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Change Record

Issue/Rev. Date Section/Parag. Reason/Initiation/Documents/Remarks
affected

79.1 29/08/06 all RSI,ASM: First release, issued for P79 Phase1
79.2 08/09/06 all ASM: Sec. 11, corrected wavelength table
79.3 20/12/06 all RSI, ASM, comments DMD
79.4 21/12/06 14,15 ASM, minor editorial corrections
80.1 05/03/07 0,1 ASM, corrected layout figure and description

3 added a web-link
6 corrected detector gain

added comments on a non-linearity correction method
minor updates and corrected typos

5 updated limiting mag. in noAO
8 added subsection on entrance window transmission

updated sensitivities
10 updated overheads
11 added 3 recommended DIT values, updated text
12 updated

80.2 12/03/07 0,8.1,10.3 corrected typos
7.2,14.2 added paragraph on gas-cell

and generic offsets template
80.3 20/03/07 15 corrected J band wavelength ranges
80.4 26/03/07 15 corrected missing entries in Table 4
80.5 07/05/07 1 corrected description

21/05/07 14.2 new observation template
05/06/07 7.2 added link to N2O line list; 1st results on RV accuracy
09/06/07 0,1,7.4 corrected slit length and slit viewer f-o-v
09/06/07 14.1.1 corrected typo in RA offset
09/06/07 12 daytime wavecal only for λ < 2400 nm
19/06/07 1.4,6.4 contact information, odd-even
19/06/07 8.4 add important note on intermediate slit
20/06/07 17,18 new section 17, update §18
20/06/07 11.1,14.1 added comments on ext. objects, moving targets
20/06/07 9.3 added comments on std stars
20/06/07 14.2 added gas cell P2PP parameter description
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81.1 31/08/07 8.4 updated
31/08/07 8.2 Added Fig. 28: comparison UVES vs CRIRES
31/08/07 10.3 Table 2 (overheads) updated
31/08/07 15 Slightly changed captions
01/09/07 6.4 Added links to method and reference frames
01/09/07 9.1 Added link to ETC
01/09/07 11.2.1 Added para.: choice of a SVGS in crowded field
01/09/07 8.2 Added para. on slit loss due to diff. refraction
01/09/07 11.4 Added requirement for fc
02/09/07 5, 7.5 Figures added (AO performance, resolving power)
02/09/07 11.5 Add a para. on airmass

81.2 19/11/07 11.2.4, 14.2, 14.2.5 Added SpectroAstrometry template
20/11/07 14.1.3 Change default value of SEQ.NGS.USELASTSKY to T
21/11/07 1.5 New section: NEWS
21/11/07 10.1 Added: specific comments for SM (telluric OBs)
22/11/07 14.2.4 Expanded description of generic offsets template
18/12/07 Table 1 Dark current values corrected
18/12/07 7.2 Changed comment regarding gas-cells
27/12/07 Tables 3a-4h Wavelength settings updated
27/12/07 §7.5, 8.4,9.1, 9.2.1 typos corrected
27/12/07 §9.2.3, 10.2, 11.1, 11.2.1 typos corrected
27/12/07 §11.2.4,10.1,13.1, 14.1, 5 typos corrected
27/12/07 §11.5.3, 5.1 clarified
27/12/07 §7.3, 5.2 updated
28/12/07 §5.1.2 AO star bright mag. limit updated

82.1 20/01/08 §7.2 updated available gas-cells
20/01/08 §20 added section
03/03/08 §7.1 updated: new configuration table
03/03/08 §8.4 updated
03/03/08 §11.8 numbering changed
03/03/08 §11.6 new sub-section on water vapor
03/03/08 §14.1.7 updated
03/03/08 §18 updated

82.2 19/06/08 §10.2 ETC updated: precipitable water vapor
19/06/08 Table 2 incl. overhead for derotator motion in spectroastrometry
19/06/08 §9.1,Fig.32 added a fig. with water vapor only transmission
23/06/08 §7.2 ThAr fibers, CO gas-cell and visitor gas-cells
23/06/08 §14.1.2 14.3.6 Updated for the use of CO gas-cell
23/06/08 §1.5 Updated
23/06/08 §2.1, 11.2.5 Updated for ThAr fiber
25/06/08 §12 calibration plan updated
25/06/08 §14.1.7 added note regarding slit width
25/06/08 §7.1 Added note: vacuum wavelength are used
25/06/08 §11.4 Added note regarding multiple stars
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83.1 29/08/08 Tab. 7a updated with CO gas-cell for order 24
29/08/08 §1.5 news updated
29/08/08 §20.1 checklist updated
29/08/08 §7.2.1 update on identification of ThAr lines
29/08/08 §7.4 added not regarding slit width

83.2 19/12/08 §7.2.2 radial-velocity measurements: added
19/12/08 §7.5 spectral resolution: updated
19/12/08 §6.5 linearity: added
19/12/08 §14.1.3 WFS last sky measurements: updated
19/12/08 §8.2 limitations due to differential refraction: removed
19/12/08 §1.3,11, 20.2 P2PP links: updated

84.1 04/03/09 §1.5 Section updated
04/03/09 §14.1 Note added
04/03/09 §7.1 Slit wider than 0.4′′should be avoided.
04/03/09 §7.2.2 Note added regarding radial velocity measurements
04/03/09 §11.3 New readout mode
04/03/09 Tab. 2 Overheads table updated
04/03/09 §11.1 Differential tracking

84.2 29/05/09 §1.5 Section updated
30/05/09 §5.1.3 Note added
30/05/09 §5.1 Max. distance AO star - science target corrected
30/05/09 §7.2.1 Updated with new ThAr atlas information
30/05/09 §7.4, Fig 24 F-o-v updated following the May09 intervention
15/06/09 §14 Added description of differential tracking

Added description of readout modes
17/06/09 §6, 11.3 Updated to take into account the new readout mode
17/06/09 §7.1 Updated to take into account the new configuration table
17/06/09 Tab 3a -6 Updated to take into account the new configuration table
17/06/09 §19 Differential tracking section added
17/06/09 §10.4 Differential chromatic effect section added
18/06/09 Tab 2 Overheads updated
01/07/09 §7.5 Section updated
01/07/09 §11.5 Section updated

85.1 31/08/09 §11.3 and 14.1.8 DIT setting: §reworded
31/08/09 §14.2 updated
31/08/09 §19.3 note added
31/08/09 §7.2.1 gas-cell: note added
31/08/09 §1.5 updated

85.2 31/08/09 §1.5 updated
25/12/09 §6.2 comment on detector glow
25/12/09 §7.2.2 updated with new RV refs
25/12/09 §7.5 resolving power reproducability section ammended
25/12/09 §8.2 UVES/CRIRES comparison updated
25/12/09 §11.3 and 14.1.8 DIT setting:§further updated
25/12/09 §14.3.2 FF parameters; updated advice for extended targets
25/12/09 §14.3.3 updated wavelength calibration section
25/12/09 §14.3.4 updated dark parameters
25/12/09 Table 15.1 tables of reference wavelengths updated with new

encoder values.
25/12/09 Figure 24 slit and science detector geometry figure changed
25/12/09 §19.3 updated differential tracking section
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86.1 26/02/10 Minor updates for P86 Phase I
26/02/10 §1.5 updated news
s6/02/10 §2.1 updated optics section
26/02/10 §7.1 updated wavelength settings section
26/02/10 §8.4 updated reproducability section
26/02/10 §7.2.2 updated with new RV refs
26/02/10 §7.5 updated spectral resolving power section
26/02/10 §8.2 note added about overheads
26/02/10 §10.1 note added about OBs over 1 hour needing waiver

86.2 24/06/10 §1.3 note added about order contamination for wide slits,
slit width variation and AO-related issues to be aware of

24/06/10 §1.5 news section updated to point at news webpage
24/06/10 §7.2.2 updated RV ref
24/06/10 §10.5 Notes for visiting astronomers updated

87.1 24/08/10 §1.3 Note that the entrance slit will likely be replaced
in future

24/08/10 §2.2 Temperature of detectors 27 K
24/08/10 §5.1.2 Typos
24/08/10 §7.5 Emphasise that slit width of <0.2” not possible.
24/08/10 §9.4 Comment about backup targets incse of high winds added
24/08/10 §10.2 Link added for Paranal PWV measuremants
24/08/10 §10.5 Figure showing order contamination added
24/08/10 §11.5.4 No AO in THK cloud for R<10.5 mag
24/08/10 §11.6 PWV measurement url added
24/08/10 §14.1.7 Typos

87.2 16/09/10 Fig. 24 Geometry of SV camera changed after Sept 2010
intervention

87.3 25/12/10 §1.5 News updated
25/12/10 §7.1 Metrology not yet implemented
25/12/10 §7.2.1 Typos
25/12/10 §7.2.2 Typos
25/12/10 §7.2.4 AO/NoAO is possible without gas cells in the beam
25/12/10 §7.3 Atlas of CRIRES flatfields reference
25/12/10 §10.2 ETC values given per pixel
25/12/10 §10.3 Overheads section reworded
25/12/10 §11.1 Typos
25/12/10 §11.3 Slit width can be changed independently of the DIT
25/12/10 §11.2.1 Waiver needed in SM for slit wider than 0.4 arcseconds
25/12/10 §14.1.7 Waiver needed in SM for slit wider than 0.4 arcseconds
25/12/10 §14.2.3 Only one λ setting if win=64 pixels for FowlerNsampGrstWin
25/12/10 §20.2 Phase 2 guidlines section expanded

88.1 28/02/11 §1.5 From P88 CRIRES will likely have 0.2 and 0.4 arcsec slits only.
28/02/11 §1.3 8.4 7.5 Sections updated c.f. move to two fixed slits
28/02/11 §10.5 14.1.1 14.1.7 ”
28/02/11 Figs. 24 26 ”
28/02/11 §2 Comment about slit losses
28/02/11 §7.2.2 Rewording
28/02/11 §8.2 UVES/CRIRES comparison updated
28/02/11 Fig. 28 Figure of UVES/CRIRES comparison changed
28/02/11 Table 1 Dark level for detector 1
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88.1 28/02/11 §9.2.3 Jittering limits when using windowing.
28/02/11 §9.3 Telluric standards observed within 2h in time & 0.2 in airmass
28/02/11 §9.3 Reference added that discusses synthesising telluric spectra
28/02/11 §10.2 Emphasise ETC can be used to predict the position of tellurics
28/02/11 §10.2 PIs should flag OBs that require low PWV
28/02/11 §10.4 Typos (differential effects)
28/02/11 §10.5 Calibrations normally taken with 0.2 arcsec slit
28/02/11 §10.5 Care when using differential tracking and AO
28/02/11 §11.1 OB preparation: use ETC to check for telluric lines

88.2 11/04/11 Cover page Name of Preparer and Approver updated
88.3 30/05/11 §1 R < 10.5 mag not allowed if THK cloud and AO

30/05/11 §7.1 Typos
30/05/11 §7.3 Typos
30/05/11 §8.2 Typos
30/05/11 §8.4 Slit width change during night-time
30/05/11 §24 Figure caption changed to save space
30/05/11 §9.4 Link to ESO airmass page updated
30/05/11 §10.2 Exposure time calculator: AO for seeing of <1.4 arcseconds
30/05/11 §10.3 Generic offset overhead added
30/05/11 §10.5 Typos
30/05/11 §12 Daytime cals taken with a 0.2 arcsecond slit. Night-time

with 0.4 arseconds in VM or best effort basis in SM.
30/05/11 §14.3.3 Daytime calibrations taken with a 0.2 arcsecond slit.

88.4 26/06/11 Fig 38 Generic offset template section and figure ammended
89.1 04/09/11 An update to the manual will be performed at the start

04/09/11 of Oct 2011 after the move to fixed slits
04/09/11 2011.
04/09/11 §1 Science drivers references added
04/09/11 §1.5 News updated
04/09/11 §5.1 AO loop may close on Mars or comet nuclei
04/09/11 §8.4 Note on CRIRES instrument model added
04/09/11 §8.1 Entrance window may be cleaned in Sept 2011
04/09/11 §9.1 Reminder to use ETC to check if astronomical line of interest
04/09/11 is affected by atmospheric absorption
04/09/11 §9.2.2 Set nod throw to 12 arcseconds in windowed readout mode
04/09/11 §11.1 Reminder to include PM of targets in OBs
04/09/11 §14.1.1 Typos

89.2 23/12/11 §1.3, 1.5 Two fixed slits of 0.2 and 0.4 arcseconds.
23/12/11 §1, 7.1, 7.2.2
23/12/11 §7.4, Fig. 24, Table 1
23/12/11 §7.5, Fig. 26, §8.4
23/12/11 §2.1, §10.5
23/12/11 §10.1 11 Links to P2PP updated.
23/12/11 §1.5 News updated.
23/12/11 Fig 2 Fig. added to show flatfielding reproducability improved.
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89.2 23/12/11 §8.2 Table of sensitivities removed; ETC should be used.
23/12/11 §10.4 Updated concerning closing loop on satellites of Jupiter.
23/12/11 §10.5 Figure showing contamination with 0.8 arcsec slit removed.
23/12/11 §11.1 Updated concerning closing loop on Mars, Jupiter, Uranus.
23/12/11 §12 Tests in early P88 indicated that wavelength solution with a
23/12/11 0.4” slit give a reasonable wavelength solution. Comment
23/12/11 cf calibrations taken with an integration time ≥ 2 seconds.
23/12/11 §19.1 Updated differential tracking section.
23/12/11 Fig. 30 Figure showing slit centre reproducability added.
23/12/11 Table 2 Overheads increased to take into account metrology.
23/12/11 Fig. 16 Figure showing remanence after saturation added.
23/12/11 Fig. 20 Figure showing contamination of outer detectors from other
23/12/11 orders added.
23/12/11 §20.2 SKY mode must be used if a fixed position angle is required.

90.1 26/02/12 Fig. 3 Fig. added showing pre- and post- slit intervention specphot std.
26/02/12 §1.5 No service mode PI packs. Users should use archive and CalSelector
26/02/12 to download science data and relevant calibrations.
26/02/12 §1.5 PWV as a FITS header keyword will likely be added in P90.
26/02/12 §1.5 20.1 Precipitable Water Vapour will be a constraint from P90.
26/02/12 §10.2 11.6
26/02/12 §9.1 ETC updated to include new values of water vapour.
26/02/12 Fig. 33 Figure added to show how PWV changes with airmass.
26/02/12 Fig. 34 Figure added to show how PWV affects observations at diferent λ.
26/02/12 §12 Attached calibrations possible with either 0.2 or 0.4 arcsec slit.
26/02/12 §12 Calibration frequency may be reduced from P91.
26/02/12 §20.1 Use the ETC to check if water vapour lines affect observations.
26/02/12 Fig. 42 Figure of PWV statistics for Paranal added.

90.2 15/06/12 §1.5 News updated
15/06/12 Fig. 15 SV camera zero points figure added.
15/06/12 §9.3.2 Science/telluric OBs can be linked via a concatenation.
15/06/12 §11.2.5 Affect of water vapour on flatfields.
15/06/12 Fig. 37 Figure to show how water vapour can affect flatfields
15/06/12 §11.7 Note on observing during astronomical twilight.
15/06/12 §12 20.2 10.1 P2PP → P2PP3
15/06/12 §12 Calibration frequency may be reduced from P90.
15/06/12 §20 For λ < 2.0 microns, low PWV values will need a waiver.
15/06/12 §20.2 OB concatenations and time-series can be requested in P2PP3

90.2 27/06/12 All P2PP, P2PP3, Phase I and Phase II capitalised.
27/06/12 §10 P2PP html link updated.
27/06/12 §1.3 Service mode guideline link updated.
27/06/12 Fig. 2 Typos.
27/06/12 §7.3 8.2 9.3.2 Typos.
27/06/12 §7.1 goal for introduction of metrology date changed to P90.
27/06/12 §8.1 Loss of sensitivity of ∼20 percent since start of operations.
27/06/12 §10.1 Paragraph added about tellurics with concatenations.
27/06/12 Table 2 Overhead in changing wavelength increased by 10 seconds.
27/06/12 §11.2.4 Note about scheduling containers added.
27/06/12 §11.2.6 Tellurics using P2PP3 and time-critical OBs.
27/06/12 §13.1 HTML link to pipeline updated.
27/06/12 §14.3.3 Night time calibrations can be taken with a 0.4” slit.
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90.2 27/06/12 §14.3.6 INS.SLIT.WIDTH range changed from 0.05..3.0 to 0.2 and 0.4”.
27/06/12 Fig. 35 Figure showing ETC output compared with observations of Eta Hy.
27/06/12 Fig. 40 Typo.
27/06/12 §20.2 Science-telluric concatenations > 1.5 hours long need a waiver.
27/06/12 Fig. 42 Typo.

First version of the manual was written by R.Siebenmorgen and A.Smette. L. Tacconi-Garman
and M. Hilker provided numerous comments on the various versions of this manual that greatly
improved its accuracy and clarity. The content of §7.2.2 (RV measurements) was originally
based on discussions with H.-U. Kaeufl, P. Figueroa and Andreas Seifarht. Thanks to G.
Villanova, T. Stallard, E. Lellouch, F. Kerber, M. Rodrigues and M. van den Ancker for some
figures that are used in this manual.
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Abbreviations and Acronyms

AO Adaptive optics
APD Avalanche photo-diode
BOB Broker of observation blocks
CPL Common Pipeline Library
CRIRES Cryogenic high-resolution infrared echelle spectrograph
DM Deformable mirror
DMO Data management and operations division
ESO European Southern Observatory
ETC Exposure time calculator
FC Finding chart
FoV Field of view
FWHM Full width at half maximum
NGS Natural guide stars
NIR Near infrared
NIST National Institute of Standards and Technology
OB Observation block
P2PP Phase II proposal preparation
PSF Point spread function
QC Quality control
RTC Real time computer
RTD Real time display
SDD Software Development Division
SM Service mode
SNR Signal-to-noise ratio
SR Strehl ratio
TIO Telescope and instrument operator
TTM Tip-tilt mount
USD User support department
VLT Very large telescope
VM Visitor mode
WF Wave front
WFS Wave front sensor
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Overview

Calibration system halogen lamp, IR-emitter, ThAr, N2O, CO, visitor gas cells
Adaptive optics 60-actuator curvature sensing MACAO system
Slit length ≈ 40 ′′

Slit width From October 1st 2011 two fixed slit widths of 0.2 and 0.4 ′′

Echelle grating 40× 20cm, 31.6 lines/mm, 63.5o blaze angle
Resolving power 100, 000 (0.2 ′′); 50, 000 (0.4 ′′ slit)
Wavelength range 0.95µm ≤ λ ≤ 5.2µm
Free spectral range from λ/70 at 1µm to λ/50 at 5µm
Detector science array 4096× 512 pixels using 4 Aladdin III detectors
Pixel scale 0.086 ′′

Slit viewer: filters J, H, K, 2 H + neutral density
Slit viewer: detector Aladdin III array
Slit viewer: field-of-view ≈ 35 ′′× 43 ′′

Slit viewer: pixel scale ≈ 0.047 ′′

Pre-disperser ZnSe prism



CRIRES User Manual VLT-MAN-ESO-14500-3486 xii

This page was intentionally left (almost) blank



CRIRES User Manual VLT-MAN-ESO-14500-3486 xiii

Contents

1 Introduction 1

1.1 Science drivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Structure and scope of the User Manual . . . . . . . . . . . . . . . . . . . . . 2

1.3 More important information on CRIRES . . . . . . . . . . . . . . . . . . . . . 3

1.4 Contact Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 News . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

I The instrument 13

2 Cold part: the spectrometer 13

2.1 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Warm part: the adaptive optics system 16

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Atmospheric turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.2 Adaptive Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2 Hardware description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.1 The corrective optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.2 The Wavefront Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.3 Control loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.4 Membrane setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

II Instrument Performance 23

4 Overview 23

5 AO performance 24

5.1 AO guide stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5.1.1 The distance of the AO star . . . . . . . . . . . . . . . . . . . . . . . . 25

5.1.2 The brightness of the AO star . . . . . . . . . . . . . . . . . . . . . . . 25

5.1.3 The color of the AO star . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.2 Limiting magnitude of slit viewer . . . . . . . . . . . . . . . . . . . . . . . . . 26

6 Detector characteristics 28

6.1 Dark and gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6.2 Glow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6.3 Fringes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30



CRIRES User Manual VLT-MAN-ESO-14500-3486 xiv

6.4 Odd-even effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6.5 Correcting for detector non-linearity . . . . . . . . . . . . . . . . . . . . . . . 31

7 Characteristics of the spectrograph 33

7.1 Wavelength settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

7.2 Wavelength calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

7.2.1 Standard means: ThAr lamp and N2O and CO gas-cells . . . . . . . . 33

7.2.2 Radial velocity measurements . . . . . . . . . . . . . . . . . . . . . . . 35

7.2.3 Visitor gas-cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

7.2.4 Observations without gas cells . . . . . . . . . . . . . . . . . . . . . . . 37

7.3 Flat fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

7.4 Spectrograph field-of-view, slit width and seeing . . . . . . . . . . . . . . . . . 38

7.5 Spectral resolving power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

8 System efficiency and throughput 44

8.1 Transmission of the entrance window . . . . . . . . . . . . . . . . . . . . . . . 44

8.2 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

8.3 Optical ghosts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

8.4 Stability and reproducibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

III Observing with CRIRES at the VLT 48

9 Introduction 48

9.1 Atmospheric transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

9.2 Background removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

9.2.1 Sky emission spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

9.2.2 Nodding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

9.2.3 Jittering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

9.3 Flux calibration and telluric correction . . . . . . . . . . . . . . . . . . . . . . 51

9.3.1 General procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

9.3.2 Telluric correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

9.3.3 Hot stars as telluric standards . . . . . . . . . . . . . . . . . . . . . . . 52

9.3.4 Late–type stars or G stars as telluric standards . . . . . . . . . . . . . 52

9.3.5 Catalogs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

9.4 The influence of the Moon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

10 Observing in Visitor and Service Mode 56

10.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

10.2 The Exposure Time Calculator . . . . . . . . . . . . . . . . . . . . . . . . . . 56

10.3 Overheads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

10.4 Differential effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

10.5 Visitor Mode observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



CRIRES User Manual VLT-MAN-ESO-14500-3486 xv

11 Preparation of Observation Blocks 62

11.1 Information required . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

11.2 Observation Blocks and Templates . . . . . . . . . . . . . . . . . . . . . . . . 63

11.2.1 Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

11.2.2 Acquisition sequences with AO . . . . . . . . . . . . . . . . . . . . . . 64

11.2.3 Acquisition sequences without AO . . . . . . . . . . . . . . . . . . . . . 66

11.2.4 Science . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

11.2.5 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

11.2.6 Time critical science OBs with tellurics . . . . . . . . . . . . . . . . . . 67

11.3 Detector read-out mode and DIT setting . . . . . . . . . . . . . . . . . . . . . 68

11.4 README and finding charts . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

11.5 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

11.5.1 Moon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

11.5.2 Seeing and Strehl ratio for adaptive optics observations . . . . . . . . . 70

11.5.3 Seeing for seeing limited observations, no adaptive optics . . . . . . . . 71

11.5.4 Transparency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

11.5.5 Airmass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

11.6 Water vapor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

11.7 Twilight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

11.8 Offset conventions and definitions . . . . . . . . . . . . . . . . . . . . . . . . . 72

IV Reference material 73

12 CRIRES calibration plan 73

13 Data format and reduction 74

13.1 Format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

13.2 Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

14 Template parameters 75

14.1 Acquisition templates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

14.1.1 Target and SVGS parameters . . . . . . . . . . . . . . . . . . . . . . . 75

14.1.2 Gas cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

14.1.3 NGS parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

14.1.4 Parameters related to the slit viewer . . . . . . . . . . . . . . . . . . . 78

14.1.5 Telescope guide star parameters . . . . . . . . . . . . . . . . . . . . . . 78

14.1.6 Derotator parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

14.1.7 Spectrograph parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 79

14.1.8 Science detector parameters . . . . . . . . . . . . . . . . . . . . . . . . 79

14.1.9 Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

14.2 Observation templates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



CRIRES User Manual VLT-MAN-ESO-14500-3486 xvi

14.2.1 Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

14.2.2 Gas cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

14.2.3 CRIRES spec obs AutoNodOnSlit and CRIRES spec obs SpectroAstrometry:
nodding and jittering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

14.2.4 CRIRES spec obs GenericOffset only: list of offsets . . . . . . . . . . . 82

14.2.5 CRIRES spec obs SpectroAstrometry only: list of derotator angles, jit-
ter reset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

14.3 Calibration templates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

14.3.1 Standard star or telluric observations . . . . . . . . . . . . . . . . . . . 85

14.3.2 Flat field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

14.3.3 Wavelength calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

14.3.4 Darks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

14.3.5 Sky observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

14.3.6 Template signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

15 CRIRES standard wavelength settings 95

15.1 Wavelength ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

15.2 Wavenumber ranges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

16 Free wavelength settings 119

17 Reference wavelengths common to different orders 121

18 Calibration source for wavelength calibration 122

19 Differential tracking 125

19.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

19.2 Tracking tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

19.3 Acquisition and observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

V Tips for successful observations 130

20 Checklist 130

20.1 Phase 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

20.2 Phase 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131



CRIRES User Manual VLT-MAN-ESO-14500-3486 1

1 Introduction

The cryogenic high-resolution IR echelle spectrograph – CRIRES – is the infrared (0.95µm
– 5.2µm) high–resolution spectrograph located at the Nasmyth A focus of UT1 (Antu). It
provides long–slit (∼40 ′′) spectroscopy with a spatial sampling of 0.086 ′′. Spatial resolution
and signal–to–noise ratio can be maximized by the optional use of a MACAO adaptive optics
system equipped with an optical (R band) wavefront sensor. Two entrance slits are provided
at 0.2 and 0.4 arcseconds as well as a closed position.

The main optical elements consist of a prism acting as a pre–disperser and a 31.6 lines/mm
echelle grating. Total spectral coverage per individual wavelength setting is ∼ λ/70 thanks to
an array of four Aladdin III detectors. Acquisition and guiding are performed by means of a
slit viewer equipped with an additional Aladdin III detector and a series of 5 filters (J,H,K
and two neutral density H filters).

CRIRES has been designed to exploit the enormously enhanced sensitivity provided by a
spectroscopic instrument with a large detector array at an 8m telescope. The quantitative and
qualitative improvements of observational capabilities affect all scientific applications aiming
at fainter objects with higher spatial (extended sources), spectral and temporal resolutions.
Indeed, CRIRES provides:

• High-resolution spectroscopy in the 1-5 µm range at the VLT. This instrument employs
the largest available grating for a spectral resolving power of up to ≈100,000 (for 2 pixel
Nyquist sampling) with a 0.2′′ slit;

• Spectral coverage maximized through four 1024 x 512 pixel InSb detector arrays in the
focal plane;

• Spectral imaging using a 40′′ long slit;

• Adaptive Optics to maximize the signal-to-noise ratio (SNR) and spatial resolution.

Functionally, the instrument can be divided into four units:

1. The fore-optics unit provides field de-rotation, cold pupil and field stops, curvature
sensing adaptive optics, and slit viewing.

2. The prism pre-disperser isolates one echelle order and minimizes the total amount of
background entering the high-resolution unit.

3. The high-resolution unit comprises the collimator, the echelle which is tilt-tuned for
wavelength selection, the camera and the science detectors.

4. The calibration unit outside the cryogenic environment contains the light sources for
wavelength calibration and detector flat-fielding.

1.1 Science drivers

Thanks to CRIRES, new phenomena and objects are now available for spectroscopic studies.
Some highlights are:

• Extra-solar planets:
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– radial velocities (e.g. Bean et al. 2011, ApJ, 713, 410)

– spectroscopy of CO, CH4 (e.g. Snellen et al. 2011, Nature, 465, 1049)

• Solar system:

– Giant planets, Titan: H+
3 , CH4, CH3, NH3, HCN, ...

– Terrestrial planets: CO, HCL, HDO, H2O, ...

– Mars: imaging spectroscopy of CO depletion at 40km resolution (e.g. Villanueva
et al, 2010, AGUFM, P52A, 05)

– Io: volcanic activity (SO2)

– Pluto, Charon, Triton: CO, CH4 search (e.g. Lellouch et al 2010, A&A, 512, 8)

– Comets: H2O abundance, temperatures, velocities (e.g. Kobayashi et al. 2010,
A&A, 509, 80)

• Stars:

– stellar atlases, evolution, abundances and nucleosynthesis: CNO abundance (e.g.
Lebzelter et al 2010, Msngr, 139, 33, Ryde et al. 2011, A&A, 509, 20)

– stellar mass

– stellar radii

– stellar winds and mass loss

– atmospheric structure and oscillations

– magnetic field structure

• Star formation and ISM:

– spectro-astrometry (e.g. Pontoppidan et al. 2011, ApJ, 733, 84)

– accretion and outflows (e.g. Beuther et al. 2011, A&A, 512, 29)

– ISM chemistry and cloud structures: H+
3 , H2O, CH4, ...

• Extragalactic astronomy:

– AGN: velocity structure of the broad and narrow line region, [FeII], H2 lines in low
extinction regions, H recombination

– fine structure lines

1.2 Structure and scope of the User Manual

The CRIRES user manual is structured as follows:

• Part I provides a technical description of CRIRES and its adaptive optics system (AO).

• Part II details the instrument performance.

• Part III describes the commonly used observing techniques in the infrared, summarizes
the CRIRES observing modes and provides guidelines for Phase 2 preparation.
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• Reference material is given in Part IV. It includes a description of the calibration plan,
the data format, the template reference guide and the defined wavelength settings.

• Finally, Part V provides a number of recommendations written to increase the chances
that a program is executed successfully.

1.3 More important information on CRIRES

CRIRES is a complicated instrument. A handful of the things that you must remember are:

• AO observations of bright targets (R <10.5 mag) with thick cloud are not allowed due
to the possibility of damaging the Avalanche Photo Diodes.

• The AO star has to be fainter than R∼0.2, depending on its colour.

• When planning AO observations, make sure that the sky position for the field selector
is blank.

• At the start of October 2011 an intervention replaced the slit mechanism, to have widths
of 0.2 and 0.4 arcseconds only. This has led to a marked improvement in the flatfield
and resolution stability of the instrument (see Fig. 2). Prior to this date the slit showed
variations in its width of up to 30 percent.

All CRIRES related manuals are available on the CRIRES instrument web pages together
with the most updated information on the instrument:

http://www.eso.org/instruments/crires/

Both Service and Visitor mode Observation Blocks (OBs) should be prepared with the latest
version of the Phase 2 Proposal Preparation tool (P2PP3), available at:

http://www.eso.org/sci/observing/phase2/P2PPSurveys.html.

Information for the preparation of Service mode observations with CRIRES are available at:

http://www.eso.org/sci/observing/phase2/SMGuidelines.CRIRES.html

Visiting astronomers do not need to submit Observation Blocks in advance of their observa-
tions. However, they should prepare them before arriving at the observatory or, at the latest,
at the observatory the nights before their observing run. They will find further instructions
on the Paranal Science Operations web page and the Paranal Observatory home page:

http://www.eso.org/paranal/

http://www.eso.org/paranal/sciops/

In particular, visiting astronomers should read the following webpage:

http://www.eso.org/sci/facilities/paranal/instruments/crires/visitor.html

Reference frames, static calibration frames, information regarding the CRIRES pipeline and
quality control can be found at:

http://www.eso.org/observing/dfo/quality/

http://www.eso.org/observing/dfo/quality/index_crires.html

http://www.eso.org/instruments/crires/
http://www.eso.org/sci/observing/phase2/P2PPSurveys.html
http://www.eso.org/sci/observing/phase2/SMGuidelines.CRIRES.html
http://www.eso.org/paranal/
http://www.eso.org/paranal/sciops/
http://www.eso.org/sci/facilities/paranal/instruments/crires/visitor.html
http://www.eso.org/observing/dfo/quality/
http://www.eso.org/observing/dfo/quality/index_crires.html
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1.4 Contact Information

In case of specific questions related to Service Mode observations and proposal preparation
please contact the ESO User Support Department:

usd–help@eso.org

For Visitor Mode observations please contact the Paranal Science Operations Team. For
general information, use

paranal@eso.org

For specific questions regarding the use of CRIRES, use:

crires@eso.org

1.5 News

Recall that the most up-to-date information on CRIRES is found on the webpage http:

//www.eso.org/sci/facilities/paranal/instruments/crires/news.html

Since the release of user manual v90.1

• During phase2, OBs should be prepared using the new P2PP tool, P2PP3.

• It is recommended that science and telluric OBs should be ”linked” via a concatenation
in P2PP3.

Since the release of user manual v89.2

• Since the change of slit unit in October 2011, the flux observed on detectors 1 and 4 at
the shortest wavelength has changed compared to pre-intervention values - see Fig. 3.
Note that at these wavelengths there has always been flux from overlapping orders.

• From period 91 (P91) it will be possible to take calibrations with a 0.2 or 0.4 arcsecond
slit during the night-time.

• From P90 the precipitable water vapour (PWV) will be a user-defined constraint within
P2PP3, like the seeing or transparency.

• The values of PWV allowed by the exposure time calculator (ETC) have been changed
from 1.0, 2.3 and 8.0-mm to 0.5, 1.0, 1.5, 2.5, 3.5, 7.5, 10.0 and 20.0-mm.

• From P90 it is planned that the PWV will be a FITS header keyword.

• The calibration frequency may be reduced during P90 to take into account the improved
flatfielding reliability with the new slit mechanism.

• No service mode packs have been produced since P89. Users should download their data
from the ESO archive and use the calSelector to obtain relevent calibration data.

http://www.eso.org/sci/facilities/paranal/instruments/crires/news.html
http://www.eso.org/sci/facilities/paranal/instruments/crires/news.html
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Since the release of user manual v89.1

• The entrance slit was replaced at the start of October 2011 by a model that has fixed
widths of 0.2 and 0.4 arcseconds only.

