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LENS center PLATE center LENS center-PLATE center 

x [m] y [m] z [m] x [m] y [m] z [m] !x [m] !y [m] !z [m] 

g axial 

(z positive) 

!T21 1,327E-04 -8,690E-08 1,034E-04 1,328E-04 -2,946E-08 7,294E-05 -4,420E-08 -5,743E-08 3,051E-05 

!T10 6,335E-05 -8,443E-08 5,016E-05 6,339E-05 -2,748E-08 3,563E-05 -4,117E-08 -5,695E-08 1,453E-05 

!T5 3,182E-05 -8,331E-08 2,593E-05 3,186E-05 -2,658E-08 1,867E-05 -3,982E-08 -5,673E-08 7,263E-06 

g radial 

(x positive) 

!T21 1,386E-04 -5,120E-09 1,022E-04 1,385E-04 -4,520E-09 7,169E-05 9,350E-08 -6,003E-10 3,051E-05 

!T10 6,919E-05 -2,652E-09 4,891E-05 6,909E-05 -2,537E-09 3,438E-05 9,646E-08 -1,149E-10 1,453E-05 

!T5 3,766E-05 -1,530E-09 2,468E-05 3,756E-05 -1,636E-09 1,742E-05 9,781E-08 1,057E-10 7,264E-06 
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LENS center PLATE center LENS center-PLATE center 

x [m] y [m] z [m] x [m] y [m] z [m] !x [m] !y [m] !z [m] 
g axial 

(Z positive) 

St52 1,327E-04 -8,690E-08 1,034E-04 1,328E-04 -2,946E-08 7,294E-05 -4,420E-08 -5,743E-08 3,051E-05 
Al7075 

2,451E-04 -2,491E-07 1,912E-04 2,453E-04 -8,217E-08 1,337E-04 -1,218E-07 -1,670E-07 5,747E-05 
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Abstract 

García-Vargas, M.L.1; Sánchez-Blanco, E.1; Carrasco, E.2 ; Pérez-Calpena, A.1; Maldonado, M.1; Páez, G.3, Heidt G.4; Gil de Paz, A.5; Gallego, J.5; 
Vílchez, J.M.6; Iglesias, J.6; Sánchez, F.M.7 & MEGARA Team 

 1FRACTAL SLNE (Madrid, Spain), 2INAOE (Puebla, México), 3CIO (Guanajuato, México), 4Wasatch Photonics (Utah, USA), 5UCM (Madrid, Spain), 
6IAA (Granada, Spain),  7UPM (Madrid, Spain),  
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We summarizes the main aspects of the optics detailed design for MEGARA spectrograph. The spectrograph is a fully refractive 
system composed by a Pseudo-slit, where the fibers are placed like in a long slit and that it is mounted on a focusing mechanism; 
the Collimator, 1 singlet and two doublets; a set of 18 large and high-performance VPH-gratings at the 160mm Ø pupil position (11 
of them being mounted simultaneously in the instrument); the Camera (two doublets and 3 singlets), with the last lens being the 
cryostat window; and the 4k x 4k Detector. The shutter and the order sorting filters, placed inside the collimator barrel, complete 
the optical system. MEGARA passed the Optics Detailed Design Review in May 2013, some of the blanks have been already 
ordered, and the Optics manufacturing phase has already started at INAOE and CIO in México.  

Main optics: Collimator and Camera 

Master CAM-D4; !=220 mm 

Collimator Optical Elements 

Element Material  R1 (mm)  R2 (mm)  Central 
Thick. (mm)  

Blank ! 
(mm)  

COLL-S1 PBM2Y     -91.0 (x)  -113.3  35.0  160.0  

COLL-D2 PBM2Y  flat  -728.1 35.0 277.0  

COLL-D3 BSM51Y  -   728.1  -398.8  35.0  277.0  

COLL-D4 PBM8Y  +1259.9 +344.5 25.0  265.0  

COLL-D5 CaF2     +344.5  -542.5  45.0  255.0  

Camera Optical Elements 

Element Material  R1 (mm)  R2 (mm)  Central Thick. 
(mm)  

