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1. BASIC SPECTROSCOPY 
 
 
In order to explain how a spectrometer works, it is necessary to refresh some basic 

concepts of physics like interference and diffraction.
1, 2

 The key optical element of a 

spectrometer is the diffraction grating. In this chapter we will derive the grating equation, 

resolving power, angular dispersion, and grating efficiency.  

1.1 Light as waves 
First, let us define that light is tiny packets called photons with wave like properties. 

Fig.1.1 shows a sinusoidal wave that moves with velocity v along the x-axis. The 

amplitude of the wave can then be defined as simply 

                    )sin(),( 0 tkxEtxE w°= ,                 (1.1) 

where E0 is the maximum amplitude of the wave. 

The wave repeats itself periodically in time t by 

T=l/ v, where l is the wavelength and v is equal to 

the speed of light, c. k=2p/l is called the 

propagation number or wave number, and angular 

frequency is w=2p/T. 

A more convenient way of representing a wave is to 

use complex mathematics.
2
 A wave can be described 

as the real part of a complex number (see Fig. 1.2)  

                         
).sin(cos0 ff iEz

iyxz

+=

+=
                 (1.2) 

Furthermore, Eulerôs formula states that 

                        fff sincos iei += ,                      (1.3) 

where is tkx wf °= . The real part of z is then 

                          fcosRe 0EEz == .                  (1.4) 

This is a very useful form when dealing with waves 

due to rules of complex mathematics. In 3D we may 

express the wave as 

                                fiet 0),( ErE =                       (1.5) 

where r  is the position and the phase is defined as 

                              xwf +-Ö= trk  .                 (1.6) 

x is the initial phase of the wave. 

 
Figure 1.1.  Sinusoid wave.  

 
Figure 1.2.  Complex number. 
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1.2 Interference 

1.2.1 Two wave sources 
Let use consider the simple case when just two 

waves S1 and S2 act together. According to equation 

(1.5) and (1.6), the waves may be expressed as 
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where the phases are 
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Figure 1.3. Two waves. 

At point P the net result must be the sum of the vectors 21 EEE += . The intensity is then 
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The phase difference )()( 212211 xxs -+Ö-Ö= rkrk is a sum of two terms. The first term 

is a result of the path difference between the two waves and the second due to the initial 

phase difference. Constructive and destructive interference occurs when scos  equals +1 

or -1, respectively.   
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Constructive interference                                                     

 

Destructive interference 

(1.10) 

In equation (1.10), n is a positive or negative integer. Note that in the above we assumed 

that the waves were linearly polarized plane waves.  

1.2.2 Several wave sources 

 
Figure 1.4. N number waves. 

 

Next we consider N number of waves that are emitted by 

SN coherent and monochromatic sources. Each source is 

separated by a distance of a.  
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Coherent means that the phase difference between the 

waves are constant. Wave numbers and amplitudes are 

the same for all waves considered.  
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The phase difference between the waves is due to the path difference 

                                                 b
l

p
s sin

2
a= .                                                           (1.12) 

In Fig. 1.4 we assume that the distance to point P is much larger than a.  It is common to 

use a method called the rotating vector sum method to obtain the total vector E at point P. 

In Fig. 1.5 O is the centre of circle with a radius of 

r.  It is circular since s and E0= E01 are the same for 

each source. E is then found as 
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From the triangle QCR we get 

                                )
2

1
sin(201 sr=E .             (1.14)  

Figure 1.5. Rotating vector sum.
1 

Eliminating r from equations (1.13) and (1.14) by division we finally obtain 
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The intensity is proportional to E
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Fig. 1.6 shows a plot of equation (1.16) as a function 

of wavelength l and angle b. The functions have a 

maxima equal to N
2
I0 when ps n2= . Or, in other 

words 

                               bl sinan = .                       (1.17) 

Zero intensity occurs when pd nN ¡=)2/1( , where 

n¡is any integer except [ ],...2,,0 NNn Í¡ . There are N-

2 minima between maxima. As a consequence, 

N/2ps=D corresponds to the phase change from peak 

down to zero intensity, or the half widths of the 

interference peaks. 

Figure 1.6. Interference as a function of 

angle b and wavelength l from N=10 

sources. a= 1666.67 nm. I0=0.5. 

Note that as the wavelength increases, the profiles shifts further away from zero order, n 

= 0. In addition, the separation between wavelengths increases with increased order 

number, n. As N increases, the width of the peaks decreases. A distance of a = 

1666.67nm corresponds to a grating with 600 lines or grooves per mm. 



 4 

1.3 Diffraction 
Interference is the result of individual sources 

interacting with each other. Diffraction, on the other 

hand, is noticeable when a wave is distorted by an 

obstacle that has dimensions comparable to the 

wavelength of the wave. On example is shown in 

Fig. 1.7 where ocean waves hit the entrance wall to a 

port or harbour. 

Diffraction may be seen as the interference of a 

finite wave itself.  

 
Figure 1.7. Example of diffraction: 

Ocean waves hitting a port entrance 

wall. 

1.3.1 The single slit 

A single slit may be used to diffract light in the same manner as described above. The 

width of the slit should be in the order of 100mm or less to see any effects in the visible 

range of the spectrum (400 ï 700 nm).  

Huygens principle state that every point of a wave 

front can be thought of as the source of secondary 

wavelets. See red dots in Fig. 1.8. These new waves 

are defined as the diffracted waves, each with 

amplitude dE01.  

The phase difference s between CCô and AAô is 

                     
l
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l

p
s
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CD== .               (1.18) 

The same method we used in section 3.1 is shown in 

Fig. 1.9. The length of E becomes 
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When b = 0 then  
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l
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b
E == ,             (1.20) 

since all dE0 vectors are parallel for observations 

perpendicular to the slit. 

