Header for SPIE use

Gemini Multiobject Spectrograph GMOS: integration and tests

David C rampton * , J.M. Fletcher, I. Jean, R. Murowinski, K. Szeto

National Research Council of Canada, 5071 West Saanich Rd., Victoria, BC, V8X 4M6, Canada

C. Dickson, I. Hook, K. Laidlaw, T. Pu rkins

AstronomyTechnologyC entre, Blackford Hill, Edinburgh EH9 3HJ, Scotland

J.R. Allington - Smith, R. L. Davies

Dept. of Physics, South Road, Durham University, Durham DH1 3LE, UK

ABSTRACT

The Gemini Multiobject Optical Spectrographs (one each for Gemini North and South) were designed toexploit the exceptional image qualityanticipated fromboth the active and adaptive optics systems. High mechanical stabilityand repeatabilityand efficient reconfiguration and calibration were emphasized in the design, as well as the usual requirements of obtaining excellent image quality, high optical throughput and low optical distortion. In addition, an active flexure compensation system is used to assist in achievinga primarygoal of attaining velocityaccuracies of 2 km/s per spectrum in multiobject mode at the highest spectral resolution (R = 10,000). Although the field is modest (nominal size for multi - slits is 5.5’ square), small pixels (0.07" per pixel) are used to fullysample images as small as 0.2" and 28.3 million pixels will be recorded bythe detector mosaic which consists of three 2048 * 4608 EEV CCDs. In this paper, results fromextensive tests made during integration and testing of GMOS Ncomponents demonstrate that the design requirements are beingmet

Keywor ds: Spectrograph, astronomical instrumentation, flexure

1. INTRODUCTION

The Gemini telescopes are optimized to deliver the best possible images and also the best possible infrared performance fromthe Mauna Kea and Cerro Pachon sites. Partlyas a result of optimization for the IR, and partlydue to budget constraints, there is onlyone focus on each telescope, at a focal ratio of f/16. Aconsequence of this choice is that, for practical (mostlysize) reasons, the field delivered to instruments like GMOSis l imited toa diameter of 7 arcmin. Hence

GMOScannot be an extremelywidefield spectrograph and soit was designed instead to exploit the excellent anticipated image qualityand optimized for precise one - dimensional multiobject spectroscopyand two - dimensio nal integral field spectroscopy. At Mauna Kea the median and 10 th percentile seeing images are 0. ² 4 and 0. ² 25 (FWHM) respectively. The

Gemini telescopes are designed so as not todegrade the best natural images bymore than 15% and, indeed, earlyresults i ndicate that this will be achieved 1 . In turn, the GMOSspectrographs are designed so as not to degrade the best images delivered bythe telescope bymore than 10%. Comprehensive overviews of the GMOSdesigns are given byDavies et al.,

1996 2 and Murowinski et al., 1997 3 . In multiobject mode, several hundred targets in a 5.5 x 5.5 arcmin field can be observed simultaneously. The integral field unit is designed for 2 - D spectroscopyof a 5" x 7" area with 0. ² 2 sampling.

In order to adequatelysample the best natural seeingimages and also images produced bythe Gemini adaptive optics system, the pixel scale at the focus of the spectrograph was chosen to be 0. ² 07 per 13.5 micron pixel. This fine scale and correspondinglynarrowslit widths that are possible als o permit relativelyhigh spectral resolutions (up to R = 10,000) to be achieved with gratings of diameter of only~100mm. This relativelysmall pupil size, combined with a compact optical design (for example three lens groups are used in the collimator to reduce its length), lead toa compact instrument designed toachieve a velocityprecision, per exposure, of < 2km/s for objects throughout the field. The latter specification is derived

* Email: David.Crampton@nrc.ca fromthe desire to enable scientific projects requiringprecise veloci tymeasurements of hundreds of objects simultaneously.

For example, the velocities of large samples of stars in dwarf galaxies are required with ~2km/s precision in order that accurate determinations of their dynamical structure and estimates of their dark matter content can be made.