Blank ! 
(mm)  

CAM D-1 CaF2 +435.9  -231.7  60.0  241.0  

CAM D-2 BSM51Y -231.7  Flat  25.0  245.0  

CAM D-3 BAL15Y +269.2 +145.1 25.0  245.0  

CAM D-4 CaF2 +145.1 Flat  60.0  225.0  

  CAM S-5 CaF2 +156  -1143  62.0  225.0  

  CAM S-6 S-LAH55V +176.4  365.8  40.0 145.0  

  CAM S-7 S-NBH8 -162.5  219.5 30.0  115.0  

Optical Layout of MEGARA spectrograph 

S-LAH55V 

BAL15Y/CaF2 

VPH Name Setup RFWHM "1-"2 (Å) #c (Å) $" (@ "c), Å 
$v 

km/s 
lin res 
Å/pix 

VPH405-LR     LR-U   6028 3653 – 4386 4051 0.672 50 0.17 

VPH480-LR     LR-B   6059 4332 – 5196 4800 0.792 49 0.20 

VPH570-LR     LR-V   6080 5143 – 6164 5695 0.937 49 0.23 

VPH675-LR     LR-R   6099 6094 – 7300 6747 1.106 49 0.28 

VPH799-LR     LR-I   6110 7220 – 8646 7991 1.308 49 0.33 

VPH890-LR     LR-Z   6117 8043 – 9630 8900 1.455 49 0.36 

VPH410-MR     MR-U 12602 3917 – 4277 4104 0.326 24 0.08 

VPH443-MR     MR-UB 12370 4225 – 4621 4431 0.358 24 0.09 

VPH481-MR     MR-B 12178 4586 – 5024 4814 0.395 25 0.10 

VPH521-MR     MR-G 12035 4963 – 5443 5213 0.433 25 0.11 

VPH567-MR     MR-V 11916 5393 – 5919 5667 0.476 25 0.11 

VPH617-MR     MR-VR 11825 5869 – 6447 6170 0.522 25 0.13 

VPH656-MR     MR-R 11768 6241 – 6859 6563 0.558 25 0.14 

VPH712-MR     MR-RI 11707 6764 – 7437 7115 0.608 26 0.15 

VPH777-MR     MR-I 11654 7382 – 8120 7767 0.666 26 0.17 

VPH926-MR     MR-Z 11638 8800 – 9686 9262 0.796 26 0.20 

VPH665-HR     HR-R 18700 6445 – 6837 6646 0.355 16 0.09 

VPH863-HR     HR-I 18701 8372 - 8882 8634 0.462 16 0.12 

Model of R=5,500 type grating. The VPH 
hologram is sandwiched between two flat 
Fused Silica windows. INAOE will include 
specific coatings designed for each grating. 

Model of an R(EED80) = 10,000 type grating and 
20,000 type grating. The VPH hologram is 
sandwiched between two Fused Silica windows 
that are glued (with RTV141 silicon) to 2 prisms 
made of PBM2Y. INAOE will include specific 
coatings designed for each grating. 

Diffraction Efficiency (by Wasatch) for VPH863-HR 

ITEM ! ("m) 
MR-B 

# ("m 
LR-Z 

# ("m) 
LR-U 

Comment 

Nominal performance   8.50  9.81* 8.20* Nominal design in one 
representative mode  

Collimator  fabrication (lens 
thickness, wedge, surface 
irregularity, curvature) 

2.26  2.03  1.86  200 (PDR) and 1000 Monte 
Carlo runs in normal 
distribution, respectively. 

Camera  fabrication (lens 
thickness, wedge, surface 
irregularity, curvature) 

2.96 4.79 4.74 200 (PDR) and 1000 Monte 
Carlo runs in normal 
distribution, respectively. 

Collimator AIV (axial and 
lateral decentration, tilts). 

