
CFHT instruments and 
GRACES

Eder Martioli
Laboratório Nacional de Astrofísica - LNA/MCTI

Scientific opportunities arising from the new instruments at Gemini and SOAR,  August 7 - 10,  2014, Guarujá - SP, Brazil



Canada-France Hawaii Telescope
• Telescope: 3.6 m

• Lo 155.472° W  La 19.826° N

• Atop of Mauna Kea at 4200 m in Hawaii, USA

• Median seeing ~ 0,7”

• http://www.cfht.hawaii.edu/

• Main partnership: Canada, France, and UH.  
Other partners: Taiwan, Brazil, China, and S. Korea. 

http://www.cfht.hawaii.edu
http://www.cfht.hawaii.edu




Instruments Available

• MegaCam: optical wide field imager

• WIRCam: infra-red wide field imager

• ESPaDOnS: optical high-resolution 
spectro-polarimeter

• AOB: infrared imager with AO 



MegaCam

• FoV of 1° x 1°  

• Plate scale 0,18”/pixel

• 36 CCDs of 2048 x 4612  (340Mp)

• Broad band filters: u, g, r, i, z (SDSS except u)
Narrow band filters: H-alfa ON, H-alfa OFF, CN, TiO, OIII

• Image stabilization unit and 2 CCDs for guiding/auto-focus









MegaCam Data

FITS image with 36 extensions of 2k x 4k

CFHT provides pre-reduced data
Reduction done with Elixir software:

correct instrumental effects, astrometry (1”) and 
photometry

Terapix group from Paris provides additional service for 
CFHT users upon request:

data stacking, fine astrometric calibration, catalog 
generation.

http://terapix.iap.fr

http://terapix.iap.fr
http://terapix.iap.fr




CFHTLS - Mega-Pipe
The archive value

http://www2.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/megapipe/cfhtls/index.html

more than 2300 hours over 5 years (an equivalent of 450 nights)

Supernovae & Dark Energy
Gravitational Lensing & Dark Matter
Large Scale Structures
Active Galactic Nuclei, Quasars, 
GRBs, Black Holes
Clusters of Galaxies
Galaxy Evolution
Galaxy Morphology
Galaxy Luminosity Function
Stellar Populations in the Galaxy
Small Bodies in the Solar System

Science

http://www2.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/megapipe/cfhtls/index.html
http://www2.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/megapipe/cfhtls/index.html




Science with MegaCam

Large number of Dark Matter peaks 
found using Gravitational Lensing

“.. Dark Matter is the principal mass 
component of the Universe making up 

about 80% of the mass budget .. ”

Authors: HuanYuan Shan, Jean-Paul Kneib, Martin 
Makler, Ludovic van Waerbeke, Eric Jullo

CFHT Legacy Survey detected and monitored 
about 1000 supernovae

SNLS - SuperNova Legacy Survey

Sullivan et al. 2011

http://cfht.hawaii.edu/Science/CFHLS/
http://cfht.hawaii.edu/Science/CFHLS/


The Pan-Andromeda Archaeological Survey 
(PandAS)

PI: McConnachie

Large Programs

Lewis et al. 2013



The Next Generation Virgo Cluster Survey (NGVS)
PI: Ferrarese

g < 27.7 mag arcsec-2

Large Programs



 ~60 km diameter object 
comprised of rock/ice sharing 
Uranus’ orbit as the first 
discovered Trojan companion to 
this planet
 Remains 10-170 deg ahead of 

Uranus about L4 point
 QF99 discovered as part of a 

search for more distant trans-
Neptunian objects

  Orbit is stable over timescale of 
hundreds of thousands of years, 
unstable over millions of years
 Certainly not a “primordial” object 

given the instability of its orbit

PI: Brett Gladman (UBC)



WIRCam

• FoV of 21.5 x 21.5 arcmin 

• Plate scale of 0,306”/pix (sampling of 0,15” with 
microdithering)

• 4 x 2040 x 2040 Hawaii-2RG arrays

• Broad band filters:  Y, J, H, Ks
Narrow band filters: OH (1.061 & 1.187), CH4 (On/Off), H2 
(v=1-0 S1), K-cont, Br gamma

• On-instrument guiding

21.5’

21.5’



WIRCam 4 x Hawaii-2RG







WIRCam Data

• FITS file with 4 
extensions (MEF)

• CFHT provides 
pre-reduced data 

• Pipeline: iiwi-2.1



The Orion Nebula seen with 
MegaCam and WIRCam

Color composite made by TERAPIX (Courtesy C. Marmo/Terapix)

http://terapix.iap.fr/
http://terapix.iap.fr/


The Ring Nebula (Messier 57)

