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1. BASIC SPECTROSCOPY

In order to explain how a spectrometer works, it is sg@gy to refresh some basic

concepts of physics like interference and diffractidihe key optical element of a
spectrometer is the diffraction grating. In this chapter we will derive the grating equation,
resolving power, angular dispersion, and gigefficiency.

1.1 Light as waves

First, let us define that lighs tiny packets called photons with wave like properties.
Fig.1.1 shows a sinoglal wave that moves with velocityalong the xaxis. The
amplitude of the wave can then be defined as simpl

E(x,t) = E,sin(kx°® ut), (1.1) b
whereEpis the maximum amplitude of the wave.
The wave repeats itself periodically in timiey o v=c

e |
T=/ X,where/ is the wavelength andis equal to °
the speed of light. k=24// is called the

» X

propagation number or wave number, and angula

frequency isn=20/ 7. \/
A more convenient way of representing a wave is

use complex mathematié#\ wave can be desibed
as the real part of a complex number (see Fig. 1.:
Z=X+iy Figure 1.1. Sinusoid wave.

z=E,(cosf +isinf). (1.2)
Further mor e, Eul er 6s f
€’ =cosf +isinf, (1.3
where isf =kx° ut . The real part of z is then
Rez=E = E, cosf . 1.4
This is a very useful form when dealing with wave

due to rules of complex mathematics. In 3D we m
express the wave as !

E(r,t) =E€’ (1.5)
wherer is the position and the phase is defined a Figure 1.2. Complex number.
F=kQ@- m+x. (1.6)
x is the initial phase of the wave.
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1.2 Interference

1.21 Two wave sources Eq
Let use consider the simple case when just two
waves $and $ act together. According to equatiol
(1.5) and (1.6), the was may be expressed as < i P
E,=E.£&" 1 \/
1 01 o (1.7
E,=E,£"?
where the phases are E2
kG-t (1.8 .
f2=k2®2-l/l/t+X2 Sy

Figure 1.3.Two waves.

At point P the net resulinust be the sum of the vectéis E, + E,. The intensity is then
l © E G* = (E01eif1 + EOZeif2 ) QEOIe_ i + E02e_ ifZ)
= Em2 + Eoz2 + E01¢02(ei(f1_ el fZ))
= Em2 + Eoz2 + 2E01CE02005¢ 1" f 2)
=E,, +E,, +2E,,,,coss
The phase difference = (k, @, - k, @,) + (X, - x,)is a sum of two terms. The firgrm

is a result of th path difference between the two waves and the second theeinitial
phase differenceConstructive and destructive interference oseuren coss equals +1
or -1, respectively.

(1.9)

& 2np Constructive interference (1.10)
S =]
i(2n+1)p Destructive interference

In equation (1.10)x 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

Next we consideN number of waves that are emitted
Su coherent and monochromatic sources. Each sourc
separated by a distanceanf

E, = Emei(k@l- "
E2 — E01ei(k®2- wt)
E,=E,*% " (1.12)
@
EN = E01ei(k®N- v
Coheent means that the phase difference between tt

waves are constant. Wave numbers amglitudes are
the same for all waves considered.

Figure 1.4.N number waves.



The phase diffieence between the wavesiise to the path difference
s = Tasinb : (1.12)

In Fig. 1.4 we assume that the distance to g@istmuch larger thaa. It is common to
use a method callgderotating vector sutmethodto obtain the total vectde at pointP.

In Fig. 1.50 is the centre of circle with a radius of o

r. Itis circular sinces andEg= Eosare the same for g p
each sourcet is then found as A E
E=CP=2QP f
1.13 a
=2r sin(% Ns). (1.13) P

From the triangle QCR we get

_ .1 6 Eo1 IkR
Bo =27 Sm(Es) ' (1.2) Figure 1.5.Rotating vector surh.

Eliminating 7 from equations (1.13) and (1.14) by division we finally obtain

sin(; Ns)
E=Ey—— (1.15)
sinCs
;)
The irtensity is proportional t&>
o 2
a. 1 Q
asin(=Ns)o o - 2
=120 = |y n(Npasinb/ 1)@ (1.16)
BsinCs) § g sin(pasinb//)
¢ 273
Fig. 1.6 shows a plot of equation (1.16) as a funct '® Net0 =05
of wavelengthy and angleb. The functions hava B0 — A=486.1nm

A=557.7nm
—— A=630.0nm

60 -2 1 n=0 1 2

maxima equal t&\’lo when s =2np . Or, in other
words

INTENSITY |
»
o

n/ =asinb. (1.17

Zero intensity occurs whély 2)Nd = njp , where

B 0 eal.] 4 A ool
niis any integer excepiil [0,N,2N,...].ThereareN- -60  -40 -ZSNGLEEIDEcjo 40 60

2 minima between maxima. As a consequence, Figure 1.6.Interference as a function of
Ds =2p/ N corresponds to thghase change from pea angleb and wavelength from N=10
down tozero intensity or the half widths of the sourcesa= 1666.67 nml,=0.5.
interferencepeaks

Note that as the wavelength increases, the profiles shifts further away from zera order,
= 0.In addition, the separation between wavelengths increases with increased order
numbern. As N increasesthe width of the peaks decreasadlistance ofa =
1666.6hmcorresponds to a grating with 600 lines or groovesipar



1.3 Diffraction %
Interference is the result of individual sources
interacting with each other. Diffraction, on the oth

hand, § noticeable when a wave is distorted by ar ¢
obstacle that has dimensions comparable to the »
wavelength of the wave. On example is shown in D

Fig. 1.7 whee ocean waves hit the entrance wall t
port or harbour.