A further consequence of the expected good images delivered bythe telescope, and the anticipated narrowslit widths, is that an atmospheric dispersion compensator (ADC) becomes essential for observations at anysubstantial a irmass. Furthermore, a corrector is incorporated into the ADC topartiallyflatten the telescope focal plane so that a planar slit maskcan be used.

The GMOSinstruments can either be mounted on the upward - looking or side - looking ports of the Gemini casse grain support structure and hence must meet their performance specifications in virtuallyanyorientation. Components for each of the GMOS´ were designed and built byteams in Durham, Edinburgh and Victoria, and the CCDdetector mosaic was integrated into the dewar at NOAO. The sharing of effort among these four establishments required that individual modules be rigorouslytested to ensure that their performance met the specifications at all orientations (gravityvectors) and anticipated operating temperatu res (fromroomtemperature to ˘ 10C). After testing, the modules are being brought together and integrated, together with their software, at Edinburgh. Final testing of the completed instrument is just beginning; here we report results of the component test s.

2. RESULTS OF TESTS OF IMAGE QUALITY AND TR ANSMISSION

The optical design had to simultaneouslysatisfyexacting constraints on image qualityat all locations in the field in both imagingand spectroscopic configurations at all wavelengths from370 to 1100nm, maintain veryhigh transmission, with verylow distortion and minimal parasitic light. Once it was realized that extension into the non - thermal infrared could be obtained at little expense, the optimization was extended to1600nm(although there ar e currentlynoplans to utilize this feature). Toachieve all these specifications a design byC. Morbeycomposed of six groups of lenses was adopted, with each group comprising several elements including several large pieces of calciumfluoride. Due to pr oduction difficulties, the latter proved to be the most difficult toprocure on schedule. Because of the mandated requirement to survive and operate over a considerable temperature range, special attention was paid to the mechanical mounting of the optics, especiallysince the coefficients of thermal expansion of the (sizable) refractive elements differ considerably. Rather than being cemented together, elements in each group are coupled together with oil which, in turn, has a reservoir designed to accommod ate volume changes due toboth temperature and pressure variations. Furthermore the individual lens elements are mounted to metal rings which have similar coefficients of thermal expansion as the glass itself. Figure 1 shows some of the elements that have been assembled into lens groups in preparation for installation into the lens barrel at the rear in the photograph.

Fig. 1: Three lens groups are shownin the

foreground, with a barrel behind. Each

group is composed of several glass

elements that are attached t o metal rings by

thin fingers. The gaps between lens

elements a re filled with an oil couplant.

The exterior surfaces of lenses in each

group are coated with an AR coating of Mg

F and sol - gel.

2.1. Results of Image Quality tests

As mentioned previously, the primaryoptical specification that GMOS is attempting to achieve in all m odes is to not

degrade the on - axis images delivered bythe telescope bymore than 10%. The fact that GMOSwill likelybe used in

conjunction with Altair, the Gemini adaptive optics system, is added incentive to realize the best possible images. All of the

optics for GMOS N have now been assembled and mounted in their barrels (an example is shown in Fig 1) and

measurements of the actual image qualityin terms of 50% and 85% encircled energydiameters through the complete optical

systemhave been made. The re sults are shown, compared with the specifications (lines), in Figure 2. Overall the image

qualityis excellent, meeting the specifications over essentiallythe entire wavelength range. The same is true off - axis as

well. Tests at ˘ 7C confirmthat the image qualityis identical tothat at roomtemperature.

2.2. Measurements of Optical Throughput

As shown in Figure 3, the overall transmission of the optical system is extremelygood, thanks toselection of glasses with

excellent transmission and to the de velopment of superb sol - gel anti - reflection coatings byJ. Stilburn 4 . The transmission of

the refractive elements is above 80% for wavelengths >700nmand above 70% over most of the remainder. This is almost

preciselythat predicted for a perfect system. Co nsideringthat there are 14 air - glass surfaces on six lens groups containinga

total of 19 lens and one (powered) window that will formpart of the dewar, this transmission is excellent.