H2 filterTERAPIX (Courtesy C. Marmo/Terapix)

http://terapix.iap.fr/
http://terapix.iap.fr/


 A free floating planet, originally 
discovered by Pan-STARRS1 and 
followed up at CFHT for astrometric 
measurements (Mike Liu et al., 2013)
 Follow up observations completed at IRTF, 

Gemini, UKIRT, CFHT
 CFHT/WIRCAM precision astrometry(~4 mas 

error) used to measure distance and 
therefore pin down luminosity

 Excellent “case study” in young planets 
given lack of interference from a bright 
host star

 Planet vitals –
 Age: ~12 million yrs
 Distance: 80 ly
 Mass: 6 MJ

 Member of β-pic cluster

Free Floating Planet
PI: Michael Liu (UH)

WIRCam Science Highlights



CFHT Astrometry

Plot courtesy Mike Liu (private comm. 2013)



• Thermal Emission of Transiting Exoplanets (TETrEs):
Probing the Diversity of Hot Jupiter Atmospheres with 
Multi-Wavelength Precision Photometry
PI: Jayawardhana

Large Program: TETrEs
trânsitos ([19]; Fig. 2) atingindo uma precisão fotométrica de até 0.02%, onde foi 
possível detectar sinais de absorção atmosférica do planeta durante trânsitos. A 
observação multi-banda permitiu impor limites no espectro da atmosfera desse 
exoplaneta (Fig. 2).  

O projeto de implementação da redução do modo staring-mode pretende ser trazido 
para colaboração com o LNA e se possível com o projeto SPARC4. Assim, o LNA e o 
SPARC4 poderiam usufruir do suporte profissional que possui o OPERA no CFHT além 
das rotinas pré-existentes. Em contrapartida haveria a contribuição por parte do LNA e 
possivelmente do INPE no desenvolvimento de algoritmos científicos. As rotinas seriam 
disponíveis para toda a comunidade, porém, seria possível participar também na 
obtenção e análise dos resultados científicos como usuários regulares dos 
instrumentos. 

Fig 2. Trâsitos do exoplaneta GJ1214b observado na banda J pela WIRCam em staring-mode 
(esquerda). Limites no espectro da atmosfera de GJ1214b obtidos através da variação na profundidade 
dos trânsitos observado em diferentes bandas. Ref. [19].

3.3. Velocidades Radiais de Alta Precisão para Detecção de Exoplanetas

Em meu doutorado trabalhei na redução dos espectros de alta-resolução do 
instrumento HRS/HET, que utiliza o método da célula de iôdo como fonte de calibração 
para obtenção de velocidades radiais com precisão de ~3 m/s ([20]; [21]; exemplo 
mostrado na Fig. 3). Recentemente, tenho trabalhado no desenvolvimento dos 
algoritmos científicos e implementação dos códigos em C/C++ do projeto OPERA no 
CFHT [22]. Esses códigos realizam a redução dos dados do espectro-polarímetro de 
alta resolução ESPaDOnS [23]. Uma das grandes vantagens desse software é a 
utilização de programação orientada a objetos, que possibilita agrupar as informações 
e métodos referentes à calibração do instrumento de forma lógica e compartimentada. 
Dessa maneira existe um grande potencial para utilização dessas rotinas e objetos no 
desenvolvimento de módulos de redução, visualização, ou simulação e análise dos 
dados para qualquer outro espectrógrafo. Algumas rotinas são específicas de 
espectrógrafos echelle, já outras são genéricas para qualquer tipo de espectrógrafos. 
Os objetos de suporte às imagens FITS são completamente genéricos, podendo ser 
utilizados em qualquer instrumento que produza imagens no formato FITS. Rotinas 
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Figure 2. CFHT/WIRCam photometry bracketing the transit of GJ 1214 obtained nearly simultaneously on the nights denoted in the figure in the J band (left panels)
and the Ks band and the CH4On filter (right panels). The top set of panels (a) shows the data and the best-fit transit model displayed with the appropriately colored
line. The second set of panels (b) shows the residuals of the data and the models from a transit model with a depth given by the best-fit value of the individual J band
transits at left. Thus the (b) left panel simply displays the residuals from the best-fit transit model from that night’s data. The (b) right panel displays the residuals of
the Ks and CH4On filter data and model from a transit with a depth equal to the best-fit J-band transit depth observed on that night nearly simultaneously and using
the appropriate Ks or CH4On limb-darkening coefficients. The third set of panels (c) is the same as the panels (b), except with the data binned every 12 points. The
bottom panels (d) display all the data obtained simultaneously in the J and Ks bands from the panels (c) binned every 12 points (that is, the top three transit curves
in the (a), (b), and (c) panels); the orange dot-dashed line displays the difference from the best-fit J-band transit model using the combined J- and Ks-band best-fit
depths (Section 4). The errors in this panel are calculated from the standard deviation of the points within each bin. The best-fit Ks-band transits display increased
transit depths, while the best-fit CH4On transit displays a smaller transit depth than the J-band transits observed simultaneously. In the top three panels, the different
data sets are offset vertically for clarity. Note that each set of panels has a different vertical scale.
(A color version of this figure is available in the online journal.)
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Figure 3. WIRCam transit observations of the super-Earth GJ 1214b. The WIRCam response functions are displayed inverted at the top of the plot using the black
dotted lines at an arbitrary scale; these are from left to right: J band (∼1.25 µm), the CH4On filter (∼1.69 µm), and Ks band (∼2.15 µm). Our J- and Ks-band
observations are indicated by the red diamonds for our 2010 June 27 observations, the blue diamonds for our 2010 August 15 observations, and the magenta diamonds
for our 2010 September 22 observations. Our 2010 August 7 J-band and CH4On-filter observations are indicated by the green diamonds. We offset our measured J
and Ks observations slightly in wavelength for clarity. For the Ks and J bands we display the weighted mean and error of the observations in these bands with the
black diamonds. The orange solid and cyan dashed curves are the Miller-Ricci & Fortney (2010) GJ 1214b atmospheric models for solar metallicity hydrogen/helium-
dominated atmospheres (with and without methane, respectively). The gray dotted curve is the Miller-Ricci & Fortney (2010) models for an H2O/steam atmosphere.
We integrate the Miller-Ricci & Fortney (2010) atmospheric models over the WIRCam response functions and display these values in the appropriately colored solid
triangles.
(A color version of this figure is available in the online journal.)