L

Diffraction may be seen as the interferencaof ~ Figure 1.7.Example of diffraction:
finite wave itself Ocean waves hitting a port entrance

wall.

1.31 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@0mm or lesgo see any effects in the visible
range of the spectrum (400700 nm)).

Huygens principle state that every point of a wave |
front can be thought ads the source of secondary b—)
wavelets. See red dots in Fig. 1.8. These new wa X

are defined as thdiffracted waves, each with Ale |g
amplitudedEp;. E Z |

The phase differenceb et ween CCO0 ¢ i
i f:y
2P ep= 2pxsinb (1.18)
/ / B
The same method we used in section 3.1 is show
Fig. 1.9. The length dE becomes Figure 1.8.The single slit.

E=2QP=2r sin(%a). (1.19)

S =

Whenb = 0 then
Eo=r a&r(

since alldEy vectors are paraIIeI for observations dEg
perpendicular to the slit. Figure 1.9.Rotating vector surh.

2pr"”b) (1.20)

From equation (1.19) and (1.20) we get

esin(bsinb//)e
E= : 1.21
E°e tosinb// Y (1.21)
and tre intensity is proportional to thﬂquare of the amplitude
| = esm(pbsmb//)ﬂ aS|nu8 , (1.22)

€ mosinb// U Cu =
whereu =posinb// .



Fig.1.10 shows the diffraction pattern as a functio
of wavelength/ and angleb. Zero ordern=0, has
the largesintensity. The distance between maxima
for a specific wavelengtimcreases as increases.
Thus red wavelengths are more diffracted than bl

Note that the maximum intensity is equaldsince
(sinu/u)’ =1 foru=0. Zero intensities occur whe
u=np, or

bsinb=n/. (1.23

1.3.2 The diffraction grating

We now have the tools to understand the diffracti
grating. A diffraction grating consists bfsingle
slits aligned as shown in Fig. 1.11. The spacing
between the slits ig, and the width of each slit s
Each slit wil act a source witanintensity given by
equation (1.22). Thedé¢ emitters will produce
interference according to equation (1.16). The ne:
intensity is then simply interference caused\by
slits, modulated by the diffraction pattern of one
single slit

&sin(Npasinb/ /)@ , ésin(pbsinb /)@
°€ sin(asinb//) § & posinbl/ Y
Fig. 1.12 plots equation (1.24) as a funcidn
wavelength/ and angleb.

=1 . (1.24)

Note that for each wavelength we obtain maxima
different angles except for zero ord€hisis the
same for all wavelengths. Or in other wordsg, w
obtain spectra on each side of zero ordé&o note
thatthe location of the intensity maxima for each
order increases for increasing wavelendgths
effect is the opposite of what happens with a prisi
where there are no spectral orders and blue isght
more refracted than red.

1.3.3 Reflective gratings

100 — S
1 =50
b=1666.67 nm o
—— A=486.1nm
A=557.7nm
—— A=630.0nm

v}
o

INTENSITY |
(2]
o

40

2.3NGLE[2 [DEG.]
Figure 1.10.Diffraction as a function of
angleb and wavelength b= 1666.67
nm. [;=50.

-60 =40 20 60

Figure 1.11.The diffraction grating.
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Figure 1.12.The diffraction grating
pattern as a function of angbeand
wavelengtl b= 1666.67 nm and a=3b
10=0.5 and N=12.
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In the previous section we looked at gratings that transmit light. The plane reflective
grating may be thought of as a polished surftwt has parallel grooves whibave

been madéy 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.



The phase difference between each source due t (1) k
path dfference is sketched in panel (2) of Fig. 1.1.

= 2” (BC + AD)

Reflective
surface

(1.25)

2’0 ——(asina +asinb)

Machine made
grooves

Maximum interference occurs gt=2m, or

n/ =a(sing +sinb). (1.26
Equation (1.26)s known as thgrating equation
wheren is the spectral ordeg the incident angle, Figure 1.13.Panel (1): Ruled reflective
andb the diffracted angle of the grating.a = b, grating. baﬁel;{): Raye with phase
then the condition is callgtie Littrow difference (red solid lines).
configuration

A a C

T= (x]b_p
E=0-0p
d=acos®y 2

Note that so far most of the intensitydiffracted

into thezero order. If the reflective surfaces are
tilted atan anglew, to the grating norma, we have
ablazedgrating. u is known as the blaze angle. Fi
1.14 shows how a blazed grating may look like.
Note that the phasdifference beteen thaays S
and $, as a result of the grooves,the same as in
eqguation (1.25). This means that the interference
pattern is not shifted in angle, and that the gratinc
equation still holds.

Figure 1.14.Blazed grating. Note that
b<0 due to sign convention.

This is not the case for rayg &d S. The blaze angley, will introduce a shift of the
diffraction pattern away from zero order. The phase difference is now written as

s= 2’0 (BC + AD) = 2'0 2 (dsine+dsint) —@acosv%[sin(a - ) +sin(w - b)]. (1.27)

The dlffractlon patterlmf the blazed grating can now be found by the same method as
described aboveut 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,small blaze angley, © 10° e N 1,=0.5
will shift the diffraction pattern and the maximum 8 —— )z#8eiom 777 N2
intensity from zero to first order very effectively. gof — -o300nm ‘

a(sina+sing)=n\
w,=a=9.63°

Zero order is almost not visible.

INTENSITY |

Note from Fig. 1.14 thahe grating becomes most
efficient whera - w;, =w, - b, since thereach

. . : -60 -40 -20 0 20 40 60
surfacewill act asa small mirror, rdécting the rays ANGLE  [DEG.)

with equal antes from the groove normal. Figure 1.15.Blazed diffraction pattern.




