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ABSTRACT

X-shooter is a wide band (U to K) intermediate heson (4000-14000) single object three-arms spegaph for

the VLT. Currently in the last phase of integrati®ashooter will see the first light at ESO Paraasithe first of the
VLT second generation instruments in the last euast 2008. We describe in this paper the fingpstin the
integration and testing phase of the central Bas&hwith its key functions (including the activexige
compensation mirrors) and of the two UV-Blue andiMie spectroscopic arms. We report on the stgvisults of
the preslit optics and of the spectrographs anthememarkable efficiency which is derived frore theasurements
of the optical components of the instrument.
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1-INTRODUCTION

X-shooter is a single object medium resolution sppecaph for the VLT aimed at the highest posséifeciency.
The instrument will be mounted at the Cassegraing@nd consists of three individual spectrograjplvering the
UV-blue (UVB), visible (VIS) and near infrared regi (from 330nm to 2.4 pm) mounted on a common “Bacle”
structure. The optical design for all spectrograigttae so-called 4C design, and is described ieaatier paper A
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Figure 1 Functional diagram of X-shooter Compensating System




prism cross dispersed echelle spectral formatad €@ all three spectrographs. The Backbone haalsesmmon
functions like splitting the light (using dichrojcsthe calibration system, the atmospheric dispersiorrectors
(ADCs), the active flexure compensation system (AF®d the target acquisition. An Integral FielditJwhich
will be described in a separate paper, is alsoahaiin the Backbone. The instrument has beert byiESOand
four national partners (Denmark, France, Italy, déimel Netherlands), who contributed the larger foacof the
hardware and software of the instrument coverirgdinect costs and the FTEs. A functional diagrdrX-shooter
is shown in Figure 1, the main characteristicsgaven in Table 1.

The project has been described earlier, see therp&om the 2006 SPIE meeting on astronomical
instrumentatiof® and also some more recent papers, focusing oméhne recent development and on the expected
performancé®. The current status is that ESO has now accepigdexeived the integrated and well tested subunits
(Backbone and spectrographs). Final integratiorois ongoing at ESO. The two CCD detectors ford® and

VIS spectrographs have been installed and testisd.thAe infrared Rockwell Hawaii2 detector has biestalled

and tested. Sample spectra have been obtaineltiimesd arms, and performance in terms of spersalution,
efficiency, stability, and flexure has been meadufidne instrument is scheduled for first light atrat VLT

telescope in the™quarter of 2008. After a further commissioning ihgtrument is expected to be released for the
common user around May 2009.

Figure 2 X-Shooter mounted on the VLT telescope simulatd 30



The fully cryogenic infrared spectrograph will besdribed in a separate SPIE paper. In paralleltvéhmentioned
hardware the instrument control electronics andrteeument control SW was developed and testedlliyialso an
advanced data reduction pipeline has been developwth delivers a fully reduced and calibrated direensional

as well as a 2-d spectrum. The reduction pipelrgaised on a physical model of the spectro§raph

2-INSTRUMENT OVERVIEW

2.1 The Backbone

The focal plane of the VLT falls inside the Backbohlere the so-called Acquisition and Guide unfil&ced where
the light can be directed to the Acquisition anddBig camera or passed on to the Preslit Optichleldn this
latter unit the light is directed into the thre@sjpographs via dichroics and folding mirrors. Toleling mirrors are
mounted on piezo driven tip-tilt tables from Physiktrumente, which is the heart of the active dlex
compensating system. After the light is split foe tUVB and VIS arms, it passes the ADCs and thslipre-
imaging optics, manufactured by Winlight Systemkijalv converts the VLTs F/13.4 beam to the F/6.5ima
feeding the two optical spectrographs. The calibnasystem comes in two parts: two units on the sidthe
Backbone housing different light sources and aiarfitont of the A&G system (before the focal pldmusing a
shutter and a carriage with mirrors directing igatlinto the instrument.