it is safe to conclude that the greater Ks-band than J-band transit
depth does not arise from the nonlinearity correction.

4. DISCUSSION

4.1. GJ 1214b’s Transit Depth in the Near-infrared

We display our best-fit transit depths in Figure 3 and Table 1.
The J-band transit depths are largely consistent with one
another and also with, or at most insignificantly shallower
than, the depths reported by (Charbonneau et al. 2009) and
Bean et al. (2010) in the optical and very near-infrared. The
Ks-band transits also display similar depths to one another.
However, the Ks-band transits appear to be deeper than the
J-band transits; this is a small effect, but is clearly visible in
the bottom panel of Figure 2 where we present the residuals of
our observations from the best-fit J-band transit depths observed
nearly simultaneously.

The CH4On transit depth, on the other hand, appears to
have a similar transit depth to the J-band transit observed
simultaneously on 2011 August 7. As this is a partial transit only,
and as much of the transit and the egress of transit occurs at very
high airmass, caution is warranted in any robust comparison of
the J to CH4On transit depth and to other wavelengths.

By combining all the Ks-band and J-band transits, we find
the weighted means and the associated errors on the transit
depths are (RpJ /R∗)2 = 1.338 ± 0.013% for the J band, and
(RpKs/R∗)2 = 1.438 ± 0.019% for the Ks band. As we only
have one partial transit of GJ 1214 in the CH4On filter, the
depth in that band is simply the value from the 2010 August 7
transit: (RpCH4On/R∗)2 = 1.290+0.050

−0.043%. We determine the error
on the weighted mean of our J-band and Ks-band points by
determining the weighted error of all our observations in that
particular band and then scaling that error upward by a factor of
ζ . To determine ζ we calculate the χ2 of all our data in a single
band compared to a model with a consistent transit depth equal
to the weighted mean of the transit depths in that band; we then
scale-up the errors to ensure the reduced χ2 is equal to one.11 The
Ks-band data points are consistent with one another, so only the

11 Andrae et al. (2010) note that there are several hidden assumptions one
should be careful to address when applying reduced χ2 to one’s data; we feel
the method we apply here should be useful nonetheless as a first-order
approximation to indicate the appropriate size of the weighted error bars.

J-band errors are scaled upward. The resulting value is ζJ =
1.02 for the J-band photometry, so this suggests that both the
Ks- and J-band weighted errors are already appropriately sized,
or close to it. Overall, this analysis suggests that our Ks-band
and J-band transit depths are inconsistent with one another; the
Ks-band transit depth is deeper than the J-band depth with 5σ
confidence.

4.2. The Effect of Stellar Spots on Transit
Observations of GJ 1214b

Charbonneau et al. (2009) reported that GJ 1214 is an
active star and displays longer-term variability with a period
of several weeks at the 2% level in the MEarth bandpass. More
recently, Berta et al. (2010) presented and analyzed MEarth
photometry of GJ 1214 from 2008 to 2010 and observed long-
term photometric variability at the 1% level with a period of
approximately 50 days. This variability is presumably due to
rotational modulation from spots rotating in and out of view. As
the long-term photometric monitoring presented in Berta et al.
(2010) ends in 2010 July (in the midst of the observations we
present here), we assume the more conservative limit of 2%
variability for our calculations henceforth.