An expression for the blaze wavelendthcan now be derived fro the grating equatiori 26)
n/ =a(sina +sinb)

n/ = 2asin%(a + b)3 cos%(a - b)

a-w=w-bY a+b=2w : (1.28)
a-b=2w,- b)=2a- w)

2a .
/, =—sinw, cos@ - w,)
n

A 600 grooves / mm grating with blaze anglge = a =9.63’ gives a blaze wavelength
/,, © 557.7nm for spectral orden = 1.

1.3.4 Overlapping spectral orders

One important behavior of a grating is that it
produces multiple wavelengths at fixed diffraction lp
angles as a function of spectral order. The
overlapping wavelengths are a multiple of the fac l/,_f/
(/n) from the grating eaation (1.26). Fig. 16 show: k /
the setup. A beam of white light hits the grating ai B1 B

G

2 B3

R —

2

. ; Aln
angleato the grating norm&. Three diffracted ray: n=1 200 400 600
are shown as a function of wavelength and 2 o L2 30
4 50 100 150

diffraction angleb.
Figure 1.16.Spectral overlapping order.

Air at ground level absorbs light below ~180 of a reflective grating (G is grating
Wavekngths below the blue line in Fig. 1.16 are  normal anda incident angle. The three
therefore not detected. diffracted rays have anglés, b,andb;.

If you, for exampé, need to makafirst order measurement in the visible spectral range
400 to 600hm, then you will need to block out second order overlapping wavelengths
from 200 to 300hm 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.

1.35 Resolving power
The resolving poweR is a theoretical concept defined as

/
RT —. 1.29
~ (1.29)
It is a measure of a gratingbs ability to separ e
considered resolved if the distance between them is such that the maximoenfalls on the

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

The peak intensity of a grating occurs when the phase differesice 2n. The closest
minimum occurs wheDs =2p/ N. Differentiatingequations (1.12) and (1.17) gives

ds = - acosbdb (1.30)



and

acosbdb =nd/ . (1.31)
Therefore,
ds =Pndr =2~ (1.32)
/ N
Rearranging equation (1.32) gives
RlL:nN. (1.33)
D/

For example, a resolving powerRE(600 grooves/mmi2mm =7200,will result in
D F0.07nmat /=500nmfor n=1.

1.3.6 Angular dispersion
The angular dispersion is definedga/%. Differentiating the grating equation (1.26) we

simply obtain

db _ n

d/ acosb’
It is a measure on how rays spread owdiffracted angle per unit wavelength, and it
plays a key role in the calculationtbieinstrumentabandpasaNote that the angular
dispersion increases withder.

(1.34)

1.3.7 Grating efficiency 100 600 grooves/mm |
The theoretical efficiency] of a grating may now s “ya=s.63
be found as the integral factor between the intens
at spectral ordem and the total diffraction pattern.
Or sincel =1,(b) then

60

EFFICIENCY (%)

ébn+Db 17
Q ﬁ/ (b)dbl‘J 200 400 600 800 1000 1200 1400 1600
€b,-Db u

E/n =P ¥3100. (1.35) WAVELENGTH [nm]
erpi2 u Figure 1.17.Theoretical efficiency for a
e ﬁ/ (b)db u grating with 600yrooves / mnand a
g-pi2 H blaze angle = a = 9.63. The blaze

wavelength/, = 557.7nmforn= 1.

Fig. 1.17 shows a typical efficiency curizg for a 600 grooves / mm grating, blazed at 8.68r

each wavelength and spectral orderwe obtaind, from the grating equatiorDb is the angle

of peak interference down to first minimum from equatidn30) and (1.32)

p=— " (1.35)

" Nacosh,

The grating efficiency also depesxdn which coating materias used. For example, gold reflects
light 10-15% better than aluminum in the neaira red region of the spectrum.



FRISM SRATIMG ¥

A

MX=+L cos(a-w)
MY = -1 sinloe-w)

8.=181 Ax'=Scos{w+g)
a5_1:|z!3| Ay'=Ssin(w+g)

Figure 1.18 The GRISMconfiguration with grating sign convention andipgoordinates.

n=-1

1.4The GRSIM

A prism stacked in series with a transmission grating $aardiffractive element known as the
GRISMor the Carpenters prisnkig. 1.18 shows a wedge prism and a transmissiating
separated a distan€ein thex 1 direction (air cap). The ray frodto B is parallel with the x
axis. It does not refract since it hits the prism head on. At Batrtay will refract according to
Snell 6s | aw

n,sinw=sina . (1.36)
The prism index of refraction,i s gi ven by Cauchyo6s formul a
n=A +%, (1.37)

whereA; andB; are constants depending on prism material. The distance fromBioidt is
now calculated as
Dx=Lcos@ - w)

Dy=-Lsin@-w’
where L = Dcosw/ cosa . At point C the refracted angéebecomes the incident angle to the
grating. The grating equation may now be modified by equation (1.36)

n/ =a(sina +sinb) =a(n,sinw+sinb). (1.39)
The position of diffracted rays of length S from point C become

Dxi = Scos(v+ b)

Dyi = Ssinw+ b)

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

(1.38)

(1.40)

Fig. 1.19 and Table 1.1 show the resulagbmputer generated ray tracking tbefirst spectral
order in the visible part dhe spectrum (400 700nm). The prism has a diameter of Bnand a
wedge anglev= 3. The material is Barium Crown (BaK4). The grating has|B@3 / mm



Note that the yellow green wavelength close to ~50h 8 PG
passestraight through th&RISM, paralel to thex-axis.
This on-axiseffect of the GRISMs favorable due to the
simplicity to stack additional optics on both the frontai ¢
back side of it. Image quality will be preserved due to
negligibleoff-axiseffects.