On-AxisImageQuality-10n mband p ass

0

0. 05

0. 1

0. 15

0. 2

0. 25

300 400 500 600 700 800 900 1000

La m bda

EED (arcsec)

0. 5E ED

0. 85EED

0. 5S pec

0. 85Spec

GMOS Op ticalE fficiency

0. 00

0. 10

0. 20

0. 30

0. 40

0. 50

0. 60

0. 70

0. 80

0. 90

1. 00

300 400 500 600 700 800 900 1000

La m bda

Efficiency

Fig. 2: The 50% and 85% encircled

energydiameters (points)

compared with specifications

(lines) at various wavelengths.

Fig. 3: Measurements of the transmission

through all the refrac tive elements in the

GMOSspectrograph, including the window

of the CCD dewar.

3. RESULTS OF TESTS OF MECHANICAL STABILITY AND FLEXURE

One of th e primaryspecifications of the GMOSspectrographs is that the overall system, fromthe location of the input focal

plane tothe detector, be mechanicallyrigid and stable. The main drivers for the precise specifications are the requirement to

achieve a ve locityprecision of 2km/sec (at the highest spectral resolutions) for nominal one hour exposures on individual

targets, and the desire tominimize the number of calibration exposures required to achieve good flat - field (including CCD

fringing) and waveleng th calibrations. In order torealize these goals, the overall mechanical structure was designed so that

flexure could be easilymodeled and optimized in the design stage (e.g., simple elements like struts were used where

possible), and open - loop flexure co ntrol was included (bymoving the CCD detector focal plane within the dewar). Finite

element analyses of major components of the spectrograph indicate that it should be possible tocontrol the overall flexure

of this two tonne, two metre scale instrument t o meet the scientific requirements. Thus far our tests indicate that the actual

performance of each major sub - assemblyis veryclose to predictions. Likewise, tests of the flexure control systemunder

operating conditions demonstrate that it also is perfor mingapproximatelyas expected. In addition toflexure control within

the instrument, possible flexure between the telescope guidingsystem(derived fromthe so - called peripheral wavefront

sensors) and the spectrograph input focal plane will be eliminated through use of another guider (the on - instrument

wavefront sensor, OIWFS) which is located immediatelyin front of the latter. Hence the position of the OIWFSmust

remain fixed in a stable location with respect to the focal plane, typicallya multi - slit ma sk or an integral field unit. A

schematic of the spectrograph with major sub - assemblies identified is shown in Figure 4.

In order torealize the overall stabilityrequired to achieve the primaryscientific goals of the instrument, an error budget was

developed for the various contributing components as shown in Table 1. In turn, each of these is further broken down into

maximum allowable contributions for its subcomponents. For example, the slit - spectrograph displacement includes

allowance for unmodell able contributions fromboth the main optics support structure and the fore - optic support structure.

A more comprehensive discussion of the error budget is given bySzetoet al. (1998) 5

Fig. 4: Schematic view of the GMOS

spectrograph(without enclosure panels and

electronic racks) as it will look attached tothe

instrument support structure.

Table 1: Overall error budget to achieve stabilityspecification

I tem Allocation

Pre focal plane assembly: total 1.4 m m/hr at detector

ADC image distortion contribution 0.9 m m/hr at detector

OIWFS contribution 0.9 m m/hr at detector

Temperature effects on focal plane 2.0 m m/hr at focal plane

Post foc al plane assembly: total 2.8 m m/hr at detector

Slit - spectrograph displacement 0.7 m m/hr

Collimator assembly 1.1 m m/hr at detector

Gratingassembly 1.5 m m/hr at detector

Camera assembly 1.5 m m/hr at detector

Dewar assembly 1.1 m m /hr

Temperature variation: total 0.5 m m/hr at detector

(image motion due to plate scale changes)

Overall stabilityspecification 3.1 m m/hr for an image on the detector focal surface

All of the sub - assemblies are being rigorouslytested toensure that the final instrument attains the overall specification.

Results fromsome of these tests are described in the followingsections.

3.1. Tests of the On - Instrument Wavefront Sensor

Details of the optical and mechanical design of the GMOS OIWFSare given byRoberts et al. 6 The basic requirements of

the OIWFSare:

· Patrol more than 50% of the 7 arcmin diameter field tolocate a suitable guide star

· Determine tip/tilt and focus information from the guide star and relaythat tothe telescope control syste m,

including the active and adaptive optic systems.