Transit observations obtained at different epochs may show
small differences in the transit depth due to rotational modu-
lation arising from both occulted and unocculted spots (Czesla
et al. 2009; Berta et al. 2010; Carter et al. 2011). In the case of
unocculted spots, if the 2% observed rotational modulation rep-
resents the full range from a spotted to unspotted photosphere12

then we may expect measurements of the transit depth of GJ
1214b will vary by as much as 0.03% of the stellar signal in
the MEarth bandpass (assuming an unspotted transit depth of
1.35%) from observations taken at epochs spanning the maxi-
mum and the minimum of the observed rotational modulation.
On the other hand, occulted spots will cause small brightening
events during the transit that may lead one to underestimate
the true transit depth. Thus, for transit-depth measurements ob-
tained at different epochs, such as our own, it is possible that the

12 There is no reason to expect we ever observe a hemisphere of the star free
of spots altogether, and indeed the analysis of Carter et al. (2011) and Berta
et al. (2010) suggests we very well may not, which would lead to larger
transit-depth differences from epoch to epoch. Exact analytical expressions are
available in Carter et al. (2011).
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Projeto de Pesquisa! Eder Martioli

Laboratório de Pesquisas em Exoplanetas



WIRCam Staring Mode photometry

Croll et al. 2010

Photometric 
precision 
~0.02%

http://inspirehep.net/author/profile/Croll%2C%20Bryce?recid=857170&ln=en
http://inspirehep.net/author/profile/Croll%2C%20Bryce?recid=857170&ln=en


AOB:  The CFHT Adaptive 
Optics Bonnette

(only offered in classical mode)

• IR imager with AO

• CCD HAWAII IR 2K x 2K pixels. 0.03 or 0.06 arcsec/pixel

• FoV of ~1.5 arcmin

• Input/Output F ratios 8 / 19.6

• For seeing~0.65”, AOB provides Strehl ratios of
0.27 in J, 0.41 in H, and 0.56 in K.

• Strehl ratio is attenuated in 50% for guiding stars of J>14.3, 
H>15.0, and K>15.7.



0.5”



ESPaDOnS

• High resolution spectro-polarimeter

• Coverage: 370 nm a 1050 nm

• 3 modes: 
(1) Star-only  R=80K  
(2) Star+Sky  R=65K  
(3) Polar  R=65K  Stokes V, U, Q

• RV precision ~ 150 m/s

• Lim  V < 17 mag

• Max. exptime = 2400 s



ESPaDOnS Data

• 2k x 4k single extension FITS image

• Reduction Software: Upena/Libre-Esprit 
or OPERA

• Extracted 1D wavelength-calibrated 
spectra



Raw Data Reduced Data
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ESPaDOnS Science
• Magnetic Protostars and Planets (MaPP)

PI: Donati

• Magnetism in Massive Stars (MiMeS)
PI: Wade

Donati, J.-F., et al.  2006, MNRAS.

Tau Sco



Venus Express
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Manual guiding using ESPaDOnS' guide camera 
allowed monitoring of instantaneous cloud top 
winds  (z ~ 70km) at ESPaDOnS' spatial 
resolution of 1.6 arcsec projected on Venus 

Objective : Monitor the instantaneous variations of cloud top winds (z 
~70km)

Method : Doppler shift of solar Frauhofer lines in light scattered by cloud 
particles in motion - data used to constrain global circulation models

First evidence of a meridional flow at cloud tops observed from Earth
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Rapid variations of wind velocity reflect 
strong dependency with latitude and local 

time
Machado et al., 2014

Th
om

as
W

id
em

an
n

Ground-based measurements overlap 
analysis based on a different technique 

using  VIRTIS-M on ESA's Venus Express. 



ESPaDOnS Science Highlights
Fingerprinting the formation of giant planets

Maia, M. T., Meléndez, J., and Ramírez, I.

Marcelo Tucci Maia et al. 2014 ApJ 790 L25

Difference in chemical composition between the stars 16 Cyg A and 16 
Cyg B, versus the condensation temperature of the elements in the 
proto-planetary nebula.



CFHT Proposals

Deadline to submit proposals for 2015A: 
Sep 21 2014

Northstar (Phase I):
 http://www.cfht.hawaii.edu/en/science/Proposals/

http://www.cfht.hawaii.edu/en/science/Proposals/
http://www.cfht.hawaii.edu/en/science/Proposals/


New instrumentation
• MegaCam new filter set

• SITELE - optical michelson spectral imager 
with FoV~12’

• GRACES (Gemini not CFHT!)