T
E
>
The total spread ithediffractedangles of the spectrum

is also less than using a grating alone. The latter is du Bak4

the fact that a prism disperses blue light more thanret =, e 5 w5 s
whereas the grating diffracts reéght more than blue. _ X[mm]

The net effect is a compact spectrum centered at the F19ure 1.19.Computer generated ray

. tracking forGRISM. P is wedged prism
straight through wavelength of theGRISM, or when with w= 3. G is 600 lines/mm grating,

=-b=w. First order spectral range: 400000 nm.
Wavelength Refractive index Incident angle Diffracted angle GRISMangle
/ [nm] ng (Bak4) a[deg ] bldeg ] (w-[tey]
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 1.1GRISMdata table for Fig. 19. Wedgaglew = 3. ng is refractive index of BaK4. Grating has

600 lines/mm with incident angkeand diffractive anglé. TheGRISMangle( w - ib relative to the x
axis.

The madified grating equatiqi.39) becomes
n/;=a(n, - Psinw. (1.41)
Furthermore, by differentiating equation (1.39) we obtain

B, d/

d
ni =asin Wi +acosb = - 2asinw— — +acosb (1.42)
db db /7 db

Rearranging givetheangular dispersiorof a GRISM

db _ n+2aBsinw//?

d - acosb '
The term2aB sinw/ /° >0, which implies that the GRISMas increased angular
dispersion compared to using a grating alone.

(1.43)

10



2. SPECTRAL DESIGNS

2.1 The EbertFastie spectrometers

In 1889 Herman Ebetidescribed apectrometer
using a spherical mirror dra. planeaeflecting
grating Also known as a Pfe Grating System
(PGS). His sketch is reproduced in Fig22and
shows the instrument as a photographic
spectrograph.

|
H

Figure 2.1. The EbertFastie spectrometefl) curvedentrance Figure22Repr oduct i on
slit, (2) concave mirror, (3) plane reflecting grating, ¢djved  sketch of his spectrometell andI2 are
exit slit, (5) collector lens, (G)hoton countingletector, and (7 light baffles,P photographic plateG
order sorting cubff filter. grating,Sentrance slit plané side
plates, andH spherical concave mirror.

The light from the entrance shis first reflected by the right half part of the concave
mirror H. The gratindG is then illuminated by a parallel beam of light, since the entrance
slit is located in the focus phee of the mirror. Secondly, the diffracted rays from the
grating are focused by the left half part of the mirror on to the photographidplate

The grating may also be rotated to sweep an angular intéhaphotographic plate is
then replaceé by an exislit and a photon counting detector. As illustrated in Fig. 2.1,
when the grating turns, the image of the entratités observed at the exit slit in
different wavelengthsThis optical system is known dlse Ebert monochromator

In 1952 Wiliam G. Fagie improved the g@formance of thenstrumentusing curvedlits
instead of straight slits to reduce aberrations from the nfirf@roblems of astigmatism
became less@nd the resolution of the instrument was improvédgk instrument is
thereforenamel the EbertFastie spectrometer

Note that the design only uses tactiveoptical elements, which makes it ideal for low

light applications such as airglow and faint auroFag. 23 showsa Imfocal length
auoral EbertFastie It is basedn the orignal constructiorby Fastie at JohHopkins

11



Figure 2.3 The1lm Green Ebert Fastie spectrometer. (1gHer cooler forphotomultiplier tube (2) Pulse
Amplifier and Oiscriminator(PAD) with High Voltage(HV) controller, (3) slit width adjuster wheel, (4)
order sorting filterin front of entrance slit, (5)rgting motor system, (8)ght pipe (7) power supply to
cooler, (8)power to PAD, and9) DC supply to the HV controller

University, Marylandit he begi nning of the DdPo6s. Il n 1978
GulamabasSivjeeand Charles Sterling Deetw theAuroral Station in Adventdalen,

Svalbard, Norwayfrom the Geophysical Institute (Gl), University of Alaska, US&o

morefollowedin 1980.The instruments are naméauoh Green, ¥n Black and in Silver

Bullet according to focal length amthassicolour.FurthermoreODv e Ha¥Yaa n g 6 s

White was moved in 2004 from the Skibotn Observatory in Norw@ayo Svalbardin

2007, they were all installed at the new Kjell Henriksen Observatory (KiH@valbard.

Datafrom these instruments are widely published and recognized.

Even though there are only two active optical componentsingbd Eberfastie
spectrometerhieimage quality is limited due toff-axisaberrations such as coma,
astigmatism, curved focéikeld (defocusing) and spherical aberrations.

The effect of coma is seen as an asymmetgorded spectrdine profile. The base is
enlarged on one of the sides of #pectral line as a function of wavelendirefocusing
causes the exit slit image to bleirred. Both will degrade the bandpass, the spatial
resolution and the signal to noise ratio. Theydare to offaxis geometry of the PGS
system Spherical aberratioof the mirrorwill also blur the exit slit image due the effect
that edge versus centeys fail to focudo the same pointt can only be corrected by the
use of aspheric opticEven worse is astigmatism that produces two foci,ahgential
and the sagittal focwhen using a spherical mirror edikis. 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 tohe dispersion plan&he effect is minimized by aspheric optics and
curved slits.

The basic equations for an EbEdstie spectrometer are dexdve Appendix A

12



2.2 The CzernyTurner configuration
In 1930 M. Czerny and A. F. Turndescribed a spectrometer using two concave
mirrors instead of only one as in the Ebeastie design. Fig. 2.4 shows the optical
layout

Figure 2.4.The CzernyTurner configuration: (1) entrance slit
(2) flat mirror, (3) concave mirror (coltéor), (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 mirors may
now have different focal lengths,
size and position compared to th
more rigid design of the Ebert
Fastie.

