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PREFACE
This manualis intendedasan introductoryguide for usersof the Keck Ob-

servatoryHIRES spectrometer.I personallydetesthavingto readusersmanuals.
And I dislike writing suchmanualsevenmore. Thebestmanualis indeedsimply
a menu-drivenself-promptingsetof optionswhich canguidetheuserthroughset-
up andoperation.However,asmuchof this user-friendlyinterfacewill probably
not be readyat or soonafter first-light, I shall attempthereinto give the reader
enoughexplanationanddescriptionto operatethe instrument.

This is only a preliminary draft of the final HIRES user’s manual. Some
sectionshave not yet beenwritten, and it will probably be found lacking key
information here and there. I will dependon feedbackfrom first-light users
to help improve and enhancethis user’s guide as necessary. Pleasesend all
your commentsvia e-mail to: vogt@lick.ucsc.edu, and I will try to incorporate
suggestedchangesastimeandenergy permits.Sincethis is anevolvingdocument,
you may wish to checkthe dateon the coverpageof your copy. If it is not the
most recent,pleasediscardyour copy andget a moreup-to-dateone.

Since this manualis intendedprimarily for users,it will not include much
technicaldetail. Detailed technical descriptionsof the mechanical,electronic,
andsoftwaresubsystemsof HIRES will be providedin otherreportsdeliveredto
Keck Observatorywith the instrument.

Copiesof this user’smanualcanbeobtainedfrom theUCO/Lick Observatory.
Ask for as UCO/Lick TechnicalReportNo. 67.
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HIRES Manual Introduction

Chapter 1 Introduction

HIRES was conceivedin early 1987 in responseto a call for instrument
proposalsfor first-light of the Keck Ten-MeterTelescope.It went throughthree
roundof proposalsbeforebeingselectedasoneof the initial complementof Keck
first-light instruments.It took about5 yearsto build, at a total costof about$4.0
million. It wasdesignedandbuilt in the technicallaboratoriesof the UCO/Lick
Observatory,at the University of California at SantaCruz.

The nameHIRES standsfor High ResolutionEchelleSpectrometer.HIRES
was designedto take advantageof the Keck telescope’slarge collectingareato
pushhigh resolutionoptical spectroscopyout to aboutV=20.0 at typical spectral
resolutionsof 30,000to 80,000. A discussionof the variouskey sciencedrivers
which weighedheavily in thedesignof HIREScanbefoundin theHIRESPhase
C proposal(Vogt, 1988)andwill not be discussedhere.A preliminaryoverview
of the ‘as-built’ instrumentwas publishedby Vogt, 1992.

HIRES is a fairly standardconfigurationin-planeechellespectrographwith
gratingcross-dispersion.It residespermanentlyat the‘right’ nasmythfocusof the
Keck telescope.HIRESis designedprimarily to go quite faint (by traditionalhigh
resolutionspectroscopystandards)on singleobjects,andto give a relatively large
‘throughput’ or slit width timesresolutionproduct.,without the need,in general,
to imageslice at the entranceslit. The nominal ‘throughput’ of HIRES (when
using a detectorwith 24–micronpixels) is about 39,000arcsecs,which means
that a 1 arcsecentranceslit yields a resolutionof about39,000. It achievesthis
relatively large throughput,in spite of the very large diameterof the telescope
primary, by a combinationof a large (12” diameter)collimated beam,a large
(48” long) echellegrating (mosaic),and very fast (f/1.0) exquisitelyachromatic
camera.The opticsand imagequality areoptimizedfor useover the entire0.30
to 1.0 micron spectralregion(without refocus),andcould readily be extendedto
2.0 micronsby replacingthe optical CCD with an IR arraydetector.

A generousamountof roomhasintentionallybeenleft betweenechelleorders
to allow for adequatesky sampling,a factor which can becomequite important
in bright or grey time when pushingto faint limits. This interorderroom could
alsobeusedfor imageslices,thoughimageslicersarenot beingprovidedat first
light. Indeed,it is hopedthat within a few years,adaptiveoptics may provide
a better solution to squeezingthe target image down a very narrow slit in the

1
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very high spectralresolutionregime.Alternatively, this interorderroom could be
usedfor spectrafrom a multi-fiber input feed, but again,sucha fiber-feedwill
not be provided at first light.

Oneother importantpoint is that the HIRES slit is fixed with respectto the
telescope,and thus its position anglerotateson the sky as the telescopetracks.
Thusit maynot bepossibleto geta particulardesiredpositionangleon anobject
unlesstheobjectis observedat theproperpositionin thesky. And theslit position
anglewill rotateas the telescopetracks,causingpotentialproblemson extended
objectswith long exposuretimes. Finally, at high zenith distance,atmospheric
dispersionwill spreadthe image out into a tiny spectrum,and in general,this
spectrumwill not be aligned along the entranceslit, causingpotentially large
light loss over certain regionsof the spectrumif not carefully accountedfor in
guiding,etc. An imagede-rotatoris underconsideration,but will not beprovided
at first-light. An atmosphericdispersioncompensatorwould alsobe helpful, but
is also not to be provided at first-light. So the prospectiveuser is advisedto
carefully considerthe consequencesof a rotating slit and lack of atmospheric
dispersioncompensationon the proposedobservingprogram.

2
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Chapter 2 Instrument Description

The HIRES instrumentsits permanentlyon the right nasmythplatform of
the Keck telescope.It is enclosedin a thermally insulated,light-tight, dust-tight
room which is kept under strict ‘clean-room’ conditions. A word of warning
is necessaryhere. Access is restricted solely to authorized Keck personnel. All
personnel entering the HIRES enclosure are required to don appropriate clean-
room garb (full suit, booties, cap, and mask). It should never be necessary for
astronomers or other users of HIRES to enter the enclosure. Indeed,entry by
unauthorizedor untrainedpersonnelis highly likely to result in damageto the
HIRES optical components,and also to the personentering(thereare powerful
remotely-controlledmechanismswhich canmovewithout warning).

HIRES is designedto be run totally remotely,eitherfrom thecontrol roomat
thetelescope,from HalePohakuor Waimea,andalsofrom just aboutanywherein
the world thesedaysover the Internet. It canalsobe run from multiple locations
simultaneously(suchassharedobservingby a collaboratinggroup).

Section 1 Summary of Characteristics

Before discussingthe principal componentsof HIRES, it seemsuseful to
briefly list a summaryof HIRES characteristicsand ‘first-light’ expectedcapa-
bilities.

1. Spectralrange: 0.30 to 1.1 microns
2. Spectralresolution: up to 67,000
3. Slit length: up to 70 arcsecs.Defined by a selectionof deckers.
4. Typical spectralspanper exposure:1200 to 2500 A
5. Order separation:8 to 43 arcsecs
6. Resolvingpower times slit width: 39,000arcsecs
7. Detector: Tektronix 2048x2048CCD (24–micronpixels)
8. CCD readoutnoise: 5–6 electrons(rms)
9. CCD dark current: <10 e/pixel/hour
10. ‘2–pixel’ projectedslit: 0.60 arcsecs
11. Image de-rotation: none
12. Atmosphericdispersioncompensation:none

3
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13. Acquisition andguiding: fixed PhotometricsCCD-TV staringat a 45 arcsec
by 60 arcsecfield centeredon the entranceaperture.

14. Calibrationsources:quartz/halogen,Deuteriumlamp,Th-Ar hollow cathode,
Iodine absorptioncell, Edser-ButlerFP, diode laser.

Section 2 Description of the Light Path

A simplified schematicof the HIRES instrumentis shownin Figure1. This
figurewasalsousedasthemodelfor ‘xhires’, thegraphicaluserinterfacethrough
which the usercontrolsthe instrument.It is well worth studyingthis conceptual
diagramandusingit asa guidewhensettingup the instrument.Whenconfiguring
HIRES for a given observation,I like to go through this diagramas a photon
travels,elementby element,checkingtheoptionsfor andsettingsof eachelement.

Light from the telescopeentersfrom the left in this schematic,coming to
focusat the f/15 nasmythfocus. An entrancehatchat the front of HIRES seals
off the slit areasuch that the instrumentcan be run during the day underhigh
light-level conditionsin the dome.The hatchalsoprotectsthe slit areafrom dirt
contaminationand should be left closedwhen the instrumentis not in use for
any prolongedperiod.

The f/15 (it’s f/13.7 actually, out to the farthestcornersof the hexagonal
primary) beamthenproceedsto focusat the HIRES slit plane. The HIRES slit
is actually 1.83” behind the nominal telescopenasmythfocal plane, but well
within the focus rangeandgood-imageryrangeof the telescope.The slit plane
is tilted such that light can be reflectedup at an angle and re-imagedonto a
CCD TV acquisitionandguidingcamera.This camerais a simplefixed CCDTV
staring at a 45 arcsecby 60 arcsecfield centeredon the entranceapertureof
the spectrometer.The TV camerahasboth color and neutraldensityfilters for
brightnessandchromaticcontrol on the guidetarget, andalsohasvariablefocus
and aperturecontrol.

At thenasmythfocalplane,a bi-partingprecisionslit is providedfor adjusting
spectralresolution.A seriesof deckerplatesjustaboveandin verycloseproximity
to the slit jaws is providedfor defining the entranceslit length. Someof these
deckerapertures(deckerplate A slots) are for defining slit length only and are
usedin conjunctionwith the slit, while all otherdeckeraperturesdefineboth slit
length and width and are usedin placeof the slit jaws. When using the latter,
the slit jaws must be fully openedto get themout of the way.

4
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Figure 1 HIRES Schematic
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An Iodine absorptioncell canbe movedinto positiondirectly in front of the
slit for very precisewavelengthcalibration. Quartz/halogenincandescentlamps
andhollow-cathodelamps,locatedup neartheceiling of theslit area,providefor
flat fielding andwavelengthcalibration. Light from thesecalibrationlampsgets
fed into the HIRES optical axis by reflectionoff a feedmirror which slidesinto
placewhencalibrationis desired.The calibrationlamp systemhasa filter wheel
for chromaticandintensitycontrol,andonepositionof thatfilterwheelcontainsa
Fabry-Perotetalonfor producingEdser-Butlerfringesalongthe echelleordersto
aid in wavelengthcalibration. Immediatelybehindthe slit are two filter wheels,
mainly for filters requiredfor blocking unwantedcross-disperserorders. Behind
the filterwheelsis a shutterfor controlling the startandstopof an exposure.

The f/13.7 beamthen expandsand getscollimated to a 12” diameterbeam
by either of two red/blueoptimized collimator mirrors. The collimated beam
is then sent to an echellegrating (1 x 3 mosaic),and then to a cross-disperser
grating (2 x 1 mosaic). It makesa 40

�

turn off the cross-disperserand into a
large (30” diameterentranceaperture)prime focuscamera.The camerafeatures
two large correctorlenseswith very special ‘sol-gel’ anti-reflectioncoatings,a
large light-weightedHextekprimarymirror, anda thick fusedsilica field flattener
which alsoservesasthedewarvacuumwindow. Insidethedewar,at thecamera’s
prime focus is a Tektronix 2048EB2–1CCD. A slowly-actuated‘dark-cover’ is
alsoprovidedat thefield flattener/dewarwindow to keepthis sol-gel-coatedoptic
clean,and to keepthe CCD reasonablydark if lights must be turnedon inside
the spectrometerroom.

TheLN2 dewarneartheCCDis filled automaticallyaboutonceperdayfrom a
largeLN2 storagedewarsittingoutsidetheHIRESroom. Thestoragedewarneeds
manualre-filling aboutonceper weekby qualifiedCARA technicalpersonnel.

Section 3 Detailed Description of Principal Components

Entrance Hatch The entrancehatch is a simple hinged door. It is normally
kept closedwhennot using the instrumentfor any extendedperiod. It servesto
isolatetheslit areafrom domelight suchthatcalibrationscanbemadeduringthe
day, or while someoneelse is using the telescope.It also servesthe important
function of keepingdirt andairbornecontaminantsout of the slit area,so please
keep it closedwhen the instrumentis not in use.

6
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Atmospheric Dispersion Compensator(ADC) An atmosphericcompensator
(ADC) will eventuallybe installed, though there will not be one at first-light.
Sincethe HIRES slit will not, in general,lie along the parallacticangle, losses
(particularlyin theultra-violet)couldbecomesubstantialat theslit if atmospheric
dispersionis not correctlyaccountedfor in the guiding. A guiding option which
calculatesandcorrectlyoffsetsfor atmosphericdispersionis available,thoughof
courseis not as effective as the eventualADC unit will be.

Image Rotator An inage rotator has also beendesignedfor HIRES, but has
not yet beenfunded. So no imagerotation will be availableat first-light. The
consequencesof not having control of the position angleof the slit on the sky
shouldbe carefully consideredwhenplanningandexecutingobservations.

TV Acquisition/Guide Camera A PhotometricsCCD-TV is providedfor object
acquisitionandguiding. A Canon200 mm f/1.8 lensprovidesa 45 arcsecby 60
arcsecfield of view centeredon the entranceslit. CCD-TV pixels areabout1/6
arcsecsquare,but can be madebigger by on-chip binning if desired(with no
increasein the field coverageof course). A view of the slit areawith the TV
camerafield is shownin Figure 2. Here one seesa portion of deckerplate ‘A’
overlying the widely-openslit.

Two 8–positionfilter wheelsarealsoprovidedat theCCD-TV for brightness
and color control. One wheel containsneutral density filters, while the other
containscoloredglassfilters. Table1 showsthe availableND andcoloredfilters
for the TV. The neutraldensityfilters, in combinationwith the TV lensaperture
stopcontrolandtv integrationtime,give thecamerasome20 stellarmagnitudesof
dynamicrange.Thecolor filters providesomecapabilityfor distinguishingand/or
guidingon differentcolor sources.For example,a coloredfilter maybenecessary
for accurateguiding if the wavelengthbeingsampledby the spectrometeris not
the sameas that sensedby the CCD-TV. In particular,the PhotometricsCCD is
not sensitivebelowabout0.4 microns,soultraviolet spectralobservationsrequire
specialoffset guiding, especiallyif significant atmosphericdispersionis present.

7
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Table 1 TV Filters

Position Filter Wheel No. 1 Filter Wheel No. 2

1 clear clear

2 BG24a(3mm) d.t.

3 d.t. ND (50%)

4 BG23 (1mm) + d.t. ND (10%)

5 BG38 (1mm) ND (1%)

6 RG610(1mm) ND (0.1%)

7 GG495(1mm) ND (0.01%)

8 user user

The apertureand focussingof the TV cameralens is also under computer
control. The apertureis generallyto be left wide open,but canbe stoppeddown
to increasethe dynamicrangeof the camera.Re-focussingwill be necessaryas
oneswitchesfrom guidingoff theslit jawsto guidingoff thedeckerplates.Some
refocusis alsonecessaryif different total thicknessfilter combinationsareused.
The TV camerasystemautomaticallyrefocussesfor the different filter thickness
combinations,but presentlyassumesthat the focus for guiding the deckersand
for guiding off the slit are the same.

Calibration Lamp System A series of lamps are provided for wavelength
calibrationandflat fielding. A Thorium-Argon hollow-cathodelamp is provided
for theformerandaquartz-halogen3400Kincandescentsourceis providedfor the
latter. A Deuteriumlamp is alsoprovidedfor flat fielding in the deepultraviolet.
A solid-statelaseris alsoavailable.It producesa very intensebeamandis used
only for alignmentand scatteredlight experiments.The laseractually produces
a spectrumof intenselines spanningaboutone full orderof the echelle.Should
an observerbe so foolish as to attemptto observethe light from this laserwith
the CCD, theycanexpectto suffer the consequences(not the leastof which may
be a very prolongedresidualimage).

All calibrationlampsarehousedin a light-tight, thermally insulatedhousing
abovethe slit area. The lamps are mountedon a translatingtable which runs
parallel to the slit.

8
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Figure 2 TV Camera Field
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The calibrationlamp optical systemwas designedto ensurethat calibration
light enters the spectrographas similarly as possibleas that coming in from
the telescope,at all wavelengths. This is crucial for accuratemeasurementof
instrumentalprofiles and flat-fielding. Light from the calibration lamps is first
collectedandcollimatedby a cementeddoublet(HTF1/FusedSilica) lenslocated
just abovethe filter wheel. The collimatedbeamthenpassesthrougha defining
stop which setsthe size of the projectedpupil and addsa central obstruction.
The beamthen passesthrough a 12-positionfilter wheel to a cementedtriplet
(FusedSilica/NaCl/FusedSilica) lensandthenoff a retractablefolding flat which
directsthebeaminto thespectrometer.Thetriplet lensproducesa beamof proper
numericalaperture(f/13.7) focussedat the slit plane,and a virtual pupil of the
correctsizeanddistance(58" diameter,785" aheadof theslit) to accuratelymimic
the telescope’sexit pupil. The HTF1 element(a glassvery similar in dispersive
propertiesandtransmissionto CaFbut without hygroscopicproblems)andNaCl
elementwere requiredin order to control pupil distortion and pupil walk over
the very wide chromaticrange(0.3 to 2 microns)of the spectrometer.The NaCl
elementwasencapsulatedbetweenthe fusedsilica elementsto avoidhygroscopic
problems.The optical systemprovidesa 2:1 magnification,so the typically 3-5
mm diameterspot of light producedby hollow-cathodelampsis only 6-10 mm
or 8-14 arcsecat the slit, far too small for longslit wavelengthcalibration. For
longslit work, the lamp is simply scannedalong the slit direction.

A list of filters availablein the comparisonlamp systemis given in Table2.
Position1 vignetsthe beamandshouldneverbe used. Position11 containsthe
Fabry-Perotetalonusedfor wavelengthcalibration.Position12 is presentlyopen
andavailablefor public use(thoughloadingone’sfavoritefilter canonly bedone
by a qualified technician,and doestake someeffort and time).

Table 2 Lamp Filters

Position Filter

1 not clear,don’t use!

