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OutlineOutline

· Narrow band imaging
– Basics
– Filters in collimated and uncollimated beams
– Temperature changes
– Tuning OSIRIS TF
– TF spectral response
– Comparison of tunable and standard interference filters

· TF spectral response: selecting off-band & FWHM
· Ghosts: deciding target situation on the FOV
· Wavelength variation across FOV: choosing the observin g strategy
· Ring correction: dithering and data reduction strate gies
· Summary
· Practical examples of different types
· Exercise: design a TF observation of your favorite(s) o bject(s)
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Narrow band imaging Narrow band imaging 
basicsbasics

· Narrow band imaging requires obtaining ON 
(line+continuum) and OFF (continuum) images 

· Using TF for narrow band imaging is very similar to  using 
standard narrow band interference filters

· However, TF imaging is deemed as more complex due t o 
its  versatility and because properties of standard  
interference filters are too often not well known:
– Central wavelength changes across the FOV
– Spectral response changes in uncollimated beams
– Central wavelength changes with temperature
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FiltersFilters in a in a beambeam . I.. I.

TF selects 
wavelengths by 

light interference 
within a cavity

As interference 
filters do, but 
using more 

cavities (3-5)

TUNABLE FILTERS STANDARD INTERFERENCE 
FILTERS

For non-normal 
incidence the 
light “sees” a 

larger cavity and 
the wavelength 

shifts to the blue

The SAMESAME
happens in 
standard 

interference filters
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Filters in a beam. II.Filters in a beam. II.

· Then filters can be placed near focal plane or in t he 
collimated beam

· Near focal plane: 
- Beam is a cone with different angles
- The faster the beam (smaller the f), larger cone angle

· In collimated beams: 
- Parallel rays with angle varying with the position on the field
- The larger the field, larger the angle
- The smaller the pupil, larger the angle 

· Then, in collimated beams: 
- Large pupils imply larger filters/grisms (difficult, expensive or 

simply not feasible)
- Smaller pupils and/or large fields unavoidably leads to large 

angles 
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FiltersFilters in a in a beambeam . III.. III.

Light coming from different regions 
of the focal plane enters the filter at 

different angles: the central 
wavelength shifts progressively to 
the blue when going away from the 

optical center. The spectral 
response is, however, the same.

Light coming from different regions 
of the focal plane enters the filter in 

a variety of angles. Different rays 
undergo unequal blue shifts. This 
broadens the FWHM and lowers 

peak transmission. Also, the 
spectral response is symmetric 

only on-axis. 

COLLIMATED BEAMS 
(i.e.: filter in pupil space

as in OSIRIS)

UNCOLLIMATED BEAMS 
(i.e.: filter near focal plane

as in INT WFC)

This is for both Tunable or standard interference filters and 
depends on wavelength and filter refraction index o nly.

But TF are tunable and can account for this effect in 
collimated beams, while standard interference filte rs cannot
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This does NOTNOT happens 
using OSIRIS because the 
filters are in the collimated 