• SPIRou - high resolution infrared 
spectropolarimeter - VR precision of ~ 1 m/s 
(under construction)



MegaCam New Filters

All 10 filters on order now from a pair of 
companies

Two companies chosen to “spread risk” 
and match unique expertise with 
technical challenges of filters (u-band 
filter is non-trivial to make)

Substrates delivered to filter vendors and 
we anticipate first filter to arrive this 
summer, all filters to arrive by end of 2014



Broad band filters



Narrow band filters



Sitelle
Imaging Fourier Transform 

Spectrometer

 Imaging Fourier Transform 
Spectrometer
Based on SpIOMM (Mont 

Mégantic) but with 
improved transmission and 
modulation efficiency at 
short wavelengths

Intended to study the 
structure and kinematics of 
emission line sources 
(nebulae, galaxies, clusters)

 Wavelength range: ~350-970 
nm; resolution >6.4 cm-1

 Field of view: 11x11 arcmin
Square FOV uses 2048 x 

2048 pixel CCD (0.32’’ per 
pixel)

 Filter wheel supports up to 5 
optical filters to determine band 
pass of each scan

 Built-in calibration sources





One spectrum for every pixel!

NGC 5055, SpIOMM (Observatoire du Mont Mégantic)
Laurie Rousseau-Nepton



Science with Sitelle

http://www.craq-astro.ca/sitelle/talk.php

http://www.craq-astro.ca/sitelle/talk.php
http://www.craq-astro.ca/sitelle/talk.php


Gemini Remote Access to 
CFHT ESPaDOnS Spectrograph

GRACES



Design Overview

ESPaDOnS

270 m fiber link
Injection

Calibration
Guiding
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Raw Images
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Gemini Telescope
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Data Reduction 
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The injection module

 
 

 
 

 

2. GRACES COMPONENTS 
GRACES consists of three components: 1) an injection module sending the light from the Gemini telescope into the 
GRACES fibers, 2) two 270m-long GRACES fibers and 3) a receiver unit responsible for injecting the light from the 
fibers into the ESPaDOnS spectrograph at the Canada-France-Hawaii Telescope (CFHT). A complete description of the 
GRACES components was already presented in previous SPIE proceedings3. This section describes how the components 
performed during the acceptance test (achieved in the NRC-Herzberg optical lab from 3 to 7 Mar, 2014) and during the 
on-sky commissioning (in April-May, 2014). 
 
2.1 The injection module  

 

 

 

 

 

 

 

 

 

Figure 1. a) The injection module in its cassette during alignment. b) CAD model of the module showing the pickoff mirror, 
the injection lenses, the fibers and the cassette. c) The cassette installed into GMOS, next to the GMOS masks holders. d) 
Shadow image of the injection module taken with GMOS in imaging mode when a bright star was centered on one fiber (the 
position where the target has to be centered is marked by a red circle). We can see the silhouette of the mask containing the 
fiducial holes that were used to calibrate the acquisition of the target during on-sky commissioning. 

The injection module consists of a pickoff mirror directing the light beam coming from the telescope into the lenses that 
feed the fibers (see Figure 1a and b). It is mounted on a cassette that is installed into the Gemini Multi-Object 
Spectrograph (GMOS)4. That cassette is a slightly modified version of the one that was used for the decommissioned 
Gemini instrument named bench-Mounted High-Resolution Spectrograph (bHROS)5, and is installed into the rack that 
usually holds the GMOS Integral Field Unit (see Figure 1c). The whole module keeps its alignment within 0.05 arcsec 
when it is exposed to temperature variations between +10°C and −10°C. It also stays aligned when the fibers are 
disconnected and reconnected to the module and when the cassette is submitted to flexures. Once installed into GMOS, 
the cassette can be moved in and out the beam repeatedly within 0.01 arcsec. Flexures in the cassette can be as big as 
0.14 arcsec at low telescope elevation. However, since a correction is applied using a model of the GMOS flexure 
observations on-sky, the accuracy target acquisition procedure placing the target into the GRACES science fiber (see 
Section 3.3) is lower than 0.07 arcsec 95% of the time, with a maximum of 0.12 arcsec at elevations lower than 30°. 

2.2 The 270m long fibers 

A complete description of the GRACES fibers (built by FiberTech Optica, http://fibertech-optica.com, in collaboration 
with NRC Herzberg) and their performances are shown in the SPIE paper presented into these proceedings6. In 
summary, there are two fibers, one that is used on the target (the science fiber, or fiber#2), and another one that is used 
on a “source-less” region (the sky fiber, or fiber#1) for sky correction when the two-fiber mode is used (see more details 
about observing modes in Section 2.3). The fibers transmittance is higher than 80% at wavelengths redder than 750nm, 
and their focal ratio degradation (FRD) numbers are < 14%. 

The fibers were installed into the OHANA conduit (Figure 2) running between the CFHT dome to the Gemini one on 24 
April, 2014 (watch the movie of the fiber installation at https://www.youtube.com/watch?v=Th-AW60puf8). The FRD 
numbers measured before and after the installation are comparable, indicating that the installation was successful. Both 
ends were carefully handled to prevent any twist and curl along the way. On the CFHT end, the fiber was routed for half 
a dozen meters down to the spectrograph. On the Gemini end, about 70m of fiber were routed across the first floor, then 
up the telescope pier to the telescope on the fifth floor (see Figure 3). 
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Figure 2. Different perspectives showing the OHANA conduit between CFHT and Gemini.  

