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The Solar Spectrum



Design drivers for spectrographs
What spectral resolution do you need?

What bandwidth (wavelength range) do you need?

Maximising throughput for best efficiency
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Science drivers for spectrographs

Spectral typing of stars

Rotation curves of galaxies

Isotope abundances
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Radial Velocity exoplanets

exoplanet rotation curves

RV of  stars in globular clusters

Chemical abundances of stars

ISM studies



Basic spectroscopy: colour filters
Take multiple images with
 different bandpass filters

Other Filter Systems

http://www.ucolick.org/b̃olte/AY257/ay257_2.pdf

other filter systems have
less overlap and/or higher
transmission
Johnson system designed
to measure properties of
stars
Thuan-Gunn filters for faint
galaxy observations
Stromgren has better
sensitivity to stellar
properties (metallicity,
temperature, surface
gravity)
Sloan Digital Sky Survey
(SDSS) for faint galaxy
classification
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Johnson

Thuan-Gunn

SDSS

Strongren



Basic spectroscopy: colour filters

UBV by Johnson and Morgan (1953)

UBVRI

www.sbig.com/products/filters.htm

UBV by Johnson and Morgan (1953)
VRIJKLMNQ (infrared) by Johnson (1960)
(combinations of) glass filters
invented to classify stars with photomultipliers
zero point of B-V and U-B color indices defined to be zero for A0
V stars
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VRIJKLMNQ by Johnson (1960)

Classifying stars with photomultipliers

Zero points of (B-V) and (U-B) color indices defined to be zero for A0 V stars



Slitless spectrographs
Put a dispersing element in front of the telescope aperture

http://www.lpl.arizona.edu/~rhill/

http://www.lpl.arizona.edu/~rhill/


Slitless spectrographs

http://theketelsens.blogspot.nl/2011/01/seeing-light.html



Slitless spectrographs

Dispersed

R. Pogge (OSU) with NOAO 2.1m Telescope



Slitless spectrographs
The solar corona

(solar disk is blocked by a coronagraph)

Wavelength

http://www.astro.virginia.edu/class/majewski/astr313/lectures/spectroscopy/spectrographs.html

http://www.astro.virginia.edu/class/majewski/astr313/lectures/spectroscopy/spectrographs.html
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Resolution Element
The resolution element is the minimum resolution of the 
spectrograph. This will depend of the spectral size of the 

image, which is a factor of image size, spectral magnification 
and the linear dispersion

R =
�

��

Typically the central wavelength

Resolution element



Resolution Element
The resolution element is the minimum resolution of the 
spectrograph. This will depend of the spectral size of the 

image, which is a factor of image size, spectral magnification 
and the linear dispersion

�� = w0 d�

dl

Slitwidth in mm corrected for anamorphic 
magnification and spectral magnification Linear dispersion 

measured in               .Å/mm



The Slit
We cannot record three dimensions of data (x,y, wavelength) 
onto a two dimensional detector, so we need to choose how 

we fill up our detector area:



The Slit
We cannot record three dimensions of data (x,y, wavelength) 
onto a two dimensional detector, so we need to choose how 

we fill up our detector area:



Setting the slit width
For a seeing limited object, such as a star, varying the slit width 

is a balance between spectral resolution and throughput

Slit too wide, spectral 
resolution goes down

Slit too narrow, flux from 
seeing limited object is lost



Setting the slit width
For a seeing limited object, such as a star, varying the slit width 

is a balance between spectral resolution and throughput

Slit too wide, spectral 
resolution goes down

Slit too narrow, flux from 
seeing limited object is lost



The Slit

� = w/f

where     is the focal length of the telescope and      is the 
size of the slit in         . The angle     is given in radians.

f w
mm �

Spectrographic slits are given in terms of their angular size 
on the sky, either in arc seconds or in radians.
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Two types of magnification
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Anamorphic magnification arises 
because the diffracting element may 

send light off at a large angle from the 
camera normal, and is defined as r.

Spatial (de)magnification occurs 
because of the different focal lengths of 

the camera and collimator so that 
detector pixels are Nyquist sampled



Two types of magnification
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The size of the slit that the detector sees for the slit is 
therefore given by:



Definition of Dispersion
The angular dispersion is given by:
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The linear dispersion is then:



Dispersion of Glass Prisms
Prisms are used near minimum deviations so that rays inside
the prism are parallel to the base. The input and output beams

are the same size.
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Dispersion of Glass Prisms
Dispersion is not constant with wavelength, and very 

high resolution is not possible.
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Diffraction grating

Can be transmissive or reflective, and 
consist of thousands of periodic features 

on an optically flat surface.

Manufactured using ruling engines in 
temperature controlled rooms

Made by David Rittenhouse in 1785

Reinvented by Frauenhofer in 1821



Diffraction grating

Frauenhofer gratings resolved Solar absorption spectrum, and 
labelled the absorption lines with letters (A,B,C,D…)



Diffraction grating
HARPS grating



Diffraction grating

Flat wavefront passes through 
periodic structure, which changes 

the amplitude and/or phase

Direction of constructive interference 
is wavelength dependent

�



Dispersion of Diffraction Gratings
From diffraction theory, the grating equation relates the order      ,

 the groove spacing       (the number of mm between each ruled line)

m� = �(sin↵± sin�)

�
m

A =

d�

d↵
=

m

� cos�
Angular dispersion

… where the sign is positive for reflection,
negative for transmission

Typically 600 lines per mm and used at 60 degrees incidence



Increasing spectral resolution
Increasing        is difficult,  and               cannot be greater than unity�

A =

d�

d↵
=

m

� cos�
Angular dispersion

Look at large values of        to get high spectral resolution

cos�

R = nm

where         is the total number of illuminated groovesn

m



Higher spectral orders
Higher order dispersion from the grating will result in overlapping spectra:

The free spectral range of a spectrograph is given by:

�0 � � = �/m
m�0 = (m+ 1)�

We can either use an ORDER BLOCKING FILTER or a CROSS disperser to split
out the different spectral orders



Higher spectral orders
CROSS disperser to split out the different spectral orders

Higher Orders
The free spectral range of a spectrograph 
is given by 

Higher order dispersion from the 
grating will result in overlapping 
spectra.  These higher order spectra can 
be removed by using order blocking 
spectra.  Or we can use a cross-
dispersion element to see all of these 
different orders.  This is what is typically 
done in echelle spectrographs.

OHP



Higher spectral orders
CROSS disperser to split out the different spectral orders

Trispec
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Optimising the grating efficiency 

Making the facets of the diffraction grating tilt over so that the 
diffracted light also goes out along the science wavelength

Incident light

Grating 
normal Diffracted light 

(blaze wavelength)
Blaze 

normal



Optimising the grating efficiency 

Incident light

Grating 
normal Diffracted light 

(blaze wavelength)
Blaze 

normal

Blaze Angle and Wavelength

www.shimadzu.com/products/opt/oh80jt0000001uz0.html

increase grating efficiency for a particular wavelength and order
with saw-tooth shaped grooves
blaze angle and wavelength
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Peak efficiencies at blaze wavelengths
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Spectrograph Configurations

gratings.newport.com/information/handbook/chapter6.asp
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Common spectrograph configurations



Spectrograph Configurations

gratings.newport.com/information/handbook/chapter6.asp
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The Littrow spectrograph

Simplifies the grating design, setting the blaze angle
 so that optimum efficiency is for 

Incident angle equals diffracted angle:

↵ = �

� =
2� sin↵

m

So for Littrow:

↵



Detector 
The smallest resolution for the spectrograph should be

sampled at the minimum of the Nyquist frequency, which
is 2 pixels per resolution element.

Detector
One more issue for design of a spectrograph and the detector 
is the sampling of the spectra.  At a minimum, the smallest 
resolution element for the spectrograph should be sampled at 
the minimum of the Nyquist Frequency, which corresponds to 
2 pixels per resolution element. 

A useful metric is the 
spectral dispersion per pixel 
which is given by:

where μ is the pixel size 
[mm].

