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High resolution spectroscopy: echelle
• Echelle spectrographs
• Applications

Bibliography: To Measure the Sky, Kitchin, Lena and 
others ...

Prof. Jorge Meléndez
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How to achieve a high spectral resolution 
(high dispersion) using a grating
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distance between 
tracks of the grating

1. Use a grating of higher resolution 
(>> 1000 lines/mm) or increase fCOL

2. Work at high order m  echelle



High resolution 1: grating with many 
lines/mm + increase fCOL
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Problem : small 
spectral coverage

© Roy & Clarke
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Exemplo: espectrógrafo 
Coudé OPD (LNA)
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Comparison : Echelle HIRES coverage 4000Å or 40 times 

High resolution 1: grating with 
many lines/mm + increase fCOL



Many works have been published by Brazilian astronomers using 
the Coudé spectrograph at the 1,6 meter telescope at OPD



High resolution 2: echelle spectrograph,
but single order

~ anos 1980 - 2000



 Beatriz Barbuy (IAG-USP). 
Among world most 

influential scientists. No. 1 
“Best Physics Scientist in 

Brazil”. IAU Symposium 395 
(nov 2024, litoral norte SP) in 

her honor



The CES spectrograph was used 
both at the 3.6m and (mainly) the 
1.4m (Coudé Auxiliary Telescope)

Since 2003, the HARPS 
spectrograph is used at the 3.6m

Thiago, Anne & Jorge at the 3.6m telescope at La 
Silla, during the May 2023 observing run to hunt 

exoplanets around solar twins



• Blazing angle is increased to optimize 
the observation of high orders

    (m ~ 30-150)  better resolution
• Typical grating 31 lines/mm
• Problem: order overlapping?
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© Kitchin 

Echelle grating
distance between 
tracks of the grating

High resolution 2: echelle spectrograph with 
multiple orders



Solution for mixing of the orders: cross 
disperser (prism or grating) and use of 
large CCDs to fit different orders
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cross disperser 
(grating or prism)

Echelle grating

CCD



Example : HIRES spectrograph at KECK
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Large instrument, located at Keck’s 
Nasmyth focus. First light 1993

Cross dispersing is with a second  grating. This disperses more than 
a prism, allowing better sky subtraction, but problem with order 
overlap!  



Echelle orders
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Echelle orders : extracted
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Echelle spectrographs
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Cross-disperser: can we use a prism instead of a grating?
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2017-05-03

2017-05-03
s
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Musicos:
echelle grating 
+ prism(s)
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http://www.astrosurf.com/thizy/musicos/musicos.htm
MUSICOS at Pic de Château-Renard
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MUSICOS: blue setup MUSICOS: red setup
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http://www.lna.br/opd/instrum/musicos.html

Blue: 3800 - 5400 Å
Red: 5400 a 8800 Å
R ~ 35.000
Modern iKon-L CCD 
(better than the original CCD)

First original CCD
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Red arm

Blue arm



Mike Spectrograph at 6,5m Magellan (Las Campanas)
 BLUE RED

effective focal ratio f/3.9 f/3.6 

scale at CCD 8.2 pix/" (0.12"/pix) 7.5 pix/sec (0.13"/pix) 

Å/pixel (unbinned) ~0.02 ~0.05 

detector 2048x4096 (15µm pix) 2048x4096 (15µm pix)

gain ~0.47 e-/DN ~1.0 e-/DN

Readnoise ~2 e-/pix ~3.5e-/pix

Dark current ~5 DN/pix/hr ~2 DN/pix/hr

Wavelength range* 3200 – 5000 Å 4900 – 10000Å 

Resolution (0.35"slit) 83,000 65,000

Resolution (1.0" slit) 28,000 22,000

Echelle grating R2.4 R2

Prism (cross-disperser) Fused Silica (2 prisms) PBM2 (1 prism)
21

The tangent of the blazing angle = R#. Thus blazing angle for the R4 grating is 76 O
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MIKE: a double spectrograph.
Sensitivity in the blue and red arms



