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Spectroscopy is really just monochromatic photometry
History
• 1637 Descartes explained the origin of the rainbow.
• 1666 Newton’s classic experiments on the nature of colour.
• 1752 Melvil discovered the yellow “D lines” emitted by sodium vapour.
• 1802 Wollaston discovered dark lines in the spectrum of the Sun.
• 1814 Fraunhofer used a small theodolite telescope to examine stellar 

spectra and found similar lines as in the solar spectrum. 
– He catalogued the features as A, B, C, ... etc, 

– some which persist to the present day – the sodium “D” lines, the “G” band (CN -
cyanogen).

Background
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• 1859 Kirchhoff & Bunsen experiments established that a heated surface 
emits a continuous (Planck or “black body”) spectrum

– a heated low pressure gas emits an emission spectrum with discrete lines at 
wavelengths characteristic of the gas; and a cool low pressure

» Examples include planetary nebula & HII (ionized hy drogen) region

– gas in front of a hot source absorbs at those same characteristic wavelengths.
» Examples include the photospheres of stars (black b odies with absorping

“atmospheres”

Background
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• Black bodies are characterized by Planck function
– Peak given by Wien’s Law:

� peak µµµµ 1/Teff

– Total luminosity given by the
Stefan-Boltzmann Law:

L µµµµ Teff
4

– Star characterized by modified

Black Bodies
» With absorption lines from

overlaying optically thin gas

Black Bodies: recap
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How to disperse light?

• First achieved with glass prisms
– Highly transparent

• Made from material with higher index of refraction than air
– Bends the lights

• Made from material with wavelength dependent index of refraction
– Disperses light
– Degree of bending is wavelength dependent

Index of refraction, n, is ratio of speed
of light in vacuum compared to speed
of light in the material
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Index of Refraction

• Non-linear with wavelength
– Degree of dispersion also non-linear

• Original spectrographs used prisms
– Continued well into 20 th C

• But, problems with prisms….
– They cannot achieve very high dispersion, 

therefore can’t do high resolution (R = 
� /DDDD� ) spectroscopy

– They’re quite “lossy”:

» reflection losses at air-glass surfaces 
(4% per surface for uncoated prisms)

» Absorption losses in the glass, 
particularly in the UV

– Temperature changes can cause index 
changes

��� � Dispersion changes and line shifts
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Typical Index of Refraction Variations for Glasses
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Dispersion Formula for Prisms
• Just apply Snell’s law

n1 sin i = n2 sin r
– From air-to-glass (n 1 = 1, n2 = 1.5)

��� � n = sin i / sin r = 

• So, for a prism with apex angle , � , we 
derive the following expressions:

• Angular dispersion of a prism:

• Minimum dispersion condition ( � & �
minimized:

– When � 0 = � and � = � 0

– Usually chosen to avoid astigmatic effects

sin  � 0= 
sin �

and   
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Minimum Deviation for Prisms
• Depends on apex angle:

• For small � ��� � � ®®®® 0, 
so cos � ®®®® 1 ��� � d� /d� µµµµ �

• This is basis of objective prisms
– Prisms placed at telescope aperture
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Objective Prism Surveys
• Used to disperse images on 

the sky

• Create multiple low resolution 
spectra

• Resolution determined by the 
prism dispersion , detector 
resolution and seeing

• First done with photographic 
plates

– e.g. on the Cape Observatory 
McLean refractor
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Objective Prisms

• Spectra widened by trailing telescope in 
direction perpendicular to dispersion

– Easier to see features by eye (first techniques)

• First catalogue of stellar spectra done at 
Harvard College Observatory by Annie 
Cannon

– Laboriously catalogued 250,000 stars, by eye!
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Objective Prisms Surveys

• Combined with Schmidt telescope, objective prisms c ould be used to 
spectroscopically survey large areas of sky

• Multiplex advantage: area coverage and wavelength information
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Example of Objective Prisms Spectra

• Spectral classification



NASSP OT1:  Spectroscopy I30  Mar 2009 14

Observational Techniques in Optical/IR Astronomy

Spectroscopy I:  Prisms & Gratings

Example of Objective Prisms Spectra

• Search for emission line objects
– e.g. star formation in galaxies
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Problems with Objective Prisms

• Low spectral resolution
• Spectra are smeared 

• Overlapping objects in a dense field

• Non- linear dispersion
• Generally only for relatively bright objects
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Diffraction Gratings

• Uses the wave properties of light
• Interference fringes

• Interference from periodic structures
– Equally spaced grooves
– Either in reflection or transmission
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Diffraction Gratings

For constructive

interference:

For multiple slits, 
fringes become 
narrower
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Diffraction Gratings: Grating Equation
• Constructive interference occurs when the path difference

between two diffracted waves differs by an integral number 
of wavelength

• Dispersion given as

– Proportional to order, m

– Inversely proportional to spacing, d (proportional to line density, l = 1/d)

e.g. 300 l/mm grating is lower resolution than 1200  l/mm 
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Diffraction Gratings: Free Spectral Range
• For a given diffraction angle different orders can overlap, satisfying the 

condition:

• So a first order (m = 1) diffracted wavelength at 8 00 nm overlaps with the 
second order (m=2) diffracted wavelength at 400 nm and third order (m=3) 
diffracted wavelength at 266.7 nm

• Typically we use order separating filters if detect ors are sensitive to these 
higher order diffracted wavelengths

• Free Spectral Range is that part of a spectrum free
of overlapping orders

• More of an issues for gratings designed to work at

high orders (e.g. echelle gratings)
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Grating Blaze
• The tilt angle of the grating facets with respect to grating surface normal

• Most efficient angle, since diffraction at the blaze  angle obeys reflection 
condition of i = r

• Diffraction efficiency drops off moving away from t he blaze angle/wavelength
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Grating Efficiencies
• Grating efficiency drops off moving away from blaze  wavelength:
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Echelle Gratings
• High resolution gratings avhieved by making the blaze condition (highest 

efficiency) satisfied and high orders (e.g. m = 50 – 100)

• High orders overlap, so need to separate them
– Cross dispersion with another low resolution gratin g or prism
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Echelle Gratings: Cross Dispersion

GIRAFFE spectrograph (1.9-m SAAO)
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Echelle Gratings
• High resolution echellograms
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Grisms
• Uses properties of both gratings and prisms

• Useful for high efficiency & low resolution

• Can keep the diffracted rays “straight through” (no deviation angle)
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“New” Grating Technologies: Volume Phase Holographic  Gratings

• Uses properties of Bragg diffraction in crystals
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• Uses a “volume” (depth) of material

• Photosensitive material (dichromated gelatin) has la ser hologram exposed in it
• Processing produces modulation of refractive index

• Diffraction occurs in transmission through material

Volume Phase Holographic Gratings

Incident ray diffracted ray

Dichromated gelatin layer (exposed to laser hologram)

Optically flat fused silica
or BK7 glass (can AR coat)

Work at the Bragg
condition:
aaaa ==== bbbb

Thickness (d) is > than depth of groove in surface- relief grating.
Implies efficiency profile governed by Bragg diffra ction.
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• Wavelength of operation is “tuneable”

• Efficiencies can be very high
• Now used in most modern astronomical 

spectrographs

Volume Phase Holographic Gratings