µ
d�

dl

Spectral dispersion per pixel is:

where       is the pixel size in mm.µ



Fourier Transform Spectrographs
Fourier Transform Spectrometer (FTS)

Operating Principle
Michelson
interferometer with
variable path length
difference
monochromatic
input wave with
k = 2⇡/�

e

i(!t�kx)
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A Michelson interferometer 
with one moving arm

Consider a monochromatic 
wave with:

k = 2⇡/�

ei(!t�kx)Electric field is then:



Fourier Transform SpectrographsFourier Transform Spectrometer (FTS)

Operating Principle
Michelson
interferometer with
variable path length
difference
monochromatic
input wave with
k = 2⇡/�

e

i(!t�kx)
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At output of interferometer, 
the amplitude A is:

A =
1

2
ei!t(e�ikx1 + e�ikx2)

AA

⇤
=

1

2

(1 + cos k(x2 � x1))Intensity output is:

x = x2 � x1

I(x) = I0 +
1

2

Z 1

0
B(k) cos kx dk

Adding up all the incoherent intensities from a star with spectral 
distribution          and taking                           and         as a constant, you 

can rewrite it as:
B(k) I0



Fourier Transform Spectrographs

I(x) = I0 +
1

2

Z 1

0
B(k) cos kx dk

You can measure          and get the spectral distribution back with a
cosine fourier transform of 

PROS: Simple, compact, absolute calibration of spectral lines possible

CONS: very susceptible to any change in background flux 

I(x)� I0

I(x)

�k = 2⇡/L
Spectral resolution is given by largest path length difference L:

�/�� = 2⇥ 106



Fourier Transform Spectrographs
1-m Kitt Peak FTS

Tom Eglin, Mark Hanna, NOAO/AURA/NSF
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1m Kitt Peak FTS - Eglin, Hanna, NOAO/AURA/NSF



Multi-Object Spectrographs







Multi Object Spectrographs - drilled spectro slits

DEIMOS slit masks milled with 0.015 inch diameter bits 

http://www.ucolick.org/~phillips/deimos_ref/masks.html

http://www.ucolick.org/~phillips/deimos_ref/masks.html


Multi Object Spectrographs - laser cut slits

http://www.lco.cl/telescopes-information/magellan/instruments/imacs/

IMACS on the Magellan 6.5m telescope

First spectrum with 240 slits

http://www.lco.cl/telescopes-information/magellan/instruments/imacs/


Multi Object Spectrographs - laser cut slits

http://www.eso.org/public/news/eso0209/

VIMOS on the VLT telescopes
You decide where to put the slits on the science field

Can take up to two weeks to manufacture



Multi Object Spectrographs - laser cut slits

http://www.eso.org/public/news/eso0209/

VIMOS on the VLT telescopes

Number of spectra limited by sky coverage



Night sky emission lines in NIR

http://www.eso.org/public/news/eso0209/

VIMOS on the VLT telescopes

Night sky emission lines

Spectrum of galaxy



 
 

 
 

the optical layout in two parts, with the Collimator Barrel repeated twice. The slit unit is located at the nominal f/15 
focus of the Keck telescope. Not shown is the entrance window to the vacuum-cryogenic enclosure or “dewar”. 

 
Figure 1: MOSFIRE Optical design, the double entrance window is not shown 

A large (388 mm full diameter) entrance window is required to accommodate the 6.8' diameter field of view. This 
window is located in a tube or snout at the front of the dewar. In order to withstand the pressure differential under 
vacuum, while keeping the maximum stress within the “glass” below ~500 psi, an Infrasil-302 window ~34.9 mm thick 
is required. To prevent condensation from forming as the center of this large window cools by radiation, a second, 
thinner (17 mm) Infrasil-302 window is located 228.6 mm away in the vacuum. An aluminum tube and baffles between 
the windows are resistively heated as described in the mechanical section to provide radiation to maintain the outer 
window above the average Observatory dome temperature. 

The telescope's effective focal length is 149.572 m as it is used with MOSFIRE, such that the effective f/ratio is 
f/14.50. Thus the collimator's focal length must be 1813.0 mm so as to produce a (stipulated) 125.0-mm beam diameter. 
The collimator is a critical optical component. It must capture a physically large, 6.8' diameter field of view and it must 
also produce a sharply focused, accessible pupil image so that a cold Lyot stop (mask) can be inserted to eliminate stray 
thermal radiation.  

The six-element collimator contains a large CaF2 field lens separated from a second lens group. The second group 
contains elements made from CaF2, ZnSe, FQtz, BaF2 and CaF2 in that order. A folding flat is placed between these 
groups. Note the curved Keck focal surface. This curvature (~2.124 m radius) is taken into account in the CSU design. 
The 125 mm pupil image is stationary over all field angles to ~2.5% in the K-band and to ~3.6% in the H-band. A Lyot 
stop is located at the pupil. The MOSFIRE filters, made by Barr Associates (Westford, MA) are 170 mm in diameter and 
tilted 6.0 degrees with respect to the optical axis to avoid ghost images. 

The large (327.5 mm) distance from the Lyot stop to the grating, combined with the (300 mm) distance from the grating 
to the camera causes convoluted, anamorphic, wavelength and field-angle dependent compound-pupil presentations, 
which complicate the design. The resulting camera requires a 250 mm focal length and a 270 mm entrance aperture such 
that it operates at f/0.93 (under-filled), which is unprecedented for a cryogenic 0.975 Pm to 2.40 Pm infrared camera of 
these dimensions. Its field radius is 6.0 degrees to cover the corners of the H2-RG array. Harland Epps produced a 7-
element all-spherical camera design that satisfies all the goals for MOSFIRE, including the need to provide for direct 
imaging in the K, H, J, and Y passbands as well as spectral coverage in those passbands for any object located within a 
rectangle at the telescope focal surface whose dimensions are r3.06' along the slits and r1.50' perpendicular to the slits. 

Configurable slits on MOSFIRE (Keck)

McLean 2012

NIR multi-object spectrograph



Configurable Slit Unit (CSU)

McLean 2010

Cryogenic slits can be reconfigured in cold and in vacuum dewar!

 
 

 
 

bars are black and convoluted so that light is prevented from passing between adjacent bars. Bars that form one side of 
the slit can be moved independently of those that form the other side. Thus, any width of slit can be formed up to a 
completely open imaging field when the bars are fully retracted. Also, bars on one side form an identical assembly to 
those on the other.  

The CSU consists of two major subassemblies, the indexing stage and the support frame. It is the indexing stage that 
provides the mechanism for positioning the bars. Masking bars are displaced across the FOV using incremental steps 
(inchworm principle) where a number of oscillating steps are required to displace the masking bars. A voice-coil 
actuator on an indexing stage provides the motion to move the bars from opposite sides simultaneously. A common 
position sensor (LVDT) keeps track of all relative movement of bars with respect to the fixed reference frame. All bars 
can be displaced at the same time or individually, as is the case when final slit position is to be achieved. There are two 
mechanisms associated with each bar: a brake which holds the bar’s position by friction and a mover (called the ratchet 
clutch) which inserts a sapphire claw between the two teeth nearest it on the bar’s edge. A coil of wire moving in a 
magnetic field actuates each of these mechanisms. By energizing a bar's brake coil, the brake for that particular bar can 
be released, and by energizing a bar's mover coil, the mover claw for that bar is inserted. Ratchet and brake clutch 
actuators are used to engage and block the masking bars during the incremental movement of the indexing stage. 
Clutches are assembled in a side-by-side array to create a sub-assembly capable of addressing all bars in parallel or 
individually. The masking bars are held within the support frame and are guided using rollers on bushings. The rollers 
ride on a pair of angled surfaces machined along the top and bottom lengths of each bar. On the upper surface, the bars 
are machined to provide a tooth profile that engages with the ratchet clutch to provide motion. The tooth pitch is 1.2 mm. 

Figure 7 shows the completed and delivered CSU undergoing warm testing in the MOSFIRE dewar. A random mask 
configuration is shown in the left image and the close-up on the right reveals the infrared black knife-edges at the end of 
each bar. The picture also shows that masking bars can be aligned to create longer slits.  

