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ABSTRACT

We have developed a near infrared camera called ANIR (Atacama Near InfraRed camera) for the University of
Tokyo Atacama 1.0m telescope installed at the summit of Co. Chajnantor (5640m altitude) in northern Chile.
The camera is based on a PACE HAWAII-2 array with an Offner relay optics for re-imaging, and field of view
is 5.3 x 5.3 with pixel scale of 0.31 /pix. It is also capable of optical/infrared simultaneous imaging by inserting
a dichroic mirror before the focal plane. The high altitude and extremely low water vapor (PWV=0.5mm) of
the site enables us to perform observation of hydrogen Paschen-« (Pac) emission line at 1.8751 um. The first
light observation was carried out in July 2009, and we have successfully obtained Paa images of the Galactic
center using the N1875 narrow-band filter. This is the first success of Paa imaging of a Galactic object from a
ground based telescope. System efficiencies for the broad-band filters are measured to be 15% at the J-band and
30% at Ks, while that of the N1875 narrow-band filter, corresponding to Paca wavelength, varies from 8 to 15%,
which may be caused by fluctuation of the atmospheric transmittance. ATRAN simulation suggests that this
corresponds to PWV of 0.3 — 1.5mm, consistent with previous results of the site testing. Measured seeing size
is median ~0. 8, corresponding to the real seeing value of 0.6 — 0'8. These results demonstrates the excellent
capability of the site for infrared observations.
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1. INTRODUCTION

Institute of Astronomy, University of Tokyo is planning to construct a 6.5m infrared-optimized telescope at
the summit of Co. Chajnantor (5640m altitude) in northern Chile, which is called the University of Tokyo
Atacama Observatory Project.!»2 The site has ideal weather condition for the infrared astronomy; high clear
fraction (>80% usable?), low perceptible water vapor (PWV : 0.5mm at 25%-tile*), and good seeing (<0.7 in
the V-band®).

Especially, the low PWYV invokes high atmospheric transmittance and almost continuous transmission in the
near-infrared wavelength is achieved. As a result, observation of hydrogen Paschen-a (Paca) emission line at
1.8751pm becomes possible. Paa is the strongest hydrogen line in the near-infrared wavelength. Having strong
penetrating power, it is an ideal probe for star formation activities hidden behind thick interstellar dust clouds
such as HII regions in the Galactic disk and dusty starburst galaxies. However, because of poor atmospheric
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Figure 1. Simulated atmospheric transmittance by the ATRAN atmospheric model.® Solid line shows that at Co. Cha-
jnantor(5640m) assuming PWV=0.5mm, and dotted line at 2600m altitude with PWV=2.6mm. Vertical dotted lines
show the wavelength of hydrogen Paa emission line (1.8751um). Horizontal thick dotted line indicates the wavelength
range of the narrow-band filter N1875.

transmittance, no Paa imaging of a Galactic object from a ground-based telescope is reported so far. Figure
1 shows the transmittance at the wavelength of Paa. While almost no Paa photon reaches the ground at
2600m altitude (this is the height of major observatories in the southern hemisphere), transmittance over 50%
is expected at Co. Chajnantor.

As a pathfinder of the TAO 6.5m telescope, we have installed the University of Tokyo Atacama 1.0m telescope
(miniTAO 1.0m)%7 at the summit of Co. Chajnantor in 2009, started scientific observation using the Atacama
Near InfraRed camera (ANIR), and successfully obtained Pac images of Galactic objects from the ground. In
this presentation, we report the performance of ANIR at the 5640m altitude, mainly focusing on the Pac imaging
capability.

