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ABSTRA CT

The Subaru Telescope has beenstably operated with high image quality sincecommon usebegan in December
2000. We have updated the following items in order to achieve further improvement of observation e�ciency ,
image quality, and tracking. 1. High re
ectivit y of mirrors. The re
ectivit y of the primary mirror has been
maintained, yielding 84%at 670nm by regular CO2 cleaning(every two to three weeks). We successfullycarried
out the silver coating of the Infrared secondarymirror in April 2003without over-coating. The re
ectivit y has
been maintained at greater 98% at 1,300 nm. 2. Image Qualit y. Subaru telescope delivers exceptional image
quality { a median image size of 0.6 arc-secondFWHM in the R-band as taken by Auto-Guider Camerasat
all four foci; Prime, Cassegrain,and two Nasmyth. We optimized parameters of the servo control system of
the Elevation servo, reducing the amplitude of 3{8 Hz vibration mode of the telescope and improving image
quality when using the Adaptiv e Optics (AO) system. 3. Acquisition Guiding. Dithering time wasshortenedby
updating the control software. The slit viewer camerafor HDS and the �b er bundle for FMOS are available for
acquisition guiding in addition to Auto-Guider Cameras. 4. New instruments. We are developing a new prime
focusunit for FMOS and will start functional tests in 2005. Moreover, we have started to preparenew interfaces
and facilities for FMOS and the new 188element AO natural/laser guide star system. The focus switching time
will be shortenedby updating the hardware of the IR and CassegrainOptical secondarymirrors from September
2004,reducing it to 10 minutes to switch the focus betweenCassegrainand Nasmyth foci.
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1. INTR ODUCTION

Many problems have been resolved and many improvements made during the �v e years beginning with the
astronomical �rst light on 1999 January 4th (Kaifu et al. 2000,1 Usuda et al. 2003,2 Iye et al. 20043).
In order to improve the operation e�ciency and the quality of astronomical observations, the following three
important subjects are listed: (1) System Stabilit y. Since the number of foci and instruments are higher in
Subaru Telescope than other large telescopessuch as Keck and VLT, the failure frequencymay be higher due to
frequent exchangesof the top units and/or Cassegrain(Cs) instruments. In order to reducethe number of failures
and improve stabilit y, unique and useful exchangesystemshave beendeveloped: the Top Unit Exchanger(TUE:
Kurakami et al. 20024) and the Cs Instruments Automatic eXchanger (CIAX: Usuda et al. 2000,5 Omata et
al. 20026). For daily telescope operation, the FAult Tracking System (FATS: Winegar and Noumaru 20027)
works to record problemsand questionsthe sta� encounter during their work, and providessolutions by technical
experts to these problems and questions. (2) Higher Observation E�ciency . We have improved software and
hardware basedon input from observers. One of the most important issuesis to reducethe time for acquisition
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and dithering. (3) System Upgrade. Subaru Telescope will have three new instruments as secondgeneration
facilit y instruments: MOIR CS (Tokoku et al. 20038), Fiber Multi-Ob jects Spectrograph (FMOS: Maihara et
al. 20009), and new Adaptiv e Optics (AO) system with laser guide star (Hayano et al. 200310). In this paper,
we describe the details of the improved performance of Subaru Telescope and the e�orts take to improve the
performance.

2. MIRR OR CO ATING

2.1. Primary mirror

The re-aluminization of the 8.3 meter primary mirror was conducted in August, 2003(Kurak ami et al. 200411).
This was the fourth re-coating after the arrival of the mirror at the summit of Mauna Kea in 1998. The actual
down time was 18 days. We used 10 nights for checking pointing and primary mirror support system in order
to con�rm all observation modes consisting of four foci and four secondarymirror units including prime focus
unit. The re
ectivit y measuredwas about 91 and 97 % at 500 and 2,000 nm, respectively. The aluminum
coating thicknessmeasuredwas 125{150 nm. During the re-coating works, two small cracks on the primary
mirror were found and polished. We tested a micro-crack alert system which will be installed on the primary
mirror to monitor any incident events by using acoustic emission (Takato et al. 200412). We con�rmed that
its performancewas su�cien t to detect small incident events on the primary mirror under the normal operation
when the mirror support systemswere working.