Slits available at MIKE
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Aperture Pairs (separation 3"): 
     1  0.35 x 0.35 (for focusing) 
     2  1.00 x 0.35 
     3  1.00 x 0.50 
     4  1.00 x 0.70 
     5  1.00 x 1.00 
     6  1.50 x 0.35 
     7  1.50 x 0.50 
     8  1.50 x 0.70 
     9  1.50 x 1.00 
    10  1.50 x 1.50 
    11  2.00 x 0.35 
    12  2.00 x 0.50 
    13  2.00 x 0.70 
    14  2.00 x 1.00 
    15  2.00 x 1.50 
    16  2.00 x 2.00 
Single Slits: 
    17  0.35 x 5.00     
    18  0.50 x 5.00 
    19  0.70 x 5.00 
    20  1.00 x 5.00 
    21  1.50 x 5.00 
    22  2.00 x 5.00 
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MIKE Blue ThAr calibration arc
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Magellan/MIKE 

BLUE frame

Observations of the solar twin 18 Sco
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RED frame

Magellan/MIKE Observations of the solar twin 18 Sco



Planning observations with echelle 
spectrographs
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1. Spectral coverage: which are the most 
important spectral features? 1 or 2 arms?

1. Resolving power: enough to resolve your 
spectral features? 

1. S/N: adequate telescope + instrument? 



Example: high resolution echelle 
spectroscopy of a solar twin with 

HIRES at the Keck telescope (very small 
exploratory project during classical [visitor] 

observing run with the Keck telescope)
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30
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HILO
KONA

WAIMEA

Mauna Kea
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Keck I

NASA IRTF

Keck II

CFHT

Gemini N.
U. Hawaii 
2.2m UKIRT

Subaru



33Artistic image of TMT on Mauna Kea
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HILO
KONA

WAIMEA

Mauna Kea

Keck headquarters 
(also CFHT)

Gemini & Subaru 
headquarters
(rainy side)
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http://keckobservatory.org/gallery/full/keck_telescopes/71



Keck telescope
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37Jorge (right) & student Damian Fabbian (left) 
at the Keck prime focus cage
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Sunset from 
Waikiki
January 2006 
(Sometimes you flight 
to Honolulu rather 
than directly to the Big 
Island [Kona or Hilo])

Keck/HIRES run 
when the 2nd solar 
twin was found
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HIRES no Keck I
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http://www2.keck.hawaii.edu/inst/hires/

only 1 arm: choose HIRESb or HIRESr



 HIRES CCD data format 
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Mosaic of 3 CCDs, each 2048 x 4096 pixels (1 pixel = 15um)

BLUE
GREEN

RED
6144 pixels
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Order 43 8221 Å
8365 Å

45

51

66

92

44

Cross disperser (XD) angle = 0,247

Echelle angle = 0,0
55

6797 Å 6917 Å

5206 Å 5282 Å

3855 Å 3897 Å 

CCD 3

CCD 2

CCD 1

HIRES 
Echelle Format Simulator
http://www2.keck.hawaii.edu/inst/hires/webech/efs.html



HD 98618 : my first solar twin 43



Header of image hires1851.fits
• INSTRUME= 'HIRES' 
• UTC     = '12:22:40.24'             
• DATE-OBS= '2006-01-20'  
• XDISPERS= 'RED     ' 
• XDANGL  =           0.24900000
• DEC     = '+58:29:19.4'  
• EQUINOX = '2000.0  '    
• HA      = '+22:37:54.36'              
• RA      = '11:21:28.26'         
• ST      = '09:59:45.87' 
• AIRMASS = '1.33    '    
• MJD     = '53755.515760' 
• TARGNAME= 'HD 98618'     
• TELESCOP= 'Keck I  ‘
• CCDGAIN = 'low     '                     
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• UTC-END = '12:25:11.39' 
• DATE-END= '2006-01-20' 
• CCDPSIZE= '[1:2048,1:4096]'                 
• OUTDIR  = '/s/sdata125/hires5/19Jan2006' 
• OUTFILE = 'hires   ' 
• FRAMENO =      1851
• EXPTIME =         150 seconds 
• OBSERVER= 'J. Melendez'
• OBJECT  = 'hd 98618' 
• DATE_BEG= '2006-01-20T12:22:39'
• DATE_END= '2006-01-20T12:25:09'
• DECKNAME= 'E4 '  (slit 0,40 x 7,0 ” 

defines the resolving power) 