2 UG5 (1mm)

3 UG1 (1mm)

4 BG12 (1mm)
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Table 2 (Continued) Lamp Filters

Position Filter

5 BG14 (1mm)

6 BG13 (1mm)

7 BG38 (1mm)

8 NG3 (1mm) (T = 10%)

9 GG495(1mm)

10 DetectorTrimmer

11 Etalon

12 useravailable

The light from the calibration systemis fed into the HIRES optical axis
by a feed mirror which automaticallyslidesinto placein front of the slit when
calibration lamps are requested.When stowed,this mirror retractsinto a dust-
tight housingoff to oneside. Themirror hasangularadjustmentswhich allow the
calibrationsystempupil to be alignedwith the telescopepupil. The adjustments
must only be madeby a qualified technician.

Iodine Absorption Cell An iodineabsorptioncell canalsobeslid into position
directly in front of the slit. This cell is basically a sealedglassbottle with a
small amountof iodinecrystalwithin. Whenheatedto a temperatureabove35C,
the iodine sublimesand the gas then producesan absorptionspectrumon the
beamfrom the telescopeas it entersthe spectrometer.The iodine absorption
spectrumis a rich forest of deep,very narrow lines. This forest of lines starts
at about 4800A and endsnear 6000A. The absorptionspectrumthus yields a
very stablezero-velocityreferencespectrumsuperimposedon thespectrumof the
objectbeingobserved.It is intendedto beusedprimarily for very accurateradial
velocitystudiesinvolving asteroseismologyandsearchesfor planetarycompanions
of stars.A detaileddescriptionof theiodinecell andits usefor ultra-preciseradial
velocity work can be found in Marcy and Butler, 1992.

Decker Tray and Deckers Immediatelyabove the slit is a tray containinga
seriesof 4 deckerplates. Thesedeckerplatesarehighly reflective(for guiding)

11
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and made of type 420 Stainlesssteel which were EDM’d to shapeand then
polishedin the UCO/Lick optical Lab. Thesedeckersdefinethe length of the
effective slit seenby the spectrometer.Someof the deckers(in plate A) define
slit length only, while othersdefineboth slit length and width. As such, these
latter deckersareto be usedwithout the underneathslit (i.e. the slit getsopened
up wide so it is out of theway). Theymaybemoreeffectivefor guidingon faint
objectssincethereis thenonly a singlefocal plane,whereasusingthe deckersin
plateA in conjunctionwith the slit resultsin two slightly separatedfocal planes,
with someresultingcorruptionto the reflectedguide image.

If one is usinga deckerwhich alsodefinesslit width (i.e. spectralresolution
and wavelengthzero point), one must bear in mind that wavelengthzero point
will changeif thedeckertray slide (which movesperpendicularto theslit axis) is
repositioned.Thus,onemay expectto haveto takenew wavelengthcalibrations
if the deckertray is repositionedwhile usingsuchdeckers.Also, the collimator
mirror mustbe refocussedwhenusingdeckersonly ratherthandeckers+slitsince
the decker plane is about 3/16” above the slit plane. The instrumentcontrol
systemautomaticallyrefocussesthe collimator for the particularslit/decker/filter
thickness/collimatormirror combinationused.

Table3 showsthe completeselectionof availabledeckers.

12
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Table 3 HIRES Deckers

Plate
Height
(arcsec)

Width
(arcsec)

Projected
height
(pixels)

Projected
width

(pixels)
Comments

A1 0.3 useslit 1.6 na

A2 0.5 useslit 2.6 na

A3 0.75 useslit 3.9 na

A4 1.0 useslit 5.2 na

A5 1.36 useslit 7.1 na

A6 1.5 useslit 7.8 na

A7 2.0 useslit 10.5 na

A8 2.5 useslit 13.1 na

A9 3.0 useslit 15.7 na

A10 4.0 useslit 20.9 na

A11 5.0 useslit 26.2 na

A12 10 useslit 52.3 na

A13 20 useslit 104.6 na

A14 40 useslit 209.2 na

A15 80 useslit 418.5 na

B1 3.5 0.574 18.3 2.00 R=60,000;3.5" for
sky

B2 7.0 0.574 36.6 2.00 R=60,000;7" for sky

B3 14.0 0.574 73.2 2.00 R=60,000;14" for
sky

B4 28.0 0.574 146.5 2.00 R=60,000;28" for
sky

13
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Table 3 (Continued) HIRES Deckers

Plate
Height
(arcsec)

Width
(arcsec)

Projected
height
(pixels)

Projected
width

(pixels)
Comments

B5 3.5 0.861 18.3 3.00 R=45,000;3.5" for
sky

C1 7.0 0.861 36.6 3.00 R=45,000;7.0" for
sky

C2 14.0 0.861 73.2 3.00 R=45,000;14" for
sky

C3 28.0 0.861 146.5 3.00 R=45,000;28" for
sky

C4 3.5 1.148 18.3 4.00 R=34,000;3.5" for
sky

C5 7.0 1.148 36.6 4.00 R=34,000;7.0" for
sky

D1 14.0 1.148 73.2 4.00 R=34,000;14" for
sky

D2 28.0 1.148 146.5 4.00 R=34,000;28" for
sky

D3 7.0 1.722 36.6 6.00 R=23,000;7" for sky

D4 14.0 1.722 73.2 6.00 R=23,000;14" for
sky

D5 0.119 0.179 0.623 0.624 projectsto 15x15
microns(for tests)

Slit The slit is a bi-parting mechanism,which meansthat the slit centroid
shouldnot changepositionasslit width is varied. The slit jaws cannotbe closed
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completelysincethis would damagetheir sharpedges.Slit width canbespecified
either in microns, in secondsof arc (as projectedon the sky), or in pixels (as
projectedon the CCD. A wide-openedslit is about11.1 mm.

Behind —The— Slit Filter Wheels There are two 12–positionfilter wheels
behindtheslit. Theseareprimarily for blockingunwantedordersfrom thecross-
disperser. Eleven positionsare for 2” by 2” squareor 2” diam. round filters,
while position No. 1 is a long narrow clear slot and cannotbe loadedwith a
filter. Table 4 showsfilters currently available.

Filter positionsmarked‘clear’ are empty andcan be usedtemporarilyfor a
user’spersonalfilters. Personalfilters may only be loadedby the Keck technical
personnelandshouldberemovedat theendof one’srun. If userswish anyfilters
to be permanentlyaddedto the selection,pleasecontactS. Vogt.

Table 4 HIRES Filters

Position Filter Wheel No. 1 Filter Wheel No. 2

1 clear clear

2 RG610 OCLI d.t.

3 OG530 CuSO4

4 GG475 clear

5 KV418 clear

6 KV408 5893/30

7 KV389 6199/30

8 KV380 6300/30

9 KV370 6563/30

10 WG360 clear

11 WG335 clear

12 BG24A clear

Properchoiceof orderblocking filters is absolutelycrucial to one’s success
in isolating any particularspectralregion of interest. Ultimately, the usermust
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Table 5 Someuseful filter combinations

CrossDisperser
Order

Wavelength
Range(microns)

Filter WheelNo.
1 Position

Filter WheelNo.
2 Position

1 0.69 - 1.1 2 (RG610) 1 (clear)

1 0.63- 0.95 3 (OG530) 1 (clear)

1 0.58- 0.90 3 (OG530) 1 (clear)

1 0.53- 0.85 4 (GG475) 1 (clear)

1 0.48- 0.80 5 (KV418) 1 (clear)

1 0.44- 0.75 6 (KV408) 1 (clear)

1 0.39- 0.70 8 (KV380) 1 (clear)

1 0.35- 0.65 9 (KV370) 1 (clear)

1 0.30- 0.60 11 (WG335) 1 (clear)

2 0.51- 0.67 4 (GG475) 2 (d.t.)

2 0.48- 0.64 4 (GG475) 2 (d.t.)

2 0.44- 0.60 5 (KV418) 2 (d.t.)

2 0.42- 0.58 6 (KV408) 2 (d.t.)

2 0.40- 0.56 7 (KV389) 2 (d.t.)

2 0.38- 0.54 8 (KV380) 2 (d.t.)

2 0.36- 0.52 9 (KV370) 3 (CuSO4)

2 0.34- 0.50 10 (WG360) 3 (CuSO4)

2 0.32- 0.48 10 (WG360) 3 (CuSO4)

2 0.31- 0.46 11 (WG335) 3 (CuSO4)

2 0.30- 0.40 12 (BG24A) 3 (CuSO4)

3 0.30- 0.40 UG5 ? 3 (CuSO4)

bearresponsibilityfor choosingthe correctcombinationof blocking filters, and
may haveto refer to filter transmissioncurves. In particular,real filters do not
haveinfinitely sharpcut-oncurves,andthis canmakea differencein somecases.
However,asa first-cut guide to selectingappropriatefilters, the following table
lists someuseful combinations.
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Figures3 and4 showthe transmissionof the variousHIRES filters provided
for order blocking

Note that different combinationsof filters require refocussingof the colli-
mator, and this refocussingis now handledautomaticallywhenevernew filter
combinationsare selected..The focus changewill be approximatelyT/3 where
T is the total thicknessof all filters in the beam.Adding filters requiresmoving
the collimator farther from the slit by a distanceT/3. All Schottfilters in Filter
Wheel No. 1 are3 mm thick. The CuSO4 filter is 5 mm thick. The OCLI de-
tector trimmer (d.t.) is 0.533mm thick. All SchottandCuSO4 filters havebeen
AR-coatedwith an optimizedmulti-layer broad-bandovercoat.

Exposure Control Shutter During observing,the CCD is normally left open
to the room. Its darkcoveris a relatively slow mechanism,intendedprimarily to
protect the sol-gel coatingon the field-flattener.Timing of exposuresrequiresa
muchfastermechanism,so startingandstoppingof exposuresis controlledby a
fast shutterbehind the slit. This shutteris actuatedby a signal from the CCD
controller crate. The minimum exposuretime is 1 second.

Collimators The f/13.7 beamis collimatedinto a 12” diameterbeamby either
of two identicalcollimators.Thesecollimatormirrorsaresphericalwith matched
radii, andtilted by 1.75

�

suchthat thebeamis reflectedup towardstheechelleat
anangleof 3.5

�

. Oneof thecollimatormirrorshasanenhanced(2–layerdielectric
overaluminum)coatingandis for useover the 0.3 to 0.5 micron spectralregion.
This is called the ‘Blue” collimator. The other collimator is coatedwith an
enhancedsilver recipe(the ‘holy grail’) andfeaturessomewhathigherreflectivity
in the 0.34 to 1.1 micron range,but dropsoff sharplybelow 0.34 microns. This
collimator is calledthe ‘Red’ collimator. Figure5 showsthe reflectivitiesof both
collimators.

Echelle The echelleis a mosaicof 3 of the largestechellescurrentlyavailable.
The mosaicis 12” by 48” in size. The ruling is 52.68grooves/mmandthe blaze
angleis 70.5

�

. Thecollimator-to-cameraangle(2
�
) is 10.0

�

. Theechellesarein-
tentionallypistonedin themosaicsuchthatthetwo gapsaremaximallyshadowed,
minimizing light lossat thegaps.Theechellemosaicalignmentis intendedto be
passive,andshouldneverneedadjustment.Alignment is maintainedby clamping
the echellesto a large granitesubplate,minimally constrainedso asnot to intro-
duceany momentsor unwantedforces. The mountingschemeis intendedto be
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Figure 3 Blue-Blocking Filters
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Figure 4 Red-Blocking Filters

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.1

T
R

A
N

S
M

IS
S

IO
N

WAVELENGTH (microns)

0.2

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

OCLI Detector trimmer

CuSO4

??

19



InstrumentDescription HIRES Manual

Figure 5 Collimator Reflectivities
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thermally insensitiveprovidedthe environmentis isothermal(i.e. it will remain
alignedat any temperature,providedthe temperatureis stable).

The echelleis mountedin a precisionrotation stage. Rotationof the stage
allows the echelleformat to be positionedas desired‘left/right’ on the CCD,
and looks to the useras thoughone is moving the CCD left/right arounda fixed
echelle format.

The echellemosaicis housedin a dust-tightenclosure.Sincethesegratings
canneverbecleaned,oneshouldneverattemptto touchthem,or evento getnear
them. And their cover shouldbe kept closedwhennot in use.

Cross-Disperser(CD) The cross-disperser(hereafterCD) is a mosaic of 2
12” by 16” gratings,mosaicedsuch that the effective length of any ruling is
24”, and the total ruled width is 16”. The mosaic concept is quite similar
to that of the echelle. The cross-disperserruling is 250 grooves/mm. The
collimator—to—cameraangleis 40

�

. The intendedblazeangleof this CD was
supposedto havebeen5.343

�

, but cameout 4.3
�

. The effect of this error was
to put the first orderblazepeaknear0.56 microns(ratherthan the intended0.7
microns),andthe 2nd orderblazepeakat 0.28 microns(ratherthanthe intended
0.35 microns).

This CD is intendedto beusedin 1storderin thevisible, andin 2ndorderin
theultraviolet/blue.Notethattheordersgetuncomfortablyclosetogetherdownin
theuv with theCD in 1storder,but thespacingdoublesin 2ndorder. Appropriate
orderblocking filters will haveto be usedto eliminateunwantedCD orders. In
2nd order,onewill generallybe limited to a wavelengthspanper observationof
3/2 timesthe bluestwavelengthobservedbecauseof the needto block 3rd order.
In 1st order, a wavelengthspanof twice the bluestwavelengthwill be possible
(if there is enoughCCD real estate).

A plot of the efficiency of the CD is presentedin Figure 6 Becauseof the
above-mentionedblazeangleerror, the efficiency of this CD below 0.35microns
will besomewhatlower thanhoped.A new1storderCD blazedfor 0.39microns
andwith 395 grooves/mmis beingmanufacturedto correctthis situation.

Like the echelles,the CD is housedin a dust-tight enclosure. Since these
gratingscanneverbe cleaned,oneshouldneverattemptto touch them,or even
to get nearthem. And their covershouldbe kept closedwhennot in use.
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Figure 6 Cross—disperser efficiency curves
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Camera The camerais an all-sphericalf/1.0 (polychromatic)catadioptricsys-
tem. It usestwo correctorlenses,an f/0.76 primary mirror, anda thick meniscus
field flattenerwhich also servesas the dewar vacuumwindow. This style of
camerais extremelyachromatic.Thecameradelivers21.6micron (rmsdiameter,
averagedover all field anglesand colors) imagesover a 5.2

�

diameterfield of
view, over a spectralrangeof 0.3 to 1.1 microns,with no refocussing. A de-
tailed descriptionof this camerawaspresentedby EppsandVogt (1993). Some
sacrificeof image quality was necessarywith this final designto accomodate,
at the last minute, the unanticipatedcurvedsurfaceof the CCD (65” radius of
curvature). Backup designsfeaturing 12.6 micron rms image diametersover a
6.7

�

field of view with flat focal planearealsoin placefor the time whentheflat
CCD’s becomeavailable.Retrofittingto the flat focal planedesignrequiresonly
fabricatingand installing a new field flattener.

Corr ector Lenses Theselensesare madeof Corning 7940 fused silica. The
front correctorlens(correctorNo. 1) is a biconvexelement,andcorrectorNo.2 is
a meniscus.Thesetwo large correctorlensesareheavyenoughand thin enough
that they sagundertheir own weight. Finite ElementAnalysis (FEA) wasdone
to designmountingcells which would removemostof this sag. The lensesthus
havepushsupportsjust outsidetheir clear apertureswhich removethe sagand
must be properly adjustedwhen re-installingtheselenses.

The correctorlensesare anti-reflectionovercoatedwith ‘sol-gel’. This sol-
gel AR coat is a dip-coatprocessand is a very fragile overcoat. It must never
be touched. The slightest touch (such as lightly brushingwith a sleeve,etc.)
will damagethe coating. Thesesol-gel coatingscan only be doneat Lawrence
LivermoreNationalLabs,andarethusverydifficult to re-do. Theycanbecleaned
by a high pressureethanolspray,but only after removing from their cells and
by qualified technicians.Thesecoatingsalso have35 times the surfaceareaof
the part they are on, so they are a very effective magnetfor dust. Thus their
coversmustbe kept closedasmuchaspossible,and the HIRES enclosuremust
be periodically wiped down for dust.

Hextek Primary Mirr or The cameramirror is a 44” diameterf/0.76 sphere.It
is fabricatedfrom a lightweightedmirror blankmanufacturedby HextekCorp. in
Tucson,Az. The mirror blank weighsonly about183 lbs. It is supportedaxially
at 6 points which attach to the mirror’s honeycombstructureat the centerof
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gravity plane.Radialsupportis accomplishedthrougha diaphragm/ringstructure
glued to the centerrearsurfaceof the mirror. The mirror is enclosedin a dust-
tight housing,andits doorsshouldbe kept closedwheneverpossiblefor obvious
reasons.

Eventually, two identical mirrors will be available, one overcoatedwith
enhancedaluminum,andtheotherovercoatedwith a multi-layersilver recipe.At
present,only a singlemirror is available,overcoatedwith a standard‘telescope-
grade’ aluminum coating. Switching betweenmirrors, or removing the one
presentlyavailablemirror is donewith a manuallyoperatedoverheadcrane.The
mirror/cell assemblyis kinematicallylocatedon threeball feet andheld in place
by both gravity and hold-down clamps.

Field Flattener/Dewar Window The field flattener is a thick meniscuslens
made of Corning 7940 fused silica. As with the corrector lenses,it is AR
overcoatedwith sol-gel, so must never be touchedat any time, with anything,
for any reason,period. This lensalsofunctionsasthe dewarvacuumwindow. It
is sealedto the dewarwith a singleo-ring, andpositionedaxially by a precision
machinedsurface.Radiallocatingis accomplishedwith threeradial retainerclips.
The lens must be properly centeredto within 0.02”.

