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"Maybe the Universe isn't
expanding — maybe it's just you."

David Buckley, SAAO
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m = Zd SIn
Oblique illumination of grating implies that it
Is bigger than the collimated beam size
- L=B_,tan (e.g. =60° L=1.7" beam

. Il
size) ©

— Implies échelle gratings can be large (e.g. for
SAL')I' HRS, q=76°% B_., =200mm L =300
mm!

Echelle spectrographs can be very large with
large diameter optics
Also need to be able to separate orders which
are all overlapping
— Use either gratings or prisms
— Produces an échellogram

coll
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~50 overlapping orders from échelle
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Dichroic

. ™ Camera fold
\ mirrocs

"Blue camera

Entrance slit
{intermediate injection]

Fold miccoc

Blue pupil {removeable)
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17 April 2009 NASSP OT1: Spectroscopy lll 5



Observational Techniques in Optical/IR Astronomy

Spectroscopy lll: Applications

17 April 2009 NASSP OT1: Spectroscopy Il 6



Observational Techniques in Optical/IR Astronomy

Spectroscopy lll: Applications

Resolution

determined by
size of fibre: it
acts as a “slit”

Fibres are “sliced” to create narrower (than the fibr e) pseudo slits for higher R
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SALT High Resolution Spectrograph (HRS)

* Designed for very high stability

 Housed in vacuum tank

 Temperature stabilized

* Minimize air index effects

* Minimize dimension changes

* Precision radial velocities (m/s)
- extra-solar planets
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SALT High Resolution Spectrograph (HRS)

Blue echellogram

17 April 2009 NASSP OT1: Spectroscopy lll



17 April 2009

Observational Techniques in Optical/IR Astronomy

Spectroscopy lll: Applications

SALT High Resolution Spectrograph (HRS)

Red echellogram
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More on VPH Gratings

» Create by interfering two collimated laser beams
* Creates modulated index of refraction
 Diffracts in Bragg condition (= Littrow)

17 April 2009
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VPH Gratings

Dichromated gelatin layer (exposed to laser hologram)

N\

Incident ray diffracted ray
Work at the Bragg _ \ -
condition: Optically flat fused silica
a=b or BK7 glass (can AR coat)

Thickness (d) is > than depth of groove in surface-  releif grating.
Implies efficiency profile governed by Bragg diffra ction.
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VPH Gratings

Definition of Bragg condition:

mdl = 2L sing, = (2sina)/n

L is spacing of fringe plane
nis the grating frequency
My is the Bragg order

Bragg wavelength & angle defined for  specific mg &ll .

In reality there is an envelope about the Bragg wavelength & angle in which
there is significant diffracted light energy

17 April 2009

— Spectral bandwidth

— Angular bandwidth (at angles along way outside Bra  gg condition, light passes
through undiffracted)
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VPH Gratings

Various approaches to grating design:

» Use the Kogelnik coupled-wave approximation
— Assumes only zero & first order propagated through thick film
— Diffraction efficiency of s-polarized light at m = 1 Bragg condition is:

. pDn d
S|n2[ Il cosa ] h, =h cos(a-b)

=
[

— where Dn is modulation in refractive index (typically 2-10%)
— d is thickness of DCG layer (typically 4-30mm)

e A more thorough description from either modal analy Sis or
rigorous coupled wave analysis (RCWA)

— Solutions for multiple orders, reflection orders, e xtreme configurations
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VPH Multiplex Gratings
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VPH Multiplex Gratings
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VPH’s in other astronomical instruments

* AAT’s low dispersion spectrograph LDSS++

 Other spectrographs retrofitting VPHGs
» SOAR developed Goodman Spectrograph
» Only two (RSS & Goodman) have full articulation
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At ESO:
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VPH’s in other astronomical instruments
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Imaging Spectroscopy