beam. Then the spectral 
response does NOTNOT change 

across the FOV

For example: INT PF is f/3.26. Then 
the central wavelength is shifted to 
the blue 0.17% ( ~~~~11 Å @ 6563 Å), 
the FWHM is ~~~~60% wider and the 
peak transmission reduced to the 
~~~~60% or less. Also, the spectral 

response is no longer symmetric, 
and the asymmetry depends on the 

position 

Filters in collimated Filters in collimated 
and and uncollimateduncollimated

beamsbeams
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Temperature changesTemperature changes

· Temperature changes vary the cavity spacing and the n the 
central wavelength.

· When temperature goes down, the cavity narrows and the 
central wavelength shifts to the red

· This happens in TF and standard interference filter s as 
well

· Typical variations for standard interference filter s are:
- 0.2 Å/ºC around 4000 Å
- 0.3 Å/ºC around 6500 Å
- Bandwidth and peak transmission variations are smaller

· For example, for ING filters might imply variations  up to 3 
Å with respect to the tabulated values

· In OSIRIS, TF wavelength variations due to temperat ure 
changes will be automatically accounted for
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TuningTuning OSIRIS TFOSIRIS TF

· TF can be tuned anywhere of their spectral range in  1ms
· For every central wavelength a wide variety of FWHM  can 

be chosen (see Ignacio’s talk).
· The spectral response is identical in a wide wavele ngth 

range (i.e.: in ON-OFF band, allowing an excellent continuum 
subtraction)

· Central wavelength and FWHM tuning accuracy is of 0 .1 Å
· Tuning is done remotely by the user from the contro l room
· The user needs to know only the central wavelength and 

the FWHM that he/she wants to set. Nothing else.
· Temperature corrections will be done automatically
· Wavelength calibration should be done only once or twice 

per night, and takes about 2 minutes
· TF optical center and wavelength calibration will b e 

registered in FITS headers
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TF vs. Standard TF vs. Standard filtersfilters

Several seconds for 
filter changes

1 ms tuning time 
Allows shuffle and fast 
photometry modes

Filter change time

Up to 3 ÅOn-line correctedlll l variations with T

~0.60% (Dep. on n)1.27%lll l Centre to 8’ f

Different filter and 
spectral response

Same spectral response, 
excellent continuum subtraction

OFF band filter

Gaussian/SquaredPeak ~Gaussian with wingsSpectral response

~60-90% 
Dep. on lll l , FWHM

~85% (including order sorter)Peak 
Transmission

FixedTunable between 12~40 ÅFWHM

FixedTunable 365-670 & 620-1000 nmCentral lll l

Standard filterOSIRIS Tunable filterParameter
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TF vs. Standard TF vs. Standard filtersfilters

In summary, with respect to standard filters, TF:

· Are more versatile
· Have very good transmissions, specially for narrow FWHM
· Allow quite narrow FHWM to ease detection of low EW s
· Provide much better continuum subtraction
· Can change very fast from ON to OFF and vice versa,  thus 

allowing shuffle modes for much better sky subtract ion 
and for continuum subtraction straddling line (using 2 off 
bands one to the red and the other to the blue)

· Have spectral response with more wings (that allow 
deblending quite close doublets as shown further on)

· Have larger center to edge wavelength variation
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TF TF SpectralSpectral responseresponse

Selecting the OFF band
wavelength and the FWHM
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TF spectral responseTF spectral response

· TF has more “wings” than a Gaussian
· This has to be taken into account:

- In OFF band wavelength selection
- When deblending nearby lines
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TF spectral responseTF spectral response

Selecting OFF band wavelength and FWHM

· Depends on TF FWHM ( dldldldl ) and the required 
photometric accuracy, expressed via the normalized 
transmission T at a wavelength lll l , when the TF is tuned 
to a reference central wavelength lll l C:

· From the previous equation it is possible to obtain  
either the difference in wavelength (l-ll-ll-ll-l C) for the OFF 
band wrt ON band, or the TF FWHM dldldldl required for 
deblending lines separated by (l-ll-ll-ll-l C)

T
TC -

=
- 1

2
1

dl
ll



Jordi Cepa Blas Cabrera Workshop 2007 17

TF spectral responseTF spectral response

· Example 1: When observing Ha @ z=0 using a TF FWHM 
dl =30 Å, ¿which is the off band central wavelength to be 
tuned with a line contribution lower than 5%?

· Answer to example 1: That of Ha ± 65 Å (i.e.: @@@@@@@@2 2 ´́́́́́́́ dldldldldldldldl )
· Example 2: When observing Ha @ z=0, and assuming a 

standard ratio [NII]/Ha=0.4 ¿which is the TF FWHM that 
allows deblending Ha from [NII]l 6584 with a contribution 
from [NII] to Ha lower than 5%?

· Answer to example 2: dl =16 Å
· Example 3: As in example 2 but now for any pair of lines of 

similar intensities.

· Answer to example 3: dldldldldldldldl @@@@@@@@((lll llll l 11-l-l-l-l-l-l-l-l 22) ) / 2 / 2 where (l 1-l 2) is the 
wavelength difference between lines

· Please note: line separations and widths are ´ (1+z)
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DeblendingDeblending HHaaaaaaaa fromfrom [NII][NII]