 
Figure 1.8. The single slit. 

 
Figure 1.9. Rotating vector sum.

1 

From equation (1.19) and (1.20) we get 
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and the intensity is proportional to the square of the amplitude 
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Fig.1.10 shows the diffraction pattern as a function 

of wavelength l and angle b. Zero order, n=0, has 

the largest intensity. The distance between maxima 

for a specific wavelength increases as l increases. 

Thus, red wavelengths are more diffracted than blue. 

Note that the maximum intensity is equal to I0 since 

( ) 1/sin
2
=uu  for u = 0.  Zero intensities occur when 

pnu= , or 

                               lb nb =sin .                       (1.23) 

 
Figure 1.10. Diffraction as a function of 

angle b and wavelength l. b= 1666.67 

nm. I0=50. 

1.3.2 The diffraction grating 

We now have the tools to understand the diffraction 

grating. A diffraction grating consists of N single 

slits aligned as shown in Fig. 1.11. The spacing 

between the slits is a, and the width of each slit is b. 

Each slit will act a source with an intensity given by 

equation (1.22). These N emitters will produce 

interference according to equation (1.16). The net 

intensity is then simply interference caused by N 

slits, modulated by the diffraction pattern of one 

single slit 
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Fig. 1.12 plots equation (1.24) as a function of 

wavelength l and angle b. 

Note that for each wavelength we obtain maxima at 

different angles except for zero order. This is the 

same for all wavelengths. Or in other words, we 

obtain spectra on each side of zero order. Also note 

that the location of the intensity maxima for each 

order increases for increasing wavelength. This 

effect is the opposite of what happens with a prism, 

where there are no spectral orders and blue light is 

more refracted than red. 

 
Figure 1.11. The diffraction grating. 

 

Figure 1.12. The diffraction grating 

pattern as a function of angle b and 

wavelength l. b= 1666.67 nm and a=3b.  

I0=0.5 and N=12. 

1.3.3 Reflective gratings 

In the previous section we looked at gratings that transmit light. The plane reflective 

grating
3
 may be thought of as a polished surface that has parallel grooves which have 

been made by a sharp diamond. The grating consists of narrow parallel mirrors, where 

each mirror acts a source of interference in the same manner as described above. See 

panel (1) of Fig. 1.13. 
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The phase difference between each source due to 

path difference is sketched in panel (2) of Fig. 1.13 
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.           (1.25) 

Maximum interference occurs at nps 2= , or 

                    )sin(sin bal +=an .                    (1.26) 

Equation (1.26) is known as the grating equation, 

where n is the spectral order, a the incident angle, 

and b the diffracted angle of the grating. If ba= , 

then the condition is called the Littrow 

configuration.  

Note that so far most of the intensity is diffracted 

into the zero order. If the reflective surfaces are 

tilted at an angle wb to the grating normal k, we have 

a blazed grating. wb is known as the blaze angle. Fig. 

1.14 shows how a blazed grating may look like. 

Note that the phase difference between the rays S1 

and S2, as a result of the grooves, is the same as in 

equation (1.25). This means that the interference 

pattern is not shifted in angle, and that the grating 

equation still holds.  

 
Figure 1.13. Panel (1): Ruled reflective 

grating. Panel (2): Rays with phase 

difference (red solid lines). 

 

 
Figure 1.14. Blazed grating. Note that 

b<0 due to sign convention. 

This is not the case for rays S0 and S1. The blaze angle wb will introduce a shift of the 

diffraction pattern away from zero order. The phase difference is now written as 

 [ ])sin()sin(cos
2

)sinsin(
2

)(
2

bwwaw
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p
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l

p

l

p
s -+-=+=+= bbbaddADBC . (1.27) 

The diffraction pattern of the blazed grating can now be found by the same method as 

described above but using updated the phase differences for interference and diffraction,  

equations (1.25) and (1.27), respectively. The result is plotted in Fig. 1.15. 

As seen in Fig. 1.15, a small blaze angle o

b 10ºw  

will shift the diffraction pattern and the maximum 

intensity from zero to first order very effectively. 

Zero order is almost not visible.  

Note from Fig. 1.14 that the grating becomes most 

efficient when bwwa -=- bb , since then each 

surface will act as a small mirror, reflecting the rays 

with equal angles from the groove normal. 
 

Figure 1.15. Blazed diffraction pattern. 
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An expression for the blaze wavelength blcan now be derived from the grating equation (1.26) 
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A 600 grooves / mm grating with blaze angle 
o

b 63.9==aw gives a blaze wavelength 

nmb 7.557ºl  for spectral order n = 1.  

1.3.4 Overlapping spectral orders 

One important behavior of a grating is that it 

produces multiple wavelengths at fixed diffraction 

angles as a function of spectral order. The 

overlapping wavelengths are a multiple of the factor 

(1/n) from the grating equation (1.26). Fig. 16 shows 

the setup. A beam of white light hits the grating at an 

angle a to the grating normal k. Three diffracted rays 

are shown as a function of wavelength and 

diffraction angle b. 

Air at ground level absorbs light below ~190 nm. 

Wavelengths below the blue line in Fig. 1.16 are 

therefore not detected.   

 
Figure 1.16. Spectral overlapping orders 

of a reflective grating (G). k is grating 

normal and a incident angle. The three 

diffracted rays have angles b1, b2 and b3. 

If you, for example, need to make a first order measurement in the visible spectral range 

400 to 600 nm, then you will need to block out second order overlapping wavelengths 

from 200 to 300 nm. This is in the ultraviolet part (UV) of the electromagnetic spectrum. 