1.95 2.08 1.99 200 (PDR) and 1000 Monte 
Carlo runs in normal 
distribution, respectively. 

Camera AIV (axial and lateral 
decentration, tilts).  

3.10 3.98 3.11 200 (PDR) and 1000 Monte 
Carlo runs in normal 
distribution, respectively. 

Uncompensated 3.60 2.18 3.02 200 (PDR) and 1000 Monte 
Carlo runs in normal 
distribution, respectively. 

Thermal  2.10 2.10 2.10 Worst case. Analytical model      

Glass homogeneity  3.60 3.60 3.60 Analytical model 

Pupil elements 5.00  5.00 5.00  Allocated Estimation 

Detector Flatness  1.32 1.32 1.32 Considering flatness ± 5 µm 

Pseudo-slit curvature 3.20 3.20  3.20  

Atmospheric Effect 0.14 0.14 0.14 
Performance Difference 
between 0.77 and 1at 

TOTAL  (rms squared) 12.92 14.23 13.05 Target value: 19.22  

Predicted values for the different Image Quality EB 
contributors at the time of optical CDR. 

MEGARA gratings: scientific requirements 

All the interferograms for final tests at the level of the collimator 
and camera have been simulated. The figure shows a nominal 
interferogram for central field (0º AOI), tilt/piston removed. The 
lower figure is the OPD plot. 

Cryostat 

Camera 

Collimator 

CCD Controller 

VPH on wheel 

VPH on pupil 

Pseudo-slit sub-system 

Image Quality Error Budget Summary 

Pupil Elements 
Image Quality Analysis 

Design Layout 

LR MR/HR 

The Optical CDR package has included all the analyses needed to proceed with MEGARA Optics fabrication. This includes the thermal 
analysis, ghost analysis, complete image quality evaluation; image stability, image quality and throughput error budgets and the 
production of the complete set of manufacturing drawings. 

A complete ghost analysis for each pupil element has been carried out 
taken into account all relevant bounces among collimator, camera, 
detector and pupil elements. The baffle positions of all opto-mechanical 
elements have been set up. The figure shows the model for a MR grating. 
The ghost analysis including a 3 arcmin wedge window. The resulting 
ghost/image ratios are lower than 5x 10-5. 

We have carried out a complete thermal analysis for collimator 
and camera separately to guarantee the optical performance 
between -4ºC to +20ºC (nominal range is -2ºC to +19ºC). The 
results have fed the opto-mechanical design. We have derived 
the image stability for each grating by measuring the change in 
the centroids position on the detector between  -4º and 20ºC as 
shown in figure. This model contains collimator and camera 
changes (ROC), dn/dt, thickness and camera athermalization 
and grating effects.  

       CENY(-4º) - CENY(20º) (mm) 
1A/2A/3A  1B/2B/3B  1C/2C /3C 
     -2    -2    -2 
     -3    -3    -3 
     -3    -3    -3 

Ghost Analysis 

Thermal Analysis 

The main conclusion has been 
the introduction of a flat 
window between the prism 
and the hologram for MR and 
HR gratings. 

Throughput Analysis 

We have carried out a detailed throughput 
Error Budget for each MEGARA set-up. 

Total throughput provided by MEGARA for the LCB 
and MOS modes evaluated at the different gratings. 

Gravitational displacements analysis 

Gravitational displacements. Camera-cryostat assembly 

From left to right. Non-tilted camera (no mechanical 
deformation), LN2 empty and LN2 full. Circle is the fiber 
size. Each spot contains its centroid coordinates in x,y.  