 
Figure 7: Left: a picture of the CSU showing a mask configuration. Right: a close-up showing the black knife-edge slits. 

The CSU has been bench-tested extensively and has been operated cryogenically on three separate occasions at the time 
of writing. During each cool down, one masking bar failed to operate correctly. These problems have been traced to 
debris from cracks in the permanent magnets associated with the ratchet coils. Apart from this issue, the mechanism has 
worked remarkably well and hundreds of cryogenic masks have been formed. 

3.4 Electronics and Detector Design 

Most of the electronics consist of commercial off the shelf (COTS) equipment with the required interconnections. There 
is a limited amount of custom equipment including, the CSU control system, the interface board for the science detector 
application specific integrated circuit (ASIC) and a few printed circuit boards used to simplify various high pin count 
interconnections. The MOSFIRE electronics consists of three major component groups, the MOSFIRE instrument 
electronics located in the electronics cabinet mounted on the rear end-cap of the vacuum enclosure behind the cable 
wrap, the MOSFIRE CCR compressor and controls located in the Keck I mechanical equipment room, and the 
MOSFIRE computer rack containing the instrument host computer and data storage disks located in the Keck I computer 
room. 



 

 
 

 

measurements made by CSEM.  The new calibration also has the advantage that it is based on measurements made at 

120 K, rather than the room temperature measurements used for the initial calibration.   

 

4. ON-SKY PERFORMANCE 
After ten cool downs had demonstrated that MOSFIRE meets all of its requirements, the instrument was prepared for 

shipping to Hawaii. Following its arrival on Mauna Kea on February 16, MOSFIRE was carefully examined, then 

pumped out and cooled down for the eleventh time. After a series tests on the Nasmyth deck and several practice 

insertions into the Cassegrain focal station, the instrument achieved “first light” during a two-night run beginning on 

April 4, 2012. Unfortunately, the weather was cloudy on both nights but seeing conditions were good. Figure 7 shows 

our first light target, the Antennae galaxies (NGC40xx), as well as our first real on-sky mask. 

 

Figure 7. On the left is the layout of the MOSFIRE field on the sky with a 58s J-band image of The Antennae galaxies. The 

middle image is of a slit mask and the right image is the night sky emission with this mask in H-band. 

Despite the cloudy skies we were able to demonstrate outstanding image quality during the first light run and subsequent 

commissioning nights. Figure 8 shows a typical FWHM value of 0.45s (at J) for stars in the globular cluster NGC5053. 

Even better images were measured in the Ks band. 

 

Figure 8. A J-band exposure on the globular cluster NGC5053 gives an average FWHM of 0.45s. The best images were 

recorded in K-band where the FWHM was <2 pixels, or <0.36s FWHM. 

Proc. of SPIE Vol. 8446  84460J-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/06/2012 Terms of Use: http://spiedl.org/terms

Configurable slits on MOSFIRE (Keck)

McLean 2012

Adjustable mechanical slits allow for much faster configuration



Fibre Optics



Fibre Optics
Made of glass, typically fused silica 

Diameters of 200 microns down to 10 microns

Can be used for REFORMATTING
the focal plane of the telescope

Leads to hundreds of objects simultaneously



Structure of an optical fibre

Page 13

2. Properties of optical fibres
2.1 Introduction

In this chapter the relevant properties of optical fibres in relation to their astronomical use are

presented. The physical composition of an optical fibre (§2.2) leads to an understanding of its optical

properties (§2.3) along with some defining parameters for the fibre, such as the presence of focal ratio

degradation (§2.3.2) and internal transmission (§2.3.3). These turn out be important considerations for

the optical design of spectrographs involving optical fibres (see Chapter 3).

The methods used for polishing the fibres (§2.4) also determine the efficiency of the fibres, and

optical methods for examining the surface of the fibre and determining the focal ratio degradation are

shown (§2.5). Results of the optical tests on different makes of fibres are then presented (§2.6).

2.2 Physical properties of optical fibres

2.2.1 Physical composition of a fibre

The property of total internal reflection has been known and demonstrated in water fountains

(Tyndall 1854) but the practical form of using thin glass strands with an outer transparent layer was

suggested much later (Heel 1954). A fibre consisting solely of a single light transmitting core (see

Figure 2-1) is prone to severe attenuation and scattering, as any imperfection (dirt, scratches, moisture,

Figure 2-1 Structure of a step-index optical fibre. The light transmitting core is surrounded by a
lower refractive index cladding. A buffer and outer layer provide environmental protection.

Cladding has higher refractive index than core material

Largest acceptance angle dependent on core and cladding refractive indices

Total internal refection along core/cladding boundary



Everything is big when you are 100 microns in size

CHAPTER 2 OPTICAL FIBRES

Page 29

allowed the jig and fibre surface to be examined periodically. Due to the magnification used

(approximately ×100) a powerful light source was needed to illuminate the polished surfaces. Two fibre-

optic crane-neck halogen lamps were used, one on either side of the microscope objective. The fibre-

optic necks allowed two sources of light to be positioned anywhere near the fibre surface.

With the microscope, any chips or scratches in the surface of the fibres was easily visible. Two

other checks on the fibres performed were:

(i)  Checking for micro-pits. Micro-pits are small pits in the fibre surface about 2µm in size that are

thought to be caused by contamination from rougher pastes. The light source was positioned to shine

light onto the fibre faces at a large angle of incidence. After the 3µm polishing the fibre face

appeared black, except for micro-pits that showed as bright spots of light due to the scattered light

from them (see Figure 2-14). By counting these on each fibre and checking after each stage of

polishing a check on quality could be made.

(ii)  General fibre structural integrity. The light source is taken away and light shone down the far end

of the fibres. By slowly increasing the incident angle out towards the N.A. of the fibre, a single spot

in the centre of the output end of the fibre appeared and expanded into a ring which moved out

towards the edge of the fibre, eventually disappearing at the cladding boundary (see Figure 2-14).

Any structural defect in the core a few millimetres below the fibre surface would be readily apparent

as an unevenly illuminated ring of light or visible as dark cracks.

2.5.2 Tests for FRD and throughput

With any fibre it is important to characterise the throughput and FRD properties. FRD is

strongly dependent on how the fibre is glued in its ferrule and on the type of adhesive used to hold the

Figure 2-14 Examining the fibre faces. On the left the fibre face is checked for micro-pits - several can
be clearly seen. On the right the back-illuminated fibre shows a clean ring of light across the face of the
fibre.

Fibre core

Cladding
Buffer

Steel ferrule

Epoxy

Micro-pitsMicro-pits



Optical Fibre - azimuthal scrambling
CHAPTER 2 OPTICAL FIBRES

Page 16

makes them excellent image scramblers, suitable for high resolution stellar velocity science where

seeing effects and uneven input illumination in slit-based spectrographs can lead to systematic errors.

The both types of scrambling can be understood in terms of how many reflections a typical ray

makes. If ƒ is the input f-ratio in air, d is the diameter of the fibre and L is the length of the fibre, a ray

will undergo k reflections in traversing a straight fibre, (Heacox 1983) where:

k
L
d n f

≈
×2 9 1. . .                                                              ( 2-3)

An expression for the fraction of rays that undergo less than one rotation about the optical axis

of the fibre (and to a rough approximation do not undergo radial scrambling) is:

Coiled length of
optical fibre

Input beam from laser

 Output ‘ring’ of light

Figure 2-3 Azimuthal scrambling. An input beam will undergo azimuthal dispersion and
to a lesser extent radial dispersion. This radial dispersion is due to FRD.

Figure 2-4 Radial image scrambling. The left hand diagram shows an off-axis spot of light on the
input face of the fibre. For a long piece of fibre the output face (shown on the right) shows that the
light is radially scrambled with respect to the optical axis of the fibre.

Input fibre face Output fibre face

Thousands of internal reflections from curved interface



Optical Fibre - azimuthal scrambling
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makes them excellent image scramblers, suitable for high resolution stellar velocity science where

seeing effects and uneven input illumination in slit-based spectrographs can lead to systematic errors.