A light shroudaroundthe edgeof the lenshelpsto keeptheCCD reasonably
dark, but is not completelyleak-proof. A slow-operatingdark cover, consisting
of a capwhich movesinto placeover thefield flattener,helpsto keepfingersand
otherforeigninvadersawayfrom thesol-gelsurfaceof thelens,andprovidessome
protectionfrom flashlightsor other low-level lighting usedby personnelentering
the room. Again, this dark coveris not expectedto be completelylight-proof, so
careshouldbetakenwhenenteringHIRESto avoidusinganymorephotonsthan
necessary,unlessoneis preparedto suffer potentialimageafterglow effects. And
the dark cover shouldalwaysbe put back into placewhen the systemis not in
useto providemaximummechanicalanddustprotectionfor the sol-gelledlens.

Detector Wewill beusingtheengineering-gradeCCDfrom theLRIS instrument
at first-light. This detectoris a Tektronix2048EB2CCD. This CCD is optimized
for the visible, and shows a pronouncedroll-off in quantumefficiency in the
ultraviolet. The science-gradeTek CCD for HIRES hasnot yet been(nor may
everbe) received.TheCCD features24 micronpixels in a 2048by 2048format.
It is a thinnedbackside-illuminatedchip, with surfacetreatmentandAR coating.
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Figure7 showsthequantumefficiency for this CCD asmeasuredat UCO/Lick at
operatingtemperature.Note that the QE dropsvery rapidly below 0.38 microns.
This is rathera shamesincethe CCD effectively dies beforethe 2nd order CD
efficiency curve rises to a peak, thus producinga dip in the overall instrument
throughputin the 0.35 micron region. All the restof the HIRES optics transmit
very efficiently all the way down to below 0.3 microns.

Onevery prominentdistinguishingcosmeticdefectof this CCD is a largefelt-
tip pin marknearthe centerof theCCD. It waskindly addedby sometechnician
at Tektronix to remind us that this virtually flawless$100,000CCD is only an
engineering-gradedevice. Unfortunately,the folks at Tektronix seemedto have
forgottenhow to makescience-gradedevices,so we arestuckwith this annoying
blob. It is marked in the HIRES format simulator as a red square,though it
is irregular in shape. Take care to avoid this region when positioning critical
spectralregionson the CCD.
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Figure 7 Tektronix CCD Quantum Efficiency
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Dewar Focus Fine focusof the cameracanbe doneby using the dewarfocus
mechanism.This mechanismmovesthe entiredewar(CCD plus field flattener)
along the cameraaxis. Total travel is only about 0.03”, but with very high
precision.The camerais so fast (f/1.0), that somecareis requiredto get proper
focus. Focuserrorsof 0.001” may degradespectralresolutionunacceptably.A
powerful focussingalgorithm is being developedwhich should assistthe user
in this task. At somepoint, it will probably be possibleto fully automatethe
focusprocedure.The cameraframeis a thermally stabilizeddesign,andcamera
focus should thus not be a function of temperature.During the first 4 months
of HIRES use,we havenot seenany reasonto refocusthe camera,but it should
be periodically checked.

Focussingcan also be doneusing the collimator focus, and refocussingfor
various thicknessfilters, etc, will generallybe doneusing the collimator focus.
Changesof � X in collimatorfocusareequivalentto changesof � X/30 in camera
focus.

Enclosure, Electronics Bay, and Clean-RoomAnte-Chamber The spectro-
graph is enclosedin a modular, insulated,light-tight, dust-tight housing. This
housingprovidesabouta 9–hourthermaltime constantbetweeninsideandoutside
temperatures.Thereis no attemptto thermally control the interior temperature.
Rather,it is expectedto track the domeinterior temperaturefrom day to day,but
not from hour to hour. A slow flow of filtered anddried domeair is continually
forced into the enclosurethrougha hoseandadjustablevalve (that is the hissing
noise you always hear when inside).

All attempthasbeenmadeto keepall sourcesof heatout of the interior of
HIRES, and not to dump heat into the dome. Most of the control electronics
are containedin a separateElectronicsBay (a similar style thermally insulated
enclosure), andheatinsidetheelectronicsbayis carriedawayby theobservatory’s
recirculatingliquid coolantsystem.ElectronicsinsidetheHIRESenclosurewhich
drive theCCD, andotherelectronicswhich control theTV camera,arecontained
in their own thermally-insulated‘footlockers’. Thesefootlockersarealsocooled
by the observatory’scoolant system.

A psuedo-clean-roomante-chamberis also provided. Personnelentering
HIRESwill be requiredto donappropriateclean-roomgarbin this ante-chamber.
Dustaccumulationis a seriousconcernfor HIRES,andpersonnelenteringHIRES
areexpectedto do all theycanto eliminatedustanddirt, particularlythatbrought
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in on shoes. Sticky matsget a lot of it, and must be renewedfrequently. But
eventhematsdo not get it all. Cleanroomsuitswith bootiesarethusmandatory.

Electronics Control System The control systemfor HIRES is a VME-based
systemwhich usesonly Keck Observatorystandardmodules. HIRES is one of
an initial complementof five first-light instrumentswhich connectto a scientific
instrumentLAN at the mountaintop. Each instrumentis controlled by its own
VME-bus basedSun/3E (68020 CPU) real-time controller running VxWorks
which connectsover the scientific EthernetLAN to either of two SUN Sparc-
seriesinstrumentcomputers.The main instrumentcontrol computerfor HIRES
is makua.keck.hawaii.edu.AnotherSparcstation,lanikai.keck.hawaii.edu,is also
usedduring HIRES observing,primarily for datareductionand analysis. Since
therearemultiple instrumentcomputers,two or moreseparateinstrumentscanbe
electronicallyon-lineat thesametime, aswill oftenhappenasoneteamprepares
an observingrun following another. One instrumentcomputeralso servesas a
back-upfor the other. The instrumentcomputersarethenconnectedto the Keck
ObservatoryEthernetLAN which providesa link with similar computersat the
headquartersdown in Waimea.

The HIRES VME chassisincludesone SUN-3E120CPU card, one SUN-
3E340 Ethernetcard, eight Galil DMC 330-10 Motor controller cards, three
XYCOM XVME-212 input port cards,three XYCOM XVME-220 output port
cards,andoneXYCOM XVME-540 Analog logic card. Most movingmechanical
devicesare driven by Galil DC-servomotors.

EachopticalinstrumentwhichusesaCCDhasits ownCCDcontrollersystem.
TheCCD controlleris basedon thedesigndescribedin Leach(1988)thatutilizes
a programmabledigital signal processorto generatetiming signalsand manage
communicationwith the host computer,and allows remoteprogrammingof the
timing waveformsand CCD clocking voltages. The CCD clocks are generated
with digital-to-analogconverterswhile a conventionalpreamplifier, dual slope
integratorand16-bit analog-to-digitalconverterprocessthe CCD video signal.

All of the electronicsarehousedin a separatethermally insulatedenclosure
adjacentto the spectrometer.This electronicsenclosureis cooled via the ob-
servatory’srecirculatingcoolantsystem.Sincewe wereobliged to usestandard
observatoryVME electronicsmodules,which are not rated for usebelow 0

�

C,
we will actuallybe holding the electronicsenclosureat a temperatureof 5

�

C.
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Software Control System The softwarefor instrumentcontrol at Keck Obser-
vatory is written in the ‘C’ programminglanguageand runs underUNIX on a
network of Suncomputers.The observercontrolsa given instrumentthrougha
softwareuserinterfacewhich allowsboth command-lineinput throughkeywords
andscripts,andwindow-stylegraphicalinput usingX11 windowswith the MO-
TIF toolkit. Both typesof input canbeintermixed.Theuserinterfacealsoallows
for multiple invocation of control processes,which is important for distributed
observing. Here, the primary observercan be quite remotefrom the telescope
(i.e. in Waimeaor back in California), while graduatestudentsand/ortechnical
observersat other sites or at the mountaintopcan cooperatein the set-upand
running of the instrumentduring an observingrun.

The primary tool for interactingwith HIRES is a graphicaluser interface
called ‘xhires’. It is a self-explanatory‘click-on-icon/pop-upmenu’-stylecontrol
interface.It canbe run in activemodewhereit will actuallymovespectrograph
parts,or in simulatormode(notconnectedto therealspectrograph).Thesimulator
mode is very useful for practicing before actually going out for a run, and
instrumentset-upscan be generatedand savedfor use later during observing.
Al Conrad(aconrad@keck.hawaii.edu)wrote xhires and is the contact for this
software.
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Chapter 3 The HIRES Spectral
Format Simulator

Like mostechellespectrometers,thespectralformatis largerthantheavailable
detectorreal estate.TheHIRES optical systemwas designedto feed a 2 by 2
mosaicof Ford/Loral2048CCD’s. This mosaicwould havebeensome61 mm
on a side. What we endedup with at first-light was a 49 mm squareTektronix
CCD. When the length of the free spectralrangeof any echelleorder is longer
thanthe 49 mm dimensionof the CCD, holeswill appearin the datasincethose
regionsof eachorder falling off the CCD imaging areawill not be recorded.
Theseholes begin occurring redwardof about 5100 A. Avoiding theseholes,
and ensuringthat the desiredspectralrangefalls properly on the CCD requires
accuratepositioningof the echelleformat on the CCD. For extragalacticobjects,
redial velocity must also often be taken into account.

To aid theobserverin optimalpositioningof theCCD on theechelleformata
simulatorwasdevelopedby SteveAllen at UCO/Lick. Theunderlyingmathemat-
ics aredescribedin thetextbookby theoriginal authorof thecode,D.J.Schroeder
(Astronomical Optics, AcademicPress,1987). Thesealgorithmsprovidea com-
pletedescriptionof theEchelleformatwithin theconstraintsof the2–dimensional
gratingequations.Theydo not handlethemoregeneralproblemof modellingthe
3–dimensionalgratingequations.Otherimportantalgorithmsusedin thecodeare
baseduponthe text by E. Hecht& A. Zajac(Optics Addison-Wesley,1974).

The codeis able to modela spectrographwherean Echellegratingis fed by
a collimatedbeam.The beamleavingthe Echellegratingmay becross-dispersed
by at most1 cross-dispersinggratingand/orup to 9 cross-dispersingprisms.

This simulatoralso servesas a convenientmeansby which set-upfiles for
most all of the HIRES parameterscan be createdoff-line (i.e. beforegoing to
the mountain,while preparingfor a run, etc.). Theseset-upfiles can then be
uploadedto MaunaKea and storedin the instrumentcomputer,prior to starting
the observingrun.

A detaileddescriptionof theHIRESechelleformatsimulatorcanbe foundin
SteveAllen’s user’smanual,which is publishedasUCO/Lick TechnicalReport
No. 68. But if you don’t happento have a copy of that manualin-hand, I’ll
simply reproduce(with my own commentsadded)muchof the ‘user interaction’
sectionfrom Steve’smanualhere.
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The executablecodefor the simulatorwill resideon the Keck Observatory
computersystem. Observerswill have to get guestaccountsat Keck to access
this code.Alternatively,binary versionsof the code(runningunderSunOS)may
becomeavailablefrom UCO/Lick Observatoryand can be FTP’d to the user’s
institution.

Themostcommonplatformon which theinstrumentsimulatorwill beusedis
probablya high-resolutionmonitor runningversion11 of the X Window System
from MIT. However,it is essentialto note that the instrumentsimulatoris NOT
an X11–basedprogram.The instrumentsimulatorusesthe Lick Mongo package
to do its graphicsand user interaction. This allows the instrumentsimulator to
be run on a variety of platformsdatingbackto Tektronix storage-tubeterminals.
Becauseof this the instrumentsimulatorcannotdo multiple popupwindowsand
menusaswould be expectedof a modern,X11–baseduserinterface.

Section 1 Before starting; some words
about Configuration Files

The simulatoris a generalpurposetool which requiresconfigurationfiles to
give it the information necessaryto computea simulatedHIRES spectrometer
and its particulardetector.The completedescriptionof an Echellespectrograph
requirescopious amountsof information. Most of this information does not
change,and it is convenientto store it in configurationfiles. The simulator
searchesfor configurationfiles in severaldirectories.The first directorysearched
is the current working directory. Next, if the environmentdefines EFDIR
that directory is searched;otherwisethe programlooks in the built-in default
directory1.

The simulatoraccepts3 kindsof configurationfiles. Thefirst 2 kindsof files
rarely needchanging;they describethe telescope/spectrographoptics (*.spc)
and the detectorat the focal plane(*.det). Thesefiles will be maintainedand
updatedby Keck Observatoryfolks, and will be write-protectedfrom general
users. The third kind of file containsthe settingsof all the moveableparts of
the spectrographwhich areexpectedto changefrom oneobservationto the next
(*.set). It is this type of file that the observerwill be creating,modifying, and
storing for later use with HIRES.

1 On the UCO/Lick systemsthis is /home/hires/sla/echelle/lib .
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The configurationfiles for the EchelleSimulatorlook like FITS files. More
detaileddescriptionsof theseconfigurationfiles can be found in SteveAllen’s
UCO/Lick TechnicalReport No. 68. Configurationparametersare stored as
keyword/valuepairs. In accordancewith FITS files, the keywordsare up to 8
characterslong. (Many of thesekeywordsare identical to the keywordswhich
will beusedby theKeck DataAcquisition Systemwhenit is documentingactual
observation.)Eachkeyword is followed immediatelyby “= ” in columns9–10.
The valuesmay be found anywhereafter the “= ” starting in column 11. The
principal differencebetweenthe Echelle Simulator configurationfiles and true
FITS headersis theexistenceof carriagecontrol. EchelleSimulatorconfiguration
files containcarriagecontrol andareintendedto be editedby any text editor.

Eachtime theEchelleSimulatoris run, it outputshiddenversionsof thethree
configurationfiles. Thesearenamed.ech.spc , .ech.det , and .ech.set .
Thesecan be comparedwith the original inputs and any changesmadeby user
interactionto verify that the programis working as desired.

Upon requestof the user, the programalso writes out an observationsetup
file in either of 2 formats. The first format is identical to the inputs (described
below). The secondformat containsFIORD commandsdesignedto command
the Keck HIRES spectrographto the given configuration.The usercanalsoedit
thesefiles asdesired(without goingbackandrerunningthesimulator)usingyour
favorite text editor.

There are severalkeywords which are defined by the Keck HIRES data
acquisitionsystemwhicharenotusedby theinstrumentsimulator.Theinstrument
simulator acceptsthesekeywordsand carriestheir valuesfrom input to output
unchanged.

An observermayhavea numberof key spectralfeatureswhich needdisplay-
ing at their respectivepositionson theechelleformat. TheEchelleSimulatorwill
accepta file containingthe wavelengthsof spectrallines anddisplay thoselines
(with any desiredvelocity shift) on its graphics.The existenceof sucha file can
be indicatedusing the WAVEFILEkeyword in the SetupConfigurationfile and
it canalso be indicatedinteractivelyduring the executionof the program. Each
line of the file containsa descriptionof onespectralline. The programlooks for
a wavelength(expressedin Ångstrom),a booleanvalue(T or F) which describes
whetherthe line is telluric (and thus shouldnot be redshifted),and a statistical
weight. The statisticalweight is usedby the programduring the designof new
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spectrographs.It is intendedto assistthe programin choosinganEchellegroove
spacingwhich placescertainspectrallines nearthe blaze.

Section 2 Starting the format Simulator

Starting the Echelle Simulator can be done by typing the command
“echelle ”, (or “echelle &” if you want to run it in the backgroundand
keepthe window availablefor other input). If the useris runningthe X Window
Systemandthe user’senvironmentdefinesthe DISPLAY variable,the simulator
will assumethat the graphicsshouldbe displayedin an X Window. If the DIS-
PLAY variable is not set the programwill prompt the user to enterone of the
terminal types known to Lick Mongo.

The simulator then searchesthe current directory and the library directory
looking for a setupfile to be usedto display the Echelle format. A list of all
the setupsfound in thesedirectoriesis presented,andthe useris askedto choose
‘which setup?’.Only two optionsarepresentlyof relevenceto HIRES users,the
othersare for otherdevelopmentalexperiments.Pick either#2 for the first-order
CD format, or #3 for 2nd order CD format.

Onceselected,usingthe informationcontainedin thesetupfile, thesimulator
drawsa pictureof the Echelleformat. At this point, it would be wiseto position
this relatively large graphic windowsuchthat it doesnot completelyobscure the
prompt line of your presentwindow. You maysometimesbe askedto enterdata
from this windowand, unlessit’s prompt line is visible, you mayforget that this
window exists.

In the large window showing the spectral format, for each Echelle order
within the specifiedwavelengthlimits, onefree spectralrange(FSR)centeredon
the Echelleblazeis drawn. Most of the light in any Echelleorder is within one
FSRof the Echelleblazewavelengthfor that order. Thereis somelight in each
ordermorethanoneFSRawayfrom the blaze,but the intensitydropsrapidly.

On a displaywhich supportscolor, the simulatorextendsthe lengthof each
Echelle order by drawing anotherFSR in grey on either side of the blaze. In
the caseof an Echelle spectrographwith grating crossdispersersthe simulator
displaysthe selectedorderof crossdispersionandseveralnearbyordersof cross
dispersion. Any spectrallines which were definedare plotted on the Echelle
format twice. The positionof the spectralline closestto the blazeis drawnwith
a filled dot, andthe positionnext closestto the blazeis drawnasan opendot. It
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will usuallybe best to chooseto observea spectralline in the orderwhereit is
closestto the blazesincethat will be wheremostof the light at that wavelength
is located. The secondaryline locationsare shownfor caseswhere the Echelle
format is large comparedwith the detector.

Information concerningthe blaze wavelengthand/or order numberof each
echelleordercanbe toggledonto or off of the displayby clicking on appropriate
menu items.

The simulatoralso drawsa schematicof the detector(s)properlypositioned
on theEchelleformat. Any badspotson thedetectorsareindicatedby rectangular
regionson the display. If you are windoweddown to somesubsetof the CCD,
the readoutregionsare indicatedby dotted lines.