As expected, gravity deformation 
does not introduce degradation 
in image quality. The LN2 change 
does not introduce any relevant 
change in the centroids that 
might affect the instrument 
performance.  
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CCD head 

Pressure  and LN2  
filling components 

Radiation 
entrance to  CCD 

Camera and internal optics 

Cryostat assembly 

Conceptual flange support 
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We illustrate  the optics manufacturing process for MEGARA the next optical Integral Field Unit (IFU) and Multi-Object Spectrograph 
(MOS) for the 10.4-m Gran Telescopio Canarias (GTC). INAOE is part of MEGARA Consortium and it is in charge of the Optics 
Manufacturing work package. MEGARA passed the Optics Detailed Design Review in May 2013, and some of the blanks have been 
already ordered, being in the point of starting the Optics manufacturing phase. Except for the optical fibers and microlenses 
(manufactured in Europe), the complete MEGARA optical system will be manufactured in Mexico, between the workshops of INAOE 
and CIO. This implies a field lens, a 5-lenses collimator, a 7-lenses camera and a complete set of VPHs with 36 flat windows and 24 
prisms, being all these elements very large and complex. Additionally, the optical tests and the complete assembly of the camera 
and collimator subsystems will be carried out in Mexico.    
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Main optics 

Figure1. Collimator layout (top) 
and main parameters (bottom). 
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Dummy of a VPH window @ CIO 
 (210 mm  x 190  mm) 

Dummy of COLL-S1 (aspheric) 
Diameter: 155mm 

Diameter: 272mm 

Testing by zones of a flat and a cx 
surfaces. Diameter:  272 mm 

Master COLL-D4; !=260 mm 

Master CAM-D4; !=220 mm 

End of main optics:       
Sep-2014    
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A CCD test-bench has been built at the UCM LICA laboratory. It is initially intended for the 
characterization of the MEGARA instrument but can be considered as a general purpose 
scientific CCD test-bench. The test-bench uses an incandescent broad-band light source 
in combination with a monochromator and two filter wheels to provide programmable 
narrow-band illumination across the visible band. Light from the monochromator can be 
directed to an integrating sphere for flat-field measurements or sent via a small aperture 
directly onto the CCD under test for high accuracy diode-mode quantum efficiency 
measurements. Point spread function measurements can also be performed by 
interposing additional optics between sphere and the CCD under test.  

The whole system is under LabView control via a clickable GUI. Automated measurement 
scans of quantum efficiency (QE) can be performed requiring only that the user replace 
the CCD under test with a calibrated photodiode after each measurement run. A 20cm 
diameter cryostat with a 10cm window and Brooks Polycold PCC closed-cycle cooler also 
form part of the test-bench. This cryostat is large enough to accommodate almost all 
scientific CCD formats has initially been used to house an E2V CCD230 in order to fully 
prove the test-bench functionality. This device is read-out using an Astronomical Research 
Camera controller connected to the UKATC´s UCAM data acquisition system.  
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!  Fibers characterization 
Needed for MEGARA  
100 mini-bundles  
(with and without microlenses) 

!  Detector characterization 
for MEGARA detector and for 
the data acquisition system. 

!  Optical and alignment tools 
for mounting and characterizing 
MEGARA VPH gratings. 
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Control  Hardware  Overview

MOC

MEGARA-LCU
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Power 
Supply

Power 
Supply

Power 
Supply

MCT AC PANEL MCT

Pressure 
Controller

CCD 
Power

Temperature
 controller

Optical Bench

Connector
Panel

Fiber-MOS

Positioner 
Power

PT100

Positioners

The	  MEGARA	  hardware	  is	  divided	  into	  two	  physically	  sepa-‐
rated	  cabinets.	  	  The	  Control	  cabinet	  will	  gather	  all	  the	  inter-‐
faces	  to	  the	  GTC	  control	  system	  and	  the	  MEGARA	  logical	  con-‐
trollers.	  The	  Power	  Cabinet	  will	  gather	  all	  the	  power	  elec-‐

tronic,	  mainly	  DC	  motor	  drivers	  and	  power	  supplies.	  