Acquisition & Guiding System

The mode of operation of the Acquisition and Guid{A&G) System is determined by a slide moving asrthe
telescope focal plane. The slide carries the laidgeld Unit, a downward-looking pellicle and a dégree mirror.
Via the mirror, the A&G System re-images the tetggefocal plane onto an ESO NTCCD camera. The miirgie
three positions, one reflecting the full 90x90 awznd field for acquisition, one with a 15x10 aozs&l slot
allowing field viewing during spectrosopy and thstlposition having a 0.5 arcsecond / 0.25mm p&bslan
alignment reference. The challenge of producing sipiecial mirror was accepted by Kugler GmbH. Tlream
substrate is aluminium, machined to a flatnessl@&0am over 20mm and a Ra < 6nm. The pellicle allomeging
of the individual spectrograph slits by selectimgagpropriate filter. In addition, viewing the pugiops and the
surface of the first dichroic is possible by insegta stacked lens and filter into the filter whe&he lenses for the
A&G camera and auxiliary functions were manufaaiuaed coated by SESO. The filter wheel of the A&Bera
has 12 positions, which are filled by a Bessefrggh Chroma Technology Corp. and a SDSS set matnuft by
Asahi Spectra Co. The A&G system resides on a déslicplatform, which allowed the first phase of i€ to be
performed outside the backbone.

Figure 3 The Pre-slit Optical Table during AIT. The dichrdiox in the center is surrounded by folding mirrarsl the ADC
units on both sides. The A&G table with TCCD cameend filter-wheel is visible above.



Alignment

A rough outline of the alignment process startfiwit
a mechanical definition of the telescope focal plan
with respect to the VLT mounting flange. This is
followed by establishing the optical axis using an
auto-collimating telescope and precisely located
towers locating the spectrograph slit planes. The
dichroics and folding mirrors were aligned using
first a laser roughly co-aligned with the opticalsa
followed by using the autocollimator. After thibgt
ADC units were inserted and aligned. The A&G
table could now be installed in the backbone, with
special attention to matching the reference pinhole
postion to the optical axis and focal plane. Fipall
the calibration system is inserted, with lamp units
and stops on the outside of the backbone and pupi
imagers inside.

Figure 4 The backbone during AIT. Positioned in horizontekntation on a rolling carriage, this allowed easgess to all
sides and testing of flexure at maximum Zenithatise. Autocollimator towers are mounted for deifimitof the axes.

2.2 The UVB and VIS Spectrographs

The UVB and VIS spectrographs are very similaregmrds volumes and deployment of the element. @reepuilt
according to the same scheme of the 4C opticagdesiith the optimization for the wavelength regiotg#ained
using different materials and coatings. Such alaiity prompted for a parallel development of theamanical
design aimed to use as much as possible identoaponents and solutions.

Entrance slit
(out of the plane) Main mirror

Folding mirror 1 /

Corrector lens

¥y, Detector CCD 2Kx4K
(tilted surface)

Figure 5 The optical layout of the VIS spectrograph.



The Benches

The benches of the UV and VIS spectrographs areslidentical. A bench consists of two main partéclv both
are made in aluminum (AIMg4.5Mn). The first parthg bottom plate, which is milled out of one piethis part
contains the mounting interface to the Backbonéherone side, and provides the mounting bench @ottier side
for most of the optical supports. The second phtti@ bench is a box structure with two internallsvand a
cylindrical piece with the mounting flange for t8E€D cryostat. One of the walls carry the holderthar main
mirror, the other wall stiffens the structure a ttylindrical piece. The second part is welded tiogie The two parts
are bolted and glued together before the finalimglbf the internal surfaces. The overall dimensiofithe benches
are (WxHxD) 1300x580x450 mm. The wall thicknesdésigned to be 12 mm all over and the weight ofithele
structure is about 125 kg.

Basically each bench is mounted directly on thesiaf the Backbone by three M 16 bolts. A fourtmpis added
in form of a @12mm aluminum rod placed where trevigational induced stress is highest. Three aahlsthard
points on the bench with mating reference pointtherBackbone ensures the reference between tich bed the
Backbone.

Figure 6 Left: The two spectrograph benches. Right: theants of the bench mentioned in the text.

The Optics

Spectrograph optics (mirrors, corrector lensessnmsi cameras) have been manufactured by Winligbte8y
(France), together with optical components of theslt arms. The diffraction gratings have been terasl and
replicated onto Zerodur substrates by Newport, (biS). After manufacturing and preliminary test;médn the
workshop, all components have been functionallietesy Merate and in Copenhagen for final acceptataccheck
both optical and mechanical performances (e.g. har@cal stability for the atmospheric dispersionreotor).

Optical performances like wavefront errors werdetgsvith a phase-shifting interferometer, whileicéncies on
some components (mirrors, gratings) have been medswith a suited setup of a spectrophotometer. All
measurements were found in agreement with thedsstts at the factory.

The Optics Mechanical Supports

With few exceptions the mechanical supports fordpics follow a single concept, customized for $pecific
need, already described in details in [2]. The supgonsists in a pad (invar or steel accordinth&ospecific
application) glued on the optical component andadyically coupled with an aluminum frame connectethe
instrument bench.
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Figure 7: The interferometric setup for the spectrograph maiimor (left) and its WFE results (right).