F(ONHaaaa) = FHaaaa + THaaaa([NII]) F[NII]
F(ON[NII]) =F[NII] +T[NII](H aaaa) FHaaaa
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GhostsGhosts

Deciding target location on the 
FOV
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Tunable filter

Camera

CCD

Collimated beam Collimated beam 
conceptual opticsconceptual optics

Order sorter filter
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Tunable filter

Camera

CCD

I

I

IG

G

G

PostPost --pupil ghostspupil ghosts

Ghosts are diametric and ~10 –3 of the original source
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Tunable filter

Camera

CCD

I

I

I

Order sorter

PrePre--pupil ghostspupil ghosts

Pre-pupil ghosts are rejected by the order sorter t ilt
OSIRIS does NOTNOT have this type of ghosts
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Diametric ghostsDiametric ghosts

TF center

TF center position is written on FITS headers.
Since ghosts are predictable, they can generally be  

distinguished from real sources, and allow increasi ng the 
dynamic range by observing otherwise saturated sour ces.

However, when required, ghosts can be easily remove d 
using a standard dithering procedure

~10–3
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DitheringDithering

1st image Dithered image Combined image

Need to remove ghosts will depend on the science an d object

Since diametric ghosts are of mirror type, shifting  the source 
shifts its ghost in the opposite direction. 

Then ghosts are easily removed together with cosmic  rays by  
(for example) avsigclip combination of dithered imag es.
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TF GhostsTF Ghosts

Ghosts drive the position of the target on the FoV:

· For a set of relatively small sources scattered on th e FOV (i.e.: a 
distant cluster of galaxies) the full FOV can be use d

· For extended spatially continuous sources (i.e.: gala ctic objects 
such as PNe, HH,…) or fields with high density of s maller sources 
(i.e.: HII regions of nearby spiral galaxies) it is be tter to use half the 
FOV. Then ghosts produced by the sources do not overlap  with the
sources themselves

· For special purposes a half field mask can be inserte d in the focal 
plane using the mask loader. Then ghosts are eliminat ed in the 
remaining half of the field when dithering is not pos sible

· However, the solution adopted depends on the science  and the 
target. For example: to study the radial emission dist ribution in a 
galaxy, the full FOV can be used with the source cent ered (there is 
the detector gap!)
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WavelengthWavelength variationvariation
acrossacross thethe FOVFOV

Choosing the most adequate
observing strategy
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654 nm
653 nm
652 nm
651 nm
650 nm
649 nm
648 nm

lll l C = 656 nm
655 nm

+ 4’

– 4’

+ 2’

– 2’

0 ’

FOV wavelength FOV wavelength 
dependencedependence

For OSIRIS TF the 
shift from centre to 
edge (at 4’) is 1.27% 

(i.e.: ---- 83 Å @ 6563 Å).

The key issue is the 
differential line 

transmission along 
target
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Observing extended Observing extended 
objectsobjects

· Select rotator position

· Tune TF to target center r:

· Decenter target

· From r and size ddddr derive 
DDDDlll l = lll l 1 ---- lll l 2 from target 
center outwards (velocity 
field/width?) and then 
assess the photometric 
accuracy depending on TF 
FWHM dldldldl :

T
T-

=
D 1

2
1

dl
l

lll l C lll l 1

lll l 2 �
�
�

�

�
�
�

�
�
�
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Observing extended objects Observing extended objects 

Depending on the size of the source and the photomet ric accuracy
demanded, it is possible that sources filling a sign ificant fraction of 

the FOV should be mapped with several images. 

· For a set of relatively small sources scattered on th e FOV that can be 
studied via aperture or PSF photometry (i.e.: a distan t cluster of 
galaxies or HII regions of a spiral galaxy), use Tunable Scan : taking 
images at different wavelengths scanning the wavelen gth variation 
across the source size and the velocity field of the targets. The 
continuum is obtained, using the same set of images  

· For spatially continuous extended sources whose spati al emission
line distribution is part of the science case, use Band Synthesis : as 
above, but summing the images altogether. OFF band im ages are 
obtained with the same set of images, to the red and  to the blue of 
the line

· Tunable scan and band synthesis are usually less ob servation time 
consuming techniques than mosaicing , and often is easier to obtain 
the final emission line image
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lll l 1

lll l 2

Tunable Scan TechniqueTunable Scan Technique

OSIRIS TF FOV

Several images obtained at different wavelengths sc anning: 
(1) the wavelength variation across the target size  and 
(2) the velocity field across the target.

The lll l step ( DlDlDlDl ) between images will depend 
on the photometric accuracy required and dldldldl
(TF FWHM), as derived from previous 
equation (maximum lll l difference is now: DlDlDlDl /2) T

T-
=

D 1
dl

l
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TunableTunable ScansScans

Continuum subtracted using the 