Module	  used	  to	  opto-‐isolate	  the	  control	  cabinet	  hardware:	  

Module	  used	   to	   remotely	   switch	  ON	   /	  OFF	   the	   cabinets	  

Inspec-‐
tor	  

-‐

-‐

Software  Overview

All	  the	  classes	  inherit	  from	  the	  GCS	  Device	  superclass	  that	  embed:	  a	  state	  machine,	  an	  interface	  to	  the	  telescope	  alarms	  Man-‐
-‐

ers,	  to	  communicate	  with	  all	  the	  other	  Device	  components	  	  and	  to	  access	  classes’	  public	  methods	  from	  the	  Inspector	  GUI.

enable
disable

TemperatureCS

readInput
readAllInput

activeInput
PT100Interface

Open
Close
RemoteControl

ShutterCS

move
moveTo
stop
enable
getPosition
getLimits
setPosition
setFollowingError
getFollowingError
setSpeed
setSpeedMode
setDeceleration

MotorDriver

move
moveTo
moveToPosition

FocusCS

GotoSlit
SlitCS

Expose
AbortExposure
PauseResume

T

FocalCoverProfile

MEGARA CS

move
moveTo

CANId
busNumber
busSpeed

Positioner

setFollowingError()
...

CANOpenMotor

override

InterlocksCS

readInput
writeOutput

CANId
busNumber
busSpeed
InputsAddress
OutputsAddress
HeartbeatTimeout

Safety PLC

setJoggingSpeed()
...

Servostar

setPoint
hysteresisValue

portNumber
DetectorSensor
LN2TankSensor
GetterSensor
ExhaustSensor
setPoints
hysteresis

CCDTemperatureCS

portNumber
transducerAddress
TransducerBaudRate
setPoint
hysteresisValue
Direction
EnableSetPoint

CCDPressureCS

T

setExposureTime
setExposureNumber
SetBinning
SetReadoutSpeed
startExposure
startDark
startBias
startFlash
endExposure
pauseExposure
continueExposure

DAS CS

move
moveTo
stop

MotorTorque
CounterTorque

WheelCS

getName
getWheelPosition
getObservationPosition

name
wheelPosition
ObservationPosition

V

moveToSlot
moveToVPHName
insertVPHName
insertVPHAtSlot
InsertVPH
RemoveVPH

VPHNames

.

.
11

VPHCS

extend
retract
move
moveTo

HomingAtInit

ActuatorCS

parkCover
putCover

Cover1SetPosition
Cover2SetPosition

FocalPlaneCoverCS

move
moveTo

moveFiberMOS
parkFiberMOS
ExludePositioner
IncludePositioner

ActivePositioner
FiberMosCS

loadControllerFile
Command
SetBinning
UnsetBinning
openShutter
closeShutter
startExposure
stopExposure
stopClocking
startClocking

VMEAddressSpace
VMEStartAddress
physicalBaseAddress
VMEAddress
VMEInterruptLevel
VMEDPRAMAddress
minExposureTime

CCDController

System  Highlights

-‐

ented	   architecture	   provides,	  

-‐

to	   the	   low	   level	   hardware	   /	  

-‐

tronomer	  oriented	  access	  to	  

Inspector

MEGARA  Observing  Preparation  Suite

-‐

allows	  to	   	  generate	  the	  

Motor

Driver

Microcontroller

32  bits

Temp

sensor
EEPROM

CAN  Bus

transceiver

Timer Timer

I2C I2C

Motor  1  +  Encoder Motor  2  +  Hall  Sensor

Motor 2 
(6 mm )

Sensor 
Hall

Motor 1 
(10 mm )

Motor

Driver

Fiber  MOS

Fiber-MOS

Folded Cassegrain

MEGARA-LCU

Control

CAN

Actuator
Actuator

Actuator
Actuator

Actuator
Positioner

CAN bus
CAN bus + Power

Ethernet

PT100

PT100

PT100

PT100

PT100

PT100

PT100

ADAM 
6015

Positioners
Power supplies

2

-‐

MEGARA  Data  Factory  (MDF)

user	   has	   also	   the	   possibility	   to	   load	   and	   visualize	  

Data  Factory  Pipeline  (DFP)

Data  Reduction  Pipeline  (DRP)

Control  System

Abstract
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