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

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

Background

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

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

» Examples include planetary nebula & HIl (ionized hy  drogen) region
— gas in front of a hot source absorbs at those same characteristic wavelengths.

» Examples include the photospheres of stars (black b odies with absorbing
“atmospheres”

Source of
continuous Cloud of gas

spectrum
‘ I Continuous spectrum with dark lines

Bright line spectrum
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Fast Slow of light in vacuum compared to speed
Medium h_HIl.m't . . .
Smallor index | of light in the material
of refraction <= C
n = —
S v

di ﬂmmmurtuﬂmdm
‘depands on the change
in index of refraction.
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— They're quite “lossy”:

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

» Absorption losses in the glass,
particularly in the UV

— Temperature changes can cause index
changes

= Dispersion changes and line shifts
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o=i+r-qa

“White™ ray e Dispersion is simply:

4844 = dddA
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A\ dnd\ DgmdA — o580  d

— So dispersion depends on
» Apex angle of prism
» Emergent angle of diffraction
» Index of refraction dependency on A

— Spectral resolution is given as:

R=1/4 = Bdn/dl (slitless)

(higher resolution in blue compared to red)
NASSP OT1: Spectroscopy
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 First used as objective prisms
— Prisms placed at telescope
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Image
{from telescope etc)

aperture

Spectroscopy

Spectrum

N3 - -Red
*_-_._.-_“‘ —~Yellow/green
™ Blue

Ohjective prisn
f pres Object ive
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| Objective Prism Surveys

 Used to disperse _images on
the sky

» Create multiple low resolution
spectra

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

 First done with photographic

plates

— e.g. on the Cape Observatory
McLean refractor

Spectrogram (dispersed image)
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| Objective Prisms

» Spectra widened by trailing telescope in
direction perpendicular to dispersion
— Easier to see features by eye (first techniques)

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

— Laboriously catalogued 250,000 stars, by eye!
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1.24 m diameter 1.83 m miror
comeclorlens  Basic Schmidt design
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Maksutov-Cassegrain
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Vega Spectra Slice Plot 20040805 P Cygni Spectra Slice Plot 20040805 NGC 6826 Spectra Slice Plot 20040807
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“Actually they all look alike to me.”
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* |nterference from periodic structures
— Equally spaced grooves
— Either in reflection or transmission
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Double Slit Diffraction

Incident Double Slit Diffraction

For multiple slits, B Single slit

fringes become envelope
narrower V.=.—
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dsinc-dsin p=

mA = d(sina =+ sin[3)

35 _ m
AN deosf

rating Equation:
mi = d(sin o £ sin 3)

Fig 4 8 Difiraction grating

Equal mixture

of red and biue ————ﬁ m=2
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FREE SPECTRAL RANGE IN -1 ORDER

of overlapping orders e
i
* More of an issues for gratings designed to work at 4 }

high orders (e.g. echelle gratings)
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Ruled Grating Replica

Mormal to Grating %ﬁﬁﬂ

Subskate

AR GRATING EQUATION
Jre nA = d{sin[@] + sin[6])
Radiation n = order of diffraction
d = grating constant
A = diffracted wavelength

* Most efficient angle, since diffraction at the blaz e angle obeys reflection
condition of i=r

« Diffraction efficiency drops off moving away from t he blaze angle/wavelength
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Typical Efficiency Curves for Ruled Gratings
Optimized (Blaze) Wavelengths from 500-800 nm
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» High orders overlap, so need to separate them
— Cross dispersion with another low resolution gratin g or prism
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Overlapping

Echelle speclra

grating

Cross
disperser

Spectrs
separatesd
ct

Direction
ofdispersion by
the cross
disperser

irection

oldispersion by
the echeldic

grating

Figure 8.9 Schematic view of an echelle grating and & cross disperser.
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mcident

A

» Useful for high efficiency & low resolution
« Can keep the diffracted rays “straight through” (no deviation angle)
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d(sin a + sin 3)
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Review of Reflection Gratings

Transmission Grating Reflection Grating

sn@=m-n-A sinag+sinB=m-n-A
groove density (grooves or lines / mm)

spectral order number(m=1, 2,3 ...)

angle of incidence (independent of A)

angle of diffraction ( A dependent)
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a
B
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Reflection grating (n=small, low dispersion)
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Reflecting grating (n=large, high dispersion)
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Free Spec}[rql

Range (

FSR).