A cut off glass filter will be needed in order to block out this range, if your detector is 

sensitive to UV.  

1.3.5 Resolving power 

The resolving power R is a theoretical concept defined as  

                                                           
l

l

D
¹R .                                                                   (1.29) 

It is a measure of a gratingôs ability to separate adjacent spectral lines. Two spectral lines are 

considered resolved if the distance between them is such that the maximum of one falls on the 

first minimum of the other. This is known as the Rayleigh criterion.  

 

The peak intensity of a grating occurs when the phase difference is nps 2= .  The closest 

minimum occurs when ./2 Nps=D  Differentiating equations (1.12) and (1.17) gives 

                                                     bb
l

p
s dad cos

2
=                                                            (1.30) 
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and 

                                                      lbb dnda =cos .                                                             (1.31) 

Therefore, 

                                                     
N

dnd
p

l
l

p
s

22
== .                                                          (1.32) 

Rearranging equation (1.32) gives us 

                                                         NnR =
D
¹
l

l
.                                                               (1.33) 

For example, a resolving power of R=(600 grooves/mm)x12mm = 7200, will result in 

Dl=0.07nm at l=500nm for n=1. 

1.3.6 Angular dispersion 

The angular dispersion is defined as
l

b

d

d
.  Differentiating the grating equation (1.26) we 

simply obtain 

                                                           
bl

b

cosa

n

d

d
= .                                                               (1.34) 

It is a measure on how rays spread out in a diffracted angle per unit wavelength, and it 

plays a key role in the calculation of the instrumental bandpass. Note that the angular 

dispersion increases with order. 

1.3.7 Grating efficiency 

The theoretical efficiency nElof a grating may now 

be found as the integral factor between the intensity 

at spectral order n and the total diffraction pattern. 

Or since )(blII =  then 
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Figure 1.17. Theoretical efficiency for a 

grating with 600 grooves / mm and a 

blaze angle wb = a = 9.63
o
. The blaze 

wavelength lb = 557.7 nm for n = 1. 

Fig. 1.17 shows a typical efficiency curve
1

lE  for a 600 grooves / mm grating, blazed at 9.63
o
. For 

each wavelength l and spectral order n we obtain nb from the grating equation. bD  is the angle 

of peak interference down to first minimum from equations (1.30) and (1.32) 

                                                                 
nNa b

l
b

cos
=D .                                                    (1.35) 

The grating efficiency also depends on which coating material  is used. For example, gold reflects 

light 10-15% better than aluminum in the near-infra red region of the spectrum. 
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Figure 1.18. The GRISM configuration with grating sign convention and xy ïcoordinates.  

1.4 The GRSIM 
A prism stacked in series with a transmission grating forms a diffractive element known as the 

GRISM or the Carpenters prism.  Fig. 1.18 shows a wedge prism and a transmission grating 

separated a distance D in the x ï direction (air cap). The ray from A to B is parallel with the x-

axis. It does not refract since it hits the prism head on. At point B it ray will refract according to 

Snellôs law 

                                                          aw sinsin =pn .                                                            (1.36) 

The prism index of refraction np is given by Cauchyôs formula as 

                                                          
2

1
1
l

B
Anp += ,                                                                 (1.37) 

where A1 and B1 are constants depending on prism material. The distance from point B to C is 

now calculated as 

                                                        
)sin(

)cos(

wa

wa

--=D

-=D

Ly

Lx
,                                                        (1.38) 

where aw cos/cosDL= . At point C the refracted angle a becomes the incident angle to the 

grating. The grating equation may now be modified by equation (1.36) 

                                      )sinsin()sin(sin bwbal +=+= pnaan .                                  (1.39) 

The position of diffracted rays of length S from point C become 

                                                       
)sin(

)cos(

bw

bw

+=¡D

+=¡D

Sy

Sx
.                                                         (1.40) 

Equations (1.36) ï (1.40) form the basics for ray tracking as function of wavelength.   

Fig. 1.19 and Table 1.1 show the result of a computer generated ray tracking for the first spectral 

order in the visible part of the spectrum (400 ï 700 nm). The prism has a diameter of 50 mm and a 

wedge angle w = 30
o
. The material is Barium Crown (BaK4). The grating has 600 lines / mm. 
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Note that the yellow - green wavelength close to ~500 nm 

passes straight through the GRISM, parallel to the x-axis. 

This on-axis effect of the GRISM is favorable due to the 

simplicity to stack additional optics on both the front and 

back side of it. Image quality will be preserved due to 

negligible off-axis effects.  

The total spread in the diffracted angles of the spectrum 

is also less than using a grating alone. The latter is due to 

the fact that a prism disperses blue light more than red, 

whereas the grating diffracts red light more than blue. 

The net effect is a compact spectrum centered at the 

straight through wavelengthslof the GRISM, or when 

.wba =-=   

Figure 1.19. Computer generated ray 

tracking for GRISM. P is wedged prism 

with w = 30
o
. G is 600 lines/mm grating. 

First order spectral range: 400 ï 700 nm. 

 

Wavelength 

l [nm] 

Refractive index 

ng (BaK4) 

Incident angle 

a [deg.] 

Diffracted angle 

b [deg.] 

GRISM angle 

(w-b) [deg.] 

400 1.602 +53.23 -34.13 -4.13 

492 1.591 +52.70  30.02 0.02 

700 1.580 +52.18 -27.71 +8.29 

Table 1.1 GRISM data table for Fig. 19. Wedge angle w = 30
o
. ng is refractive index of BaK4. Grating has 

600 lines/mm with incident angle a and diffractive angle b. The GRISM angle (w-b) is relative to the x-

axis. 