The simulatoralsodisplaystext lists which give the detailsaboutthe optics,
their settings,and the current location of the cursor. At this point the simulator
is ready for interactivegraphicaluse.
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Figure 8 Typical appearanceof the
Simulator during interactive use

Section 3 Graphical Interaction

Most of the user interactionwith the programis accomplishedwith single
keystrokes(or mouseclicks) while the graphicsare displayed. Many of the
possiblecommandsare visible on the “menus” at the left side of the screen.
(Thescarcityof screenrealestateon sometypesof displayspreventsall possible
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commandsfrom being visible.) There are 3 methodsby which the user can
graphically interact with the program:

1. AcceleratorKey

2. Mouse Drag

3. Menu Click

A glancethroughthe following tableswill reveal that someparametersmay be
modified using more than one of thesemethods.

Acceleratorkeys are single keystrokes. An acceleratorwhich is associated
with a Booleanparameterwill toggle that parameterfrom onestateto the other.
An acceleratorwhich is associatedwith a stringor numericparameterwill prompt
the userfor a new value. If the displayis an X11 server,the promptwill change
the cursorinto a question-mark,and the promptwill be visible at the bottomof
the screen.On other displaysthe prompt will appearon the text screen,if one
exists,or on the graphicsscreen.(Again, this is whereyou will want to be sure
your text screenis not buried underthe graphicscreen).

Mousedrag canonly be usedon X11 displays. Draggingcanbe donewith
fixed-sizeobjectsor with rubberobjects. The InstrumentSimulatorallows the
readoutwindow (if windoweddown to somesubsetof the full CCD format) to
be indicatedby dragginga rubberrectangleover the display. The positionof the
detector(s)can be modified by dragginga fixed-sizerectangle(of the samesize
as the detector). When dragginga fixed-sizerectangle,it may be “grabbed” at
any of 9 locationsdefinedby the cornersandpointshalfway between.

Menu click canbe usedfor items which aredisplayedin the lists of text at
the sideof the display. It requiresthat the displayhavesomekind of moveable
cursor. The cursor is moved over the menu item and any unassignedkey or
mousebutton is hit. The userwill then be promptedfor a changein the same
manneras for acceleratorkeys.

Modifying the display

Theoveralldisplaycanbemodifiedby theuseof singleacceleratorkeystrokes
or menu clicks.
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Menu Label
Accelerator

Key
Action

Show
OpticalHW

!
Display the completemenuof optical
hardware.

ShowAll Setup $
Display the completemenuof instrumental
setup.

DetectorMosaic %
Display moreinformationaboutthe
detector(s).

Default Setup ˆ Restorethe originally displayedmenus.

RefreshAll R Redraweverything.

ZoomOnDetector Z
Zoom the displayto showonly the region
wherethe detectoris currently located.

Exit2CmdLinMod Q
Quit the graphicalinteractionandbegin
commandline interaction(seeSection4
below).

DisplayWavelen control-L
(Un)Display the wavelengthsof everyfifth
order.

Display Orders control-O
(Un)Display the ordernumbersof every
fifth order.

Mark Detector D

(Un)Plot a temporaryoutline of the
detector(s)at the currentlocationof the
detector.Theseoutlineswill be visible in a
hardcopy.

control-I
-

X Mouse1

Identify the spectralline nearestto the
cursor.

M
-

X Mouse2

Move the detector(s)over the Echelle
format.

W
-

X Mouse3

Definethe readoutwindow of the
detector(s).
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Modifying the Setup

Keyword Name Label on Menus AcceleratorKey

SETUPNM SetupName= None

DETFILNM DetectorFile= None

SPCFILNM Tel/SpgFile= None

OBSERVER Observer= None

ECANGLE ECangle[deg]= (M) (X Mouse2)

XDANGLE XDangle[deg]= (M) (X Mouse2)

HAMHGT HamHeight= (M) (X Mouse2)

ECANGRAW Raw E Tilt= (M) (X Mouse2)

DECKER DeckerName None

DECKRAW RawDeckPos= None

DECKPOS DeckerPos[m]= None

DECKNNAM DeckPosName= None

DECKHGT Deck Hgt[m]= None

DECKSIZE Deck Hgt["]= None

DECKPIX DeckHgt[pix]= None

DECKSPEC DeckSpec= None

SLITWID SlitWidth[m]= None

SLITSIZE SlitWidth["]= None

SLITPIX SlitWid[pix]= None

SLITVEL SlitWid[m/s]= None

SLITRAW RawSlitWidth= None

FILTER Filter 1 Pos= None

FILTER2 Filter 2 Pos= None

FILNAME Filter1 Name= None

FIL2NAME Filter2 Name= None
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Keyword Name Label on Menus AcceleratorKey

COLL Collimator: None

COFOCUS CollFocus[m]= None

CAMERA Camera: None

CAFOCUS CamFocus[m]= None

XDORDER XD Order# O

XBIN X binning: None

YBIN Y binning: None

XDALPHAD XD � [deg]= None

XDBETAD XD
�

[deg]= None

RADVEL RadVel[m/s]= None

RADVELZ RadVel asZ= None

WAVLMAX MaxDispWavel= None

WAVLMIN MinDispWavel= None

Modifying the Optics
The Echelle Simulator can be used during intial design studies of new

Echelle spectrographs.It is possibleto modify the propertiesof many of the
opticalelementswhile theprogramis running. Undernormalcircumstancesthese
capabilitiesare not desiredby the user,and they are disabled.

Keyword Name Label on Menus AcceleratorKey

TELESCOP Telescope= None

INSTRUME Instrument= None

PRIMDIAM Dtel[m]= T

COLLDIAM Dcoll[m]= C

CAMFOCLN CamFocL[m]= F

COLFOCLN ColFocL[m]= None

NXDPRISM #Prisms= N
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Keyword Name Label on Menus AcceleratorKey

PRAPEXD Apex[deg]= A

PRAPEXn Apexn[deg]= None

FOCSCALE FocScal["/mm] None

FPROTANG FPRotAng[deg]= None

NXDGRAT # XD Grat: X

PRGLAS Glass= None

PRGLASn Glassn= None

ECTHETAD EC� [deg]= H

ECTHETA EC� [rad]= None

XDSIGMAI XD[groov/mm]= I

XDSIGMA XD � [ � m]= None

ECSIGMAI EC[groov/mm]= S

ECSIGMA EC� [ � m]= None

PRANGIND Ang Ind[deg]= None

PRFACEn � [deg]= None

XDALFBET XD � -
�

[d]= None

XDDELTAD XDblaze[deg]= None

ECDELTAD ECblaze[deg]= B

ECDELTA ECblaze[rad]= None

Section 4 Command Line Interaction

When the user has “quit” from the graphicalinteraction(by simply typing
‘q’ while in the graphic window), the programentersanothermode where the
interaction is done on the text screen. All commandsin this mode must be
followed by a carriagereturn <CR>.
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Command Action

W Write a file format.out describingthe Echelleformat.

G Go backto startandaskfor new configuration.

F Get a new file with spectralline wavelengths.

L Make a PostScriptplot.

R Refreshgraphicsandreturnto graphicalinteraction.

M Minimize deviationsof lines from blazewavelength.

Q Quit the program.

I Returnto graphicalinteraction.

D Write a KICS setupfile to disk, andoptionally executeit.

41



Preparationfor Observing HIRES Manual

Chapter 4 Preparation for Observing

This sectionis not yet written. Somepossibleitemsfor inclusionare:

1. checklist for caveatson programobject observability,etc.
2. finder charts,coordinates,offset stars,...
3. blind offsetsand faint object acquisitionand guiding
4. choice of targets
5. choosingwavelengthranges,resolutions,sky sampling,...
6. estimatingexposuretimes
7. commonacquisition/observationproblems?
8. running the simulatorcreatinganduploadingset-upfiles
9. plan on arriving early?
10. remoteobserving?
11. pre-observingrun checklist
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Chapter 5 Observing at Keck

Someof thesesectionsare not yet complete...

Section 1 Arrival at the Mountain-top

Section 2 Starting Up the Instrument

The mountainstaff will takecareof startingup the xhiresandxposecontrol
windows, plus any other instrumentstatusinformation windows desiredby the
user. The HIRES CCD dewargetsfilled automaticallyabout onceper day. It
is a good idea to note the dewarlevel anddecidewhetheran automaticfill may
occur during the eveining observinghours. The autofill proceduredoesdump
somecold into the spectrograph,andprobablymovesthe CCD dewarby a very
smallamountdueto theaddedweightof the liquid nitrogen,plusvariousthermal
excursionsin thesurroundedmetalstructure.For highestprecisionwork, I advise
that one NOT allow an autofill during observing. Thus if an auotfill during the
night looks probable,take time in the late-afternoonto force an autofill before
starting calibrations.

Section 3 Selecting a Spectral region

Collimator choice The most fundamentaldecisiona user wil have to make
concernsoptimizing the efficiency of the optical train for the desiredspectral
region. The first choicein this regardconcernswhich collimator (red or blue) to
use. Consult the curvesin Figure 5 for this choice.

Cross-disperserchoice The next decision concernsboth efficiency for the
spectralregionanddesiredorder separation.At present,we haveonly oneCD,
but this canbe usedin either1st or 2nd order. Most applicationsredwardof 0.4
micronswill usethe 1st order,while most bluewardof herewill use2nd order.
Consultboth the efficiency curvesof Figure 6, and the HIRES spectralformat
simulator for this decision.
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Order-blocking filters Once the CD order decision is made, you will have
to think carefully about how to block unwantedorders from the CD. Here,
Table 5and Figures 3 and 4 will help in this decision. Once these filters
are selected,the collimator will be automaticallyrefocussedfor the new filter
thicknesscombination.

Section 4 Choosing the Entrance Aperture

slit width Theusermustsettheslit width to give thedesiredspectralresolution.
Basically, the de-projectionfactor (from actualslit width to projectedslit width
in the echelledispersionplaneat the CCD) is about1/8.715which resultsin a
scaleof about12.44arcsecs/mmat the CCD in the echelledispersiondirection.
ThepresentCCD pixel sizeis 24 micronsor 0.024mm. Thusa 2–pixelprojected
slit is about 0.60 arcescswide as projectedon the sky. The resultantspectral
resolutionwill besomething like a gaussianquadraturesumof theprojectedslit,
the pixel size,andthe cameraaberrationsblur circle. Effectively, this 0.6 arcsec
slit translatesto a spectralresolving power of about 54,000 —60,000. A 0.9
arcsecslit width projectsto about3 pixelswidth andresultsin a resolvingpower
of about45,000.A 1.1 arcsecslit projectsto 4 pixelswidth andyieldsa resolving
powerof about34,000. In the limit of larger slits (wherecameraaberrationsand
finite pixel widthsaresmall),theeffective ‘throughput’ (slit width timesresolving
power product) is about 39,000arcsecs.

The slit must be usedwith one of the notchesin DeckerPlateA to define
slit length and keepordersfrom overlapping. If insteadthe userwishesto use
one of the aperturesfrom DeckerplatesB-D (which defineboth slit width and
length), the slit must be openedfully to keep it from blocking any light. This
is doneat presentby doing the command‘m slitwid=11.1’, but will eventually
be an option in ‘xhires’.

slit length Slit length (definedeitherby oneof the notchesin DeckerplateA,
or by oneof the apertureson the otherdeckerplates)mustbe chosenaccording
to the availableorder separationat the spectralregion of interestand the need
for sky subtraction.Consultthe echelleformat simulatorfor the minimum order
separationavailablein your chosenspectralregion,andset the slit length to be
lessthan this. If sky is not importantto measure,a slit lengthonly a bit bigger
thantheseeingdisk is adequate.However,it is generallyprudentto maketheslit
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lengthas long aspossibleto measureasmuchsky aspossible,but shortenough
suchthat onestill leavesrooomfor somerows of ‘dark’ betweenorders.

decker vs. slit considerations The guide star image looks much worsewhen
guidingoff theslit+deckerA combinationthanit doesguidingoff asimpledecker.
Thus,for faint objectwork, useof thedeckersalonewill bepreferable.For work
requiringa longerslit, or narrowerslit than0.6 arcsecsrequiresuseof thenormal
slit jaws.

In any case,onceeitherthe slit, or the deckeris selected,the collimator will
automaticallyberefocussedproperly. (Basically,thesystemlooksto seeif decker
plateA is beingused. If so, it assumesyou are to be usingthe slit jaws. If not,
it wil refocusfor the deckerplates).Thereis abouta 1/8” differencein the focal
planesof thesetwo entranceapertures.

Section 5 CCD Readout Mode

windowing

binning

fast/slow readout modes

MPP (full well vs. dark curr ent) modes

Multiple vs. single amplifier modes

Section 6 Focussing

Section 7 Taking Calibration Exposures

Flat fields

Wavelengthcalibration and instrumental profile

Th-Ar hollow cathode lamps
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E-B bands

Iodine Absorption Cell Spectrum

Dark Frame(s)

Bias (zero) Frame(s)

Day/Twilight Sky and/or Moon Spectra

Section 8 End of the Evening

Final calibration frames?

Shutdown

Dewar auto-fill

Section 9 End of the Observing Run

Section 10 Observing Checklist

Section 11 Observing Log Sheets
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Chapter 6 Data Reduction

Section 1 FIGARO

FIGARO is theCARA standardfor quick-lookdatareductionat Keck Obser-
vatory. The HIRES dataframesarenormallywritten to disk in FITS format,and
FIGAROcanreadtheseFITSformatfiles. TheFITSformatis thedefaultstandard
for HIRES.However,thereis a switchselectableoptionwhich allows theuserto
write the datain FIGARO-styleformat andthusbypassthe FITS—to—FIGARO
conversion,if so desired.

At this time, due partly to lack of a well-supportedand fully-developed
FIGARO system,and partly to lack of infinite softwaremanpowerresources,
a FIGARO HIRES reductionsuite of routinesis not availablefrom the HIRES
developmentteam. No doubtexistingFIGARO/echellepackageswill work with
enoughpatienceand tuning.

Section 2 IDL, KHOROS, and Others

Sincethe HIRES datais in FITS format, manyotherdatareduction/analysis
packagescanbe used.Gibor Basri andco-workersat U.C. Berkeleyprefer IDL,
and havemany useful scriptsand routineswritten to do echelledatareduction.
Others like the Khoros package. All should work just fine, though eachwill
haveits own particularbugsandirregularitiesto overcomebeforebecominguser-
friendly for a task as complexas echelledatareduction.

Section 3 IRAF

IRAF is the reduction environmentrecommendedby the P.I. for HIRES.
An optimizedversionof IRAF utilities, which havebeenset up to know about
many of the actual instrumentparameterslives on the CARA network and will
be maintainedby the project’s softwareoffice.

First-time usersof IRAF and/or echellespectrometerswould be very well-
advisedto obtain a copy of A User’s Guide to CCD Reductions with IRAF
(Massey,1992). This is an excellent guide to basic IRAF data reduction of
echelleCCD images. Readit carefully beforestartingany reductions. In fact,
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a careful readthroughbeforeobservingwill give you a much better feeling for
whatkind of calibrationframesto obtainwith your programobjectdata,andhow
they will be used.

I will now try to walk you througha very basicsetof reductionson a typical
data set from HIRES. This will be only a simple example,but will illustrate
manyof the most importantaspectsof the datareduction.I will assumeyou are
generallyfamiliar with runningIRAF, in usingits eparametersfeature,in finding
your way aroundwithin its librariesof routines,andunderstandingwhatkinds of
data it createsand wheresuchdata lives.

Getting set up with data in the appropriate dir ectory I will alsoassumethat
you have logged onto someSun Sparcstationrunning X11 windows, with the
latestversionof IRAF installed,andthatyouhavemovedoverinto somedirectory
which containsyour images. This directory will also end up containing (as
subdirectories)all the databases,etc. generatedby IRAF when it muncheson
your data. I like to break my directory up as IRAF in the top level, and then
subdirectoriescontaininggroupsof datafiles which are to be combinedtogether
in a reduction. For this example,I will assumewe have obtaineda group of
exposuresof the day sky (solar)spectrumplus calibrationspectraat someplace
in the echelleformat, and that thesedatafiles havebeenput into the directory:
/u/vogt/IRAF/demo.

The dataframesto be usedin this samplereductionare:

1. solar.fits(a 100–secondobservationof the solar spectrum)
2. quartz.fits (the spectrumof a quartz-halogenincandescentlamp)
3. dark.fits(an 1800–secondobservationof the dark level in the spectrograph)
4. zero.fits (a ‘zero-length’ (<1s) exposureon dark to determinebias levels)
5. thar.fits(a 1–secondobservationof theThorium-Argon hollow-cathodelamp,

usedfor wavelengthcalibration)

Note that, for full-blown datareductions,one might well haveseveralzero
frames,severalquartz frames,and severaldark frames. Thesewould then be
combinedinto morenoise-freecalibrationframesby median-filteringout cosmic
rays,by simpleaveragingto reducereadoutnoise,andby suitableinterpolation,
if necessarybetweenbracketingcalibration exposures.There are a numberof
strategieswhich can be usedwithin IRAF to combinecalibration data frames
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to squeezeout the last bit of instability from the instrumentas neededfor the
particular project.

Note also that theseframescould (and generallywould) end up with much
more abstractnames,such as n0045.fits,or data0131.fits,when read into the
subdirectoryin which you plan to work. If they do, you might wish to consider
changingtheir namesbeforeyou getstartedto moreobviousdescriptionsof what
theyrepresentsothatyou don’t getconfusedlaterin thereductions.For example,
quartz’smight be labelledquartz1,quartz2,etc. Darksof variousexposuretimes
mightbecalleddark100s,dark500s,etc. Try to stickwith shortnamesto minimize
typing, andkeepnamesfairly distinctsothatyou canmakemostuseof command
line interpreterswhen wild-carding to againsavetyping.

You shouldnow start up, from a separatexwindow, the SAOIMAGE tool.
The reasonwe start this up from a separatexwindow is becauseit sendstext at
you from time to time, and it is annoyingto havethat chatterbreakin on your
IRAF text.

Now, from a different xterm window than the one you used to start up
SAOIMAGE, move into your IRAF directoryandtype <cl> to get IRAF going.
Then ‘cd’ into the demo subdirectorywherethe imagesare (I don’t understand
why you can’t juststartIRAF from this demosubdirectory,but that’sok for now).