 

 

 

 

 

 

 

 

 

Figure 3. a) Protection of the fiber connectors at the end of the fibers during the 
fiber-pull through the OHANA conduit. b) The GRACES fibers falling from the 
telescope through the platform and c) down the telescope pier. d) The fiber spooled 
and stored down the pier when GRACES is not used. 

2.3 The receiver unit 

The receiver unit is the only GRACES component with moving parts controlled by a Galil 4183 servo controller. 
Installed onto a bridge inside the ESPaDOnS spectrograph (see Figure 4a), it contains a bench holding the optics, an 
image slicer, a dekker blocking “unwanted” light from the slicer, a shutter and a pickoff mirror sending the light to the 
spectrograph. The bench can rotate to switch between two slicing modes. One mode slices the image of the two fibers 
into two parts each (see Figure 4d). That mode is used when the sky is observed simultaneously with the target and 
delivers the smallest resolution power offered by GRACES. That mode can be called the “two-slice” mode (this name 
describes how many times the fiber images are sliced), but can also be referred to as the “two-fiber” mode (as the two 
fibers are used) or the “star+sky” mode (the most descriptive name for astronomers, as it describes better what kind of 
data it provides). The other mode slices the image of the fiber#2 (or science fiber) in four (see Figure 4e). That mode is 
called the “four-slice” mode, or “one-fiber” mode, or “star only” mode. All the stages can move back and forward 
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between the two positions repeatedly without loosing any of the slicing performance in the two modes. It suffers from 
some stray light pollution, but that can be fixed with a better enclosure. Note that the original ESPaDOnS cannot be used 
when the receiver unit is installed into the spectrograph, as the latter is too big. For the experimental phase, we used a 
temporary set-up to block room light.  

 
Figure 4. a) The receiver unit installed into ESPaDOnS. b) CAD model of the receiver unit installed onto its bridge. c) The 
receiver unit stored into its box as when GRACES is not used. d) and e) Sliced image of the fiber(s) in the two- and the 
four-slice modes, respectively. 

2.4 The spectrograph and the detector 

A complete description of the ESPaDOnS spectrograph is available in a previous SPIE paper1. If GRACES has its own 
fibers, image slicer and dekker, it uses all the rest of ESPaDOnS’ optics. In the experimental phase of GRACES, it is not 
yet possible to control ESPaDOnS’ parts remotely from Gemini, except for the detector. When GRACES observations 
are taken, the observer can determine the exposure time, the type of observation (Bias, Dark, Flat or Object) and the read 
mode (Fast, Normal, or Slow). The Fast read mode is used for some calibrations and bright targets, and the Slow one for 
the faintest targets. The Table 1 gives the readout time, the read noise and the gain for each read mode. 

Table 1. ESPaDOnS’ detector read modes. 

Read mode Read time 
(s) 

Read noise 
(e−) 

Gain 
(e− per ADU) 

Fast 32 4.7 1.6 

Normal 38 4.2 1.3 

Slow 60 2.9 1.2 

 
 

3. GRACES OPERATION 
GRACES operation demands lots of coordination between the CFHT and the Gemini observatories. If GRACES 
components can all be controlled from the Gemini control room, none of the ESPaDOnS’ components can be move from 
anywhere but CFHT. Therefore, many tasks need to be scheduled considering both telescopes schedules and 
availabilities. Thanks to the very collaborative spirit of all the teams involved, this could be done quite smoothly during 
GRACES experimental phase. Here are some details about the different aspects of GRACES operation. 

3.1 Components control 

Communication to GRACES is done via Unix sockets and HTTP. GRACES could run on any Linux workstation in 
Gemini, but for security reasons, it is limited to run from a single Linux machine. The current implementation of the 
software is a proof of concept that lacks some of the features found in a full facility instrument. Even then, the software 
can control all the instrument mechanisms, retrieve data and status information, which is the minimum required to carry 
out observations at night. The GRACES mechanisms/devices that can be controlled from Gemini are the bench rotation, 
the image slicer and the dekker position. There are two commands used to take an exposure, i.e. “start exposure” 
(observe) and “abort exposure”. No pause, resume or stop commands are provided by ESPaDOnS. 
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Instrument Configuration ESPaDOnSESPaDOnS GRACESGRACES

Mode star star/sky star star/sky

focal ratio f/8 f/8 f/16 f/16

number of slices 6 3 4 2

number of fibers 1 2 1 2

fiber size (μm) 100 100 165 165

fiber length (m) 36 36 270 270

resolution 80,000 65,000 55,000 33,000

aperture size 
(arcsec) 1.6 1.6 1.2 1.2

GRACES vs. ESPaDOnS



Optical Transmission Changes
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GRACES Operation

•  ESPaDOnS will be available for Gemini whenever it is not being 
used by CFHT for either observations, maintenance, or other 
servicing periods.   