The both types of scrambling can be understood in terms of how many reflections a typical ray

makes. If ƒ is the input f-ratio in air, d is the diameter of the fibre and L is the length of the fibre, a ray

will undergo k reflections in traversing a straight fibre, (Heacox 1983) where:
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An expression for the fraction of rays that undergo less than one rotation about the optical axis

of the fibre (and to a rough approximation do not undergo radial scrambling) is:

Coiled length of
optical fibre

Input beam from laser

 Output ‘ring’ of light

Figure 2-3 Azimuthal scrambling. An input beam will undergo azimuthal dispersion and
to a lesser extent radial dispersion. This radial dispersion is due to FRD.

Figure 2-4 Radial image scrambling. The left hand diagram shows an off-axis spot of light on the
input face of the fibre. For a long piece of fibre the output face (shown on the right) shows that the
light is radially scrambled with respect to the optical axis of the fibre.

Input fibre face Output fibre face

Looking down on the end of the polished fibre end



Optical Fibre - Focal Ratio Degradation

CHAPTER 2 OPTICAL FIBRES

Page 17

d n f
L

. .1
2

2
£
¤²

¥
¦́

                                                                   (2-4)

which for the shortest fibre feed in COHSI means that less than one in 106 rays pass through the fibre

unscrambled.

2.3.2 Focal Ratio Degradation

Focal ratio degradation (FRD) is caused by imperfections on the core/cladding boundary that

deviate the shape of the fibre from that of a perfect cylindrical waveguide, causing light to be scattered

into a larger N.A. (see Figure 2-5). These imperfections (called microbends) can be caused by a badly

fitting cladding, inhomogeneities in the core material and changes in core diameter due to the fibre

drawing process. Typical microbend defect sizes are on the order of 1µm and in the case of fused silica

fibres, they can also be caused by stress on the fibre core from the surrounding cladding and jacket.

Other losses can be induced by macrobending, where the fibre is bent into curves with radii of

5cm or less (Clayton 1989). The jacket exerts extra stress on the core and in extreme cases the

macrobending can cause the N.A. of the fibre to be exceeded, and light to be lost.

(b)

(a)

Figure 2-5 Focal Ratio Degradation. In (a) an ideal fibre with no FRD preserves the input
focal ratio at its output. In (b) the effect of FRD causes the output beam to fill a wider cone
than its associated input beam.

Ideal preservation of input beam angle and output beam angle

Deformation and stress causes light to ‘spread’ in output angle cone



Loss of flux from FRD if you don’t make the output 
optics bigger in size

CHAPTER 2 OPTICAL FIBRES

Page 33

beam using the IFS field lens as seen in Figure 2-18. FRD measurements were made for seven fibres

and the results are shown in Figure 2-19. Although the graph implies a very good geometric throughput

of (89±5)% for an ƒ/5.0 input beam to ƒ/4.8, there is now some doubt as to whether the actual value is

this high. The lock-in amplifier used for this test was found to have a fault which was only discovered a

year after the measurements were made. Unfortunately the fibre feed was unavailable for further testing,

and so the conclusion is that the throughput is more realistically around the 80% transmission level.

The conclusion is that the SPIRAL fibres have a geometric throughput of (80±5)% for an ƒ/5.0

input beam into an ƒ/4.8 output aperture, which constitutes an acceptable loss for the SPIRAL system.

Optical chopper
Swan neck
light source

ƒ/5 input beamPiece of card masking
all other lenslets

Common pupil
image of fibres

Figure 2-18 Layout of the SPIRAL FRD test apparatus. The light is fed into the fibre by
illumination from the common fibre pupil.

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

 

 

Output focal ratio

N
or

m
al

is
ed

 f
lu

x
 Fibre 1
 Fibre 2
 FIbre 3
 Fibre 4
 Fibre 5
 Fibre 6
 Fibre 7

Figure 2-19 FRD test results for seven SPIRAL fibres. This is for a 16m length of Polymicro
50/70/90/110µm fibre measured at 600nm.



Plug plates drilled manually to match target fields

Hill 1988 ASPC 



Optical Fibre Spectrograph

CHAPTER 3 THE DESIGN OF FIBRE-FED I.F.S.

Page 40

3.2 Optimising designs for use with optical fibres

3.2.1 Layout of a fibre-fed spectrograph

Optical fibres are often the largest constraint in a design - one of the only properties that can

be easily changed is the input focal ratio of light into the fibre, ƒfibre. A typical layout for a fibre-fed

spectrograph is shown in Figure 3-1. This can be broken down into two sections - a focal plane unit

(FPU) that feeds the light from the focal plane of the telescope into the fibre, and a fibre-fed

spectrograph that can sit on the floor of the observatory.

The simplest FPU is one with no optics - many multi-object spectrographs have bare fibres as

their fibre input. In this simplified spectrograph however, the starlight is focused in the focal plane of

the telescope with the focal ratio of the telescope ƒtel. The FPU then either re-images the star or the

telescope pupil onto the end of the fibre. These optics determine the focal ratio of light fed into the

fibre, ƒfibre. The fibre then passes down to the spectrograph.

Focal ratio degradation dilutes the emerging light into a faster beam, and the input focal ratio

into the collimator, ƒcoll is designed so that ƒfibre > ƒcoll and the collimator can accept the FRD degraded

beam. The collimated beam has a diameter Dcoll and this passes through the dispersing element,

typically a diffraction grating or grism. The dispersed beam is then focused onto a detector via a

camera with focal length ƒcamera.

The size of the image of the fibre on the detector is given by:

d D
f
fimage fibre
camera

coll
= .                                                    (3-1)

Where Dfibre is the diameter of the core of the fibre.

ƒfibre

Focal plane unit

Spectrograph

ƒcoll
ƒcamera

Collimator Grating Camera

Detector

Optical fibre

Focal plane
of the
telescope

Figure 3-1 Schematic layout of a fibre-fed spectrograph with one fibre.
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and an achromatic corrector yielding arcsecond imaging over the whole optical waveband. 
On the other hand, it has a plate-scale ten times finer than that of the AAT’s Cassegrain focus, 
and a steeply-curved and very inaccessible focal surface. 

The fine plate-scale (67 arcsec/mm) meant that drilling holes in brass plates was not an 
option for fibre positioning, due to thermal and other considerations. The required positioning 
accuracy for the fibres was 10 µm over the whole field (think of sticking a pin in a cricket pitch 
with a precision of 1 mm). It was one of the editors of these proceedings who suggested a 
viable alternative. Tacking the fibres directly onto transparent star and galaxy images on a 
positive copy of the target field using UV-curing cement seemed like a blindingly obvious 
solution to David Malin, with his background in photography and polymer chemistry.

Unlikely as it sounds, this technique worked rather well when it was tried out late in 1983. 
It required a special plate-holder to support the glass positive plate and bend it to the focal 
curvature. This had the same dimensions as the photographic plate-holders, so it could be 
loaded via the existing elevator, and was built for the project by UKST technicians Eric Coyte 
and Magnus Paterson (Fig. 3). It was another nine months before the necessary components 
for a fibre acquisition system had been built, but by October 1984, sets of stars spread over 
the full 6.5 degrees square field of the telescope were being simultaneously acquired. By then, 
too, the system had a name—FLAIR, for Fibre-Linked Array Image Reformatter. What else?

Figure 3. The FLAIR field plate all fibred up and ready to go. The hexagonal mandrel supports the 
curved glass plate, and the stepper motor (right) is for field rotation.

While Peter Gray had a ready-made spectrograph at his disposal for the AAT’s early 
ventures into fibre spectroscopy, there was no such luxury at the UKST. My own Pentax 
35 mm camera formed the detector of the prototype spectrograph, with another Pentax lens 
acting as the collimator, and a 50 mm square reflectance grating dispersing the beam. Gas-
hypersensitised 35 mm film was used as the detector. 

The whole diminutive instrument was mounted on a vibrationally-isolated optical table 
in the dome—the most expensive component of the whole system (Fig. 4). This thick metal 
bench-top, with its chunky pneumatic legs, actually cost more than it should have when it 
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400 fibres positioned whilst other 400 are observing!