Since the release of user manual v88.4

• The user manual will be updated with more detailed information concerning the slit
geometry once the change to fixed slits of 0.2 and 0.4 arcseconds is performed at the end
of September 2011.

Since the release of user manual v88.1

• The slight increase in dark current seen in detectors 3 and 4 after interventions during
2010 has returned to normal values. See webpage http://www.eso.org/sci/facilities/
paranal/instruments/crires/news.html

Since the release of User manual v87.1

• The entrance slit of CRIRES is planned to be changed in September 2011. The new
model will have two fixed slits of widths of 0.2 and 0.4 arcseconds only. The field of view
of the slit viewer is not likely to radically change. The manual will be updated as soon
as the precise geometry is known.

• The warm part of CRIRES was dismounted and remounted in order for sighting tests
from Nov 13th to Nov 27th 2010.

Since the release of User Manual v86.2

• Further interventions on CRIRES (during May, July, August, September and November)
in order to correct problems with misalignment of the intermediate and entrance slit and
the removal and re-integration of the warm part of the instrument due M1/M3 recoating
and maintenance.

Since the release of User Manual v86.1

• An intervention on CRIRES was performed to fix problems with the cooling during May
2010 that meant the instrument was offline for four weeks.

Since the release of User Manual v85.2

• Metrology fibres should be in operation in time for P86. Users are reminded that these
fibres will only be available in standard and not free settings.

• After every change of entrance slit width the width is now measured to try and ensure
that it is within 10 percent of the requested value.

http://www.eso.org/sci/facilities/paranal/instruments/crires/news.html
http://www.eso.org/sci/facilities/paranal/instruments/crires/news.html
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Since the release of User Manual v85.1

• The CRIRES spec cal LampFlats template now accepts new parameters: it allows to
set the maximum flux over the frame, as well as the entrance slit width.

• An intervention took place in December 2009 to finalize the installation of metrology
fibers. This systems aims at providing repeatability of the wavelength zero point and
dispersion to guarantee reproducibility to 1/10 pixel, for the standard settings. Asso-
ciated overheads have already been included in Table 2. The CRIRES news pages will
be updated with the results of the intervention with the results of reproducibility tests.
The positioning of the lines on the detector have shifted by ∼30 pixels in some settings.
Tables 15.1, 5a and 5b have been updated.

Since the release of User Manual v84.2

• The entrance slit is now the least reproducible part of the instrument with variations of
up to 50% in slit width. Technical tests will take place on September 3 and 4 to check
the entrance slit width with the aim of insuring a reproducibility at the 10% level.

• Differential tracking has been offered in service mode since P85.

Since the release of User Manual v84.1

• An intervention took place in May 2009:

– the science mosaic was moved so that its center its closer to the optical axis of the
instrument; an internal baffle was modified; as a consequence, the field-of-view of
the science detector is ≈ 40”; Fig. 24 has been updated;

– metrology fibers have been installed which will guarantee a better wavelength set-
ting reproducibility for data taken after an intervention foreseen in December 2009.
Until then, the only consequence for the user is the presence of additional spectra
on ThAr exposures; an example is given in Fig. 21;

– the intermediate slit mechanism has been replaced by a more reliable one; it im-
proves the wavelength setting reproducibility and decreases the uncertainty on the
wavelength range affected by contamination by adjacent orders. As a consequence,
the configuration table and standard settings had to be revised (see Tables 3a - 3k
and Tables 4a - 4k) allowing a complete coverage without contamination by adjacent
orders. Overhead for change of wavelength setting has significantly decreased;

– the thermal control of the instrument has been further improved;

• The pipeline has been modified such that it is able to process data with different illumi-
nation areas: it automatically recognizes which area is illuminated depending on the date
the data were taken. In particular, it recognizes data obtained between January 2009
and May 2009, and after May 2009. Cf. http://www.eso.org/sci/data-processing/
software/pipelines/index.html.

• the ThAr catalogue has been updated with newly identified lines, see §7.2.

http://www.eso.org/sci/data-processing/software/pipelines/index.html
http://www.eso.org/sci/data-processing/software/pipelines/index.html
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Since the release of User Manual v83.2

• An intervention took place in January 2009. Its main objective was to install new cryo-
coolers. Indeed, the previous ones were causing a lot of vibrations strongly degrading the
quality of the VLTI observations: consequently, CRIRES cryo-coolers had to be stopped
during VLTI UT runs after which a further ∼ 3−4 days were lost for CRIRES operations
while the instrument reached its operating temperature. The problems affecting the
quality of the encoder reading for the grating, prism and entrance and intermediate slits
have been solved considerably improving the repeatability of the functions. Quantitative
values on this respect will be made available for the v84.2 of this manual.

• Considerable work has been completed to improve the maintainability of the observation
and instrument control software. For the user, its main visible part is the full implemen-
tation of the compensation for the differential refraction, as well as the implementation
of the differential tracking mode.

• An additional intervention will take place in May 2009. Its main goal is to implement a
metrology system to allow to configure the spectrograph in a very accurate and repro-
ducible way.

• A new readout mode has been implemented to window the detector 2 and 3. In turn, it
allows to use DITs as short as 0.15s.

Since the release of User Manual v83.1 The announced major change to the instrument
control and observing software was successfully implemented in November 2008, although still
incomplete at the time of issuing this manual. The missing parts will be implemented in
February and March 2009.

Since the release of User Manual v82.2 :

• the CRIRES spec cal Wave template was modified to make use of a variable neutral
density filter : this allows optimal illumination of the ThAr lines while avoiding the risk
to introduce remanence by the brightest lines..

During P82, a major change to the instrument control and observing software will take place.
Implementation of differential refraction correction is one of the advantages visible to the
users, allowing to keep the object properly centered while observing at high airmass and with
a reference wavelength different from the effective wavelength of the slit viewer filter. §8.2 will
be updated once appropriate tests are performed.

In January 2009, an intervention is foreseen. At the time of issuing this Manual, the following
actions are planned: (a) replace the cryo-coolers by another model to avoid vibrations affect-
ing the VLTI (currently, the cryo-coolers are switched off during a VLTI-UT run; therefore,
CRIRES cannot be used neither during a VLTI-UT run nor a few days after); (b) slightly lower
the location of the science detector mosaic which would allow to offer a longer slit length; (c)
installation of metrology fibers that would allow to guarantee a better reproducibility of the
wavelength settings both in terms of wavelength range and spectral dispersion.
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Since the release of User Manual v82.1 :

• version 1.7.0 of the CRIRES pipeline is available: http://www.eso.org/projects/dfs/
dfs-shared/web/vlt/vlt-instrument-pipelines.html;

• a CO gas-cell is available;

• an intervention took place in April 2008; it consisted in

1. replacing the carriage by a faster translation table;

2. moving the ThAr lamp mounted on the carriage to a location close to the baffle
where it feeds a set of fibers through a neutral density filter. The end of these fibers
are fixed on a connector located on the carriage. In this way, a lot of scattered light
is eliminated and spectrograph distortion can be estimated for each ThAr spectrum;

3. installation of an AO fiber for AO calibrations, until then performed using a pin-
hole;

4. an encoder has been installed to control the intermediate slit therefore increasing
its reproducibility;

5. the location of sensors and the values of control loop parameters have been modified
to increase the thermal stability of the instrument; a reproducibility of less than 2
pixels has been achieved once the instrument is stable in temperature.

• unfortunately, a detaching Sheldal tape (initially used to decrease possible scattered
light) started to vignette the entrance slit, limiting the field first to 12′′, then 8′′after
a VLTI run during which the cryo-coolers were switched off to limit the amount of
vibrations felt by the VLTI. As a consequence, a new intervention took place in June
2008. The tape has been completely removed. Comparison with the value measured
before the intervention indicates that no increase in the amount of scattered light has
been observed.

• the CRIRES spec cal Wave template was modified to make sure that the ThAr fibers
are properly centered in the slit (temperature effects can slightly modify the MACAO
optics located in the light path)..

• the ETC has been modified in various aspects, most notably by allowing the choice of
sky and transmission spectra for different amount of precipitable of water vapour in the
atmosphere.

Since the release of User Manual v81.1

• a first version of the CRIRES pipeline is available: http://www.eso.org/projects/

dfs/dfs-shared/web/vlt/vlt-instrument-pipelines.html

• a new science template is offered, to apply the spectro-astrometric technique: see §11.2.4

• an intervention took place in December 2007; it consisted in

1. replacing the slit viewer detector with a new, cosmetically better one; this should
decrease the number of bad pixels that affect secondary guiding for faint targets;

http://www.eso.org/projects/dfs/dfs-shared/web/vlt/vlt-instrument-pipelines.html
http://www.eso.org/projects/dfs/dfs-shared/web/vlt/vlt-instrument-pipelines.html
http://www.eso.org/observing/etc/
http://www.eso.org/projects/dfs/dfs-shared/web/vlt/vlt-instrument-pipelines.html
http://www.eso.org/projects/dfs/dfs-shared/web/vlt/vlt-instrument-pipelines.html
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2. replacing the entrance slit jaws; the new slit jaws have sharper edges and show a
much improved parallelism, leading to a more constant resolution along the slit;

3. the temperature setting of the instrument has been changed slightly (70 K, instead
of 65 K) to improve the temperature stability of the instrument; as a consequence,
the wavelength configuration table has slightly changed: users wishing to use the
standard wavelength settings should refer to the reference wavelengths listed in
Tables 3a to 3h or 4a to 4h. Note that these tables now include two new columns
referring to the unvignetted range, i.e., the spectral range over which the illumina-
tion could be reproduced to better than 1%, despite the lack of reproducibility of
the intermediate slit (mainly) and other optical elements.
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Figure 1: Top: New CRIRES slit mechanism introduced at the start of October 2011 (courtesy
J.Lizon). Bottom: Slit viewer image at the ”closed” position. The slit on the left has 0.4
arcsecond width and that on the right 0.2 arcseconds. During normal operations one of these
slits is centred on the green drawing so that light from the astronomical source reaches the
spectrograph.
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Figure 2: Flatfield repeatibility for old and new entrance slits of 0.2 arcseconds. The red
points are the raw data, the green points are scaled so that the counts with the old and new
slit are similar.
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Figure 3: Spectrophotometric standard Eta Hy before (red) and after (green) the slit inter-
vention in September 2011. Detectors 1,2,3 and 4 are shown. At the very bluest settings
detectors 1 and 4 are not useable although in any case they suffered from order contamination
in pre-September 2011 observations. Reference wavelengths from top to bottom are 1087,
1504, 2205 and 3611-nm.
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Part I

The instrument

2 Cold part: the spectrometer

The CRIRES instrument design is presented by Käufl et al. 2004, SPIE 5492, 1218; a sum-
mary is presented in the following subsections.

Figure 4: Layout of the CRIRES optical design.

http://www.eso.org/instruments/crires/doc/Kaeufl_CRIRES_SPIE_2004.pdf
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2.1 Optics

The optical layout of CRIRES is shown in Fig. 4. Light enters from the direction of the
telescope Nasmyth focus, either via the telescope or from the calibration unit after insertion
of a calibration mirror in the light-path.

The calibration unit itself consists of an integrating sphere illuminated by a continuum, Halo-
gen lamp for flat-fielding and, together with a gas–cell, for wavelength calibration. An IR-
emitter lamp and Neon/Krypton lamp used for technical tests are also located in the inte-
grating sphere. The integrating sphere provides uniform illumination of the entrance slit of
the spectrometer (which can be selected to have widths of 0.2 and 0.4 arcseconds) and its flux
can be adjusted by a moving baffle.

A carriage can then insert one of the following elements in the light path: (i) a gas-cell either
for wavelength calibrations when used with the halogen lamp (which creates an absorption
spectrum), or for accurate radial-velocity measurements, similar to the way the iodine cell
is used in UVES; (ii) a pinhole used for calibration purposes; (iii) an AO fiber for MACAO
calibrations; (iv) a set of fibers fed by a Thorium–Argon lamp used for wavelength calibration.
This carriage has also a free position, with no optical element.

Light then goes through a 3 mirror de-rotator which can be used to counteract the telescope
field rotation for observations with a slit fixed relative to the sky. On the other hand, for point
sources, it can also maintain the slit aligned along the parallactic angle to accommodate the
differential atmospheric refraction between the R band used by the adaptive optics system
and the IR band used for observations and slit viewer guiding.

Next, the adaptive optics (AO) system concentrates the light on the spectrograph’s entrance
slit. The AO wavefront sensor uses the visible light reflected by the dichroic (which serves
also as entrance window) while the infrared light enters the cryogenic spectrograph. Further
details of the AO system can be found in Sect. 3 of this manual. CRIRES can be used
without adaptive optics, in which case the AO module just acts as relay optics and the spatial
resolution is given by the natural seeing. Under normal conditions this leads to higher slit
losses than when AO is used.

The spectrograph itself is housed in a vacuum vessel. Following the input window, a pupil
image is formed at the position of a cold stop which limits thermal background. Light then
either passes through the slit or is reflected to the slit viewing camera. Light passing through
the slit enters the prism spectrometer where it is dispersed and then exits through an inter-
mediate slit sized to limit the wavelength range passing into the high resolution section to a
single order. The high resolution spectrograph consists of a 40× 20 cm, 31.6 lines/mm, 63.5o.
blaze echelle grating plus a TMA (three mirror anastigmat) which acts first as a collimator
and then as a camera to image the spectrum on the four Aladdin detectors effectively forming
a 4096× 512 array.

2.2 Mechanics

CRIRES is stationary at the Nasmyth A focus of VLT-UT1 (Antu). The instrument is
mounted in a 3 m–diameter, 1 m high vessel. Including its support structure, the total weight
of the instrument is 6.2 t, spread between 2 t for the warm part or AO system and 4.2 t for the
cold part. The optics inside the cryo-vessel is cooled to ∼ 70 K. The detectors are stabilized
at ∼ 27 K within 0.1 K. A main design feature of CRIRES is its cryogenic mechanisms which
are required for scanning the pre-disperser prism and echelle grating.
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Figure 5: Layout of the mosaic of four Aladdin science detectors, numbered # 1 to # 4
from left to right. The detectors are not science grade arrays and show bad cosmetics. Only
the bottom half part of each detector is used as indicated by the thick, black rectangle. The
mosaic used for science observations therefore consists of 4 × 1024 × 512 pixels.

2.3 Detectors

The spectrograph focal plane provides a useful optical field of 135 × 21 mm which is well
covered by a 4x1 mosaic of four Raytheon 1024x1024 pixel InSb Aladdin III detectors, with a
pixel size of 27µm. The spacing between 2 successive detectors corresponds to approximately
280 pixels, and is slightly different from one gap to the other. Fig. 5 shows their relative
orientation. In particular, it should be noted that only the ‘bottom’ half of the mosaic is
used and that the reading-out is executed parallel to the mosaic for detectors 2 and 3 and
perpendicular to it for detectors 1 and 4.

A fifth Aladdin III detector is used in the slit viewer. The arrays are read out using standard
ESO IRACE controllers having 64 channels (4× 16) for the science arrays and 32 channels for
the slit viewer one.
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3 Warm part: the adaptive optics system

The adaptive optics system of CRIRES is discussed by Paufiqué et al. (2004, SPIE 5490,
216). The multi-application curvature adaptive optics system (MACAO) for CRIRES cor-
rects a turbulent wavefront and provides diffraction limited images at the focal plane. The
overall sensitivity is thereby improved by about a factor two for point-sources. To highlight
the advantage of combining MACAO and CRIRES a PSF is shown in Fig.6 in AO open loop
(uncorrected) and closed loop, where the PSF is reconstructed from wavefront measurements.
The non–circular PSF in open loop is due to the very short integration time used.

Figure 6: PSF without (left) and with (right) AO correction. Images have been taken in the
lab using a turbulence generator.

3.1 Introduction

The following section provides an introduction to the field of adaptive optics and atmospheric
turbulence, and essentially is taken from the NACO user manual. For further reading, see
for example: “Adaptive optics in astronomy”, Rodier 1999, Cambridge University Press, or
“Introduction to adaptive optics”, Tyson 2000, Bellingham/SPIE.

3.1.1 Atmospheric turbulence

The VLT theoretical diffraction limit is 1.22 · λ/D = 0.07 arcsec at λ = 2.2µm. But the
resolution is severely limited by atmospheric turbulence to λ/r0 ≈ 1 arcsec, where r0 is the
Fried parameter. r0 is directly linked to the strength of the turbulence and depends on the
wavelength as λ6/5. For average observing conditions, r0 is typically 60cm at 2.2µm.

Temperature inhomogeneities in the atmosphere induce temporal and spatial fluctuations in
the air refractive index and therefore cause fluctuations in the optical path. This leads to
random phase delays that corrugate the wavefront (WF). The path differences are, to a good
approximation, achromatic. Only the phase of the WF is chromatic. The coherence time of
WF distortions is related to the average wind speed V in the atmosphere and is typically of
the order of r0/V = 60 ms at 2.2µm for V = 10 m/s.

http://www.eso.org/instruments/crires/doc/Paufique_MACAO_CRIRES_SPIE_2004.pdf
http://www.eso.org/instruments/crires/doc/Paufique_MACAO_CRIRES_SPIE_2004.pdf
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3.1.2 Adaptive Optics

A technique to overcome the degrading effects of atmospheric turbulence is real-time compen-
sation of the deformation of the WF by adaptive optics (AO, Figure 7).

The wavefront sensor (WFS) measures WF distortions which are processed by a real-time
computer (RTC). The RTC controls a deformable mirror (DM) to compensate the WF distor-
tions. The DM is a continuous thin plate mirror mounted on a set of piezoelectric actuators
that push and pull on the back of the mirror.

Because of the significant reduction in the WF distortions by continuous AO correction, it is
possible to record near diffraction-limited images with exposure times that are significantly
longer than the turbulence coherence time. The residual error from the WF compensation
(WF error) directly determines the quality of the formed image. One of the main parameters
characterizing this image quality is the Strehl ratio (SR), which corresponds to the amount of
light contained in the diffraction-limited core relative to the total flux.

Figure 7: Principle of Adaptive Optics. Note that in practice, and contrary to this schematic
design, CRIRES has no dedicated Tip-Tilt mirror, but performs low- and high-order correc-
tions with a single deformable mirror mounted on a tip-tilt stage (see Figures 8 – 9).

An AO system is a servo-loop system working in closed loop. The DM flattens the incoming
WF and the WFS measures the residual WF error.

A commonly used WFS is the Shack-Hartmann WFS, used for example in NACO. However,
CRIRES, as well as the other ESO MACAO systems, relies on a curvature WFS: it is designed
to measure the WF curvature as opposed to the WF slope. This is achieved by comparing the
irradiance distributions of two planes placed behind and in front of the focal plane. In practice,
a variable curvature mirror (membrane) is placed in the telescope focus. By vibrating, inside
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and outside focus blurred pupil images can be imaged on a detector array: in the case of
CRIRES, a lenslet array feeds avalanche photo-diodes (APDs). The modulation frequency of
the membrane corresponds to the temporal sampling frequency of the WFS. The difference
between the inside and outside pupil image measures the local WF curvature.

The performance of an AO system is related to the number of lenslets in the lenslet array,
the number of actuators behind the DM, and the rate at which WF errors can be measured,
processed and corrected (the server-loop bandwidth).

The performance of an AO system is also linked to the observing conditions. The most
important parameters are the seeing, the brightness of the reference source used for WFS and
the distance between the reference source and the object of interest.

In case of good conditions and a bright, nearby reference source, the correction is good and the
resulting point spread function (PSF) is very close to the diffraction limit. A good correction
in the K-band typically corresponds to a SR larger than 30%.

At shorter wavelengths (particularly in the J-band) or in the case of poor conditions or a faint,
distant reference source, the correction is only partial - the Strehl ratio may only be a few
percent.

3.2 Hardware description

The MACAO system for CRIRES is based on a 60-actuator deformable mirror, inserted in a
so-called relay optics. These optics and the wavefront sensor optics are mounted on a bread-
board located between the Nasmyth focus and the spectrometer. It is about 1.5m wide and a
top view of the warm optics overlaid by the optical path is shown in Fig. 8, the assembly of
the deformable mirror is displayed in Fig. 9.

3.2.1 The corrective optics

The wavefront correction is performed by a 60 electrode bi-morph mirror developed by CILAS,
with a pupil diameter of 60 mm. The 60 electrodes are sandwiched between two thin piezoelec-
tric PZT layers with opposite polarization. The outside surface of the PZT layers are grounded
and covered with 0.1mm glass layers, the mirror side being silver coated. Applying a voltage
to one electrode produces a constant curvature over its surface. The geometry of the electrodes
in the 4 central rings (40 electrodes) matches that of the lenslet array sub-apertures, while
the 20 remaining electrodes are located outside the pupil and constrain the edge of the pupil
to correct 0-curvature aberrations: tip–tilt, astigmatism, etc. The deformable mirror (DM)
provides a stroke to compensate atmospheric aberrations up to an optical seeing of 1′′. In
order to relax the use of the outer electrodes of the mirror, the tip–tilt error is slowly offloaded
to a tip–tilt mount designed and built by LESIA, which provides a ±240′′ mechanical stroke,
i.e. ±3.6′′ on the sky, with a 100 Hz -3dB internal closed-loop bandwidth. The assembly of
the DM and tip–tilt mount is shown in Fig.9.

3.2.2 The Wavefront Sensor

The following functions are sequentially implemented in the wavefront analyzer:

• Extraction of the reference star beam (field selector).
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Figure 8: Top view of the warm optics of the MACAO – CRIRES system. From f/15 Nasmyth
focus and after the optical derotator, one notices the deformable mirror and tip–tilt mount
assembly. Light enters from the dichroic to the cold and warm part of the instrument. For
the latter the wavefront sensor and some analysis tools are visible.

• Projection of the reference star image on the membrane mirror (imaging lens).

• Scan of the intra– and extra–pupil regions by modulation of the membrane mirror cur-
vature.

• Creation of a pupil image centered on the lenslet array.

• Reduction of the flux to work within the linear range of the APDs by means of neutral
density filters.

• Re-imaging of the 60 sub-pupils on the 60 fiber cores by the lenslet array unit.

• Injection of the collected beams onto the 60 APDs.

The scanning lens of the field selector is mounted on an XYZ table: the XY axes enable the
star used for AO correction to be selected in the 50′′×50′′ field-of-view, while the Z stage com-
pensates for the VLT field curvature. The position of the field selector defines the reference
for the pointing. The imaging lens creates an image of the AO star on the membrane mirror,
which is mounted on an acoustic cavity. A voice coil is mounted to the other end of the cavity,
and driven at 2.1kHz by the APD counter module to force an oscillation of the focus mode of
the membrane mirror. The incidence angle of the beam on the membrane mirror depends on
the position of the guiding star in the field. In order to keep the pupil image (obtained when
the membrane mirror is flat) centered on the lenslet array, the membrane mirror is mounted
on a 2 axis gimbal mount, which is co-ordinated with the field selector. For each (x, y) position
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Figure 9: Assembly of the deformable mirror (DM) and tip–tilt mount (TTM) (left) and of
the gimbal mount (right).

of the field selector the gimbal mount is moved so that the light is reflected to the same focus.
A diaphragm in front of the membrane enables the field to be adjusted to the observing condi-
tions (seeing and guiding reference size). The assembly of the gimbal mount is shown in Fig. 9.

The wavefront sensor box consists of 4 mirrors, which provide parallel beam to image the pupil
on the lenslet array. First, the beam is collimated by a spherical mirror. It is then folded by a
flat mirror and injected in the beam expander, which adapts its diameter to the lenslet array
(14 mm). The optical path of the wavefront sensor box is shown in Fig. 10.

The lenslet array intercepts the beam and divides the flux in 60 sub-aperture. Each sub-pupil
is imaged on a fiber, with a 100 µm core diameter. When the membrane mirror vibrates, the
pupil image is projected on both sides of the lenslet array plane. The normalized difference
between the intra– and extra–pupil flux collected by each sub–aperture is proportional to the
local wavefront curvature, which provides the wavefront error. The fibers drive the signal
from the fiber feed module to the APD cabinet, mounted on the instrument. The APD counts
are recorded by the APD counter module, synchronously with the membrane signal. The
front–end assembly of the fiber bundle is shown in Fig. 11.

3.2.3 Control loop

The oscillating membrane produces a signal modulated proportional to the local wavefront
curvature. This signal, collected by APDs, is sent to the real time computer (RTC). The
RTC computes this modulation, and retrieves the voltages to be applied to the mirror and
tip-tilt mount to optimally compensate for the local curvature measured. For this, a precise
calibration of the system is required, which includes synchronization of the membrane mirror,
determination of the membrane curvature, pupil alignment and interaction matrices.
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Figure 10: The optical path of the wavefront sensor box.

Figure 11: Front–end assembly of the 60 fiber bundle which guide the light to the sensors.
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3.2.4 Membrane setting

The membrane mirror curvature represents an optical gain for the aberration measurements.
A way to increase the performance of the system is therefore to increase the curvature of this
mirror. Increasing the curvature, however, requires increasing the field of view of the wavefront
sensor optics as well. This and some other non-linear effects can degrade the estimate of
the curvature. For the same reason, extended sources will affect the quality of curvature
measurement, and lead to a different optimal gain. In some extreme cases, the system can
be unable to close the loop (extended 6′′ planetary nebula with a faint blue white dwarf in
the middle, or a faint star close to the Moon, for example). A trade-off is needed, and an
optimal optical gain has to be determined. This optimal gain mainly depends on the seeing,
and marginally on the star magnitude and other factors. It is tabulated in the configuration
of the software and is transparent to the user.
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Part II

Instrument Performance

4 Overview

The sensitivity of the instrument from K-band up to the L and M bands is limited by the
thermal background, whereas it is limited by detector performance in J and H. In the thermal
background observations benefit from the high resolving power of CRIRES as telluric features
are better removed compared to spectrographs at lower resolution.

Possible sources of fringing (e.g interference filters) were avoided in the spectrograph design.
The requirement on the grating reproducibility has been set to ∼ 0.05 pixel. Currently, the
absolute wavelength reproducibility is achieved by the optical model to ≈ 3 pixels.

The detectors are not science grade arrays: they show bad cosmetics and amplifier glow; their
response to incident light is non-linear. Information loss caused by bad pixels can be removed
by jittering; the amplifier glow in any given exposure can be subtracted out by a dark obtained
with the same detector integration time (DIT, see below). However, amplifier glow as well as
other systematic effects are best removed by telescope nodding. A method to correct for the
non-linearity of the detector has been implemented in the pipeline.

A first light spectrum of the sky is shown in Fig 12. The OH doublet at 1708.6nm is resolved
at the resolution of CRIRES. In the dispersion direction the FWHM is 2.8 pixels.

Figure 12: First light spectrum of the sky. The OH doublet at 1708.6nm is resolved at the
resolution of CRIRES.
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5 AO performance

The performance achieved by the MACAO system of CRIRES has been evaluated by lab-
oratory simulations by comparing two cases: (i) in closed loop with guide stars of various
magnitudes and (ii) in open loop, thus without AO corrections. The optimization was done
over the encircled energy on a 0.2 ′′ slit, representative of the available energy for the spec-
trograph. Lab results are confirmed by on-sky measurements and demonstrate some gain in J
(more than to 40% for an optical seeing of 0.6′′) and a strong (factor ∼ 2) increase of the frac-
tion of the energy available for the spectrometer in the K and M band, respectively (Fig. 13).

Figure 13: The fraction of energy available for the spectrograph in a 0.2 ′′ slit, as a function
of optical seeing is shown for the J (left) and K (right) band for AO stars of V=10, 12, 16
mag and without AO correction. For reference please consult the Exposure Time Calculator,
(ETC).

Fig. 14 illustrates the increased throughput made possible thanks to the use of the adaptive
optics. The graphs shows the spatial profile (summed over a few columns) at λ = 2170nm of
the spectrum of a mRTC = 5.3, in open- and closed- loop. The DIMM seeing was 0.67 and
0.72 ′′, respectively, and the coherence time was 3 ms. In both cases, the exposure time was
2 min. The gain in integrated flux is 1.63. In other words, the same flux level is reached in
closed-loop in 61% of the time needed in open-loop.

5.1 AO guide stars

CRIRES wavefront sensing is done in the R band. The performance of the adaptive optics
system depends on the distance to the science target and on the brightness of the selected
guide star. The loop may be closed on non-stellar objects such as the surface of Mars or the
nucleus of comets, although in these cases NoAO is often necessary; if for example the comet
nucleus is very diffuse.

http://www.eso.org/observing/etc/
http://www.eso.org/observing/etc/
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Figure 14: Improved throughput thanks to the use of the MACAO. Flux measured along the
slit, measured in open-loop (blue, solid line) and in closed loop (black, dashed line), in the K
band.

5.1.1 The distance of the AO star

Although the field selector allows the selection of the AO star within 25 ′′ from the nominal
position of the science target, the AO star should be as close as possible to the scientific target,
usually closer than 10 ′′: ideally, it is the science target itself. Depending on the atmospheric
conditions, in particular, on the isoplanatic angle, θ0, mild improvement in the amount of
encircled energy can still be obtained if a bright (R < 11) AO star is used 20 – 30 ′′ from the
scientific target.

It is important to recall that the isoplanatic angle decreases with zenith distance z as θ0 ∝
(sec z)−8/5 and increases with wavelength as θ0 ∝ λ6/5. On the other hand, the Strehl ratio
decreases with the angular distance to the AO star θ as SR ∝ exp (−(θ/θ0)5/3).

5.1.2 The brightness of the AO star

The intra– and extra–focal pupil of the AO star is imaged on a lenslet array. Each lenslet
feeds an avalanche photo-diode (APD) that ultimately forwards its signal to the Real Time
Computer (RTC) (Sect. 3).

The flux on an APD is limited to 1 million counts in order not to damage the devices. The
optimal brightness of the AO star is R ∼ 11 mag. Brighter stars up to a bright magnitude
limit of R ∼ 0.2 mag can be dimmed using neutral density filters. Depending on the B-R
colour, some stars with slightly brighter R magnitude can be used.

Good correction is still obtained with stars as faint as R∼14 mag under average seeing con-
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ditions, while moderate image quality improvement is seen with stars as faint as R ∼ 16 mag
under good seeing (≤ 0.6′′) conditions. Stars fainter than R∼17 mag will not result in any
improvement and NoAO should be used.

5.1.3 The color of the AO star

The B-R color is important for precise atmospheric refraction compensation. The AO system
takes into account the differential atmospheric refraction between the wavelength used for the
AO and the central wavelength of the spectrograph set-up in the calculation of the tip-tilt
mirror orientation. A correct B-R is crucial for accurate centering of the target in the slit for
airmass > 1.2 when guiding with the slit viewer is not possible, as for example, if the AO star
is outside the field-of-view of the slit viewer detector.

5.2 Limiting magnitude of slit viewer

Target centering in the NIR is optimized by slit viewing. The slit viewer (SV) is sufficiently
sensitive that any emitting point source for which one aims to obtain a spectrum should be
seen on the SV image. In particular in AO mode, stars of J ≈ 14 or H ≈ 14 are easily detected
in a 10 s exposure, a typical time scale for guiding.

In NoAO mode, J=16.5, H=16.0, or Ks=15.4 stars are barely detected (3σ) in a similar 10 s
integration under 0.9 ′′ seeing when located away from the slit. For guiding on target in NoAO
mode, the limiting magnitude is much brighter as only a small fraction of the light is reflected
by the slit jaws to the slit viewer detector. Under 0.9 ′′ seeing and a slit of 0.4 ′′, reasonable
guiding was possible with stars of J = 14.1, H = 13.8, Ks = 13.3.

Figure 15 shows the total flux in ADU per second against the source magnitude for the
CRIRES slit viewer camera for observations of standard stars.
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Figure 15: ADUs per second against stellar magnitude for the CRIRES JHK and 5×He−2

filters for the CRIRES slit viewer filter. Observations were taken close to the slit viewer
centre. The total light is spread out over many pixels. Figure by M. Rodrigues.
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6 Detector characteristics

The focal plane of CRIRES is equipped with four 1024 × 1024 pixel InSb Aladdin III, 27 µ
pixel detector arrays. However, only the bottom half of each detector is actually illuminated
by the slit, so that the useful mosaic actually consists of 4 × 1024 × 512 pixels (Fig. 5). The
observer needs to specify the detector read-out mode (FowlerNsamp or FowlerNsampGrstWin).
In both read-out modes, the following two detector parameters must be specified: the detector
integration time (DIT) and the number of individual exposures (NDIT) to be averaged in a
single exposure, whose total integration time is therefore NDIT×DIT. Both parameters should
be adjusted with help of the ETC (Sect. 10.2). Bright objects or observations in the L or M
bands (high sky level) require short DITs to avoid saturation; in particular, heavily saturated
spectra lead to detector remanence that affects subsequent observations. An example of such
remnance is shown in Fig. 16, caused by over-saturation of a factor ∼4 of ThAr lines.

Figure 16: Left plot: Example of remanence on a 600-s dark image on Detector 1 taken after
the detector was saturated with a ThAr arc exposure. Right plot: Decay of remanence with
time for the four detectors.

On the other hand, faint targets in the J, H or even K bands may require DITs up to 900s
to decrease the readout-noise contribution. Long DITs are strongly affected by the detector
glow which can be corrected by nodding (Sect. 9.2).

All other detector settings such as bias, voltages, operating temperature, etc. are automatically
set by the system.

The default read-out mode is Fowler Sampling (Fowler & Gatley 1990 ApJ 353, L33; abbre-
viated as FowlerNsamp for use in templates): the detector is first reset, then each pixel is

http://www.eso.org/observing/etc/
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Table 1: Summary of detector parameters.

