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F
orm

a
tion of S

pe
ctra

l L
ine

s

M
acroscopically, th

e received
 rad

iation can b
e ch

aracterized
 b
y th

e 
specific intensity I(v,θ

) at frequency
ν
and

 d
irection

θ
and

 polarization.

M
icroscopically, th

e transition b
etw

een tw
o energetic states E

1 , E
2

requires th
e em

ission or ab
sorption of a ph

oton of frequency:

E
nergy levels could

 b
e d

ue to splitting at several fund
am

ental levels:

h

E
E

1
2

0

−
=

ν
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J

J
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+
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E
x
cita

tion Proce
sse

s
•
E
lectronic transitions d

ue to th
e ch

ange of th
e principal quantum

 
num

b
ers of th

e electronic states (
�

visible). 

•
E
lectronic fine structure transitions d

ue to th
e coupling of electron 

spin and
 nuclear spin.

•
E
lectronic h

yperfine structure transitions d
ue to th

e interaction of 
th
e nuclear m

agnetic m
om

ent w
ith

 th
e m

agnetic         field
 of th

e 
electron.

•
M
olecular transitions such

 as rotational (ch
ange in angular m

om
entum

) 
•
M
olecular transitions such

 as rotational (ch
ange in angular m

om
entum

) 
and

 vib
rational (ch

ange in vib
rational energy) transitions*, requiring 

d
ipole m

om
ent and

 m
om

ent of inertia I (
�

near-far-IR
). 

•
N
uclear lines d

ue to nuclear ex
cititations or electron-positron 

annih
ilation (

�
M
eV
 range)

•
T
ransitions in solid

s (ices) d
ue to vib

rations �
ph
onons (

�
near-far-

IR
).   

* rotational transitions are generally w
eaker and

 often coupled
 to vib

rational
transitions 

�
vib

rational
transitions split furth

er:  com
plex

 structure of vib
rational-rotational

transitions.



E
x
cita

tion Proce
sse

s –
E
ne
rgy

 R
a
nge

s

T
h
re
e
 G
e
ne
ra
l T

y
pe
s of S

pe
ctra

C
ontinuous spectrum

E
m
ission line spectrum

A
b
sorption line spectrum



Ph
y
sica

l Proce
sse

s ca
using a

 L
ine

-
S
h
ift

•
D
oppler effect: th

e em
itter is in m

otion relative to th
e ob

server w
ith

 
a relative line-of-sigh

t velocity com
ponent v

|| .  T
h
e resulting frequency 

sh
ift is:

�
D
oppler im

aging
c v

c v
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∆

•
(norm

al) Z
eem

an effect: m
agnetic field

 splits line in th
ree 

com
ponents (th

e linearly polarized
 π

com
ponent at ν

0
and

 th
e tw

o 
elliptically polarized

 σ
com

ponents at ±Δ
ν
w
ith

 :

•
E
instein effect:  a strong gravitational field

s causes a red
sh
ift of th

e 
ligh

t:

B
m
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e

1
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1
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T
h
e
 B
a
sic Priciple

M
ain ingred

ients of a spectrom
eter:

1.
A
 slit

(ont
w
h
ich

 th
e ligh

t of th
e telescope is focused

) 

2
.
A
 collim

ator
(d
iverging �

parallel/collim
ated

 ligh
t)

3
.
A
 d
isperser

(to spectrally d
isperse th

e ligh
t)

4
.
A
 cam

era (to focus th
e spectrum

 onto th
e d

etector)

C
h
a
ra
cte

ristics of a
 S
pe
ctrom

e
te
r

•
th
e spectral resolution or spectral resolving pow

er
is:                           

Δ
λ
is called

 a spectral resolution elem
ent.

•
th
e instrum

ental profile P(v) b
road

ens a th
eoretically infinitely 

narrow
 line                            to th

e ob
served

 line w
id
th
:

(
)

(
)0

0
ν

ν
δ

ν
−

=
I

(
)

(
)

(
)ν

ν
ν

0
I

P
I

∗
=

λ λ∆
=

R

U
sually the instrum

ental profile determ
ines the spectral resolution 

elem
ent, w

hich is typically N
yquist-sam

pled.