Sits at prime focus of 4m Anglo-Australian Telescope

Diameter of 140 microns (2.1 arcsec on the sky)



3 MAIN COMPONENTS OF 2dF

This section contains technical descriptions of the main
components of the 2dF facility. At the end of this section Table 1
summarizes the main instrument properties.

3.1 Top end ring

The new 2dF top end ring (Fig. 2) is a direct copy of the three
original AAT top end rings ð f /8 and f /15þ f /35 secondaries and
f /3 prime focus) (Sadler, Harrison & Lee 1991). This allows a fast
(,1 h) interchange between top ends using the semi-automated
mechanisms built into the AAT dome.

3.2 Design constraints on the prime-focus corrector

At the heart of the 2dF facility is the corrector lens system which
provides the 28:1 diameter field of view at the AAT prime focus.
The development of a corrector was initiated with a design by
C. G. Wynne (Wynne 1989) offering a 28 field with 1.5-arcsec
images using a four-element corrector. Further work by D. Jones
and R. G. Bingham emphasized the need for an atmospheric
dispersion compensator, the importance of chromatic variation in
distortion (CVD) and of the telecentricity of the optical design. A
relatively flat focal surface was also a requirement.
The atmospheric dispersion of uncorrected images when

sampled with a small fixed aperture size (an optical fibre) will
reduce the throughput of the system significantly, by an amount
which varies strongly with wavelength and zenith distance. When
combined with small positioning and astrometric errors this will
place severe limits on the ability to flux calibrate the resulting data.
In order to minimize this effect an atmospheric dispersion
compensator built into the corrector optics must provide a variable
amount of dispersion in the opposite direction to the atmospheric
dispersion, for as large as possible a range of zenith distances.
All of the initial designs (except for a significantly aspheric

design by Bingham) exhibited CVD to some extent. This effect
causes off-axis, broadband images to be spread radially by up to

about 2 arcsec for the 350–1000 nm wavelength range, with
maximum effect at about 08:5 field radius. This is a smaller effect
than that of atmospheric dispersion and is independent of zenith
distance; it determines the ultimate limit to spectrophotometric
accuracy with 2dF.
The telecentricity of an optical corrector design defines how the

principal ray of each cone of light reaches the focal plane of the
telescope. For an ideal fibre system the principal ray should be
orthogonal to the focal surface. If the input light cone is not
perpendicular to the focal surface then even in the absence of fibre
focal ratio degradation (FRD) the effective focal ratio of the output
beam is decreased. In initial designs the angle of the principal ray
varied across the field (usually increasing towards the edge of the
field) by as much as 48 from the normal to the focal plane. This
variation in input angle is effectively the same as reducing the input
focal ratio of light to the fibre from f /3:5 to f /2:3. Note that this is a
much more severe effect that that of FRD within the fibre itself,
which is minimal when working at this input focal ratio.
If the spectrograph collimator is oversized to allow for this

decrease in focal ratio, then we will reduce the spectral resolution

Figure 2. Schematic diagram of the 2dF top end showing the main

components located on the mounting ring.

Figure 3. Schematic diagram of the 2dF prime-focus corrector in cross-

section. The lower two lens elements are the prismatic doublets making up

the ADC; these are the first and second elements of the corrector in the light

path.
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Tumbler has two plates and flips like a sand timer
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1.2mm prism sends light from 
vertical into horizontal fibre
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non-linearly from 2.16 arcsec at the field centre to 2.0 arcsec at the
edge of the field). The four guide fibre bundles each consist of a
4-m long coherent bundle of 7 £ 100mm core diameter fibres in
which six fibres are arranged in a hexagon around a central fibre
(Fig. 5). Each individual fibre probe can access an area extending
from the edge of the focal plane to just beyond the centre of the
focal plane, and can cover a sector with an apex angle of 288. For
the object fibre probes there is sufficient overlap between adjacent
fibres to allow full field coverage. The four guide fibre bundles can
access a total of about 30 per cent of the focal plane. The guide
fibres are arranged at the four cardinal points on each fieldplate.
At the focal plane the incoming light is folded into the optical

fibres using 928 prisms (1.2mm on a side) made from Schott
(Mainz, Germany) SF5 high refractive index glass, with the input
face anti-reflection coated. The prism is glued to the polished end
of the optical fibre using UV-curing cement, after being optically
aligned with the fibre core. The 928 angle of the prism was chosen
to be halfway between the extreme ranges of the beam angle for the
non-telecentric corrector design. The prism material is a high
refractive index glass so that the fast focal ratio input beam is
totally internally reflected on the prism hypotenuse. This removes
the requirement to aluminize the external reflecting face which
would result in lower efficiency.
The optical fibre used is a high OH or wet fibre manufactured by

Polymicro Technologies (Phoenix, AZ, USA). This has the
advantage of good blue throughput at some cost of additional OH
absorption bands in the far red (see Fig. 6). The optical fibre is a step
index fibre with a core diameter of 140mm, a cladding diameter of
168mm and a polyimide protective buffer 198mm in diameter.
Each fibre and prism assembly is held in the focal plane by a

small steel button 4mm long and 2mmwide containing a rare earth
magnet (NdFeB) in its base (see Fig. 7). The magnet holds the
button in place on a steel field plate located just behind the
telescope focal plane. The button has a vertical fin or handle to
allow the robotic gripper to grasp the button easily. Particular care
was taken in the design of the button, with extensive simulations of
the design to minimize the impact of the fibre probe footprint on
the success rate with which fibres could be assigned to objects
(Lewis et al. 1993). An overlarge fibre probe footprint would affect
the success with which fibres could be assigned to target objects
clustered on relatively small scales, thus potentially imposing an
instrumental signature on the observations.

The output ends of the optical fibres at the spectrograph slit are
aligned together in multiples of 10 fibres which form a slitlet. The
10 fibres are aligned and cemented on to a brass block using an
assembly jig to provide the necessary fibre-to-fibre separation. The
fibre separation projects to 5 pixels at the detector. The brass block
and optical fibres are then polished together as a unit. The slitlets
are held in the focal plane of the spectrograph as a set of 20 slitlets
to form the spectrograph ‘slit’ of 200 fibres. The fibres are fanned
out to optimize the light path through the spectrograph optics.
Unlike previous AUTOFIB-type fibre positioners, the 2dF fibre

probes do not have protective stainless steel tubes along their
length in the focal plane area. These tubes had a number of uses:
they protected the fibre against breakages, avoided any risk of fibre
tangles and simplified the fibre allocation process. However, when
the fibre probes are parked at the periphery of the focal plane, the
steel tubes must be accommodated outside the fieldplate area
which increases the overall size of the instrument. This was not a
problem with previous Cassegrain focus instruments on the AAT,
but would have led to loss of light at prime focus. A second
disadvantage with steel tubes is that they severely restrict the use of
fibre–fibre crossovers in the fibre allocation process, thus
considerably limiting the number of fibres that can be allocated
to target objects.

Figure 5. Fibre arrangement for a single guide fibre probe showing the

arrangement of the seven individual optical fibres and their size and

separation on the sky.

Figure 6. Optical fibre throughput as a function of wavelength (ignoring

end losses). Fibre is Polymicro FVP 8m in length.