Detector
Parameter # 1 # 2 # 3 # 4

Dark current (e−/s) 0.20 0.32 0.37 0.34
Gain (e−/ADU) 6.97 6.89 6.92 7.27
Quantum efficiency (e−/γ) 0.92 0.97 0.83 0.73
Read-out-noise (e− RMS) 9.9 9.7 9.6 10
Saturation level (e−) 120000 120000 120000 120000
Operating Temperature (K) 27.5 27.5 27.5 27.5

non-destructively read NDSAMPLES/2 times at the start of the exposure, then again ND-
SAMPLES/2 at the end of the exposure of exposure time DIT. The slope of the relation
provides the intensity of the given pixel. The value of NDSAMPLES is 2 for DITs strictly
smaller than 10 s, 4 for DITs at least equal to 10 s but strictly smaller than 20 s, etc... up
to a maximum of 128. The value of NDSAMPLES for a given frame is available in the FITS
header (DET.NDSAMPLES).

The intensity of a pixel corresponds to an exposure time of one DIT. If NDIT is larger than
1, the reading process is repeated NDIT times and the values for a given pixel are averaged.
Therefore, the value saved always corresponds to an exposure time of one DIT. If the number
of exposures (SEQ.NEXPO) is larger than 1 in the template, each individual exposure is saved
independently.

In case of very bright targets, the Fowler Sampling with Global Reset and Windowing can be
used. The name of this mode is abbreviated to FowlerNsampGRstWin for use in templates.
This mode only reads detector #2 and #3. It executes a global reset of the detector before
applying the Fowler Sampling on two small stripes that fully cover detector #2 and #3 in
the spectral direction but only a user selected number of pixels (64, 128 or 256) in the spatial
direction. As only a small fraction of the detector is read, shorter DITs can be used. On the
other hand, for comparable DITs, this mode allows to reduce the read-out noise by a factor
∼ 2 compared to the FowlerNsamp read-out mode: consequently, observations of faint targets
are less affected by the read-out noise. This improvement is not yet implemented in the ETC.

6.1 Dark and gain

In Fig. 17 dark current and conversion gain of detector # 2 are shown. The dark current is
estimated from the slope of the signal (in ADU or e−) as a function of integration time (s)
for the linear region. Dark current, gain, read-out-noise, saturation of the four detectors # 1,
# 2, # 3, and # 4 as well as the operating temperature are given in Table 1. Note that the
raw gain values (cf. Fig 11) have been corrected by a factor of 0.9 to take into account the
interpixel capacitance (see Finger et al. 2006, SPIE 6276, 62760F).

http://www.eso.org/instruments/crires/doc/Finger_spie_2006_6276_16_ver1.pdf
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Figure 17: Dark current (left) and conversion gain (right) of detector # 2.

6.2 Glow

The detectors show glow over areas close to the amplifiers, as clearly visible in Fig.18. It is
stable and can be subtracted by an exposure obtained with the same DIT. The glow increases
with DIT. Therefore, in order to best remove it as well as other detector systematics, it is
recommended that observations in any given wavelength setting should include at least one
nodding cycle. Note however that areas affected by the glow suffer from increased Poisson
noise.

Figure 18: Example of the detector glow on a dark exposure. The detector glow (in red) is
emerging from the bottom corners of each detector.

6.3 Fringes

No detector fringes are detected in the wavelength range useful for science observations.
Fringes are only visible beyond 5µm, outside the atmospheric window.

6.4 Odd-even effect

Images obtained with the science detectors show a pattern aligned with the reading direction.
In other words, the pattern is aligned with the rows of the detectors, parallel to the spectral
dispersion, for detectors # 2 and # 3. For detectors # 1 and # 4, the pattern is instead
aligned with the columns, i.e. perpendicular to the spectral dispersion. This pattern consists
of alternating rows or columns of larger and smaller intensities than the mean value.
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Figure 19: Flats obtained with the halogen lamp at different DITs, for detector 1. Each graph
represents 1000 pixels of the image collapsed along the columns. A DIT=1s dark exposure
has been subtracted from each image. From top to bottom: (a) a 3 s flat (ff3s) normalized
to its median value shows a bimodal distribution of intensities, reflecting the odd–even effect.
The measured RMS of the normalized flat is 5.8%. Panel (b) shows the ratio between two
dark subtracted flats of 11s and 3s, respectively. The ratio shows an RMS of 0.95%. Panel
(c) is similar to (b) but for flats with DITs of 3 and 7s, respectively. The RMS of the ratio is
0.36%. Panel (d) shows that the ratio for 2 flats obtained with DITs of 2s and 3s, respectively
has an RMS of 0.15%. The decrease of the scatter in the ratio of flats when DITs tend to be
similar demonstrates that the odd–even effect depends on the signal level.

This effect cannot be removed by simple flat fielding and is still visible after nodding. Figure 19
gives an example based on a sequence of flats obtained with different DIT settings. It shows
that this “odd-even” effect depends on the signal level. A method to correct for the odd-even
effect is described in the next paragraph.

6.5 Correcting for detector non-linearity

All common IR detectors suffer from non-linear effects. In the case of CRIRES, deviation
from linearity is of the order of 3% of the detected flux at about 4,000 ADUs (≈ 32, 000e−)
and increases with flux.

The CRIRES team has developed a method that appears to efficiently correct for the non-
linear behavior of the detector, including the odd-even effect. Results obtained at the date of
issue of this manual indicates that a total signal (dark + sky + object) smaller than about
10,000 ADUs (≈ 70, 000e−) can be corrected with good accuracy (residuals much smaller than
1%), providing both the science and the flat-fields are taken with DITs longer than 2 s. Data
obtained with shorter DITs are affected by the finite reset time of the detector arrays.
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The method is more detailed in the description of the CRIRES pipeline at http://www.

eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_gen.html and, in particular, in
the section dealing with the science recipes. Static calibration files necessary to correct for
the non-linearity are available at http://www.eso.org/observing/dfo/quality/ALL/ref_

frames/ref_crires.html.

http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_gen.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_gen.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_gen.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/recipe_science.html
http://www.eso.org/observing/dfo/quality/ALL/ref_frames/ref_crires.html
http://www.eso.org/observing/dfo/quality/ALL/ref_frames/ref_crires.html
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7 Characteristics of the spectrograph

7.1 Wavelength settings

Wavelength settings are defined by a reference wavelength that corresponds to the wavelength
at the middle of detector 3. In a few cases (see §6), this reference wavelength is not sufficient,
and an additional number, the grating order is needed.

Set-ups are done by using the instrument model to position the spectrum with an absolute
accuracy to better than 30 pixels and a reproducibility ≈ 3 pixels. Reproducibility to a fraction
of a pixel is expected once the use of the metrology fibers is implemented with the goal of the
start of P90. We note that at least initially these fibres will only be used in the standard and
not free settings.

Typically about 280 CRIRES settings are sufficient to cover the entire infrared spectrum in
the range of 955 ≤ λ ≤ 5248nm. Standard wavelength settings are detailed in Sect. 15.
Wavelengths can also be set using free wavelength settings: allowed ranges for the reference
wavelength are listed in Tab. 5a.

Tables 3a - 3k (Tables 4a - 4k) therefore now provide under the columns Unvignetted range
the wavelength (wavenumber) ranges for which reproducibility of the illumination is estimated
to be better than 1 % for a 0.4′′ slit. Wavelength outside of these ranges but still covered by
a detector are subject to contamination from adjacent orders.

Figure 20 shows an example of such contamination seen in spectra of Titan from overlapping
orders. The contamination is typically only present on the outer two detectors and is worse
at shorter wavelengths; see Tables 4a - 4k.

Vacuum wavelengths are used throughout this manual.

7.2 Wavelength calibration

7.2.1 Standard means: ThAr lamp and N2O and CO gas-cells

Wavelength calibration of CRIRES spectra is difficult. Depending on the wavelength and on
the required accuracy, different methods can be used. For an accuracy corresponding to 3
pixels, the start and end wavelengths and the derived dispersion assumed to be linear for each
detector is sufficient, in particular for the standard settings.

If present in raw data, either emission or absorption sky lines can be used in the data reduction
to improve the absolute wavelength calibration. The CRIRES team has started to obtain
data to quantify the absolute accuracy of such a method. However, the number of sky lines is
insufficient to achieve a high precision absolute wavelength calibration for many settings, in
particular those below 2500 nm.

The density of lines provided by arc lamps is usually small in the IR. However, the Thorium-
Argon lamp can provide a large number of lines up to about 2500 nm. The ESO Calibration
and Instrument Modelling group in Garching together with the US National Institute of Stan-
dards and Technology have collaborated to increase the number of identified Thorium and
Argon lines in the NIR. This collaboration to support the wavelength calibration of CRIRES
lead to a paper available in the Tools section in the CRIRES web page. Users whose science
has benefitted from the ThAr calibration should cite Kerber, F., Nave, G. & Sansonetti, C.J,
ApJS, 2008, 178, 374.

http://www.eso.org/instruments/crires/tools/
http://www.iop.org/EJ/abstract/0067-0049/178/2/374/
http://www.iop.org/EJ/abstract/0067-0049/178/2/374/
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The atlas and line catalogue is available through http://physics.nist.gov/PhysRefData/

ThArLampAtlas/ThArLampAtlas.html. It is also included in the static CRIRES calibra-
tion data page at http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_

calib.html.

An additional high–precision method is provided by the use of a N2O gas-cell in front of a halo-
gen lamp, as the N2O lines are recognized wavelength standards beyond 3500 nm. However,
they are only present in a limited number of settings. The list of N2O lines is also available at
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_calib.html and is
also part of the CRIRES pipeline distribution.

The following guidelines should be considered in case high precision absolute wavelength cal-
ibration is required. Section 18 details the recommended method to carry–out an accurate
wavelength calibration for each order.

1. Sky lines: A possible output of the ETC is the emission sky spectrum for the requested
reference wavelength. Its examination should provide enough information as to decide
if the required wavelength accuracy can be achieved.

2. ThAr lamp: For wavelengths below 2300 nm the Thorium–Argon lamp provides enough
lines for a good wavelength calibration. Since April 2008, the ThAr spectra are obtained
by means of a set of fibers. This method allows to avoid strong scattered light sometimes
mimicking real lines and making the identification difficult. The several spectra obtained
also provide a way to determine the distortion of the spectrograph. An example of a
ThAr wavelength calibration frame can be seen in Fig 21.

3. N2O gas-cell: For wavelengths longer than 3500 nm, N2O is a strict (National Institute
of Standards and Technology, NIST) wavelength standard. For shorter wavelengths, the
available line list originates from the HITRAN database, itself based on Toth et al. (see
http://cfa-www.harvard.edu/hitran/). Unfortunately, N2O has no lines below 1650 nm
and only weak lines between 1650–2100 nm. Their distribution over the detectors for a
given wavelength setting can be seen by using the ETC. A line list can be accessed from
the Tools section in the CRIRES web page.

4. CO gas-cell: A CO gas-cell has been available since April 2008. The line list is also
available at the NIST web site and is accessible via the Tools section of the CRIRES
web page.

It is also possible to use the N2O or CO gas-cell during the observations themselves, that is
to have the gas-cell on the light-path of the astronomical object. First results from science
verification or commissioning data or regular science observations indicate that a radial velocity
accuracy of the order of ∼ 20 to 30 m s−1 can be reached. A monitoring programme has started
to determine the long-term behavior.

It is important to note that the atmosphere itself contains N2O. Therefore, it is difficult to
disentangle the origin of N2O lines originating in the gas-cell from the ones originating in
the atmosphere, at least in the L or M band. In the K band, N2O lines originating from
the atmosphere are weaker but still present. Similarly, the CO gas-cell can also be used for
observations. Its use is particularly recommended in the K band (order 24).

The CRIRES team is actively working on alternative solutions for wavelength calibration,
such as an accurate instrument model or the use of additional gas-cells. In particular, it is
currently testing an OCS gas-cell in the laboratory.

http://physics.nist.gov/PhysRefData/ThArLampAtlas/ThArLampAtlas.html
http://physics.nist.gov/PhysRefData/ThArLampAtlas/ThArLampAtlas.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_calib.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_calib.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_calib.html
http://www.eso.org/observing/etc/
http://physics.nist.gov/PhysRefData/wavenum/html/spect.html
http://physics.nist.gov/PhysRefData/wavenum/html/spect.html
http://www.eso.org/observing/etc/
http://www.eso.org/instruments/crires/tools/
http://physics.nist.gov/PhysRefData/wavenum/html/spect.html
http://www.eso.org/instruments/crires/tools/
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Note that the temperature of the gas-cells is not controlled, but is left to fluctuate with the
temperature within the telescope enclosure.

7.2.2 Radial velocity measurements

Huelamo et al. (2008, A&A 489, 9), Seifahrt & Kaeufl (2008, A&A 491, 929), Figueira et al
(2010, A&A, 513, 8) and Bean et al. (2010, ApJ 711,19) have demonstrated that accurate
radial velocity measurements to better than ≈ 35 ms−1, even possibly to 10 ms−1, are feasible
with CRIRES. The Seifahrt & Kaeufl (2008) study covered data over only ≈ 4h 30m, while
the Huelamo et al. (2008) study extends over slightly less than 7 days. Bean et al. (2010)
find a typical internal precision of the measurements of ∼10 m/s with the use of an amonia
gas-cell over several months, with the Figueira et al. study providing a similar precision over
a week without the gas cell (in NoAO mode).

Wavelength calibration is of course the critical aspect of all radial velocity measurements: a
10 ms−1 precision corresponds to a mean error on the solution of ≈ 0.007 science detector
pixel. Some fundamental parameters regarding radial velocity measurements can be found
in Bouchy, F., Pepe, F., & Queloz, D. (2001, A&A, 374, 733). However, this paper mainly
deals with measurements in the optical regime though, and some results are not valid in the
CRIRES accessible spectral range.

Regarding CRIRES observations, the following aspects require particular attention: (1) num-
ber of (absorption) lines of the star within the spectral range of interest; (2) number of lines
used for wavelength calibration; (3) spectral resolution; (4) slit illumination and photocenter
error; (5) flat-fielding error. There are briefly discussed in the following:

1. In general, the number of absorption lines should be as high as possible; however, blend-
ing or presence of broad lines should be avoided;

2. The number of lines used for wavelength calibration should also be as high as possible;
here also, the presence of broad lines should be avoided. In the spectral range of CRIRES,
telluric lines offer a natural choice of wavelength calibration lines. However, the following
caveats regarding telluric lines and attached ThAr spectra have to be taken into account:

(a) Over the long term, a fundamental limitation is the overall motion of clouds giv-
ing rise to telluric lines. The fastest coherent cloud motion is caused by the jet-
stream, which can reach velocities exceeding 55 ms−1 (during the Seifahrt & Kaeufl
2008 study, it reached ≈ 29 ms−1); it can therefore possibly induce a shift of up
cos (zenithal distance)× cos (difference of azimuth between jet-stream direction and
direction of observation) ×jet-stream speed for lines that are only produced at the
jet stream altitude, and some possible line shape changes for lines that are par-
tially produced at this altitude. However, the largest contribution to most telluric
absorption lines (except O3) arise in the first scale height of the atmosphere above
the telescope;

(b) Many settings of CRIRES cover spectral ranges that include water vapor lines: the
column density of water vapor can change on a time scale of a few minutes. In
addition, since water vapor is mainly located at low altitude, its column density
dependence on airmass can be different from the one of other molecules. Presence
of weak water vapor lines can subtly change the centroid of other telluric lines with
which they are blended;

http://esoads.eso.org/abs/2008A%26A...489L...9H
http://esoads.eso.org/abs/2008A%26A...491..929S
http://adsabs.harvard.edu/abs/2010A%26A...511A..55F
http://adsabs.harvard.edu/abs/2010A%26A...511A..55F
http://adsabs.harvard.edu/abs/2010ApJ...711L..19B
http://esoads.eso.org/abs/2001A%26A...374..733B
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(c) ThAr spectra are now produced using a set of fibers that illuminate the entrance
slit. Currently, ESO cannot guarantee that the photo-center of the light coming
out of the fibers is reproducible to the level of accuracy required for reaching a
precision better than 100 m/s;

3. For a discussion on spectral resolution see Bouchy, F., Pepe, F., & Queloz, D. (2001,
id)). One should note that in the case of CRIRES, the choice of resolution is intimately
related to the choice of slit width in the case that the PSF FWHM is larger than the
slit width. If it is smaller, the resolution actually depends on the FWHM of the PSF
and on the centering error caused by the secondary guiding algorithm;

4. The location of the star photocenter on a slit not uniformly illuminated is a crucial
aspect. A mean precision of 10 ms−1 requires a mean error on the centering of the target
of ≈ 0.015 slit-viewer detector pixel, from one observation to the next. This precision
must be reached in spite of various seeing and transparency conditions. In the case of
AO observations, this precision must also be reached despite variations on the quality
of the AO corrections, which depends on atmospheric turbulence, airmass,... There is
no guarantee that the algorithm used for the secondary guiding on the slit viewer can
reach such a level of accuracy on a constant basis with so many variable parameters.
Two solutions can be adopted:

• Observations in NoAO mode with the narrowest slit in bad seeing conditions
(FWHM at the observing wavelength larger than at least ≈ 4 − 5 times the slit
width). In this case, the slit illumination is likely to be uniform enough that the
exact location of the photocenter is not a problem. Clearly with this approach the
througput is reduced.

• In case of AO observations requiring high RV accuracy, it is important that the
light path includes one of the offered gas-cells so that the reference lines it offers
are fixed relative to the spectrograph. Note that some problems listed in point
(2) above are also valid here: (a) line blending of the gas-cell lines with the star
absorption lines as the star radial velocity changes with the Earth motion around
the Sun, or by the presence of planet around the star under study; (b) line blending
with telluric lines of varying intensity depending on airmass or varying atmospheric
conditions. However, in any case, the use of a gas-cell appears as a solution offering
a very high radial velocity accuracy.

5. The shape of the absorption lines can be changed subtly if the flat-fielding was done
with a slit width slightly different from the one obtained during the observations. It
is therefore important to attach a flat-field in the corresponding OB. This problem has
been nearly eliminated due to the move to fixed slits at the start of October 2011 (see
Fig. 2).

6. It is always useful to observe a radial velocity standard star together with the science
target in order to eliminate possible systematics.

7.2.3 Visitor gas-cells

For ultra precise radial velocity work users may wish to employ a special gas-cell in absorption
during their scientific observations, similar to the Iodine Cell method employed in the optical.

http://esoads.eso.org/abs/2001A%26A...374..733B
http://esoads.eso.org/abs/2001A%26A...374..733B
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For the moment users have to supply their own gas-cell(s) at their own risk. In this context
one should keep in mind the problem of pressure shift (c.f. Fig. 2b in Glenar et al. ADV.
HELIO- AND ASTEROSEISMOLOGY: I.A.U. SYMP.123 P.481, 1988 which gives a practical
example of the associated error). The use of gas-cells not part of the observatory standard set
(which currently only includes N2O and CO gas-cells) is limited to runs executed in visitor
mode, as their use would interfere with regular service mode observations.

Mechanical lay-out Figure 22 shows the way the present ESO’s gas-cells are mounted
on the carriage. Figure 23 illustrates their mechanical lay-out. In principle the cells are
held in place by a bar pressed down with a knurled nut. Any mechanical design which is
compatible with the overall design space and this very generic fixation method is acceptable.
The minimum optical clear diameter should be 22mm to have sufficient field for acquisition
and nodding.

The optical quality of the entrance windows has to be sufficient to allow for diffraction limited
imaging. Low order aberrations (e.g. spherical aberration or astigmatism) are acceptable,
as the MACAO adaptive optics system would correct for them. The windows have to be
transmitting and of good quality for both the AO-reference wavelength (600-1000nm) as well
as for the spectral region of interest to be covered by CRIRES.

One of the windows is very close to the telescope focus, so it is important that at least one of
the two windows is scratch free and clean! If relevant, the preferred orientation of the gas-cell
needs to be indicated.

The gas-cell will operate in an f/15 beam so that fringing in the windows is not a big issue.
Still if slightly wedged windows are used, they have to be aligned such that the net prismatic
deflection is close to zero to avoid differential refraction effects.

Logistics As part of the proposal process all relevant information as to the properties of
the visitor gas cell have to be submitted to ESO. In addition the fill-gas has to be described
and if relevant handling and safety procedures have to be clarified. The cell(s) have to be
sent to ESO Garching at least 4 weeks prior to the observing run properly packed for overseas
shipment by airfreight. ESO takes the responsibility of shipping the cells to and from the
observatory.

At this stage, only non-toxic gases are allowed in gas-cells.

Operations At the beginning of the visitor run ESO will remove one of the two observatory
gas cells and mount one of the user’s gas cells to the instrument. A change of the cells during
one observing night is not possible.

Cells are kept in the warm part of the instrument. Their temperature is not controlled.

7.2.4 Observations without gas cells

Of course, observations in both AO and NoAO are possible with CRIRES without gas cells
being in the beam.

http://esoads.eso.org/abs/1988IAUS..123..481G
http://esoads.eso.org/abs/1988IAUS..123..481G
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7.3 Flat fields

Dedicated flats are best taken with the Halogen lamp. DIT and NDIT are automatically
determined by the template. In particular, DITs are always longer than 2 s for the reason
given in §6.4.

There is a priori no need to take flat fields at night time, as the detector characteristics
are sufficiently stable in time, and the spectrograph wavelength setting sufficiently accurate.
However, flat-fields may be important for very accurate radial velocity measurements. They
may also be important when the interesting lines appear at the blue or red edge of a spectral
setting, where possible vignetting by the intermediate slit may affect the detector illumination
(see §8.4).

Flat-fields that are part of the calibration plan (see Sect. 12) have a signal-to-noise ratio per
pixel larger than 200 at the peak efficiency of a given setting. A systematic atlas of the
S/N/pixel of the flat-fields for each standard wavelength setting has started and is available
here

Users requiring flat-fields with larger S/N should indicate this in the ‘Special Calibration’
section of the proposal form or contact ESO through the email addresses listed in §1.4.

7.4 Spectrograph field-of-view, slit width and seeing

The field-of-view of the spectrograph is slit width × 40 ′′. The appearance of a spectrum on
the science detector is illustrated in Figure 24. Note in particular that the default centering
position is not at the center of the slit. The entrance slit of CRIRES was changed at the start
of October 2011. The new model has two fixed slits of widths of 0.2 and 0.4 arcseconds only.
The field of view of the slit viewer did not radically change.

A slit width of 0.4′′ offers a close to maximal throughput in most AO observations. For non-
AO observations, the optimal slit width would in principle be given by the external seeing at
the wavelength of observations.

It is worth to recall that the seeing FWHM ε depends on the wavelength λ following

ε(λ) = ε(λ = 500nm)

(
λ(nm)

500nm

)−1/5

, (1)

and on the zenith distance, z, following

ε(z) = ε(z = 0) (sec z)0.6. (2)

http://www.eso.org/observing/dfo/quality/ALL/ref_frames/ref_crires_flatsn.html
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Figure 20: Example of contamination from adjacent orders present in the spectra of Titan.
Top figure: All four detectors. Bottom figure: Detector 4 which shows absorption lines from
other orders. Figure kindly provided by Emmanuel Lellouch.
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Figure 21: Example of a ThAr wavelength calibration exposure, corresponding to a reference
wavelength of 1090.4 nm, detector #3. In addition to the lines to be used for wavelength
calibration, the ThAr lines that will be used for metrology are visible at the top and bottom
of the frame. In this setting and in a few other ones, ghosts are also visible.

Figure 22: The N2O and CO gas-cells mounted on the carriage
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Figure 23: Mechanical lay-out of a gas-cell
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Figure 24: Illustration of the geometry of the science (A) and slit viewer detector (B,C)
for a position angle of 0 deg on sky. Two slit viewer images are shown; (B) is with the old
slit unit and (C) with the new slit. On the science detector, North is to the bottom and
East to the left, while North is to the top and East to the left on the slit viewer detector.
The centering position of the science target in the SV detector is the center of the slit in
x and pixel y = 476 along the slit. This position corresponds to pixel y ≈ 293 on the
science mosaic; the exact value depends on the detector and the wavelength setting. With
the templates CRIRES spec obs AutoNodOnSlit and CRIRES spec obs SpectroAstrometry,
nodding is done symmetrically along the slit around the centering position. For nodding
position A, the image of the target appears at larger y values on the slit-viewer and lower
y value on the science detector, at half the nod throw from the centering position. In other
words, for a position angle of 0 deg, the telescope position at nodding position A is South of
the centering position. Conversely, for nodding position B, the image of the target appears at
smaller y values on the slit-viewer and larger y value on the science detector. On the science
detector, wavelengths increase from left to right.
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7.5 Spectral resolving power

A spectral resolution of 96,000 has been measured with a slit width of 0.2 ′′ at 2172 nm. Cur-
rently, the relation slit-width to spectral resolution R is such that R× slit width (in ”)/0.2′′ ≈
100, 000. However, this relation is only valid in the case that the whole slit width is uniformly
illuminated by the light source, such as in the case of NoAO with narrow slit width. In the
case of good AO corrections, the resolution may be partly determined by the width of the PSF
at the entrance width and the stability of the PSF location in the slit during the observations.

Figure 25 shows the optical depth profile obtained from the combination of 5 12CO lines seen
in absorption toward the young star DG CrA, using a 0.2 ′′ slit width. A Gaussian fit to this
profile, taking into account the finite pixel width, gives a FWHM of 3.18 km s−1, corresponding
to a resolution of 94,300. This value is therefore a lower limit to the spectral resolving power
of CRIRES.

Figure 25: Optical depth profile obtained from the combination of 5 12CO lines seen in ab-
sorption toward the young star DG CrA. Courtesy Klaus Pontoppidan.

A slit width narrower than 0.2” was in theory possible before P88, in particular, in the case of
observations of very bright targets. However, there was no guarantee that the requested slit
width could be achieved for a slit width parameter smaller than 0.2”, due to the limitations of
the slit mechanism. Also, there was no guarantee that the spectral resolution could be larger
than 100,000. From P88 we moved to fixed slits of 0.2 and 0.4′′only.
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8 System efficiency and throughput

The overall efficiency of CRIRES has been measured on spectrophotometric standard stars.
The flux, Fν , of such a star, expressed in Jy, is converted to the flux, Nγ, in photons/s/pixel
by

Nγ =
c

λ2
Fν ·

ATel

Eγ
·∆λ (3)

where Eγ = hc/λ is the photon energy, ATel, the telescope collecting area. The dispersion ∆λ
is output by the ETC.

Figure 26: Overall system efficiency, also called throughput. The wavelength dependence of
the efficiency for a particular wavelength setting is shown for different slit widths on the left.
The peak efficiency as a function of slit width is shown on the right. Recall that from P88
only slit widths of 0.2 and 0.4 arcsec are available.

The overall efficiency or throughput τ , is defined as the ratio of e−/s/pixel as measured on
the detector divided by the theoretical expected photon flux (photons/s/pixel) arriving above
the Earth’s atmosphere (Eq. 3). In Fig. 26 the overall efficiency as a function of slit width
for order 26 at 2150 nm is shown together with the peak efficiency versus slit width. During
these observations, atmospheric conditions were rather bad (seeing of ≥ 1.6 ′′ and coherence
time of 2 ms, see Sec. 3) so that the AO could not work effectively, leading to significant slit
loss.

8.1 Transmission of the entrance window

The transmission of the dichroic window which also serves as entrance window for the spec-
trograph has been measured in the laboratory in Garching for λ > 1000nm. It is shown as a
function of wavelength in Fig. 27. For shorter wavelengths, only manufacturer measurements
exist: they indicate that the blue wavelength cut-off (transmission smaller than 50%) occurs
at ≈ 950nm.

Standard star data taken at the start of operations and in 2011 indicate that the sensitivity of
the system has decreased by around 20 percent over time. Indeed loss of transmission of some
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Figure 27: Transmission curve of the entrance window.

surfaces was noticed during the September 2011 intervention. In the future cleaning and/or
recoating of surfaces may be performed.

8.2 Sensitivity

Proposers should refer to the Exposure Time Calculator (Sect. 10.2) for estimates of the
throughput of CRIRES. In particular, one should note that the grating blaze function intro-
duces a large sensitivity variation within any given order. Please note that on-sky observations
take longer than given by the ETC as overheads such as the telescope preset need to be taken
into account at Phase I. See (Sect.10.3).

Short-ward of 1100 nm, the spectral range accessible to CRIRES overlaps with the one acces-
sible to UVES. For the observations of specific spectral features in this region, it is interesting
to compare the efficiency of the two spectrographs. Figure 28 shows the extracted counts of a
standard star observed nearly simultaneously with CRIRES and UVES in June and December
2010.

In both cases, the slit was constantly aligned along the parallactic angle (ELEV mode). The
first spectrum (in blue) was obtained with UVES with a slit width of 0.4′′, providing a reso-
lution R ≈ 80,000. The other one (in red) was obtained with CRIRES using NoAO and a slit
width of 0.4′′, providing a resolution R ≈ 50,000. For observations of specific lines accessible
in one setup, CRIRES was more efficient red-wards of ≈ 1000nm. This compares to the 2007
crossover point of ≈ 970nm, since which time the UVES MIT CCD was upgraded with a
thicker model which is more sensitive in the red.
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Figure 28: Comparison of extracted counts per pixel obtained during nearly simultaneous
CRIRES (red) and UVES (blue) observations using a 0.4 arcsecond slit for both spectrographs
and NoAO for CRIRES. The UVES spectral resolution is around 80,000 and the corresponding
value for CRIRES is around 50,000. Recall that with AO CRIRES would be more sensitive
than with NoAO under normal conditions.

8.3 Optical ghosts

Occasionally, especially when using the CRIRES Echelle grating in high order, a quasi white
– light ghost is visible on the science data or calibrations. It results from a retro-reflection
from the detector onto the grating, which is redirected onto the detector in a different order
and with reduced dispersion. Ghosts cancel out by nodding, as sky emission lines do. One
example of a ghost visible in a staring image is given in Fig. 29.

Figure 29: Example of a quasi-white light ghost observed with a reference wavelength of
1153.8 nm. The ghost is visible in staring frames top left on the second detector. Also,
diagonal (middle) and vertical (right) detector scratches are also visible.

8.4 Stability and reproducibility

For wavelength calibration the stability and reproducibility of the different mechanical func-
tions (grating, prism, slit) are important. The absolute setting of the prism and grating
guarantees that a given standard wavelength setting is accurate to better than 30 pixels, even
possibly after a minor intervention. A model of the instrument currently achieves a wavelength
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calibration of ≈ 3 pixels without simultaneous wavelength calibration. Details are available
by sending an email to the CRIRES instrument account.

A measurement of the stability of the instrument has been obtained by measuring the location
of an emission line in short exposures spread over a span of ≈ 10 minutes. A preliminary value
is 1/20 pixel. Such tests need to be repeated for different wavelength settings.

The reproducibility problem previously reported with the intermediate slit1 has now been
solved since the installation of a new intermediate slit mechanism in May 2009. The interme-
diate slit width is now reproducible to a few microns.

Before October 1st 2011 the entrance slit showed variations of over 30 per cent in its width,
with the consequence that the spectral resolution of the instrument and throughput were
variable. From October 1st 2011 we moved to a system with two fixed slit widths
of 0.2 and 0.4′′ only which effectively removed the reproducability issue.

However, we note that the position of the slit centre still shows some variations due to the
limiting accuracy of the mechanism. There is a peak-to-peak variation of around 0.2 pixels in
the centre - see Fig. 30.

Figure 30: Reproducability of the centre of the 0.2” CRIRES slit.

1This element is not shown in Figure 4. It is located between the collimator (the concave mirror located
after the prism) and the small flat mirror located before the TMA.
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Part III

Observing with CRIRES at the VLT

9 Introduction

9.1 Atmospheric transmission

The transmission of the Earth’s atmosphere in the J, H, K, L and M bands is shown in Fig. 31.
The amount of telluric absorption varies non-linearly with zenith distance and precipitable
water vapor - see Fig.33. In order to facilitate the identification of sky regions affected by water
vapor absorption lines, Fig. 32 shows the atmospheric transmission spectrum only including
water vapor absorption lines. It is extremely important that users check if their
astronomical lines falls on top of one of these spectral features as their data may
be useless if this occurs.

The transmission spectrum of the sky for a particular setting is an optional output provided
by the ETC. This tool allows one to select spectra based on different amounts of precipitable
water vapor. From P90 these values have been changed from 1.0, 2.3 and 8.0-mm to 1.5, 2.5,
3.5, 5.0, 7.5, 10.0 and 20.0-mm and are a user-definable constraint within P2PP. Examples of
spectra produced by the ETC are shown in Fig. 34 and 35.

9.2 Background removal

9.2.1 Sky emission spectrum

The sky background emission can be divided in two regimes depending on the wavelength.
Below 2200 nm, the sky emission is dominated by OH lines, formed at an altitude of 80 km.
Detailed sky spectra with OH line identifications are available on

http://www.eso.org/instruments/isaac/tools/.

Beyond 2200 nm, the thermal background dominates with contributions from both atmo-
spheric and telescope emission.

The sky emission spectrum for a particular setting is an optional output provided by the ETC.

9.2.2 Nodding

The purpose of nodding is to correct or remove sky emission, detector dark current and glow
(Fig. 18), and some ghosts. In a simple application of this technique a spectrum is taken
at telescope position A, after which the telescope is moved along the direction of the slit to
position B and another spectrum is taken. By subtracting the A and B images, dark and sky
subtractions are performed. The number of nodding cycles and the nodding throw are free
observing parameters. Because of the extended wings of the PSF a nodding throw greater
than 5 ′′ is recommended, preferably 10 ′′. Recall that in windowed readout mode then the
nod throw must be set to 12 arcseconds.

http://www.eso.org/observing/etc
http://www.eso.org/instruments/isaac/tools/
http://www.eso.org/observing/etc
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Figure 31: Atmospheric transmission from 900 – 5500nm computed with PCLnWin/HITRAN
for a Paranal atmosphere, precipitable water vapor (PWV) of 2.5mm, at zenith and smoothed
to a resolution of λ/∆λ = 104.
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Figure 32: Water-vapor only atmospheric transmission from 900 – 5500nm computed with
RFM/HITRAN for a Paranal atmosphere, precipitable water vapor (PWV) of 2.5mm, at
zenith at a resolution of λ/∆Λ = 100000.
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Figure 33: Effect of changes in airmass on Precipitable Water Vapour (PWV) absorption as
produced by the CRIRES ETC.