2. ATACAMA NEAR-INFRARED CAMERA
2.1 Near-Infrared Imager Unit

Figure 2 shows the overall layout of ANIR. The main body of ANIR is a near-infrared (NIR) imager unit,
contained in a cubic cryostat with ~260mm on a side. This NIR unit is based on an engineering grade PACE
HAWAII-2 array detector, with an Offner relay optics for re-imaging. Two filter wheels, containing 4 filters
each, are located just after the telescope focal plane. They are driven by cryogenic motors which are remodeled
from non-cryogenic products by replacing their ball bearings with those with MoSs sputtered bearing balls. The
wheels contain 4 broad-band Y, J, H, Ks filters of Mauna Kea observatories infrared filter set® !° and 4 narrow-
band filters. All the cryogenic components are cooled by a GM closed cycle cooler, which is electrostatically
insulated from the cryostat by inserting a sapphire plate at the cold head and a Teflon plate at the base plate of
the housing. The detector is driven by data acquisition system TAC!! based on a Linux PC and a commercial
digital I/O board. Out of 2048 x2048 pixels of the array detector, only a single quadrant of 1024x 1024 pixels is

Table 1. Specifications of ANIR NIR Unit.

Detector PACE HAWAII-2
Pixel Format 1024 x 1024
Pixel Scale 0 31/pix

Field of View 5.3 x 5.3
Readout Noise <15 e~ r.m.s. (at 4us/pix sampling)
Filters Y, J, H, Ks, N128, N1875, N191, N207
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Figure 2. Layout of ANIR.

used with a single readout mode. Default readout speed is 4us/pix which results in the minimum exposure time
of 4.2sec. For detailed information, see Motohara et al. 2008.12 Specifications are summarized in Table 1.

2.2 Narrow-band Filters

The NIR unit is equipped with four narrow-band filters designed and fabricated by Optical Coatings Japan,
which are N128 (A=1.281pm, AX=0.0214um) for Pag A1.2818um, N1875 (A=1.8754um, AA=0.0079um) for
Paa A1.8751pm, , N191 (A=1.910pm, AX=0.033um) for off-band imaging of Paa, and N207 (A=2.074pum,
AX=0.041pm). Figure 3 shows the filter profiles of N1875 and N191, together with the simulated atmospheric
transmittance at the summit of Co. Chajnantor.

2.3 Optical Imaging Unit

By inserting a dichroic mirror before the cryostat window of the NIR unit, ANIR is capable of optical and NIR
simultaneous imaging. The dichroic mirror, fabricated by Asahi Spectra Co., has a dimension of 50mm x 71mm
x 10mm with a wedge angle of 0.53° to minimize astigmatism in the NIR image. Its transmittance is > 0.9 at
0.95-2.4pm, while reflectance of > 0.9 is achieved at 0.4-0.86um with the incident angle of 45°. It is installed
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Figure 3. The lower plots of both panels show filter profiles of the N1875 (left) and the N191 (right) narrow-band filters
at 77K (solid lines) and 300K (dotted lines). The upper plots show simulated atmospheric transmittance at 5600m with
PWV=0.5mm (dotted line) and effective filter profile (solid line).
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Figure 4. (Left) Spot diagrams of the optical imaging unit. Wavelength varies from 0.44um, 0.54pm, 0.64pm, 0.81pm,
and 0.90pm from left to right, with the spots at the field center shown in the top line, at 2.9 from the center in the middle,
and at the edge of the field of view in the bottom. Each box is 100pum on a side, corresponding to 25, (Right) Same as
the left panel, except the focal position offset by 0.2mm.

on a movable stage, and can be retracted to achieve better image quality, higher efficiency, and lower thermal
background in the NIR when no simultaneous imaging is necessary.

The reflected light by the dichroic mirror enters a re-imaging refractive optics, and is focused on a CCD
camera unit with final F of 7.9. Figure 4 shows spot diagrams at the final focal plane. Due to chromatic
aberration of the optics, the focal position is offset by ~0.2mm in the [-band, which can be compensated by
shifting the refocus lens unit.

