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ABSTRACT

The urrent status of ommissioning and re ent results in performan e of Subaru laser guide star adaptive opti s
system is presented. After the rst light using natural guide stars with limited on guration of the system in
O tober 2006, we on entrated to omplete a nal on guration for a natural guide star to serve AO188 to an
open use observation. On sky test with full on gurations using natural guide star started in August 2008, and
opened to a publi one month later. We ontinuously a hieved around 0.6 to 0.7 of Strehl ratio at K band using
a bright guide star around 9th to 10th magnitude in R band. We found an unexpe tedly large wavefront error
in our laser laun hing teles ope. The modi ation to x this large wavefront error was made and we resumed
the hara terization of a laser guide star in February 2009. Finally we obtained a round-shaped laser guide star,
whose image size is about 1.2 to 1.6 ar se under the typi al seeing ondition. We are in the nal phase of
ommissioning. A di ra tion limited image by our AO system using a laser guide star will be obtained in the
end of 2010. An open use observation with laser guide star system will start in the middle of 2011.
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1. INTRODUCTION

A urvature sensing te hnique is one of the most eÆ ient AO system The rst generation AO system atta hed on
Cassegrain fo us of the Subaru Teles ope, AO36, has 36 elements urvature wavefront sensor and 36-elements
bimorph deformable mirror. We de ided to push forward the merit of this eÆ ien y up to 188 elements of
urvature sensing te hnique for a se ond generation AO system at Subaru Teles ope.
Also a single sodium
laser guide star system is in orporated to our se ond generation AO system to maximize the sky overage. The
proje t of AO188 was funded in 2002. We got 5 years' budget for fabri ation and onstru tion of the system and
onse utive 5 years' budget for ommissioning and s ien e program.
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2. SYSTEM OVERVIEW
2.1 System layout

A new urvature AO system with 188 elements, AO188, is mounted at Nasmyth fo us of the Subaru Teles ope,
instead of at Cassegrain fo us. A fa ility instrument, the infrared amera and spe trograph, IRCS, whi h was
formerly at Cassegrain fo us with AO36, is modi ed to use at Nasmyth fo us with AO188. A laser system needs
lean and thermally stabilized environment to guarantee a stable operation in output power, beam quality, and
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Figure 1. The layout of laser guide star AO system at Subaru Teles ope. AO system and the laser are mounted on the
Nasmyth platform. We mount the laser laun hing teles ope behind the se ondary mirror. The laser beam is transferred
from the laser room to the laser laun hing teles ope by the opti al ber.

os illating wavelength. Thus, a thermally stabilized laser lean room is built at a stable Nasmyth platform. An
opti al ber transfers a laser beam from the laser lean room to a laser laun hing teles ope behind the se ondary
mirror of Subaru Teles ope. While the opti al ber is installed permanently to Subaru Teles ope, the laser
laun hing teles ope need to atta h and deta h for every demand of laser proje tion to the sky. Figure 1 shows
a system layout to the Subaru Teles ope.
2.2 AO system des ription

AO188 is mounted between Subaru Teles ope and s ien e instruments. There is no pi k-o mirror, so that we
need to moved away AO188 if s ien e instruments do not want to use AO188.
Figure 2 shows a opti al layout of AO188. AO188 re eives f/13.9 beam from the teles ope. Field of view to
s ien e instruments is designed as 2 ar min. The rst opti al omponent is a derotator (AO IMR in Figure 2),
whi h an rotate the eld on sky. We use three-mirrors system to hange the orientation of the eld on sky as
well as the teles ope pupil pattern. The o -axis parabola (OAP1in Figure 2) ollimates the beam and images
the teles ope pupil on the deformable mirror. The pupil size on the deformable mirror is 90 mm. Between
the rst o -axis parabola and deformable mirror, we insert an atmospheri dispersion olle tor (ADC in Figure
2). The ADC is designed to ompensate an hromati dispersion by atmosphere from visible to near infrared.
Deformable mirror with 188 elements is mounted on a tip-tilt mount (DM/TT in Figure 2). Sin e the temporal
bandwidth limit of the tip-tilt mount is quite limited, only averaged o set of tip-tilt on the deformable mirror
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Figure 2. The opti al layout of AO188.

