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1 The spectrograph { basic comp onents

As we have already seen,the objective prism is useful for survey work. But there are problems
for more detailed spectroscopy:

� the spectra are di�cult to calibrate in wavelength { and thereforedi�cult to usefor quan-
titativ e measurements..

� spectrum overlap can be a seriousproblem in crowded �elds.

� the dispersion is very poor; resolution is low. Again, it makes it di�cult to obtain useful
quantitativ e measurements.

A conventional spectrograph gets around theseproblems,but in the classicalslit spectrograph,
typically only one star is observed at a time. (We shall seelater how this can be extended
substantially).

Figure 1: Schematic of a conventional (t ypically Caasegrainfocus) slit spectrograph.

The principal components { slit, collimator, disperser, cameraand detector will be brie
y dis-
cussed.
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1.1 The entrance slit

The spectrographslit enablesa particular object (or part of an extendedobject) to be selectedfor
observation { with the exclusionof other objects. More importantly, becausethe slit is e�ectively
imaged on to the detector by the spectrograph optics, by keeping the slit narrow enoughthat
the width of the imageof the slit on the detector is smaller than or comparableto the detector
resolution, we do not loseresolution ( = information) at the detector.

Figure 2:

1.2 The collimator

Recallthat the input to double-or multiple-slit experiments requiresparallel light. The di�raction
grating is e�ectively a multiple-slit experiment and the collimating optics producesa paralle
beamof light for the disperser(grating).
As can be seenfrom the �gure, if the collimator optics is not matched to the telescope optics, the
collimator can be over-�lled { resulting in obvious lossof light { or under-�lled { resulting in loss
of resolution (remember how the width of the constructive interferencebands in the multi-slit
experiment reducesas the number of slits increases).

4



Figure 3:

1.3 The disp ersing element

We have looked brie
y at prisms { and in rather more detail at di�raction gratings which are
perhapsthe most commondispersingelement usedin astronomicalspectrographs(including con-
ventional gratings, echelle gratings, VPH gratings and so on) and we will not dwell further on
dispersershere. There are other types { Fabry-P�erot etalons, for example{ which we will look
at later.

1.4 The spectrograph camera

The light emergingfrom the di�raction grating needsto be brought to a focus on the detector
(otherwise the spectrum is \smeared" and resolution is lost.

As noted in the �gure, the collimator and cameraform an imaging system{ which producesan
imageof the slit on the detector. In the caseof monochromatic light, a simple imageof the slit
would be produced;in the caseof dispersedwhite light, a spectrum is produced. Still, the spectra
of most stars contain detailed information (absorption and/or emissionlines) which can be quite
�ne features. In order to preserve resolution, the collimator/camera must image the slit well {
and the slit must be narrow enoughthat the slit (monochromatic) imageshouldbe no wider than
the resolution of the detector
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Figure 4:

1.5 The detector

In almost all modern spectrographsthe detector is a CCD (or several CCDs). thesehave been
discussedin detail earlier.

The spectrograph elements discussedabove are common to many spectrographs. we shall now
look in detail at somespeci�c types.
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2 Long{slit Spectroscop y

As noted at the start of this lecture, slitlessspectrographs(such asobjective-prism systems)are
di�cult to calibrate (e.g. in wavelength). The conventional type of astronomicalspectrograph{
in use for many decades{ is the long-slit spectrograph. The discussionin the previous section
was basedmainly on the idea of the long-slit spectrograph

Figure 5: Schematic of the Cassegrainspectrograph usedon the SAAO 1.9m

Important elements of the spectrographare, as before:

� The slit . The slit width shouldbe set sothat the pro jected slit width seenby the detector
shouldbe well sampledby the detector resolution. In addition, for good radial velocity work,
the slit needsto be smaller than the seeingdisk (so that the slit width is completely �lled
with starlight) but for faint stars, one might wish to usea wider slit (to get more starlight
into the system). For spectrophotometry, one might needto use a very wide slit to make
sureof getting all the starlight (losing wavelengthresolution to gain photometric accuracy)..

� The collimator producesa parallel beamof light for the di�raction grating.

� The grating is usually the dispersingelement of choice.

� The camera focussesthe resultant spectrum on to the detector. The camera is often a
Schmidt or Maksutov type.