· Vignette at most 5% of the GMOSinput field

· Contribute less than 2.05 microns per hour of guide star positional error at the telescope focal plane regardless

of the gravityvector.

Fig. 5: An earlypicture of the OIWFSduringbench

testing. The 5.5 arcminute science field is

delineated bythe square area in the center. The

pick - off mirror at the tip of the pro be can reach into

beyond the centre of the field and patrol somewhat

more than a quadrant of the 7 arcmin diameter field

relayed bythe fold mirror in the instrument support

structure. The probe mechanismis counterweighted

bythe semi - circular mass at the top of the

photograph.

Rigorous tests of the repeatabilityof positioningthe OIWFSprobe at varying gravityvectors and at temperatures from ˘ 10C

to+20C have been carried out, usingits own 2x2 Shack - Hartmann sensor todetermine its location. Similarly, the flexure

between the probe and a hole located at the centre of the slit maskhas been measured under the same gravityvector and

temperature conditions. The results are excellent. An example is shown in Figure 6. The graph shows the difference

between the maskposition and the reported OIWFS p osition as the instrument is tipped over fromupward - lookingto

downward - looking(which is greater than our operational range). During any15 deg change (maximumfor a one hour

exposure) the positional change is typicallyless than 15 mas, only6% of the d iameter of the best images anticipated (0.25~).

Similar values were recorded for the displacement between the OIWFSprobe and a mockup of the IFU. Thus it is expected

that the OIWFS will be able to accuratelymaintain the positions of objects within slits or within 0.2~ IFUelements.

3.2. Tests of MaskandIFU insertion

Slit masks and integral field units (IFUs) must also be inserted intothe telescope focal plane in a precise and repeatable way

and maintained in a fixed position throughout exposur es, nominallyassumed to be of one hour duration. Since the masks

and IFUs have verydifferent mass, the latter activate much stronger spring systems tomaintain their position. Tests of the

accuracyof repositioning the masks and IFUs, and of their stabil ityonce inserted, have been carried out in different gravity

vectors. The results are excellent. In fact, no motion at all was detectable at sub - micron level accuracyduring the

preliminarytests. Similarly, the repeatabilityof re - insertingmasks was bet ter than the 5 m mresolution of the measuring

equipment. More extensive tests will be made after the unit is integrated intothe whole spectrograph assembly.

3.3. Tests of Grating assembly

Preliminarymeasurements of the positioning accuracyand repeatab ilityof the grating mounts have been made. The gratings

can be driven toa new location with an accuracyof about 0.025deg but, once there, theycan be repositioned with an

accuracysome 40Xbetter. The latter is well within our specifications. Measuremen ts of the stabilityof the grating mounts

and the whole gratingturret will be carried out after the whole spectrograph is mounted on the flexure testingfacility.

OIWF S to Maskerro r

-0. 040

-0. 030

-0. 020

-0. 010

0. 000

0. 010

0. 020

0. 030

0. 040

-0. 070 -0. 060 -0. 050 -0. 040 -0. 030 -0. 020 -0. 010 0. 000 0. 010

X (a rcse c)

Y (arcsec)

Fig 6: Difference between a

fiducial position on the mask

and the OIWFSposition at

gravityvectors from0

(downward looking) to180

(upward looking) and back

again in 30deg intervals.

3.4. Tests of the Translation Stage for the CCD Mosaic

Since some flexure in a large tw o tonne instrument like GMOSis inevitable, an open - loop flexure control system has been

incorporated. The gravityvector and temperatures of GMOS components will be monitored and used to predict image

motion as seen at the detector. The CCD mounting assem blyhas been designed in such a waythat the CCDmosaic can be

moved in all three axes to correct for the predicted flexure and focus changes. Details of the elegant design are given byP.

Hastings 7 . Motions of up to 3.8mmare provided in the focus directi on and 0.3mmin each of the orthogonal translational

directions. A lever systemenables a resolution of 0.4 microns per motor step to be realized. A photograph of the completed

stage for GMOSN is shown in Figure 7.