•
th
e b

eam
 étend

ue
d
eterm

ines th
e ligh

t gath
ering pow

er of th
e 

instrum
ent.   Larger étend

ues require larger d
ispersive elem

ents (A
) 

or h
igh

ly inclined
 b
eam

s (Ω
). 

•
th
e transm

ission
d
eterm

ines th
e th

rough
put

(
)

(
)

(
)ν ν

ν
η

in

o
u

t

I I
=



F
or unresolved

lines, b
oth

 th
e S

/N
 and

 th
e line/continuum

 increases 
w
ith

 increasing resolution:

S
pe
ctra

l R
e
solution a

nd
 S
/N

M
o

d
e

l s
p

e
c
tra

 o
f C

2 H
2

a
t 9

0
0

K
 a

n
d

 H
C

N
 a

t 6
0

0
K

 (a
s
s
u

m
e

d
 D

o
p

p
le

r b
ro

a
d

e
n

in
g
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4

 k
m

/s
) a

t 

d
iffe

re
n

t s
p

e
c
tro

g
ra

p
h

 re
s
o

lu
tio

n
s
 (fig

u
re

 p
ro

v
id

e
d

 b
y
 F

. L
a

h
u

is
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R
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G
e
ne
ra
l Principle

 of a
 G
ra
ting

U
se a d

evice th
at introd

uces an optical path
 

d
ifference = f{angle to th

e surface}

T
h
e cond

ition for constructive interference 
is given b

y th
e grating equation:

(
)β

α
λ

sin
sin

±
⋅

=
a

m

m
= ord

er of d
iffraction

λ
= w

avelength

a = d
istance b

etw
een equally spaced

 grooves

a

G
ratings are usually operated

 in a collim
ated

 b
eam

 at th
e pupil.

T
h
e m

ax
im
um

 resolution is given b
y

w
h
ere N

 is th
e num

b
er of 

(illum
inated

) period
s (grooves),  and

 th
e angular d

ispersion is
. 

m
N

R
=

a = d
istance b

etw
een equally spaced

 grooves

α
= angle of incom

ing b
eam

β
= angle of reflected

 b
eam

a m
d

d
~

/
λ

θ

B
la
ze
 A
ngle

G
enerally, th

e energy of th
e b

eam
 d
iffracted

 b
y a period

ic structure is 
uniform

ly d
istrib

uted
 over th

e d
ifferent ord

ers m
.  

If w
e ob

serve only one arb
itrary ord

er th
is is very inefficient.

F
or b

lazed
 gratings th

e directions of constructive interference and 
specular reflection coincide :

(
)

2
   

   
2

α
β

θ
θ

α
β

α
−

=
⇒

+
=

+
B

B

A
dvantage:

•
H
igh

 efficiency

D
isadvantage:

•
B
laze angle θ

B
(and

 h
ence b

laze 
w
avelength

 λ
B ) are fix

ed
 b
y construction.



F
re
e
 S
pe
ctra

l R
a
nge

 …

A
 light bulb seen through a transm

issive
grating, show

ing three diffracted orders.  
m
 = 0

 corresponds to direct transm
ission; 

colors w
ith increasing w

avelengths (from
 

blue to red) are diffracted at increasing 
angles.   S

ource: W
ikipedia 

D
ifferent d

iffraction ord
ers overlap w

ith
 each

 oth
er:

T
h
e free spectral range is th

e largest w
avelength

 range for a given 
ord

er th
at d

oes not overlap th
e sam

e range in an ad
jacent ord

er. 

(
)

(
)λ

β
α

λ
′

+
=

+
=

1
sin

sin
m

a
m

m
free

λ
λ

λ
λ

′
= ′

−
=

∆

…
a
nd
 C
ross-

D
ispe

rsion
T
o spatially separate th

e ord
ers and

 avoid
 overlap, an ad

d
itional 

optical elem
ent w

ill b
e need

ed
:

A
 low

-d
ispersion prism

/grating w
ith

 a d
ispersion d

irection 
perpend

icular to th
at of th

e h
igh

-d
ispersion grating

�

h
ig

h
 d

isp
ersio

n

cross 

dispersion

h
ig

h
 d

isp
ersio

n



E
ch
e
lle
 G
ra
tings

α
=

 β
=

 θ

a m
d

d
~

/
λ

θ
T
o get h

igh
 d
ispersion

one could
 either

increase th
e 

groove d
ensity, or

use large groove period
s (a >> λ) and

 a large angle of 
incid

ence, and
 operate at a very h

igh
 ord

er of d
iffraction (m

 >~
5
0
).