is fed ba k to the tip-tilt mount. The stroke of ea h axis of tip-tilt mount is 5 ar se . O set on the tip-tilt
mount is o -loaded to the teles ope pointing. For the observation aimed in the thermal near infrared wavelength
longer than 2.5 m, the o set on the tip-tilt mount shift a thermal ba kground on the s ien e dete tor. Thus we
ooad a tip-tilt o set on the deformable mirror dire tly to the teles ope se ondary mirror. The se ond o -axis
parabola (OAP2 in Figure 2) onverges the beam again into fo al ratio of 13.9.
Prior to s ien e instruments, beamsplitters (BS1 in Figure 2) re e t a part of light for wavefront sensing.
Three beamsplitters in total an be mounted to the automated ex hange system. One beamsplitter re e ts a
visible light shorter than 900 nm. Se ond one re e ts shorter than about 635 nm, whi h is used for an opti al
s ien e instruments. Third one is for an infrared wavefront sensor.
We have two wavefront sensors. One is a 188 sub-aperture urvature wavefront sensor as a high-order
wavefront sensing and another is a 22 sub-aperture Sha k-Hartmann wavefront sensor as a low-order wavefront
sensing, espe ially for tip-tilt and fo us.
Another beamsplitter (BS2 in Figure 2), whi h is optimized to re e t a light from a sodium laser guide star,
divides opti al paths to two wavefront sensors. When we use only a natural guide star, a high-re e tive mirror
sends all light to the high-order wavefront sensor. We an swit h between these two modes using automated
ex hange system.
A guide star is sele ted by a two-mirror system to wavefront sensors. We an sele t a guide star di erent
from the s ien e obje t within the 2 ar min diameter eld for the high-order wavefront sensor. (AU1 M1 and
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AU1 M2 in Figure 2) The low-order wavefront sensor has a wider sele table eld of view of sear hing a guide
star at 2.7 ar min. (AU2 M1 and AU2 M2 in Figure 2) Two-mirror system, worked as a guide star a quisition
system, ontrols the position as well as the fo us of s ien e obje t on a s ien e amera.
The eld of view of the high-order wavefront sensor is 4 ar se . We also use a eld stop (Iris inside the highorder WFS in Figure 2) down to 1 ar se to redu e a sky ba kground and aliasing e e t in urvature sensing. A
vibrating mirror (VM inside the high-order WFS in Figure 2), pla ed at fo al position, an moves ba k and forth
of the position of teles ope pupil on the 188-elements xed lenslet array. The distan e from the pupil plane to
measure the urvature an be hanged by the vibrating amplitude of the mirror. Light orre ted by ea h lenslet
array is inje ted to a large- ore multi mode opti al bers and feeds to a photon ounting APDs. The geometry
of ele trodes on the deformable mirror and that of lenslets in the high-order wavefront sensor are well mat hed.
Sampling rate of high-order wavefront is sele table. We use 1 kHz sampling typi ally.
The low-order wavefront sensor has 4 ar se eld of view, same as high-order wavefront sensor. We pla ed
22-element lenslet array at the position where the teles ope pupil is onjugated, and 44-element lenslet array
is lo ated at the fo al position of 22-element lenslet array, instead of putting a CCD array. Multi mode opti al
bers are mounted exa tly where the fo al position of 44-element lenslet array. A photon ounting APDs are
also used to dete t the light orre ted by the 44-element lenslet array with opti al ber.
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2.3 Laser guide star system

A oherent light sour e at sodium resonan e spe tral line at 589 nm is generated by a sum-frequen y mixing of
two Nd:YAG laser at the wavelength of 1064 nm and 1319 nm.
Periodi ally poled MgO-doped stoi hiometri
lithium tantalate (PPMgO:SLT) rystal is used for sum-frequen y generation. The average output power was
started from 4.5 W in 2006 and nally it rea hed at 6.8 W after a ne tuning of laser system. The laser is
lo ated in the thermally stabilized laser lean room. The room temperature is ontrolled at 22 degree Celsius.
Stability of the room temperature is within 0.1 degree during the laser operation.
The laser beam is fo used by a o -the-shelf doublet lens onto a solid- ore photoni rystal ber (PCF), whose
mode eld diameter is about 14.3 m. Both the doublet lens and the onne tor ja ket of PCF are mounted
on the 3-axis linear stages. The adjustment the position and the distan e between the tip of the PCF and lens
allows us to maximize the oupling eÆ ien y. The maximum overall throughput of the opti al ber we a hieved
is about 75 %.
The laser laun hing teles ope is mounted behind the se ondary mirror of the teles ope. The
aperture size of the laser laun hing teles ope is 500 mm, while the input aperture size is 40 mm. Thus this is a
beam expander, whose magni ation is 12.5. The teles ope has three mirrors, primary, se ondary and tertiary,
similar to a bent Cassegrain teles ope. We found that the wavefront error at the enter area degrades the image
quality at the sodium layer, whi h is aused by the stress at the onne tion between the primary enter area and
the tertiary support stru ture. Finally, the wavefront error within a full aperture is redu ed by less than 100 nm
after the modi ation of the me hani al stru ture.
The laser beam oming out from the PCF at the laser laun hing teles ope is ollimated by the lens. We
hose the beam size about 25 mm. The steering of the laser beam is done by moving the lens laterally to the
opti al axis. The steering step is designed as 0.1 ar se on sky. It is not ne essary to steer a pointing dire tion of
the laun hed beam in real time, sin e the position error of the laser guide star is ompensated by the dedi ated
tip-tilt mirror inside the high-order wavefront sensor (LGS TT inside the high-order WFS in Figure 2). Tip-tilt
o set on the dedi ated tip-tilt mirror is ooaded by the position orre tion at the guide star a quisition system
in front of the high-order wavefront sensor. The averaged fo us error measured by the laser guide star indi ates
the estimation error of the mean altitude of the laser guide star. The o set of fo us error is also ompensated
by the a quisition guide star unit. The rest of higher-order wavefront error is fed ba k to the deformable mirror.
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3. OVERVIEW OF CURRENT STATUS
3.1 Performan e using natural guide stars

We are monitoring the performan e of AO188 using natural guide star sin e 2008. The Strehl ratio at K band
for various brightness of guide stars are plotted in Figure 3. We a hieved the Strehl ratio around 0.6 to 0.7 for
the bright guide stars. The Strehl ratio is still larger than 0.2 even though the guide star magnitude is around

Figure 3. The estimated Strehl ratio as a fun tion of the brightness of guide stars at K band, 2.2 m.