The two flat mirrors labelled (2)
and (6) in Fig. 2.4 are just used 1
make the design more compact.
They are not used in the original
layout®.

Off-axis aberrations still affect th
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 apertur@&s a consequence, the Czeifiyrner configuration is

one of the most used designs in spectroscopy.

2.3 The FICS concave grating spectrograph

Back in 1883 HennAugustusRowland invented the
concave grating at the John Hopkins Universiti.
both collimdes and focuses the incident light bear
No extra mirrors or lenses are requir€édday,
holographicion-beam etching techniques produce
blazedconcavegratings with high groove density
and excellent image quality.

Fig. 2.5 shows a concave grating speataph made
by Oriel® Instruments. The desiga compact with
no moving parts, and it has a high aperture (f/valt
2). The spectral range is 40000 nm.These
gualities make it aideal instrument for laboratory
work, includinglamp certificatiorandabsdute
calibrationof low light sources.

Figure 2.5.0RIEL Fixed Imagng
Compact Spectrograph (FIQS(1)
concave holographic grating, (2) flat
mirror, (3) detector (CCD), {&iber
bundle, and5) entrance slit.
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2.4 The GRISM spectrograph

|

Figure 2.6. The GRISM spectrographl front lens,S1entrance slitl.2 collector lensG grating,P prism,
L3 camera lens an@CD imaging detector.

One poplar design is the use ofGRISM as dispersive element. As mentioned in section

in secton 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 configuratioBRIZM
spectrograph. The opticalements may be stacked head ondris). The frontlensL1

focuses light onto the entrance §it LensL2 collimates the&GRISM and lend_3

focuses the diffracted light onto the image detec@@[). The oraxis design reduces
geometrical aberratits such as astigmatism and coma. The image qualityhs hig
comparedo off-axis systems.

The grating may even be replicated or cemented straight onto t @
prism. No air cap is necessary as sketched in Fig. 1.18. A seco
prism may also be used optimize the optical performance and
protect the gratingA prism-grating-prism (PGP) element is showr
in Fig. 2.7.An extra prism makes it possible to fine tune the stra
throuch wavelength of the system

The company SpecimLt.r om Oul u i n Fi nl
producedalarge number oPGP element basedesrographgor Figure 2.7.PGR
both industry and sciencé&he only disadvantagef the PGP element. (1) Prism, (2)

systemss the relative high number of optical elements needed Gratingand (3) Prism.
compard to an offaxis mirror system such &bertFastie design.

High aperture and minimum transmission logbesugh a minimum of optical elements
are essential for low light applications.
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2.5The Auroral Spectrophotometer number 3 (SP3)
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Figure 2.8 The SR combined spectrograph and Littrow spenteter™.

The last design presented in this chapténésauroral spetrophotometer number 3

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

V e g a spdctragraphs and the discovery of the proton alnackin 1939. Vegard was
former student of Kristian Birkeland and the founder of the Auroral Observatory in
Tromsg. Later on the same institution, Anders Omholt and Leif Harang requested higher
spectral resolution and sens.iusedlargetqyartzt h an
prisms instead of gratings as the key dispersive elements. The result was SP3 constructed
in 1960 by Willy Stoffregen at the lonospheric Observatorium in Uppsala, Swieden.

was used extensively by his student Kjell Henriksen to studyauairglow and star

spectra. In 1977 it measured for the first time Helium emissions in the polar cleft from
Ny-Alesund, Svalbard. It has even been used to obtain spectra of Barium released by
rockets.

Fig. 2.8shows the principal ray diagram and retog equipment of SP3 as originally
designed by Stoffregel!. The design has two modéds.the first mode,He collimator

lens illuminates light from the entrance slit at an incident angle equal to the diffracted
angle by the reflective grating. Thisas 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 lkd to account for astigmatism.
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As the grating sweeps in angulatarvals, raw data
from the cooled photon counting detector is plotted
the pen recorder. The result is stacked spectra witr
time. In the second mode, the instrument is used a
spectrograph with a photographic camera that look
down on the grating.

The instrument was found in late spring of 1993

stocked away in the garage of the Auroral Observa
in Tromsg. It was then completely covered with old
scientific papers of the aurora, which most probabl
saved it from rust and degradation. The instrument
was restored and the optical components realignec
the author under the supervision of his advisor Kjel

Henriksen. Todayit is part of Svalbard Museum \?\ e
exhibition of the aurora. Figure 2.9.The SP3 at UNIS (2006).
Even though the SP3isanolddegn from t he 606s, it is sti

with its dual modes, high spectral resolution and aperture. Newoteitgctronics and
detectors havbeendevelopedsince it was initially pt to useAs with that the Ebert

Fastie spectromate at KHO, the photon counting and computer electronics have been
continuously upgradesii n c e t h ©rinlother word8, ®hé gptic 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 wilestablish 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 opticd 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 perpenditidar to
slits, parallel to the axisf refraction. Fig3.1 shows the layout of an opticaagram.

I—1 L2 G L3 X
s e [
Sq | Sy E ‘ S3
l Q o~ 0, o~ }\ /

N D

Source , /,/
Entrance : Exit
slit I slit

AS
\II\ p \jl\ q \II\ f2 \jl\ \ff f3 ;k

Figure 3.1. Reproduction in color abptical diagram of a spectromefeASis aperture op, L, front lens,

L, collimator lens or mirror(s grating,Ls focusing lens or mirroiS area of light sources, area of source
image,S; area of entrareslit, S; area of the diffracted slit image (exit slit argapbject distanceg image
distance ot 4, f, focal length ofL,, f; focal length ofL;, and W half angles. The&-axis is parallel to the axis
of diffraction, perpendicular to the slits.