Reading FITS files into IRAF Thevery first taskis to getyour FITS files read
into IRAF, as*.imh files. Get into the parameterediting modeof the ‘rfits’ task
by typing epar rfits . This is what you will see:

I R A F
Image Reduction and Analysis Facility

PACKAGE= dataio
TASK = rfits

fits_fil= solar.fits,quartz.fits,thar.fits,dark,fits,zero.fits FITS data source
file_lis= 1 File list
iraf_fil= solar,quartz,thar,dark,zero IRAF filename
(make_im= yes) Create an IRAF image?
(long_he= no) Print FITS header cards?
(short _h= yes) Print short header?
(datatyp= ushort) IRAF data type
(blank = 0.) Blank value
(scale = yes) Scale the data?
(oldiraf= no) Use old IRAF name in place of iraf_file?
(offset = 0) Tape file offset
(mode = ql)

On the first line, for fits_fil, enterthe namesof the files to be readin (I’ve
alreadytyped in the fits_fil and iraf_fil lines for you). Thesefilenameswill all

49



Data Reduction HIRES Manual

be enteredon one line, with commas(and no spaces)betweennames. They
are: solar.fits,quartz.fits,thar.fits,dark.fits,zero.fits.Using the samesequenceof
namesfor the iraf_fil parameterwill give the IRAF files the samenames,but
the extensionwill be‘ .imh’. I like to do it this way to avoid getting confused
with renamedfiles.

It is also very important that the datatyp parameterbe set to either ushort
(unsignedshort), or real, and that the scale parameterbe set to ‘yes’. Once
finished, type <:g> to exit and execute. You may now wish to check your
directory to seethat all the corresponding*.imh files have beencreated. You
might also want to checkyour disk spacewith a <df .> to makesureyou have
enoughroom to keep going.

Once data files are read in with rfits and convertedto *.imh files, each
*.imh file will actually be carried aroundas both a headerfile (*.imh) and a
corresponding*.pix ‘pixel’ file (i.e. whereall the pixel informationis kept). The
pixel files live in a directoryspecifiedby the logical variableimdir. In my setup,
imdir is setto HDR$pixels/.Thissetupputsthepixel informationin asubdirectory
called‘pixels’ andyou can‘cd’ thereand‘ls’ themto seethat they really do now
exist. The main point hereis that IRAF imagefiles areactuallyassociatedpairs
of headerand pixel files. Thus, when copying, deleting, etc. such files, it is
generallymuch easierto usethe commandsimcopy, or imdel, etc. sincethese
commandsalsokeeptrack of all the housekeepingfor the associatedimagefiles.

Checking Header Information It is usefulat thispoint to checkyourheadersto
seethat all looks well, and,more importantly, that you havethe right keywords
describingthe type of imagesin eachcase. Initially, this is a must since we
arestill working out FITS keyword assignments,but soon,this stepwill not be
necessary,unlessof courseyou screwedup and recorded,say, an object frame
which wasreally a dark frame,or somethingelse. In this case,you would want
to go in andedit the appropriatekeywordsto keepIRAF from gettingconfused
over which files are which.

You canuseccdlist to get a brief review of your files, or imhead (with long
= yes) to check out what’s in their headers,followed by hedit if necessaryto
actuallymakeany changes.For example,to add the keyword IMAGETYP and
set it equalto ‘object’ in theheaderfor file solar.imh,you would do: hedit solar
imagetyp object ver-, or elsedo it from the epar routeon hedit.
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Setting the Instrument Parameters Once you are satisfiedthat you have all
the necessaryfiles read in and convertedto IRAF *.imh files, with appropriate
namesandkeywords,you arereadyto begintheactualdataprocessing.Thefirst
stepis to inform IRAF what instrumentset-upconfigurationyou are using,and
get it loaded.Type setinstrument to load the setinstrumentpackagefor HIRES.
You will beaskedthequestion:Instrument ID (type ? for a list)
(hires): . Assumingit is the HIRES instrumentfile you will be using,hitting
a simple <return> will load the default option hiresand thenmoveyou onward
to the ccdred task in the imr ed package.

You will not seetheparameterlist for setinstrument,, but it canof coursebe
accessedby epar’ing on setinstrument. It looks like this:

Image Reduction and Analysis Facility
PACKAGE= ccdred

TASK = setinstrument

instrume= hires Instrument ID (type ? for a list)
(site = keck) Site ID
(directo= ccddb $) Instrument directory
(review = yes) Review instrument parameters?
query = Instrument ID (type q to quit)
(mode = ql)

CCDRED You arenow in the eparmodein the parameterlist for the package
ccdred. This is what you’ll see:

Image Reduction and Analysis Facility
PACKAGE= imred

TASK = ccdred

(pixelty= real real) Output and calculation pixel datatypes
(verbose= yes) Print log information to the standard output?
(logfile= logfile) Text log file
(plotfil= ) Log metacode plot file
(backup = ) Backup directory or prefix
(instrum= ccddb$keck/hires.dat) CCD instrument file
(ssfile = subsets) Subset translation file
(graphic= stdgraph) Interactive graphics output device
(cursor = ) Graphics cursor input
(version= 2: October 1987)
(mode = ql)

A crucial parameterhereis pixelty, which mustbe ‘real’ for both outputand
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calculationtypes.This doeseatup moredisk space,but you run the risk of data
overflow if you don’t do this. Note that the instrum parameteris alreadysetup
for you. When done with this parameterlist, exit by typing <:g> to exit and
execute. This will move you over into the epar mode in the ccdproc task of
the ccdred package.

CCDPROC You will now be in the epar modeof the taskccdproc:

Image Reduction and Analysis Facility
PACKAGE= ccdred

TASK = ccdproc

images = solar,quartz,thar,dark,zero List of CCD images to correct
(ccdtype= object) CCD image type to correct
(max_cac= 32) Maximum image caching memory (in Mbytes)
(noproc = no) List processing steps only?

(fixpix = no) Fix bad CCD lines and columns?
(oversca= yes) Apply overscan strip correction?
(trim = yes) Trim the image?
(zerocor= yes) Apply zero level correction?
(darkcor= yes) Apply dark count correction?
(flatcor= no) Apply flat field correction?
(illumco= no) Apply illumination correction?
(fringec= no) Apply fringe correction?
(readcor= no) Convert zero level image to readout correction?
(scancor= no) Convert flat field image to scan correction?

(readaxi= line) Read out axis (column|line)
(fixfile= ) File describing the bad lines and columns
(biassec= [2100:2112,*]) Overscan strip image section
(trimsec= [23:2070,*]) Trim data section
(zero = ) Zero level calibration image
(dark = ) Dark count calibration image
(flat = ) Flat field images
(illum = ) Illumination correction images
(fringe = ) Fringe correction images
(minrepl= 1.) Minimum flat field value
(scantyp= shortscan) Scan type (shortscan|longscan)
(nscan = 1) Number of short scan lines

(interac= yes) Fit overscan interactively?
(functio= spline3) Fitting function
(order = 3) Number of polynomial terms or spline pieces
(sample = *) Sample points to fit
(naverag= 4) Number of sample points to combine
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(niterat= 5) Number of rejection iterations
(low_rej= 5.) Low sigma rejection factor
(high_re= 1.75) High sigma rejection factor
(grow = 3.) Rejection growing radius
(mode = ql)

Input thenamesof the imagesyou wish to ‘correct’ (i.e. reduce),or thename
of a file which containsa list of the imagesto be corrected. For our example,
thesewill be solar.imh,quartz.imh,thar.imh,dark.imh,andzero.imh.Type them
all in on one line, with commas,but no spacesbetween.The ccdtypeparameter
being set to ‘object’ tells the routine to perform dark currentcorrectiononly to
files with IMAGETYP= objectin their FITS headers.Themax_cacparametercan
be increasedasallowedby availablememoryto speedprocessingtime. Oversca
= yesmeanswe will be correctingeachimagefor row-to-row baselinevariations
using the overscanstrip (presentlyimagecolumns2070 to 2112). The baseline
will be measuredin the overscanareafor eachrow andthena smoothedversion
of this baselinemeasurewill be subtractedrow-by-row from the image. Trim =
yeswill trim eachimage,strippingoff thefirst 22 prescancolumns(which do not
containreal imagepixels) and the columnsbeyond2070 which, at present,are
reservedfor overscanpixels. Zerocor= yeswill causetheimagewith IMAGETYP
= zero in its FITS header(i.e. our file namedzero.imh)to besubtractedfrom each
imageto removethe bias level (curently set near1100dn). Darkcor = yeswill
instructthe routineto usethe imagewith the IMAGETYP= dark keywordin the
FITS header(i.e. our file calleddark.imk)to determinethedarkcurrent(dn/pixel-
sec),andthenscalethatdarkcurrentto thecorrectexposuretime for eachimage,
beforethensubtractingthatdarkcurrent.Theotherprocessingswitcheswon’t be
usedright now. Most are fairly self-explanatory.

Readaxi= line tells the routine that the readoutaxis is along the row (line)
direction. We don’t havea fixfile image yet for descibingand fixing bad lines
or columns. The biassecand trimsec parametersshown here are correct for
defining the overscanand trim regionsfor the presentsingle-amplifierreadout
configuration. They will be different for dual-amplifierreadout,and they may
changealsoaswe do moreoptimizing of the CCD. Checkthe locationsof these
araesyourself to seethat things are where you expect them. You don’t need
file namesfor zero,dark, flat, etc. sincethesefiles will alreadyhavethe correct
IMAGETYP FITS headerkeywords, and the routine will be smart enoughto
recognizethemassuch. For this example,we will be fitting the overscanregion
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interactively using a cubic spline.

So, before moving on, let’s summarizewhat we are now about to initiate
whenwe <:g> out of this parameterlist. We aresetup to do overscancorrection,
bias (zero) frame correction,and dark current correctionof eachobject image
(note that we are including our ‘quartz’ and our ‘thar’ imagesas object images
which also needcorrecting). The imageswill also be trimmed of their prescan
and overscanregions. When happywith the set-up,type <:g> which will send
you onward.

Note: if IRAF hassometrouble locatingor otherwisedecidinguponcorrect
imagetypesfor your datafiles, it may well return immediatelyto the command
line prompt without actually doing anything, nor telling you that it didn’t do
anything.Theprocessingwill takeawhile, soif it returnsimmediately,something
is probably wrong.

If all is well, IRAF will begin trimming the frames,andextractingbaseline
information. Sincewe specifiedinteractivebaselinefitting, it will put you into
the interactivebaselinefitting modefor eachframe. Try playingwith thebaseline
fitting from the tektronix plot window displayed.If totally lost as to what to do
next,from thetektronixplot window just type<?>andyou’ll geta helpsummary.
But you must<q> twice out of the helpsummaryto getbackto interactivemode
in the tektronix window.

Usefulcommandsto play aroundwith in interactivefitting of thebaseline(or
for many interactivefitting tasks)are :high (high reject level, sigmaunits), :low
(low reject level), :niter (numberof iterations),:order , and :show (to display
theseparameters).Try to get as low order of a spline as possiblethat fits the
baselinereasonablywell. When done, type <q> to quit out of eachinteractive
fitting sessionandmoveon to the next frame to be baselined.

Whenall finishedin ccdproc, go takea look at your files with ccdlist. and
you shouldseeall the processingoperationsthat havenow beendoneon them,
alongwith the datesof when the operationsweredone. This may begin to give
you a warmerfeeling that somethinguseful is now happeningto your data.

Tracing the Echelle Orders The next step is to use the quartz spectrumto
locatethe positionsand track the shapesof all the echelleorders. We generally
usethequartzsinceit is anicehigh S/N smoothspectrumwith easyto find orders.
But onecould usea spectrumof a star,or someother referenceif desired.The
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point is that you want the echelleordersof this referenceframeto correspondas
closely as possibleto whereyour object orderswill be.

To find and tracethe echelleorders,we will usethe task apall. Here is its
parameterlist:

I R A F
Image Reduction and Analysis Facility

PACKAGE= echelle
TASK = apall

input = quartz List of input images
(output = ) List of output spectra
(format = echelle) Extracted spectra format
(referen= ) List of aperture reference images
(profile= ) List of aperture profile images

(interac= yes) Run task interactively?
(find = yes) Find apertures?
(recente= yes) Recenter apertures?
(resize = no) Resize apertures?
(edit = yes) Edit apertures?
(trace = yes) Trace apertures?
(fittrac= yes) Fit the traced points interactively?
(extract= yes) Extract spectra?
(extras = yes) Extract sky, sigma, etc.?
(review = yes) Review extractions?
(line = 900) Dispersion line
(nsum = 10) Number of dispersion lines to sum

# DEFAULT APERTUREPARAMETERS

(dispaxi= 1) Dispersion axis (1=along lines, 2=along columns)
(lower = -20.) Lower aperture limit relative to center
(upper = 20.) Upper aperture limit relative to center
(apidtab= ) Aperture ID table (optional)

# DEFAULT BACKGROUNDPARAMETERS

(b_funct= chebyshev) Background function
(b_order= 1) Background function order
(b_sampl= -28:-21,21:28) Background sample regions
(b_naver= -3) Background average or median
(b_niter= 0) Background rejection iterations
(b_low_r= 3.) Background lower rejection sigma
(b_high_= 3.) Background upper rejection sigma
(b_grow = 0.) Background rejection growing radius

# APERTURECENTERINGPARAMETERS

(width = 40.) Profile centering width
(radius = 40.) Profile centering radius
(thresho= 10000.) Detection threshold for profile centering

# AUTOMATICFINDING AND ORDERINGPARAMETERS

nfind = 30 Number of apertures to be found automatically
(minsep = 50.) Minimum separation between spectra
(maxsep = 1000.) Maximum separation between spectra
(order = increasing) Order of apertures

# RECENTERINGPARAMETERS

(apertur= ) Select apertures
(npeaks = INDEF) Select brightest peaks
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(shift = yes) Use average shift instead of recentering?

# RESIZING PARAMETERS

(llimit = INDEF) Lower aperture limit relative to center
(ulimit = INDEF) Upper aperture limit relative to center
(ylevel = 0.1) Fraction of peak or intensity for automatic widt
(peak = yes) Is ylevel a fraction of the peak?
(bkg = no) Subtract background in automatic width?
(r _grow = 1.1) Grow limits by this factor
(avglimi= yes) Average limits over all apertures?

# TRACING PARAMETERS

(t_nsum = 8) Number of dispersion lines to sum
(t _step = 16) Tracing step
(t_nlost= 128) Number of consecutive times profile is lost befo
(t_funct= spline3) Trace fitting function
(t_order= 3) Trace fitting function order
(t_sampl= *) Trace sample regions
(t_naver= 1) Trace average or median
(t_niter= 10) Trace rejection iterations
(t_low_r= 2.5) Trace lower rejection sigma
(t_high_= 2.5) Trace upper rejection sigma
(t_grow = 0.) Trace rejection growing radius

# EXTRACTION PARAMETERS

(backgro= none) Background to subtract
(skybox = 1) Box car smoothing length for sky
(weights= none) Extraction weights (none |variance)
(pfit = fit1d) Profile fitting type (fit1d|fit2d)
(clean = no) Detect and replace bad pixels?
(saturat= INDEF) Saturation level
(readnoi= 4) Read out noise sigma (photons)
(gain = 2.38) Photon gain (photons/data number)
(lsigma = 4.) Lower rejection threshold
(usigma = 4.) Upper rejection threshold
(nsubaps= 1) Number of subapertures per aperture
(mode = ql)

Obviously there are a large numberof parametersin this very generalized
andpowerful task. The onesshownhereworkedwell for a shot in 1st order of
the cross-disperser,in the 4800 to 7000 angstromrange,wherethe deckerused
projectsto a heightof about38 rows. You will probablyhaveto modify several
parametersif your order spacingand/ororder widths (set by the deckerlength
usually) are different.

Someof the most crucial parametersto set properly are width and radius.
I’m told that the width parametermustbe just slightly bigger than the width (in
rows or lines) of the widestechelleorder. In our example,this is about38 rows,
so I setwidth to 40. Also, the radius parametershouldbe set to the samevalue.
Eventually,we will beableto usethe instrumentkeywordsand/orsetup routines
to setthis parameterautomatically,but for now, you mustdisplayyour imagein
SAOIMAGE (usingthe taskdisplay), roamaroundlooking at orderwidths, and
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decideupon the correctvalue for width .by measuringthe width of the widest
order. Actually, all ordersshould be very nearly all the samewidth, savefor
slight anamorphicand distortion effects.

Herearesomeothernoteworthyparameters.Theparameterline is thecolumn
wheretheordertracingroutinestartsits search.I’ve setit at 900to avoidstarting
in the ‘dark blob’ near chip center,which may confusethe algorithm. (This
blob is a mark from a felt-tip pen, kindly put on this $100,000CCD by some
technicianat Tektronix to remind us that this is an engineering-gradedevice).
The parameterslower andupperdefine the lower andupperlimits of the tracing
aperturerelative to ordercenter.The parameterb_sampldefinesthe background
sampleregion,andhasbeensetto run just outboardof the tracingwindow here.
The parameternfind mustbe at leastasbig asthe numberof ordersto be found.
Theparameterminsepmustbesetcorrectly,but theparametermaxsepcanbeany
numbermuch larger than your order separation.

So when ready type <:g> to exit and executeapall, and start answering
interactivemodeprompts. It will ask questionsaboutwhetheror not you want
to resizeaperturesfor quartz,edit aperturesfor quartz,etc. Your answerswill
dependon whetherthis is your first time through,or whetheryou havealreadyrun
the routine,and havepreviousapertureinformationstoredaway in the database
subdirectory,so answercarefully. When satisfiedwith eachfit to eachorder,
type <q> to quit andmoveon to the next order. As with all interactivequestion
andanswersessionswithin IRAF, If you get tired of answering‘yes’s, just type
YES (all caps).