15 in R band. Sampling rate was 1 kHz for all ased from bright to faint guide stars. Sin e the photon- ounting
APDs have no readout noise, the performan e using the fainter guide star was not apparently degrade.
The detail performan e, in luding the isoplanati angle and the Strehl ratio at other wavelength, is des ribed
in the other paper.
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3.2 On sky evaluation of laser guide star

Several engineering observation to reate a laser guide star reveals that a typi al image size in full width half
maximum is around 1.2 to 1.6 ar se at zenith under a averaged seeing ondition. Figure 4 shows a example of
laser guide star image, taken by the CCD amera in the high-order wavefront sensor. The exposure time is 20
se ond. The brightness of a laser guide star at zenith was about equivalent magnitude of 10.7 in R band . We
estimated that the laser power just after the laun hing teles ope is around 4 W.
The brightness of a laser guide star as a fun tion of elevation is also evaluated. Simple geometri al model
predi ts that the brightness of a laser guide star de reases by air mass, be ause the brightness de reases a square
of a distan e to a laser guide star, whi h is proportional to a square of air mass, and the brightness in reases
linearly of olumn length of sodium layer, whi h is proportional to air mass. Our measurement mat hed this
model predi tion approximately.
Also the brightness hange due to a wavelength o set was measured as well. We found an unexpe tedly
wide tunable range, with whi h a laser guide star has enough brightness. Measuring a bandwidth of laser beam
relayed by the PCF, the spe tral broadening was found due to a self phase modulation e e t inside the PCF.
This is aused by a high peak power in the PCF. While the initial spe tral bandwidth of the laser is 1.7 GHz,
the output laser after PCF has about 8 GHz. We roughly estimated that the eÆ ien y of return signal of sodium
uores en e light is degraded by a fa tor of 4 or 5.
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3.3 Estimation of limiting magnitude of low-order wavefront sensor

We estimated the limiting magnitude of low-order wavefront sensor. The averaged photo- ounts of ea h APDs
at the low-order wavefront sensor for faint guide stars are plotted in Figure 5. Based on our experien e of

Figure 4. An image of laser guide star at zenith taken by the CCD amera in the high-order wavefront sensor. The
brightness of the laser guide star is about equivalent magnitude of 10.7 in R band. The image size at the full width half
maximum is 1.5 ar se .

estimating a limiting magnitude of high-order wavefront sensor, We assume that a wavefront error in tip-tilt and
fo us an be measured at the photo- ounts of APDs of 10 for ea h sampling rate at 100 Hz. Figure 5 indi ates
that the guide star at the magnitude around 18 in R band an be used as a tip-tilt and fo us natural guide star.
Unfortunately, we had a serious trouble in deformable mirror at this experiment, so that we ould not evaluate
the losed loop performan e itself using the faint guide star.
4. SCHEDULE OF COMMISSIONING

We are in the nal phase of ommissioning. Most omponents will be modi ed, integrated and tested by the
end of O tober in 2010. The engineering observation and open use observation using natural guide star will
resume in November, 2010. Seven nights in total for engineering observation have been assigned until the end of
January, 2011. Performan e evaluation of AO188 using a laser guide will be ontinued until the end of 2011. The
risk-shared open use observation using a laser guide star will start during the nal ommissioning phase around
in the middleo of 2011. Finally, AO188 with a laser guide star will be served fully to open use observation in
2012.
5. SUMMARY

The ommissioning of the next generation AO for Subaru Teles ope, AO188, is in the nal phase. The AO188
system using a natural guide star has been served to open use observation sin e 2008. We a hieved around 0.6 to
0.7 of Strehl ratio at K band using a bright guide star around 9th to 10th magnitude in R band. We su eeded
to reate a laser guide star in good quality. The image size is about 1.2 to 1.6 ar se under the typi al seeing
ondition. Final integration and testing is going on until O tober, 2010. Then we resume on sky evaluation
through an engineering observation espe ially for using a laser guide star. After performan e evaluation about
one year in 2011, AO188 with a laser guide star will be served to risk-shared open use observation in the middle
of 2011. Most of the risks will be redu ed by 2012.

Figure 5. The average photo- ounts of APDs as a fun tion of natural guide star magnitude. We assume that a limiting
magnitude, whi h an ompensate a tip-tilt and fo us wavefront error, orresponds to an averaged photo ounts of 10 for
ea h sampling rate at 100 Hz.
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