Figure 7. Diagram showing design of fibre probes and the gripper jaws.
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astrometric catalogue of reference stars and taking full account of
proper motions.
To place optical fibres on target objects, 2dF needs to know the

conversion from astronomical coordinates to physical coordinates in
the focal plane. This conversion is determined by measuring the
fiducial marks on the fieldplates using the FPI TV camera, then
measuring the X–Y positions of sets of astrometric standard stars
using the FPI CCD camera. The observed centroids of the star images
are matched to their expected positions, as corrected for atmospheric
refraction, known telescope pointing errors and the distortion
introduced by the 2dF corrector lens. A least-squares minimization
determines the fitting parameters; the six free parameters are the
scales in X and Y, the overall rotation and skewness of the field, and
any offset of the centre of the optical distortion pattern from the
optical axis. Any non-perpendicularity of the axes of the gantries, or
mechanical shifts between the gantries and the fieldplates, should be
automatically removed by the survey of the fiducial reference points
on the fieldplates (Section 3.8).
For calibrating 2dF it was not a trivial task to find astrometric

data with the required accuracy (current rms positions to better
than 0.25 arcsec across 28 of sky) for large enough samples of stars.
Initially, the Positions and Proper Motions (PPM) catalogue was
used (Roeser & Bastian 1988); currently the Tycho-2 catalogue
(Høg et al. 2000) is the most suitable. Originally the astrometric
calibration involved taking data for sets of stars at a range of
declinations, for both field plates, and the full process had to be
repeated on the first night of every 2dF observing run. Different
sets of astrometric parameters were stored and used as appropriate
for each target field. However, it appears that the behaviour of 2dF
is sufficiently stable and repeatable that the flexure terms can be
predicted. All that is now needed is to take at least one set of
calibration data whenever 2dF is re-mounted on the telescope, to
determine any rotation or offset zero-point errors. There are also
small plate scale variations which are temperature-dependent. The
remaining errors in the process should be below the 0.5-arcsec level
at the edge of the field, where most effects are worst.
The fiducial or guide star positions should be as accurate as the

target object positions and on the same astrometric system. However,
for a number of reasons this may not be the case. First, fiducial stars
are usually in the magnitude range V ¼ 13–15:5 so that the Quantex
TV system is able to detect them. Stars as bright as this can suffer
haloes and diffraction spikes on the photographic plates which affect
their astrometry. Secondly, proper motions of stars can increase the
positional errors, particularly when using old plates. Using fiducial
stars towards the faint end of the available range, restricting the
colour range and comparing two plates of different epochs can reduce
both these effects. A good solution is to use stars drawn from the
target object list, where feasible. Alternatively, a prescription for the
selection of guide stars is given by Colless et al. (2001).

4.2 Fibre allocation procedures

Fibres are allocated to target objects using an off-line software
program CONFIGURE (see the 2dF WWW pages http://www.aao.
gov.au/2df/ for details of manuals and to download this software) to
pre-plan each target field. An example target field configuration is
shown in Fig. 10, which is a reproduction of the mimic display at
the telescope. When provided with a field centre and a list of target,
fiducial star and blank sky positions, the CONFIGURE program
assigns fibres to objects, taking account of the hardware constraints
(limited fibre extension and deviation from the radial direction) and
avoiding illegal hardware collisions. Given the size and shape of

the fibre buttons, the minimum separation between two targets is
.30 arcsec on the sky, but this is a strong function of location in
the field and of target distribution.
Various options in CONFIGURE allow the user to assign relative

priorities to targets and set other parameters, including the planned
hour angle of the observations, in order to optimize the allocation
of fibres. The program works iteratively making a number of
random swaps at each iteration to try to maximize the number of
observable targets and minimize the number of fibre crossovers.
The CONFIGURE utility includes an option for automatic allocation
of fibres to sky positions and allows manual editing of the final
fibre configuration, before saving as a file to be used with the 2dF
control system at a later stage. One (or more, if the same field is to
be tracked for several hours) of these configuration files is required
for each target field to be observed during the course of a night.
If the user wishes to observe a field with more than 400 targets,

the input list must be split into a series of manageable field
configurations. It is usually best to restrict the magnitude range of
targets in a given field, since bright targets may become saturated
or scatter light on to fainter targets in adjacent fibres in the
spectrographs.
To cover efficiently an area larger than the 28 field of view with

high completeness requires simultaneous configuration of multiple
fields and adjustment of their field centres; this process is known as
‘tiling’. A description is the tiling procedure used in the 2dF
Galaxy Redshift Survey is given by Colless et al. (2001).
The off-line planning process is usually done well in advance

and a set of configuration files sent to the telescope. Before a set of
configuration files are used they are normally checked for legality
using the current astrometric parameters.

4.3 Observing procedures

This section describes the standard observing procedure as used for

Figure 10. An example target field configuration using almost all 400 fibre

probes. Unallocated target objects are shown by unfilled circles. A few

fibres remain parked at the edge of the field because they cannot access any
of the unallocated targets. Small circles represent targets and large circles

are potential guide stars. Fibres apparently on blank areas have been

allocated to sky positions.
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astrometric catalogue of reference stars and taking full account of
proper motions.
To place optical fibres on target objects, 2dF needs to know the

conversion from astronomical coordinates to physical coordinates in
the focal plane. This conversion is determined by measuring the
fiducial marks on the fieldplates using the FPI TV camera, then
measuring the X–Y positions of sets of astrometric standard stars
using the FPI CCD camera. The observed centroids of the star images
are matched to their expected positions, as corrected for atmospheric
refraction, known telescope pointing errors and the distortion
introduced by the 2dF corrector lens. A least-squares minimization
determines the fitting parameters; the six free parameters are the
scales in X and Y, the overall rotation and skewness of the field, and
any offset of the centre of the optical distortion pattern from the
optical axis. Any non-perpendicularity of the axes of the gantries, or
mechanical shifts between the gantries and the fieldplates, should be
automatically removed by the survey of the fiducial reference points
on the fieldplates (Section 3.8).
For calibrating 2dF it was not a trivial task to find astrometric

data with the required accuracy (current rms positions to better
than 0.25 arcsec across 28 of sky) for large enough samples of stars.
Initially, the Positions and Proper Motions (PPM) catalogue was
used (Roeser & Bastian 1988); currently the Tycho-2 catalogue
(Høg et al. 2000) is the most suitable. Originally the astrometric
calibration involved taking data for sets of stars at a range of
declinations, for both field plates, and the full process had to be
repeated on the first night of every 2dF observing run. Different
sets of astrometric parameters were stored and used as appropriate
for each target field. However, it appears that the behaviour of 2dF
is sufficiently stable and repeatable that the flexure terms can be
predicted. All that is now needed is to take at least one set of
calibration data whenever 2dF is re-mounted on the telescope, to
determine any rotation or offset zero-point errors. There are also
small plate scale variations which are temperature-dependent. The
remaining errors in the process should be below the 0.5-arcsec level
at the edge of the field, where most effects are worst.
The fiducial or guide star positions should be as accurate as the

target object positions and on the same astrometric system. However,
for a number of reasons this may not be the case. First, fiducial stars
are usually in the magnitude range V ¼ 13–15:5 so that the Quantex
TV system is able to detect them. Stars as bright as this can suffer
haloes and diffraction spikes on the photographic plates which affect
their astrometry. Secondly, proper motions of stars can increase the
positional errors, particularly when using old plates. Using fiducial
stars towards the faint end of the available range, restricting the
colour range and comparing two plates of different epochs can reduce
both these effects. A good solution is to use stars drawn from the
target object list, where feasible. Alternatively, a prescription for the
selection of guide stars is given by Colless et al. (2001).

4.2 Fibre allocation procedures

Fibres are allocated to target objects using an off-line software
program CONFIGURE (see the 2dF WWW pages http://www.aao.
gov.au/2df/ for details of manuals and to download this software) to
pre-plan each target field. An example target field configuration is
shown in Fig. 10, which is a reproduction of the mimic display at
the telescope. When provided with a field centre and a list of target,
fiducial star and blank sky positions, the CONFIGURE program
assigns fibres to objects, taking account of the hardware constraints
(limited fibre extension and deviation from the radial direction) and
avoiding illegal hardware collisions. Given the size and shape of

the fibre buttons, the minimum separation between two targets is
.30 arcsec on the sky, but this is a strong function of location in
the field and of target distribution.
Various options in CONFIGURE allow the user to assign relative

priorities to targets and set other parameters, including the planned
hour angle of the observations, in order to optimize the allocation
of fibres. The program works iteratively making a number of
random swaps at each iteration to try to maximize the number of
observable targets and minimize the number of fibre crossovers.
The CONFIGURE utility includes an option for automatic allocation
of fibres to sky positions and allows manual editing of the final
fibre configuration, before saving as a file to be used with the 2dF
control system at a later stage. One (or more, if the same field is to
be tracked for several hours) of these configuration files is required
for each target field to be observed during the course of a night.
If the user wishes to observe a field with more than 400 targets,

the input list must be split into a series of manageable field
configurations. It is usually best to restrict the magnitude range of
targets in a given field, since bright targets may become saturated
or scatter light on to fainter targets in adjacent fibres in the
spectrographs.
To cover efficiently an area larger than the 28 field of view with

high completeness requires simultaneous configuration of multiple
fields and adjustment of their field centres; this process is known as
‘tiling’. A description is the tiling procedure used in the 2dF
Galaxy Redshift Survey is given by Colless et al. (2001).
The off-line planning process is usually done well in advance

and a set of configuration files sent to the telescope. Before a set of
configuration files are used they are normally checked for legality
using the current astrometric parameters.

