Vitaly Neustroev (FINCA; University of Oulu)

INTRODUCTION TO
OPTICAL OBSERVATIONS



Outline

General introduction to spectroscopy
Practical spectroscopy
Spectral reductior(salibration)



Spectroscopy

Spectral analysis Is the source of most of our
astrophysical knowledge.



Spectrometers

All spectrometers have essentially the same basic
design, but many differemnplementations are

possible depending on the constraints and choice
spectraldisperser.
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Spectrometersnain elements
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Spectrometersnain elements

Entranceaperture:Theimage of a target is focused onto the
slit. Theslit is in the focal plane, and usually has an adjustable
widthw. Theslitwidth musbe matched teitherthe seeing
conditions or the diffraction disk dependorgthedesign and
application. A narrowerslit improves resoluti@® 1 10x.

Collimator. makes the rays parallel

Disperserdisperses the light intmloursgrating or prism,
usually on rotating stage so caajust central wavelength.

Camera:to re-focus parallel output beam from disperser onto
focal planeof detector (CCD)



Disperser: Grating vs Prism

Resolution of a prism is low compared to what is possible gridtiiag, therefore
grating is usually the primary dispersiveelementin a modern spectrograph



Diffraction Grating

A diffractiongrating is a set of multiple, identical
slits (transmittingy reflecting separated by a
distancecomparable tahe wavelength alight.

Eachslit can be considered as radiating secondary
waves (Huygenso) second.

Theamplitude at any point on the image side of the
slit can be calculated by summing the amplitude
contributed by each set of secondary wavelets.



Diffraction Grating
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% The monochromatic mslii pattern for 3 slits and a large
number ofslits Each peak corresponds to a particular order.
Theaddition of slitsincreases the sharpnesand brightnessf
the peakdout leavesthe locationsof the orders unchanged.
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Diffraction Grating

Principal maximare given
by the general grating
equation:

n<=d (sins + sinD)
n isan integer representing the
order in which the grating

beingusednis called the order
of diffraction.

d 6 the groove spacing
s 0 is the angle of incidence
b d is the angle of diffraction

arating

normal




Resolving power & Spectrakesolution

Spectralresolution for order n is determined by the
wavelength shitheeded toplace the diraction pattern
maximum foe-+ U @® n t hmenimpim ithe pattern for
o Theresolving poweris
Y — €0
1

It depends both on the orderand on the total numbeX of slits
Illuminated onhegrating.

Astronomere f t en use the word o
daldx in the spectrograph focal plane, usually quotedin
per mmltis inversely related to thesolving poweiso

lower values correspond to higher resolving power



Whichresolving power to usefor
your observation?

Al ways athe | arger t he

High resolution needs a lot of photons, so to get a
signal one needs a bright source and/or a large
telescope

Also, In some cases there is no need for high
resolution. If the process you want to study produc
velocities of 1000 km/s, there i1s not much point
studying it with resolution of 1 km/s

Still, with high resolution you might discover
surprising things about your object



Diffraction Grating: Resolution

i 0 E ¢ hgrdtingereach verhigh resolutions by
operating atlarge nD 501 100 and angle of
incidences D90Y Yield R > 10.

GN




Order overlap

Red light of a given order Is spatiallgoincident with
blue light from a higher order. Wavelengtf) in
order m Is superposeah light from wavelengts;, in
order nif

—

~ &
For instancey = 10000A, &, = 5000A, and &, = 3330A are
coincident.

SolutionUs e o0order separating
unwanted orders,
(through this becomes dault for large .




Echellegratings

Order overlap is much worse, because adjacent orders
differ in wavelength by small amounts (e.g. Order 6 @

500nm is coincident with order 5 @ 600nm, order 7 @
429nm, order 8 @ 375nmatg

A Must separate these orders byossdispersiopusually
dispersing with a prism at right angles to the grating
dispersion.

A Echelle spectrum consists of a number of spectral orde
arranged side by side on the detector

A Echelles can only be used for point sources (stars and
quasars) or for small objects, otherwise the light from
different orders still overlaps




Echellegratings

High
resolution,
optical band
solar spectru




Transmission gratings andrisms

A very popular way to convert a camera into a
spectrograph is to deposit a transmission grating c
the hypotenuse of a riglaingled prism and use the
deviation of the prism to bring the first order of
diffraction on axis. Such a device is called a
agrisni.

Theadvantage of agrismis thatit can be placed in
a filter wheel and treated like another filter




Grisms

The basic relationships required to
design agrismare
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where_g is the central wavelength,
T(=1/d) Is thenumbelof lines per
millimeterof thegrating; n is the
refractive index of the prism material,
IS the prism apeangle; EFis the
effective focal length of the camera
systemandd,, is thepixel size Resolving
powers (twqalxels) of R ~500 6 2000
are practical.