The dynamical coupling, made of lubricated (graghsthaft and pre-loaded springs (see [2] for d8tadlbsorbs the
differential expansion between the glass elemedtla@ aluminum frame preserving the needed stiffiesler
operation conditions and allowing the needed anjests during integration and alignment. The sizlaad of
the support is customize to the optical elemehad to hold. In Fig. 8 the prism-grating unit ahd main collimator
mirror solutions are shown. The right panel shdwesdetails of one of the 3 main mirror supports.
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Figure 8: Mechanical mounts of the prism-grating unit, thémellimator mirror, and details of one of the roir supports.

The Slit Carriages

The entrance slit is selected among predefineslislia slit plate. This plate is mounted in theé Shrriage which is
mounted on SKF high precision rails. The carriagdriven by a SD40-2 unit. The iris-type exposumetter is
mounted on top of the slit carriage. Also this waitries a field lens and the first folding mirrbnportant design
parameters are the accuracy of the movement dithearriage (reproducibility +0.6um correspondiongt0.02")
and vignetting constraints.

The SD40-2

X-shooter contains in total 13 motor driven movetaeasf which 6 are linear and 7 are rotational mosets. All
movements are driven by the same "SD40-2" Serwgednhit. This unit is developed to match the X-dboo
moving functions and rely on a previous ESO des@ymthe top of a Maxon A-max 32 DC motor a planetar
gearbox (1:14) is mounted together with a tachtbetear end. A slide clutch protects the motdinéf limit switch



fails or the movement is blocked. The torque isgfarred through an internal gear to an output. axldeidenhain
RODI020 encoder is mounted directly on the oppaaite of this output axle. Two connectors conneet3B40-2
to the electronics controller and to thé initiatina and limit switches.

Figure 9: Slit carriage with SD-40-2 drive

The Camera and the Cryostats

X-shooter UVB and VIS arms are equipped with medifstandard ESO bath cryostats (Fig. 10). The rncadiibn
consists in bending the connection between thecttgthead and the bath allowing the bath to steyat vertical
when the instrument is in the rest position. Théswlone in order to avoid LN2 spilling.

Figure 10 The cryostat-camera head assembly with the inseréeide and its connection to the spectrograph bench

The camera and the cryostat are coupled in eattteof-shooter spectrographs. Indeed the last ele(asiglet or
doublet) of the camera optical train acts as catostndow. In both spectrographs (see Fig. 11veéty VIS case)
the last lens of camera train is mounted insidalaminum barrel. The vacuum sealing is obtainecawétton o-



ring (30% compression) positioned between theléanst of the doublet (VIS case) or the last lensBliése) and
the front face of the vacuum barrel. A retainiranfije, on the front face of the lens, maintainsritial position of
the camera lens before the vacuum is made.

Figure 11: The vacuum barrelffield lens unit for the VIS spegtaph. Right: as manufactured with field lens nted.

Spectrographic cameras

The movable part of the spectroscopic camera issaltrof an in-house modification of the one preddy the
vendor of the optics which showed some reliabjlitgblems. In the current design the SD40-2 servimnmaoves a
gear fixed on the shaft of a spindle. It is maiméai by an L shaped plate connected to the fixedwadarrel. On
the other tip of the shaft there is a ball-screwvarlvgy which is fixed on a ring clamped to the faongsbarrel and
drives it along the main axis (focusing motion).this way the the rotation of the shaft is smooti&nslated in a
linear motion of the focusing barrel. On the clachpeg a small aluminium block activates the twaiti switches
positioned on the main barrel.

Figure 12: Left: the complete spectrographic camera unit withvacuum barrelffield lens unit and the focusdiagel. Right:
details of the focussing mechanism.



For good mechanical stability, the two camerasdaertly bolted onto the vacuum barrel/field lemst fsee Fig. 12
above) for which 8 threaded holes (M4) have besarked. This is done to simplify the optical aliggmhbetween
the main camera optical train and the last lenshvhict as cryostat window and hence is part ottlestat itself.
The camera is however electrically isolated fromshectrograph body.

