lanterns may be 
PRV measurements using compact spectrographs that are free 
of modal noise.  

Conclusions 
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