same images of the scan. 
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BandBand SynthesisSynthesis TechniqueTechnique

· As before, but the images are summed altogether, to  
yield a broader synthesized filter

· With the same exposure time per image, S/N is 
substantially increased with this technique

· The lll l scanned must include one or two additional 
steps at the beginning and one or two at the end to 
properly synthesize the filter

· These additional images will also provide the OFF b and 
images straddling the line to the blue and red

· Now the lll l step ( DlDlDlDl ) between images will depend on dldldldl
(TF FWHM) and should be chosen to yield a relative flat 
synthesized response depending on the photometric 
accuracy requested. 

· The constraint is given by the EW
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Band Synthesis TechniqueBand Synthesis Technique

DlDlDlDl (step)= dldldldl (FWHM)
ddddT/T =20%

DlDlDlDl (step)=2 dldldldl /3 (FWHM)
ddddT/T =5%

DlDlDlDl (step)= dldldldl /2 (FWHM)
ddddT/T =2%
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SkySky ringsrings

Dithering vs data reduction
strategies
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Sky ringsSky rings

Due to wavelength 
shift across FOV, OH 

sky emission lines 
appear as “rings”

This effect is additive 
and  equivalent to 

the “fringing” in red 
broad band filters. 

This happens BOTHBOTH
in TF and standard 

narrow band 
interference filters. 
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SkySky RingsRings

· Depending on the objectives of the scientific progr am and 
the type or source (point like, etc) correcting for  sky rings 
might be unnecessary

· If a correction is required, the procedure depends on the 
type of source (small targets across the field, ext ended 
objects, etc):
- Combining smoothed median-filtered dithered images to 

create a superflat
- Running SExtractor or other to remove small sources to 

create a Superflat
- Fitting the background by a surface or fit and subtract an 

azimuthal average

Tools are provided in OSIRIS pipeline
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SummarySummary

· TF tuning parameters are only two: 
- wavelength and FWHM 
- Order sorter is automatically selected from a list, depending only on 

the wavelength to observe
· As usual, the user needs to know:

- Spectral line to be observed
- Estimated size of the source
- Estimated systemic velocity/redshift
- Estimated velocity field/line width
- Photometric accuracy required
- Other constraints (type of source, EW, lines to deblend, etc)

· From these the observing parameters are derived:
- OFF band wavelength depending on photometric accuracy
- And/or maximum FWHM that can be used (deblending lines, EW 

limit,…)
- Target position on the FOV and part of the FOV to be used
- Observing strategy (one image, scanning, band synthesis, mosaic)

Or scan the region. Another 
advantage over standard 

narrow band filters
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General adviceGeneral advice

· Set FWHM as large as possible to reduce photometric  errors and 
number of scans in extended objects

· Keep dithering interval to a minimum to reduce phot ometric 
errors in extended objects

· Choose OFF bands lll l OFF = lll l ON ±±±± 2 ´́́́ FWHM

· To deblend H aaaa from [NII] use FWHM ~~~~12 - 30 Å

· For high z objects please consider the factor (1+z)

· Use lll l steps of the order of FWHM/2 or smaller both for Tu nable 
Scans or Band Synthesis (you can obtain both!)

· In Tunable Scans, if the number of scans is less th an five/seven, 
take extra blue and red scans for continuum subtrac tion

· In Band Synthesis take additional images at the beg inning and 
the end
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Only two equations to use:

(1)

(2)

General General adviceadvice
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Single Single exposuresexposures procedureprocedure

· Decide source position on the FOV (removing ghosts? )

· Calculate lll l C to be tuned to have the desired lll l at this 
position (eq. 2)

· Choose FWHM (set to the maximum if not deblending or  
with EW constraints)

· Check your photometric accuracy based on source siz e 
and velocity field (eqs. 2 and 1). If OK, proceed, if not, 
change your observing strategy (next slide)

· Select your OFF band wavelength (eq. 1)
· Define dithering interval based on photometric accu racy 

requested (eqs. 2 and 1)
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MultipleMultiple exposuresexposures
procedureprocedure

· Decide source position on the FOV (removing ghosts? )

· Calculate starting and ending lll l (considering size and 
velocity field/width) (eq. 2), if synthesizing band , give 
margin for OFF bands

· Choose FWHM (maximum if not deblending or EW 
constraints)

· Set step size depending on photometric accuracy 
required (eq. 1 using with half DlDlDlDl )

· Derive the number of scans
· Define dithering interval based on photometric accu racy 

requested (for the object regions further away from  the 
TF optical center) or use half field mask if requir ed
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FewFew examplesexamples

Blue Compact Dwarf: parameters

· In [OIII] lll l 5007: no sky lines & no deblending
· High EW: can use any technique and large FWHM (30 Å)