Light from the source aréailluminates the front lenk; with half anglelW and object
distancep. S is the imaged area of the soufthat isfocused onto the entrance slit

plane by lent.;. Ufis the half angl@endq is theimage distance df;. Next, L,

collimates the gratin@ with light that passes through the entrance slit Sg@ath half

angle 4. Lsfocuses the diffracted light from the grating onto the exit slit plane with half
angle4. S is then the area of diffracted entrance slit im&gandf; are defined as the
entrance arm length &% and exit arm length dfs, respectivelyln practice, hese arm
lengths corresponds to the focal length&.céndLs.

Note that the optical elemerits, L, andL3 can be either lenses or mirrors asd as they
are able to focus or collimatke beamThe grating may also bétleer transmitting or
reflecting. The main pointsare that the entrance slit must be located in the focus planes
of Ly andL,, and that the rays form a parallel beam that ilhates the gratings. L3 will

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

The opticaldiagramis in other wordsa generbway to describe ray tracirtgrough any

spectrometert is a useful tool to westo calculate instrumental performance and evaluate
different spectral designs.
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3.2 Front optics
The front optics is inhe optical diagram of Fig. 3.identified ad.;. The purpose is to
image light from an object onto the entrance slit planeés not restricted to be only a
single lens element. Any objectives suchdetges or even microscopes carused as
front optics. Neverthelesthe thin lens formulholds for most cases:

1 1 1 L1

— =+ :

L p g GO = e
f,is the focal lengthp the object distance amgthe = i
image distance df;. Fig. 3.2 shows the 3 principal
rays through a thin lens. Magnificatiohtbe lens is

P ~ q

defines as Figure 3.2. Single lendiagramof L,
with 3 principal raysp is object
M. = q ] (3.2) distancef; focallength andy is image
! p distance.
The speed of the lens is quantified by the ratio L1 U
between focal length and the effective aperture, o f,
definedas thef/value or f/# D
1 fl /
Pt 2 (3.3 | as

. . . t . . Figure 3.3. Single lens collimated; is
Likewise,numerical aperturef L; is defined as diameter of lens, focal length and;

NA * nsinW, (3.4 halfangle.
Note that/m=1for air.
From Fig. 3.3 the half angt# L, for objects at infinityis

W = arctan%) . (3.9
1

Applying equation (3.4) yields

) ) D, .0 D
NA = nsinW, = nsingarctan%)Q° m—= |, 36
A = mingrctan; g (36
which gives
m
f. [#1 3.
oA (3.7

Equation (3.7) shows us tha¥ andNA are both aneasure of light gathering powand
they are inverselproportional, i.e. a highlAresuts in alow f/#.

3.3 f/value of a spectrometer

The f/value of apectrometedepends on whether T
you observehe grating from the exit slit or the Wy
entrance slitlt alsodepends on the projected widtr l o&

of the grating as seen from the entrance andsékit >
Namely, />

W, =W, cosa
(3.9

W, =W, cosb ‘—V‘|’3
whereW, is the width of the grating. See illustratio Figure 3.4. lluminated grating.

in Fig. 3.4.
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Let us defineD, and D; as the equivalent diamesaas seen frorthe entrance and exit
slit, respectivelylf the height of the grating i, then the following equations should
hold assuming that the projected a&an be described ascular disks

pS‘eD—o =WH, =WH, cosa  D,=2 | 1e"s%0%
¢2 p

) (3.9
3 W,H
pS‘eD—o SWH, =W,H,cosb D, =2, e"a0SP
¢2+ p
The f/valuesas seen from entrance and esftould then be
fi#,= k = f,
D, ) \/WgHg cosa
f fp . (3.10
fi,=—2= 3
D, ) \/WgH o COSb
p

From equation (3.10) it is clear tHgalue in and out of a spectrometer is not necessarily
equal since it depen@sandb, which impliesthatit depends on wavelength.

3.4 Magnification of the slits

The grating acgtas a mirror along the entrance siit
heighth. Sit height magnificatbnis then simply the Lo| L,
result of a lens with object distanizeand image

distancds. See Fig. 3.5. It then follows that hﬂ\’\

h h' Y hi= 83 h. (3.1) "
—_— e — | .
1, %
Slit width magnlflcatlons on the other hand * f, +— 3 &
) acosa af 0 Figure 3.5. Lens magnificatiorof the entrance
Wi = %83 S (312 jit heighth of a spectrometer with collimator
¢ G 2 - lens L,and detector lens,L

In the above equations the area of the entrance Sit sw? h. The resulting de
magnified or magnified exit slit areaSs = w3 hj. Equation (3.12) will belerived in
full in Chapter4.

3.5 Bandpass and resolution

Bandpass is the measure of an instrument ability to separate adjacent spestrklif
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 intensi{%B defines our bandpass.

If Fis the recorded spectrumthe source spectrum afdhe instrumental line profile
thenF is given as the convolution betweBandP
F=BAP. (3.13)
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Figure 3.6. Effect of spectralesolution of monochromatic line at wavelengtrand intensityB, *

The instrumental line profile is defined as

P(/)* B(/)AR(/)A? APR.(/), (3.19
where eachP(/)" il [1> m] may be related to width of the slits, naturaklwidth,
resolution, alignment, diffraction effects, aberrations or quality optics etc.