If α
= β

=θ
�

Littrow
 configuration

α
=

 β
=

 θ

Θ
=

sin
2

a
m

B
λ

In Littrow
 configuration th

e grating equation b
ecom

es:

G
rism

s

G
rism

 = transm
ission G

R
ating + prIS

M

F
or a given w

avelength
 and

 d
iffraction ord

er th
e refraction of grating 

and
 prism

 m
ay com

pensate each
 oth

er and
 th

e optical ax
is rem

ains 
(alm

ost) unch
anged

.

A
dvantages:

•
id
eal to b

ring in and
 out of a collim

ated
 

b
eam

 (“filter w
h
eel”)

b
eam

 (“filter w
h
eel”)

•
red

uces com
a (if in non-collim

ated
 b
eam

)

D
isadvantage:

•
d
ifficult to m

anufacture (eith
er b

y 
replication and

 gluing or b
y d

irect ruling.

•
can b

e quite “b
ulky” (


filter w

h
eel)



I
nte

rfe
re
nce

 (T
ra
nsm

ission) F
ilte

rs  

Principle:  interference layers d
eposited

 on a sub
strate.

T
h
e transm

ission is m
ax
im
al w

h
ere

π
π

λ
k

d
n

2
2

2
1

=
+

•
spectral resolution typically R

 ~
 few

 -
10
0
0

•
need

s often m
ultiple interference layers

•
filters are often tilted

 w
ith

 respect to th
e optical ax

is to 
avoid

 reflections �
sh
ift of λ

0

•
w
avelength

s farth
er from

 λ
0
(for w

h
ich

 th
e ab

ove equation 
is also satisfied

) need
 a b

locking or ab
sorb

ing filter.  

F
a
b
ry
-
Pe
rot E

ta
lon

T
h
e transm

ission is:

and
 h
as transm

ission peaks w
h
ere

(
)

(
)

1

2

2

2

0
co

s
2

sin
1

4
1

1

−

 
 

−
+

 
 

−
=

i
d

k
r r

r

r
I

I
π

d m
k

2
=

T
w
o parallel plates (F

ab
ry-Perot etalon) of h

igh
 

reflectivity r
and

 transm
ission t = 1-r.

H
ere, m

is th
e ord

er of th
e interferom

eter, d
is th

e separation
of th

e 
plates, and

 Δ
k
= 1/2

d
th
e free  spectral range.

d
2

T
h
e perform

ance of a F
ab
ry-Perot is ch

aracterized
 b
y:

1.
T
h
e finesse

, 

2
.
T
h
e resolution

, and

3
.
T
h
e m

ax
im
um

 th
rough

put 
(S
 = illum

inated
 area of th

e etalon).

r r
F

−
=

1 π

m
F

k k
R

=
∆

=

R S
U

π2
=



O
H
 S
uppre

ssion S
pe
ctrogra

ph
s

O
H
S
 filter out th

e w
avelength

s of atm
osph

eric O
H
 lines, w

h
ich

 
contrib

ute th
e m

ajor part of th
e near-IR

 b
ackground

.

h
ttp://sub

arutelescope.org/Introd
uction/instrum

ent/im
g/O

H
S
_
concept.gif



M
ulti-

O
b
je
ct S

pe
ctrogra

ph
s

U
se num

erous “slits” in th
e focal plane 

sim
ultaneously �

m
ultiple source pick-ups 

using fib
ers or m

irrors.

N
eed

s d
ifferent slit m

asks                         
for d

ifferent field
s.

H
e
ctospe

c 
(S
A
O
) w

ith
 rob

otic fib
e
r positioning

A
lign all spectra on th

e sam
e 

d
etector:

I
nte

gra
l F

ie
ld
 S
pe
ctrogra

ph
s

C
ut an area on th

e sky in several ad
jacent slices or sub

-portions, realign 
th
em

 optically into one long slice and
 treat it as a long slit spectrograph

.