9.2.3 Jittering

The purpose of jittering is to correct for bad pixels and decrease systematics due to the
detector. This is particularly important for CRIRES observations. Indeed, the detectors suffer
from a relatively large number of bad pixels. In addition, the spatial extent of a spectrum
is at most a few pixels in nominal conditions with AO. Jittering is obtained by adding a
small, random offset to the telescope in addition to the nodding offset. The recommended
maximum size of the jitter offset is a free parameter. It must be smaller than half the nodding
offset but larger than the spatial extent of the minimum feature that one hopes to detect; for
point sources, it should be larger than the width of the spatial profile. Recall that when using
windowed mode that the jitter should be a maximum of 1 and 2 arcseconds for DET1.WIN.NY
values of 64 and 1128, respectively.

9.3 Flux calibration and telluric correction

9.3.1 General procedure

Flux calibration and telluric correction are generally carried out in three steps. The first step
removes telluric absorption features of the extracted, wavelength calibrated science spectrum
by dividing it by the one of a telluric standard. The second step removes the intrinsic spec-
tral features of the telluric standard that are imprinted onto the science spectrum because of
the first step. The third step uses a spectro-photometric standard to set the absolute flux scale.

The spectro-photometric standard and the telluric standard can be the same star. Note
that CRIRES, as spectrometers in general, is not meant to provide high absolute spectro–
photometric accuracy due to slit losses.

The Observatory does not offer observations of telluric or spectro-photomeric standard stars.
Observers who wish to correct for telluric features or flux calibrate their spectrum therefore
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need to supply a standard star OB. Observing time needed to execute telluric or spectro-
photometric standard stars is charged to the observer and must be taken into account in the
amount of time requested during Phase 1.

If a telluric star is provided then it will be observed within 2 hours in time and with an
airmass difference of less than 0.2. Normally the observations of the science and telluric are
taken consecutively.

9.3.2 Telluric correction

The most prominent features in IR spectra are telluric lines created by the Earth’s atmosphere.
Unfortunately, many telluric absorption lines are saturated and do not scale linearly with
airmass. Therefore, it is necessary to observe a telluric standard as close as possible in airmass
and with the same instrument setup as that used for the science target. Furthermore, the
strength of some telluric lines varies with time, so it is also necessary to observe the standard
soon after or soon before the science target. Thereafter, the spectrum of the science target is
directly divided by the one of the telluric standard.

From P90, tellurics can be made parts of concatenations together with science OBs which are
handled naturally within P2PP3.

Ideally, the spectrum of the telluric standard should be known, so that features belonging to
it can be removed (step 2 above). However, this is usually not the case, so one has to use
standards in which the spectrum is approximately known. At present no high precision IR
atlas of standard stars with bona fide spectra exists. The CRIRES Team will compile such a
list of spectro-photometric standard stars and, once it is available, will put it on the CRIRES
home page http://www.eso.org/instruments/crires/.

Note that work by e.g. Seifahrt et al. (2010, A&A, 524, 11) have presented techniques to
synthesise telluric absorption absorption and emission line spectra to remove the need to take
a telluric star in some cases. The performance and limitations of the technique are discussed
in the paper.

9.3.3 Hot stars as telluric standards

Usually either hot stars or solar analogs should be used as telluric standards. Spectra of stars
hotter than B4 are well fitted by a black-body, with the exception of a few lines (for example,
neutral hydrogen Brackett lines). So, by knowing its spectral type, the continuum of a star
can be fitted by a Planck function with the appropriate temperature. On the other hand, the
spectra of stars cooler than A0 show molecular features.

Some hot stars also have emission lines or are in dusty regions, and should therefore be avoided.
A positive value of the V-I color of a star can be used as an indicator of reddening due to the
presence of dust on its line–of–sight.

Hot stars tend to lie near the galactic plane. Correction of telluric features for objects close
to the galactic pole may therefore require a different strategy.

9.3.4 Late–type stars or G stars as telluric standards

Unfortunately, spectra of hot stars do contain some features, usually lines of hydrogen and
helium, that can be difficult to remove. If the region around the hydrogen and helium lines is

http://www.eso.org/instruments/crires/
http://adsabs.harvard.edu/abs/2010A%26A...524A..11S
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of interest, then a late type star could instead be observed, as its spectrum only show weak
hydrogen and helium lines.

Solar analogs, for the purpose of removing telluric features, are stars with spectral type G0V
to G4V. These stars have many absorption lines in the IR, particularly in the J band. These
features can be removed by dividing the solar analog spectrum by the solar spectrum at the
resolution of the observations.

In addition to hot stars and solar analogs, IR astronomers have used other stellar types as
telluric standards. For example, F dwarfs are commonly used.

9.3.5 Catalogs

The CRIRES tools web page http://www.eso.org/instruments/crires/tools provides a
number of catalogs of stars that can be used as telluric standards.

9.4 The influence of the Moon

Moonlight does not noticeably increase the background in any of the CRIRES modes, so there
is no need to request dark or grey time for this reason. However, it is recommended not to
observe targets closer than 30o to the Moon to avoid problems linked to the telescope guiding
or active optics system.

On the other hand, the Moon may affect the quality of the adaptive optics correction if the
source used for wavefront sensing is fainter than R=15 mag. In these cases, reducing the
lunar illumination constraint to approximately 0.7 and increasing the distance to the Moon
to approximately 50 degrees is generally adequate.

Observers in visitor mode are encouraged to carefully check their target positions with respect
to the Moon at the time of their scheduled observations. Backup targets are recommended
whenever possible, and users are encouraged to contact ESO in case of severe conflict, i.e.
when the distance to the Moon is closer to 30o. Visitors can use the tools that are available
at

http://www.eso.org/sci/observing/tools/calendar/airmass.html

Backup targets are also recommended so that sources North and South of Declination –24.6
degrees are present in the observing list in case of high wind and subsequent pointing restric-
tions.

http://www.eso.org/instruments/crires/tools
http://www.eso.org/sci/observing/tools/calendar/airmass.html
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Figure 34: Effect of Precipitable Water Vapour (PWV) on CRIRES spectra at some common
wavelength settings - a 5-nm range only is shown around the reference wavelength. (a) 1082.7-
nm (b) 1591.0-nm (c) 2161.0-nm - many lines are caused by CH4 and not H20 so PWV changes
have no effect (d) 4747.6-nm - many emission lines are seen in this radiance spectrum.
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Figure 35: CRIRES observations of Eta Hy (B3) with a 0.4 arcsecond slit compared with the
ETC output. The vertical scale is not calibrated.



56

10 Observing in Visitor and Service Mode

10.1 Overview

For CRIRES there are no deviations from standard VLT operational procedures. As for all
ESO/VLT instruments, CRIRES users must prepare their observations with the P2PP3 tool,
available at

http://www.eso.org/sci/observing/phase2/P2PPSurveys.html.

Acquisitions, observations and calibrations are coded via templates. Two or more templates
make up one observation block (OB), which then contains all information necessary for the
execution of an observing sequence. CRIRES and the telescope are setup according to the
content of the OB. There is one Real–Time Display (RTD) for the slit viewer and one RTD
for the spectrometer. Daytime calibrations, as described in the calibration plan (see Sect. 12)
are executed the following morning by the Observatory staff.

In particular for service mode observers, it is important to properly take into account the
amount of time required for telluric corrections. The execution time of a science OB is typically
1 hour. OBs of longer than 1 hour need a waiver that may or may not be granted. Therefore,
at the time of submitting a proposal, an observer has to already foresee that the observing
time will be split in a number of OBs, each of which usually requires an associated OB of a
telluric star.

From P90 scheduling containers, i.e. concatenations, time-links and groups, can be used
to implement a certain observing strategy. For science-telluric OB pairs, for example, it is
recommended to use a concatenation, which can be up to 1.5 hours long without the need of
a waiver.

Service mode observers should submit their OBs before the Phase 2 deadline whose date is
announced in the web-letters.

The most important points for successful observations are listed in § 20 at the end of this
manual.

10.2 The Exposure Time Calculator

The CRIRES exposure time calculator can be found at:

http://www.eso.org/observing/etc/

It returns an estimate of the on-source integration time necessary to achieve a given S/N as a
function of different input parameters:

• The input magnitude can be specified for a point or an extended source. For the latter,
the input parameter corresponds to the magnitude per square ′′. Also input flux can be
specified as surface brightness. If the ‘single line’ option is chosen, it corresponds either
to the total line flux, for a point source, or to the surface brightness for an extended
source.

• If the observing date is known it may be used together with the target coordinates to
compute the radial velocity shift due to orbital and rotational movement of the Earth.
Alternatively, this tool allows the user to select the best time of the year to
observe an object so that the targeted feature avoids a specific telluric line.

http://www.eso.org/sci/observing/phase2/P2PPSurveys.html
http://www.eso.org/observing/etc/
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• If an AO guide star is used, R mag and spectral type must be specified. They can be
obtained from online catalogs available at Simbad/Vizier. Note that for the AO mode
the allowed seeing input value is restricted to <1.4 arcsecs. S/N calculations for
larger values in this mode are not supported by the ETC as AO in those
conditions will result in a poor correction.

• Requested output can be either exposure time to achieve a given signal-to-noise ratio
(SNR) or SNR achieved in a given exposure time. In both cases the DIT needs to be
specified (see Sect. 11.3).

The following items should be remembered:

• ETC outputs the on-source integration time. Depending on observing technique and
accounting for overheads, the total execution time will be longer (Sect.10.3).

• It is always useful to ask the ETC to show the SNR as a function of wavelength due to
the presence of numerous telluric features: a small difference in the requested wavelength
may lead to very different SNR for a given total integration time or, alternatively, very
different integration time for a requested SNR. In addition, it helps to visualize the
wavelength coverage of each detector.

• For a point source, the SNR corresponds to the one obtained by integration over the
spatial diffraction profile and is given per pixel in the spectral dispersion and not per
resolution element. To compute the SNR for a resolution element the right number of
pixels needs to be combined; typically 2 pixels for the 0.2 ′′ slit.

• For an extended source, the SNR calculated corresponds to the one obtained by inte-
grating the signal over 1′′ in the spatial direction and is given per pixel in the dispersion
direction (and not per resolution element).

• When the NGS (AO mode) is selected, the ETC also outputs the estimated Strehl ratio
in the K band. This value is needed in the constraint set of an OB. For extended objects,
only FWHM should be entered.

• The user can specify the vertical amount of precipitable water vapour (PWV) in the
atmosphere: the ETC therefore uses the appropriate emission and transmission spectra
for the PWV and airmass chosen. This functionality allows one to determine if the SNR
will be or not affected by water vapor. One should note that the effect of water vapor
lines also depend on the temperature at the time of observation, as well as the altitude of
the layers where the water vapor is concentrated, therefore limiting the accuracy of the
SNR determination to a few 10%. Since Period 82, when relevant, users were advised
to group wavelength settings in OBs requiring similar PWV values; PIs interacted with
USD who flagged OBs requiring low PWV so that the night time astronomers observed
them in appropriate conditions. From P90 ESO will add a constraint on the water
vapor in the P2PP constraint set. Note that the historical trend of PWV on Paranal is
available here and also in Fig. 42.

For more detailed information, see the online help provided on the ETC page.

http://www.eso.org/observing/etc/
http://www.eso.org/observing/etc/
http://www.eso.org/observing/etc/
http://www.eso.org/observing/dfo/quality/GENERAL/PWV/HEALTH/trend_report_ambient_PWV_closeup_HC.html
http://www.eso.org/observing/etc/
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10.3 Overheads

Estimated overheads are listed in Table 2.

Table 2: Telescope and instrument overheads. The overhead for change of derotator position
angle applies to the CRIRES spec obs SpectroAstrometry template. The coefficient c for
the read-out overhead is 0.9 for the FowlerNsamp and 0.45 for the FowlerNsampGRstWin
modes, respectively. For the change of wavelength setting, DifEnc represents the difference
between the grating encoder of the requested wavelength setting and the one for the previous
wavelength setting. Grating encoder values for standard settings are given in Table 3a – 3k
and 4a – 4k. For free wavelength settings, the grating encoder values can be obtained by
linear interpolation between the closest standard wavelength settings. There is no overhead
for change of wavelength setting during acquisition, as the spectrograph configuration is done
at the same time as the telescope preset.

Action Time
(s)

Telescope Preset 360
CRIRES Acquisition without AO 180
CRIRES Acquisition with AO 300
CRIRES Read–out (DIT in s) 2.3 + c NDIT + 0.1 NDIT DIT
CRIRES Nodding cycle 24
CRIRES Generic offset 12
CRIRES Change of wavelength setting 115 + 1.71 10−4 DifEnc− 1.56 10−10 DifEnc2

CRIRES Attached wavelength calibration 150
CRIRES Attached lamp flat 120
CRIRES Change of derotator position angle 60

10.4 Differential effects

A cause of the complexity of the CRIRES observation software is the need to correct for
chromatic effects: differential refraction between the slit viewer filter effective wavelength and
the reference wavelength of the observations; chromatic effect introduced by the entrance
window.

If the reference wavelength is in the M band while the slit viewer filter effective wavelength is
in the J or H band, the differential refraction can reach 0.18 arcsec at very high airmass, while
the chromatic effect of the entrance window can introduce a shift of 1.5 slit viewer pixels. A
differential refraction of 0.17 arcsec can also be reached at high airmass between a reference
wavelength at 1µ and the effective wavelength of the J band slit viewer filter. It can therefore
be surprising to receive a slit viewer image that shows a target that is apparently off the slit.
Normally this is no cause for alarm.

An example is given in Fig 36.
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10.5 Visitor Mode observations

Visiting astronomers should read the following webpage:

http://www.eso.org/sci/facilities/paranal/instruments/crires/visitor.html

In particular:

• Remember to read the latest CRIRES news: http://www.eso.org/sci/facilities/

paranal/instruments/crires/news.html

• Look at the CRIRES telescope allocation schedule. Check that your targets are not too
close to the Moon (>30 degrees if possible). If they are very close (< 10 degrees) then
the telescope AO may not work and there may be problems with the adaptive optics of
CRIRES

• Remember to prepare a backup program in case of poor seeing, thin clouds or strong
winds (usually southern targets [DEC<-24.6 deg] are required in this case). To do
this fill out the webform: http://www.eso.org/sci/facilities/paranal/sciops/vm_
backup.html. Recall that without prior-approval, only targets in your Phase I proposal
should be observed. Please send the backup request well in advance and not at the last
minute when it may be impossible to approve.

• Remember that normally 3 darks, 3 flatfields and a wavelength calibration (for settings
< 2400-nm only) are taken the morning after your observations. You can ask your
Night Astronomer to do more and/or change the DIT/NDIT combination of the Darks.
Calibrations are normally taken with a 0.2 arcsec slit

• From the start of P88 two fixed slits of 0.2 and 0.4′′have been available.

• AO observations of bright targets with thick cloud are not allowed due to the possibility
of damaging the Avalanche Photo Diodes. Objects brighter than 10.5 in R should be
avoided in this case.

• For AO, if SEQ.NGS.USELASTSKY is set to ’F’ you need to be sure that the sky
position chosen (by default 4 arcseconds East and 4 arcseconds North) is free of stars.
Otherwise, damage to the APDs may result. The offset can be changed.

• AO stars must be fainter than about R=0.2 magnitude (depending on the colour)

• Severe restrictions apply when using differential tracking. For example, when using a
Galilean satellite for MACAO AO is only possible if it lies more than ∼4 arcsec from
Jupiter. Remember that a tracking table must be used and that the distance between
the satellite and region observed by the slit cannot exceed between 20 and 25 arcseconds.
This means for example that when observing the limb of Jupiter with differential tracking
and closing the loop on a satellite that the tracking table must refer to the limb and not
to the centre of the planet, otherwise the AO system will likey crash when the offset is
made from the satellite to Jupiters centre.

• If you plan to use a visitor gas cell, please email crires@eso.org in advance of your run
and when on the mountain check with the daytime astronomer that it has been installed.

http://www.eso.org/sci/facilities/paranal/instruments/crires/visitor.html
http://www.eso.org/sci/facilities/paranal/instruments/crires/news.html
http://www.eso.org/sci/facilities/paranal/instruments/crires/news.html
http://www.eso.org/sci/facilities/paranal/sciops/vm_backup.html
http://www.eso.org/sci/facilities/paranal/sciops/vm_backup.html
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• Quick-look reduced data should be available of your observations. These will not be put
on the DVD provided at the end of your run and should not be used for science purposes.

• Please complete an end-of-mission report when your observing run is completed: http:
//www.eso.org/sci/facilities/paranal/sciops/EoM/

http://www.eso.org/sci/facilities/paranal/sciops/EoM/
http://www.eso.org/sci/facilities/paranal/sciops/EoM/
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Figure 36: Differential chromatic effects: the target shown in the figure is observed close to
the Celestial South Pole (airmass of 1.8). The reference wavelength is in the M band while the
slit viewer is seen through a neutral density filter in the H band. The aim of the acquisition
is to make sure that the target is at the center of the slit for the wavelength for which a
spectrum must be obtained: the location of the image at that wavelength is represented by
the green cross, which must be centered in the middle of the slit (two green vertical lines).
The separation between this green cross and the white cross is caused by the chromatic effect
of the entrance window (≈ 1.4 slit viewer detector pixels). The separation between the white
cross and the guiding window (yellow square with a yellow cross at the center) is caused by
the differential refraction effect between the reference wavelength and the slit viewer effective
wavelength (≈ 0.16 arcsec). The little white and black cross represents the centroid of the
target as calculated by the IRACE, the detector controller. The little blue circle with a +
represents the calculated position of the star at the effective wavelength of the MACAO; the
actual position of the field selector (big blue circle with a X) is different, likely because the
AO star color is incorrect.
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11 Preparation of Observation Blocks

This section provides some guidelines on how to prepare CRIRES observation blocks. A
CRIRES Tutorial with a more detailed description has been prepared and it is available at:

http://www.eso.org/sci/observing/phase2/SMGuidelines/Documentation/

P2PPTutorialCRIRES.html.

11.1 Information required

The following are important considerations for a successful creation of CRIRES observation
blocks.

• CRIRES acquisition templates may involve 3 different stars observed in 3 different wave-
lengths:

1. the adaptive optics guide star, usually referred to as NGS, for natural guide star,
which is used to determine the shape of the wave front; only the R band magnitude
and B-R color of this star matters;

2. the slit viewer guide star (SVGS) which is used for fine guiding using the slit viewer
in one of 3 bandpasses, J, H or K. This star is also used as a reference star, which
can be acquired before a blind offset is made to center the target into the slit;

3. the target object itself, with a relevant wavelength between 940 and 5400 nm.

To be complete, the user can provide coordinates for a 4th star, which is the telescope
guide star. This should ideally have R-band magnitude in the range 11 to 13 and be
isolated. Fainter guide stars may work in good conditions. If no GS is contained in the
OB the best one available will be selected by the telescope operator

• Target coordinates should be as accurate as possible. VLT absolute pointing accuracy
is better than 3 ′′ RMS. Remember to include any proper motion in your OBs;

• Be sure to check that your line of interest does not fall on top of a strong telluric line!
Use the outputs of the ETC to see if observing at a different time of year would help.

• If any of the science target, the SVGS and NGS are different objects, it is important
that their coordinates have been determined in the same coordinate system;

• In particular, if the SVGS is different from the target, it is crucial that their separation
at the time of observation is known with high accuracy, ideally to better than 1/4 of the
slit width. In this respect, proper motions of both the target and the SVGS must be
taken into account in the OB.

• For observations without AO guide star, the acquisition template allows one to specify
an offset between the SVGS and the target that is larger than half the width of the slit
viewer (up to 40 ′′). In this case, guiding on the SVGS is therefore actually not possible.
The SVGS is then only a reference star.

http://www.eso.org/sci/observing/phase2/SMGuidelines/Documentation/P2PPTutorialCRIRES.html
http://www.eso.org/sci/observing/phase2/SMGuidelines/Documentation/P2PPTutorialCRIRES.html
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• Nodding in the case of extended objects larger than ≈ 30′′ may require observations
of offset fields to obtain sky measurements. Their frequency depends on the band
(more frequent in J, H, less in K) and on the accuracy with which one wants to
subtract them. Significant sky variations occur on timescales of a few minutes. The
CRIRES spec obs GenericOffset is recommended in this case.

• For moving targets, ephemeris files must be attached to each OB. Slit Viewer guiding
can only be done on the target.

• Differential tracking has been offered both in visitor and service mode since P85. Differ-
ential tracking allows to use the MACAO or secondary guiding on a moving guide ’star’
while observing another, moving, target. For example, a satellite of a planet can be used
for MACAO while observing a specific feature on the planet. Alternatively, it allows to
use MACAO on a satellite while observing a feature on the satellite itself which moves
as the satellite rotates. A third example is to use a background star in the field of a
comet for MACAO while observing the comet itself.

Severe restrictions on this mode apply: in order to protect the MACAO APDs, MACAO
can only be used at a safe distance from the parent planet. For example, using a Galilean
satellite for MACAO is only possible if it lies at more than 4′′ of Jupiter; fainter satellites
can be used but must be located correspondingly further away from the planet as to
avoid its glow. Remember that the distance between the AO star/satellite and the slit
position where the observations are taken cannot be greater than 20 to 25 arcseconds.
This means that the tracking tables produced by Horizons (for example towards the
centre of Jupiter) need to be changed if for example you are observing the limb of the
planet. Distances between the AO star/satellite and slit position more than 20 to 25
arcseconds will crash the system.

The AO system has been closed on the Galilean satellites, surface features of Mars and
also Uranus. The correction is often unstable.

Details regarding the differential tracking can be found in §19.

11.2 Observation Blocks and Templates

An Observation Block is the smallest scheduling unit. It consists of different templates, which
are described in more details below. Science OBs must contain one and only one acquisition
template. It is followed by a number of science and possibly calibration templates used to
obtain wavelength calibration exposures or flat–fields. Calibration OBs are intended for
observations of telluric/spectro-photometric standard stars. They must contain one acquisition
template, followed by the template used for telluric standard stars.

11.2.1 Acquisition

The objective of the acquisition template is to preset the telescope and to center the target in
the slit. Point sources should preferably be observed in ELEV mode where the slit is constantly
aligned with the parallactic angle, in other words, along the atmospheric refraction direction.
For specific needs to align the slit on the sky at some position angle, the SKY mode should
be used. CRIRES offers two types of acquisitions:
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1. The target itself or a star angularly close to it (closer than 30 ′′) can be used to determine
the shape of the wave front and therefore can be used to drive the adaptive optics system;

2. No adaptive optics is possible (or requested), because there is only an extended or a
faint science target without a bright, compact object in the field.

The acquisition templates allow to distinguish between the acquisition modes:
AO : CRIRES spec acq NGS CRIRES spec acq NGS difftrack

No AO : CRIRES spec acq noAO CRIRES spec acq noAO difftrack.

AO correction is always performed on an NGS 2.

In both acquisition methods, a sky frame can be taken in an offset field. The slit viewer
detector control system subtracts this sky from each new image used for guiding in order to
enhance the contrast in the SV image. It is crucial for faint targets.

Two acquisition images are usually delivered to the user in the final data package: the sky
frame as well as the final centering of the target in the slit at the end of the execution of
the acquisition template. However, for bright objects, a sky frame is not required for good
guiding, and therefore, may not be taken.

In crowded fields, the choice of a good slit viewer guide star (SVGS) is important. It must
not be too close to another star, in particular, to a brighter star; the latter should be chosen
instead. No object should contribute significant flux within the area limited by the guiding
box, whose width is optimally set by the instrument operator. The guiding box has a minimum
width of ≈ 0.4′′. Note that if the SVGS is also the target – and therefore also partially hidden
by the slit–, the width of the guiding box will typically be at least 0.2′′wider than the slit
width. Also especially in crowded fields it is very important to choose carefuly the WFS sky
offsets.

11.2.2 Acquisition sequences with AO

In this section, we briefly describe the sequence of events taking place during the execution of
the acquisition templates.

General case: NGS 6= SVGS 6= Target The most general acquisition for observation
with AO takes place when the science target, the SV guide star and the AO guide star (NGS)
are all different. Its sequence is the following:

1. preset the telescope to the NGS, possibly recenter it;

2. acquire the NGS with MACAO and close the AO loop;

3. offset the telescope to the SVGS;

4. interactively re-center the SVGS;

5. start guiding;

6. offset the telescope to the target; if the target is bright enough, recenter it.

2NGS is an AO natural guide star contrary to a LGS which is laser guide star using the LGS facility. This
is not available for CRIRES.
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Case NGS = SVGS 6= Target If the same star is used for slit viewing and for the AO,
but is different from the target, this sequence becomes:

1. preset the telescope to the NGS, possibly recenter it;

2. acquire the NGS with MACAO and close the AO loop;

3. start guiding;

4. offset the telescope to the target; if the target is bright enough, recenter it.

Case Target = SVGS 6= NGS If the target is used for guiding using the slit viewer, but
another star is needed for the AO, the sequence becomes:

1. preset the telescope to the NGS, possibly recenter it;

2. acquire the NGS with MACAO and close the AO loop;

3. offset the telescope to the target;

4. interactively re-center the target;

5. start guiding.

Case Target = NGS 6= SVGS If instead the target can be used for the AO but is too
faint for guiding using the slit viewer so that another star is needed as a SVGS, the sequence
becomes:

1. preset the telescope to the target, possibly recenter it;

2. acquire the target with MACAO and close the AO loop;

3. offset the telescope to the SV guide star;

4. interactively re-center the SVGS;

5. start guiding;

6. offset the telescope back to the target; if the target is bright enough, recenter it.

Case Target = NGS = SVGS If the same star is the target, the AO star and the SVGS,
the sequence simplifies to:

1. preset the telescope to the target, possibly recenter it;

2. acquire the target and close the AO loop;

3. start guiding.



66

Required information regarding the NGS Acquisition with AO requires the following
information:

• The coordinates of the AO guide star at equinox J2000 and at the epoch of the obser-
vations, unless the science target is also the AO Guide Star.

• The B-R color of the star used for AO (AO star or NGS). This is used to compute the
guiding wavelength for the field selector holding the AO guide star, which in turn is used
to correct for atmospheric refraction effects.

• The FWHM of the NGS in order to optimize a diaphragm in the AO system. This
diaphragm is set as a function of the seeing such that it optimizes the amount of light
received from the object with respect to the amount of background light from the sky.
If the NGS is a point source, the FWHM is best left to zero (then only the seeing will be
taken into account). Only if your AO guide star is significantly extended with respect
to the seeing should this parameter be set to a value different from zero.

11.2.3 Acquisition sequences without AO

The most general acquisition sequence for observation without AO is the following:

1. preset the telescope to the slit viewer guide star (SVGS);

2. interactively re-center the SVGS in the slit;

3. start guiding;

4. offset to the target.

Of course, if the SVGS and the target are the same object, the sequence simplifies to:

1. preset the telescope to the target;

2. interactively re-center the target in the slit;

3. start guiding.

11.2.4 Science

Three templates are offered. The CRIRES spec obs AutoNodOnSlit is the preferred observing
template for point-like sources. It allows staring or nodding observations with a fixed nod-
ding throw along the slit, with optional jittering. The CRIRES spec obs SpectroAstrometry

essentially does the same as CRIRES spec obs AutoNodOnSlit, but for each value of a list of
slit position angles. This template is particularly suitable for applying the spectro-astrometry
technique (Beckers, J., 1982, Opt. Acta, 29, 361; Bailey, J., 1998, MNRAS 301, 161 and refer-
ences therein). First results using this technique with CRIRES are described in Pontoppidan
et al. 2008. Note that this template can only be used if the target is also the slit viewer guide
star (but the AO star can be different).

The CRIRES spec obs GenericOffset allows generic offsets suitable for observations of very
extended objects.

From P90 there are scheduling containers available which can containing two ore more OBs.
More details are given at: http://www.eso.org/sci/observing/phase2/P2PPSurveys.html

The observing templates are described in Sect. 14.

http://xxx.lanl.gov/abs/0805.3314
http://xxx.lanl.gov/abs/0805.3314
http://www.eso.org/sci/observing/phase2/P2PPSurveys.html
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11.2.5 Calibration

Darks, flat fields and wavelength calibrations are taken during daytime as part of the calibra-
tion plan (see Sect. 12). A Halogen lamp is used for flat fields. Fiber-fed ThAr spectra or the
N2O or CO gas cell in front of the halogen lamp are used for wavelength calibration. Figure
37 shows how water vapour in the instrument can affect flatfields. Note that the path-length
of these observations is ∼1 metre, hence if absorption lines are strong in the flatfields then the
science data taken during the night will very likely be affected too.

Figure 37: Cut across detector 2 flatfield at 5050.4-nm at 1.5 percent humidity (blue line) and
35 percent humidity (black line).

Observed sky lines which can be identified by HITRAN have the advantage that wavelength
calibration is done from the science observations themselves. Unfortunately, sufficient sky lines
are not necessarily available for all settings, sometimes because they are saturated. General
recommendations on absolute wavelength calibration is given in Sect. 7.1. However, observers
are strongly advised to use the ETC with the output options Sky Emission Spectrum and
Sky Absorption Spectrum and to check for themselves if enough unsaturated telluric lines
are available for a proper wavelength calibration in the spectral range of interest.

Dedicated OBs for wavelength calibration shall be attached immediately before or after the
science template so that prism and grating are not moved in between. Most observers wish to
correct for telluric features and therefore need to supply a standard star OB. Observing time
needed to execute telluric or spectro-photometric standard stars is charged to the observer.

11.2.6 Time critical science OBs with tellurics

Since P2PP3 does not support nested containers, i.e. concatenations within time-links, users
can either use the concatenations for the science-telluric OB pairs and define the time con-

http://www.eso.org/observing/etc/
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straints in the absolute time windows, or define the science OBs in a time-link container,
and leave the associated telluric OBs loose, which then have to be found by the instrument
operator. Defining a second time-link container for the tellurics bears the risk that science
and telluric OBs get out of phase, i.e. if one telluric OB is not observed for any reason (for
example science time link is aborted because conditions get worse, or an observatory telluric
was observed instead the user provided telluric, etc.).

Whichever strategy is chosen, it must be made clear in the README if tellurics are required
or not.

11.3 Detector read-out mode and DIT setting

The choice of the detector read-out mode and DIT setting depends on the science to be
performed. The DIT can be changed independently of the slit width.

• For the commonly used FowlerNsamp readout mode, it is strongly recommend to choose
one of the DITs listed below. A first reason to limit the set of DITs is that the dark
which depends on a particular DIT is taken during day time calibration for all settings
used during the previous night: if a too large set of different and long DITs is used, there
is a risk that daytime calibrations cannot be performed entirely. In addition, the method
to correct for non–linear detector effects (including the ’odd-even’ effect; see Sect. 6.4)
requires a large number of calibrations: at this stage, the CRIRES team can only aim at
providing the necessary information to apply such a method for the following DIT values.

Short exposures on objects brighter than J,H,K ∼ 8–10 mag, or in the L or M bands,
should use DITs of 1 s, 1.5 s, 2 s, 3 s, 5 s, 7 s, 10 s, 15 s, 20 s, 30 s or 45 s. However,
note that optimal flat-fielding correction requires that DIT is at least 2 s (§6.4).

Long exposures on faint targets must select DITs of 60 s, 90 s, 120 s, 180 s, 300 s or 600
s in service mode. For a longer DIT (typically 900 s), a waiver is required due to the
problem of detector glow. Note that in visitor mode if there are many DITs chosen with
slightly different values (e.g. 600, 650, 700-s), then calibrations in the daytime may run
on a very long time.

• Starting in P84, a new readout mode FowlerNsampGRstWin was offered. In this mode,
the 2 central detectors of the mosaic are windowed permitting the use of DITs as short
as 0.15s. Detector 1 and 4 are not read: the spectrum falling on detectors 1 and 4 are
therefore lost. This read-out mode should also be more efficient for faint targets as the
detectors are read more often, decreasing the effective read-out noise: however, the gain
in sensitivity for faint targets has not yet been determined.

For the CRIRES spec obs AutoNodOnSlit, CRIRES spec cal AutoNodOnSlit and
CRIRES spec obs SpectroAstrometry templates, the window are actually 2 stripes sep-
arated by 12 arcsec, covering the whole detectors #2 and #3 in the spectral direction. On
the spatial direction, each window has a width given by half the value of DET1.WIN.NY
( P2PP: Number of pixels along Y axis). The permitted values of 64, 128 and 256
correspond to individual stripe width of 2.7, 5.5 and 11.0 arcsec. These 2 stripes are
symmetrically located at 6 arcsec from the centering location (i.e, the location of the
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spectrum at the end of the acquisition). The nodding throw must be set to 12 arc-
sec. The jitter width must be set to 0 if DET1.WIN.NY is 64, smaller than 1 and 2 arcsec
if DET1.WIN.NY is 128 and 256 respectively, otherwise the spectrum can fall outside
the stripes: indeed, distortion introduced by the spectrograph and the mis-alignment
between detector #2 and 3 cause the spectrum to be slightly displaced in the spatial di-
rection depending on the grating orientation (cf. Fig 24). This is particularly the case if
‘the number of pixels along Y axis’ is set to 64 with the CRIRES spec obs AutoNodOnSlit
template: this combination should be avoided as the spectrum in at least one of the 2
detectors may suffer significant loss in each nodding position.

For the CRIRES spec obs GenericOffset template, the window corresponds to a single
stripe covering detector #2 and #3 in the spectral direction and of width in the spatial
direction given by DET1.WIN.NY ( P2PP: Number of pixels along Y axis), corresponding
to 5.5, 11.0 and 22.0 arcsec. The center of this stripe in the Y direction is located at
the centering location, in other words, at the location of the spectrum following the
acquisition template (cf. Fig 24).

The minimum DIT are 0.15, 0.25 and 0.50 s for DET1.WIN.NY = 64, 128 and 256, respec-
tively.

NDIT is specified by the observer to reach the required SNR as computed with the ETC.