The natural line width is neglected since it is usuallyrasblved. We assume no
degradatiordue to aberrations and diffraction effects. The width of the instriahent
profile is then determined by either the image of the entrance slit or the exit slit,
whichever is grater. In other words, we assufg ) = P,(/), and that the instrument is
perfectly aligned.
R() dr1=da,
Max of [dA1,dA,]

IR

l— daq—] - dA |- [~ da 1+ dA, -
Image of the Entrance Slit  Exit Slit Instrumental Line Profile
Figure 3.7. Theinstrumatal profiledue to the slit§ a convolution of the entrance slits image with the exit
slit.*

The shape of the is controlled by the convolution of two rectangular functions with
widths equal to the width of the entrance slit imadye, , and the width of the exit slit

d/ ,. The two slit functions are rectangular as illustrated in3Hglf the slits are

perfectly matched then the line profile will be triangular and the FWHM equals half of
the width at the base die peak.

The spectral bandpa€8K) of the instrument is then calculated aslihear dispersion
multiplied by the exit slit width
BP = FWHM © ‘;—/3 Wi. (3.15)
X

Applying equation (3.12), the inverse of equation (1.34) dxd f,d&, thenwefinally
obtain the bandpass as
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_d/ , wi_acosb . _acosb ., acosad,af,0
BP=—3 —= wij = w3 %_83 £T8
db f, nf, nf, ccosb = ¢cf, =
o ~ (3'1©
aacosa @
BP = s
C n f2 =

Note that bandpass depends mainlfgand theentrane slit width. Bandpass varies
ascosa , while dispersion varies aesb .
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4. THROUGHPUT AND ETENDUE

The key question in this chapter is to find a way to quantify how mulhiigactually
passing through a spectrometer? To answer this question, we need teteftheand
throughputof a spectrometer.

4.1 Definitions

The number of photoremitted from aourceS per unit time into a solid ang@is
known agheflux F. Intensityl is defined as the fluger unit solid angle. Radian&ais
the intensity through a unit surface area, or photongpiununit area and solid angle.

According to the above, flux is given in units of z
# photons
[F] = DT J (4'1) Rsin @
andintensityl has units AT
[| ] = w. 4.2) o
srs JR
RadianceB is then in units of S X
[B] _# phzotons. (4.3) P S
cm°srs y
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.efuliguantity calledhe

geometric extent (etendue) characterizes the ability of an optical system to accept light. It
is a function of the are@of an emitting source and the solid an@lés light propagates

into or out of. It is defined as

G! RARAQ. (4.4)
In our case we may write &= S3 Q, where L1
: 2 psinQ
Q:Q:M:psinzw. (4.5) i/ﬁ\
p p M
The @¢endue is then simply ) A
G = p Ssin? W. 4.6 P ’

In terms of numerical apertuldA= nsinW Figure 4.2.Front lensetendue.

° 2

aNAQ

¢ M=

Equation 4.7) is useful when working with fibers. For example, a fused silica fiber with
a diameter o200mwill have an etendue of

o ~2 o ~2
G=p S%NEAé =,0(0C'6).12)C§ep%2§ = 4,83 10 *mntsr (4.8)
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Figure 4.3 Optical diagranof a spectrometer.

Etendue may be viewed as tiha@ximum geometric beam size iastrument can accept.
It is a constant, and should be so throughout the instnti@therwise we will loselight
due to geometrical blocking etc. An instrument is said to be opyimahstructed if the
etendue is constant through each of the components usezhlliRg the optical diagram
from Chapter 3, a spectrometer will be etendpmized when

G=pSsinP W=p S sin’W, =pS,sin’ W, =p S, sin® W,. (4.9)
The optical diagram is reproduced in Fig. 4.3. Note that the fronLigm®duces an
image in the entrance slit plane. Only light from the image cross section tefihexd
by the width and height of the entrance slit will propagate into the instrument. It is
important not to overfill the field of view df,. The key etendue equation becomes

pS,sin® W, =p S, sin® W, (4.10)

andit is defined as where the input etendue is equal to the output etendue of a
spectrometerOr in other words, the etendue is equal seen from both slits.

From the entrance slit the etendue is expressed as

aG cosa 0 ..

0, =2 (wo),
¢ 2 =

where G, cosa is theilluminatedarea of the grating as seen from the entrance slit.

Correspondingly, at the exit slit

(4.11)

G cosb @

G, =& 77— (wini). (4.12)
&8
SinceG, =G,;, it follows that
4G, cosa 0 &G, coshd. , .
£ g W)= (widhi) (4.13)
¢ ‘2 = ¢ = =
Using h/hj= f,/ f,then
acosa 0, af, 0
W'=W3%— 23q. 4.14
l c osb@sg 2§ ( )

This shows us that the etendue depends on the gratingaytsize of slitsand the
opticsused.Thus, all parts of the spectrometer must be considered and complement each
other.
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4.3 Flux
Since etendue definélse maximum geometric cone abelamaninstrument can accept,
thephoton flux through this cone musta function of the radiece and the etendue

F1B3G. (4.15)
We see that
# photons, sy = # photons
cm’ssr S
- = - (4.16)
B8] = [¢] = [F]

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 detéttoe defineB,to

be the totatadianceof the sourcentring the instrumenéat the entrance slit, then the
total flux in is given as

a Q
FZ:%3GZ:@3§?$$Eg%wm) (4.17)
¢ ‘2 =
At the exit slit the flux willbe
aG cosbo
F, =B, E,”T, 3G, =B, E,”T, 83 (w |CD]|) (4.18)
9

where E'is the efficiency of the grating at spectral ordtat wavelength calculated in
Chapter 1. B, is the spectral the radiagcThe factofT, represents geometric losses
(aberrations) and transmission factors of the optical comporientsl for a perfect
instrument