We incorporate a commercial CCD camera unit Proline PL4710-1-BF fabricated by Finger Lakes Instrumen-
tation, which adopts an E2V backside illuminated CCD. A filter wheel containing 4 broad-band B, V, R, and [
filters of Johnson system is located in front of the CCD camera unit. In addition to these filters, a grism with 75
lines/mm will be installed by the end of 2010. It enables us to carry out slitless spectroscopy, which will achieve
wavelength resolution of R ~ 50. Both the CCD camera unit and the filter wheel are controlled from a host
Linux PC via USB interface. Table 2 summarizes the specification of the optical imaging unit.

3. PERFORMANCE ON THE TELESCOPE

ANIR saw the first light on July 9, 2009 at the miniTAO 1.0m telescope. Figure 5 shows ANIR installed on the
Cassegrain focus of the telescope.

3.1 Paschen a Emission-Line Imaging

On July 10, 2009, we have carried out Paa imaging of the Galactic center (Sgr A*) using the N1875 filter, and
successfully obtained the image shown in Figure 6. This is the first Pac imaging observation of a Galactic object
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Table 2. Specifications of ANIR Optical Unit.

Detector E2V backside illuminated CCD
Pixel Format 1024 x 1024

Pixel Size 13.5pum

Pixel Scale 0. 34/pix

Field of View 5.8 x 5.8
Readout Noise 14 e~ r.m.s.
Filters B, V, R, I (Johnson System)

Figure 5. ANIR installed at the Cassegrain focus of the University of Tokyo Atacama 1.0m telescope.
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Figure 6. Continuum subtracted Pac emission line image of Sgr A*.
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Figure 7. Close-up of the emission-line clouds near Sgr A*, taken by ANIR/miniTAO 1.0m with 1080sec exposure (left),
and by HST/NICMOS with 191sec exposure (right). Circles show apertures used to measure the Paa transmittance.

from the ground, demonstrating the high transmittance for Paa photons at the site. Direct comparison with
results of Paa imaging survey by HST/NICMOS!? shows that most of the emission-line components around Sgr
A* are detected by ANIR. The sensitivity is comparable with that of HST/NICMOS, especially for extended
objects, which can be seen in Figure 7. However, there are some components detected by HST/NICMOS, that
are faint or not detected by ANIR. This may be caused by the strong wavelength dependence of the atmospheric
transmission profile near 1.8751um, where even a velocity shift of severalx 10km/s may result in reduction of the
transmittance down to few % as seen in Figurel.

The atmospheric transmittance for Paa photons are measured using the emission-line clouds in Figure 7 by
comparing with the HST/NICMOS image. The obtained values vary from 15 to 54%, which are consistent with
the ATRAN simulation with PWV=0.5mm assuming reasonable velocity offsets of several x 10km/s.

3.2 System Efficiencies

Figure 8 shows system efficiencies of ANIR on the miniTAO 1.0m telescope. The NIR efficiencies are measured
from 2MASS stars in the observed fields of NIR data, by comparing the number of detected electrons with that
of photons from a star. The optical efficiencies are obtained from standard-star frames in the same manner.
Each point is average of all measured frames, and the error bar shows its 1 ¢ dispersion. The efficiencies become
7-10% lower when the dichroic mirror is inserted.

Proc. of SPIE Vol. 7735 77353K-6

Copyright 2010 Society of Photo-Optical Instrumentation Engineers. This paper was published in proceedings bibliographic information and is made available as an
electronic reprint with permission of SPIE. One print or electronic copy may be made for personal use only. Systematic or multiple reproduction, distribution to multiple
locations via electronic or other means, duplication of any material in this paper for a fee or for commercial purposes, or modification of the content of the paper are prohibited.



0.5 T I T T T T I T T T T T T T T T T T
| @ Without Dichroic Mirror ]
3 A With Dichroic Mirror A
04 —
> i i
g i H Ks ]
2 03F HMay —— .