CO2 dry ice cleaning is operated every 2 or 3 weeksunder lower (50 %) humidit y condition. Figure 1 shows
the re
ectivit y and scattering archived data of the primary mirror measuredby using � Scan(TMA Technologies,
Inc.). At an optical wavelength (� = 670 nm), the current re
ectivit y is 84 % and surfaceerror is 50 �A at � 300
days after last re-coating. The �gure also shows that re
ectivit y and scattering are fairly stable at about 82 %
and 80{100 �A, respectively, after 400 days from re-coating.
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Figure 1. Re
ectivit y and surface scattering er-
ror of primary mirror. The measuring wavelength
is � = 670 nm. Black triangle shows the data
taken in 2003 and 2004.
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Figure 2. Re
ectivit y of silver coated the infrared secondary
mirror at the wavelength from 300 to 2,500 nm.

2.2. Infrared Secondary mirror

Infrared (IR) secondarymirror was recoatedwith only silver in April, 2003. It was our �rst silver coating work
at the summit of Mauna Kea. The actual down time was2 weekswhich included disassembling, assembling, and



functional checks. The re
ectivit y achieved 97.6and 99.3% at the wavelength of 500and 2,000nm, respectively
(Figure 2). The silver coating thicknesswas > 80 nm. No re
ectivit y degradation has been measuredat 15
months after re-coating, despite no over-coating. We continue to monitor the performanceof the silver coating
on IR secondaryand samplemirrors at the summit of Mauna Kea.

3. IMA GE QUALITY

3.1. Curren t performances of image qualit y

Subaru Telescope has archived substantial amounts of weather and environment data (temperature, relative
humidit y, ...) and measuredseeingFWHM by using the Auto Guider (AG) CCD camera during focus checks
since1999(cf. Miy ashita et al. 200413). Subaru continuesto deliver a median image quality of about 0.6 arcsec
FWHM in the R and I -band at all the four foci. The data archive enablesus to check monthly and hourly
averageseeingsizeand track the seasonaltrend of seeingvariation. The best averageseeingis 0.5 arcsecondin
September and May (Miy ashita et al. 200413).

In order to maintain best seeingconditions, we are making the following two e�orts: (1) Steady operation
of DIMM. We are developing a DIMM (Di�eren tial Image Motion Monitor) in order to measureseeingat any
time (cf. Uraguchi et al. 2004,14 Figure 3), allowing us to more easily isolate telescope/seeingproblems when
imagequality degrades.It will be installed on the catwalk of the enclosure.We have conducted tests to measure
seeingconditions by using Subaru Telescope and DIMM at the catwalk simultaneously, con�rming the same
time variation of measuredseeing. (2) Removing heat sourcesaround and inside the enclosure. One special
project was to paint the asphalt pavement white around the enclosurein August 2003. Figure 4 shows the daily
variation of the surfacetemperature around the enclosure.The �gure shows that cinder is the best and asphalt,
worst, as the cinder surfacetemperature more rapidly follows the trend of air temperature. That is, the warm
asphalt around the enclosureis more likely to create air turbulence and degradefacilit y seeing. After painting
the asphalt white, surface temperature follows air temperature more rapidly than before. We need more time
and data to determine signi�cance.

Subaru 
Enclosure

Catwalk

DIMM

Figure 3. The plan of seeingmonitor at the cat-
walk of the enclosure.

Figure 4. The daily variation of the surfacetemperature
around the enclosure. Hawaiian Local Time is horizontal
and temperature is vertical.