• CFHT night time usage will be scheduled in blocks of time on a 
semester basis, though the maintenance needs of the instrument 
may occur at any time.
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4. DATA FORMAT AND EXTRACTION 
4.1 Calibrations 

The minimum required (and recommended) calibration frames are: 

- 5 (20) flat-field (quartz halogen lamp) exposures; 

- 1 (3) arc (Th-Ar lamp) exposure; 

- 1 (3) bias exposure. 

The flat-field images and ThAr arc lamps were taken using the light coming from GCAL through the fiber. In order to 
optimize the flux in the blue portion of the spectra without saturating the red side, we used the GMOS balance filter. 
Typical exposures for both flat-fields and arc lamps were 150 seconds. 

   
Figure 6. Sample of ThAr spectra (up) and flat field images (down) obtained in the two- (left) and four-slice modes (right). Note 
how clearly the sliced images can be seen on the ThAr emission lines. 

4.2 Raw spectra 

Figure 7 shows the raw 2D spectrum of GRACES first light, when the A3 star HIP57258 (V=9.00 mag) was observed on 
May 6, 2014. We see that is covers the optical band from ~405 nm to ~1.03 µm (i.e. from order 58 to order 22), however 
the spectrum gets very dim bluer than 420 nm. The spectrum is continuous (gap-less) until 922.5 nm, and small 1-2 nm 
gaps appear between the last 3 orders. 

 
Figure 7. Raw 2D spectrum of the A3 star HIP 57258, also the GRACES first light! 

Source: A-N Chene et al. SPIE 2014 paper
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4.3 Data reduction 

For the GRACES data reduction, two different approaches were used: (i) standard IRAF1 tasks, using the echelle 
package; and (ii) the OPERA pipeline7, modified to process GRACES data files. Both results were comparable, and we 
will only describe the steps of the reduction sing OPERA in this section, as the IRAF reduction was essentially done 
following the standard steps from Daryl Willmarth’s cookbook8. Moreover, OPERA is more appropriate for GRACES 
data, as it provides a better spectral resolution and an optimal extraction. 

 

The reduction with OPERA starts by producing the lists of calibration and object raw files that will be used in the 
reduction. Then OPERA executes two steps: (1) Calibration and (2) Reduction. Each of these steps is summarized as 
follow. 

1. Calibration - executes the following 6 steps: 

a. Master combining: median combines several calibration images of the same type (bias, flat, or arc) into a single 
master calibration frame. 

b. Gain and Noise: measure CCD gain and noise using on a set of flat-field and bias exposures. As an example, for data 
obtained on 2014-05-06 the measured gain was 1.68±0.02 e−/ADU and the noise was 5.51 e−, with a bias level of 490 
ADU in Fast readout mode. Nominal gain and noise values for ESPaDOnS in Fast readout mode are 1.5 e−/ADU and 
4.7 e−, respectively.  

 
Figure 8. Left panel shows a section of a flat-field frame in Star-Only (4-slice) mode, showing a few orders in the far red. Right 
panel shows the same section of a flat-field frame in Star+Sky (2-slice) mode.  

 
Figure 9. Top panels show measurements of the instrument profile for orders 35 and 36, where left panel is in Star-Only mode 
and right panel is Star+Sky mode. Bottom panels show the same measurements with aperture sub-pixels masked out.  

                                                
1 IRAF (http://iraf.noao.edu) is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for 
Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation. 
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Source: A-N Chene et al. SPIE 2014 paper
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GRACES First Light Tests
(May 6, 2014)

Source: A-N Chene et al. SPIE 2014 paper
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c. Geometry: detect and enumerate spectral orders, then calculate a polynomial function that models the center path of 
each order on the detector. This step was particularly challenging for GRACES because the orders start with an order 
separation of about 65 pixels (bluest) and it decreases down to 30 pixels for reddest orders. The spatial profile also 
spans about 30 pixels, which makes it difficult to distinguish adjacent orders as their separation gets smaller. For 
Star+Sky mode it becomes even more critical since the separation between adjacent orders is smaller than the 
separation between fibers (see Figure 8). This confuses the automatic identification of red orders. OPERA handles 
well this situation by making use of an empirical model for order separations and by matching order positions using a 
cross-correlation with the spatial profile.  

d. Instrument Profile: this step performs measurements of a two-dimensional oversampled instrument profile as a 
function of image coordinates. GRACES presents very interesting profiles given by the irregular shape of the pseudo-
slit, which is produced by the slicer. Figure 9 presents measurements of the instrument profile of GRACES for orders 
35 and 36 (central wavelength at 648 nm and 630 nm, respectively) for both instrument modes as indicated in the 
figure. 

e. Aperture: this step performs measurements of the tilt angle of a rectangular aperture for extraction. It uses the 
instrument profile to measure the tilt angle that maximizes the flux fraction inside the aperture. The calibrated 
aperture is aligned with the monochromatic image of the pseudo-slit, allowing unbiased flux measurements of each 
spectral element. Bottom panels in Figure 9 show the instrument profiles with the measured extraction apertures 
masked out. The average tilt measured for Star-only mode is −2.64±0.07 degrees and for Star+Sky mode is -
1.63±0.04 degrees.  