If all the parametersareset reasonablywell, apall shouldhaveno problem
finding all orders. If it doeshave problems(and you should check by going
throughin interactivemodeat leastonce),thentry playingaroundwith parameters.
And you canalwaysdo anend-runaroundtheauto—order—finding routinesand
just mark themby eyeinteractivelyif you wish. It is very importantat this stage
to verify that your aperturesare reasonablywell fit to the orders,so I suggest
looking at themin detail in the interactivemodeof apall. Be surethat apertures
from adjacentordersdo not everoverlap,andthat all orders(exceptperhapsfor
the first and/orlast,which areoften partial sincethey fall off the chip edges)are
presentand accountedfor.

When finished,you will be askedif you want to write the aperturesto the
database.You should answeryes, and IRAF will createa subdirectorycalled
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‘database’,where it savesall the apertureinformation (along with lots of other
information to come).

Now you can extract and review eachquartz order to check that they all
look reasonable.If you wish somehardcopies,just type .snap andyou’ll get a
laserprint of the Tektronix plot window. If the ordersall look good, you have
successfullylocatedandtracedall the echelleorders,andaredonewith apall.

Generate the Flat-Field Image The next task is to generatea flat-field image
(from the quartz) which can removepixel-to-pixel (predominantlyhigh spatial
frequency)variations.We do this usingthetaskapnormalize. This taskwill take
thequartzimage,removethe low spatialfrequencyvariations(i.e. blazeprofile),
andcreatea normalizedflat-field imagewhich I will call ‘flat’.

The reasonwe would like to normalize out the low— frequency quartz
spectrumvariationsis that doing a straightdivision by a quartzframewill give
excessweight to thosepixels where the quartz illumination happensto be low
(eitherawayfrom blazeor awayfrom the centerof the aperture).Onecould not
go on to performan optimal extractionif you flat fielded in this manner.

Here is the apnormalize parameterfile for doing this, using ‘quartz.imh’ as
the input and‘ flat.imh’ as the output:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = apnormalize

input = quartz List of images to normalize
output = flat List of output normalized images
(referen= ) List of reference images

(interac= yes) Run task interactively?
(find = no) Find apertures?
(recente= no) Recenter apertures?
(resize = no) Resize apertures?
(edit = no) Edit apertures?
(trace = no) Trace apertures?
(fittrac= yes) Fit traced points interactively?
(normali= yes) Normalize spectra?
(fitspec= yes) Fit normalization spectra interactively?

(line = INDEF) Dispersion line
(nsum = 10) Number of dispersion lines to sum
(cennorm= no) Normalize to the aperture center?
(thresho= 10.) Threshold for normalization spectra

(backgro= none) Background to subtract
(weights= none) Extraction weights (none|variance)
(pfit = fit1d) Profile fitting type (fit1d |fit2d)
(clean = no) Detect and replace bad pixels?
(skybox = 1) Box car smoothing length for sky
(saturat= INDEF) Saturation level
(readnoi= 4) Read out noise sigma (photons)
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(gain = 2.38) Photon gain (photons/data number)
(lsigma = 4.) Lower rejection threshold
(usigma = 4.) Upper rejection threshold

(functio= spline3) Fitting function for normalization spectra
(order = 3) Fitting function order
(sample = *) Sample regions
(naverag= 1) Average or median
(niterat= 3) Number of rejection iterations
(low_rej= 3.) Lower rejection sigma
(high _re= 3.) High upper rejection sigma
(grow = 0.) Rejection growing radius
(mode = ql)

If you do it interactively(asyou shouldthefirst time through),you will have
theopportunityto play with all thefitting parameters.Try to usethe lowestorder
spline as possiblewhen fitting out the quartz’s low frequencyvariationsor you
will risk introducingripples into your flat-fieldedspectrum.

Again, be careful how you answer questionsabout resizing and editing
apertures,etc. If you want to stick with the aperturesyou just found in apall, be
surenot to find, recenter,resize,or edit the aperutres.

Whenfinished,you shoulddoa sanity-check,usingthetaskdisplay to display
flat.imh and visually inspectfor unexpectedresults,etc. You should havenice
uniform intensityquartzspectrumorders,with lots of cleardarkspacein between.
If you histogramequalizethe image,you may also be able to seethe ‘meteor’,
which is a scatteredlight featureof thespectrograph.It generallyrunsdiagonally
acrossthe chip, and is brightestwhencrossingeachorder. You will alsoseethe
prominentdark blob nearCCD center.Again, if you needhardcopyoutput,use
the print button underthe etc menuin SAOIMAGE.

Flat-Fielding the object images With the normalizedflat-field image in hand
from the previousstep,you arenow readyto usethe taskflatten (locatedin the
generic package)to remove the high-spatial-frequencypixel-to-pixel response
variations. We will flat-field correctboth solar.imhand thar.imh,using the flat-
field imageflat.imh. Theflatteningroutineresidesin a packagecalledgeneric, so
load this packageby typing generic, and thenepar into flatten. The parameter
list for flatten should look like this:

I R A F
Image Reduction and Analysis Facility

PACKAGE= generic
TASK = flatten

images = solar,thar Images to be flattened
flatfiel= flat Flat field
(minflat= INDEF) Minimum flat field value
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(pixtype= real) Flattened image pixel datatype
(keeplog= ) _.keeplog) Keep log of processing?
(logfile= )_.logfile) Log file
(imlist = tmp$ims7334a)
(imfd = tmp$ims7334a)
(input = )
(flat = flat)
(flt = flat)
(mode = ql)

Note that flatten will write the flat-fieldedimagesbackover the originals,so
if you want to go back to unflattenedsolar.imhand thar.imh, you will have to
imdel thesefiles and rfits in both solar.fitsand thar.fitsagain. It is alsoa good
sanitychecknow to display the newly-flattenedsolarandtharfiles. Theyshould
look clean,with nice darkspacesbetweenorders,andperhapsa bright line along
the edgesof eachorder. Note that they haveonly hadthe high frequencypixel-
to-pixel variationsremovedat this point, and will still show the low-frequency
blazeprofile variationin intensity. Thatwill beremovedlater. It is alsohumbling
andscaryto roamarounda bit on the histogram-equalizedthar frame,searching
for ghosts.You’ll seea numberof them,aswell as the ‘meteor’.

Removing scattered background light Thenexttaskis to measureandremove
the scatteredbackgroundlight. This is light which showsup betweenthe orders,
and which results from scatteredlight, ghosts,and other reflectionsinside the
spectrograph.You will usethe taskapscatter in the echellepackageof routines,
so ‘bye’ out of the generic packageif you aren’t alreadyout, and get into the
echelle packagenow.

Basically,apscatterwill allow oneto interactivelyfit a function(usingto the
interorderlight, both in the row andcolumndirections.This 2–d functionalfit to
thebackgroundis thensubtractedfrom the given image.Noteherethat scattered
light will dependstrongly on the illuminating source,and thus eachindividual
dataframewill havedifferentscatteredlight characteristics.Furthermore,features
like the‘meteor’ would requirequitehigh orderto fit accurately,andmaybequite
tricky to remove. In many cases,it may be better (dependingon the dataand
application)to simply steerclearof the regionscontaminatedby the meteor.

So here is the parameterlist for apscatter, set up to use solar.imhas the
input, quartz.imhasthe referenceimagefor theapertures,andto write theoutput
as solar.ds.imh(solar de-scattered).Note that we are againgetting our aperture
information from the quartz image:
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Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = apscatter

input = solar List of input images to subtract scattered light
output = solar.ds List of output corrected images
(scatter= ) List of scattered light images (optional)
(referen= quartz) List of aperture reference images

(interac= yes) Run task interactively?
(find = no) Find apertures?
(recente= no) Recenter apertures?
(resize = no) Resize apertures?
(edit = no) Edit apertures?
(trace = no) Trace apertures?
(fittrac= no) Fit the traced points interactively?
(subtrac= yes) Subtract scattered light?
(smooth = yes) Smooth scattered light along the dispersion?
(fitscat= yes) Fit scattered light interactively?
(fitsmoo= yes) Smooth the scattered light interactively?
(line = 900) Dispersion line
(nsum = 10) Number of dispersion lines to sum
(buffer = 1.) Buffer distance from apertures
(apscat1= ) Fitting parameters across the dispersion
(apscat2= ) Fitting parameters along the dispersion
(mode = ql)

Note that we’ve set all the find, recenter,resize, edit, and trace aperture
parametersto no since we will be using the aperturesfound from the quartz
spectrum. The line=900 was set to try to avoid the dark blob, but the routine
startedanywayat column 1024,so this didn’t seemto matter.

It will startby giving you a cut down column1024. Identify what you think
arethe‘scatteredlight’ points,andfit theminteractivelyusing:order , :low, :high,
and:niter commandsto adjusttheorder,the low andhigh rejectthreshholds,etc.
In general,you’ll want to setthe :high threshholdpretty low, to rejecthigh points
which comefrom edgesof orders,etc.. And you’ll want to setthe :low threshold
prettyhigh soasnot to rejectmanylow points(becausemostof themwill contain
useful dark information). Again, try to stay with as low an order as you can to
avoid introducing ripples.

When satisfiedwith each column’s fit, type ‘q’ to quit and you will be
promptedfor a new columnvalue. You must reply with a ‘col 100’ to fit along
column 100 etc. I suggestfitting at every 100 columnsacrossthe CCD. You
can go acrossthe CCD once,fitting every 100 columns,and you can return to
placeslater for re-fitting if necessaryuntil you’ve got it just the way you want.
Thereis presentlya diffuse halo in the scatteredlight (like the ‘ring nebula’ at
very low light level, centeredroughly on the centerof the CCD. You may notice
the double-peakedsignatureof this halo as your cuts move acrossthe chip. It
may requireeven5–7 ordersto fit well. But out nearthe edges,away from this

61



Data Reduction HIRES Manual

halo, a lower order spline shouldsuffice. Hopefully, anti-reflectioncoating the
field-flattenerlens will reducethis halo.

Onceyou’ve got a full setof columnsfit, quit out of the routine. It will then
go away for a long time (many mnutes)calculatingthe proper smoothedfit to
the backgroundin the row direction. When it returns,it will display a row cut
acrossthe imageat row 1024,andyou mustrepeattheaboveprocessfor a series
of rows acrossthe image. Again, it is good to do a fit every 100 rows across
the CCD, keepingthe order as low as possible. When finished,quit out of the
routine. You shouldthenusedisplay and/orimplot to examineyour de-scattered
light result to seethat all looks as expected.

Extracting Orders and Compressingto 1–d Spectra You are now ready to
use apsum to extract the ordersand compressthem into 1–d spectra. We will
extractboth solar.ds.imh,andthar.imh(for this demo,I didn’t bothercorrecting
the thar.imhfor scatteredlight sinceI will only useit for wavelengthcalibration
anyway). Here is the parameterfile for this:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = apsum

input = solar.ds,thar List of input images
(output = ) List of output spectra
(format = echelle) Extracted spectra format
(referen= quartz) List of aperture reference images
(profile= ) List of aperture profile images

(interac= yes) Run task interactively?
(find = no) Find apertures?
(recente= no) Recenter apertures?
(resize = no) Resize apertures?
(edit = no) Edit apertures?
(trace = no) Trace apertures?
(fittrac= no) Fit the traced points interactively?
(extract= yes) Extract apertures?
(extras = no) Extract sky, sigma, etc.?
(review = yes) Review extractions?
(line = INDEF) Dispersion line
(nsum = 10) Number of dispersion lines to sum

(backgro= none) Background to subtract (none|average|fit)
(weights= none) Extraction weights (none|variance)
(pfit = fit1d) Profile fitting type (fit1d |fit2d)
(clean = no) Detect and replace bad pixels?
(skybox = 1) Box car smoothing length for sky
(saturat= INDEF) Saturation level
(readnoi= 0.) Read out noise sigma (photons)
(gain = 1.) Photon gain (photons/data number)
(lsigma = 4.) Lower rejection threshold
(usigma = 4.) Upper rejection threshold
(nsubaps= 1) Number of subapertures per aperture
(mode = ql)
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By notputtingexplicit namesin thelist of outputspectra,wewill beaccepting
thedefaultwherebyextractedspectrakeepthesamename,but with additionof a
.ecexptension.Again, we will beusingthequartz.imhimageasthe referencefor
apertures.Also, for this run, we will not be extracting‘sky’ (sincetherereally
is nonein thesedata). We will do a simple sum along columnsin the aperture
window for this extraction, but of coursemore complex extractions(such as
optimally-weightedsummation)canalsobe donehere. You shouldreview each
extractedorder interactively,or usesplot to againsanity-checkfor correctness.

WavelengthCalibration We will now use the task ecid to do a wavelength
calibration using the thar.ec.imhspectrum. IRAF has a catalogof some3000
Th-Ar lamp emissionlines, and will use this information, in conjunctionwith
the manyline positionsfound in your thar referencespectrumto computea very
accuratewavelengthsolutionfor eachorder. You might wish to obtaina copy of
A CCD Atlas of Comparison Spectra: Thorium-Argon Hollow Cathode 3180
A — 9540 A (Willmarth, 1987) from NOAO. It is helpful for recognizingand
indentifying featuresin your Th-Ar spectrum.Unfortunately,it doesn’tlook that
similar to the specificlamp usedin HIRES,so don’t expectline strengthsor line
strengthratiosto be the same.Only line spacingscanbe trusted,andsomelines
won’t evenbe there.A betteraid is theTh-Ar atlaswe arecurrentlyworking on,
takenwith theactualHIRESlamp. GraduatestudentMike Keaneat UCO/Lick is
championingthis. Hopefully it will soonbe availableasa UCO/Lick Technical
Report. You may also wish to run a sessionof the HIRES echellesimulator to
aid in finding features. If you get it set up fairly closely to how the data was
obtained,you canreadwavelengthsoff at anycolumnin anyorderquite rapidly.

Wavelengthfitting is a bit tricky since,if you get a few wrong identifications
near the start, you can end up going down an incorrect path, and arrive at an
incorrect solution. This is largely becausethereare so many Th-Ar lines, that
the routinecanalmostalwaysfind onenearwhereit thinks oneshouldbe. And
then, if you let it start finding its own lines, without properly constrainingit
enough,it will quickly accumulatea list of incorrectly-identified lineswhich will
overwhelmyour relatively small list of proper identifications,and converge on
the wrong solution!

So you haveto startout slowly, giving it a few tensof lines scatteredacross
the format,andletting it find small numbersof its own. Whenconfidentthat it is
finding linescorrectly,thenyou canturn up maxfeatto themaximumof 3000and
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really let it go hog wild. But to beginwith, I’d suggestsettingmaxfeatat about
20, and inputting 10 to 20 featuresmanually. Of coursethe easiestlandmarks
to identify are the very bright Argon lines which appearredwardof about7000
A, but if you don’t haveany of thesein your spectrum,stick with the strongest
featuresat first. Here is a reasonablestartingparameterlist for ecid:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = ecidentify

images = thar.ec Images containing features to be identified
(databas= database) Database in which to record feature data
(coordli= linelists$thorium.dat) User coordinate list
(match = 1.) Coordinate list matching limit in user units
(maxfeat= 20) Maximum number of features for automatic identif
(zwidth = 10.) Zoom graph width in user units
(ftype = emission) Feature type
(fwidth = 4.) Feature width in pixels
(cradius= 5.) Centering radius in pixels
(thresho= 10.) Feature threshold for centering
(minsep = 2.) Minimum pixel separation
(functio= chebyshev) Coordinate function
(xorder = 4) Order of coordinate function along dispersion
(yorder = 4) Order of coordinate function across dispersion
(niterat= 5) Rejection iterations
(lowreje= 3.) Lower rejection sigma
(highrej= 3.) Upper rejection sigma
(autowri= no) Automatically write to database?
(graphic= stdgraph) Graphics output device
(cursor = ) Graphics cursor input
(mode = ql)

Another,mucheasierway to wavelengthcalibrateis to usethesolutionfrom
a previouscalibrationrun, anduseecreidentify to matchto theprevioussolution,
makingslight shifts, etc. This works quite well if the referencespectrumis near
to the oneyou areworking on. I havenot yet tried to seehow far onecanreach
out to referencespectrawhich are significantly offset. Eventually,we hope to
build a library of Th-Ar referencespectrawhich canbe usedat any placearound
the HIRES format, and thusalwaysallow wavelengthcalibrationto be doneby
ecreidentify. If you hada referencespectrumcalledthar.ref.ec,this is what your
parameterlist for ecreidentify would look like:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = ecreidentify

images = thar.ec Spectra to be reidentified
referenc= thar.ref.ec Reference spectrum
(shift = 0.) Shift to add to reference features
(cradius= 5.) Centering radius
(thresho= 10.) Feature threshold for centering
(refit = yes) Refit coordinate function?
(databas= database) Database
(logfile= STDOUT,logfile) List of log files
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(mode = ql)

Anyway, herewe go now in ecid. The first thing which will be displayedis
a plot of the1staperture.Move the cursorto a line you think you recognizeand
type <m> to mark. If it beepswithout marking,try shifting the cursora tiny bit
to the right (often you haveto position the cursorslightly right of line centerto
get it to mark that line). It will thenrespondwith the columnnumberandawait
an input wavelength.If you changeyour mind anddo not want to mark that line,
just hit return,andthen(without moving the cursor)hit <d> for delete,then<r>
(for redraw the plot). Using the <m> and <d> keys, you can mark (or delete)
andenterwavelengthsfor asmanyfeaturesasyou wish. A <.> will give you the
positionof the featurenearestthe cursor.Whendonemarkinglines in any order
(or at any time), you may switch to otherordersusing the <j> and<k> keys to
movebackwardsor forward amongyour orders.Many otherhelpful optionscan
be displayedas usualusing <?> in the plot mode.

I try to marka few lines in thefirst severalorders,a few nearthecenter,and
a few nearthe last few ordersbeforeletting the routinego to try finding its own
lines. Whenfinishedmarkinga reasonablesamplingof identifiedlinesacrossthe
orders,you are readyfor someinitial fitting. Type <f> in the plot window (this
stands‘fit dispersion’).