� The detector { usually a CCD (or CCDs)
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Figure 6: Schematic of the KPNO Cassegrainspectrograph
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2.1 Practical notes

� An important result of the grating equation is that if it is satis�ed, for example,for a line at
9000�A in the �rst order, it is alsosatis�ed for a line at 4500�A in the secondorder, 3000�A in
the third order, and so on. (1 x 9000= 2 x 4500= 3 x 3000,....) In practice, it migh t
therefore be necessary to use an optical �lter to prev ent order overlap , essentially
to isolate the required order.

Figure 7: typical \order blocking" �lters: solid line BG39; dotted line GG495.

� The long-slit givessomecapability for observingextendedobjects,but only in onedimension,
of course.We shall seethis later.

Figure 8: Somespatial resolution (as well as spectral) can be obtained for an extendedobject such as a galaxy .

� Sincewe are usually interested in accurately determining the positions of spectral features
{ initially to identify lines, but also to measureradial velocities { it is necessaryto measure
calibration \arcs". Theseare normally producedby arc lamps { gasionisation in a vacuum
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tube of somesort { and are often measuredbeforeand after each \target" spectrum. They
can then be usedto calibrate pixels (in the direction of dispersion) in terms of wavelength.

Figure 9:

Figure 10: Small range of frequenciesfrom a Copper-Argon arc lamp.
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� In addition, if we want to perform spectrophotometry , the calibration of the spectrum of
the observedobject in absolute
ux units, weneedto observe at leastonespectrophotometric
standard and to have somecalibration of the atmosphericextinction. Essentially , we need
to be able to measurethe spectrum photometrically { so typically a wide slit would be used,
sacri�cing resolution.
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3 Echelle Spectroscop y

Earlier, we saw that The grating angular dispersionequation

� �
� �

=
m

d cos �

indicates that the echelle grating can achieve high dispersion by operating in high orders, typ-
ically m � 100. Recall that as m becomeslarge, both � and the dispersion will changelittle {
henceoneobtains almost completelyoverlapping ordersof very similar dispersionand the orders
needto be separated.To do this, a mild \cross-dispersercan be usedto separatethe orders:

Figure 11: Schematic of the useof a \cross-disperser" to separateechelle orders.
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Figure 12: Schematic of the \MUSICOS" spectrograph a copy of which is used on the SAAO 1.9m. The corss-
disperser is a prism. Either of two prisms can be used;one optimised for the blue and one for the red.

Figure 13: An echelle spectrogram of the Sun. Note the many weak lines; strong sodium \D" lines near centre,
orange.
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Figure 14: Suggested\double{pass" prism cross{dispersersfor the SALT Hi-Res spectrograph.

Figure 15: Simulation of the SALT echelle CCDs and order distribution.
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Figure 16: Sampleof high-resolution spectrographs. Note the resolutionspossibleand the relatively low e�ciencies.

Figure 17: Sampleof a single order from an echelle spectrogram.
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Figure 18: Sampleof a single order from an echelle spectrogram.

The advantagesof the echelle spectrographare:

� The very high dispersionsattainable (of course)and thereforethe very high resolutions(see
\ sciencedrivers" boxes).

� The largespectral rangepossible{ dueto the \compact" nature of the cross-dispersedoutput.

Disadvantages:

� The more you dispersethe light of a star, the lesslight you get per pixel of the detector.
This meansthat for a given telescope, you would not be able to observe nearly asfaint stars.

� Becauseof the high ordersand many ordersused,the throughput (e�ciency) of echellesis
quite low.

As an exampleof the above two points, the Cassegrainspectrographon the SAAO 1.9mcan
observe to about 17 or 18 mag, at lowest dispersion; the SAAO echelle spectrographon the
sametelescope hasa practical limit of about 9 { 10 mag.
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4 Multi-ob ject Spectroscop y

One clever way of using a conventional spectrograph to observe many objects simultaneously is
to have optical �bres placed exactly in the focal plane of the telescope to pick o� individual
objects, then line up the other ends of the �bres along the spectrograph slit. Examples from
the Anglo-Australian Observatory's (AA O) \2 degree�eld" (2dF) on the 3.6m AAT and the \6
degree�eld" (6dF) on the AAO Schmidt telescope and the \Hydra" systemoperated on the US
National Optical Astronomy Observatory (NOAO) telescopes.