Overheads for the FowlerNsamp and FowlerNsampGRstWin are different (see Table 2).

Starting from P85, the same read-out mode must be used for all the acquisition, science and
calibration templates in a given OB for which the choice is possible3. If the FowlerNsamp-
GRstWin is used, the same number of pixels in the Y direction must be used for all relevant
templates in a same OB.

11.4 README and finding charts

General instructions on the README file and finding charts are given at:

http://www.eso.org/sci/observing/phase2/SMGuidelines/ReadmeFile.html

http://www.eso.org/sci/observing/phase2/SMGuidelines/FindingCharts.html

while CRIRES-specific requirements can be found at:

http://www.eso.org/sci/observing/phase2/SMGuidelines/SMRules.CRIRES.html

Appropriate and detailed finding charts are crucial for the success of observations, especially
in crowded fields.

• The field of view of the finding chart should be 50 ′′ by 50 ′′ in size, with a clear indication
of field orientation. The target should be clearly marked by an arrow. If observations
are performed with the derotator in SKY mode, the slit orientation should be clearly
drawn.

• For high proper motion stars (> 1”/year) the present day position should be indicated
by an arrow pointing from the target in the chart to the present day position (especially
if similar bright sources are around).

3Although the CRIRES spec cal Wave template uses the FowlerNsamp, it can be used in an OB where
other science and calibrations templates uses the FowlerNsampGRstWin read-out mode.

http://www.eso.org/observing/etc/
http://www.eso.org/sci/observing/phase2/SMGuidelines/ReadmeFile.html
http://www.eso.org/sci/observing/phase2/SMGuidelines/FindingCharts.html
http://www.eso.org/sci/observing/phase2/SMGuidelines/SMRules.CRIRES.html
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• The finding chart has to show the field in the NIR band closest to the observing wave-
length, λOBS:

– in J band, if 950 nm < λOBS ≤ 1300 nm,

– in H band, if 1300 nm < λOBS ≤ 2000 nm, or for very bright targets;

– in K band, if 2000 nm < λOBS ≤ 5400 nm.

Note that the ESO infrared digitized sky II actually correspond to the I band and should
not be used if other infrared images are available (e.g. 2MASS).

• In crowded fields, a second finding chart should be attached to the corresponding OB,
with a zoom-in on the science target(s).

• In case of binary or multiple stars, the target must be clearly indicated, in particular, (a)
in case of large proper motion, including relative proper motion; (b) in case the finding
chart was obtained in a band-pass that does not include the observing wavelength.

• AO, SVGS and science target should be clearly marked. If the AO star or SVGS are less
than 15′′ from the edge of the finding chart (centered on the target), another 2 ′ by 2 ′

finding chart should be provided.

The magnitude of the AO and SV guide stars, of the science target, and of the standard stars
should be explicitly given in the Instrument Comments field of each OB. Please check the
CRIRES P2PP-related information at :

http://www.eso.org/observing/P2PP/CRIRES/CRIRES-P2PP.html

for more details.

11.5 Constraints

11.5.1 Moon

As stated above (§9.4), an FLI of 1.00 is suitable for most observations. However, telescope
guiding and active optics can be compromised for moon distance smaller than 30 deg. A
smaller FLI value is recommended only in the case of AO observations with an AO star fainter
than R = 15 mag. In this case, a value 0.7 and a moon distance larger than 50 deg is generally
adequate.

11.5.2 Seeing and Strehl ratio for adaptive optics observations

For closed loop AO observations, the users must specify in the constraint set the desired on-
axis Strehl ratio, i.e. the ratio of the maximal intensity of the PSF to the maximal intensity
expected for the theoretical PSF with no turbulence. This is the main parameter regarding
atmospheric turbulence. It should be set for the K band; this value is produced by the ETC.

In addition, all closed loop AO observations should enter also the FWHM of the seeing,
although this constraint is less relevant. The constraint on the seeing refers to the seeing
measured by the DIMM or by the guide probe, as they are the most relevant for the MACAO
system. It is used as a guide, together with the coherence time, in order to estimate the
achievable Strehl ratio.

http://www.eso.org/observing/P2PP/CRIRES/CRIRES-P2PP.html
http://www.eso.org/observing/etc/
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If the AO star is not the science target, it is worth noting that the isoplanatic angle θ0

depends on airmass−8/5, and on the wavelength as λ6/5. On the other hand, the Strehl ratio,
SR, decreases with the angular distance to the AO star θ as SR ∝ exp (−(θ/θ0)5/3).

For an extended source, the Strehl ratio has no meaning and only the constraint on the FWHM
should be entered.

11.5.3 Seeing for seeing limited observations, no adaptive optics

For NoAO observations, only the seeing at the wavelength of observations is relevant. The user
should therefore specify the FWHM for the respective bands of the science observations. The
constraints set and definitions are the same as for all other seeing limited VLT instruments.
The input field for the Strehl ratio should remain unchanged (i.e., N/A).

The classification of each observation will be based either (a) on the measured spatial profile
of the spectrum if the object is a point source, or (b) on FWHM of a star seen on the Slit
Viewer if there are more stars available, or (c) on the seeing measured on the guide probe
otherwise, using the Roddier formula to convert it to the seeing at the observed wavelength.

11.5.4 Transparency

Thin clouds (THN) usually do not hamper CRIRES observations for bright objects. Clear
(CLR) conditions are justified for observations requiring stable Strehl ratios, for example
to study the close environment of the target, as clouds could otherwise adversely affect the
adaptive optics. For the same reason, CLR conditions should be requested for AO observations
using AO stars fainter than R ≈ 14.

AO observations of targets brighter than 10.5 magnitudes must not be carried with thick
(THK) clouds as the likely rapid changes of transparency can damage APDs.

11.5.5 Airmass

In addition to the influence of airmass on the quality of the adaptive optics correction men-
tioned above, observations in SKY mode can be strongly affected by differential refraction
effects. Some guide lines are given in §8.2.

11.6 Water vapor

Observations in the NIR can be severely affected by the presence of water vapor in the atmo-
sphere: large amount of water vapor can significantly decrease the sky transmission, and, in
particular, in the L and M bands increase the sky emission background.

The ETC offers the possibility to select sky spectra calculated with a set of representative
amounts of water vapor in the atmosphere. From P90 the allowed values are 0.5, 1.0, 1.5, 2.5,
3.5, 5.0, 7.5, 10.0 and 20.0-mm and these values will be included in the P2PP constraint set.
Historical values of the water vapour for Paranal are available here and also in Fig. 42.

11.7 Twilight

Because CRIRES is a high-resolution infrared spectrograph, observations of bright objects
may be carried out in twilight. From P90 onwards, there is a new constraint in P2PP3 called

http://www.eso.org/observing/etc/
http://www.eso.org/observing/dfo/quality/GENERAL/PWV/HEALTH/trend_report_ambient_PWV_closeup_HC.html
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’twilight’ constraint. This constraint can be used to define the earliest time with respect to
the end of the astronomical twilight when the execution of the OB can be started. While the
relation between the time difference from the evening twilight end and sun elevation varies
during the year, for Paranal due to its low latitude this difference is small. Therefore the
constraint is given in minutes as a difference in time with respect to the end of astronomical
twilight (i.e. the time when the solar elevation is -18 degrees). The default value of twilight
constraint is 0. A negative number means that it is allowed to start the observation before
the end of the astronomical twilight, a positive number means start the observation at least
that many minutes after the end of the astronomical twilight. The twilight constraint can
take values between -30 and +15 minutes. In particular, K-, L- and M-band observations can
already be taken before the end of the astronomical twilight.

11.8 Offset conventions and definitions

CRIRES follows the standard astronomical offset conventions and definitions.

Position angles (PAs) are measured from 0 to 360 degrees. North corresponds to a PA of 0
degree, East, to a PA of 90 degrees.

All offsets are given in arc seconds.

Proper motions must be given in ′′ per year.

For solar system objects, additional tracking velocities are given in arcsec per second.

For a position angle of 0 in SKY mode, the reconstructed slit viewer image shows North up
and East left.
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Part IV

Reference material

12 CRIRES calibration plan

The calibration plan defines the default calibrations obtained and archived for the user by
the Paranal Science Operations. The CRIRES science calibration plan currently includes
the following measurements. Note that from P90 the calibration frequency may be
reduced if tests show that this has no affect on the quality of the reduced data.

• daily: 3 darks obtained with the same DITs as the science, telluric or spectro-photometric
standard star observations, as well as for any flat-fields or wavelength calibrations. Note
that the frequency may change to weekly if darks are found to be stable enough;

• daily: 3 flat-fields obtained with the same wavelength setting as the science and telluric
or spectro-photometric standard star observations;

• daily: 3 wavelength calibration frames obtained with the same wavelength setting as
the science and telluric or spectro-photometric standard star observations, for reference
wavelengths shorter than 2400 nm. Currently, the reproducibility of the wavelength
setting between night–time observations and day–time calibrations is ≈ 3 pixels.

• daily: bad-pixel maps, derived from darks and flat-fields. Note that the frequency may
change to weekly or monthly these quantities are found to be stable enough;

• approximately monthly: linearity.

• yearly or after instrument warm-up: distortion map and photon transfer function;

• typically once per night CRIRES is used: radial velocity standard.

• at least once per night CRIRES is used: precipitable water vapour measurements.

• at least once per night CRIRES is used: measurements of column densities of a few
molecular species.

Day-time flats and wavelength calibrations are only obtained with a 0.2” slit. During the
night-time, attached flats and wavelength calibrations are by default taken with a 0.2” slit.
In visitor mode, or on a best-effort basis in Service mode, a 0.4” slit may be used. Tests in
early P88 indicated that the wavelength solution with a 0.4 arcsecond slit is similar to that
with a 0.2 arcsecond slit. From P90 the slit width for night-time calibrations will thus be
user-selectable within P2PP3. Note that flats and wavelength calibrations are obtained with
a DIT ≥ 2 s.



74

13 Data format and reduction

13.1 Format

The SV image and the spectra recorded on the four science detectors are saved in extended
FITS files. Each of the 4 extensions for the science images have format of 1024 × 512 pixels
(see Fig. 5).

13.2 Pipeline

ESO/SDD regularly updates the CRIRES pipeline. It uses the ESO/CPL library. The main
observation and calibration templates are supported by an automatic version of the pipeline
for quick-look analysis at the telescope. Raw images are combined, spectra extracted and
calibrated in wavelength. Photometric conversion factors based on standard star observations
are provided.

More information can be found at:

http://www.eso.org/sci/software/pipelines/

and

http://www.eso.org/observing/dfo/quality/index_crires.html

http://www.eso.org/sci/software/pipelines/
http://www.eso.org/observing/dfo/quality/index_crires.html
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14 Template parameters

All scientific and calibration observations with ESO instruments are prepared as observation
blocks (OBs) and with the new Phase 2 proposal preparation tool P2PP3 (from P90 onwards).

Observation blocks consist of the target information, a small number of user selected templates,
the constraint sets and the scheduling information. The input parameters of the templates
described below are list of keywords that define the telescope pointing and instrument con-
figuration. One OB contains only one acquisition template and is followed by one or more
science or calibration templates.

User accessible input parameters of CRIRES templates for acquisition, science, dark, flat,
wavelength calibration and or standard star observation are described in the following sections.
A pipeline recipe is triggered by an unique association of DPR (Data Product) keywords which
are described in the pipeline user manual. They are given here for completeness.

14.1 Acquisition templates

All science and standard star OBs must start with an acquisition template. Four acquisition
templates are available:

• CRIRES spec acq NGS,

• CRIRES spec acq NoAO,

• CRIRES spec acq NGS difftrack,

• CRIRES spec acq NoAO difftrack,

CRIRES spec acq NGS acquires the AO star with MACAO, which allows the user to make
the following science or standard star observations with the adaptive optics system. On the
other hand, observations following the CRIRES spec acq NoAO acquisition template will not
be done with the adaptive optics system.

The CRIRES spec acq NGS difftrack and CRIRES spec acq NoAO difftrack allows acquisi-
tion of objects to be observed in differential tracking mode, i.e., the acquisition of a target
using as reference an object moving relative to the target, either using the reference object
for the MACAO and possibly slit viewer guiding (CRIRES spec acq NGS difftrack) or for slit
viewer guiding alone without AO corrections (CRIRES spec acq NoAO difftrack). Starting
from P85, differential tracking has been offered both in service and visitor mode.

The acquisition templates contain the parameters required for the pointing and tracking of
the telescope, centering of the target in the slit, setting of the derotator mode which includes
the orientation of the slit on the sky. CRIRES spec acq NGS also includes parameters used
to acquire the natural guide star (NGS) and close the loop of the Adaptive Optics system.
Finally, they also contain keywords that specify the science detector readout-mode.

14.1.1 Target and SVGS parameters

TEL.TARG.ALPHA, TEL.TARG.DELTA, TEL.TARG.EQUINOX (P2PP: RA, DEC,
Equinox ) are the coordinates of the science target and the equinox for which these coordinates
correspond to. In case of multiple objects in the slit or of extended objects, these coordinates
correspond to the telescope pointing during the observations.
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TEL.TARG.PMA, TEL.TARG.PMD (P2PP: Proper Motion Alpha, Delta) are proper
motion values in RA and DEC and specified in units of ′′/year. If they are different from 0,
the epoch, TEL.TARG.EPOCH (P2PP: Epoch) , at which the coordinates were valid should
be given.

TEL.TARG.ADDVELALPHA, TEL.TARG.ADDVELDELTA (P2PP: Diff. in RA,
DEC ) are additional velocities in α, δ and in units of ′′/second. For solar system objects, the
coordinates should be the J2000 ICRF, astrometric coordinates. In particular, the user should
not provide the apparent coordinates!

Note: Starting with P2PP 2.12, the differential velocities for moving targets are to be specified
directly in the target package, and not in the acquisition template as in previous versions (i.e.,
the fields Telescope: Alpha/Delta additional tracking velocity should be left blank). Please
check Section 5.5.3 of the P2PP User Manual for more details.

TEL.TARG.OFFSETALPHA and TEL.TARG.OFFSETDELTA: (P2PP: RA/DEC
offset between target and SV guide star). In some cases, such as:

• relatively faint targets observed through a relatively wide slit, for which not enough light
is reflected from the slit jaws to the slit viewer detector; this situation may occur e.g. for
H ' 14 targets and slit wider than 0.3 ′′, in good seeing conditions, Note that starting
in P88 there have been two fixed slits with widths of 0.2 and 0.4 ′′only.

• diffuse objects on which guiding is difficult or impossible,

the use of a brighter object in the field of the slit viewer is recommended. This object will be
used as a reference object for initial centering and as a guide star for secondary guiding. It is
referred to as slit viewer guide star (SVGS).

In this case, TEL.TARG.OFFSETALPHA and TEL.TARG.OFFSETDELTA correspond to
the offsets in ′′ between the SVGS and the target.

If α(SVGS) and δ(SVGS) are the coordinates of the slit viewer guide star, the sign conventions
are as follows:

TEL.TARG.ALPHA + TEL.TARG.OFFSETALPHA = α(SVGS)

TEL.TARG.DELTA + TEL.TARG.OFFSETDELTA = δ(SVGS)

In other words, TEL.TARG.OFFSETALPHA and TEL.TARG.OFFSETDELTA are positive
if the SVGS is located to the East and North of the target.

Example: one wishes to observe the target at
α2000(Target) = 04h53m50.678s, δ2000(Target) = -25◦25’56.017”. To center it in the slit, the
nearby star at α2000(SVGS) = 04h53m49.690s, δ2000(SVGS) = -25◦25’45.078” is used as a
reference star as well as the slit viewer guide star. Both these objects have negligible proper
motions. Then,

TEL.TARG.OFFSETALPHA = ∆α = α2000(SVGS)− α2000(Target), (4)

TEL.TARG.OFFSETDELTA = ∆δ = δ2000(SVGS)− δ2000(Target). (5)

Therefore, the relevant P2PP parameters are

RA = 04 : 53 : 50.678
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DEC = −25 : 25 : 56.017

RA offset between target and SV guide star = −13.38,

DEC offset between target and SV guide star = +10.94.

Notes:

1. the use of a SVGS different from the target is only possible if the derotator is set to
SKY mode;

14.1.2 Gas cell

INS.OPTI1.NAME (P2PP: Gas cell) sets the gas cell to be used. The default value
(FREE) should be set for observations without gas cell, while GAS N2O, GAS CO, GAS VISITOR
should be set for observations with the N2O, CO or the visitor gas cell, respectively.

It should be set to the same value as the one in the first observing template.

14.1.3 NGS parameters

The following parameters are only required by the template CRIRES spec acq NGS.

SEQ.NGS.ISTARGET (P2PP: Target = AO guide star) is a flag. If set to ‘T’ (default)
the natural guide star (NGS) used for the adaptive optics is also the science target of the
observations. If this flag is set to ‘F’ then the user needs to provide the NGS coordinates
SEQ.NGS.ALPHA and SEQ.NGS.DELTA. However, see also the note 3 below (§14.1.9) for a
special case.

SEQ.NGS.COLOR (P2PP: AO guide star: B-R color value) gives the B-R color of the
NGS. This parameter is needed for accurate correction of the differential refraction between
the wavelength used for the observations and the effective wavelength of the wavefront sensor.

SEQ.NGS.FWHM (P2PP: AO guide star: FWHM (arcsec)) gives the FWHM (in ′′) of
the object used as natural guide star. For a point source, a value of 0 is appropriate

SEQ.NGS.SNR (P2PP: AO guide star: Minimum S/N ) gives the required signal-to-noise
ratio that MACAO needs on the wavefront sensor to be able to close the loop. The default
value is fine for most cases, except for the faintest objects that the MACAO can acquire, in
which case a smaller value is to be given.

SEQ.NGS.USELASTSKY (P2PP: Use the last sky measurement for the WFS ) is a flag.
If set to ‘T’, the MACAO will not repeat the sky measurement for the wavefront sensor.
The sky measurement is used to determine the signal-to-noise ratio of the wavefront sensor
flux. The default value (‘T’) is adequate for bright AO stars (R < 10). For fainter tar-
gets, it should be set to ’F’. In this case, the following parameters (SEQ.NGS.SKYALPHA
and SEQ.NGS.SKYDELTA) should be determined with care if observations take place in
crowded fields.
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SEQ.NGS.SKYALPHA and SEQ.NGS.SKYDELTA (P2PP: WFS Alpha/Delta sky
offset (arcsec)) gives the offsets of the location relative to the NGS where MACAO measures
the sky.

If SEQ.NGS.SKYALPHA > 0, the sky is measured to the East of the NGS.

If SEQ.NGS.SKYDELTA > 0, the sky is measured to the North of the NGS.

Default values are usually fine, except in crowded fields.

SEQ.NGS.ISSVGS (P2PP: SV Guide Star = AO Guide Star) is a flag. If set to ‘T’ (de-
fault) the natural guide star (NGS) used for the adaptive optics is also the slit viewer guide star
(SVGS). If this flag is ‘F’ then the user needs to provide the offsets TEL.TARG.OFFSETALPHA
and TEL.TARG.OFFSETDELTA. However, see also the note 3 below (§14.1.9) for a special
case.

14.1.4 Parameters related to the slit viewer

SEQ.SV.USELASTSKY (P2PP: Use the last sky measurement for the SV ). Generally
one can use the last sky measurement and therefore leaves SEQ.SV.USELASTSKY = ‘T’
untouched from its default value. However, if one observes a faint target, a new sky should
be obtained for the slit viewer. In this case set SEQ.SV.USELASTSKY = ‘F’.

TEL.SKY.OFFSETALPHA, TEL.SKY.OFFSETDELTA. (P2PP: RA/DEC offset to
sky) are only relevant if SEQ.SV.USELASTSKY = ‘F’. By default sky exposures are taken
30 ′′ in RA and DEC from the science target position. In crowded fields however, one has a
high chance that the sky exposures is contaminated by some other source(s). Therefore these
parameters offer freedom to specify RA and DEC offset positions. These offsets are usually
executed early in the procedure, at the time of the acquisition of the NGS. The convention
for these RA, DEC offsets are:

TEL.SKY.OFFSETALPHA = αSKY − α(NGS),

TEL.SKY.OFFSETDELTA = δSKY − δ(NGS).

14.1.5 Telescope guide star parameters

Sometimes, the telescope operator may have difficulties in finding an appropriate telescope
guide star, which is also used to set-up the M1 active optics. This often happens in the Orion
nebula, in other nebulae that appear as saturated in the Digital Sky Survey, or in extended
dark nebulae. In these cases, it is useful to provide a telescope guide star.

TEL.AG.GUIDESTAR (P2PP: Telescope guide star selection): if set to ‘CATALOGUE’,
the Telescope Control System semi–automatically searches for a telescope guide star. If the
user wishes to provide the coordinates of the telescope guide star, then TEL.AG.GUIDESTAR
should be set to ‘SETUPFILE’.
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TEL.GS1.ALPHA, TEL.GS1.DELTA (P2PP: RA/DEC of telescope guide star) are
only relevant if TEL.AG.GUIDESTAR = ‘SETUPFILE’. These parameters correspond to
the J2000 coordinates, epoch of the observations, of the telescope guide star. Otherwise, both
parameters should be kept to default 0.

14.1.6 Derotator parameters

INS.DROT.MODE (P2PP label: Derotator: Mode) determines the derotator mode: SKY
or ELEV. In ELEV mode, the slit is constantly aligned with the parallactic angle in order to
reduce slit loss introduced by differential refraction. This is particularly important if slit viewer
guiding has to be made in one band (e.g., in K) and the observations in another one (e.g., M).
However, in ELEV mode, guiding with a SVGS different from target is not implemented.

The use of the CRIRES spec obs SpectroAstrometry and CRIRES spec obs GenericOffset
templates is only possible if the derotator mode is set to SKY.

INS.DROT.POSANG (P2PP label: Position angle) determines the position angle (PA) of
the slit if INS.DROT.MODE = SKY. The values must be set such that INS.DROT.POSANG
= PA.

14.1.7 Spectrograph parameters

INS.SLIT.WID (P2PP: Entrance slit width) determines the slit width in ′′. Possible values
are 0.2 and 0.4 ′′ - See §8.4. A value of 0.2 ′′ gives the highest resolution. Note that starting
from P88 there have been two fixed slit widths of 0.2 and 0.4 ′′only.

INS.WLEN.REF (P2PP: Reference wavelength) is the reference wavelength. This wave-
length corresponds to pixel 512 of detector # 3. Tables 3a to 3f provide the reference wave-
lengths of the standard settings. Tables 5a and 5b lists the allowed minimum and maximum
ranges for a given order. For visual inspection of the start and end wavelengths of each de-
tector, unvignetted spectral range, detector gaps (Fig. 5) or the appearance of sky lines, the
ETC should be used. The reference wavelength is needed in the acquisition template to allow
the spectrograph configuration to be carried out during telescope preset: it should therefore
be set to the same value as in the first observation template.

INS.GRAT.ORDER (P2PP: Grating order) is the grating order. For most wavelength
settings there is a unique relation between the reference wavelength and the grating order. In
this case INS.GRAT.ORDER can be kept as its default value of 0. However, for some reference
wavelengths in order 39–43 and 21–22 there is no unique relation and the grating order has
to be specified by the user. Table 5a lists the orders and wavelength ranges for which this
parameter must be given.

14.1.8 Science detector parameters

Since P84, the read-out mode of the science detector, DET1.NCORRS.NAME (P2PP Detector
Read-Out Mode) can be selected between the 2 following possibilities:

http://www.eso.org/observing/etc/
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• FowlerNsamp,

• FowlerNsampGRstWin.

See §6 for a description of these modes and restrictions on their use.

The default read-out mode is FowlerNsamp, which allows to read the whole mosaic with
recommended DITs between 2 and 900s. It should be selected for most observations. See
§11.3 for the list of possible DITs.

On the other hand, the FowlerNsampGRstWin readout mode reads only small windows of
detector #2 and #3. As a smaller section of the detector is read, the read-out can be fastest,
which allows observations of very bright targets. Since the read-out is fastest, more Fowler
read-out samples can be obtained, therefore decreasing the read-out noise for an individual
exposure (for a given DIT), which improves the signal-to-noise ratio of observations of read-out
noise limited objects, such as faint targets.

If FowlerNsampGRstWin is selected, the total number of pixels in the Y direction for the
detector window must be set using the parameter DET1.WIN.NY (P2PP: Number of pixels
along Y axis).

See §11.3 for a description of the detector read-out modes.

Setting these parameters in the acquisition template is required to avoid saturating the detector
in the case of observations of a very bright target, which could lead to possible remanence.

14.1.9 Notes

1. If both SEQ.NGS.ISTARGET and SEQ.NGS.ISSVGS are set to ‘T’, then the target is
the AO guide star and the slit viewer guide star. Therefore, only the target coordinates
TEL.TARG.ALPHA and TEL.TARG.DELTA must be provided.

2. If SEQ.NGS.ISTARGET is ‘T’ and SEQ.NGS.ISSVGS is ‘F’, then the target is the
AO guide star but it is not used for guiding with the slit viewer. In this case, in ad-
dition to TEL.TARG.ALPHA and TEL.TARG.DELTA, TEL.TARG.OFFSETALPHA
and TEL.TARG.OFFSETDELTA should be provided (see above for the convention).

3. If SEQ.NGS.ISTARGET is ‘F’ and SEQ.NGS.ISSVGS is ‘T’, then the slit viewer guide
star is the AO guide star but not the target. In this case, of course, TEL.TARG.ALPHA
and TEL.TARG.DELTA should be provided. On the other hand, the user can either
enter the coordinates of the AO guide star (SEQ.NGS.ALPHA and SEQ.NGS.DELTA)
or the offsets TEL.TARG.OFFSETALPHA and TEL.TARG.OFFSETDELTA (following
the convention above).

14.2 Observation templates

This section describes the three observation templates offered in P87:

• CRIRES spec obs AutoNodOnSlit,

• CRIRES spec obs GenericOffset,

• CRIRES spec obs SpectroAstrometry.
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An observation template sets up the instrument, if different from the acquisition, as well as
the detector integration time (DIT) and number of individual integrations averaged to create
an exposure (NDIT). It defines the number of exposures taken at each nodding position as
well as the nodding and, if needed, jittering offsets.

The following paragraphs describe only the parameters that are not defined in the previous
sections.

14.2.1 Detector

DET1.DIT (P2PP: DIT ) defines the exposure time of an individual integration, in seconds.
For bright objects, saturation of the detector (120,000 e−) must be avoided. On the other hand,
correction of the non–linearity of the detectors (incl. the odd-even effects; see Sect. 6.4) has so
far been achieved to a reasonable accuracy only for a signal (dark + sky + object) smaller than
about 10,000 ADUs (≈ 80, 000e−). DIT settings leading to stronger count rate should therefore
be avoided. The ETC outputs a ’Max. intensity at central pixel per DIT (object+sky)’ and
therefore allows one to check if the chosen DIT is adequate. It is important to check that the
ETC input parameter ’requested wavelength’ does not correspond to a deep absorption line
(either in the target spectrum or caused by the Earth’s atmosphere). For faint objects in the
J, H, and K bands, long DITs are recommended in order to decrease the contribution of the
RON to the overall noise. See Sec. 11.3 for recommended and offered values.

DET1.NDIT (P2PP: NDIT ) determines the number of individual integration averaged
into one exposure. Therefore DET1.NDIT × DET1.DIT sets the total integration time of one
exposure.

SEQ.NEXPO (P2PP: Number of exposures per nodding position) is the number of expo-
sures in any nodding or offset position. Therefore the integration time spend in one nodding
position is given by:

DET1.NDIT × DET1.DIT × SEQ.NEXPO

14.2.2 Gas cell

INS.OPTI1.NAME (P2PP: Gas cell) sets the gas cell to be used. The default value
(FREE) should be set for observations without gas cell, while GAS N2O or GAS CO should
be set for observations with the N2O or CO gas cell, respectively.

14.2.3 CRIRES spec obs AutoNodOnSlit and CRIRES spec obs SpectroAstrometry:
nodding and jittering

SEQ.NABCYCLES (P2PP: Number of nodding cycles) sets the number of AB or BA
nodding cycles. Although the value of 0 is allowed (staring), it is not recommended because
of detector glow and other systematic effects (Sect. 6.2). If set to a value ≥ 1, the total
integration time of the template, in seconds, is:

DET1.NDIT × DET1.DIT × SEQ.NEXPO × SEQ.NABCYCLES ×2.

However, one should not confuse integration time with the total execution time of one OB
caused by the various overheads which need to be added as described in Sec. 10.3.

http://www.eso.org/observing/etc/
http://www.eso.org/observing/etc/
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Examples:
If SEQ.NABCYCLES = 1, the telescope first points to the A position: it is located to the
South (if INS.DROT.POSANG = 0) at a distance equal to SEQ.NODTHROW/2 (see below)
(and assuming SEQ.JITTER.WITDH = 0) from the centering position. After SEQ.NEXPO
exposures, the telescope nods to the B position: it moves to the north by SEQ.NODTHROW,
and takes SEQ.NEXPO additional exposures. Then the telescope moves back to its original
position. The telescope has then executed one AB nodding cycle.

If SEQ.NABCYCLES = 3, the telescope first points to the A position, as defined in the
previous paragraph, and takes SEQ.NEXPO exposures. It then moves to the B position,
takes twice SEQ.NEXPO additional exposures. It then moves back to the A position, when
it takes twice SEQ.NEXPO exposures. Then, it moves a last time to the B position for a last
sequence of SEQ.NEXPO exposures before returning to the original position. The telescope
had therefore executed 3 nodding cycles: AB BA AB.

SEQ.NODTHROW (P2PP: Nod throw along the slit) is the nodding throw, or telescope
offset between two nodding positions (Sect. 9). It should be large enough so that the spatial
profiles of the target in the two nodding positions do not overlap. The nodding positions are
located symmetrically (at SEQ.NODTHROW/2) around the centering location.

If the detector read-out mode is set to FowlerNsampGRstWin, the nodding throw must be
set to 12 arcsec.

SEQ.JITTER.WIDTH (P2PP: Jitter width) A jitter is a small offset added to each nod-
ding offset. It helps correcting for bad detector pixels (Sect. 9). SEQ.JITTER.WIDTH gives
the width of the jitter box: the maximum offset from the nodding position is therefore given
by half of this value. The successive values of the jitter offset in a given template are drawn
from a set of 100 numbers determined from a Poisson random number generator. Jittering is
currently not possible if SEQ.NABCYCLES = 0 (staring mode).

If the detector read-out mode is set to FowlerNsampGRstWin, the jitter width is restricted to
0 if DET1.WIN.NY (P2PP: Number of pixels along Y axis) is 64, limited to values less than
1 or 2 arcsec if DET1.WIN.NY is 128 or 256, respectively. Currently when using a window
of 64 pixels then only one wavelength setting can be observed per OB.

DET1.NCORRS.NAME (P2PP Detector Read-Out Mode) and DET1.WIN.NY
(P2PP: Number of pixels along Y axis) are described in § 11.3.

14.2.4 CRIRES spec obs GenericOffset only: list of offsets

The CRIRES spec obs GenericOffset allows the user to define a list of offsets, offering more
flexibility for sky subtraction in case of extended objects. It only makes sense to use this
template if INS.DROT.MODE (Derotator mode) is set to SKY in the acquisition template.

SEQ.OFFSET.COORDS (P2PP: Offset coordinate type selection) determines if the list
of offsets given in SEQ.OFFSET1.LIST and SEQ.OFFSET2.LIST are given in SKY or DE-
TECTOR coordinates.
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SEQ.OFFSET1.LIST, SEQ.OFFSET2.LIST (P2PP: Lists of offsets in RA or X, Lists
of offsets in DEC or Y )

In all cases, the list of offsets are in arcseconds.

If SEQ.OFFSET.COORDS is set to ’SKY’, a positive value in SEQ.OFFSET1.LIST means
that the new pointing of the telescope is to the East relative to the previous location (target
moves West on the slit viewer) ; similarly, a positive value in SEQ.OFFSET2.LIST means
that the new pointing of the telescope is to the North relative to its previous location (tar-
get moves South on the slit viewer). During the first exposure, the telescope points to
the location given by (TEL.TARG.ALPHA, TEL.TARG.DELTA) + the first value given in
(SEQ.OFFSET1.LIST, SEQ.OFFSET2.LIST). In other words, in this case, the offsets corre-
spond to telescope offsets.

Figure 38: Illustration showing the apparent locations of a target as seen on the slit viewer
detector for the given parameters, in the case of ’SKY’ coordinate offsets. If the telescope
moves North, the target moves South on the slit viewer.

If SEQ.OFFSET.COORDS is set to ’DETECTOR’, the offsets correspond to the apparent
motion of the target on the slit viewer detector, with X increasing from left to right (from E
to W if the position angle is 0 deg) and Y increasing from bottom to top (from S to N if the
position angle is 0 deg, see Fig. 24). In other words, in this case, a positive offset in both X
and Y would bring the target to larger X and larger Y values as seen on the slit viewer. If
the position angle is 0, this corresponds to a motion of the telescope to the East and South.
Subsequent offsets are similarly made relative to the last telescope offset.

SEQ.OBSTYPE.LIST (P2PP: List of observation types (O or S)) is a list that determines
if the exposure taken once the corresponding offset has been completed is an ’OBJECT’ (’O’)
or a ’SKY’ (’S’) measurement. Therefore, the total integration time of one exposure in an ’OB-
JECT’ location is DET1.NDIT.OBJECT × DET1.DIT. Similarly, the total integration time
of one exposure in ’SKY’ location is DET1.NDIT.SKY × DET1.DIT. Note that SEQ.NEXPO
exposures can be obtained at each location.
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Figure 39: Illustration showing the apparent locations of a target as seen on the slit viewer
detector for the given parameters, in the case of ’DETECTOR’ coordinate offsets. Although
the derotator mode must be set to ’SKY, the position angle is irrelevant since all the motions
are made in detector coordinates.