ALFOSC

U\optical imaging, low resolution
spectroscopy angdolarimetry

2048x2048 CCD (0.196
6. 40x6.406 field of Y

Large selection of broad, intermediate and
narrow band filters

Severalgrisms
R~200-10,000 (typically 1000)
Velocity resolution 30500km/s

Multi Object Spectroscopy with masks
Imagingpolarimetryand spectropolarimetry
Spectroscopy of objects brighter than R~20
Imaging of objects brighter than R~23.5



Practical spectroscopy



Practical spectroscopy

The purposes of spectroscopy are:

To measure accurate wavelengths of emission and
absorption lines.

To measure the relative strengths of emission lines.
To measure equivalent widths of absorption lines.

To measure the spectral energy distribution of the
continuum radiation.



Practical spectroscopy

Science goals must cofinst:
Whatare theresolution an&/N requirements?
Isthere a restrictioon exposurg¢ime?

Decideon the bestompromise betwedhese constraints,
you will soon enoughin outof photons.

ldentify a slHwidth/disperser combinatidhat
providesthe required dispersion arsampling.

Seeingor slitwidth limite@
Work out calibrations required

Alwaystry to takecal data throughthe same/similar
lightpath



Slitfilling effects

A slitlimited setup ensures that the shilvgys
Illuminateduniformly [provided the objectagntered

A partially illuminated slit (because image quabty
better than the shtidth) may introduce shiftstive
projectedspectrum as different areas of the ah¢
Illuminatecdhs a function ofime

This will lead to shifts in both the spatial drapersion
directionof the spectrum when comparing&hbration
data that are obtained with a fully illuminatestit

Not good Iif you are after accurate radial velocities!



Atmospheric dispersion

Differential atmospheric refraction will deflect a
source byan amount that is dependent on
wavelength

[theindex of refraction is a function of wavelength]

A point source position on the sky is dependent
wavelength

Thedisplacement is towards the zenith and larger
for shortemwavelengths

Thiobviously affects acquisition asltkangle
strategiesvhen obtaining spectroscopy



Atmospheric dispersion

4 Index of refraction: BT,p,}
wavelength, temperature, pressure, watgsour

&+ Angle displacemeriR=R(ey)-R(2,)® om(qga) O Ad
zenith angle
(airmass)

pSomexampl e shifts (500DA;

30008 | 40002 60002 100004

0.00 0.00
1.25 1.59 0.48 -0.25 -0.61
2.00 3.67 1.10 -0.58 -1.40




Atmospheric dispersion

Make sure you acquire the target at
wavelengthrelevant for youispectral
range

Differentialrefraction willmean
differential slitlossescan onlycentre
objectat onea-

If the slit is vertical (relative
horizon/ zenitihine),differential refractior
will occur purely along the slit

Thigmeans that the slit P.A. (skgle)
musthange with time. The verti€ad\.is
the parallactiangle
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Calibration



A long slit spectrum

point sources

cosmic rays
sky background



A long slit spectrumspatial slice

along slit

dispersion direction
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A long slit spectrumspectralslice

along slit
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Calibrations

The first stage of calibration is to calibrate the
detector, and the steps in doing this are exactly th
same as for photometric observations.

Subtract off the CCD bias signal, either as a constant
value or as a frame.

Subtract off the dark current, either as a constant valt
or as a frame. As spectroscopic exposure times are

longer than photometric exposure times, this step is n
more often needed.

Divide by the flat field frame to correct for variations in
the sensitivity of the detector.



Reducing spectra

In addition to the science frames you will need:

Bias frames
A continuum lamp image (for fialding)

A line lamp (s@alled arc) frame (for wavelength
calibration)

A standard star spectrum (for flux calibration)

The continuum and line lamps are inside the
Instrument in a special calibration unit. They are
obtained immediately before or after the science
observation



An ALFOSC long slit spectrum
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\ slit
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Spatial axis

A simple rule:

The spectrum on the
CCD can be thought as
the image of the slit at
different wavelengths. |




Calibrating spectra
_

Continuum lamp Line lamp
(For flat-fielding) (For wavelength calibration)




Flat-fielding

Flatfielding Is probably one of the trickisteps
Uniform illumination along the slit

Uniformillumination along the dispersion direction
Needa light source with a smooth/simpfeectrum




Flat-fielding

The trick Is to remove the spectrum otHidbration
lamp and normalise thiatfield

Not always possible to distinguish between br@feD
sensitivityeatures and features in the lamp



Flat-fielding
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Flatfielding
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Watch for gradients/structure along the slit,
may need a twilight flat (useless in the
spectral direction) to correct spatial profile

make sure slit width, grating angle, filters are all in
place, replicating as much the light path to the science
frames



Extracting the spectrum

_____ + bacl und) — bac ound@source
(=2 I I(y,»\.) o)~ £ Iiy2) biy)
object profile weight sky ;’:‘r".:»\fii% weight

D(A) f(x y) ~ f(x) relates A to X,y

dis persion relation




Sky background

Background has contributions from many sources;
Air glow ; strong discrete emission lines
Zodiacallight ; m, ~ 22.-23.5
Sun/Moonlight

new moon : g~ 21.9
full moon : g~ 19.9

Aurorae
Lightpollution

Thermakmission from sky, telescope and buildings
Nonresolvedastronomical background



Sky background
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Sky background
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Atmospheric transmission
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