3]
& i V R —2— ]
= L J N207 ]
g i : N191 ]
i) 0.2 y i —
@ i —a— N128 ]
@ [ e R 5 i ]
0.1 - B N1875 ]
O i 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 ]
0.5 1 1.5 2

A(um)

Figure 8. System efficiencies of ANIR. Filled circles shows those without the dichroic mirror, and open triangle with it.

The efficiencies of the N1875 and N191 narrow-band filters are lower than those of the broad-bands, which
is clearly the result of the lower atmospheric transmittance as seen in Figure 3. In addition, even taken on
photometric nights, dispersion of the efficiencies is quite large, which may be caused by fluctuation of PWYV in
the atmosphere.

3.3 PWYV and System Efficiencies of Narrow-Band Filters

To check the effect of PWV fluctuation on the atmospheric transmittance, we plot PWV vs. system efficiencies
of the N1875 and N191 filters in Figure 9. Because there are no PWV monitor at the summit, we used PWV
data measured by a radiometer of Atacama Pathfinder Experiment (APEX) in the ALMA site at 5100m altitude,
near Co. Chajnantor. Clear correlations are seen for both the N1875 and N191 filters. Also, we have plotted
relations obtained from the ATRAN simulation, assuming the efficiency of the telescope and the instrument to
be 0.3, the value obtained for the broad-band H and Ks filters. Then, the simulated relations show lower PWV
than the measured values for the both filters. If we adopt the simulated PWV-efficiency relation, the measured
efficiencies corresponds to PWV of 0.4 — 1mm for the N1875 filter and 0.3 — 1.5mm for the N191 filter, which
is consistent with the value obtained from the satellite data.* In addition to this, some data points show large
deviations having high (> 2mm) PWV with rather high efficiency (10-15%).

These results suggest that PWV at the summit is lower than that measured at APEX where the altitude is
lower by 500m. This is because the atmospheric inversion layer may be lowered below the summit during the
night time, and most of the water vapor may be accumulated near the surface of flat terrain of the ALMA site,
where APEX is located. Therefore, lower PWV can be expected at the summit of Co. Chajnantor than at the
plateau of the ALMA site. Direct PWV measurement at the summit is obviously necessary for confirmation.

3.4 Seeing Statistics

Figure 10 shows seeing statistics, where median seeing is ~0.8 for all the broad-band filters. Considering the
diffraction-limited image size and Hartmann constant (OI.l 19) of the telescope optics,” they correspond to the real
seeing values of 0.76 — 0. 64 at Y — Ks band, respectively. The best seeing in the optical channel is also good
as 0. 7. These results are consistent with the value obtained by seeing-monitor observations, which is median
~0.69 in the V-band.”
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the PWYV rescaled for airmass of the target. Solid lines are relation from the ATRAN simulation, assuming the efficiency
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with it. Vertical lines show median values.
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Table 3. 50 limiting magnitudes of ANIR. All magnitudes are in AB system, with 600sec exposure and 18 diameter
aperture.

Band  Limiting Magnitude

Y 20.5
J 20.7
H 20.3
Ks 20.5
N128 19.0
N1875 16.6
N191 18.7

The seeing becomes worse than 1" when the dichroic mirror is inserted. Because this is not expected from a
ray-trace simulation'? and there are some cases when the seeing is as good as 0. 8 even with the dichroic mirror,
it is not likely that this is caused by optical aberration. Further observations for more statistics are necessary.

3.5 Limiting Magnitudes

Limiting magnitude is measured from a final image obtained during the observational run, by performing random
aperture photometry of blank sky region and calculating its standard deviation. Results are shown in Table 3.
Note that they are typical values and some of them vary by 0.5mag maximum due to fluctuation of background
emission such as OH airglows and thermal emission from the telescope or the atmosphere. In addition, the
variation of the atmospheric transmittance in the N1875 and N191 narrow-band filters, caused by the PWV
fluctuation, is another cause of uncertainty.
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