The CCD mosaic has been mounted on the translation stage and integrated with the dewar assembly. Extensive tests of the

whole CCD assemblyare currentlyunderway. These include characterizingmotions of reference images on the CCDs as a

result of varying gravityvectors, coupling between m otions in anyof the orthogonal directions, effects due totemperature

variations, etc. These tests are still in progress; the results of one such series designed to characterize the interactions

between motions of the CCDdetector are shown in Figure 8. I n this series, the measurements showhowthe position of an

image varies in Xas the CCD assemblyis moved in Yby160 m m(~12 pixels) and backagain. In actual practice, any

translations required tocompensate for flexure during an exposure will be much sm aller than this, and lookup tables will be

used to remove anyexcursions that would negativelyimpact on the scientific objectives. Complete characterization of all

such motions will be modeled and used to compute precise corrections in all three axes to a chieve the required flexure

compensation. At this stage, it is unclear what the magnitude of flexure compensation corrections will be under normal

operating conditions during a one hour exposure, and soit is not yet possible to be certain that the require d specifications

are being met. However, the mechanism is now sufficientlywell characterized through these extensive tests toshow where

potential problemareas are and howtoimprove on them if necessary.

Fig 7: The CCD translation stage.

The CCDmosaic is attach ed to

the octagonal plate in the centre

of the photo. The two motors that

are visible are used totranslate

the mosaic in Xand Yto

compensate for flexure of the

GMOSinstrument

4. SUMMARY AND PROJECT STATUS

All of the major components of GMOShave been completed and now beingintegrated together in Edinburgh. Extensive

tests of the optics and of the individual mechanisms have been carried out to ensure that theymeet specifications. All of

these components, together wit h their control software, are expected to be completelyintegrated together byJune, 2000.

Figure 9 shows the postfocal plane assemblyon an air pallet, waitingfor the camera and CCD assemblytobe installed.

Fig. 8: An example of the tests being carried o ut tocharacterize the interactions between motions of the CCD detector.

Me a n d i s p l a ce m e n ti n Xw h i l e Ys ta g e i s m o vi n g Fe b 2 3

- 1

- 0.5

0

0.5

1

1.5

2

2.5

- 20 0 20 40 60 80 100 120 140 160 180

dis plac ement in Y ( um) displacement (um)

mean dX2

Fig. 9: The post - focal plane

assemblyin the cold room testing

facility. The grating turret and

filter wheels are at the left. The

camera barrel will be inserted

intothe holes in the foreground.

This photoshould be compared

with the drawingin figure 4.

Final testing of the first GMOS instrumen t will begin immediatelyafter the integration is complete. These tests will include

operation and flexure testing in all orientations and temperature conditions expected on the Mauna Kea telescope. Based on

the results so far, it is anticipated that GMOS N will be readyfor commissioning on the telescope before the end of the year.

Components for the GMOSS instrument are nearlyall complete and it is anticipated that it will follow about one year later

than the Gemini Ninstrument.

ACKNOWLEDGMENTS

We t hank all the GMOS teammembers in Durham, Edinburgh and Victoria, whohave contributed, and continue to

contribute, tothe success of this project:

REFERENCES

1. J. Oschmann ^Gemini Project Update~, Gemini newsletter , 19, 3, 1999.

2. R. L. Davies, et al. ^G MOS: The GEMINIMultiple Object Spectrographs~, SPIE 2871 , pp. 1099 ˘ 1106, 1996.

3. R. Murowinski, et al. ^The GEMINIMultiobject Spectrographs~, SPIE , 3355, 297, 1998

4. J.R.Stilburn ^High - efficiencysol - gel antireflection coatings for refractive optics~, SPI E, this conference

5. K. Szeto, et al. ^Gemini Multiobject Spectrograph: a flexure critical design~, SPIE 3355, pp. 297 ˘ 306, 1998

6. S. Roberts et al. ^Opto - mechanical design of the Gemini Multi - Object Spectrograph On - Instrument Wavefront Sensor,

SPIE 3132, 1 997

7. P. Hastings ^Focus and translation mechanisms for the Gemini Multi - Object Spectrograph (GMOS)~, SPIE 2871, pp.

1216 ˘ 1221, 1996