 

The modified grating equation (1.39) becomes  

                                                      wl sin)1( -= ps nan .                                                        (1.41) 

Furthermore, by differentiating equation (1.39) we obtain 

                                  b
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Rearranging gives the angular dispersion of a GRISM  
 

                                                                 
b
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l
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/sin2 3

1
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d

d +
= .                                                             (1.43) 

The term 0/sin2 3

1 >lwaB , which implies that the GRISM has increased angular 

dispersion compared to using a grating alone. 
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2. SPECTRAL DESIGNS 
 

2.1 The Ebert-Fastie spectrometers 

In 1889 Herman Ebert 
5
 described a spectrometer 

using a spherical mirror and a plane reflecting 

grating. Also known as a Plane Grating System 

(PGS).  His sketch is reproduced in Fig. 2.2 and 

shows the instrument as a photographic 

spectrograph.  

 

Figure 2.1. The Ebert-Fastie spectrometer: (1) curved entrance 

slit, (2) concave mirror, (3) plane reflecting grating, (4) curved 

exit slit, (5) collector lens, (6) photon counting detector, and (7) 

order sorting cut-off filter. 

Figure 2.2. Reproduction of Ebertôs 

sketch of his spectrometer.  l1 and l2 are 

light baffles, P photographic plate, G 

grating, S entrance slit plane, K side 

plates, and H spherical concave mirror.  

The light from the entrance slit S is first reflected by the right half part of the concave 

mirror H. The grating G is then illuminated by a parallel beam of light, since the entrance 

slit is located in the focus plane of the mirror. Secondly, the diffracted rays from the 

grating are focused by the left half part of the mirror on to the photographic plate P. 

The grating may also be rotated to sweep an angular interval. The photographic plate is 

then replaced by an exit slit and a photon counting detector. As illustrated in Fig. 2.1, 

when the grating turns, the image of the entrance slit is observed at the exit slit in 

different wavelengths. This optical system is known as the Ebert monochromator. 

In 1952 William G. Fastie improved the performance of the instrument, using curved slits 

instead of straight slits to reduce aberrations from the mirror.
6, 7

 Problems of astigmatism 

became less, and the resolution of the instrument was improved. The instrument is 

therefore named the Ebert-Fastie spectrometer.  

Note that the design only uses two active optical elements, which makes it ideal for low 

light applications such as airglow and faint auroras. Fig. 2.3 shows a 1m focal length 

auroral Ebert-Fastie. It is based on the original construction by Fastie at John Hopkins 



 12 

 
Figure 2.3 The 1m Green Ebert ï Fastie spectrometer. (1) Peltier cooler for photomultiplier tube, (2) Pulse 

Amplifier and Discriminator (PAD) with High Voltage (HV) controller, (3) slit width adjuster wheel, (4) 

order sorting filter in front of entrance slit, (5) grating motor system, (6) light pipe, (7) power supply to 

cooler, (8) power to PAD, and (9) DC supply to the HV controller. 

 

University, Maryland in the beginning of the 70ôs. In 1978, it was transferred by 

Gulamabas Sivjee and Charles Sterling Deehr to the Auroral Station in Adventdalen, 

Svalbard, Norway, from the Geophysical Institute (GI), University of Alaska, USA. Two 

more followed in 1980. The instruments are named 1m Green, ½m Black and 1m Silver 

Bullet according to focal length and chassis colour. Furthermore, Ove Harangôs ½m 

White was moved in 2004 from the Skibotn Observatory in Norway up to Svalbard. In 

2007, they were all installed at the new Kjell Henriksen Observatory (KHO) on Svalbard. 

Data from these instruments are widely published and recognized.  

 

Even though there are only two active optical components used in the Ebert-Fastie 

spectrometer, the image quality is limited due to off-axis aberrations such as coma, 

astigmatism, curved focal field (defocusing) and spherical aberrations. 

 

The effect of coma is seen as an asymmetric recorded spectral line profile. The base is 

enlarged on one of the sides of the spectral line as a function of wavelength. Defocusing 

causes the exit slit image to be blurred. Both will degrade the bandpass, the spatial 

resolution and the signal to noise ratio. They are due to off-axis geometry of the PGS 

system. Spherical aberration of the mirror will also blur the exit slit image due the effect 

that edge versus center rays fail to focus to the same point. It can only be corrected by the 

use of aspheric optics. Even worse is astigmatism that produces two foci, the tangential 

and the sagittal foci, when using a spherical mirror off-axis. The net effect is a slit height 

magnification at the exit slit. A point at the entrance slit tends to be imaged as a line 

perpendicular to the dispersion plane. The effect is minimized by aspheric optics and 

curved slits.   

 

The basic equations for an Ebert-Fastie spectrometer are derived in Appendix A. 
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2.2 The Czerny-Turner configuration  

In 1930 M. Czerny and A. F. Turner 
8 
described a spectrometer using two concave 

mirrors instead of only one as in the Ebert-Fastie design. Fig. 2.4 shows the optical 

layout.  

 

Figure 2.4. The Czerny-Turner configuration: (1) entrance slit, 

(2) flat mirror, (3) concave mirror (collector), (4) reflective 

grating, (5) focusing mirror, (6) flat mirror, and (7) exit slit.  

It is clearly equal to the Ebert-

Fastie configuration, but it is 

more flexible. The mirrors may 

now have different focal lengths, 

size and position compared to the 

more rigid design of the Ebert-

Fastie.  

The two flat mirrors labelled (2) 

and (6) in Fig. 2.4 are just used to 

make the design more compact. 

They are not used in the original 

layout 
8
.  

Off-axis aberrations still affect the 

image quality, but the use of two 

smaller mirrors instead of one 

large is cost efficient.  