B
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Blazed reflection grating (blazed at +1 order red)
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Blazed reflecting grating (blazed at -1 order red)
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Incident ray /L/ﬁ

M
Work at the Bragg ‘\ |i|
condition:

g
\J\La diffracted ray

o=

a=p Optically flat fused silica
- or BK7 glass (can AR coat)

Thickness (d) is > than depth of groove in surface-  relief grating.
Implies efficiency profile governed by Bragg diffra ction.
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VP Grating Configurations

HG-T-532-40 2400 1hmm , 232 nm
Blaze Profile=

Mol My | Mg

g | vy [ng| 1y | A Mo | M

A, Lttrow transmission configuration. B. Mon-Littrow transmission configuration.
C. Non-dispersive reflection (notch filter). 0. Reflection grating configuration.
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mA = 2my A sin

glass

DCG layer ¢

n; (not ta scale)

glass
I
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COS i
Ax = w—— Jeam
cos @ ﬁ:oll

A

focal_len_com

AX

Detector

Cofigurable Slit Unit

focal_len_coll ——-1
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RSS: Robert Stobie Spectrograph
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RSS VPHG “tuning”:

Articulate (rotate grating
& camera) to change
wavelength & resolution
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1300 gr/ mm VPH

19 March 2012 NASSP OT1: Spectroscopy 42



19 March 2012

Optical/IR Observational Astronomy

Spectroscopy

Effect of bad focus and seeing
In Spectroscopy

Efficiency [%]

Seeing [arcsec]

NASSP OT1: Spectroscopy
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The Entrance slit

Telescope
FOV

» Selects light from a

particular object in the
telescope's focal plane. .masked by a
long shit (focus
on galaxy)
* Helps to give good "shape”

and resolution to the spectrum

produced by the instrument.

..masked by a
short slit (focus
o1 a star)
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S/N for object measured in aperture with radius r: n;, =#
of pixels in the aperture= 112

Noise from the dark
current in aperture
Signal « » R 4

¥ L

gﬂll]l 2 — 2
Noise + R,-I+R5ky~r-npm+(RN+—J ', +Dak-rng,
- i 2 y

-
/ / Readnoise 1n aperture

(R.-1)°

Noise from sky e- in aperture

All the noise terms added in quadrature
Note: always calculate in e-

19 March 2012 NASSP OT1: Spectroscopy 45



Optical/IR Observational Astronomy

Spectroscopy

Side Issue: S/N«» dmag

m =+ 6(;}1) =C,6~ ZSIDg{Si N)
=, -2.5log| S(1= ¥)]
=, - 2.5log(S)-2.5log(1+ ¥)
L

A b S
N Bl

m om

o(m) =2.5]og(l
25

1
+ 5N

; 2 3
Notetin l.og +/- not = ﬁ[iq - %(%) + %(i?) - -..]
SYmmetric :

=1 08?(%)4—» Fractional error
rai

This 1s the basis of people referring to +/- 0.02mag error as “2%"
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— Discover problems with instruments, telescopes or observations

« So, how do you calculate it?
— Could use the S/N formula
need to know which regime you’re operating in
need to know the various parameter (pixel scale, ga in, RN, Dark
count, etc.)
— Usually there are simple tools available to calcul  ate all of this for
you!
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Rs Ky

oo ot | Signal from the sky background 1s

Lich vs e Sy 1| presentin every pixel of the

aperture. Because each instrument
generally has a different pixel scale,
the sky brightness 1s usnally
tabulated for a site 1n units of

mag/aresecond?.
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S/N - some limiting cases. Let's assume CCD with
Dark=0, well sampled read noise.

R.t

1
2

|:Ru'f+ Ry, - r*npix+(RN)2*npu]

Bright Sources: (R.t)'? dominates noise term

R.t 1
S.I'IT.'I = — :;t o t :
R.t ‘\/R

R.t
Sky Linmted (—,/ﬁﬂ,}j >3xRN): SN x R x4t
R

Note: secing comes in with n ;- term
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Good seeing
Bright object:

S O

N O

Effect of bad focus and seeing

In Spectroscopy
Signal-to-Noise for typical
SALT case

N O
~N SO+ B)

Bad seeing:
n times bigger seeing psf

not so affected

S O

Faint object [Background (sky) dominating]: badly affected

S O

N VB

19 March 2012

S S0 _01
B n

N :\/an :\/7

NASSP OT1: Spectroscopy

50



Optical/IR Observational Astronomy

* Arc Lamp (wavelength
calibration)
* Flux Standard

- flux from electrons cn? sect A1

to ergs/cm?sect Al
* Fringe frame correction

Basic reduction procedures:

Bias correction

Flat fielding

Cosmic ray removal
Wavelength determination
Background subtraction
Spectrum extraction

N O Ol R

19 March 2012

Flux calibration (remove atm. effects)

Spectroscopy

NASSP OT1: Spectroscopy

flat field

arc line|spectrum

2D object spectrum
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CuAr CuS0, Filt G1200B CF=22.0mm Tilt=10d00m Slit=51x
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"I've always found the stars
dissapointingly small.”
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