3-CHARACTERIZATION MEASUREMENTS

3.1 Mechanical Flexures

Preliminary flexure measurements of the backbone werformed at NBI, to be followed up by a thoroug
charcterisation at ESO. At NBI, the test was restd to rotation about the instrument center axisarizontal
orientation, i.e. a zenith distance of 90 degrééso the backbone is essentially unloaded, withbetweight of the
three spectrographs and being supported at botleldsope flange and lower end. In essence, tlasumnement
only examines the flexure of the Pre-slit Opticable. Cameras were placed on rigid towers at thB d@id VIS
slit positions and the position of the referenaghpie was recorded during a full revolution of Haekbone. During
this, the Active Flexure Compensation mirrors wegpt at a constant setting. The image motion wagasiin both
arms, with no significant hysteresis. Along thé¢, slie motion is 0.02 arcsec, 10% of the tolerategblitude, but
across the slit a motion of 0.08 arcsec is fourtdckvis identical to the requirement. This stronglyggests that the
AFC system will be needed. Flexure of the A&G spstgas measured by rotating the horizontal backb®he.
location of the reference pinhole remained steaitlyinv0.1 pixel (0.015 arcsec) on the A&G camera.

3.2 ADCs

The ADC prisms are cemented to th-imaging optics [ ]
for maximum transmission. Accurate centering is o ]
required for image stability while the prisms retato i T T T ]
aid centering, the ADCs are designed to have an o ]
undeviated wavelength matching the 405nm Hg lime fo i / ]
the UVB arm and the 633nm HeNe line for VIS. Each 2 / '\ 7
lens group of the ADC can be translated in the two i ! ' ]
lateral directions, using pairs of fine pitch pughi § o | % ! 7
screws. After centering, all four ADC barrels fliéfd i \ ' ]
the requirement of less than 5 pm image wobbleusadi -2 \ / 5
for a full ADC rotation. An example of a measureinisn
shown in Figure .As the centering may degrade aftpr
earthquakes, tools for rapid re-centering have been I T -7
developed. I
The manufacturer encountered some difficulties in Y R
cementing the ADC elements to within the required
tolerance. As a result, one of the VIS ADC barrels

exhibits a varying degree of coma, depending on the
angle of rotation. The worst case 80% encircled@ne
diameter reaches 0.24 arcsec in the slit plandevid
the UVB arm, EE80 remains below 0.09 arcsec.

3.3 Acquisition & Guiding System

Figure 13 Image motion for two revolutions of VIS ADC
barrel #2 after centering inside the backbone. ddteed
circle represents the 5um / 0.02 arcsec requirement

The on-axis image quality was checked by imagisgall pinhole through all filters at a fixed foqouasition. In all
cases, the image analysis resulted in a profile FAfi< 1.5 pixel, i.e. the CCD undersamples the opticB.PS



The A&G slide and filter wheel motions have beesidd at temperatures from -10°C to +20°C with fattsry
results. The use of the A&G slide requires movim$ pre-determined positions with good repeatabifittest of
the positioning accuracy following an initialisaticesulted in an RMS error of 0.4 milliarcsec, sdlfB®@mm away
from the initialisation point. For arbitrary positing, a periodic error with an amplitude of 6 miltsec is present
in the worm drive must be taken into account. T tto move to an adjacent position on the focahelmirror is
less than 10 seconds. Any filter position can b&eddnto the beam in less than 4 seconds. The wénage
offset due to filter wedge was typically 0.1 pixet,0.02 arcsec.

3.5 Active Flexure Compensation (AFC)

X-shooter consists of three spectrographs, eadhitgibwn slit. The image of the object in the @Gagain focal
plane is relayed to the slit plane via dichroiesimaging optics, and (in the case of the UVB ang &ms) ADCs.
All are located in the Backbone, see Fig. 1. Dufimgerational conditions” (ZD 0 — 60 degrees, terapgre 0-15
degC, gradients of up to 5 degC/night), the prejggosition of each of the three slits in the Caissa focal plane
must be maintained to better than 0.08 arcsec @64) from its position at Zenith. This specificatwas derived
from spectrophotometric accuracy requirements. St analysis was done during the Final Desigwai found
that the mechanical and thermal stability of thekb@ne would not be sufficient to guarantee thas¢h
requirements will be respected using only a passtiveture.

X-shooter is therefore equipped with an Active ElexCompensation (AFC) system that actively mairstao-
alignment of the 3 spectrograph slits, regardléskeporientation of the instrument with respecgtavity, or
distortions due to thermal gradients. The prireiplbased on minimizing the amount of shift betwigges in arc
spectra taken using a 250 um (0.5 arcsec) pinhdleei 45 degree A&G mirror, and similar spectratalith a
pinhole in each of the 3 slit units. The individg&ps in the AFC and acquisition process are:

1. Take an arc spectrum of the spectrograph onlydsplahole in the slit unit, larger aperture in h&G
unit). Only the central 1000 x 1000 window of th€0s is read in fast readout mode. Including wipng
other overheads, readout takes about 7 sec.