• ECHANGL =           0.00004228 
• FIL1NAME= 'kv389   '



Resolving power vs. slit width s

45

Decker name Length (") Width (") Resolution R (calculated) Resolution R (measured*) Resolution R (measured+) 

B1 3.5 0.574 72,000 67,000 66,400 
B2 7.0 0.574 72,000 67,000 66,400 
B3 14.0 0.574 72,000 67,000 66,400 
B4 28.0 0.574 72,000 67,000 66,400 
B5 3.5 0.861 48,000 49,000 50,000 
C1 7.0 0.861 48,000 49,000 50,000 
C2 14.0 0.861 48,000 49,000 50,000 
C3 28.0 0.861 48,000 49,000 50,000 
C4 3.5 1.148 36,000 37,000 37,500 
C5 7.0 1.148 36,000 37,000 37,500 
D1 14.0 1.148 36,000 37,000 37,500 
D2 28.0 1.148 36,000 37,000 37,500 
D3 7.0 1.722 24,000 24,000 24,700 
D4 14.0 1.722 24,000 24,000 24,700 
D5 0.119 0.179 pinhole 
E1 1.0 0.400 103,000 84,000 86,600 
E2 3.0 0.400 103,000 84,000 86,600 
E3 5.0 0.400 103,000 84,000 86,600 
E4 7.0 0.400 103 000 84 000 86 600 
E5 1.0 0.800 51,000 52,000 52,000 

* Using UV cross-disperser. 
Average of 5 Th/Ar lines near 
4100 A. 
+ Using Red cross-disperser. 
Average of 4 Th/Ar lines near 
5240 A. 

HIRES spectrograph on 
the 10m Keck I telescope

DECKER: length & 
width of slits

According to my 
measurements
R ~ 85 - 95000
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Identifiers (16):
HD 98618
HIP 55459 
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http://www2.keck.hawaii.edu/inst/hires/etc.html

We are adopting V = 
7,646,  but this is in the 
Johnson system. Be 
careful. What we need 
are “AB” magnitudes, 
i.e., UAB,BAB,VAB, RAB , 
etc

VAB = V – 0.044



V = 7,646 slit = 0,4” seeing 0,6” exptime = 150 s
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Header of the image hires1851.fits
• INSTRUME= 'HIRES' 
• UTC     = '12:22:40.24'  
• DATE-OBS= '2006-01-20'  
• XDISPERS= 'RED     ' 
• XDANGL  =           0.24900000 
• DEC     = '+58:29:19.4'  
• EQUINOX = '2000.0  '    
• HA      = '+22:37:54.36' 
• RA      = '11:21:28.26' 
• ST      = '09:59:45.87' 
• AIRMASS = '1.33    '    
• MJD     = '53755.515760' 
• TARGNAME= 'HD 98618'     
• TELESCOP= 'Keck I  ‘
• CCDGAIN = 'low     '                     
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• UTC-END = '12:25:11.39' 
• DATE-END= '2006-01-20' 
• CCDPSIZE= '[1:2048,1:4096]'            
• OUTDIR  = '/s/sdata125/hires5/19Jan2006'  
• OUTFILE = 'hires   ' 
• FRAMENO =                 1851 
• EXPTIME =         150 seconds 
• OBSERVER= 'J. Melendez' 
• OBJECT  = 'hd 98618' 
• DATE_BEG= '2006-01-20T12:22:39' 
• DATE_END= '2006-01-20T12:25:09' 
• DECKNAME= 'E4 '  (slits 0,40 x 7,0 ” 

defines the resolving power) 

• ECHANGL =           0.00004228 
• FIL1NAME= 'kv389   '
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http://www2.keck.hawaii.edu/inst/hires/filter_choices.html

Is it possible to observe the H & K 
(394 nm) lines and at the same 
time the oxygen triplet (777 nm) & 
the Al doublet (784 nm)?