4.5 Stray light

4.5.1 Random stray light
The radiance of random stray lightdue to scatter from different components such as

mirrors, screws etc is directly proportional to the flux denbity/ G, or
aB, (hw) cosa §

% .I: 2

C 2

whereC expresses the quality of the optics as function of random scatter. The random
scatter flux at the exit is then

B, =C? (4.19)

CB, (hw)cosa G, cosb (hwl)
f2f7

The ratio of deteted to random flux gives us an idea of the optical signal to ratise

(S/N)

F,=B,3G, = (4.20)
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B, O AE"G af’>’0. 4T b
SIN=—L =g’ %—’ %.2. e—'—o. 4.21
Fq C O§SQC§3 @V§3QC088+ ( )

The main factors that contrtile optical signal to noigatioin equation (4.21is the
quality of the opticas definedhrough the parametes', C and T, . Holographic

gratings havealow C. This, one should maksure to use a grating with maximum
efficiency in the wavelength region of interemtd use aberration corrected optics, if it is
available.

4.5.2Directional stray light
There are mainly 3 types of directional stray light sources:
1. Incorrect illumination of the spectrometer due to overfilled optics etc.
2. Reentry spectra of unwanted ordérspectra that are focused ottteexit 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 bafflesthe grating. Tiltthedetector.
3. Buy a new grating. Aan ionetched blagd holographic gratinggould be the
recommended choice.
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5. IMAGING SPECTROSCOPY

This chapter explains how we can image an object as a function of wavelength with high
spectral and spatial resolutiondsal on what we have learned in the previous chaptsien
example, we will use a GRISBpectrograph in hyperspectral image mode.

5.1 Short background

The rapid development of imaging detectors, especially thelimensional silicon Charge
Coupled Devic€dCCD), 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 ofése@graph. 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 dring the last decade most of the efiarimaging spectroscopy (hyperspectral

imaging) has been in the area of aind space born sensors. A great deal of experience has been
gained with these instruments and they have proven to be powerful tools in remote$€fsing.
As a result, the usef spectral imagers for industrial applications such abnenspectral
identification, sorting and inspection of objects has become increasingly impdrtant.** '

5.2 A low cost hyperspectral imager
A low cost portable instrument named DRONHEX has been designealdemonstrate
the technique of spectral imaging picture of the assembled system is shown in Fig. 5.1.

Figure 5.1 DRONESPEX.
A small portable low cost
hypespectral imager(1) is
. front lens (objective)(2)

ry / — "
..:'— -—_-—_,,1’.__:‘.. = — aluminum barrel, (Bring
- P —
— |

- mounts, (4) mount rod, (5)
: Wz camera lenand(6) CCD

detectothead

The systems optitalements are shown Fig. 2.6 The camera heg@) made by the
companyWatec LCLcontains a 795 x 596 pix€ICD detector. The size of t@CDis
6.837 x 4.9468nnf with 8.6x 8.3 sized pixels. The spectral range is 4@Dnmand
the sensitivity is 0.0001kix. The camera has both auto and manual and gain settings.
The exposure time is 8.3B8swith a readout time of 31.67%s(CCIR standard). The
frames are stored on a dagivideo recorderThe dynamic range is 8 bits per pixel.

A handheld spectroscope madeRaton Hawksley Electronics Lt fitted into the
aluminumbarrel(2). It contains a 60§rooves/mntransmitting holographic grating, a 30
degree Littrow dispersive sm, af,= 42mmfocal lengthcollimatorlens, and a fixed

sizad slit. The lens is 12amin diameter. The slit il = 4.5mmbhigh andw = 25mm

wide. The grating is fixed parallel to the prism. The prism and grating normal coincide.
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A standard @mountf;= 25 mmfocal length objectivé€5) is used to focus the diffracted
and dispemd light from the grating/prismonto theCCD. The lens has maadliris control
used to detect the background level of @&D.

The field lenq1) or the front lens of the spectroscope is directly connected tduhenum
barrel(2). The barrel has standard insidéhfeads. The spectroscope's entrance slit isddcat
17.5mminto the barrel positioned in the focal plaref the lens. The lens in Fig. Sdaf; =12
mmfocal length objective including variable focus and manual iris control. All mounts and
adapters are found in the Mix and Match assemblies ofoimpanyEdmund Scientific (ES)

Figure 5.2 Basics of hyperspectral imaginganel (A):A 3 dimensional optical diagram illustrating the
main principle. Each optical componentadbeled with letters along thei zaxis of the xyZ coordinate
systeml, is front lensSentrance slitl, collector lensP GRISM, L; camera lens an@CD imaging
detector. The oftal axis is parallel with the - axis. The Bt is located parallel to the - axis. The detector
is leveled in thexy - plane. Panel (B): Airbornearrier illustrating the push broom technique. The slit is
oriented ormal to the flight directionx(- axis). Precise estimation of the attitude of the plane requires a
GPS for position, speed and heading, accelerometers forgpitoth 7 and yawy, ard gyros for turn rates

(g, g, 1).

5.3 Main principle of hyperspectral imaging

Fig.5.2 panel (A) shows theptical components of tH@éRISM spectrogaph as introduced itlhe

previous sectioriThe essential parts aagain marked aSentrance slitl, collector lensP

diffractive element the grating / prism (GRISMLz camera lenandCCD the detectorFirst,
themainpurposeof a spectrograph is that it generates images of the entrance slit as a function

of color. Thenumberof colored slit images omé CCD depends on the width of the entrance

slit and the di sper sidiffacttbd celorsg and i$ Brectly bonregtedy t o
to the spectral resolution of the instrument.
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