2. Take an arc spectrum, using the pinhole in the A8i@e, the image of which is passed by a largertape
in slit unit.

3. Analyze the amount of shift between the spectrariak steps 1 and 2. The shift is measured using
autocorrelation of about 10 lines in one or twoessthear the center of the wavelength range of aauh
In case shifts are zero, it means that the imageeoélignment pinhole coincides with the positifrihe
pinhole in the slits.

4. Correct any shifts by applying offsets to the ilptables.

5. Repeat steps 2 — 4 (optional).

6. Proceed with object acquisition and object centngidThe alignment pinhole is visible in the figtithe
A&G camera and acts as reference during the celitigni The effects of differential atmospheric refien
between the off-axis guide probe of the VLT, thiesked filter of the A&G unit and the center wavedéhs
of the spectrographs are taken into account bgdftevare.

Steps 1 — 5 are expected to take between 60 —c@dde It is planned to perform AFC whenever thestope
slews to a new object, and for long observationthersame object at least once per hour. Afteewa speration,
AFC will run in parallel to telescope Active Optiaghich typically lasts 2 minutes, and so it wititradd time
overheads. The image taken under step 1 is alssdsémd appended to the science frame(s), simoaiains useful
information on spectrograph drift and flexure.

An example of arc spectra taken with this schengivisn in Fig. 14.
Further testing is planned and will address sinmgltaus execution in all 3 arms using the same l¢imgpselection

in view of blending, tuning of exposure times taimiize possible remanence effects, especiallyém\iR, and
elimination of step 5.



Figure 14 Example of a pinhole arc spectrum obtained dutiegAFC procedure. Boxes show 11 lines used foctbss-
correlation. The first tests shows that flexures loa corrected to better than 0.1 pix in two iiers.

4-MEASURED PERFORMANCES

4.1 Predicted Efficiency

Compared to efficiencies predicted at Final Destgwiew in June 2006, most delivered optical comptsare

well above specifications in terms of efficienay.particular, critical components such as dichraied gratings are

of extremely good quality. As a result, the preslictotal efficiency, obtained by multiplying actuaéasured

efficiencies of individual components, is very hiahcan be judged from Figure 15. Based on thdsesjave have

computed the expected limiting AB magnitudes atéla 1 hour for a S/N of 10 per spectral bin usirfgst
version of the Exposure Time Calculator (ETC), Biegire 16. The model for the ETC uses the as-kallies for
optics and detector efficiency/noise but still @ns some assumptions that need confirmation during

Wavelength [nm]

Figure 15: Total efficiency at blaze (atmosphere +
telescope + instrument, excluding slit losses) iobth
by combining actual measured efficiencies of
individual optical components
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Figure 16 Limiting AB magnitude of X-shooter per
spectral bin at S/N=10 in a 1 hour exposure. lclhl&/VB
arm. In gray: the VIS arm. Other parameters: aissria2,
0.8” seeing, 1" slit, 2x binning in spectral dinect.



commissioning, like the quality of the spectralragtion and sky subtraction, and the values of pamind in the
infrared bands. The decrease in efficiency to the bf the UVB range is due to the atmospheric giigm, at the
red side of the VIS band it is due to the decréaséficiency of the CCD.

4.2 Spectral and Spatial resolution

Image quality performances of both spectrograpbsel within specifications. The spectral resaatmeasured
with a 1.0” slit is ~5000 for the UVB spectrogragihd ~8000 for the VIS spectrograph. With a 0.6, VB and
VIS spectrographs reach R~8000 and R~14000 respsgtsee Fig. 17.
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Figure 17: Spectral resolution in UVB (grey) and VIS arms (g The circles represent the median for speogsdlution as
measured on a large number of non-blended Th-Aslifthe short horizontal lines represent the mininspecification for these
slit widths. The curves are predictions for otHgngidths, using a simple model tuned to matchreasurements with 0.6 and 1
arcsec slit widths. X-Shooter has a number of gstgetable slit widths between 0.5 and 1.5 ara®ta 5 arcsec slit for flux
calibration.

5-CONCLUSIONS

The final AV and the measured performance of taek®one and the UVB and VIS spectrographs has prove
basic instrument concept, and shows that thisgdlte X-shooter instrument is fully compliant witie design
specifications, and for the measured efficiena®en higher than expected. We are now looking foivt@ the
upcoming installation of the instrument at the Viahd to deliver a well tested instrument with ucpdented
efficiency for single target observations to theCE@mmunity by the first half of 2009.
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