HIRES mosaic for solar twin HD 98618
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Second order (cross-disperser grating) contamination

Red 
arrows:
Easily 
identified 
2nd order 
contamin.

Blue 
arrows:
1st orders 
contamin. 
by other 
2nd orders

Large red 
arrow 
right: 1st 
order in 
the UV. 
Left: in the 
red CCD 
we see the 
2nd order 
of the 1st 

order from 
the UV 
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Contamination 
by 2nd order



MAKEE hires pipeline (automatic reduction)
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MAKEE hires pipeline (automatic reduction)

54

CC
D

 2

Wavelength (A)



MAKEE hires pipeline (automatic reduction)
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CC
D

 3

Wavelength (A)

Last 3 orders somewhat contaminated!
(not useful for high precision spectroscopy)

This order has almost 
no contamination



Header of the image hires1851.fits
• INSTRUME= 'HIRES' 
• UTC     = '12:22:40.24'  

• DATE-OBS= '2006-01-20'  
• XDISPERS= 'RED     ' 
• XDANGL  =           0.24900000 
• DEC     = '+58:29:19.4'  
• EQUINOX = '2000.0  '    
• HA      = '+22:37:54.36' 
• RA      = '11:21:28.26' 
• ST      = '09:59:45.87' 
• AIRMASS = '1.33    '    
• MJD     = '53755.515760' 
• TARGNAME= 'HD 98618'     
• TELESCOP= 'Keck I  ‘
• CCDGAIN = 'low     '                     
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• UTC-END = '12:25:11.39' 
• DATE-END= '2006-01-20' 
• CCDPSIZE= '[1:2048,1:4096]'            
• OUTDIR  = '/s/sdata125/hires5/19Jan2006' 
• OUTFILE = 'hires   ' 
• FRAMENO =                 1851 
• EXPTIME =         150 seconds 
• OBSERVER= 'J. Melendez' 
• OBJECT  = 'hd 98618' 
• DATE_BEG= '2006-01-20T12:22:39' 
• DATE_END= '2006-01-20T12:25:09' 
• DECKNAME= 'E4 '  (slit 0,40 x 7,0 ” 

defines the resolving power) 

• ECHANGL =           0.00004228 
• FIL1NAME= 'kv389   '



Finding solar twins: project of Summer Scholar at Stromlo 
Observatory (Australian National University), 12/2015 – 2/2016
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Katie Dodds Eden
(Summer Scholar,
Iniciação Científica 
durante o verão)
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- Observations done 
on 20/1/2006
- Letter submitted on 
13/2/2006
- Accepted 6/3/2006



HD 98618: Highlights in the media



Radial velocity and planets

60



Planet 
around 
HD 47536
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Two planets around Ups And

62



HARPS: High Accuracy Radial velocity Planet Searcher
at the 3,6m telescope at ESO La Silla

R = 115 000, coverage 378 – 691 nm 
(68 orders using 2x4k CCDs)
Cross disperser: a grism
2 fibers: 1 for simultaneous ThAr arc 
RV precision ~ 1 m/s
Vacuum and thermal enclosure (0.01K)
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Goal: 10 cm/s



HW #7: Musicos. Deadline June 8  
Write 1,5 page (minimum) to 2 pages (maximum) 
overview of musicos in a “journalistic” style, 
meaning address the 6 most important questions or 
journalism. If on computer, use TimesRoman (or similar) font #12.

Portuguese or English is OK.

65

Who, What, Why, When, Where & How
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