The price of high quality aspheric mirrors with minimum aberrations tends increase 

dramatically with size or aperture. As a consequence, the Czerny-Turner configuration is 

one of the most used designs in spectroscopy. 

2.3 The FICS concave grating spectrograph 

Back in 1883 Henry Augustus Rowland invented the 

concave grating 
3
 at the John Hopkins University. It 

both collimates and focuses the incident light beam. 

No extra mirrors or lenses are required. Today, 

holographic ion-beam etching techniques produce 

blazed concave gratings with high groove density 

and excellent image quality. 

Fig. 2.5 shows a concave grating spectrograph made 

by Oriel® Instruments. The design is compact with 

no moving parts, and it has a high aperture (f/value = 

2). The spectral range is 400-1100 nm. These 

qualities make it an ideal instrument for laboratory 

work, including lamp certification and absolute 

calibration of low light sources. 

     
Figure 2.5. ORIEL Fixed Imaging 

Compact Spectrograph (FICS ): (1) 

concave holographic grating, (2) flat 

mirror, (3) detector (CCD), (4) fiber 

bundle, and (5) entrance slit. 
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2.4 The GRISM spectrograph  

                
Figure 2.6. The GRISM spectrograph: L1  front lens, S1 entrance slit, L2 collector lens, G grating, P prism, 

L3 camera lens and CCD imaging detector.  

One popular design is the use of a GRISM as dispersive element. As mentioned in section 

in section 1.4, this design makes it possible to obtain a straight through center wavelength 

parallel the optical axis of the system. Fig. 2.6 shows a typical configuration of a GRISM 

spectrograph. The optical elements may be stacked head on (on-axis). The front lens L1 

focuses light onto the entrance slit S1. Lens L2 collimates the GRISM and lens L3 

focuses the diffracted light onto the image detector (CCD).  The on-axis design reduces 

geometrical aberrations such as astigmatism and coma. The image quality is high 

compared to off-axis systems. 

The grating may even be replicated or cemented straight onto the 

prism. No air cap is necessary as sketched in Fig. 1.18. A second 

prism may also be used to optimize the optical performance and 

protect the grating. A prism-grating-prism (PGP) element is shown 

in Fig. 2.7. An extra prism makes it possible to fine tune the straight 

through wavelength of the system 
9
.  

The company Specim Ltd. from Oulu in Finland has since the 90ôs 

produced a large number of PGP element based spectrographs for 

both industry and science. The only disadvantage of the PGP 

systems is the relative high number of optical elements needed 

compared to an off-axis mirror system such as Ebert-Fastie design.  

 
Figure 2.7. PGP-

element. (1) Prism, (2) 

Grating and (3) Prism.  

High aperture and minimum transmission losses through a minimum of optical elements 

are essential for low light applications. 
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2.5 The Auroral Spectrophotometer number 3 (SP3) 
 

 
Figure 2.8. The SP3 combined spectrograph and Littrow spectrometer 

10
. 

 

The last design presented in this chapter is the auroral spectrophotometer number 3 

(SP3). The history of SP3 tells a story of auroral spectroscopy that started with Lars 

Vegardôs spectrographs and the discovery of the proton aurora back in 1939.  Vegard was 

former student of Kristian Birkeland and the founder of the Auroral Observatory in 

Tromsø. Later on the same institution, Anders Omholt and Leif Harang requested higher 

spectral resolution and sensitivity than Vegardôs spectrographs, which used large quartz 

prisms instead of gratings as the key dispersive elements.  The result was SP3 constructed 

in 1960 by Willy Stoffregen at the Ionospheric Observatorium in Uppsala, Sweden. It 

was used extensively by his student Kjell Henriksen to study aurora, airglow and star 

spectra. In 1977 it measured for the first time Helium emissions in the polar cleft from 

Ny-Ålesund, Svalbard. It has even been used to obtain spectra of Barium released by 

rockets. 

 

Fig. 2.8 shows the principal ray diagram and recording equipment of SP3 as originally 

designed by Stoffregen 
10

.  The design has two modes. In the first mode, the collimator 

lens illuminates light from the entrance slit at an incident angle equal to the diffracted 

angle by the reflective grating.  This is as mentioned in section 1.3.3 known as the 

Littrow condition.  The collimator also focuses the light onto the exit slit. In front of the 

exit slit is a flat mirror that can be slightly bended to account for astigmatism.  
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As the grating sweeps in angular intervals, raw data 

from the cooled photon counting detector is plotted on 

the pen recorder. The result is stacked spectra with 

time. In the second mode, the instrument is used as a 

spectrograph with a photographic camera that looks 

down on the grating. 

 

The instrument was found in late spring of 1993 

stocked away in the garage of the Auroral Observatory 

in Tromsø. It was then completely covered with old 

scientific papers of the aurora, which most probably 

saved it from rust and degradation. The instrument 

was restored and the optical components realigned by 

the author under the supervision of his advisor Kjell 

Henriksen. Today, it is part of Svalbard Museum 

exhibition of the aurora.  
   

 
Figure 2.9. The SP3 at UNIS (2006). 

Even though the SP3 is an old design from the 60ôs, it is still attractive for auroral studies 

with its dual modes, high spectral resolution and aperture. New control electronics and 

detectors have been developed since it was initially put to use. As with that the Ebert-

Fastie spectrometers at KHO, the photon counting and computer electronics have been 

continuously upgraded since the late 80ôs.  Or in other words, the optic designs stay more 

or less the same, while the field of optoelectronics has grown exponentially over the last 

decades.   
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3. SYSTEM OPTICS 
 
 
In this chapter we will establish a general view on how to describe a spectrometer system. 

Parameters like the f/value, magnification and spectral bandpass will be explained.  