Figure 19: The 2dF �bre system on the AAT. Each speck on the plate is a small \up ward looking" prism in a
small magnetic holder feeding an optical �bre. A robotic \gripp er" takes each prism and places it on a metal
plate. The required accuracy is a few tenths of an arcsecond,so accurate astrometry is neededbeforehand.

Figure 20: Schematic of a \microprism" assembly from the AAT Schmidt's 6dF.
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Figure 21: Closeup of the 2dF �bre feedson the metal plate.

Figure 22: NOAO \Hydra" set-up software interface, set for stars in the Pyxis globular cluster. The yellow{coded
�bres pick up \�ducial" bright stars for guiding.
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Figure 23: Spectra of � 100 stars piped to a single slit.

Figure 24: Schematic of the top end of the AAT. This is very smart; since it takesabout 30 or 40 minutes to set
up each �bre/prism observing �eld (containing up to 400 �bres) the 2dF has two such systemsback-to-back on a
\tum bler". Whilst one �eld is being observed, the other �eld is re-positioning.
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5 Fabry{P �erot Spectroscop y

5.1 Basic idea

A Fabry-P�erot interferometeris a transparent plate with two refelectingsurfaces{ or two parallel
transparent plates with a singlere
ecting surfaceeach. The former is technically an etalon , the
latter an interferometer, which has the advantage that changing the plate separationallows one
to \tune" the interferometer to a particular wavelength range. (Note: the interferometer is often
referred to as an etalon !)

Fabry-P�erot interferometershave many applications whereaccuratecontrol and measurement of
wavelength is vital (telecommunications, spectroscopy, lasers)

If weconsiderthe Fabry-P�erot basedon two partially re
ecting parallel plates{ the interferometer
{ we have the following schematics:

Figure 25: The basis for a Fabry-P�erot interferometer (note: the angle � is exaggeratedfor clarit y).

When collimated light passesthrough the plates, the path di�erence is 2 AB - CD (seethe above
�gure) which is:

2
d

cos �
� 2 d tan � sin � = 2

d
cos �

(1 � sin2 � ) = 2 d cos �

so the condition for constructive interferenceis:

m � = 2 d n cos �

if the medium betweenthe plates hasa refractive index, n,

Becauselight can undergo many re
ections between the two plates, and light is transmitted
through the secondplate after each pair of re
ections, a large number of interfering rays is
produced. This givesthe instrument very high resolution(analogousto having many slits/lines on
a di�raction grating). The more internal re
ections, the sharper the interferenceimageand thus
the better the resolution. The resolution can thereforebe improved by increasingthe re
ectivit y
of the inner surfacesof the plates. The disadvantage of this is that the total light throughput will
be reduced.
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If the sourceis uniformly illuminated, focussingthe emergent raysproducesan interferencepattern
of circular rings centred on the optic axis of the system.

Figure 26: The Fabry{P erot interferometer.

As noted, the Fabry-P�erot interferometer has the advantage of high resolution (seethe example
of the sodium \D" lines doublet).

Figure 27: Sodium \D" lines through a Fabry-Perot interferometer.
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Figure 28: Large (80mm) LightMachinery piezo-
tunable Fabry-P�erot interferometer.

Figure 29: LightMachinery piezo-tunable Fabry-
P�erot interferometer.

5.2 Free spectral range and Finesse

A couple of terms you might come acrosswith respect to Fabry-P�erot instruments are free
spectral range and �nesse .

Figure 30: De�nition of free spectral range and �nesse.

The free spectral range (FSR) is the distance(in frequencyspace)betweenadjacent transmis-
sion maxima (orders) { see�gure. It is a function of the separationof the interferometer plates.
Note that this is di�eren t from the de�nition of FSR for grating spectra , though the
conceptis similar.

The full width half maximum (FWHM) of the transmissionmaxima is the sameas the de�nition
wehave usedelsewhere,though I haveseenthis referredto asminim um resolv able bandwidth
in the Fabry-P�erot context.
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The �nesse of the interferometeris a �gure of merit for the transmissionbandwidth. It is de�ned
simply by:

F inesse =
F SR

F WH M

For a perfect etalon or interferometer (perfectly parallel plates, perfect optical surfaces,etc) the
�nesse is a function of the re
ectivit y, R, of the Fabry-P�erot plate surfaces:

F inesse =

p
R

(1 � R)

Figure 31: Increaseof �nesse (resolution) with increasingre
ectivit y of the Fabry-P�erot plates.