Oneusesa combinationof maxfeatand threshholdto control the numberof
peaksfound. It will only find peaksabovethespecifiedthreshhold, andwill find
up to maxfeatof these.We havethemaxfeatparametersetat only 100right now,
so it will find a maximumof only 100 peaks(abovethreshhold),but that’s ok
for a first timid try. Make sure they are reasonablywell distributedacrossthe
full field of apertures,you don’t want it to find all of them nearthe beginning,
etc. You will now be presentedwith a plot of fitting residualsvs. pixel. Use
the cursorandthe <d> key to deletebadpoints,andthe <f> to re-fit (the ‘affect
all features’switch is alreadyturnedon). If you’ve donethings right, most of
your residualsshouldbe down well below a pixel by this point. If you already
know which ordercorrespondsto a given aperture,you canusethe ‘o’ option in
fit to set this. If you are not settingthe order numberdirectly, check to seeif
it solvedcorrectly for the orderoffset (the offset betweenyour aperturenumber
and the true interferenceorderat the echelle). If it got the offset correct,this is
a good indicator that you are on your way to a solid and correct solution. Be
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careful though,it could still be off slightly in echelleorder,you may needmore
featuresto really nail this down.

Now, you can type <q> to quit out of this fitting subroutineand return to
displayingthe ordersagain. You cannow eithermanuallyhunt down and mark
other featuresto improve the fit, or quit out and write your initial solution to
the database. To identify other lines quickly by hand (say by looking at the
Th-Ar atlas),simply move the cursorneara line, and hit spacebarto mark the
nearestline. It will then prompt you with the pixel position, and the computed
wavelengthfrom the current solution. If this computedwavelengthmatches
(within a window set by the match parameter)a line in the linelist database,
it will return the tabledwavelength.Otherwise,it returnswith INDEF andwaits
for you to inputa wavelength.If you arehappywith its tabledwavelength,justhit
return.Thisenormouslyspeedstheenteringof manymorelinesto really pin down
the dispersionfit. Use<j> and<k> to moveamongthe ordersnow, identifying
a decentsamplingof lines throughoutthe orders. I keepthe Th-Ar atlasby the
keyboardat this point, and just run throughthe format picking out the stronger
lines,andverifying that the wavelengthpredictedfor eachmarkedfeatureagrees
to within 4 placeswith the atlas. Whe done,again type <f> for fit dispersion.
Again, usecursorand<d> key to zapout ‘outliers’, and re-fit.

Once you feel sure that you have a solid preliminary solution, you can let
the routinefind manymore lines automatically.But this time, increasemaxfeat
to 3000to allow it to find all the featurescontainedin the linelist database.But
be careful, if you haven’t yet input enoughcorrectline id’s, and/oryour match
parameteris too large,it canquickly find manyincorrectid’s andheadoff toward
an incorrectsolution. Use <y> to find up to maxfeatfeaturesabovethreshhold,
and then <l> to ‘match’ featuresto entries in the linelist database(using the
currentdispersionsolution). Again, when all the featureshavebeenidentified,
type <f> to re-fit the dispersion.

Now, with so many features,it becomestime to tune in the order of the
fitting functionsin x andy. Again, checkyour residualsandzapout outliersas
needed.Use :xorder and :yorder to vary the orderof the fit in eitherdirection.
Use :show to see the fitting parameters,and the rms fit. You can watch the
rms fit statisticas you play with :xorder and :yorder to decideupon the best
compromise.Try alwaysto usethe lowestordernumberpossibleconsistentwith
thedesired(or expected)fitting accuracy.In my limited experience,I havefound

66



HIRES Manual Data Reduction

that 4 works well for both xorderandyorder,and rms fits of 0.0022Angstroms
are commonly achieved.

You can also display your fitting residualsin many other meaningfuland
entertainingways by using the <x> and <y> keys to redefinethe abcissaand
ordinatesof the residualplot. Try <yo> andthen<xp> to showa mapof where
all your identifiedfeatureswerelocated.Checkfor areas(clusters?)wheremany
pointsmay havebeendeleted.If necessary,you may haveto go backin andpin
down more lines in theseareas.Try <yv> and<xw> to showvelocity residuals
with wavelength,etc. Whenconvincedthat the solution looks solid andcorrect,
quit out and savewhat you’ve done to the database.Next time through (near
this position on the format) you can use this spectrumas a reference,and use
ecreidentify to do the wavelengthsolutionquickly andpainlessly!You arenow
donecomputingthe wavelengthsolution for the Th-Ar referencespectrum.

Attach Dispersion Solution to the Solar Spectrum We mustnow usethetask
refspec to attach the dispersionsolution just found for the Th-Ar reference
spectrumto our programobjectspectrumsolar.ds.ec.imh.Here is the parameter
file for this:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = refspectra

input = solar.ds.ec List of input spectra
(referen= thar.ec) List of reference spectra
(apertur= ) Input aperture selection list
(refaps = ) Reference aperture selection list
(ignorea= no) Ignore input and reference apertures?
(select = match) Selection method for reference spectra
(sort = ) Sort key
(group = ) Group key
(time = no) Is sort key a time?
(timewra= 17.) Time wrap point for time sorting
(overrid= no) Override previous assignments?
(confirm= yes) Confirm reference spectrum assignments?
(assign = yes) Assign the reference spectra to the input spectr
(logfile= STDOUT,logfile) List of logfiles
(verbose= no) Verbose log output?
answer = yes Accept assignment?

(mode = ql)

This now takes the solution computedfor thar.ec.imhand attachesit to
solar.ds.ec.imh.At this point though, you only know the true wavelengthfor
eachpixel in eachorder. You will generallywant to linearize(or logarithmize
or whatever)the dispersionto someconvenientsamplingscalewith the task of
the next section.
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Attaching wavelengthreferencesis generallyfar more complexthansimply
attachinga singlesolutionto a singleframe. Often,onewill havepre-andpost—
Th-Ar spectraand will want to interpolatebetweenthese. Or one may wish to
attacha solution from a group of referencespectra,and to perhapsa group of
programobjects.Or onemaywish to attachtheclosestreferencespetrumin time.
Thereare keywordsand options for doing many suchoperations.The point is
that refspecis much more powerful than illustratedhere.

Applying Dispersion Corr ection to Object Spectrum We would now like to
usethe task dispcor to linearizethe dispersionof our programobject spectrum
solar.ds.ec.imh.Epar into the parameterlist now for dispcor:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = dispcor

input = solar.ds.ec List of input spectra
output = List of output spectra
(lineari= yes) Linearize (interpolate) spectra?
(databas= database) Dispersion solution database
(table = ) Wavelength table for apertures
(w1 = INDEF) Starting wavelength
(w2 = INDEF) Ending wavelength
(dw = INDEF) Wavelength interval per pixel
(nw = INDEF) Number of output pixels
(log = no) Logarithmic wavelength scale?
(flux = yes) Conserve flux?
(samedis= no) Same dispersion in all apertures?
(global = no) Apply global defaults?
(ignorea= no) Ignore apertures?
(confirm= no) Confirm dispersion coordinates?
(listonl= no) List the dispersion coordinates only?
(verbose= yes) Print linear dispersion assignments?
(logfile= ) Log file
(mode = ql)

Thereare many optionshere,but we want just a simple flux —conserving
linear interpolation.After running this task,you shoulddo a quick sanity check
andusesplot to browsearoundthe spectrum,checkingagainstknown reference
spectra(easyto find for the Sun), to seethat obvious fetureslike H- � , Na D,
etc. endedup with accuratewavelengths. In splot, use the <(> and <)> keys
to move among the orders,and <wx>, <wl>, and <wr> to expandin x, and
move left andright aroundany feature.You’ll seethat you havea pretty decent
looking spectrumat this point, but thatthereis still thestrongechelleblazeprofile
dominatingthe continuumshape.We will removethat in the next section.

Flattening the Continuum To flatten the continuum, we will use the task
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continuum. We will usesolar.ds.ec.imhas the input, and savethe continuum-
flattenedversionassolar.final.ec.imh.Here is the parameterfile:

I R A F
Image Reduction and Analysis Facility

PACKAGE= echelle
TASK = continuum

input = solar.ds.ec Input images
output = solar.final.ec Output images
(lines = *) Image lines to be fit
(type = ratio) Type of output
(replace= no) Replace rejected points by fit?
(wavesca= yes) Scale the X axis with wavelength?
(logscal= no) Take the log (base 10) of both axes?
(overrid= no) Override previously fit lines?
(listonl= no) List fit but don’t modify any images?
(logfile= logfile) List of log files
(interac= yes) Set fitting parameters interactively?
(sample = *) Sample points to use in fit
(naverag= 1) Number of points in sample averaging
(functio= spline3) Fitting function
(order = 1) Order of fitting function
(low_rej= 2.) Low rejection in sigma of fit
(high_re= 0.) High rejection in sigma of fit
(niterat= 10) Number of rejection iterations
(grow = 1.) Rejection growing radius in pixels
(markrej= yes) Mark rejected points?
(graphic= stdgraph) Graphics output device
(cursor = ) Graphics cursor input
ask = YES
(mode = ql)

Note that we’ve set high_rej = 0, and low_rej = 2 in order to try to avoid
havingthe continuumfit beingpulled down by absorptionlines. But thesefitting
parametersshould be played with accordingto the user’s judgement. Again
though,try to stick with the lowestorderpossibleon continuumfits.

Show and Tell of the Final Result
You will now have,in solar.final.eca respectablesolar spectrum.Thereare

severalwaysto explorethis final result,andmakehardcopies.You cancertainly
use splot to plot order by order. I like to use specplot which can display all
ordersat once. Here is the parameterfile:

Image Reduction and Analysis Facility
PACKAGE= echelle

TASK = specplot

spectra = solar.final.ec List of spectra to plot
(apertur= ) Apertures to plot
(bands = 1) Bands of 3D images to plot
(autolay= yes) Use automatic layout algorithm?
(autosca= yes) Scale to common mean for automatic layout?
(fractio= 0.) Fraction of automatic minimum separation step
(units = wavelength) Coordinate units
(scale = 1.) Default intensity scale
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(offset = 0.) Default intensity offset
(step = 0.) Default separation step
(ptype = 1) Plotting type
(labels = user) Type of labels
(ulabels= ) User labels (file)
(xlpos = 1.02) X label position (fraction of range)
(ylpos = 0.) Y label position (fraction of mean)
(sysid = yes) Include system banner and step value?
(yscale = yes) Draw Y axis scale?
(title = /u/vogt/IRAF/demo/solar.final.ec.imh) Plot title
(xlabel = wavelength) X axis label
(ylabel = intensity) Y axis label
(xmin = INDEF) X axis left limit
(xmax = INDEF) X axis right limit
(ymin = 0.) Y axis bottom limit
(ymax = INDEF) Y axis top limit
(logfile= ) Logfile
(graphic= stdgraph) Graphics output device
(cursor = ) Cursor input
(mode = ql)

If you set fractio= 0, the continuum level for all orderswill remian at a
constantordinatevalueall the way acrossthe spectrumplot. The spectrumwill
be very highly compressedin the wavelengthdirection, but can be expanded
aboutany point with the <wx> commandas many times as you need,and then
<wl> and<wr> to panleft andright. (Unfortunately,theredoesn’tseemto bean
‘unexpand’key stroke,so you haveto <wa> to redrawthe entireplot if you’ve
overexpanded,or get tired panningleft/right in too small increments).

It is instructive to look carefully at the order overlap regions to seehow
well theseoverlapregionsagree.Theseare independentlyobservedandreduced
spectralregions,and offer a useful consistencycheck. Somedisagreementis
expectedin the continuumlevel becauseit is very hard to rectify the continuum
of eachechelleorder right nearthe nearthe endsof eachorder (splineshavea
way of headingoff on their own at the end of a dataset). But the shapesand
relativedepthsof all spectralfeaturesshouldmatchvery closelyif everythinghas
beendone properly.

Onceyou havea view of somepieceof thespectrumyou like, you canget a
hardcopy by simply typing .snap. If you arecorrectlysetup in the system,this
shouldoutput the hardcopydirectly to the local laserprinter.

That brings us to the end of our initial foray into IRAF data reductionof
HIRESspectra.You arenow no doubtwell awarethatthis wasonly a very simple
(but entirely respectable)shot at reducinga dataset. IRAF is a very powerful
data reductionenvironment,with lots of roomsand corridors to explore. Data
setswhich pushthe limits of dark current,cosmicray exposures,low S/N, etc.
may requiremorecalibrationframes,andmoreextensivereductiontreatments.
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Chapter 7 HIRES Exposure Estimator

An exposureestimatingprogram, first written by UCSC graduatestudent
Don Penrod,and later enhancedby UCSC graduatestudentMichael Keane,is
availableto help the userestimatesignal-to-noiseundervariousconditions.This
S/N estimatoris fully self-prompting,and very easyto use. It knows aboutthe
overall efficiency of the telescopeand spectrometer.It also includesprovisions
for calculating slit lossesunder various seeingconditions, absorptionby the
atmosphereat any input airmass,and effect of moonlight on sky background
subtraction.

This program resides on the UCO/Lick network computer system as
/home/umbra/mk/bin/sparc/sn.Keck observatoryshouldalso havea versionfor
public release.Contactaconrad@keck.hawaii.edufor assistance.Be sureyou get
an up-to-dateversion,thereare someolder versionsfloating aroundwith incor-
rectefficiency numbers.Thenjust answerthe questionsasprompted.If in doubt
aboutan input value,the defaultwill often suffice. The programalsoremembers
all previouslyusedvalues,andreusestheseasnewdefaultsto speedup repetitive
inquiries. Efficienciesusedfor the S/N calculationsare our bestestimatefrom
actualfirst-light performanceat the telescopeduring commissioning.

Here is a sampleof the promptsyou will receivewhen computingthe S/N
for a given set-upof HIRES:

Wavelength of interest (A) [5500.]:
Blaze center (A) [5517.]:
Free spectral range (A) [86.20]:
Enter cross disperser order [1]:

Spectrograph efficiency at 5517A (blaze peak) is 18.4%
Blaze function is 87.9%
Single order efficiency at 5500A is 16.1%
Extinction at 5500A is 0.12 magnitudes/airmass

Enter slit height(arcseconds) [13.13]:
Enter slit width(arcseconds) [1.000]:
Enter seeing FWHM(arcseconds) [0.8000]:

Slit throughput is 74.1 %
Slit width projects to 3.5 pixels
Star rows 13
Sky rows 56

Enter dark count (electrons/unbinned pixel/hour) [2.000]:
Enter readout noise (electrons/pixel) [4.300]:
Enter binning factor (dispersion) [1]:
Enter binning factor (cross dispersion) [4]:
Enter magnitude of star [19.00]:
What type of magnitude? (Johnson=1, AB=2) [1]:
Lunar phase (days) [0.]:

Sky brightness at 5500A is 21.9 magnitudes/arcseconds**2
Enter airmass [1.300]:
Enter exposure time (seconds) [3600.]:
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Star counts= 284. 16.9
Sky counts= 73. 8.6
Dark counts= 26. 5.1
Readout= 2.2
Net star= 284. 20.3

Net S/N= 14. per 41. mA pixel

26. per 142. mA resolution element

The entrieswithin the squarebracketsare the default parameterswhich will
beusedif you just hit <return>on eachline. If you enternewvalues,thedefaults
will be updatedto your latest values. In the summarytable of countsat the
bottom,themiddlecolumnrepresentssignallevel from eachsource,andtheright
column lists the relativecontributionof eachsourceto the total noise.

Onenormallyexits theS/N estimatorwith a ‘cntrl-d’. If you wish to generate
a file of the resultsyou createwhen running the S/N estimator,beforeyou run
the programtype ‘script filename’wherefilenameis the nameof the file where
your S/N estimatorwill be saved.Thenrememberto ‘exit’ from that script after
terminatingthe S/N estimatorprogramwith a cntrl-d.
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Appendix A Some useful numbers

This sectionnot yet completed.
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Appendix B Spectrograph Technical Data

This sectionnot yet completed.

75



Appendix C Detector Technical Data

This sectionnot yet completed.

Someitems for potential inclusion:

1. format
2. flat filed response
3. dark current
4. cosmeticdefects
5. noise and gain
6. full-well capacity
7. cosmic ray rate
8. orientationand useful amplifiers
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Appendix D Telescope Technical Data

This sectionnet yet completed.