 
3.1 Spectrometer optical diagram 
An optical diagram is a standard way to trace rays through a spectrometer in an unrolled 

linear fashion. It visualizes a center cross section of the instrument perpendicular to the 

slits, parallel to the axis of refraction. Fig. 3.1 shows the layout of an optical diagram. 

 

 
Figure 3.1. Reproduction in color of optical diagram of a spectrometer.

4
 AS is aperture stop, L1 front lens, 

L2 collimator lens or mirror, G grating, L3 focusing lens or mirror, S area of light source, S1 area of source 

image, S2 area of entrance slit, S3 area of the diffracted slit image (exit slit area), p object distance, q image 

distance of L1, f2 focal length of L2, f3 focal length of L3, and W  half angles. The x-axis is parallel to the axis 

of diffraction, perpendicular to the slits. 

 

Light from the source area S illuminates the front lens L1 with half angle W  and object 

distance p.  S1 is the imaged area of the source S that is focused onto the entrance slit 

plane by lens L1. W1 is the half angle and q is the image distance of L1.  Next, L2 

collimates the grating G with light that passes through the entrance slit area S2 with half 

angle W2.  L3 focuses the diffracted light from the grating onto the exit slit plane with half 

angle W3. S3 is then the area of diffracted entrance slit image. f2 and f3 are defined as the 

entrance arm length of L2 and exit arm length of L3, respectively. In practice, these arm 

lengths corresponds to the focal lengths of L2 and L3.  

 

Note that the optical elements L1, L2 and L3 can be either lenses or mirrors as long as they 

are able to focus or collimate the beam. The grating may also be either transmitting or 

reflecting.  The main points are that the entrance slit must be located in the focus planes 

of L1 and L2, and that the rays form a parallel beam that illuminates the grating G. L3 will 

then focus each parallel diffracted beam as a function of wavelength onto the exit slit 

plane.    

 

The optical diagram is in other words, a general way to describe ray tracing through any 

spectrometer. It is a useful tool to use to calculate instrumental performance and evaluate 

different spectral designs.  
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3.2 Front optics  
The front optics is in the optical diagram of Fig. 3.1, identified as L1. The purpose is to 

image light from an object onto the entrance slit plane. L1 is not restricted to be only a 

single lens element. Any objectives such telescopes or even microscopes can be used as 

front optics. Nevertheless, the thin lens formula holds for most cases: 

                             
qpf

111

1

+= .                           (3.1) 

f1 is the focal length, p the object distance and q the 

image distance of L1.  Fig. 3.2 shows the 3 principal 

rays through a thin lens. Magnification of the lens is 

defines as 

                                  
p

q
M =1  .                           (3.2) 

The speed of the lens is quantified by the ratio 

between focal length and the effective aperture, 

defined as the f/value or f/# 

                               
1
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D

f
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Likewise, numerical aperture of L1 is defined as 

                             11 sinW¹mNA                         (3.4) 

Note that 1=m for air. 

 
Figure 3.2. Single lens diagram of L1 

with 3 principal rays. p is object 

distance, f1 focal length and q is image 

distance. 

                       
Figure 3.3. Single lens collimated. D1 is 

diameter of lens, f1 focal length and W1 

half angle.   

From Fig. 3.3 the half angle of L1 for objects at infinity is  
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Applying equation (3.4) yields 
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which gives 
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Equation (3.7) shows us that f/# and NA are both a measure of light gathering power, and 

they are inversely proportional, i.e. a high NA results in a low f/#.     
 
3.3 f/value of a spectrometer 
The f/value of a spectrometer depends on whether 

you observe the grating from the exit slit or the 

entrance slit. It also depends on the projected widths 

of the grating as seen from the entrance and exit slit. 

Namely, 
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where Wg is the width of the grating. See illustration 

in Fig. 3.4. 

     
Figure 3.4. Illuminated grating. 
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Let us define D2 and D3 as the equivalent diameters as seen from the entrance and exit 

slit, respectively. If the height of the grating is Hg, then the following equations should 

hold assuming that the projected areas can be described as circular disks 
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The f/values, as seen from entrance and exit, should then be   
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From equation (3.10) it is clear the f/value in and out of a spectrometer is not necessarily 

equal since it depends a and b, which implies that it depends on wavelength.  

3.4 Magnification of the slits 
The grating acts as a mirror along the entrance slit of 

height h.  Slit height magnification is then simply the 

result of a lens with object distance f2 and image 

distance f3. See Fig. 3.5. It then follows that 
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Slit width magnification is on the other hand  
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Figure 3.5. Lens magnification of the entrance 

slit height h of a spectrometer with collimator 

lens L2 and detector lens L3.   

In the above equations the area of the entrance slit is hwS ³=2 . The resulting de- 

magnified or magnified exit slit area is hwS ¡³¡=3 .  Equation (3.12) will be derived in 

full in Chapter 4. 

 

3.5 Bandpass and resolution 
Bandpass is the measure of an instrument ability to separate adjacent spectral lines. It is 

defined as the recorded Full Width at Half Maximum (FWHM) of a monochromatic 

spectral line. Fig. 3.6 shows the response of an instrument to a discrete monochromatic 

line. The half width of the line profile at intensity B
2

1
defines our bandpass. 

If F is the recorded spectrum, B the source spectrum and P the instrumental line profile, 

then F is given as the convolution between B and P  

                                                         PBF Ã= .                                                   (3.13) 
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Figure 3.6. Effect of spectral resolution of monochromatic line at wavelength l0 and intensity B. 

4 
 

The instrumental line profile is defined as 

                                             )()()()( 21 llll mPPPP ÃÃÃ¹ ? ,                              (3.14) 

where each [ ]miPi >1)( Í"l  may be related to width of the slits, natural line width, 

resolution, alignment, diffraction effects, aberrations or quality optics etc. 