J
W
S
T
-M

IR
I im

age slicer:



E
ch
e
lle
 S
pe
ctrogra

ph
s

O
peration in h

igh
 ord

er �
pre-d

isperser essential

E
x
am

ple: E
S
O
’s V

LT
 instrum

ent C
R
IR
E
S
:

T
he ruled echelle

grating of the S
O
F
IA

 F
acility 

S
pectrom

eter A
IR
E
S
. T

w
o im

ages of the engineer 
are seen reflected from

 the facets of the grooves 
that are at angles of 9

0
 degrees from

 each other.

F
ourie

r T
ra
nsform

 S
pe
ctrom

e
te
r  (1

)

•
T
h
e F

T
S
 or M

ich
elson interferom

eter is a tw
o-w

ave
interferom

eter 
(as opposed

 to a grating w
ith

 N
w
aves from

 N
grooves ). 

•
T
h
e signal is an interferogram

.  It is th
e F

ourier transform
 of th

e 
spectrum

 of th
e ob

ject.

•
F
or each

 setting of th
e spectrom

eter arm
 length

 (x
) all

spectral 
elem

ents contrib
ute to th

e signal (“spectral m
ultiplex

ing”).

•
F
T
S
 are ax

isym
m
etric

and
 particularly suited

 to ob
serve ex

tend
ed
 

sources.



F
ourie

r T
ra
nsform

 S
pe
ctrom

e
te
r  (2

)

(
)

(
)

kx
I

x
I

π2
co

s
1

2

0
+

=

If x is th
e d

ifference in path
 length

 th
e intensity of a 

m
onoch

rom
atic w

ave of intensity I
0
and

 w
ave num

b
erk

is:

T
h
en, a source w

ith
 a spectral d

istrib
ution I

0 (k)
in th

e 

range [k
1 ,k

2 ] h
as:

(
)

(
)(

)d
k

kx
k

I
x

I

kk

π2
co

s
1

2 1
21

0
+

=
∫

M
oving th

e m
irror in m

any sm
all steps across x

m , th
e source spectrum

 in 
M
oving th

e m
irror in m

any sm
all steps across x

m , th
e source spectrum

 in 
th
e frequency d

om
ain, I

0 (k), can b
e recovered

 via inverse F
ourier 

transform
:

F
inite interval

[-x
m /2

, +x
m /2

] �
resolution is d

egrad
ed
 to

(
)

(
)

(
)

{
}

(
)

)
(

sin
c

0
0

k
x

k
I

x
I

x
I

F
T

k
I

m
∗

=
−

=
′

0
0

k
x

k

k
R

m
=

∆
=

2 M
G

=

W
h
ole integration tim

e used
 for each

spectral elem
ent –

as com
pared

 to 

a F
ab
ry-Perot spectrom

eter �
S
/N

 gain
of                   

( M
is th

e num
b
er of spectral elem

ents).

T
h
is is called

 th
e F

ellgett (or m
ultiplex

) ad
vantage.

Pros a
nd
 C
ons of th

e
 D
iffe

re
nt T

y
pe
s

S
pe
ctrom

e
te
r

A
d
va
nta

ge
s

D
isa

d
va
nta

ge
s

Long-slit
•
relatively sim

ple �
h
igh

 
th
rough

put
•
easy to calib

rate

•
only one ob

ject at a tim
e

•
inefficient use

of d
etector 

space

E
ch
elle

•
h
igh

 spectral resolution
•
efficient use of d

etector
•
ch
allenging grating/optics

•
lim

ited
 instantaneous

∆
λ

Integral field
•
instantaneous 2

D
 info

•
id
eal for resolved

 ob
jects

•
com

plex
 optics

•
single ob

jects only

M
ulti-ob

ject
•
up to th

ousand
s of spectra

•
com

plex
 m
ech

anism
s to select 

M
ulti-ob

ject
•
up to th

ousand
s of spectra

•
id
eal for spectral surveys

•
com

plex
 m
ech

anism
s to select 

field
s

•
fib

re
transm

ission lim
its ∆

λ
•
com

pact ob
jects/regions only

F
ab
ry-Perot

•
id
eal for large ob

jects
•
h
igh

 spectral resolution
•
m
ore com

pact th
an F

T
S

•
not practical for large ∆

λ
•
line and

 continuum
ob
served

 at 
d
ifferent tim

es �
calib

ration
•
need

s pre-d
isperser

F
ourier-
transform

 
(F
T
S
)