Someitems for potential inclusion:

1. Effective light gatheringarea:
2. Imagescaleat f/15 nasmyth: 1.3789684arcsec/mmat nasmyth(seep. 6.5

of HIRES book V of 4/30/92 notes)
3. Typical pointing accuracy:
4. Typical guiding accuracy:
5. Zenith blind spot limits: 1.1�
6. Altitude limits: 33.3� (nasdeck region — 5.3� to 146.2� azimuth),

˜15� elsewhere(domeshutterstartsvignetting)
7. Field rotation at nasmyth: yes indeedy...
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Appendix E Tables of Spectral orders

FORMATIN FIRST-ORDER OF THE CROSS-DISPERSER
********************************************

ECHELLE: grooves/mm = 52.68

Blaze Angle = 70.4 Theta = 5.0

DIAMETERS: Collimated Beam =0.3028 m
Telescope = 10.90 m

Collimator Focal Length = 4.1547 m
Camera Focal Length = 0.7627 m

CD GRATING: 250.gr/mm ORDER= 1

Order Blaze(A) FSR(A) DEL(mm) DEL(asec) HEIGHT(mm) LENGTH(mm) DISP(A/mm)
119 2994.8 25.2 0.510 3.958 -55.026 28.94 0.87
118 3020.2 25.6 0.518 4.025 -54.512 29.18 0.88
117 3046.0 26.0 0.527 4.094 -53.989 29.43 0.88
116 3072.3 26.5 0.536 4.165 -53.458 29.68 0.89
115 3099.0 26.9 0.545 4.238 -52.917 29.94 0.90
114 3126.2 27.4 0.555 4.313 -52.367 30.20 0.91
113 3153.9 27.9 0.565 4.389 -51.807 30.47 0.92
112 3182.0 28.4 0.575 4.468 -51.237 30.74 0.92
111 3210.7 28.9 0.585 4.549 -50.658 31.02 0.93
110 3239.9 29.5 0.595 4.632 -50.068 31.30 0.94
109 3269.6 30.0 0.606 4.717 -49.467 31.59 0.95
108 3299.9 30.6 0.617 4.805 -48.855 31.88 0.96
107 3330.7 31.1 0.629 4.895 -48.233 32.18 0.97
106 3362.1 31.7 0.640 4.988 -47.598 32.48 0.98
105 3394.1 32.3 0.652 5.084 -46.952 32.79 0.99
104 3426.8 32.9 0.665 5.182 -46.293 33.11 1.00
103 3460.1 33.6 0.678 5.283 -45.622 33.43 1.00
102 3494.0 34.3 0.691 5.387 -44.938 33.76 1.01
101 3528.6 34.9 0.704 5.494 -44.240 34.09 1.02
100 3563.9 35.6 0.718 5.605 -43.529 34.43 1.04

99 3599.9 36.4 0.733 5.719 -42.804 34.78 1.05
98 3636.6 37.1 0.747 5.836 -42.064 35.14 1.06
97 3674.1 37.9 0.763 5.957 -41.309 35.50 1.07
96 3712.3 38.7 0.778 6.082 -40.539 35.87 1.08
95 3751.4 39.5 0.795 6.210 -39.753 36.25 1.09
94 3791.3 40.3 0.811 6.343 -38.950 36.63 1.10
93 3832.1 41.2 0.828 6.480 -38.130 37.02 1.11
92 3873.8 42.1 0.846 6.622 -37.293 37.43 1.13
91 3916.3 43.0 0.865 6.768 -36.438 37.84 1.14
90 3959.8 44.0 0.884 6.920 -35.564 38.26 1.15
89 4004.3 45.0 0.903 7.076 -34.670 38.69 1.16
88 4049.8 46.0 0.924 7.238 -33.757 39.13 1.18
87 4096.4 47.1 0.945 7.405 -32.823 39.58 1.19
86 4144.0 48.2 0.966 7.578 -31.868 40.04 1.20
85 4192.8 49.3 0.989 7.758 -30.891 40.51 1.22
84 4242.7 50.5 1.012 7.944 -29.891 40.99 1.23
83 4293.8 51.7 1.036 8.136 -28.867 41.49 1.25
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82 4346.2 53.0 1.061 8.336 -27.819 41.99 1.26
81 4399.8 54.3 1.087 8.543 -26.745 42.51 1.28
80 4454.8 55.7 1.114 8.758 -25.645 43.04 1.29
79 4511.2 57.1 1.142 8.981 -24.517 43.59 1.31
78 4569.0 58.6 1.170 9.213 -23.362 44.15 1.33
77 4628.4 60.1 1.200 9.454 -22.177 44.72 1.34
76 4689.3 61.7 1.232 9.704 -20.961 45.31 1.36
75 4751.8 63.4 1.264 9.965 -19.713 45.91 1.38
74 4816.0 65.1 1.298 10.236 -18.433 46.53 1.40
73 4882.0 66.9 1.333 10.519 -17.118 47.17 1.42
72 4949.8 68.7 1.370 10.813 -15.767 47.82 1.44
71 5019.5 70.7 1.408 11.120 -14.379 48.50 1.46
70 5091.2 72.7 1.447 11.440 -12.952 49.19 1.48
69 5165.0 74.9 1.489 11.774 -11.484 49.90 1.50
68 5241.0 77.1 1.532 12.122 -9.974 50.64 1.52
67 5319.2 79.4 1.577 12.487 -8.420 51.39 1.54
66 5399.8 81.8 1.624 12.869 -6.820 52.17 1.57
65 5482.9 84.4 1.674 13.268 -5.172 52.97 1.59
64 5568.5 87.0 1.725 13.686 -3.473 53.80 1.62
63 5656.9 89.8 1.779 14.124 -1.722 54.66 1.64
62 5748.2 92.7 1.836 14.583 0.085 55.54 1.67
61 5842.4 95.8 1.895 15.065 1.950 56.45 1.70
60 5939.8 99.0 1.958 15.572 3.876 57.39 1.73
59 6040.4 102.4 2.023 16.104 5.866 58.36 1.75
58 6144.6 105.9 2.092 16.665 7.922 59.37 1.78
57 6252.4 109.7 2.164 17.254 10.050 60.41 1.82
56 6364.0 113.6 2.241 17.876 12.251 61.49 1.85
55 6479.7 117.8 2.321 18.533 14.531 62.61 1.88
54 6599.7 122.2 2.406 19.225 16.894 63.77 1.92
53 6724.3 126.9 2.496 19.958 19.343 64.97 1.95
52 6853.6 131.8 2.591 20.733 21.885 66.22 1.99
51 6987.9 137.0 2.691 21.555 24.524 67.52 2.03
50 7127.7 142.6 2.797 22.426 27.267 68.87 2.07
49 7273.2 148.4 2.910 23.351 30.119 70.27 2.11
48 7424.7 154.7 3.030 24.334 33.087 71.74 2.16
47 7582.7 161.3 3.157 25.381 36.178 73.26 2.20
46 7747.5 168.4 3.293 26.497 39.401 74.85 2.25
45 7919.7 176.0 3.437 27.689 42.764 76.52 2.30
44 8099.7 184.1 3.592 28.962 46.276 78.26 2.35
43 8288.0 192.7 3.757 30.326 49.948 80.08 2.41
42 8485.4 202.0 3.934 31.788 53.790 81.98 2.46
41 8692.3 212.0 4.124 33.358 57.816 83.98 2.52
40 8909.6 222.7 4.328 35.048 62.039 86.08 2.59
39 9138.1 234.3 4.548 36.870 66.473 88.29 2.65
38 9378.6 246.8 4.786 38.837 71.135 90.61 2.72
37 9632.0 260.3 5.042 40.966 76.044 93.06 2.80
36 9899.6 275.0 5.320 43.275 81.220 95.65 2.88
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FORMATIN 2ND ORDEROF THE CROSS-DISPERSER
******************************************

ECHELLE: grooves/mm = 52.68

Blaze Angle = 70.4 Theta = 5.0

DIAMETERS: Collimated Beam =0.3028 m
Telescope = 10.90 m

Collimator Focal Length =4.1547 m
Camera Focal Length = 0.7627 m
CD GRATING: 250.gr/mm ORDER= 2

Order Blaze(A) FSR(A) DEL(mm) DEL(asec) HEIGHT(mm) LENGTH(mm) DISP(A/mm)
119 2994.8 25.2 0.995 7.916 4.863 28.94 0.87
118 3020.2 25.6 1.011 8.051 5.866 29.18 0.88
117 3046.0 26.0 1.028 8.189 6.885 29.43 0.88
116 3072.3 26.5 1.046 8.330 7.922 29.68 0.89
115 3099.0 26.9 1.064 8.476 8.977 29.94 0.90
114 3126.2 27.4 1.082 8.625 10.050 30.20 0.91
113 3153.9 27.9 1.101 8.778 11.141 30.47 0.92
112 3182.0 28.4 1.120 8.936 12.251 30.74 0.92
111 3210.7 28.9 1.140 9.098 13.381 31.02 0.93
110 3239.9 29.5 1.160 9.264 14.531 31.30 0.94
109 3269.6 30.0 1.181 9.435 15.702 31.59 0.95
108 3299.9 30.6 1.203 9.610 16.894 31.88 0.96
107 3330.7 31.1 1.225 9.791 18.107 32.18 0.97
106 3362.1 31.7 1.248 9.976 19.343 32.48 0.98
105 3394.1 32.3 1.271 10.167 20.602 32.79 0.99
104 3426.8 32.9 1.295 10.364 21.885 33.11 1.00
103 3460.1 33.6 1.320 10.566 23.192 33.43 1.00
102 3494.0 34.3 1.345 10.774 24.524 33.76 1.01
101 3528.6 34.9 1.371 10.989 25.882 34.09 1.02
100 3563.9 35.6 1.398 11.210 27.267 34.43 1.04

99 3599.9 36.4 1.426 11.437 28.679 34.78 1.05
98 3636.6 37.1 1.455 11.672 30.119 35.14 1.06
97 3674.1 37.9 1.484 11.914 31.588 35.50 1.07
96 3712.3 38.7 1.514 12.163 33.087 35.87 1.08
95 3751.4 39.5 1.546 12.421 34.616 36.25 1.09
94 3791.3 40.3 1.578 12.687 36.178 36.63 1.10
93 3832.1 41.2 1.611 12.961 37.773 37.02 1.11
92 3873.8 42.1 1.646 13.244 39.401 37.43 1.13
91 3916.3 43.0 1.681 13.537 41.064 37.84 1.14
90 3959.8 44.0 1.718 13.839 42.764 38.26 1.15
89 4004.3 45.0 1.756 14.152 44.500 38.69 1.16
88 4049.8 46.0 1.795 14.476 46.276 39.13 1.18
87 4096.4 47.1 1.836 14.810 48.091 39.58 1.19
86 4144.0 48.2 1.878 15.157 49.948 40.04 1.20
85 4192.8 49.3 1.921 15.516 51.847 40.51 1.22
84 4242.7 50.5 1.966 15.887 53.790 40.99 1.23
83 4293.8 51.7 2.013 16.273 55.779 41.49 1.25
82 4346.2 53.0 2.061 16.672 57.816 41.99 1.26
81 4399.8 54.3 2.111 17.086 59.902 42.51 1.28
80 4454.8 55.7 2.163 17.516 62.039 43.04 1.29
79 4511.2 57.1 2.217 17.962 64.228 43.59 1.31
78 4569.0 58.6 2.273 18.426 66.473 44.15 1.33
77 4628.4 60.1 2.331 18.908 68.774 44.72 1.34
76 4689.3 61.7 2.392 19.409 71.135 45.31 1.36
75 4751.8 63.4 2.454 19.930 73.558 45.91 1.38
74 4816.0 65.1 2.520 20.472 76.044 46.53 1.40

80



73 4882.0 66.9 2.588 21.037 78.597 47.17 1.42
72 4949.8 68.7 2.659 21.626 81.220 47.82 1.44
71 5019.5 70.7 2.732 22.239 83.914 48.50 1.46
70 5091.2 72.7 2.809 22.879 86.684 49.19 1.48
69 5165.0 74.9 2.890 23.547 89.533 49.90 1.50
68 5241.0 77.1 2.974 24.245 92.464 50.64 1.52
67 5319.2 79.4 3.061 24.974 95.481 51.39 1.54
66 5399.8 81.8 3.153 25.737 98.587 52.17 1.57
65 5482.9 84.4 3.249 26.535 101.786 52.97 1.59
64 5568.5 87.0 3.349 27.371 105.084 53.80 1.62
63 5656.9 89.8 3.454 28.247 108.484 54.66 1.64
62 5748.2 92.7 3.564 29.166 111.992 55.54 1.67
61 5842.4 95.8 3.680 30.130 115.613 56.45 1.70
60 5939.8 99.0 3.802 31.143 119.353 57.39 1.73
59 6040.4 102.4 3.929 32.209 123.217 58.36 1.75
58 6144.6 105.9 4.064 33.329 127.212 59.37 1.78
57 6252.4 109.7 4.205 34.509 131.344 60.41 1.82
56 6364.0 113.6 4.354 35.753 135.622 61.49 1.85
55 6479.7 117.8 4.512 37.065 140.053 62.61 1.88
54 6599.7 122.2 4.678 38.451 144.646 63.77 1.92
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Appendix F System efficiency

A plot of the overall systemefficiency is shownin Figure9. This plot shows
theresultsof severalattemptsat measuringsystemefficiency,on severaldifferent
dateswith differentflux standardstars.Sinceconditionswerenotalwaysperfectly
photometric,somevariation is expected.The ordinateis the combinedabsolute
efficiencyof telescope+ HIRES+ TektronixCCD. It doesnot includelossesfrom
theslit, froman ADC, froman imagerotator, or fromatmosphericabsorption.

Solid line curvesrepresentmeasuredefficiencies,basedon actualmeasure-
mentsof flux standardsthrougha wide openslit. Dottedline curvesare predicted
efficienciesbasedon the measured1st order efficiency, and knowledgeof the
wavelengthdependenceof the optical systemefficiency. Sincethesecurvesalso
include the efficienciesof the three telescopemirrors, they may be expectedto
declineas the telescopegetsdirty. By way of passinginterest,HIRES by itself
peaksat about13%efficiency. But therearethreealuminumtelescopemirrorsout
therein the telescopeaheadof HIRES in the photonpath. Eachtelescopemirror
(primary, secondary,and tertiary) whencleaned,hasonly about85% efficiency.
So (1–0.853) or almost40% of the light is lost to the telescopeand thus never
makesit to theHIRESentranceslit (HIRES is attachedto effectively a 7.7–meter
telescope)!Clearly therearegainsto be hadwith usingsilver on someor all of
the telescopemirrors, but at the price of losing the region below about3400A.
Keck II will apparentlyhaveall-silver mirrors. It is my hopethatwe maybeable
to borrow the silver tertiary for HIRES on Keck I occasionally.

Also worth noting is that all of the HIRES lensesand mirrors transmitex-
tremelywell down to the atmosphericcut-off. The rapid fall-off in systemeffi-
ciencytowardsthe ultraviolet is duepartly to the roll-off of the cross-disperser’s
blaze function in 1st order, and also to the roll-off in Q.E. of the first-light
engineering-gradeTektronix CCD. A uv-blazedfirst orderCD is underconstruc-
tion to improve this.

This plot is simply meantto be a roughguideasto which orderto chooseof
thecross-disperser,andwhat theapproximatethroughputwill be. Efficienciesare
for the centerof the echellefree-spectralrangeat any order. For moreaccurate
efficiency estimates,one must include also the slit lossesfor given seeing,and
atmosphericabsorption,as well as the effects of sky background,dark current,
readoutnoise,andbinning on the final signal-to-noiseof the data. This is easily

82



done using the HIRES S/N estimatorprogramdescribedin a previoussection.
Our best-estimateof actual systemefficiency has been incorporatedinto this
simulator. Feedbackfrom observersthough on their measuredefficienciesare
alwayswelcome,not only to aid in converging on the true efficiency numbers,
but also to checkfor andguardagainstsystemefficiency declinewith time.

83



Figure 9 Spectrometer + TelescopeEfficiency
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Appendix G Special considerations for low
S/N and/or long integration observations

This sectionnot yet completed.
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Appendix H Future HIRES upgrades

The instrumentdescribedthus far is simply the core versionof the final in-
strument. Therewere not enoughfunds availableto build the entire instrument
by first-light. In the future, as further funding becomesavailable,andproviding
scienceneedsdictate,I expectto adda numberof useful features.For instance,
onecanaddnew cross-dispersersto bestmatchthe orderseparation/wavelength
coveragerequiredof any given project. It may proveworthwhile in the future to
consideraddingother echelles,particularly if detectorformatsevolve consider-
ably. For example,an R-1.5 echelleoptimizedfor wide wavelengthcoveragein
the ultraviolet in conjunctionwith a first-orderuv cross-disperserwould be quite
usefulfor QSOwork. Or a coarserechellecouldbeusedto provideshorterorders
in the red andnear-IRto avoid gapsin the spectrum.The additionof eachnew
echelleor cross-disperseris relativelyexpensive,but easyto fund from individual
researchgrants if the sciencewarrants. The first addition will be probably an
imagerotator. This is quite necessaryfor highestperformanceof the instrument
whendoing long exposureson faint objects,both to compensatefor field rotation
and to eliminatelight lossesat the slit from atmosphericdispersion.The prob-
lem of atmosphericdispersionof point-like objectscanbeovercomeby usingthe
rotator to set the HIRES slit along the parallacticanglesuch that the dispersed
imagelies alongtheslit. Field derotationwill alsoberequiredfor long exposures
on gravitationally-lensedQSO’s. Ultimately, an atmosphericdispersioncompen-
satormustalsobeprovidedaswell to providedispersioncompensationon lensed
QSO’s or other extendedobjects.

Whenprobingthechemicalabundancesof globularclustermembers,a multi-
fiber input feedwould be quite desirableandwould yield enormousspeedgains
in the multiplexing. Probably,the fiber-headwould feed both HIRES and the
Low ResolutionImaging Spectrograph(LRIS). HIRES fibers would terminate
at the curved focal plane of a sphericalcollimator which would drop down in
front of the normalcollimators. A cross-disperserwhich givesmuchmoreorder
separationin the visible would also probably be usedin this mode and could
provide enoughinterorder spacefor perhaps100 objects while still achieving
good wavelengthcoverage. Also, a mirror could be installed in place of the
cross-disperser for multi-object or longslit single-order work. Infrared arrays
(HgCdTe) are also now becoming available which provide excellent sensitivity
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and low-noise imaging capability out to at least 2.6 microns. The HIRES optical
train is designed to be quite efficient and to produce quite good images out to
these wavelengths, and such an IR array could be easily installed in the camera
in place of the conventional CCD’s. A different cross-disperser would also be
purchased for use with this detector. HIRES is nominally designed to be used
up to resolutions of about 100,000 without image slicers. However, in conditions
of bad seeing, or for much higher resolution work, image slicers can be added
to maintain high throughput at the slit. The collimators are oversized to accept
the square beam from a Richardson-style slicer, and the camera’s image quality
will be good enough to provide resolutions of at least 200,000. CCD’s with 7.5
micron pixels will also be required for such resolutions, and appear to be now
available in 40962 formats. One could also envisage a double-pass very high
resolution mode, with the cross-disperser rotated to send the light back to the
echelle, but tipped slightly such that the collimator could also act as the camera
and produce an image up near the slit. This image could be picked off by a
small mirror and sent to a detector mounted up near the slit. Finally, HIRES
can also be extended out through the ‘future expansion door’ in the wall near
the cross-disperser. A symmetrical outrigger could be added to the optical bench
structure, and the cross-disperser used to steer the light to perhaps a different
focal length camera.

1. Image rotator:
2. Atmospheric Dispersion Compensator:
3. Image slicers (or adaptive optics?):
4. tip/tilt system
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