SEQ.NOFF (P2PP: Number of offset positions) gives the total number of telescope po-
sitions that the telescope will have during the execution of the template. Minimum value
is 1. If this value is larger than the number of values listed in SEQ.OFFSET1.LIST, or
SEQ.OFFSET2.LIST then the list is started again.
For example, if SEQ.NOFF = 5, SEQ.OFFSET1.LIST = ’0 0 0’ and SEQ.OFFSET2.LIST
= ’0 10 -10’, SEQ.OFFSET.COORDS = ’DETECTOR’, the list of offsets will be ’0 0 0 0 0’
along the X direction, ’0 10 -10 0 10’ along the Y direction.

The telescope goes back to the centering location at the end of the template.

DET1.NCORRS.NAME (P2PP Detector Read-Out Mode) and DET1.WIN.NY
(P2PP: Number of pixels along Y axis) are described in Sec. 11.3.

14.2.5 CRIRES spec obs SpectroAstrometry only: list of derotator angles, jitter
reset

The CRIRES spec obs SpectroAstrometry template allows one to apply the spectro-astrometry
technique without having to re-acquire the target for each position angle. It only makes sense
to use this template if INS.DROT.MODE (Derotator mode) is set to SKY in the acquisition
template.

INS.DROT.POSANG.LIST (P2PP: List of position angles) is the list of position angles:
the CRIRES spec obs SpectroAstrometry template allows one to repeat the same sequence
of observations as the ones done for the CRIRES spec obs AutoNodOnSlit template but for
each value of the list of slit position angles given by this parameter.
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Best results are obtained by giving a list of pairs of position angles differing by 180 degrees.

SEQ.JITTER.RESET (P2PP: Reset jitter for each DROT posang). Only relevant if
SEQ.JITTER.WIDTH (Jitter width) is larger than 0. If this parameter is set to T the list of
jitter positions calculated by the observation software is repeated identically, in detector coor-
dinates, for each value of the slit position angle. In other words, the location of the different
spectra for each nodding position will be identically repeated for each position angle.

If set to F, each nodding position in the execution of the whole template will be given a
different jitter value.

If the number of nodding cycles is small, it is probably better to set this parameter to T.
For a large number of nodding cycles, any residual detector systematic effects may be further
decreased by setting the parameter to F.

DET1.NCORRS.NAME (P2PP Detector Read-Out Mode) and DET1.WIN.NY
(P2PP: Number of pixels along Y axis) are described in Sec. 11.3.

14.3 Calibration templates

This section describes the use of the calibration templates. Night-time calibration of science
programs is charged to the user.

14.3.1 Standard star or telluric observations

The calibration template CRIRES spec cal AutoNodOnSlit is used to measure a telluric or
spectro-photometric standard star (Sect. 9). Its functionality is similar to the observing
template CRIRES spec obs AutoNodOnSlit described above. The files produced here will be
automatically recognized by the pipeline as standard star observations.

If the standard star is in the list of spectrophotometric standard in the pipeline static files, then
the pipeline also output the sensitivity and throughtput of the whole system (spectrograph,
telescope, Earth atmosphere).

14.3.2 Flat field

Flat-fields can be obtained with the template CRIRES spec cal LampFlats. However, there is
no a priori necessity to obtain flat–fields during the night, unless possibly when observations
aim at obtaining very high accuracy radial velocity or for observations of extended targets.

The following parameters must be defined in this template:

• the reference wavelength and, if needed, the grating order;

• the detector readout mode; cf. §11.3 for a description.

• the entrance slit width. Day-time flats and wavelength calibrations are only obtained
with a 0.2” slit. During the night-time, attached flats and wavelength calibrations are
by default taken with a 0.2” slit. In visitor mode, or on a best-effort basis in Service
mode, a 0.4” slit may be used, to match the science observation slit width.

• the approximate maximum flux (in ADU) over the whole mosaic;
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If the detector readout-mode is FowlerNsampGRstWin (cf. §11.3) two additional parameters
must be given:

1. the total number of pixels in the Y direction, which should match the science observa-
tions;

2. the number of stripes:

• 2 if the science observations are obtained with the CRIRES spec obs AutoNodOnSlit
template

• 1 if the science observations are obtained with the CRIRES spec obs GenericOffset
template

14.3.3 Wavelength calibration

High precision absolute wavelength calibration can be either obtained with sky emission lines
or through the use of an arc lamp spectrum (see Sect. 7.1): currently, the reproducibility of the
wavelength setting between night–time observations and day–time calibrations is ≈ 3 pixels.
If required for your science experiment than insert the CRIRES spec cal Wave template either
before or after any new wavelength setting in order to perform a wavelength calibration. They
are taken with a 0.2 arcsecond slit during the daytime. During the night-time a 0.4 arcsecond
slit can be used to match the slit width used by the science observation.

The parameters required by this template are INS.LAMP, INS.WLEN.REF and possibly
INS.GRAT.ORDER.

INS.LAMP (P2PP: Wavelength calibration source) determines the source used for the
wavelength calibration. The values allowed are THAR for the Thorium–Argon lamp, HALO-
GEN+N2O CELL for the Halogen + the N2O gas-cell and HALOGEN+CO CELL for the
Halogen + the CO gas-cell. See Sect. 18.

14.3.4 Darks

Darks are obtained during daytime calibration by the VLT observatory. There is no need
to execute dark exposures during the night. In particular, P2PP does not carry out any
compatibility check regarding parameters in the darks templates.

The parameters required by this template are DIT, NDIT and NEXPO, as well as the detector
readout mode.

If the detector readout-mode is FowlerNsampGRstWin, two additional parameters must be
given:

1. the total number of pixels in the Y direction, which should match the science observa-
tions;

2. the number of stripes:

• 2 if the science observations are obtained with the CRIRES spec obs AutoNodOnSlit
template
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• 1 if the science observations are obtained with the CRIRES spec obs GenericOffset
template

Cf. §11.3 for a description of this readout-mode.

14.3.5 Sky observation

The template CRIRES spec cal SkyObs template allows to take a spectrum of the sky at the
current telescope location without slit viewer guiding and with the AO loop open. It is unlikely
to be needed in any science OB: its main use is for characterizing the atmospheric conditions
(amount of water vapour...).
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14.3.6 Template signatures

CRIRES spec acq NGS

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
SEQ.NGS.ISTARGET T F (T) Target = AO Guide Star
SEQ.NGS.ALPHA (0) RA of AO guide star
SEQ.NGS.DELTA (0) DEC of AO guide star
SEQ.NGS.COLOR -1..5 (0) AO guide star: B-R color value
SEQ.NGS.FWHM 0..10 (0.0) AO guide star: FWHM (arcsec)
SEQ.NGS.SNR 0.0..10000.0 (1000) AO guide star: Minimum S/N
SEQ.NGS.USELASTSKY T F (F) Use the last sky measurement for the

WFS
SEQ.NGS.SKYALPHA -30..+30 (4.0) WFS Alpha sky offset (arcsec)
SEQ.NGS.SKYDELTA -30..+30 (4.0) WFS Delta sky offset (arcsec)
SEQ.NGS.ISSVGS T F (T) SV Guide Star = AO Guide Star
SEQ.SV.USELASTSKY T F (T) Use the last sky measurement for the

SV
TEL.SKY.OFFSETALPHA -120..120 (30.0) RA offset to sky
TEL.SKY.OFFSETDELTA -120..120 (30.0) DEC offset to sky
TEL.AG.GUIDESTAR NONE SETUPFILE CATALOGUE

(CATALOGUE)
Telescope guide star selection

TEL.GS1.ALPHA (0.0) RA of telescope guide star
TEL.GS1.DELTA (0.0) DEC of telescope guide star
TEL.TARG.OFFSETALPHA -22.5..22.5 (0.0) RA offset between target and SV

guidestar
TEL.TARG.OFFSETDELTA -22.5..22.5 (0.0) DEC offset between target and SV

guidestar
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.DROT.MODE SKY ELEV (NODEFAULT) Derotator: Mode
INS.DROT.POSANG 0.0..360.0 (0.0) Position angle
INS.SLIT.WID 0.2, 0.4 (0.2) Entrance slit width
INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
TEL.TARG.ALPHA (NODEFAULT) Right Ascension
TEL.TARG.DELTA (NODEFAULT) Declination
TEL.TARG.EQUINOX -2000..3000 (2000) Equinox
TEL.TARG.EPOCH -2000..3000 (2000) Epoch
TEL.TARG.PMA -10..10 (0) Proper Motion RA
TEL.TARG.PMD -10..10 (0) Proper Motion DEC
TEL.TARG.ADDVELALPHA -15..15 (0.0) Diff RA
TEL.TARG.ADDVELDELTA -15..15 (0.0) Diff DEC

Fixed values:
Parameter Value Label
DPR.CATG ACQUISITION Data product category
DPR.TECH IMAGE Data product technique
DPR.TYPE OBJECT Data product type
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CRIRES spec acq NGS difftrack

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
SEQ.NGS.COLOR -1..5 (0) AO guide star: B-R color value
SEQ.NGS.FWHM 0..10 (0.0) AO guide star: FWHM (arcsec)
SEQ.NGS.SNR 0.0..10000.0 (1000) AO guide star: Minimum S/N
SEQ.NGS.USELASTSKY T F (F) Use the last sky measurement for the

WFS
SEQ.NGS.SKYALPHA -30..+30 (4.0) WFS Alpha sky offset (arcsec)
SEQ.NGS.SKYDELTA -30..+30 (4.0) WFS Delta sky offset (arcsec)
SEQ.SV.USELASTSKY T F (T) Use the last sky measurement for the

SV
TEL.SKY.OFFSETALPHA -120..120 (30.0) RA offset to sky
TEL.SKY.OFFSETDELTA -120..120 (30.0) DEC offset to sky
TEL.AG.GUIDESTAR NONE SETUPFILE CATALOGUE

(CATALOGUE)
Telescope guide star selection

TEL.GS1.ALPHA (0.0) RA of telescope guide star
TEL.GS1.DELTA (0.0) DEC of telescope guide star
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.DROT.POSANG 0.0..360.0 (0.0) Position angle
INS.SLIT.WID 0.2, 0.4 (0.2) Entrance slit width
INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
TEL.TARG.EQUINOX -2000..3000 (2000) Equinox
TEL.TARG.EPOCH -2000..3000 (2000) Epoch
TEL.TARG.PMA -10..10 (0) Proper Motion RA
TEL.TARG.PMD -10..10 (0) Proper Motion DEC
SEQ.TRACK.REF *.track () Reference star tracking table file
SEQ.TRACK.TARG *.track () Target tracking table file

Fixed values:
Parameter Value Label
DPR.CATG ACQUISITION Data product category
DPR.TECH IMAGE Data product technique
DPR.TYPE OBJECT Data product type
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CRIRES spec acq NoAO

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
SEQ.SV.USELASTSKY T F (T) Use the last sky measurement for the

SV
TEL.SKY.OFFSETALPHA -120..120 (30.0) RA offset to sky
TEL.SKY.OFFSETDELTA -120..120 (30.0) DEC offset to sky
TEL.AG.GUIDESTAR NONE SETUPFILE CATALOGUE

(CATALOGUE)
Telescope guide star selection

TEL.GS1.ALPHA (0.0) RA of telescope guide star
TEL.GS1.DELTA (0.0) DEC of telescope guide star
TEL.TARG.OFFSETALPHA -40..40 (0.0) RA offset between target and SV

guidestar
TEL.TARG.OFFSETDELTA -40..40 (0.0) DEC offset between target and SV

guidestar
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.DROT.MODE SKY ELEV (NODEFAULT) Derotator: Mode
INS.DROT.POSANG 0.0..360.0 (0.0) Position angle
INS.SLIT.WID 0.2, 0.4 (0.2) Entrance slit width
INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
TEL.TARG.ALPHA (NODEFAULT) Right Ascension
TEL.TARG.DELTA (NODEFAULT) Declination
TEL.TARG.EQUINOX -2000..3000 (2000) Equinox
TEL.TARG.EPOCH -2000..3000 (2000) Epoch
TEL.TARG.PMA -10..10 (0) Proper Motion RA
TEL.TARG.PMD -10..10 (0) Proper Motion DEC
TEL.TARG.ADDVELALPHA -15..15 (0.0) Diff RA
TEL.TARG.ADDVELDELTA -15..15 (0.0) Diff DEC
Fixed values:
Parameter Value Label
DPR.CATG ACQUISITION Data product category
DPR.TECH IMAGE Data product technique
DPR.TYPE OBJECT Data product type
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CRIRES spec acq NoAO difftrack

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
SEQ.SV.USELASTSKY T F (T) Use the last sky measurement for the

SV
TEL.SKY.OFFSETALPHA -120..120 (30.0) RA offset to sky
TEL.SKY.OFFSETDELTA -120..120 (30.0) DEC offset to sky
TEL.AG.GUIDESTAR NONE SETUPFILE CATALOGUE

(CATALOGUE)
Telescope guide star selection

TEL.GS1.ALPHA (0.0) RA of telescope guide star
TEL.GS1.DELTA (0.0) DEC of telescope guide star
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.DROT.POSANG 0.0..360.0 (0.0) Position angle
INS.SLIT.WID 0.2, 0.4 (0.2) Entrance slit width
INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
TEL.TARG.EQUINOX -2000..3000 (2000) Equinox
TEL.TARG.EPOCH -2000..3000 (2000) Epoch
TEL.TARG.PMA -10..10 (0) Proper Motion RA
TEL.TARG.PMD -10..10 (0) Proper Motion DEC
SEQ.TRACK.REF *.track () Reference star tracking table file
SEQ.TRACK.TARG *.track () Target tracking table file
Fixed values:
Parameter Value Label
DPR.CATG ACQUISITION Data product category
DPR.TECH IMAGE Data product technique
DPR.TYPE OBJECT Data product type
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CRIRES spec obs AutoNodOnSlit

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
DET1.DIT 0..900 (NODEFAULT) DIT
DET1.NDIT 1..1000 (1) NDIT
SEQ.NEXPO 1..100 (1) Number of exposures per nodding po-

sition
SEQ.NABCYCLES 0..100 (1) Number of nodding cycles
SEQ.NODTHROW 0..22.5 (10) Nod throw along the slit
SEQ.JITTER.WIDTH 0..8 (0) Jitter width
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
Fixed values:
Parameter Value Label
DPR.CATG SCIENCE Data product category
DPR.TECH SPECTRUM,NODDING/DIRECT, Data product technique

[JITTER/OTHER]
DPR.TYPE OBJECT Data product type

CRIRES spec obs SpectroAstrometry

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
DET1.DIT 0..900 (NODEFAULT) DIT
DET1.NDIT 1..1000 (1) NDIT
INS.DROT.POSANG.LIST 0.0..360.0 () List of position angles
INS.GRAT.ORDER 0..59 (0) Grating order
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
SEQ.JITTER.RESET F T (T) Reset jitter for each DROT posang
SEQ.JITTER.WIDTH 0..8 (0) Jitter width
SEQ.NABCYCLES 0..100 (1) Number of nodding cycles
SEQ.NEXPO 1..100 (1) Number of exposures per nodding po-

sition
SEQ.NODTHROW 0..22.5 (10) Nod throw along the slit
Fixed values:
Parameter Value Label
DPR.CATG SCIENCE Data product category
DPR.TECH SPECTRUM,NODDING,JITTER, Data product technique

ASTROMETRY
DPR.TYPE OBJECT Data product type
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CRIRES spec obs GenericOffset

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
DET1.DIT 0..900 (NODEFAULT) DIT
DET1.NDIT.OBJECT 1..100 (1) NDIT for the OBJECT positions
DET1.NDIT.SKY 1..100 (1) NDIT for the SKY positions
INS.GRAT.ORDER 0..59 (0) Grating order
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
SEQ.NEXPO 1..100 (1) Number of exposures on each position
SEQ.NOFF 1..100 (NODEFAULT) Number of offset positions
SEQ.OBSTYPE.LIST O S (NODEFAULT) List of observation types (O or S)
SEQ.OFFSET.COORDS SKY DETECTOR (SKY) Offset coordinate type selection
SEQ.OFFSET1.LIST (NODEFAULT) List of offsets in RA or X
SEQ.OFFSET2.LIST (NODEFAULT) List of offsets in DEC or Y
Fixed values:
Parameter Value Label
DPR.CATG SCIENCE Data product category
DPR.TECH SPECTRUM Data product technique
DPR.TYPE OBJECT or SKY Data product type

CRIRES spec cal AutoNodOnSlit

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
DET1.DIT 0..900 (NODEFAULT) DIT
DET1.NDIT 1..1000 (1) NDIT
SEQ.NEXPO 1..100 (1) Number of exposures per nodding po-

sition
SEQ.NABCYCLES 0..100 (1) Number of nodding cycles
SEQ.NODTHROW 0..22.5 (10) Nod throw along the slit
SEQ.JITTER.WIDTH 0..8 (0) Jitter width
INS.OPTI1.NAME FREE GAS N2O GAS CO

GAS VISITOR (FREE)
Gas cell

INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
Fixed values:
Parameter Value Label
DPR.CATG CALIB Data product category
DPR.TECH SPECTRUM,NODDING/DIRECT, Data product technique

[JITTER/OTHER]
DPR.TYPE STD Data product type
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CRIRES spec cal LampFlats

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
Fixed values:
Parameter Value Label
DPR.CATG CALIB Data product category
DPR.TECH SPECTRUM Data product technique
DPR.TYPE FLAT Data product type

CRIRES spec cal Wave

To be specified:
Parameter Range (Default) Label
INS.LAMP THAR HALOGEN+N2O CELL

HALOGEN+CO CELL HALO-
GEN+VISITOR CELL (THAR)

Wavelength calibration source

INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
Fixed values:
Parameter Value Label
DPR.CATG CALIB Data product category
DPR.TECH SPECTRUM Data product technique
DPR.TYPE WAVE,LAMP/ABSORPTION-CELL Data product type

CRIRES spec cal Darks

To be specified:
Parameter Range (Default) Label
DET1.NCORRS.NAME FowlerNsamp FowlerNsampGRstWin

(FowlerNsamp)
Detector Read-Out Mode

DET1.WIN.NY 64 128 256 (64) Number of pixels along Y axis
DET1.DIT 0..900 (60.) DIT
DET1.NDIT 1..1000 (1) NDIT
SEQ.NEXPO 1..100 (3) Number of exposures
Fixed values:
Parameter Value Label
DPR.CATG CALIB Data product category
DPR.TECH IMAGE Data product technique
DPR.TYPE DARK Data product type

CRIRES spec cal SkyObs

To be specified:
Parameter Range (Default) Label
DET1.DIT 0..900 (60.) DIT
DET1.NDIT 1..1000 (1) NDIT
INS.WLEN.REF 958.3..5361.9 (NODEFAULT) Reference wavelength
INS.GRAT.ORDER 0..59 (0) Grating order
INS.SLIT.WID 0.2, 0.4 (0.2) Entrance slit width
SEQ.NEXPO 1..100 (3) Number of exposures
Fixed values:
Parameter Value Label
DPR.CATG CALIB TESTCALIB Data product category
DPR.TECH SPECTRUM Data product technique
DPR.TYPE WAVE,SKY Data product type
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15 CRIRES standard wavelength settings

15.1 Wavelength ranges



96
T

ab
le

3a
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

97
1.

0
58

20
65

61
96

1.
8

97
4.

6
95

5.
7

96
0.

9
96

2.
3

96
7.

3
96

8.
6

97
3.

4
97

4.
6

97
9.

1
4.

6
97

4.
0

58
19

49
30

96
4.

8
97

7.
6

95
8.

9
96

4.
0

96
5.

4
97

0.
4

97
1.

7
97

6.
4

97
7.

6
98

2.
0

4.
6

98
3.

3
58

15
79

01
97

4.
3

98
7.

0
96

8.
8

97
3.

7
97

5.
1

97
9.

8
98

1.
0

98
5.

6
98

6.
7

99
1.

0
4.

4
98

6.
3

58
14

56
22

97
7.

3
99

0.
1

97
1.

9
97

6.
8

97
8.

2
98

2.
8

98
4.

1
98

8.
5

98
9.

7
99

3.
9

4.
4

98
8.

0
57

20
66

90
97

8.
6

99
1.

7
97

2.
5

97
7.

7
97

9.
2

98
4.

2
98

5.
6

99
0.

4
99

1.
7

99
6.

3
4.

7
99

1.
0

57
19

52
56

98
1.

6
99

4.
8

97
5.

7
98

0.
9

98
2.

3
98

7.
3

98
8.

6
99

3.
4

99
4.

6
99

9.
2

4.
7

10
00

.6
57

15
76

88
99

1.
2

10
04

.6
98

5.
8

99
0.

8
99

2.
2

99
7.

0
99

8.
3

10
02

.9
10

04
.1

10
08

.5
4.

5
10

03
.6

57
14

56
18

99
4.

2
10

07
.7

98
9.

0
99

4.
0

99
5.

3
10

00
.1

10
01

.3
10

05
.9

10
07

.0
10

11
.3

4.
4

10
05

.6
56

20
68

44
99

5.
8

10
09

.6
98

9.
8

99
5.

1
99

6.
6

10
01

.8
10

03
.1

10
08

.1
10

09
.3

10
14

.0
4.

8
10

08
.7

56
19

52
45

99
8.

9
10

12
.7

99
3.

1
99

8.
4

99
9.

8
10

04
.9

10
06

.3
10

11
.1

10
12

.4
10

17
.0

4.
8

10
18

.6
56

15
71

83
10

09
.0

10
22

.7
10

03
.6

10
08

.7
10

10
.1

10
15

.0
10

16
.3

10
20

.9
10

22
.1

10
26

.6
4.

6
10

21
.6

56
14

53
20

10
12

.0
10

25
.7

10
06

.7
10

11
.8

10
13

.2
10

18
.0

10
19

.3
10

23
.9

10
25

.1
10

29
.5

4.
5

10
23

.8
55

20
71

55
10

13
.8

10
27

.9
10

07
.7

10
13

.2
10

14
.7

10
19

.9
10

21
.3

10
26

.3
10

27
.6

10
32

.4
4.

9
10

26
.9

55
19

57
60

10
16

.9
10

31
.1

10
11

.0
10

16
.4

10
17

.9
10

23
.1

10
24

.4
10

29
.4

10
30

.7
10

35
.4

4.
8

10
37

.1
55

15
72

45
10

27
.1

10
41

.5
10

21
.8

10
27

.0
10

28
.4

10
33

.4
10

34
.7

10
39

.5
10

40
.7

10
45

.2
4.

6
10

40
.2

55
14

52
05

10
30

.2
10

44
.7

10
25

.1
10

30
.2

10
31

.6
10

36
.6

10
37

.9
10

42
.6

10
43

.8
10

48
.2

4.
6

10
42

.7
54

20
73

56
10

32
.3

10
47

.1
10

26
.3

10
31

.9
10

33
.4

10
38

.7
10

40
.1

10
45

.3
10

46
.6

10
51

.4
5.

0
10

45
.9

54
19

58
11

10
35

.5
10

50
.4

10
29

.7
10

35
.2

10
36

.7
10

42
.0

10
43

.4
10

48
.4

10
49

.7
10

54
.5

4.
9

10
56

.4
54

15
68

83
10

46
.1

10
61

.1
10

40
.8

10
46

.1
10

47
.6

10
52

.6
10

54
.0

10
58

.8
10

60
.1

10
64

.7
4.

7
10

59
.6

54
14

46
78

10
49

.3
10

64
.3

10
44

.2
10

49
.4

10
50

.9
10

55
.9

10
57

.2
10

62
.0

10
63

.2
10

67
.8

4.
7

10
62

.3
53

20
76

26
10

51
.6

10
66

.9
10

45
.6

10
51

.3
10

52
.8

10
58

.3
10

59
.7

10
64

.9
10

66
.2

10
71

.2
5.

1
10

65
.6

53
19

59
55

10
55

.0
10

70
.2

10
49

.1
10

54
.7

10
56

.2
10

61
.6

10
63

.0
10

68
.2

10
69

.5
10

74
.4

5.
0

10
76

.4
53

15
66

67
10

66
.1

10
80

.9
10

60
.5

10
65

.9
10

67
.4

10
72

.6
10

73
.9

10
78

.9
10

80
.1

10
84

.8
4.

8
10

79
.6

53
14

46
82

10
69

.4
10

84
.1

10
63

.9
10

69
.3

10
70

.7
10

75
.8

10
77

.2
10

82
.0

10
83

.3
10

87
.9

4.
7

10
82

.7
52

20
77

64
10

72
.1

10
87

.1
10

65
.7

10
71

.5
10

73
.1

10
78

.6
10

80
.1

10
85

.4
10

86
.7

10
91

.8
5.

2
10

86
.0

52
19

63
18

10
75

.5
10

90
.3

10
69

.2
10

74
.9

10
76

.5
10

81
.9

10
83

.4
10

88
.6

10
90

.0
10

95
.0

5.
1



97
T

ab
le

3b
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

10
97

.2
52

15
63

40
10

87
.2

11
01

.3
10

81
.1

10
86

.5
10

88
.1

10
93

.3
10

94
.7

10
99

.7
11

01
.0

11
05

.8
4.

9
11

00
.5

52
14

42
07

10
90

.6
11

04
.5

10
84

.6
10

90
.0

10
91

.5
10

96
.7

10
98

.0
11

03
.0

11
04

.2
11

09
.0

4.
8

11
03

.9
51

20
78

68
10

93
.4

11
08

.0
10

86
.6

10
92

.5
10

94
.1

10
99

.7
11

01
.2

11
06

.6
11

08
.0

11
13

.1
5.

3
11

07
.2

51
19

66
22

10
96

.6
11

11
.5

10
90

.1
10

95
.9

10
97

.5
11

03
.1

11
04

.5
11

09
.9

11
11

.2
11

16
.3

5.
2

11
18

.8
51

15
59

93
11

08
.0

11
23

.6
11

02
.3

11
07

.9
11

09
.5

11
14

.8
11

16
.2

11
21

.4
11

22
.7

11
27

.5
5.

0
11

22
.1

51
14

40
91

11
11

.2
11

27
.0

11
05

.8
11

11
.4

11
12

.9
11

18
.2

11
19

.6
11

24
.6

11
25

.9
11

30
.7

4.
9

11
25

.9
50

20
81

11
11

14
.5

11
30

.8
11

08
.2

11
14

.2
11

15
.9

11
21

.6
11

23
.1

11
28

.7
11

30
.1

11
35

.3
5.

4
11

29
.3

50
19

67
69

11
18

.0
11

34
.2

11
11

.8
11

17
.7

11
19

.4
11

25
.1

11
26

.6
11

32
.0

11
33

.4
11

38
.6

5.
3

11
41

.2
50

15
59

24
11

30
.1

11
46

.1
11

24
.4

11
30

.1
11

31
.7

11
37

.2
11

38
.6

11
43

.8
11

45
.1

11
50

.1
5.

1
11

44
.6

50
14

39
00

11
33

.6
11

49
.5

11
28

.0
11

33
.7

11
35

.2
11

40
.6

11
42

.0
11

47
.2

11
48

.5
11

53
.4

5.
0

11
48

.8
49

20
83

70
11

37
.3

11
53

.7
11

30
.8

11
36

.9
11

38
.6

11
44

.4
11

46
.0

11
51

.6
11

53
.1

11
58

.4
5.

5
11

52
.3

49
19

69
25

11
40

.8
11

57
.2

11
34

.5
11

40
.5

11
42

.2
11

48
.0

11
49

.5
11

55
.1

11
56

.5
11

61
.8

5.
4

11
64

.6
49

15
55

43
11

53
.2

11
69

.7
11

47
.5

11
53

.3
11

54
.9

11
60

.5
11

61
.9

11
67

.3
11

68
.6

11
73

.7
5.

2
11

68
.1

49
14

34
10

11
56

.8
11

73
.3

11
51

.2
11

56
.9

11
58

.5
11

64
.0

11
65

.5
11

70
.7

11
72

.1
11

77
.1

5.
1

11
72

.7
48

20
84

75
11

60
.8

11
77

.8
11

54
.3

11
60

.5
11

62
.3

11
68

.2
11

69
.8

11
75

.6
11

77
.0

11
82

.5
5.

6
11

76
.2

48
19

72
70

11
64

.3
11

81
.4

11
58

.0
11

64
.2

11
65

.9
11

71
.8

11
73

.4
11

79
.0

11
80

.5
11

85
.9

5.
5

11
88

.9
48

15
54

17
11

77
.1

11
94

.3
11

71
.4

11
77

.4
11

79
.0

11
84

.7
11

86
.2

11
91

.6
11

93
.0

11
98

.2
5.

3
11

92
.5

48
14

31
89

11
80

.8
11

97
.9

11
75

.2
11

81
.1

11
82

.7
11

88
.3

11
89

.8
11

95
.2

11
96

.6
12

01
.6

5.
2

11
97

.5
47

20
89

49
11

85
.2

12
02

.9
11

78
.7

11
85

.1
11

86
.8

11
93

.0
11

94
.6

12
00

.4
12

01
.9

12
07

.5
5.

7
12

01
.2

47
19

73
55

11
89

.0
12

06
.6

11
82

.6
11

88
.9

11
90

.7
11

96
.7

11
98

.3
12

04
.1

12
05

.6
12

11
.1

5.
7

12
14

.3
47

15
50

79
12

02
.3

12
19

.8
11

96
.5

12
02

.5
12

04
.2

12
10

.0
12

11
.5

12
17

.1
12

18
.5

12
23

.8
5.

4
12

17
.9

47
14

31
00

12
05

.9
12

23
.5

12
00

.3
12

06
.3

12
07

.9
12

13
.7

12
15

.2
12

20
.6

12
22

.0
12

27
.2

5.
3

12
23

.5
46

20
90

47
12

10
.9

12
29

.1
12

04
.3

12
10

.8
12

12
.6

12
18

.9
12

20
.5

12
26

.5
12

28
.0

12
33

.8
5.

8
12

27
.2

46
19

76
96

12
14

.6
12

32
.9

12
08

.2
12

14
.6

12
16

.4
12

22
.6

12
24

.2
12

30
.2

12
31

.7
12

37
.3

5.
8

12
40

.7
46

15
50

57
12

28
.0

12
46

.8
12

22
.5

12
28

.7
12

30
.4

12
36

.3
12

37
.9

12
43

.5
12

45
.0

12
50

.4
5.

5
12

44
.4

46
14

30
09

12
31

.7
12

50
.6

12
26

.4
12

32
.5

12
34

.2
12

40
.1

12
41

.6
12

47
.2

12
48

.6
12

53
.9

5.
5



98
T

ab
le

3c
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

12
50

.6
45

20
93

11
12

37
.3

12
56

.7
12

31
.0

12
37

.6
12

39
.5

12
45

.8
12

47
.5

12
53

.7
12

55
.2

12
61

.1
6.

0
12

54
.4

45
19

79
20

12
41

.2
12

60
.5

12
35

.0
12

41
.6

12
43

.4
12

49
.7

12
51

.4
12

57
.4

12
59

.0
12

64
.8

5.
9

12
68

.4
45

15
46

66
12

55
.5

12
74

.5
12

49
.8

12
56

.1
12

57
.9

12
63

.9
12

65
.5

12
71

.3
12

72
.8

12
78

.3
5.

6
12

72
.2

45
14

25
54

12
59

.4
12

78
.3

12
53

.8
12

60
.1

12
61

.8
12

67
.8

12
69

.4
12

75
.1

12
76

.5
12

81
.9

5.
6

12
79

.0
44

20
93

86
12

65
.5

12
85

.1
12

58
.9

12
65

.7
12

67
.6

12
74

.1
12

75
.9

12
82

.1
12

83
.7

12
89

.7
6.

1
12

82
.9

44
19

79
48

12
69

.5
12

89
.1

12
63

.0
12

69
.8

12
71

.6
12

78
.1

12
79

.8
12

86
.0

12
87

.6
12

93
.5

6.
0

12
97

.3
44

15
44

42
12

84
.0

13
03

.7
12

78
.3

12
84

.7
12

86
.5

12
92

.7
12

94
.3

13
00

.3
13

01
.8

13
07

.4
5.

8
13

01
.2

44
14

22
84

12
87

.9
13

07
.6

12
82

.4
12

88
.8

12
90

.6
12

96
.7

12
98

.3
13

04
.1

13
05

.6
13

11
.2

5.
7

12
99

.2
43

23
61

91
12

85
.2

13
05

.5
12

78
.1

12
85

.3
12

87
.2

12
94

.1
12

95
.9

13
02

.5
13

04
.2

13
10

.5
6.

4
13

03
.2

43
22

50
45

12
89

.2
13

09
.6

12
82

.4
12

89
.4

12
91

.4
12

98
.2

12
99

.9
13

06
.5

13
08

.1
13

14
.3

6.
4

13
18

.1
43

18
23

61
13

04
.4

13
24

.5
12

98
.1

13
04

.9
13

06
.8

13
13

.3
13

15
.0

13
21

.2
13

22
.8

13
28

.7
6.

1
13

22
.1

43
17

05
51

13
08

.5
13

28
.5

13
02

.3
13

09
.0

13
10

.9
13

17
.3

13
19

.0
13

25
.2

13
26

.8
13

32
.6

6.
0

13
37

.0
43

12
51

26
13

23
.6

13
43

.6
13

18
.1

13
24

.5
13

26
.3

13
32

.5
13

34
.1

13
39

.9
13

41
.4

13
47

.0
5.

7
13

40
.9

43
11

28
27

13
27

.5
13

47
.6

13
22

.3
13

28
.6

13
30

.4
13

36
.4

13
38

.0
13

43
.8

13
45

.3
13

50
.7

5.
6

13
30

.0
42

23
65

63
13

15
.7

13
36

.4
13

08
.4

13
15

.7
13

17
.8

13
24

.8
13

26
.6

13
33

.4
13

35
.1

13
41

.5
6.

6
13

34
.1

42
22

54
07

13
19

.9
13

40
.5

13
12

.8
13

20
.0

13
22

.0
13

28
.9

13
30

.8
13

37
.4

13
39

.1
13

45
.5

6.
5

13
49

.5
42

18
23

03
13

35
.3

13
56

.3
13

29
.0

13
36

.0
13

37
.9

13
44

.6
13

46
.3

13
52

.7
13

54
.3

13
60

.4
6.