•
F
ellgett

ad
vantage: G

=√M
/2

•
good

for ex
tend

ed
 sources

•
requires low

 R
N
 d
etectors

•
h
igh

resolution �
w
id
e interval

•
d
ifficult in cryo

instrum
ents



Q
ua
lita

tive
 F
e
a
ture

s of a
 S
pe
ctrum

  (1
)

T
h
e line profile is ch

aracterized
 b
y:

•
th
e F

W
H
M
Δ
λ

•
th
e center w

avelength
 or line position λ

0

•
th
e flanks

•
th
e sym

m
etry

of th
e flanks

•
th
e w

ings

λ
0

λ

λ

λ



Q
ua
lita

tive
 F
e
a
ture

s of a
 S
pe
ctrum

  (2
)

T
h
e line intensity d

escrib
es th

e total pow
er contained

 w
ith

in th
e line 

and
 can b

e ch
aracterized

 b
y eith

er:

•
b
y th

e continuum
-sub

tracted
 total 

line intensity
I (= ab

solute
m
easurem

ent) 

oror•
b
y th

e equivalent w
id
th
, w

h
ich

 
ex
presses th

e integrated
 line flux

 as a 
rectangular w

ind
ow
 of th

e continuum
 

strength
 at th

at w
avelength

 (= relative
m
easurem

ent).

M
e
a
suring S

pe
ctra

l L
ine

 I
nte

nsity

T
h
e m

ost com
m
on m

eth
od
s are:

•
b
y num

erical integration of th
e line profile:

•
b
y fitting a G

aussian
if th

e line profile 

is d
eterm

ined
 b
y D

oppler b
road

ening or th
e instrum

ental profile 
(“unresolved

 line”) [see b
elow

].

(
)

(
)
 

 
−

−
=

2

2

0

2
ex

p
2 1

σ ν
ν

σ
π

ν
φ

G

(
)

[
]

(
)

N
f

d
I

I
lin

e

c
=

−
∫

ν
ν

•
b
y fitting a Lorentzian

if th
e line 

profile is given b
y collisions, w

h
ere  Δ

ν
L =1/π

τ,  w
ith

 τ
th
e m

ean tim
e 

b
etw

een collisions.  

•
b
y fitting a V

oigt profile
w
h
ich

 is a convolution of

G
aussian and

 Lorentzian profile (= m
ost general

case).

(
)

(
)

(
)

2
2

0
2

/
2 1

L

L
L

ν
ν

ν
ν

π
ν

φ
∆

+
−

∆
=(
)

(
)

(
)ν

φ
ν

φ
ν

φ
L

G
V

∗
=



O
ptim

a
l E

x
tra

ction
E
x
tracting th

e spectral inform
ation from

 th
e d

ispersed
 ligh

t on a real 
d
etector is non-trivial:

U
sually, spectral resolution elem

ents cover m
ore th

an one pix
el �

th
e 

inform
ation sh

ould
 b
e w

eigh
ted

 accord
ing to th

e S
/N

 per pix
el:

w
h
ere S

is th
e sum

m
ed
 signal, B

is th
e b

ackground
, and

 C
is th

e 

(
)

(
)

(
)

(
)

(
)

(
)λ

λ
λ

λ
λ

∑

∑
−

⋅
=

i

i i

i

i

W

B
C

W

S

w
h
ere S

is th
e sum

m
ed
 signal, B

is th
e b

ackground
, and

 C
is th

e 
d
etected

 signal per pix
el i.

S
T
IS

 spectrum
 of an O

 star (M
assey et al. 2

0
0
4
):     

top: stand
ard

 ex
traction; b

ottom
: optim

al ex
traction.