3.2. The e�ect of telescop e vibration for A O observ ation

After the 36 element AO system(Takami et al. 200415) had beenworking for sometime at the Cassegrainfocus
with the IRCS (Tokunagaet al. 199816) and CIAO (Murakawa et al. 200417) instruments, observersnoted that
the stellar imageswere sometimeselongated in the elevation direction. The amount was measuredto be about
0.1{0.2 arcsecondpeak-to-peak (Figure 5), which is negligible under the natural seeing(e.g., 0.6 arcsecond),but
when the AO referenceguide star is fainter than 13{14 magnitude, it is di�cult to correct the elongation by
using only AO.



Weinvestigatedthe imagequality issue,measuringtracking errorsby analyzing archiveddata from AG camera
and imagestaken by the high-resolution video camerain the AO wave-front sensorsystem. The exposuretime of
AG camerawas 11 millisecond for a guide star whosemagnitude was 12.8. The weather condition was normal.
The wind speedwas 7{10 m/s from East and natural seeingwas 0.6{0.9 arcsecond. Figure 6 shows the power
spectrum of the tracking errors in the elevation direction. The broad error components exist around 3{8 Hz in
the elevation direction. We found that the frequencyis the sameas oneof the bandwidth of the rate-loop of the
telescope mount. The servo parametersgains had beenset to suppressthe e�ects of the anticipated 7 m/s wind
torque disturbance which wasthe averagewind speedat the top of Mauna Kea (Noguchi et al. 199818). Sincethe
wind load inducesthe secondand third order astigmatism under the strong wind conditions around the primary
mirror (Kanzawa et al. 2002,19 Usuda et al. 20032), the wind screenis always operated to reducethe wind on
the telescope mount and primary mirror to lessthan 2 m/s, much lessthan 7m/s. After the re-optimization of
the gain parameters, we reduced the telescope vibrations to lessthan one-sixth of that previously seen(Figure
6).
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Figure 6. The power spectrum of tracking error in the elevation direction before
(top) and after optimization (bottom).

3.3. New function on SH measuremen t

Shack Hartmann (SH) measurements are susceptibleto sky and seeingconditions. In particular, uneven back-
ground due to degradedsky condition (e.g., cirrus) and unstable dark frames reducesthe accuracy of the SH
measurements. Figure 7 showsthe SH spots imagestakenunder the worst sky conditions | cirrus and moonlight.
For example, RMS surfaceerror values were calculated to be 0.55 � m and 0.28 � m when the sky background
was set to 3,000and 4,000ADU, respectively.

The new function measuresaveragebackground in the spot area (50 � 50 pixels) and sets the background
value at each spot (Figure 8). After that, the barycentric positions are measuredat each spot. Although the sky
conditions are stable in most casesat the summit of Mauna Kea, we have con�rmed the new function produced
improved results under degradedsky/background conditions.

4. IMPR OVEMENT OF OBSER VATION EFFICIENCY

4.1. Faster Acquisition

One of the most important issuesfor large telescopessuch as Subaru is operation e�ciency . The slow response
of 1{2 arcseconddithering was pointed out during IRCS observations when the fainter guide star (m > 16
magnitude) was selected. The longer acquisition time reducesobservation e�ciency . The slownesswas caused
by using only type-II closed-loop servo control system. The bandwidth (1=� ) is set as a function of exposure
time of AG CCD cameraas follows:



Abnormal Normal

Figure 7. SH spots images taken under the worst (left) and normal sky conditions (right ).

Threshold

Spots

Background

Old New

Figure 8. Schematic cross-section view of SH image. As seen on the left, it is impossible to set the threshold under
uneven threshold level (left). New function sets the background at each spot (right ).