2
13

53
.5

42
17

07
69

13
39

.3
13

60
.4

13
33

.3
13

40
.1

13
42

.0
13

48
.6

13
50

.4
13

56
.7

13
58

.3
13

64
.3

6.
1

13
68

.9
42

12
49

14
13

54
.7

13
76

.1
13

49
.6

13
56

.2
13

58
.0

13
64

.3
13

65
.9

13
71

.9
13

73
.4

13
79

.1
5.

8
13

73
.0

42
11

22
88

13
58

.9
13

80
.3

13
53

.9
13

60
.4

13
62

.2
13

68
.4

13
70

.1
13

76
.0

13
77

.5
13

83
.1

5.
8

13
62

.3
41

23
69

20
13

47
.2

13
69

.4
13

40
.2

13
47

.7
13

49
.8

13
56

.9
13

58
.9

13
65

.8
13

67
.5

13
74

.1
6.

7
13

66
.4

41
22

60
37

13
51

.3
13

73
.5

13
44

.5
13

51
.9

13
54

.0
13

61
.1

13
63

.0
13

69
.8

13
71

.6
13

78
.1

6.
7

13
82

.4
41

18
23

51
13

67
.6

13
89

.6
13

61
.4

13
68

.5
13

70
.5

13
77

.3
13

79
.1

13
85

.7
13

87
.3

13
93

.6
6.

4
13

86
.5

41
17

08
13

13
71

.7
13

93
.7

13
65

.8
13

72
.8

13
74

.7
13

81
.5

13
83

.3
13

89
.7

13
91

.4
13

97
.5

6.
3

14
02

.5
41

12
42

90
13

88
.0

14
09

.9
13

82
.7

13
89

.5
13

91
.3

13
97

.7
13

99
.4

14
05

.6
14

07
.1

14
13

.0
6.

0
14

06
.6

41
11

19
52

13
92

.2
14

14
.0

13
87

.1
13

93
.7

13
95

.6
14

01
.9

14
03

.6
14

09
.6

14
11

.2
14

16
.9

5.
9



99
T

ab
le

3d
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

13
96

.2
40

23
73

35
13

80
.7

14
03

.5
13

73
.6

13
81

.2
13

83
.3

13
90

.7
13

92
.7

13
99

.7
14

01
.6

14
08

.3
6.

9
14

00
.5

40
22

62
00

13
85

.1
14

07
.8

13
78

.1
13

85
.7

13
87

.8
13

95
.1

13
97

.0
14

04
.0

14
05

.8
14

12
.5

6.
8

14
17

.0
40

18
22

44
14

01
.8

14
24

.4
13

95
.5

14
02

.8
14

04
.8

14
11

.8
14

13
.7

14
20

.3
14

22
.1

14
28

.4
6.

5
14

21
.2

40
17

07
13

14
06

.0
14

28
.7

13
99

.9
14

07
.2

14
09

.2
14

16
.1

14
17

.9
14

24
.5

14
26

.2
14

32
.5

6.
5

14
37

.7
40

12
38

91
14

22
.7

14
45

.4
14

17
.4

14
24

.3
14

26
.2

14
32

.8
14

34
.6

14
40

.8
14

42
.5

14
48

.4
6.

1
14

41
.9

40
11

15
56

14
27

.0
14

49
.6

14
21

.9
14

28
.7

14
30

.6
14

37
.1

14
38

.8
14

45
.0

14
46

.6
14

52
.5

6.
0

14
31

.9
39

23
75

86
14

15
.9

14
39

.5
14

08
.7

14
16

.5
14

18
.7

14
26

.3
14

28
.3

14
35

.5
14

37
.4

14
44

.3
7.

1
14

36
.2

39
22

67
39

14
20

.3
14

43
.8

14
13

.2
14

21
.0

14
23

.1
14

30
.6

14
32

.6
14

39
.8

14
41

.6
14

48
.5

7.
0

14
53

.3
39

18
23

36
14

37
.6

14
61

.0
14

31
.3

14
38

.7
14

40
.8

14
48

.0
14

49
.9

14
56

.7
14

58
.5

14
65

.0
6.

7
14

57
.7

39
17

05
56

14
42

.0
14

65
.5

14
35

.9
14

43
.3

14
45

.4
14

52
.4

14
54

.3
14

61
.1

14
62

.8
14

69
.3

6.
6

14
74

.7
39

12
35

10
14

59
.3

14
82

.6
14

53
.9

14
61

.0
14

63
.0

14
69

.7
14

71
.5

14
77

.9
14

79
.6

14
85

.7
6.

3
14

79
.1

39
11

09
03

14
63

.8
14

87
.1

14
58

.6
14

65
.6

14
67

.5
14

74
.2

14
75

.9
14

82
.3

14
83

.9
14

89
.9

6.
2

14
69

.4
38

23
80

33
14

52
.9

14
77

.3
14

45
.6

14
53

.6
14

55
.9

14
63

.6
14

65
.7

14
73

.1
14

75
.0

14
82

.2
7.

3
14

73
.9

38
22

69
75

14
57

.5
14

81
.8

14
50

.3
14

58
.3

14
60

.5
14

68
.2

14
70

.2
14

77
.6

14
79

.5
14

86
.5

7.
2

14
91

.5
38

18
24

57
14

75
.3

14
99

.5
14

68
.9

14
76

.6
14

78
.7

14
86

.0
14

88
.0

14
95

.0
14

96
.8

15
03

.5
6.

9
14

96
.0

38
17

07
21

14
79

.9
15

04
.0

14
73

.6
14

81
.2

14
83

.3
14

90
.6

14
92

.5
14

99
.5

15
01

.3
15

07
.9

6.
8

15
13

.6
38

12
32

56
14

97
.8

15
21

.8
14

92
.3

14
99

.5
15

01
.5

15
08

.5
15

10
.3

15
16

.9
15

18
.6

15
24

.9
6.

4
15

18
.1

38
11

06
88

15
02

.3
15

26
.4

14
97

.1
15

04
.2

15
06

.2
15

13
.0

15
14

.9
15

21
.4

15
23

.0
15

29
.2

6.
4

15
09

.0
37

23
83

10
14

92
.0

15
17

.1
14

84
.5

14
92

.8
14

95
.1

15
03

.1
15

05
.2

15
12

.8
15

14
.8

15
22

.1
7.

5
15

13
.6

37
22

73
06

14
96

.7
15

21
.8

14
89

.4
14

97
.6

14
99

.8
15

07
.7

15
09

.8
15

17
.4

15
19

.3
15

26
.6

7.
4

15
31

.9
37

18
22

32
15

15
.2

15
40

.3
15

08
.7

15
16

.6
15

18
.7

15
26

.3
15

28
.3

15
35

.5
15

37
.4

15
44

.3
7.

1
15

36
.4

37
17

08
04

15
19

.7
15

44
.8

15
13

.4
15

21
.2

15
23

.4
15

30
.9

15
32

.8
15

40
.0

15
41

.8
15

48
.6

7.
0

15
54

.7
37

12
27

41
15

38
.3

15
63

.4
15

32
.8

15
40

.3
15

42
.3

15
49

.4
15

51
.3

15
58

.1
15

59
.8

15
66

.3
6.

6
15

59
.3

37
11

02
29

15
43

.0
15

67
.9

15
37

.7
15

45
.1

15
47

.1
15

54
.1

15
56

.0
15

62
.6

15
64

.4
15

70
.7

6.
5

15
50

.8
36

23
85

80
15

33
.1

15
59

.4
15

25
.6

15
34

.2
15

36
.5

15
44

.7
15

46
.9

15
54

.7
15

56
.8

15
64

.3
7.

7
15

55
.5

36
22

76
47

15
37

.9
15

64
.1

15
30

.6
15

39
.0

15
41

.4
15

49
.5

15
51

.6
15

59
.4

15
61

.4
15

68
.8

7.
6



100
T

ab
le

3e
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

15
74

.4
36

18
23

75
15

57
.3

15
82

.9
15

50
.5

15
58

.6
15

60
.9

15
68

.6
15

70
.7

15
78

.1
15

80
.0

15
87

.1
7.

3
15

79
.1

36
17

07
63

15
62

.2
15

87
.6

15
55

.5
15

63
.5

15
65

.7
15

73
.4

15
75

.4
15

82
.8

15
84

.7
15

91
.6

7.
2

15
98

.0
36

12
24

54
15

81
.7

16
06

.3
15

75
.6

15
83

.2
15

85
.3

15
92

.6
15

94
.5

16
01

.5
16

03
.3

16
09

.9
6.

8
16

02
.7

36
11

00
03

15
86

.3
16

11
.2

15
80

.5
15

88
.1

15
90

.2
15

97
.4

15
99

.3
16

06
.1

16
07

.9
16

14
.4

6.
7

15
95

.0
35

23
88

38
15

77
.3

16
03

.3
15

69
.1

15
77

.9
15

80
.3

15
88

.7
15

91
.0

15
99

.0
16

01
.1

16
08

.9
7.

9
15

99
.9

35
22

77
52

15
82

.3
16

08
.3

15
74

.3
15

83
.0

15
85

.4
15

93
.7

15
95

.9
16

03
.9

16
06

.0
16

13
.6

7.
8

16
19

.4
35

18
23

24
16

01
.6

16
28

.4
15

94
.9

16
03

.2
16

05
.5

16
13

.5
16

15
.6

16
23

.2
16

25
.2

16
32

.5
7.

5
16

24
.2

35
17

07
92

16
06

.4
16

33
.4

15
99

.9
16

08
.2

16
10

.5
16

18
.3

16
20

.4
16

28
.0

16
29

.9
16

37
.1

7.
4

16
43

.7
35

12
23

31
16

25
.8

16
53

.5
16

20
.6

16
28

.5
16

30
.6

16
38

.1
16

40
.1

16
47

.3
16

49
.1

16
55

.9
7.

0
16

48
.6

35
10

97
12

16
30

.7
16

58
.5

16
25

.8
16

33
.6

16
35

.7
16

43
.1

16
45

.1
16

52
.1

16
53

.9
16

60
.6

6.
9

16
41

.8
34

23
90

69
16

22
.5

16
51

.5
16

15
.2

16
24

.2
16

26
.7

16
35

.3
16

37
.6

16
46

.0
16

48
.1

16
56

.1
8.

1
16

46
.8

34
22

80
87

16
27

.5
16

56
.6

16
20

.4
16

29
.3

16
31

.8
16

40
.4

16
42

.7
16

50
.9

16
53

.0
16

60
.9

8.
0

16
67

.0
34

18
23

85
16

47
.8

16
77

.3
16

41
.7

16
50

.3
16

52
.7

16
60

.9
16

63
.1

16
70

.9
16

73
.0

16
80

.4
7.

7
16

72
.0

34
17

07
18

16
52

.8
16

82
.4

16
47

.0
16

55
.5

16
57

.8
16

66
.0

16
68

.1
16

75
.9

16
77

.9
16

85
.3

7.
6

16
92

.2
34

12
19

39
16

73
.0

17
03

.0
16

68
.4

16
76

.5
16

78
.8

16
86

.5
16

88
.5

16
95

.9
16

97
.8

17
04

.8
7.

2
16

97
.2

34
10

94
29

16
78

.2
17

08
.0

16
73

.8
16

81
.7

16
83

.9
16

91
.6

16
93

.6
17

00
.8

17
02

.7
17

09
.6

7.
1

16
91

.5
33

23
91

70
16

70
.9

17
02

.4
16

64
.0

16
73

.3
16

75
.9

16
84

.8
16

87
.2

16
95

.8
16

98
.0

17
06

.2
8.

4
16

96
.6

33
22

83
06

16
76

.1
17

07
.4

16
69

.4
16

78
.6

16
81

.2
16

90
.0

16
92

.4
17

00
.8

17
03

.0
17

11
.1

8.
3

17
17

.5
33

18
24

33
16

97
.6

17
28

.1
16

91
.5

17
00

.3
17

02
.7

17
11

.2
17

13
.5

17
21

.6
17

23
.6

17
31

.4
7.

9
17

22
.7

33
17

06
57

17
03

.0
17

33
.3

16
97

.0
17

05
.7

17
08

.1
17

16
.5

17
18

.7
17

26
.7

17
28

.8
17

36
.4

7.
8

17
43

.6
33

12
16

62
17

24
.7

17
54

.0
17

19
.1

17
27

.5
17

29
.8

17
37

.7
17

39
.8

17
47

.4
17

49
.3

17
56

.5
7.

4
17

48
.7

33
10

92
70

17
29

.8
17

59
.1

17
24

.6
17

32
.8

17
35

.0
17

42
.9

17
45

.0
17

52
.4

17
54

.4
17

61
.4

7.
3

17
44

.3
32

23
93

10
17

23
.8

17
54

.7
17

16
.0

17
25

.6
17

28
.2

17
37

.4
17

39
.9

17
48

.7
17

51
.0

17
59

.5
8.

6
17

49
.6

32
22

83
58

17
29

.2
17

60
.1

17
21

.6
17

31
.1

17
33

.7
17

42
.8

17
45

.2
17

54
.0

17
56

.2
17

64
.6

8.
5

17
71

.2
32

18
23

75
17

51
.0

17
81

.9
17

44
.4

17
53

.5
17

56
.0

17
64

.7
17

67
.0

17
75

.4
17

77
.5

17
85

.5
8.

2
17

76
.5

32
17

07
34

17
56

.4
17

87
.3

17
50

.0
17

59
.0

17
61

.5
17

70
.1

17
72

.4
17

80
.6

17
82

.7
17

90
.6

8.
1



101
T

ab
le

3f
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

17
98

.1
32

12
16

33
17

78
.3

18
09

.1
17

72
.9

17
81

.5
17

83
.8

17
92

.0
17

94
.2

18
02

.0
18

04
.0

18
11

.4
7.

6
18

03
.4

32
10

91
45

17
83

.7
18

14
.4

17
78

.5
17

87
.0

17
89

.3
17

97
.4

17
99

.6
18

07
.3

18
09

.2
18

16
.5

7.
5

18
00

.5
31

23
94

45
17

79
.0

18
11

.6
17

71
.3

17
81

.2
17

83
.9

17
93

.4
17

95
.9

18
05

.1
18

07
.4

18
16

.1
8.

9
18

06
.0

31
22

84
38

17
84

.6
18

17
.1

17
77

.1
17

86
.9

17
89

.6
17

99
.0

18
01

.5
18

10
.5

18
12

.8
18

21
.5

8.
8

18
28

.4
31

18
22

47
18

07
.6

18
39

.5
18

00
.7

18
10

.1
18

12
.7

18
21

.7
18

24
.1

18
32

.7
18

34
.9

18
43

.1
8.

4
18

33
.8

31
17

07
55

18
13

.2
18

44
.8

18
06

.4
18

15
.7

18
18

.3
18

27
.2

18
29

.5
18

38
.1

18
40

.2
18

48
.4

8.
3

18
56

.2
31

12
14

24
18

36
.2

18
67

.1
18

30
.2

18
39

.0
18

41
.5

18
49

.9
18

52
.2

18
60

.2
18

62
.3

18
70

.0
7.

9
18

61
.6

31
10

90
94

18
41

.7
18

72
.6

18
35

.9
18

44
.7

18
47

.1
18

55
.4

18
57

.6
18

65
.6

18
67

.6
18

75
.2

7.
8

18
60

.5
30

23
94

87
18

38
.7

18
71

.6
18

30
.3

18
40

.5
18

43
.4

18
53

.2
18

55
.8

18
65

.2
18

67
.6

18
76

.7
9.

2
18

66
.1

30
22

86
40

18
44

.4
18

77
.3

18
36

.2
18

46
.3

18
49

.1
18

58
.9

18
61

.4
18

70
.8

18
73

.2
18

82
.1

9.
1

18
89

.3
30

18
23

44
18

67
.9

19
00

.6
18

60
.7

18
70

.4
18

73
.1

18
82

.4
18

84
.9

18
93

.8
18

96
.0

19
04

.5
8.

7
18

94
.9

30
17

08
13

18
73

.6
19

06
.3

18
66

.6
18

76
.2

18
78

.9
18

88
.1

18
90

.5
18

99
.3

19
01

.6
19

09
.9

8.
6

19
18

.1
30

12
13

66
18

97
.2

19
29

.7
18

91
.2

19
00

.4
19

02
.9

19
11

.6
19

13
.9

19
22

.3
19

24
.4

19
32

.3
8.

1
19

23
.7

30
10

89
89

19
02

.9
19

35
.4

18
97

.2
19

06
.2

19
08

.7
19

17
.3

19
19

.6
19

27
.8

19
29

.9
19

37
.7

8.
0

19
24

.6
29

23
95

91
19

01
.8

19
36

.4
18

93
.4

19
03

.9
19

06
.9

19
17

.0
19

19
.7

19
29

.5
19

32
.0

19
41

.3
9.

5
19

30
.4

29
22

87
34

19
07

.7
19

42
.3

18
99

.5
19

09
.9

19
12

.8
19

22
.9

19
25

.6
19

35
.2

19
37

.7
19

46
.9

9.
4

19
54

.5
29

18
22

45
19

32
.2

19
66

.5
19

24
.9

19
35

.0
19

37
.7

19
47

.4
19

49
.9

19
59

.1
19

61
.5

19
70

.2
9.

0
19

60
.3

29
17

06
97

19
38

.1
19

72
.3

19
31

.1
19

41
.0

19
43

.7
19

53
.2

19
55

.8
19

64
.9

19
67

.2
19

75
.9

8.
9

19
84

.3
29

12
12

45
19

62
.6

19
96

.4
19

56
.5

19
66

.0
19

68
.6

19
77

.6
19

80
.0

19
88

.6
19

90
.8

19
99

.0
8.

4
19

90
.1

29
10

88
53

19
68

.5
20

02
.3

19
62

.7
19

72
.0

19
74

.6
19

83
.5

19
85

.9
19

94
.4

19
96

.5
20

04
.6

8.
3

19
93

.3
28

23
96

59
19

69
.6

20
05

.7
19

61
.0

19
71

.9
19

74
.9

19
85

.5
19

88
.3

19
98

.4
20

00
.9

20
10

.6
9.

9
19

99
.4

28
22

86
31

19
75

.9
20

11
.8

19
67

.4
19

78
.2

19
81

.2
19

91
.6

19
94

.4
20

04
.4

20
07

.0
20

16
.5

9.
8

20
24

.3
28

18
22

56
20

01
.3

20
36

.7
19

93
.7

20
04

.1
20

06
.9

20
16

.9
20

19
.5

20
29

.1
20

31
.5

20
40

.6
9.

3
20

30
.3

28
17

07
25

20
07

.5
20

42
.7

20
00

.0
20

10
.3

20
13

.1
20

23
.0

20
25

.6
20

35
.0

20
37

.4
20

46
.4

9.
2

20
55

.2
28

12
11

85
20

33
.1

20
67

.6
20

26
.4

20
36

.2
20

38
.9

20
48

.3
20

50
.7

20
59

.7
20

62
.0

20
70

.4
8.

7
20

61
.2

28
10

88
06

20
39

.2
20

73
.6

20
32

.8
20

42
.5

20
45

.1
20

54
.4

20
56

.8
20

65
.6

20
67

.9
20

76
.2

8.
6



102
T

ab
le

3g
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

20
67

.1
27

23
97

09
20

42
.8

20
79

.8
20

33
.6

20
44

.9
20

48
.1

20
59

.0
20

61
.9

20
72

.3
20

75
.0

20
85

.0
10

.2
20

73
.4

27
22

87
27

20
49

.2
20

86
.2

20
40

.2
20

51
.4

20
54

.6
20

65
.4

20
68

.2
20

78
.6

20
81

.2
20

91
.2

10
.1

20
99

.3
27

18
22

10
20

75
.5

21
12

.2
20

67
.5

20
78

.3
20

81
.3

20
91

.6
20

94
.4

21
04

.2
21

06
.8

21
16

.2
9.

7
21

05
.5

27
17

07
18

20
81

.8
21

18
.5

20
74

.1
20

84
.8

20
87

.7
20

97
.9

21
00

.6
21

10
.4

21
12

.9
21

22
.2

9.
5

21
31

.3
27

12
12

22
21

08
.1

21
44

.4
21

01
.4

21
11

.6
21

14
.4

21
24

.1
21

26
.7

21
35

.9
21

38
.3

21
47

.1
9.

0
21

37
.6

27
10

86
87

21
14

.5
21

50
.8

21
08

.1
21

18
.2

21
20

.9
21

30
.5

21
33

.0
21

42
.2

21
44

.5
21

53
.2

8.
9

21
46

.6
26

23
97

17
21

21
.1

21
60

.2
21

11
.8

21
23

.6
21

26
.8

21
38

.2
21

41
.2

21
52

.0
21

54
.8

21
65

.2
10

.6
21

53
.1

26
22

88
07

21
27

.7
21

66
.7

21
18

.6
21

30
.3

21
33

.5
21

44
.8

21
47

.7
21

58
.5

21
61

.2
21

71
.5

10
.5

21
80

.0
26

18
22

89
21

55
.2

21
93

.6
21

47
.0

21
58

.2
21

61
.3

21
72

.0
21

74
.9

21
85

.1
21

87
.8

21
97

.6
10

.0
21

86
.5

26
17

06
86

21
61

.8
22

00
.1

21
53

.9
21

65
.0

21
68

.0
21

78
.6

21
81

.4
21

91
.6

21
94

.2
22

03
.8

9.
9

22
13

.3
26

12
11

71
21

89
.3

22
26

.9
21

82
.3

21
92

.8
21

95
.8

22
05

.8
22

08
.5

22
18

.1
22

20
.6

22
29

.7
9.

4
22

19
.8

26
10

87
20

21
96

.0
22

33
.4

21
89

.2
21

99
.6

22
02

.5
22

12
.4

22
15

.1
22

24
.5

22
27

.0
22

36
.0

9.
3

22
32

.4
25

23
98

22
22

05
.9

22
46

.6
21

96
.2

22
08

.4
22

11
.8

22
23

.6
22

26
.7

22
38

.1
22

41
.0

22
51

.8
11

.0
22

39
.1

25
22

90
12

22
12

.8
22

53
.3

22
03

.2
22

15
.4

22
18

.7
22

30
.4

22
33

.5
22

44
.7

22
47

.6
22

58
.3

10
.9

22
67

.2
25

18
22

93
22

41
.5

22
81

.4
22

32
.9

22
44

.5
22

47
.8

22
58

.9
22

61
.9

22
72

.5
22

75
.3

22
85

.5
10

.4
22

73
.9

25
17

07
94

22
48

.4
22

88
.1

22
40

.0
22

51
.5

22
54

.7
22

65
.7

22
68

.6
22

79
.2

22
81

.9
22

91
.9

10
.3

23
02

.0
25

12
08

70
22

77
.2

23
16

.2
22

69
.8

22
80

.7
22

83
.8

22
94

.2
22

97
.0

23
07

.0
23

09
.6

23
19

.0
9.

8
23

08
.7

25
10

85
24

22
84

.1
23

22
.9

22
76

.9
22

87
.7

22
90

.7
23

01
.1

23
03

.8
23

13
.6

23
16

.2
23

25
.5

9.
6

23
25

.2
24

24
01

59
22

97
.7

23
40

.0
22

87
.5

23
00

.2
23

03
.8

23
16

.1
23

19
.3

23
31

.1
23

34
.1

23
45

.4
11

.5
23

32
.2

24
22

93
21

23
04

.9
23

47
.0

22
94

.8
23

07
.5

23
11

.0
23

23
.2

23
26

.4
23

38
.0

23
41

.0
23

52
.2

11
.4

23
61

.7
24

18
22

40
23

35
.1

23
76

.4
23

26
.0

23
38

.1
23

41
.4

23
53

.1
23

56
.1

23
67

.3
23

70
.1

23
80

.7
10

.9
23

68
.7

24
17

07
06

23
42

.3
23

83
.4

23
33

.4
23

45
.4

23
48

.7
23

60
.2

23
63

.2
23

74
.2

23
77

.0
23

87
.5

10
.7

23
98

.1
24

12
05

52
23

72
.5

24
12

.8
23

64
.5

23
76

.0
23

79
.1

23
90

.0
23

92
.9

24
03

.3
24

06
.0

24
15

.8
10

.2
24

05
.1

24
10

81
63

23
79

.8
24

19
.7

23
72

.0
23

83
.3

23
86

.4
23

97
.1

24
00

.0
24

10
.2

24
12

.9
24

22
.6

10
.0

24
25

.9
23

24
07

45
23

97
.3

24
41

.4
23

86
.5

23
99

.8
24

03
.5

24
16

.4
24

19
.8

24
32

.1
24

35
.2

24
47

.0
12

.0
24

33
.2

23
22

99
19

24
04

.7
24

48
.8

23
94

.2
24

07
.4

24
11

.1
24

23
.8

24
27

.1
24

39
.3

24
42

.4
24

54
.1

11
.9



103
T

ab
le

3h
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

24
64

.4
23

18
22

12
24

36
.4

24
80

.2
24

27
.1

24
39

.8
24

43
.3

24
55

.4
24

58
.6

24
70

.2
24

73
.2

24
84

.2
11

.3
24

71
.6

23
17

08
45

24
43

.7
24

87
.5

24
34

.7
24

47
.3

24
50

.7
24

62
.7

24
65

.9
24

77
.3

24
80

.3
24

91
.2

11
.2

25
02

.8
23

11
98

18
24

75
.5

25
18

.9
24

67
.8

24
79

.7
24

83
.0

24
94

.4
24

97
.4

25
08

.2
25

11
.0

25
21

.3
10

.6
25

10
.0

23
10

75
98

24
82

.8
25

26
.2

24
75

.5
24

87
.2

24
90

.5
25

01
.7

25
04

.7
25

15
.4

25
18

.1
25

28
.2

10
.4

25
15

.0
22

27
01

72
24

83
.9

25
32

.3
24

72
.7

24
87

.0
24

91
.0

25
04

.7
25

08
.4

25
21

.6
25

25
.0

25
37

.7
12

.9
25

22
.6

22
25

97
05

24
91

.7
25

39
.8

24
80

.7
24

94
.9

24
98

.8
25

12
.4

25
16

.1
25

29
.1

25
32

.5
25

45
.1

12
.8

25
55

.9
22

21
25

04
25

25
.8

25
73

.0
25

15
.8

25
29

.4
25

33
.1

25
46

.2
25

49
.6

25
62

.2
25

65
.4

25
77

.3
12

.2
25

63
.5

22
20

14
01

25
33

.6
25

80
.6

25
23

.8
25

37
.3

25
41

.0
25

53
.9

25
57

.3
25

69
.7

25
72

.9
25

84
.7

12
.1

25
96

.8
22

15
10

96
25

67
.9

26
13

.8
25

59
.0

25
71

.9
25

75
.4

25
87

.7
25

90
.9

26
02

.7
26

05
.7

26
16

.8
11

.5
26

04
.4

22
13

92
04

25
75

.7
26

21
.3

25
67

.1
25

79
.8

25
83

.3
25

95
.4

25
98

.6
26

10
.2

26
13

.2
26

24
.2

11
.3

26
37

.6
22

85
19

8
26

09
.9

26
54

.5
26

02
.4

26
14

.4
26

17
.7

26
29

.1
26

32
.2

26
43

.1
26

45
.8

26
56

.1
10

.6
26

45
.2

22
72

31
5

26
17

.6
26

62
.1

26
10

.5
26

22
.3

26
25

.6
26

36
.9

26
39

.8
26

50
.6

26
53

.3
26

63
.5

10
.5

26
33

.1
21

27
23

46
26

00
.7

26
51

.2
25

88
.8

26
03

.7
26

07
.9

26
22

.3
26

26
.2

26
40

.0
26

43
.6

26
56

.9
13

.6
26

41
.0

21
26

19
83

26
08

.9
26

59
.0

25
97

.1
26

11
.9

26
16

.0
26

30
.3

26
34

.1
26

47
.9

26
51

.4
26

64
.6

13
.4

26
77

.1
21

21
32

12
26

45
.6

26
95

.2
26

35
.1

26
49

.3
26

53
.2

26
66

.9
26

70
.5

26
83

.7
26

87
.0

26
99

.5
12

.8
26

85
.0

21
20

22
03

26
53

.7
27

03
.2

26
43

.4
26

57
.5

26
61

.4
26

74
.9

26
78

.5
26

91
.5

26
94

.8
27

07
.2

12
.7

27
21

.0
21

15
02

90
26

90
.4

27
39

.3
26

81
.5

26
94

.9
26

98
.6

27
11

.5
27

14
.9

27
27

.1
27

30
.3

27
42

.0
12

.0
27

29
.0

21
13

83
29

26
98

.6
27

47
.4

26
89

.9
27

03
.2

27
06

.9
27

19
.6

27
22

.9
27

35
.1

27
38

.2
27

49
.7

11
.8

27
64

.9
21

82
46

5
27

35
.2

27
83

.5
27

28
.1

27
40

.6
27

44
.1

27
56

.1
27

59
.2

27
70

.6
27

73
.5

27
84

.3
11

.1
27

72
.8

21
69

63
4

27
43

.2
27

91
.6

27
36

.5
27

48
.9

27
52

.3
27

64
.1

27
67

.2
27

78
.4

27
81

.3
27

91
.9

10
.9

27
61

.9
20

27
58

89
27

27
.0

27
82

.0
27

15
.2

27
31

.0
27

35
.4

27
50

.6
27

54
.6

27
69

.2
27

73
.0

27
87

.0
14

.3
27

70
.2

20
26

55
56

27
35

.5
27

90
.3

27
23

.9
27

39
.6

27
43

.9
27

59
.0

27
63

.0
27

77
.4

27
81

.2
27

95
.0

14
.1

28
10

.0
20

21
44

67
27

75
.2

28
31

.1
27

65
.8

27
80

.8
27

84
.9

27
99

.3
28

03
.1

28
16

.9
28

20
.4

28
33

.6
13

.5
28

18
.3

20
20

34
65

27
83

.5
28

39
.6

27
74

.6
27

89
.4

27
93

.5
28

07
.7

28
11

.5
28

25
.1

28
28

.6
28

41
.6

13
.3

28
58

.0
20

14
89

39
28

23
.3

28
80

.2
28

16
.5

28
30

.6
28

34
.5

28
48

.0
28

51
.6

28
64

.4
28

67
.7

28
80

.0
12

.6
28

66
.3

20
13

71
04

28
31

.6
28

88
.8

28
25

.3
28

39
.3

28
43

.1
28

56
.4

28
60

.0
28

72
.7

28
75

.9
28

88
.0

12
.4



104
T

ab
le

3i
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

29
06

.0
20

78
06

5
28

71
.3

29
29

.5
28

67
.6

28
80

.7
28

84
.3

28
96

.8
29

00
.1

29
11

.9
29

15
.0

29
26

.2
11

.6
29

14
.3

20
65

15
8

28
79

.8
29

37
.9

28
76

.4
28

89
.3

28
92

.9
29

05
.2

29
08

.5
29

20
.2

29
23

.1
29

34
.2

11
.4

29
02

.8
19

28
11

20
28

62
.3

29
28

.1
28

53
.4

28
70

.1
28

74
.7

28
90

.8
28

95
.1

29
10

.5
29

14
.5

29
29

.3
15

.1
29

11
.5

19
27

08
83

28
71

.2
29

36
.8

28
62

.6
28

79
.1

28
83

.7
28

99
.6

29
03

.8
29

19
.2

29
23

.1
29

37
.8

15
.0

29
56

.4
19

21
63

37
29

17
.1

29
81

.7
29

09
.8

29
25

.6
29

30
.0

29
45

.1
29

49
.1

29
63

.7
29

67
.4

29
81

.3
14

.2
29

65
.1

19
20

54
03

29
26

.0
29

90
.3

29
19

.0
29

34
.6

29
38

.9
29

53
.9

29
57

.9
29

72
.3

29
76

.0
29

89
.7

14
.0

30
09

.9
19

14
69

49
29

72
.0

30
35

.1
29

66
.4

29
81

.1
29

85
.2

29
99

.4
30

03
.1

30
16

.7
30

20
.1

30
33

.0
13

.2
30

18
.6

19
13

51
38

29
81

.0
30

43
.8

29
75

.6
29

90
.2

29
94

.2
30

08
.2

30
11

.9
30

25
.3

30
28

.7
30

41
.4

13
.0

30
63

.4
19

71
52

2
30

23
.2

30
84

.5
30

23
.2

30
36

.9
30

40
.7

30
53

.8
30

57
.2

30
69

.6
30

72
.8

30
84

.5
12

.1
30

72
.1

19
58

55
9

30
32

.5
30

92
.9

30
32

.5
30

46
.0

30
49

.8
30

62
.6

30
66

.0
30

78
.2

30
81

.3
30

92
.9

11
.9

30
57

.2
18

28
87

11
30

13
.9

30
84

.8
30

04
.7

30
22

.5
30

27
.4

30
44

.5
30

49
.0

30
65

.4
30

69
.6

30
85

.4
16

.0
30

66
.3

18
27

86
42

30
23

.2
30

93
.8

30
14

.3
30

31
.9

30
36

.7
30

53
.7

30
58

.2
30

74
.4

30
78

.6
30

94
.2

15
.9

31
18

.3
18

21
91

01
30

75
.0

31
47

.2
30

69
.0

30
85

.7
30

90
.3

31
06

.4
31

10
.6

31
26

.0
31

29
.9

31
44

.6
15

.0
31

27
.5

18
20

81
79

30
84

.2
31

56
.7

30
78

.7
30

95
.2

30
99

.8
31

15
.7

31
19

.9
31

35
.1

31
39

.0
31

53
.5

14
.9

31
79

.4
18

14
40

27
31

33
.6

32
03

.7
31

33
.6

31
49

.1
31

53
.4

31
68

.4
31

72
.3

31
86

.5
31

90
.2

32
03

.7
13

.9
31

88
.6

18
13

21
55

31
43

.3
32

12
.6

31
43

.3
31

58
.7

31
63

.0
31

77
.7

31
81

.6
31

95
.6

31
99

.2
32

12
.6

13
.7

32
40

.4
18

61
92

4
31

98
.5

32
62

.4
31

98
.5

32
12

.8
32

16
.7

32
30

.4
32

33
.9

32
46

.9
32

50
.2

32
62

.4
12

.6
32

49
.6

18
48

77
5

32
08

.3
32

71
.2

32
08

.3
32

22
.4

32
26

.3
32

39
.7

32
43

.2
32

56
.0

32
59

.2
32

71
.2

12
.4

32
26

.5
17

29
96

09
31

70
.4

32
56

.7
31

70
.4

31
89

.4
31

94
.6

32
12

.9
32

17
.7

32
35

.3
32

39
.8

32
56

.7
17

.2
32

36
.2

17
28

95
76

31
80

.6
32

66
.1

31
80

.6
31

99
.4

32
04

.6
32

22
.7

32
27

.5
32

44
.9

32
49

.4
32

66
.1

17
.0

32
98

.3
17

22
29

18
32

45
.9

33
26

.3
32

45
.9

32
63

.6
32

68
.6

32
85

.6
32

90
.1

33
06

.5
33

10
.7

33
26

.3
16

.0
33

07
.9

17
21

22
00

32
56

.0
33

35
.6

32
56

.0
32

73
.6

32
78

.5
32

95
.4

32
99

.8
33

16
.0

33
20

.1
33

35
.6

15
.8

33
69

.9
17

13
98

09
33

21
.6

33
95

.5
33

21
.6

33
38

.0
33

42
.5

33
58

.3
33

62
.4

33
77

.4
33

81
.2

33
95

.5
14

.6
33

79
.6

17
12

79
29

33
31

.9
34

04
.9

33
31

.9
33

48
.1

33
52

.6
33

68
.1

33
72

.2
33

87
.0

33
90

.8
34

04
.9

14
.5

34
41

.5
17

47
75

8
33

97
.8

34
64

.4
33

97
.8

34
12

.7
34

16
.8

34
31

.0
34

34
.8

34
48

.2
34

51
.7

34
64

.4
13

.1
34

51
.1

17
34

54
9

34
08

.1
34

73
.6

34
08

.1
34

22
.8

34
26

.8
34

40
.8

34
44

.5
34

57
.7

34
61

.1
34

73
.6

12
.9



105
T

ab
le

3j
:

R
ef

er
en

ce
w

av
el

en
gt

h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

34
26

.3
16

30
14

07
33

66
.6

34
58

.4
33

66
.6

33
86

.8
33

92
.4

34
11

.8
34

16
.9

34
35

.6
34

40
.5

34
58

.4
18

.3
34

36
.6

16
29

13
99

33
77

.4
34

68
.4

33
77

.4
33

97
.4

34
03

.0
34

22
.2

34
27

.3
34

45
.9

34
50

.6
34

68
.4

18
.1

35
03

.8
16

22
35

91
34

48
.1

35
33

.6
34

48
.1

34
67

.0
34

72
.2

34
90

.3
34

95
.1

35
12

.5
35

17
.0

35
33

.6
17

.0
35

14
.0

16
21

28
82

34
58

.9
35

43
.4

34
58

.9
34

77
.5

34
82

.7
35

00
.7

35
05

.4
35

22
.6

35
27

.0
35

43
.4

16
.8

35
81

.2
16

13
90

32
35

29
.9

36
08

.4
35

29
.9

35
47

.3
35

52
.2

35
68

.8
35

73
.2

35
89

.2
35

93
.2

36
08

.4
15

.5
35

91
.4

16
12

72
61

35
40

.7
36

18
.2

35
40

.7
35

58
.0

35
62

.7
35

79
.2

35
83

.6
35

99
.3

36
03

.3
36

18
.2

15
.3

36
58

.4
16

45
43

6
36

12
.1

36
82

.6
36

12
.1

36
27

.9
36

32
.3

36
47

.3
36

51
.3

36
65

.5
36

69
.2

36
82

.6
13

.9
36

68
.6

16
32

18
7

36
23

.0
36

92
.4

36
23

.0
36

38
.6

36
42

.9
36

57
.7

36
61

.6
36

75
.6

36
79

.2
36

92
.4

13
.7

36
96

.7
15

26
26

37
36

35
.2

37
29

.7
36

35
.2

36
56

.0
36

61
.7

36
81

.8
36

87
.1

37
06

.3
37

11
.3

37
29

.7
18

.8
37

07
.5

15
25

24
22

36
46

.5
37

40
.2

36
46

.5
36

67
.1

36
72

.9
36

92
.7

36
98

.0
37

17
.0

37
21

.9
37

40
.2

18
.6

37
78

.7
15

18
22

58
37

21
.6

38
09

.1
37

21
.6

37
40

.9
37

46
.3

37
64

.9
37

69
.8

37
87

.6
37

92
.2

38
09

.1
17

.4
37

89
.5

15
17

11
39

37
33

.0
38

19
.5

37
33

.0
37

52
.2

37
57

.5
37

75
.9

37
80

.7
37

98
.3

38
02

.8
38

19
.5

17
.2

38
60

.5
15

94
29

4
38

08
.3

38
88

.0
38

08
.3

38
26

.1
38

31
.0

38
48

.0
38

52
.4

38
68

.6
38

72
.7

38
88

.0
15

.8
38

71
.3

15
81

96
0

38
19

.8
38

98
.4

38
19

.8
38

37
.4

38
42

.2
38

59
.0

38
63

.4
38

79
.3

38
83

.3
38

98
.4

15
.5

38
74

.4
14

33
58

61
38

04
.3

39
12

.3
38

04
.3

38
27

.9
38

34
.5

38
57

.3
38

63
.4

38
85

.4
38

91
.1

39
12

.3
21

.5
38

85
.9

14
32

63
92

38
16

.3
39

23
.4

38
16

.3
38

39
.8

38
46

.3
38

69
.0

38
75

.0
38

96
.8

39
02

.4
39

23
.4

21
.3

39
61

.5
14

26
19

77
38

95
.6

39
96

.9
38

95
.6

39
17

.9
39

24
.1

39
45

.5
39

51
.2

39
71

.8
39

77
.1

39
96

.9
20

.1
39

73
.0

14
25

18
19

39
07

.7
40

08
.0

39
07

.7
39

29
.8

39
35

.9
39

57
.2

39
62

.8
39

83
.2

39
88

.5
40

08
.0

19
.9

40
48

.6
14

18
22

63
39

87
.4

40
81

.2
39

87
.4

40
08

.2
40

13
.9

40
33

.8
40

39
.1

40
58

.1
40

63
.0

40
81

.2
18

.6
40

60
.1

14
17

12
13

39
99

.5
40

92
.3

39
99

.5
40

20
.1

40
25

.8
40

45
.5

40
50

.7
40

69
.5

40
74

.4
40

92
.3

18
.4

41
35

.5
14

95
08

9
40

79
.5

41
65

.0
40

79
.5

40
98

.6
41

03
.9

41
22

.1
41

26
.9

41
44

.2
41

48
.6

41
65

.0
16

.9
41

47
.0

14
82

84
2

40
91

.8
41

76
.1

40
91

.8
41

10
.6

41
15

.8
41

33
.8

41
38

.5
41

55
.5

41
59

.9
41

76
.1

16
.7

41
74

.6
13

33
42

07
40

99
.2

42
15

.3
40

99
.2

41
24

.6
41

31
.7

41
56

.2
41

62
.8

41
86

.4
41

92
.5

42
15

.3
23

.1
41

86
.9

13
32

47
89

41
12

.0
42

27
.3

41
12

.0
41

37
.3

41
44

.3
41

68
.7

41
75

.1
41

98
.6

42
04

.7
42

27
.3

22
.9

42
67

.4
13

26
10

22
41

96
.5

43
05

.4
41

96
.5

42
20

.5
42

27
.1

42
50

.2
42

56
.3

42
78

.5
42

84
.2

43
05

.4
21

.7
42

79
.6

13
25

10
06

42
09

.3
43

17
.3

42
09

.3
42

33
.1

42
39

.7
42

62
.6

42
68

.6
42

90
.6

42
96

.2
43

17
.3

21
.5



106

T
ab

le
3k

:
R

ef
er

en
ce

w
av

el
en

gt
h
s,
λ

re
f,

fo
r

th
e

st
an

d
ar

d
se

tt
in

gs
,

d
efi

n
ed

as
th

e
w

av
el

en
gt

h
at

p
ix

el
51

2
of

th
e

3r
d

d
et

ec
to

r;
or

d
er

n
u
m

b
er

(O
),

co
rr

es
p

on
d
in

g
gr

at
in

g
en

co
d
er

,
sp

ec
tr

al
ra

n
ge

u
n
co

n
ta

m
in

at
ed

b
y

ad
ja

ce
n
t

or
d
er

s
an

d
co

ve
ra

ge
fo

r
ea

ch
of

th
e

fo
u
r

d
et

ec
to

rs
ar

e
al

so
gi

ve
n
.

T
h
e

la
st

co
lu

m
n

li
st

s
th

e
m

ea
n

d
is

p
er

si
on

,
δλ

,
in

10
−

3
n
m

/p
ix

el
,

fo
r

d
et

ec
to

r
3.

A
c

in
d
ic

at
es

th
at

th
e

or
d
er

n
u
m

b
er

m
u

st
al

so
b

e
sp

ec
ifi

ed
as

a
p
ar

am
et

er
.

Il
lu

m
in

at
io

n
ou

ts
id

e
of

th
e

u
n
v
ig

n
et

te
d

sp
ec

tr
al

ra
n
ge

is
aff

ec
te

d
b
y

la
ck

of
re

p
ro

d
u
ci

b
il
it

y
at

m
or

e
th

an
1%

le
ve

l,
fo

r
a

0.
4

ar
cs

ec
sl

it
:

w
av

el
en

gt
h

va
lu

es
gi

ve
n

in
it

al
ic

fa
ll

ou
ts

id
e

th
e

u
n
co

n
ta

m
in

at
ed

ra
n
ge

.
W

av
el

en
gt

hs
ar

e
va

cu
u

m
ex

pr
es

se
d

in
n

m
.

T
h
e

ac
cu

ra
cy

on
th

e
p

os
it

io
n
in

g
of

th
e

re
fe

re
n
ce

w
av

el
en

gt
h

is
≈

30
p
ix

el
s.

O
ve

rh
ea

d
s

d
u
e

to
w

av
el

en
gt

h
se

tt
in

g
ch

an
ge

s
ar

e
m

in
im

iz
ed

b
y

or
d
er

in
g

th
e

te
m

p
la

te
s

b
y

d
ec

re
as

in
g

gr
at

in
g

en
co

d
er

va
lu

es
.

S
ee

T
ab

le
4a

-4
k

fo
r

sp
ec

tr
al

ra
n

ge
s

in
w

av
en

u
m

be
r.

G
ra

ti
ng

U
nv

ig
n.

ra
ng

e
D

et
.

1
D

et
.

2
D

et
.

3
D

et
.

4
λ

re
f

O
en

co
de

r
λ

m
in

λ
m

a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

λ
m

in
λ

m
a
x

δλ

43
60

.0
13

18
22

89
42

94
.1

43
95

.1
42

94
.1

43
16

.4
43

22
.6

43
44

.1
43

49
.7

43
70

.3
43

75
.5

43
95

.1
20

.0
43

72
.2

13
17

14
07

43
07

.0
44

06
.9

43
07

.0
43

29
.1

43
35

.2
43

56
.5

43
62

.1
43

82
.4

43
87

.6
44

06
.9

19
.8

44
52

.5
13

96
18

2
43

92
.2

44
84

.3
43

92
.2

44
12

.7
44

18
.4

44
38

.0
44

43
.2

44
61

.8
44

66
.6

44
84

.3
18

.2
44

64
.7

13
84

13
4

44
05

.2
44

96
.0

44
05

.2
44

25
.5

44
31

.1
44

50
.4

44
55

.5
44

73
.9

44
78

.6
44

96
.0

18
.0

45
44

.8
13

-5
3

44
90

.9
45

72
.9

44
90

.9
45

09
.3

45
14

.4
45

31
.9

45
36

.5
45

53
.1

45
57

.3
45

72
.9

16
.2

45
25

.8
12

33
18

67
44

44
.2

45
69

.8
44

44
.2

44
71

.7
44

79
.4

45
05

.9
45

13
.0

45
38

.6
45

45
.2

45
69

.8
25

.0
45

38
.8

12
32

26
60

44
57

.8
45

82
.5

44
57

.8
44

85
.1

44
92

.7
45

19
.1

45
26

.1
45

51
.5

45
58

.0
45

82
.5

24
.8

46
24

.6
12

25
98

24
45

47
.8

46
65

.8
45

47
.8

45
73

.8
45

81
.0

46
06

.0
46

12
.6

46
36

.6
46

42
.8

46
65

.8
23

.4
46

37
.6

12
24

99
61

45
61

.5
46

78
.4

45
61

.5
45

87
.2

45
94

.4
46

19
.2

46
25

.7
46

49
.5

46
55

.6
46

78
.4

23
.2

47
23

.3
12

18
23

13
46

51
.9

47
61

.3
46

51
.9

46
76

.1
46

82
.8

47
06

.1
47

12
.2

47
34

.4
47

40
.1

47
61

.3
21

.7
47

36
.3

12
17

16
11

46
65

.6
47

73
.9

46
65

.6
46

89
.6

46
96

.2
47

19
.2

47
25

.3
47

47
.3

47
52

.9
47

73
.9

21
.5

48
21

.9
12

97
66

2
47

56
.4

48
56

.4
47

56
.4

47
78

.7
47

84
.9

48
06

.2
48

11
.8

48
32

.0
48

37
.2

48
56

.4
19

.8
48

34
.9

12
85

83
7

47
70

.3
48

68
.9

47
70

.3
47

92
.3

47
98

.4
48

19
.4

48
24

.9
48

44
.9

48
50

.0
48

68
.9

19
.5

49
20

.3
12

32
61

48
61

.6
49

50
.8

48
61

.6
48

81
.7

48
87

.2
49

06
.3

49
11

.3
49

29
.3

49
33

.9
49

50
.8

17
.6

48
89

.5
11

36
23

06
47

98
.3

49
38

.8
47

98
.3

48
29

.0
48

37
.6

48
67

.3
48

75
.2

49
03

.8
49

11
.2

49
38

.8
28

.0
49

03
.4

11
35

35
26

48
12

.8
49

52
.3

48
12

.8
48

43
.3

48
51

.8
48

81
.3

48
89

.2
49

17
.6

49
25

.0
49

52
.3

27
.8

49
94

.8
11

29
39

99
49

08
.5

50
41

.2
49

08
.5

49
37

.7
49

45
.8

49
73

.8
49

81
.3

50
08

.3
50

15
.3

50
41

.2
26

.4
50

08
.7

11
28

46
51

49
23

.1
50

54
.7

49
23

.1
49

52
.0

49
60

.1
49

87
.9

49
95

.3
50

22
.1

50
29

.0
50

54
.7

26
.2

51
00

.1
11

22
09

49
50

19
.3

51
43

.3
50

19
.3

50
46

.6
50

54
.2

50
80

.5
50

87
.5

51
12

.7
51

19
.2

51
43

.3
24

.6
51

14
.0

11
21

08
90

50
33

.9
51

56
.8

50
33

.9
50

61
.0

50
68

.6
50

94
.6

51
01

.5
51

26
.5

51
32

.9
51

56
.8

24
.4

52
05

.3
11

14
19

44
51

30
.4

52
45

.0
51

30
.4

51
55

.9
51

62
.9

51
87

.3
51

93
.7

52
16

.9
52

22
.9

52
45

.0
22

.7
52

19
.1

11
13

10
41

51
45

.1
52

58
.3

51
45

.1
51

70
.3

51
77

.2
52

01
.3

52
07

.6
52

30
.6

52
36

.5
52

58
.3

22
.4



107

15.2 Wavenumber ranges
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16 Free wavelength settings

Table 5a: Available ranges of the reference wavelength λref for the free settings. Values should
be rounded to the closest 0.1 nm. A c besides an order number indicates that some reference
wavelengths in that order are common to an adjacent order (see Table 6), in which case the
order number must also be specified as a template parameter.

O λminref λmaxref

58 971.000 986.300
57 988.000 1003.60
56 1005.60 1021.60
55 1023.80 1040.20
54 1042.70 1059.60
53 1062.30 1079.60
52 1082.70 1100.50
51 1103.90 1122.10
50 1125.90 1144.60
49 1148.80 1168.10
48 1172.70 1192.50
47 1197.50 1217.90
46 1223.50 1244.40
45 1250.60 1272.20
44c 1279.00 1301.20
43c 1299.20 1340.90
42c 1330.00 1373.00
41c 1362.30 1406.60
40c 1396.20 1441.90
39c 1431.90 1479.10
38c 1469.40 1518.10
37c 1509.00 1559.30
36c 1550.80 1602.70
35c 1595.00 1648.60
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Table 5b: Available ranges of the reference wavelength λref for the free settings. Values should
be rounded to the closest 0.1 nm. A c besides an order number indicates that some reference
wavelengths in that order are common to an adjacent order (see Table 6), in which case the
order number must also be specified as template parameter.

O λminref λmaxref

34c 1641.80 1697.20
33c 1691.50 1748.70
32c 1744.30 1803.40
31c 1800.50 1861.60
30c 1860.50 1923.70
29 1924.60 1990.10
28 1993.30 2061.20
27 2067.10 2137.60
26 2146.60 2219.80
25 2232.40 2308.70
24 2325.20 2405.10
23 2425.90 2510.00
22c 2515.00 2645.20
21c 2633.10 2772.80
20c 2761.90 2914.30
19c 2902.80 3072.10
18c 3057.20 3249.60
17c 3226.50 3451.10
16c 3426.30 3668.60
15 3696.70 3871.30
14 3874.40 4147.00
13c 4174.60 4544.80
12c 4525.80 4920.30
11c 4889.50 5219.10



121

17 Reference wavelengths common to different orders

Table 6: Ranges of reference wavelengths that are common to 2 successive orders: for wave-
lengths in these ranges (inclusive), it is mandatory to specify the grating order as a template
parameter. This is valid for both standard and free wavelength settings.

Common ranges Orders
λmin λmax

1299.2 1301.2 44 43
1330.0 1340.9 43 42
1362.3 1373.0 42 41
1396.2 1406.6 41 40
1431.9 1441.9 40 39
1469.4 1479.1 39 38
1509.0 1518.1 38 37
1550.8 1559.3 37 36
1595.0 1602.7 36 35
1641.8 1648.6 35 34
1691.5 1697.2 34 33
1744.3 1748.7 33 32
1800.5 1803.4 32 31
1860.5 1861.6 31 30
2633.1 2645.2 22 21
2761.9 2772.8 21 20
2902.8 2914.3 20 19
3057.2 3072.1 19 18
3226.5 3249.6 18 17
3426.3 3451.1 17 16
4525.8 4544.8 13 12
4889.5 4920.3 12 11
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18 Calibration source for wavelength calibration

The table given below lists the recommended calibration source required by the wavelength
calibration template attached immediately before or after a science template. Such a template
is required if a wavelength calibration more accurate than ≈ 3 pixels is needed; otherwise, the
internal model of the instrument is sufficient.

If the entry is sky emission lines or sky absorption lines, then neither the ThAr lamp nor the
Halogen + N2O or Halogen + CO gas cells provides enough lines for any useful wavelength
calibration: the wavelength calibration must therefore be made using the science data them-
selves. Obviously, the sky emission lines cover the whole slit length, while the sky absorption
lines are only useful in front of objects showing a continuum. The Halogen + CO gas cell is
a good option for settings in order 24.

Note that sky emission lines can also be used red-ward of≈ 2500 nm, instead of the Halogen+N2O
gas cell. The exposure time calculator (ETC) also allows one to determine the density
of sky emission lines, sky absorption lines or of lines from the Halogen lamp + N2O gas
cell. A ThAr line list for the wavelength range covered by CRIRES is part of the static
tables available at http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_
calib.html. However, a new table providing twice as many identified lines should be available
shortly (see §7.2.1).

The CRIRES team is considering various solutions to provide accurate wavelength calibration
in the spectral regions not yet covered by the current scheme. Updates will be posted in the
instrument web page: http://www.eso.org/instruments/crires/. Potential users should
email their respective contacts (§1.4).

http://www.eso.org/observing/etc/
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_calib.html
http://www.eso.org/observing/dfo/quality/CRIRES/pipeline/pipe_calib.html
http://www.eso.org/instruments/crires/
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Table 7a: Recommended wavelength calibration source.

Order Source Comment

59 ThAr full range
58 ThAr full range
57 ThAr full range
56 ThAr full range
55 ThAr full range
54 ThAr full range
53 ThAr full range
52 ThAr full range
51 ThAr full range
50 ThAr full range
49 ThAr full range
48 ThAr full range
47 ThAr full range
46 ThAr full range
45 ThAr full range
44 ThAr full range
43 ThAr full range
42 ThAr full range
41 ThAr full range
40 ThAr full range
39 ThAr full range
38 ThAr no lines in range [1514, 1520]
37 ThAr no lines in range [1514, 1523]
36 ThAr no lines in range [1583, 1594]
35 ThAr no lines in range [1583, 1594]
34 ThAr no lines in range [1659, 1672]
33 ThAr no lines in ranges [1659, 1672], [1698, 1701]
32 ThAr no lines in ranges [1730, 1739], [1738, 1747], [1764, 1784], [1803, 1811]
31 ThAr no lines in ranges [1764, 1784], [1803, 1811], [1816, 1825]
30 ThAr no lines in range [1880, 1890]
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Table 7b: Recommended wavelength calibration source.

Order Source Comment

29 ThAr few lines
28 ThAr few lines
27 ThAr few lines
26 ThAr few lines
25 sky absorption lines full range
24 HALOGEN+CO full range
23 sky absorption lines full range
22 HALOGEN+N2O useful ranges [2581.0, 2640.6], [2645.4, 2652.7]
21 HALOGEN+N2O useful range [2651.2, 2698.3]
20 HALOGEN+N2O useful ranges [2742.3, 2781.3], [2847.8, 2917.7]
19 HALOGEN+N2O useful range [2860.6, 3016.7]
18 sky emission lines full range
17 sky emission lines full range
16 HALOGEN+N2O useful range [3533.8, 3629.9]
15 HALOGEN+N2O useful ranges [3581.6, 3629.5], [3831.8, 3927.0]
14 HALOGEN+N2O useful ranges [3831.8, 4145.9], [4161.9, 4177.9]
13 HALOGEN+N2O useful ranges [4136.7, 4145.9], [4161.9, 4177.9], [4234.3, 4368.8]

[4411.7, 4528.6]
12 HALOGEN+N2O useful range [4484.0, 4702.4]
11 HALOGEN+N2O useful range [5250.0, 5395.6]
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19 Differential tracking

19.1 Introduction

Differential tracking allows to close the loop and/or to guide on an object that is moving
relative to the target to be observed.

Typical examples of the use of such a mode are:

1. using a satellite of a planet as an AO guide star to observe a feature on the parent planet;

2. using a (angularly small) planet, asteroid or comet to observe a feature moving relative
to its optical photo-center;

3. using a star as an AO guide star or SVGS to observe a planet, asteroid, comet passing
in its vicinity.

Recall that the distance between the AO guide star and planet needs to be less than 20 to
25 arcseconds. Hence care needs to be taken in for example observing the limb of Jupiter to
not create a tracking table for the centre of the planet if using a satellite as the AO ”star”.
The large offset between the two objects will likely cause the AO loop to crash. Figure 40
shows the size of Jupiter on the slit viewer camera (an image taken in NoAO), with Figure 41
showing AO images taken by closing the loop on Uranus and Mars, respectively.

As of P85, differential tracking has been offered both in service and visitor mode.

19.2 Tracking tables

Differential tracking is triggered by the use of one of the two specific acquisition templates:
CRIRES spec acq NGS difftrack or CRIES spec acq NoAO difftrack.

These templates have a reduced set of parameters compared to their similar, non-differential-
tracking templates. However, they contain 2 additional, unique parameters:

• SEQ.TRACK.REF (P2PP: Reference star tracking table file),

• SEQ.TRACK.TARG (P2PP: Target tracking table file).

These parameters expect the names of PAF files, in other words, files with a specific format.
The main content of these files are the ephemerides for the right ascension and declination
for the object used as a reference star (AO star or slit viewer guiding star) and the target,
respectively.

In order to produce these files, the following steps must be executed:

1. create the ephemerides for the reference star and for the target. The required format
can be easily fulfilled using the JPL Horizons tool.

• Use the http://ssd.jpl.nasa.gov/horizons.cgi

http://ssd.jpl.nasa.gov/horizons.cgi
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• for each of the following settings (left column), set the value given in the right
column
Ephemeris type OBSERVER

Target Body favorite target or reference object

Observer location Cerro Paranal [309]

Time Span start and end of the ephemerides, time step

Table Settings
observer quantities 1 Astrometric RA & DEC

other quantities are optional

Table settings,
observer-table settings date/time format: Julian day

angle format: hours/degrees minutes seconds
refraction model: airless model (no refraction)
airmass limit : 2.6 (or smaller)
elevation cutoff: 20 (or larger)
skip daylight : checked
extra precision : checked
reference system: ICRF/J2000.0
CSV format : checked

Display/Output download/save

• the file for the target created this way can be edited by a spreadsheet to calculate
the RA and DEC of a specific feature on its surface; it is crucial however to output
any processed information back into a comma-separated variable (csv) format;

• once the file created, it must be converted into a PAF using the crossEphem2paf.tcl
tool, available in the CRIRES tools page http://www.eso.org/sci/facilities/

paranal/instruments/crires/tools/; this tool requires to have tcl installed.
Assuming this file is in the current directory, the usage is

tclsh crossEphem2paf.tcl -i sourceFileName -o fileName.paf

where the sourceFileName is the name of the file produced by Horizons (or mod-
ified by a spreadsheet), and fileName.paf is the name of the output PAF file (ex-
tension .paf). Note that useful lines are identified as being located between the
character strings $$SOE and $$EOE ; all other lines will be treated as comments.
Note that the PAF file contains the time in the usual ISO format (YYYY-MM-
DDTHH:MM:ss.sss), calculated from the Julian day.

If the reference star is in fact really a star, then the tool should be used with the following
syntax:

tclsh crossEphem2paf.tcl -ra HHMMSS.SSS -dec sddmmss.sss -o fileName.paf

http://www.eso.org/sci/facilities/paranal/instruments/crires/tools/
http://www.eso.org/sci/facilities/paranal/instruments/crires/tools/
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where HHMMSS.SSS and sddmmss.sss are the coordinates of the star at the epoch and equinox
given in the acquisition template parameter.

The number of entries per night of observations is limited to 300, which corresponds to a
minimum time step of 5 min if the target can be observed the whole night. However, the file
can include data for a whole period.

Examples of ephemerides and their corresponding PAF files are given in the CRIRES tools
page: http://www.eso.org/sci/facilities/paranal/instruments/crires/tools/.

19.3 Acquisition and observation

In differential tracking in AO mode, (using CRIRES spec acq NGS difftrack) the slit viewer
guide star and the AO guide star are identical.

In case of AO, the following steps are executed during acquisition:

1. at the start of the execution of the OB, the observation software (OS) calculates the
current RA and DEC of the reference star and sends a preset to this coordinates to the
telescope; it also calculates the current additional velocity of the target and sends that
information to the telescope;

2. the reference star is acquired by the MACAO and the AO loop is closed;

3. slit viewer guiding is started;

4. the OS calculates the current difference of RA and DEC between the reference star and
the target and offsets to the target;

5. adjustment is made to take into account possible diffential chromatic effects, such as
differential refraction between the observing wavelength and the slit viewer filter effective
wavelength;

6. a slit viewer image is taken.

7. the observation can start using the observing template CRIRES spec obs AutoNodOnSlit,
CRIRES spec obs SpectroAstrometry, CRIRES spec obs GenericOffset; during the ob-
servation, the field selector and/or the slit viewer guiding window location is continuously
adjusted to keep track of the difference of coordinates between the field selector and the
target; the additional velocity sent to the telescope are also continuously modified.

In case of NoAO (CRIRES spec acq NoAO difftrack), the first 2 steps are skipped.

http://www.eso.org/sci/facilities/paranal/instruments/crires/tools/
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Figure 40: NoAO image in the H-band of Jupiter taken with the slit viewer camera in Novem-
ber 2011 showing how it fills the field of view. If taking spectra on the limb of the planet the
tracking table at this position and not at the centre should be used.
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Figure 41: AO images of Mars (top) and Uranus (bottom, 8” square) taken with the CRIRES
slit viewer camera (courtesy G. Villanova and T. Stallard).
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Part V

Tips for successful observations

20 Checklist

In this section, we provide a number of recommendations in order to increase the chances that
a program is executed successfully.

20.1 Phase 1

Before submitting an ESO proposal involving CRIRES, the following points should be taken
into account:

1. Tables 3a-3k and 4a-4k provide the current best estimate of the uncontamined spectral
ranges for each standard setting, i.e, the one for which illumination should be repro-
ducible to the 1% level. If the interesting spectral features are affected by detector glow
or vignetting in a standard setting, a free wavelength setting may be chosen to optimize
their location on the detectors. See also § 7.1.

2. The expected S/N for each object should be given in the time justification as derived
from the ETC; it must be stated if it corresponds to the S/N per pixel or per resolution
element. For extended objects, it is important to state if it corresponds to the S/N
per pixel in the spatial direction or over the whole expected extension along the spatial
direction.

3. The ETC should also be used to check for telluric-line absorption in the region of interest
at a number of levels of Precipitable Water Vapour. The PWV level requested should be
chosen carefully taking into account knowledge of the Paranal PWV statistics as shown
in Fig. 42. Observations requesting low PWV for wavelengths shortwards of 2.0 microns
will need a waiver.

4. Overheads can only be reasonably estimated if the DIT has been appropriately chosen.
Although long DITs allow to reduce overheads, it is important to note that (a) the total
object plus sky spectrum should not have more than about 10,000 ADUs (≈ 70, 000e−1);
this is particularly relevant for observations in the L or M bands; (b) for observations of
relatively faint targets in the J, H or K bands, the choice of long DITs (≥ 60s) should
be balanced with the increased noise brought by the detector glow and the advantage
that multiple exposures allow a better flat-field correction, in particular if some jitter is
introduced.

5. Service mode programmes are executed using Observing Blocks (OBs) that should last
less than 1 hour. Except for an associated telluric OB, a science OB is the typical unit of
observation that should be completely independent of other OBs of the same programme.
Indeed, different OBs of a given programme are usually observed in different nights. As
a consequence:
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(a) The amount of time to request has to take into account all overheads, in particular,
the ones associated with preset and acquisition for each OB. These values are in
the call for proposals plus in this manual.

(b) Typically, each science OB should have one associated telluric OB. Some exceptions
occur: for example, when targetting a specific line located away from any telluric
absorption features. The amount of time to request has to take into account the
time to execute all associated telluric OBs. In particular, one should not assume
that one telluric OB will be useful for several science OBs.

Figure 42: Statistics of PWV on Paranal in mm. Water vapour is typically at its highest levels
from January to March (Figure courtesy of F. Kerber and M. van den Ancker).

20.2 Phase 2

1. If the slit orientation on the sky is not important for the science objective, the ELEV
mode is recommended. This avoids slit losses due to atmospheric refraction. If you want
two or more objects on the slit at a fixed position angle then SKY must be chosen.

2. In the choice of wavelength settings, the interesting science features should avoid the
vignetted and detector glow areas: the latter point is particularly critical for DITs
longer than 60s. The wavelength coverage of the chosen wavelength settings can be
compared with the output spectra of the CRIRES ETC. The position of the science
features can be compared with Fig. 18 and the unvignetted range in Tables 3a-3k or

http://www.eso.org/observing/etc/
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4a-4k. If the interesting spectral features are affected by detector glow or vignetting in
a standard setting, a free wavelength setting may be chosen to optimize their location
on the detectors. See also § 7.1

3. The selection of the DIT value does not only depend on the brightness of the target
but also on the brightness of the infrared sky. The longer the wavelength, the brighter
the sky, the shorter the DIT (to avoid saturation of the sky). This should be carefully
checked with the help of the ETC.

4. In case the target is not the SV guide star (or the pointing position is located between
two or more targets in the slit ), special care has to be taken to correctly define the
offsets. See §14.1.1 for definitions and conventions.

5. It is worth noting that the default telescope pointing is not centered on the 40′′ slit (see
Fig. 24). The distance to the North and South edge are 22′′ and 18′′, respectively (in
the slit viewer detector). Therefore the nodding throw and jitter width should be chosen
carefully, such that the targets stay in the slit area at all nodding/jittering positions.
This is especially important when an extended object or multiple targets are in the slit.

6. Telluric standards should be chosen close in right ascension and airmass to the target. To
avoid any confusion in the assignment of a telluric to a science target, it is recommended
to name the telluric OB according to the science OB, i.e. ’CAL <science OB name>’.

7. Finding charts should be created from infrared images (e.g. 2MASS) and should clearly
indicate the location of the target, AO star and SVGS. The necessary information on
the target, AO and SV stars should be given in the Instrument Comments field of each
OB.

8. The verification facility in P2PP3 should be used to try and minimise the time spent on
changing settings.

9. The user comment field should be used to specify the total expected S/N ratio for each
OB per pixel (not the individual DITs).

10. As of P90, concatenations of OBs and time-linking will be possible within P2PP3. These
features can for example be used to associate a star and telluric or request a time-series
of observations of the same target. For science-telluric OBs a waiver is needed if the
total time exceeds 1.5 hours.

11. More detailed information on Phase 2 requirements can be found in §11 and at http:

//www.eso.org/sci/observing/phase2/P2PPSurveys.html.

http://www.eso.org/observing/etc/
http://www.eso.org/sci/observing/phase2/P2PPSurveys.html
http://www.eso.org/sci/observing/phase2/P2PPSurveys.html
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