· Size 15” diameter
· Vsys=3000 km/s: observed wavelength 5057 Å

· Estimated maximum velocity width=200 km/s or ~~~~3 Å
· Requested accuracy: 5%
· Interested in emission line morphology: decenter obj ect
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FewFew examplesexamples

Blue Compact Dwarf: observing strategy

· Centre object at 15” from optical center (detector g ap is 
8” and the optical center is in the middle)

· The central wavelength to tune is 5057 Å (eq. 2)
· The wavelength at the edge of BCD is 5056 Å (eq. 2)
· Considering velocity width, the relative transmissi on is 

>97% at the edge of the object wrt center (eq. 1)
· A dithering of 10” does not shift significantly the 

wavelength at the edge of the object (eqs. 2 and 1) . OK 
then

· The continuum will be 60 Å away (2 ´́́́ FWHM)
· I could consider charge shuffling straddling the li ne 

(ON at 5057 Å and OFF (4997+5117)/2)
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FewFew examplesexamples

Blue Compact Dwarf: another case study

· Same object and parameters but now deblending H aaaa from 
[NII] with a 10% accuracy and measuring [NII] as wel l

· Some weak sky lines
· Same object position
· To deblend, a FWHM = 20 Å is enough (better than 10%)
· At the edge of the object, considering line width, the 

relative transmission wrt to the source center is >9 4%
· 10” dithering is again OK

· Choose your continuum for H aaaa and [NII] (one to the blue 
and another to the red at 2 ´́́́ FWHM from the lines)

· [NII] can be accurately determined using system of two 
lineal equations 
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FewFew examplesexamples

Nearby spiral in Virgo: parameters

· Filling the FOV

· Required deblending H aaaa from [NII] and measuring both 
lines

· Typical maximum HII region size: 4” (400 pc @ Virgo)
· Vsys=1600 km/s: observed wavelength 6598 Å

· Estimated maximum velocity width ~~~~6 Å
· Requested accuracy: 10%
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FewFew examplesexamples

Nearby spiral in Virgo: observing strategy

· Use one ½ FOV (one detector) with Tunable Scans
· FWHM of 30 Å to deblend
· At the edge of the 8’ ffff field the wavelength variation from 

source centre to edge (2”) (eq. 2) results in a rel ative 
transmission wrt the source center >99% (eq.1)

· The initial central wavelength to tune is 6595 Å (central-
1/2 velocity field)

· The final central wavelength to tune is 6702 Å (1.27%+1/2 
velocity field+20 Å to get [NII])

· Scanning with ½ FWHM steps results in 7 images
· The continuum will be obtained at the same time
· A dithering of 5” results, at the edge of the 8’ ffff , in a 

relative transmission wrt to the previous position > 95% 
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FewFew examplesexamples

Nearby spiral in Virgo: observing strategy

· Then 7 images allow obtaining ON and OFF for TWO emiss ion 
lines with an excellent continuum subtraction and v ery good line
deblending

· Now use SExtractor or your favourite aperture photometry 
program to get fluxes

· Look for twin peaks (not the series)

· Fitting Gaussians to determine peaks using your favorit e spectral 
analyzer program can improve even more the photometry: you 
have a kind of low resolution 3D spectra not just an  emission line 
image!

· Now [NII] can be determined using systems of two lin eal equations

· Adding two more images (blue and red) will provide th e continuum
required to obtain a nice emission line (H aaaa+[NII]) image of the FOV
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FewFew examplesexamples

Another case study: a distant cluster of galaxies

· Center in the FOV using the full FOV
· Use largest FWHM 
· Starting and ending wavelength for scans taking int o 

account an estimate for cluster velocity dispersion  
· Scanning at steps of ½ FWHM or smaller (about 8 images 

including continuum)
· Aperture photometry on point-like objects using 

SExtractor and look for peaks in pseudo-spectra
· Add-ons: 

- PNe (if looking at [OIII])
- Cluster velocity field map
- Adding all images together will provide a nice emission line 

image and a continuum image of galaxies in the cluster
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Final Final RemarksRemarks

· This was only to give you a flavor or the possibiliti es of Tunable 
Imaging

· The flexibility of TF allows more sophisticated tech niques:
- Using different widths for line and continuum
- Deblend quite close lines thanks to the spectral response
- Define geometric dithering patterns to homogenize l shifts at the edges
- Shuffle modes: ON-OFF, ON-OFF1-ON-OFF2…, ON1-ON2
- For shuffle modes with dithering, of course dither along shuffle direction 

(smaller wavelength variation)
- Measuring velocity fields in clusters of galaxies
- Estimating for free the 2D velocity curve of distant spiral galaxies using 

the center to edge wavelength variation itself
- Increase your resolution depending on line position within the OS
- Combine OS filters in wheels 1, 2, 3 to increase your resolution
- Observe absorption lines using TF

· Welcome to a new world! The limit is your creativity! !!
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HaveHave funfun !!

TF parameters and observation 
strategies for your favourite

targets

(Appetizer for lunch)