� =
(1:5 � t + 200) � 5

1000
t: AG exposure time [msec]: (1)

Thus, � is � 30 secondswhen AG exposuretime is 4 seconds,which correspondsto the casethat m=17{18 guide
star is selected(Usuda et al. 20032). In that case,the acquisition time for 2 arcseconddithering is about 90
seconds(seedotted lines in Figure 9). In order to improve the slower acquisition, the new function was installed
in Mid Level Processor1 (Tanaka et al. 199820). It usesopen-loop-tracking mode in the �rst acquisition phase
and switches to useclosed-loop after about 3 secondsfor accurate acquisition, where the wait time (3 seconds)
is determined to avoid hunting reaction of telescope mount. As a result of this upgrade, the acquisition time
was improved to be shorter than before without recourseof AG exposure times (see solid lines in Figure 9).
The acquisition times were measuredwith the various AG exposuretime and amplitude of the telescope o�sets.
Table 1 shows someof the result.

4.2. Acquisition Guiding by Slit View er Camera

AG CCD camerasat each focushavebeenusedfor acquisition guiding and control of IR tip-tilt secondarymirror.
The longer overhead of the CCD camera including readout and transfer times (7.1 msec) limits the available
bandwidth of IR tip-tilt secondarymirror (cf. e�ectiv e bandwidth is � 3 Hz, Usuda et al. 20032). Moreover,
the lower quantum e�ciency and higher readout noise (e.g., 10 e� 1) also limit the performance of telescope
tracking and observation e�ciency . We are proceedingwith upgradeof CCD camerasand have added interfaces
to control telescope mount and IR tip-tilt secondarymirror by using other cameras. For IR tip-tilt secondary
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Figure 9. The results of acquisition guiding accuracy with new (solid) and old (dotted) software on MLP1. The acquisition
time was about 5 secondsfor 200 dithering under both AG exposure times: 100 msec(left) and 4,000 msec (right ).

AG exposuretime Acquisition time

[msec] [sec]

109 5.1

New MLP1 software 1090 5.8

1254 4.9

109 7.8

Old MLP1 software 491 12.1

872 19.8

1854 26.4

Table 1. The acquisition time is measured for 2 arcsecdithering from the �rst sending command. The time is about 5
secondsfor the new software regardlessof AG exposure time.

mirror, communication tests betweenAO and the tip-tilt control system have been in progress. For acquisition
guiding, the slit viewer (SV) CCD camerawhich is installed for HDS (Noguchi et al. 200221) has beenavailable
since2003. The detector of the SV camerais an EEV CCD 37-10array of 512� 512pixels with 15� m spacings;
one pixel corresponds to about 0:0009 at the Nasmyth focus. The readout noise is measuredto be � 14 e� and
9{10 e� when the drive of AG/SH probe is ON and OFF, respectively. The drive is always OFF when using the
SV camera for acquisition guiding. There are sometimeno bright guide stars within the 4 arcmin �eld of view
at Nasmyth focus for HDS observations of objects near the galactic polar regions(e.g., metal poor stars, QSOs,
etc). Guiding by using SV cameraon the sciencetarget is useful and can increasethe transmission through the
slit and signal to noise ratio. Figure 10 and Table 2 show the guide error with the SV camera in comparison
with performance of AG under sameexposure times. The guide errors with SV camera were measuredto be
< 0:100which is almost sameas AG. Figure 11 shows the results of guiding accuracywhen a guide star is on the
0:004 and 0:008 slits. The accuracy is worse for wider slit width becausethe signal count is lower. The 0:004 slit
width is mainly usedfor observations.

The signals from �b er bundles will be used for acquisition guiding for FMOS (Maihara et al. 20009). The
communication and interface tests will be started in this fall. Other plans to use IR and/or new CCD camera
for acquisition guiding of telescope are still in preliminary designphase.
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Figure 10. The results of acquisition guiding accuracy with Slit Viewer (left) and AG CCD cameras(right ). The exposure
time is 338 msecond.

Camera Exposuretime Error Slit width

[msec] [arcsec] [arcsec]

SV 338 0:06� 0:03 N/A

3903 0:10� 0:04 N/A

AG 338 0:06� 0:03 N/A

3903 0:07� 0:03 N/A

SV 3871 0:12� 0:06 0:4

3871 0:25� 0:14 0:8

Table 2. The results of acquisition guiding accuracy with two di�eren t exposure times and two di�eren t slit widths for
SV and AG cameras. In the casethat a star is on the slit of HDS, the guide error is higher for wider slit width.