4.3 Observing procedures

This section describes the standard observing procedure as used for

Figure 10. An example target field configuration using almost all 400 fibre

probes. Unallocated target objects are shown by unfilled circles. A few

fibres remain parked at the edge of the field because they cannot access any
of the unallocated targets. Small circles represent targets and large circles

are potential guide stars. Fibres apparently on blank areas have been

allocated to sky positions.
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Science was a huge galaxy redshift survey
of 250,000 galaxies

Lewis (2002)

two, depending on telescope attitude (see Fig. 1). However, setting
up such configurations is not trivial because there are small but
significant geometrical differences between the two 2dF
fieldplates. These mean that a configuration that is valid on one
plate will fail on the other because of button and fibre collisions,

and because limits on fibre extensions and pivot angles are
exceeded. These effects can be largely avoided by setting up the
starting configuration with extra clearance around the buttons and
reduced limits on the pivot angle. The minimum clearance, set by
the 2dF hardware, is 400mm; setting this to 800mm and setting the

Figure 15. Some examples of spectra taken with 2dF. The first two are high-dispersion stellar spectra (1200 linemm21 gratings, 2-Å resolution); the next four

are low-dispersion spectra covering almost the full wavelength range accessible to 2dF, taken with the 300B gratings for the galaxy or quasar surveys. The final
panel shows a low-dispersion spectrum taken with the 316R grating. The exposure times and magnitudes are quoted in each panel. The X-axis of each panel is

the wavelength in nm; the Y-axis is the observed number of counts after data reduction. (a) Blue spectrum of a faint main-sequence star in the globular cluster 47

Tucanae, in which the dominant features are the H & K lines of Ca II near 390 nm, the CH G-band near 430 nm and several Balmer H lines. (b) Red spectrum of
a carbon star in the SMC, showing the deep Swan C2 band near 560 nm and several strong spikes between 605 and 620 nm due to the combined effects of C2 and

CN bands (the noisy appearance of this quite high signal-to-noise ratio spectrum is due to a host of real molecular features: such spectra yield radial velocities

with an internal precision of 3 km s21). (c) A foreground white dwarf star typical of many found in the colour-selected 2QZ quasar survey, with broad Balmer H

absorption lines. (d) A strong emission-line galaxy from the 2dF Galaxy Redshift Survey, with lines due to redshifted [O II] near 407 nm, Hb and [O III] near
540 nm, and Ha near 710 nm. (e) An absorption-line galaxy with lines due to redshifted H &K Ca II absorption near 460 nm, Mgb absorption at 600 nm, and Na

D near 685 nm (next to the atmospheric B-band O2 absorption feature). (f) A QSO from the 2QZ survey with broad emission lines of Lya near 410 nm, Si IV

near 470 nm, C IV near 520 nm and C III] near 640 nm. (g) A QSO identified as part of a joint 2dF–SDSS observing programme (Glazebrook et al. 2001) with

broad Lya near 730 nm. With thanks to S. Croom (private communication) for the spectra shown in panels (c) and (f).
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Chapter 4 details the construction of the prototype fibre feed ‘SPIRAL Phase A’ using

macrolenses and a fibre feed with a dedicated spectrograph. The techniques and methods used in

constructing the lens array and fibre feed are discussed, along with tests that investigate their success

and merit.

Chapter 5 presents the construction of two fibre feeds for the Cambridge OH Suppression

Instrument (COHSI). The techniques learnt in Chapter 4 are built on and improved, leading to a
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3.4.2 The advantages of a fibre-fed spectrograph

Figure 3-11 shows how the introduction of a square lens array and fibre feed changes the

properties of the spectrograph. The disk of the star falls on the lenses of the lens array. The light from

each lens is then focused onto the end of an optical fibre which then is fed into a fibre slit. The fibre

slit is composed of all the fibres from the lens array arranged into a single vertical line. It is this line

of fibres that is dispersed by the spectrograph and imaged onto the detector.

The width of the imaged slit is fixed by the diameter of the individual fibres used, meaning

that the spectral resolution of the spectrograph is now independent of stellar image size. If the seeing

disk of the star becomes larger, more lenslets are illuminated along the slit, and if the stellar image

moves across the lens array, a different set of fibres will be illuminated.

Since the lens array covers a larger area of sky, all the flux from the star enters the

spectrograph, allowing high resolution photometric observations to be made, something difficult to

do with slit based spectrographs.

Another property of optical fibres that is useful for high resolution work is their image

scrambling properties (see §2.3). The radially symmetric images on the ends of the optical fibre

formed by image scrambling give rise to spatially symmetric profiles on the detector, regardless of

the spatial illumination on the input face of the fibre. The consistency of the fibre profile image

combined with the stability of a floor mounted spectrograph lends fibres to high resolution work.

By effectively decoupling the slit from the telescope, the parameter space that defines slit-

based spectrographs is enlarged by the removal of the slit/sky relationship. However all spectrographs

ultimately encounter the limits set by the throughput invariant discussed in the previous chapter.

δλ

Dispersion direction λ

Figure 3-11 The input and output of a fibre-fed spectrograph with square lens array.
The seeing disk of the star is sub-sampled with a lens array. The optical fibres then
reformat the image into a ‘fibre slit’ which then passes into the spectrograph.

Use the flexibility of fibres to reformat the 2D sky into a 1D entrance slit

Split focal plane into single units

Fibers take light from telescope 
focus to the spectrograph Spectrograph disperses the light



Spectrograph can sit on floor of the 
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design was performed by Damian Jones (private communication). The spectrograph lenses were

manufactured by INOAE in Puebla, Mexico.

Figure 4-2 Layout of the fibre feed on the Anglo-Australian Telescope. The spectrograph in the
image is shown without light-proof covers. The strain relief box for the fibre slit end is mounted
underneath the spectrograph framework.

Light enters the Cassegrain focus from the telescope and passes through fore-optics into the

lens array, all of which are fixed onto an optical table in the Cassegrain cage. Optical fibres connected

to the back of the lens array pass through the first strain relief box and out of the cage down to the

spectrograph sitting on the floor of the observatory. A second strain relief box on the outside of the

spectrograph leads to a fibre slit where the fibres are reconfigured into a suitable straight slit. The

light is dispersed in the spectrograph and the fibre spectra imaged on a Charge Coupled Device

(CCD) mounted inside a liquid nitrogen cooled vacuum dewar.

Cassegrain cage
of telescope

Fibre feed

Spectrograph
sitting on the floor
of the observatory

Cassegrain cage

Fibre feed

Fore optics

Spectrograph

Focal plane

Lens array unit

Optical table

Strain relief box

Strain relief box
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6. Reduction of COHSI and SPIRAL data
6.1 Introduction

This chapter covers the steps needed to reduce fibre data from an integral field spectrograph

(IFS) and the reduction of data from the pupil imaging mode of SPIRAL (§6.9.2). The format of the

COHSI and SPIRAL data is an image containing rows of fibre spectra adjacent to each other (Figure

6-1). The order of the fibre spectra is related to the location of the fibre on the sky (see Figure 4-11),

and with suitable software an image can be reconstructed from the fibre spectra (§6.8).

SPIRAL used an optical charge coupled device (CCD) to perform the imaging of the fibre

spectra. On the two observing runs, two similar CCDs were used (the Tek 1024 and the MIT/LL

2kx4k) and the properties of these optical detectors are discussed (§6.2). For COHSI, an infra-red

PICNIC array from Rockwell was used for the spectral imaging. Its readout modes and properties

differ from a CCD and the resultant difference in data reduction is discussed (§6.3).