Figure 32: Increaseof �nesse (resolution) with increasingre
ectivit y of the Fabry-P�erot plates.
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5.3 Astronomical use

In astronomicaluse,it is commonto isolate a single line of interest, such as H� , using a narrow
passbandinterference�lter { or even a secondetalon.

One can think of the Fabry-Perot as being a tunable, very narrow passbandinterference�lter.
An image can be obtained at a certain separationof the etalon, then the passbandchangedby
either varying the refractive index, n (eg by increasingor decreasingthe gaspressure)or, more
usually, by slightly moving oneof the plates to alter the separation,d.

By doing this repeatedly, a three-dimensionalpicture of the imagecan be constructed{ a \data
cube" { whereoneof the dimensionsis wavelength. Actually, one really has four quantities { x,
y, wavelength and intensity.

Figure 33: Sagittarius A measuredwith a Fabry-Perot.
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Figure 34: Galaxy NGC 3351. Left - intensity (in H� ); right - velocity �eld. From the Ohio Imaging Fabry-Perot
Spectrometer.
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6 In tegral Field Spectroscop y

We have seenthe conceptof building a \data cube" { essentially an (x; y; � ) dataset { by using a
Fabry-P�erot spectrograph. (It would even be possibleto do a similar job usinga long slit spectro-
graph and \stepping" acrossa �eld). Thesetechniquesdo not allow simultaneousacquisition of
the wholedata cube { and that could be a problem; for example,to obtain a good data set with a
Fabry-P�erot interferometer, it would be necessaryto have good observingconditionsduring all of
the consecutive measurements with di�erent separationof the interferometer plates. Whilst this
is by no meansimpossible,we now look brie
y at integral �eld units (IFUs) which can acquire
a data cube at one go. A lot of e�ort has goneinto developing theseover the past decadeor so
and someof the generalconceptsare shown in the �gure.

Figure 35: Basic ideasof integral �eld spectroscopy.

� The �rst schemelooksa bit like the Shack-Hartmann test exceptthat insteadof usinga mask
to producesmall rays or cylinders of light, lensletsimagethe whole areaby reducing small
subdivisions (squares)into much smaller areaswhich are then input to the spectrograph.
(So, actually nothing like the Shack-Hartmann test, really).

� We have already seensomethingsimilar to the secondconceptin the above �gure { the 2dF
on the Anglo-Australian Telescope and 6dF on the AAO Schmidt, wheresmall right-angle
prisms attached to optical �bres are usedto pick o� individual stars (about 400 in the case
of 2dF and � 120 in the caseof 6dF. Again, in the caseof the IFU, it's not a question of
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picking out individual stars,but collectingall the light from the selectedarea(of an extended
object). This is shown schematically in the next �gure:

Figure 36: The data cube. A 2-dimensional �eld (white rectangle) ia sampled into discrete spatial elements
(which neednot be square). Theseare sometimescalled spaxels - spatial pixels. The data cube can be sampled
\horizon tally" to give a monochromatic imageof the source(or broader band imagesby co-adding\slices") or can
be sampled \v ertically" to give spectra related to an (x; y) point.
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� The third idea { using an \image slicer" to slice up the imageand redistribute the light is
worth looking at (becauseit is quite clever):

Figure 37: Durham University (UK) designedimage slicer.

A little more detail for a coupleof actual IFS systemsis shown in the next two �gures
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Figure 38: Schematic for the GEMINI Near Infrared spectrograph (GNIRS) { an image slicer system.

Figure 39: Schematic layout for SAURON { pupil imaging using a lenslet array. The �lter selectsthe wavelength
range and the enlarger imagesthe sky on to the lenslet array. The collimated light is dispersedby a grism and a
cameraimagesthe the spectra to a CCD.
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Figure 40: The lenslet array for SAURON { over 1600 square lenslets, each about 1.35mm square. Each lenslet
imagesabout 0.94 x 0.94 arcsecs,giving a fully covered �eld of about 33 x 41 arcsecs{ \one eye that seesall".

Figure 41: Early data from SAURON.

More details on SAURON, GNIRS and other IFS applications together with someuseful links
can be found on the Durham University web pageat aig-www.dur.ac.uk
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