 

Figure 10. Left panels show measurements of the RMS (in red) and median (in green) residual wavelength of matched spectral 
lines, where top panel is Star-Only mode and bottom panel is Star+Sky mode. Right panels show measurements of spectral 
resolution where the dashed line is the average of all orders. 
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f. Wavelength calibration: this step performs a standard pixel-to-wavelength calibration, where it first detects spectral 
lines from a ThAr comparison extracted spectrum and compares these lines with known atlas data to create a 
calibration polynomial solution for each order. Left panels in Figure 10 show the RMS and median residual between 
central wavelength measured for each line and the wavelength given in the atlas. This represents an estimate for the 
wavelength precision in nm. Right panels in Figure 10 show the spectral resolution, where the mean value for Star-
only mode is R=65768±406 and for Star+Sky mode is R=41161±209. 

 

2. Reduction  

a. Extraction: this is the main step of OPERA reduction, where it extracts 
the flux spectra of object frames using the calibration quantities measured in 
the previous steps. It applies the Optimal Extraction algorithm of K. Horne 
(1986)9 adapted for tilted apertures.  
b. Flat-fielding (fringing correction): the relatively high levels of electronic 
fringing in the red part of GRACES spectrum (lower orders) can be 
successfully corrected by dividing the object spectrum by a flat-field 
extracted spectrum, where both should be reduced using the same 
calibrations. 

 

Figure 11. Extracted spectrum around Hα 
and Hγ of HIP57258. 

 

5. GRACES PERFORMANCE 
5.1 Resolution 

 
Figure 12. Resolution power derived from a ThAr raw spectrum as a function of wavelength for the two- (lower) and the four-
slice mode (upper). 
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Figure 13. S/N reached for a flat spectrum of different magnitudes after a 1h exposure in the two- (left) and the four-slice mode 
(right). 

 

 
Figure 14. Up: Total flux of the Feige66 extracted spectrum in the two- (left) and the four-slice mode (right) after a 1h exposure. 
Upper middle: Noise after a 1h exposure in both modes. Lower middle: GRACES sensitivity, defined as the magnitude of a target 
giving a S/N~1 after a 1h exposure. Bottom: GRACES throughput (corrected for the atmosphere extinction). 

5.3 Other performances 

Spectra of faint targets, of spectrophotometric standards observed at different air masses and of short-period binaries 
were also observed to assess the on-sky GRACES sensitivity and its accuracy in radial velocity, as well as verifying how 
it is affected by atmospheric differential refraction. All those results will be presented on the GRACES webpage 
(http://www.gemini.edu/sciops/future-instrumentation?q=node/12131) in a near future. 
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Figure 13. S/N reached for a flat spectrum of different magnitudes after a 1h exposure in the two- (left) and the four-slice mode 
(right). 

 

 
Figure 14. Up: Total flux of the Feige66 extracted spectrum in the two- (left) and the four-slice mode (right) after a 1h exposure. 
Upper middle: Noise after a 1h exposure in both modes. Lower middle: GRACES sensitivity, defined as the magnitude of a target 
giving a S/N~1 after a 1h exposure. Bottom: GRACES throughput (corrected for the atmosphere extinction). 

5.3 Other performances 

Spectra of faint targets, of spectrophotometric standards observed at different air masses and of short-period binaries 
were also observed to assess the on-sky GRACES sensitivity and its accuracy in radial velocity, as well as verifying how 
it is affected by atmospheric differential refraction. All those results will be presented on the GRACES webpage 
(http://www.gemini.edu/sciops/future-instrumentation?q=node/12131) in a near future. 
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Source: A-N Chene et al. SPIE 2014 paper



Conclusion

Experimental phase is complete with 
great success.

Performances comparable to other 
instruments on 6-10m telescopes.



Important Notes

Possibile call for System Verification programs during 
2014B - stay tuned!

GRACES is an experiment and a future decision about 
providing GRACES to the community depends on a long 

term agreement to share this facility between CFHT 
and Gemini.

The Instrument Scientist for GRACES is André-Nicolas Chené. 
Gemini staff who also supports GRACES include Vinicius Placco



Thanks