5. FUTURE UPGRADE PLANS

5.1. Upgrade works for New Instrumen ts

A new Prime focus unit (PFU, Figure 12) is now being developed by Mitsubishi Electric Corporation, Kyoto
University, and AAO (Anglo-Australian Observatory). It is optimized for near IR wavelengthsand will be used
for FMOS. It will be delivered and start functional tests in 2005. The two FMOS spectrographsare also being
developed in Japan (Ky oto University) and UK (Oxford University, University of Durham, and Rutherford
Appleton Laboratory). Since the spectrographsare large and relatively heavy (4,500 mm � 2,500mm � 2,500
mm(H) and � 4,000kg), a new platform (
o or) to accommodate them has beendesignedin the dome enclosure
and structural calculations are in progress(Figure 12). Electric/optical �b er cablesand Helium/co olant lines
will be installed for the instruments prior to delivery of the spectrograph.

A new AO project with a Laser Guide Star system has begun at Subaru Telescope (LGS; Hayano et al.
200310). The following three items are important featuresof the Laser Launching Telescope (LLT). (1) On axis:
The LLT will be mounted on the back sideof secondarymirror. It is our �rst trial to install two top units at the
sametime on the telescope. The detailed design and structural calculations are in progress. IR-M2 is mainly
mounted on the bottom sideand LLT on top-side. (2) Easy handling. LLT should be removed from the telescope
when Prime focus is used for observations. Easy handling is an important factor to reduce the operation time
for exchange and failures at the summit. (3) Weight. The total weight of LLT system including the parts for
telescope interfacesshould be lessthan 500 kg. We have decidedto adopt the samedesignof LLT on VLT.

The location of the laser room has not been determined yet. There are two candidates, Nasmyth platform
(the samelocation as the new AO system) and the new FMOS spectrograph platform.
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Figure 12. New Prime focus unit for FMOS (left). Drawing of the location of FMOS spectrographs (right ). It is a part
of the enclosure(4th 
o or).

We measuredvibration amplitude at the location in the enclosure(Dome) where the FMOS spectrographs
and Laser room will be installed. Accelerometerswere installed on Dome and the Nasmyth platform (Ns) to
compare the results. Figure 13 show that the amplitude of the vibration in vertical and centrifugal directions
were almost same(1mG peak-to-peak) at the two locations. On the other hand, the amplitude was � 2 times
bigger on Dome than on Ns in the rotational direction. Lower frequencies(< 3 Hz) were enhancedfor Dome
measurements when the telescope moved quickly during o�sets for dithering (seedotted and solid lines in Figure
13). Selectionof materials and designdetails of mounts and basesfor FMOS and LGS have beendone basedon
the measuredresults to reducethe vibration.

5.2. Flexible System

In order to improve operation e�ciency , Subaru Telescope has been preparing the system to be 
exible |
selecting an optimum instrument depending on the weather conditions or scienti�c goals (e.g., better seeing
nights for imaging observations). As it takesmore than half hours to changefocus con�guration from Cs to Ns
or vice versa to match with the respective focal lengths, one of the upgrade plans is to shorten the exchange
time and remodel the current secondarymirror for the CsOpt to be available for the two Ns foci. Although the
combination of CsOpt secondarymirror and Ns focus is not Richey-Chretien system, the spherical aberration
can be corrected by the active support of the primary mirror and the amount of coma aberration is negligible
within 30 FOV. This remodeling will make the new AO system and an IR instrument at Ns focus to be usedfor
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observations with any of the three secondarymirrors con�gurations (cf. Figure 14).

PFU(S-cam)
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Figure 14. The combination of �v e top units and instruments now and in the near future. Both Nasmyth foci are
available with all three secondary mirrors. New AO system will be installed at Nasmyth platform.
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