The natural line width is neglected since it is usually not resolved.  We assume no 

degradation due to aberrations and diffraction effects. The width of the instrumental 

profile is then determined by either the image of the entrance slit or the exit slit, 

whichever is greater. In other words, we assume )()( 1 ll PP = , and that the instrument is 

perfectly aligned. 

                        
Figure 3.7. The instrumental profile due to the slits ï a convolution of the entrance slits image with the exit 

slit.
4 

The shape of the P is controlled by the convolution of two rectangular functions with 

widths equal to the width of the entrance slit image, 1ld , and the width of the exit slit 

2ld . The two slit functions are rectangular as illustrated in Fig.3.7. If the slits are 

perfectly matched then the line profile will be triangular and the FWHM equals half of 

the width at the base of the peak.  

 

The spectral bandpass (BP) of the instrument is then calculated as the linear dispersion 

multiplied by the exit slit width  

                                            w
dx

d
FWHMBP ¡³º=

l
.                                                  (3.15) 

Applying equation (3.12), the inverse of equation (1.34) and bdfdx 3= , then we finally 

obtain the bandpass as 
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Note that bandpass depends mainly on L2 and the entrance slit width. Bandpass varies 

as acos , while dispersion varies as bcos . 
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4. THROUGHPUT AND ETENDUE 
 

 

The key question in this chapter is to find a way to quantify how much light is actually 

passing through a spectrometer? To answer this question, we need to define etendue and 

throughput of a spectrometer.  

 
4.1 Definitions 
The number of photons emitted from a source S per unit time into a solid angle Q is 

known as the flux F.  Intensity I is defined as the flux per unit solid angle. Radiance B is 

the intensity through a unit surface area, or photons flux per unit area and solid angle.      

 

According to the above, flux is given in units of 

                            []
s
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=F ,                       (4.1) 

and intensity I has units 
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Radiance B is then in units of 
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Fig.4.1 shows how the solid angle is defined. 
           
Figure 4.1. Solid angle. 

 
4.2 Etendue 
The field of view or the acceptance cone where photons are allowed to travel into will 

define how much light that is detected by an instrument. A useful quantity called the 

geometric extent (etendue) characterizes the ability of an optical system to accept light. It 

is a function of the area S of an emitting source and the solid angle Q its light propagates 

into or out of. It is defined as 

                                                          ññ¹ dQdSG .                                                                 (4.4) 

In our case we may write as QSG ³= , where 
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The etendue is then simply 

                            W= 2sinSG p .                       (4.6) 

In terms of numerical aperture W= sinmNA  
               
Figure 4.2. Front lens etendue. 
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Equation (4.7) is useful when working with fibers. For example, a fused silica fiber with 

a diameter of mm200 will have an etendue of  
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Figure 4.3. Optical diagram of a spectrometer. 
 

Etendue may be viewed as the maximum geometric beam size an instrument can accept. 

It is a constant, and should be so throughout the instrument. Otherwise, we will lose light 

due to geometrical blocking etc. An instrument is said to be optimally constructed if the 

etendue is constant through each of the components used.  Re-calling the optical diagram 

from Chapter 3, a spectrometer will be etendue optimized when 

                      3
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The optical diagram is reproduced in Fig. 4.3. Note that the front lens L1 produces an 

image in the entrance slit plane.  Only light from the image cross section that is defined 

by the width and height of the entrance slit will propagate into the instrument. It is 

important not to overfill the field of view of L2. The key etendue equation becomes 
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and it is defined as where the input etendue is equal to the output etendue of a 

spectrometer. Or in other words, the etendue is equal seen from both slits.  

 

From the entrance slit the etendue is expressed as 
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where acosAG  is the illuminated area of the grating as seen from the entrance slit. 

Correspondingly, at the exit slit 
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Since 32 GG = , it follows that 
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Using 32 // ffhh =¡ then 
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This shows us that the etendue depends on the grating equation, size of slits, and the 

optics used. Thus, all parts of the spectrometer must be considered and complement each 

other. 
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4.3 Flux  
Since etendue defines the maximum geometric cone and beam an instrument can accept, 

the photon flux through this cone must be a function of the radiance and the etendue 

                                                            GB³¹F .                                                       (4.15) 

We see that 
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Equation (4.15) can now be used to evaluate photon fluxes in and out of a spectrometer 

system.  

 

4.4 Throughput 

Throughput is the usable flux at the exit slit, available to the detector. If we define 2B to 

be the total radiance of the source entering the instrument at the entrance slit, then the 

total flux in is given as 
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At the exit slit the flux will be  
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where nElis the efficiency of the grating at spectral order n at wavelength l calculated in 

Chapter 1.  lB is the spectral the radiance. The factor lT represents geometric losses 

(aberrations) and transmission factors of the optical components. 1=lT  for a perfect 

instrument 

 
4.5 Stray light 

4.5.1 Random stray light 

The radiance of random stray lightdB due to scatter from different components such as 

mirrors, screws etc is directly proportional to the flux density AG/2F  or  
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where C expresses the quality of the optics as function of random scatter. The random 

scatter flux at the exit is then  

                                  
2

3

2

2

0

3

)(coscos)(

ff

whGhwCB
GB A

dd

¡¡
=³=F

ba
.                       (4.20) 

The ratio of detected to random flux gives us an idea of the optical signal to noise ratio 

(S/N)  



 25 

                                ö
÷

õ
æ
ç

å
³ö
ö
÷

õ
æ
æ
ç

å

Ö
³ö
ö

÷

õ

æ
æ

ç

å
³ö
ö
÷

õ
æ
æ
ç

å
=

F

F
=

a
llll

cos
/

2

2

0

T

wh

f

C

E

B

B
NS

n

d

.                        (4.21)  

The main factors that control the optical signal to noise ratio in equation (4.21) is the 

quality of the optics as defined through the parametersnEl, C and lT .  Holographic 

gratings have a low C. This, one should make sure to use a grating with maximum 

efficiency in the wavelength region of interest, and use aberration corrected optics, if it is 

available. 