The location of fibre spectra in a data frame were identified and their centroids traced across

the detector as a function of wavelength. All the two-dimensional spectra were extracted from the

frame to produce one dimensional spectra, and they were then wavelength calibrated and resampled

to a common wavelength scale and dispersion (§6.5).

The COHSI fibre-fed cryogenic spectrograph had overlapping fibre spectra, resulting in

signal cross-talk between extracted fibre spectra. Two issues arose from the overlapping of these

Figure 6-1 A raw IFS data frame. In this data frame from SPIRAL the dispersion axis is across the
page and the 37 separate fibre tracks can be seen. This is a twilight sky exposure, clearly showing
absorption features in the atmosphere and the variation in throughput between fibres.
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9.3 To the future

It is an exciting time to be in instrumentation. Many of the international eight metre

telescopes are coming on-line in the next few years, and the instrumentation being developed for

them is being built on a similarly large scale, with many possible combinations of operational modes

to ensure optimum use of the telescope apertures.

The advent of the large telescopes and the increase of aperture is bringing about a change in

the science that can be performed. Red shifts have been measured for many thousands of galaxies

with four metre telescopes but with the larger telescopes, individual galaxy dynamics for low to

intermediate redshift objects are being considered, and integral field spectroscopy is well suited to

these types of objects.

The Gemini telescopes have the GMOS spectrographs and amongst their modules is an IFS

being built by the Durham Instrumentation Group (Allington-Smith 1997) which uses 1600

hexagonal lenslets and an optical fibre feed to reformat the focal plane into a slit for the spectrograph.

The same group is also building a thousand element IFU (Haynes 1998) and fibre feed for the

William Herschel Telescope which feeds the WYFFOS fibre spectrograph (coverage 0.5-1.0µm).

With the use of adaptive optics the spatial sampling of this array is matched to 0.25 arcseconds. Both

use microlens arrays placed in the focal plane of the telescope to do the image slicing.

Image slicers are being investigated and elegant solutions to the slit length problem of large

image slicers has been investigated by Content (1998a and b). The mirror optics require high

tolerance machining, and it remains to be seen if the optical components can be manufactured and

Figure 9-1 Image reconstruction using the LDISPLAY software. The image of the left is a raw image
from the COHSI spectrograph. By knowing the relation between fibres on the sky and fibres in the
slit an image can be reconstructed (right-hand panel).
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Increasing the number of spatial pixels presents a difficult technical challenge - the mirrors

will have an even smaller pitch and the total reformatted slit length increases, enlarging the second set

of correcting mirrors. It is interesting to note that the next IFS that the Garching group is intending to

build will be using optical fibres and a lens array to perform the reformatting of the field of view

(Tecza 1998).

1.3.6 Bare fibre IFU’s

Some of the first image reformatters used on telescopes were made with optical fibres (see

Chapter 2 for a description of optical fibres). The ability of optical fibres to conveniently reformat

light has been known for many years to astronomers, and the versatility of optical fibre and its

possible applications to astronomy has been noted from an early time (for example Angel 1980).

Dewar window
Image of galaxy

Position of slits on object

Formatted output
of image slicer

First set of mirrors

Second set of mirrors

Figure 1-3 Image slicing as used in the 3D spectrometer.
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Chapter 4 details the construction of the prototype fibre feed ‘SPIRAL Phase A’ using

macrolenses and a fibre feed with a dedicated spectrograph. The techniques and methods used in

constructing the lens array and fibre feed are discussed, along with tests that investigate their success

and merit.

Chapter 5 presents the construction of two fibre feeds for the Cambridge OH Suppression

Instrument (COHSI). The techniques learnt in Chapter 4 are built on and improved, leading to a
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times, but on the other hand most targets are brighter in the infra-red. Since each pixel is receiving

light from the whole night spectrum, there is a contribution from the OH night sky emission lines on

top of which are the fringes of interest. These are usually limited by using a narrow bandwidth filter.

1.3.4 Multi-pupil spectroscopy

A method proposed by Courtes (1982) uses a focal enlarger to project an image of the

telescope focal plane onto a microlens array. This microlens then segments the enlarged focal plane

and produces a pupil image on the back of the lens array. A spectrograph then takes the array of pupil

images, disperses them with a grating and images the resultant spectra onto a detector (see Figure 1-

2).

This method is used in the prototype TIGER spectrograph (Bacon 1995a and Bacon 1995b).

The lenslet array is made up of 564 circular lenses arranged in a 24 by 21 hexagonal matrix, each

1.3mm diameter lens producing a 45µm diameter image of the exit pupil of the CFHT. The

spectrograph is unusual in that it disperses the pupil images of the telescope, with the advantage that

the point spread function on the detector is now independent of the spatial information within the

image.

With no dispersing element in place, the collimator and camera optics form a regular

hexagonal array of pupil images on the 10242 15µm pixel CCD. When these pupils are dispersed, the

ends of the spectra overlap each other on the detector. A slight rotation between the dispersion axis

and the micro-lens array, combined with a broad band interference filter inserted in the focal reducer,

avoids overlapping between spectra and limits the spectral range possible with this type of

spectrograph. The only disadvantages are the truncation of spectra at the edge of the detector and the

limited number of pixels used per spectrum. For a spectral resolution of 1800 at 6850Å, the

wavelength range is 540Å.

Telescope focal plane

Imaging stage Spectrographic stage

Focal enlarger
Microlens array

Grism

Bandpass filter

Camera

DetectorCollimator

Figure 1-2 The multi-pupil spectrograph.
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MUSE velocity fields

14 The Messenger 157 – September 2014

Telescopes and Instrumentation
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Figure 1. A gallery of examples selected from the 

MUSE commissioning observations. 

a) The transit of Europa over Jupiter. The image was 

reconstructed in the methane absorption band of the 

planet (865 nm) to increase the contrast between the 

satellite and the planet. 

b) Reconstructed colour image of the central part of 

the globular cluster NGC 6397, demonstrating the 

high multiplex power of MUSE. MUSE can recover 

the spectra of thousands of individual stars in just a 

few minutes, enabling important studies in such 

crowded environments. 

c) This beautiful image of the centre region of the 

Orion Nebula was obtained with a large number of 

pointings across the nebula. Five million spectra 

were recorded in less than three hours telescope 

time (including overheads) to build this mosaic.

Gas morphology (d) and kinematics (e) of the plane-

tary nebula NGC 3132 from a mosaic of three expo-

sures. Note that an accuracy of 1 km s–1 is achieved 

in the measured velocity field.

a)

b)

c)

d) e)

Bacon R. et al., MUSE Commissioning



Complete wavelength coverage gives both abundances, 
velocity fields of different species of atomic transition

15The Messenger 157 – September 2014

–30

–30

–20

–50
–20

–10

–100

–10

0

0

Arcseconds

MUSE Velocity

A
rc

se
co

nd
s

10

10

100

50

0

20

20

30

30

0
–30

–30

–20

–20

–10

–10

0

0

NGC 5813 Hα

H
α

10

10

24.8

24.0

23.2

22.4

21.6

20.8

20.0

19.2

18.4

20

20

30

30

f) The high spatial resolution of MUSE is well demon-
strated in the stellar velocity field of the central part 
of the elliptical galaxy NGC 5813 which exhibits a 
well-known kinematically decoupled core. 
g) The same exposure shows the spectacular Hα 
emission morphology of the galaxy.
h) Motion and morphology of the gas in the 
NGC 4650A ring galaxy is represented in this colour 
picture (relative gas velocities are colour coded in 
green–red). 
i) More distant objects have also been observed, 
such as the lensing massive cluster of galaxies 
SMACSJ2031.8-4036. The colour picture is a zoom 
of five highly magnified images (in blue) of the known 
z = 3.5 Lyman-α emission galaxy located in the 
background of the cluster.
j) Another example of interaction processes in galax-
ies is shown in this reconstructed image of AM353-
272, alias the Dentist’s Chair. MUSE will be an ideal 
tool to study the complex kinematics and physical 
conditions in these types of galaxies.

f) g)

i)h)

j)
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