« Many astronomical objects are 2-dimensional

star clusters
nebulae
galaxies
galaxy clusters

 Want to record 3-dimensional data cube

2 spatial, 1 spectral

 Detectors are 2-dimensional

17 April 2009

normal long-slit spectrograph: 1 spatial, 1 spectra I
multi-object spectrograph: many “1-D” spatial, 1 spe ctral
IFU Spectrograph: limited 2 spatial, 1 spectral

F-P imaging spectrograph: 2 spatial, 1 spectral (bu t through temporal
multiplex: changing wavelength with time)
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Imaging & Multi-Object Spectroscopy

« “Multiplex advantage”

— Obtain spatial & spectral
information

Two alternative approaches:

Fabry-Perot (F-P) spectroscopy

— Fabry-Perot imaging
spectroscopy

— Multi-Object Spectroscopy (MOS)

F-P utilizes etalons
— Tuneable narow band filters
— Narrow wavelength coverage

MOS utilizes fibres

— either directly using deployable
probes

— Or using “integral field units”
(IFUs), utilizing microlens arrays
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MOS: AAOs “2dF” fibre positioner
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2dF: Two Degree Field

NASSP OT1: Spectroscopy Il

Used at prime focus of
the 3.9-m Anglo-
Austalian Telescope
(AAT)“Mulitplex
advantage”

— Obtain spatial & spectral
information

400 fibres used at a time

Robotic positioner picks
& places fibres

Magnets attached fibre
probes to metal plate
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Fabry-Perot Spectroscopy
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. Resolution

F-P spectrographs

— Determined by the FWHM (= D)
 Free Spectral Range (FSR)

— Non-overlapping orders

. Finesse
= FSR / FWHM

. Resolution and Finesse increase with etalon

reflectivity

17 April 2009
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RSS Fabry-Perot Mode

8 arcmin Field of View Filters
e Seeing-Limited Spatial Resolution
o Spectral Range: 460 — 900 nm
» Spectral Resolutions: 300 - 800, 3000, 10000
e 3 Etalons (only 2 simultaneously: “dual etalon” mode )
o 40 Filters (~15 simultaneously)
e Dual etalon system
R=300-900: low resolution etalon + filter

R=2000: low + mid-resolution etalons + filter

R=10000: low + high-resolution etalons + filter
* F-P Interference Relation:

n =2Dcos

(D: etalon gap, n: order)

F-P etalons
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RSS Fabry-Perot resolution modes

» Single Etalon: Low Resolution

17 April 2009
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RSS Fabry-Perot resolution modes

Dual Etalon: Medium Resolution
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RSS Fabry-Perot resolution modes

 Dual Etalon: HR

17 April 2009
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Example: Spiral Galaxy Dynamics
e Scan strong emission line (H typically)
— 12 — 18 exposures; ~2 hrs
e At each point in image, fit spectral profile

» Determine maps of velocity, line strength (also lin e width and
continuum)

o Extract rotation curve, fit to determine mass distr ibution
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Stellar Absorption Lines

e Globular star clusters

 Milky Way Bar

e H ornear-IR Calcium lines

 Measure thousands of velocities and line strengths s imultaneously
* Velocity precision ~ 5 km/s

17 April 2009

Globular Star Cluster Milky Way Center FP Field
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Galaxy Absorption Line Spectroscopy
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« NGC 7079
e CTIO 4m
18 900s Images
« 8608 — 8631 A
(~1 A steps)
« FWHM 4.2 A
(R ~ 2000)
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e NGC 7079
e CTIO4m

Example: Stellar Absorption Lines

« 18 900s Images

- 8608 — 8631
(~1 A steps)

« FWHM4.2 A
(R ~ 2000)

17 April 2009

A
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Kinematic Maps

Velocity Dispersion
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RSS Fabry-Perot “First Light”

First light 9/2006

NGC 1365

H Emission Line

24 2-minute exposures
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RSS Fabry-Perot “First Light”
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IFU Instruments
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Lenslet Array

NASSP OT1: Spectroscopy Il

41



17 April 2009

Observational Techniques in Optical/IR Astronomy

Spectroscopy lll: Applications

Instruments
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Example: SAURON
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Example: SAURON
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