 

4.5.2 Directional stray light  

There are mainly 3 types of directional stray light sources: 

1. Incorrect illumination of the spectrometer due to overfilled optics etc. 

2. Re-entry spectra of unwanted orders / spectra that are focused onto the exit plane. 

3. Grating ghosts and stray light due periodic machine ruling errors etc. 

Solutions: 

1. Use field lenses and aperture stops to illuminate correctly. 

2. Use masks and side baffles on the grating. Tilt the detector. 

3. Buy a new grating. As an ion-etched blazed holographic grating would be the 

recommended choice. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 



 26 

5. IMAGING SPECTROSCOPY 

This chapter explains how we can image an object as a function of wavelength with high 

spectral and spatial resolution based on what we have learned in the previous chapters. As an 

example, we will use a GRISM spectrograph in hyperspectral image mode. 

5.1 Short background 
The rapid development of imaging detectors, especially the two-dimensional silicon Charge 

Coupled Device (CCD), has resulted in a new generation of imaging spectrographs. In contrast 

to the use of a photomultiplier tube as detector, the imaging detector provides information on 

the spatial distribution of the photon intensity along the entrance slit of the spectrograph. The 

ability of the CCD to image the entrance slit in different wavelengths and intensity has been 

used to reconstruct the image of the target object with high spectral and spatial resolution.  

Note that during the last decade most of the effort in imaging spectroscopy (hyperspectral 

imaging) has been in the area of air- and space born sensors. A great deal of experience has been 

gained with these instruments and they have proven to be powerful tools in remote sensing.
11, 12

 

As a result, the use of spectral imagers for industrial applications such as on-line spectral 

identification, sorting and inspection of objects has become increasingly important.
13, 14, 15, 16, 17 

5.2 A low cost hyperspectral imager  
A low cost portable instrument named DRONESPEX has been designed to demonstrate 

the technique of spectral imaging. A picture of the assembled system is shown in Fig. 5.1. 

 

Figure 5.1. DRONESPEX.  

A small portable low cost 

hyperspectral imager. (1) is 

front lens (objective), (2) 

aluminum barrel, (3) ring 

mounts, (4) mount rod, (5) 

camera lens and (6) CCD 

detector head.   

The systems optical elements are shown in Fig. 2.6. The camera head (6) made by the 

company Watec LCL contains a 795 x 596 pixel CCD detector. The size of the CCD is 

6.837 x 4.9468 mm
2 
with 8.6 x 8.3mm sized pixels. The spectral range is 400-700 nm and 

the sensitivity is 0.00015 lux. The camera has both auto and manual and gain settings. 

The exposure time is 8.33 ms with a readout time of 31.67 ms (CCIR standard). The 

frames are stored on a digital video recorder. The dynamic range is 8 bits per pixel.   

A handheld spectroscope made by Paton Hawksley Electronics Ltd. is fitted into the 

aluminum barrel (2).  It contains a 600 grooves/mm transmitting holographic grating, a 30 

degree Littrow dispersive prism, a f2 = 42 mm focal length collimator lens, and a fixed 

sized slit. The lens is 12 mm in diameter. The slit is h = 4.5 mm high and w = 25 mm 

wide. The grating is fixed parallel to the prism. The prism and grating normal coincide.  
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A standard C-mount f3 = 25 mm focal length objective (5) is used to focus the diffracted 

and dispersed light from the grating/prism onto the CCD. The lens has manual iris control 

used to detect the background level of the CCD.  

The field lens (1) or the front lens of the spectroscope is directly connected to the aluminum 

barrel (2). The barrel has standard inside C-threads.  The spectroscope's entrance slit is located 

17.5 mm into the barrel - positioned in the focal plane of the lens. The lens in Fig. 5.1 is a f1 = 12 

mm focal length objective including variable focus and manual iris control. All mounts and 

adapters are found in the Mix and Match assemblies of the company Edmund Scientific (ES). 

 
Figure 5.2. Basics of hyperspectral imaging. Panel (A): A 3 dimensional optical diagram illustrating the 

main principle. Each optical component is labeled with letters along the z ï axis of the xyz ï coordinate 

system. L1 is front lens, S entrance slit, L2 collector lens, P GRISM, L3 camera lens and CCD imaging 

detector. The optical axis is parallel with the z - axis. The slit is located parallel to the y - axis. The detector 

is leveled in the xy - plane. Panel (B): Airborne carrier illustrating the push broom technique. The slit is 

oriented normal to the flight direction (x - axis). Precise estimation of the attitude of the plane requires a 

GPS for position, speed and heading, accelerometers for pitch q, roll f and yaw y, and gyros for turn rates 

(wx, wy, wz). 

5.3 Main principle of hyperspectral imaging 
Fig.5.2 panel (A) shows the optical components of the GRISM spectrograph as introduced in the 

previous section. The essential parts are again marked as S entrance slit, L2 collector lens, P 

diffractive element ï the grating / prism (GRISM), L3 camera lens and CCD the detector. First, 

the main purpose of a spectrograph is that it generates images of the entrance slit as a function 

of color. The number of colored slit images on the CCD depends on the width of the entrance 

slit and the dispersive elementôs ability to spread ï diffract the colors, and is directly connected 

to the spectral resolution of the instrument.  


