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Abstract—We have developed a transportable 30-cm submil-
limeter-wave telescope to operate at the Dome Fuji station in
the Antarctic plateau. Transportability is an important require-
ment in the design; the telescope can be divided into several
subsystems by hands. The maximum weight of the subsystems
is restricted to be below 60 kg, so that the telescope can be
assembled without a lifting machine. A small 4 K mechanical
cryocooler is used for cooling down a SIS mixer. Total power
consumption was designed to be less than 2.5 kW. The op-
tical system was designed to satisfy the frequency independent
matching condition at the subreflector and the feed horn of the
SIS mixer, so we could accommodate a higher frequency receiver
without changing mirrors. A quasi-optical filter was employed
for the single sideband operation in observations of the CO

line at 461.04 GHz and the [CI] line
at 492.16 GHz. It was equipped with a 1 GHz width spectrom-
eter that covers a velocity width of 600 km/s with a velocity
resolution of 0.04 km/s at 461 GHz. We carried out test ob-
servations at a 4400-m altitude site in northern Chile during
winters of 2010 and 2011. The typical system noise temperature,
including atmospheric loss, was 3000 K (SSB) at 461 GHz, that
is mainly limited by atmospheric opacity. The beam size of the
30-cm offset Cassegrain antenna at 0.65 mm of wavelength was
measured to be by cross scanning of the sun. This
angular resolution of the 30-cm telescope is same as those of
the Columbia-CfA-U. Chile CO surveys. We esti-
mated the main beam efficiency to be 87 5% by observing the
new moon. We succeeded in mapping Orion Molecular Cloud
A and M17 SW in CO followed by test obser-
vations toward Orion KL in both CO and [CI]

.

Index Terms—Astronomy, astrophysics, submillimeter-wave
technology .
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I. INTRODUCTION

T HE Galctic surveys are a fundamental approach to un-
derstand characteristics of interstellar medium in the

Milky Way. In the millimeter-wave region, several surveys
have revealed its mass, distribution, kinematic information
and the physical properties. The Colombia-CfA-U. Chile
1.2 m telescopes identified giant molecular clouds (GMCs)
throughout the Milky Way in the CO line at 115
GHz [1]–[3]. The Massachusetts-Stony Brook Galactic CO
surveys essentially detected all clouds of size larger than 20 pc
in [4]. A 60 cm telescope named AMANOGAWA
telescope surveyed in the CO line at 230 GHz
[5], [6]. Physical parameters of GMCs such as temperature
and density are derived by intensity ratio of molecular lines
in different transitions. They found a global decrease of gas
density with increasing the distance from the Galactic center.
Submillimeter CO lines (e.g., 345, 461, and 691 GHz) are

preferable to restrict physical condition of GMCs. Atomic
carbon and nitrogen may be good probes for the atomic phase
of interstellar medium. Although some telescopes observed
the Milky Way, the observed area is limited only around the
Galactic center [7], on the Galactic equator [8] and on some
major GMCs because the atmosphere is very opaque for sub-
millimeter waves.
A dryer and higher altitude site is needed for submillimeter-

wave observations. The atmospheric transparency is mainly de-
termined by the amount of water vapor and oxygen. Several sites
with better atmospheric transparency have been developed such
as Mauna Kea in Hawaii, USA, and the Andes plateau close to
the Atacama Desert in Chile. The atmospheric transparency at
these sites is not high and stable enough for continuous sub-
millimeter-wave observations above 450 GHz. The Antarctic
plateau is a good site for a Galactic plane survey in submil-
limeter wave. We have developed a transportable telescope for
this new survey in the CO line at 461.04 GHz and
the [CI] line at 492.16 GHz in 500 GHz band. In
this paper we describe the design of the telescope for opera-
tion in Antarctica and show results of the performance in test
observations.

II. DOME FUJI STATION IN THE ANTARCTIC PLATEAU

Japanese Antarctic station, the Dome Fuji station, is expected
to be one of the best sites for submillimeter-wave astronomy be-
cause of its high altitude of 3800m and low average temperature
of 54 C [9]. Dome Fuji is located in latitude 77 19’ S and
longitude 39 42’ E [10]. Dome Fuji was established in 1995 by
Japanese Antarctic Research Expedition for drilling ice cores to

2156-342X/$31.00 © 2013 IEEE
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Fig. 1. Location of Dome Fuji and other sites in Antarctica.

study a long-term variation of climate. It is about 1000 km away
from a Japanese station at the coast, Syowa. Basic transporta-
tion means are snow vehicles and sledges, although Dome Fuji
is accessible by a small plane. Currently, a telescope must be as-
sembled without a lifting machine at Dome Fuji. The capacity of
electric power is limited. Fig. 1 shows the location of Dome Fuji
and other stations on a map of Antarctica where astronomical
observation could be conducted. Although several test observa-
tions have been carried out at these stations, radio observations
have been done only at the South Pole. The 1.7 m AST/RO tele-
scopemapped the Galactic center in submillimeter lines [7]. The
10 m South Pole Telescope is operated to investigate the CMB
anisotropy using millimeter/submillimeter-waves.
It has been known that the average fraction of the sky ob-

scured by clouds was 30% in 1995–1997 [9]. The mean wind
speed is 5.8 m/s [9] and hardly exceeds 10 m/s. The zenith
opacity at 220 GHz in summer was very low and stable

, much better than that of Atacama plateau in
Chile in their same seasons, and is comparable in their best
seasons [11]. We showed in simulations that several submil-
limeter atmospheric windows between 340 and 1000 GHz open
through a whole year. Several THz windows open in winter at
1.0–2.0 THz. Furthermore, low fluctuation of the opacity is an
advantage of Dome Fuji. This enables us to continue a sub-
millimeter-wave observation for a long time under good atmo-
spheric conditions. Similar good transmission in submillimeter-
wave length is obtained in Dome A [12]. For these advantages
of the Antarctic plateau in topographic and climatic conditions,
we are developing Dome Fuji as a site for astronomical obser-
vation from submillimeter to near-infrared region [13], [14].

III. THE 30-CM TELESCOPE

A. Configuration

The size for a main reflector of 30 cm is chosen to produce a 9
beam at 461 GHz so that we can compare the data of the low-
CO surveys directly. Transportability is an important require-
ment to the 30-cm telescope for the operation at Dome Fuji. We

Fig. 2. Block diagram of the system of the 30-cm telescope. The individual
subsystem is shown with different colors.

Fig. 3. Schematic drawing of the system of the 30-cm telescope. Blue-dashed
line betweenmirrors represents the size of the beam at the edge taper of 40 dB.

designed the 30-cm telescope to be divided into several subsys-
tems by hands. The maximum weight of each subsystem is re-
stricted to be below 60 kg for fulfilling this requirement.We also
set the upper limit on the total power consumption of 2.5 kW to
satisfy the condition of the electric capacity at Dome Fuji. Fig. 2
shows a system diagram of the 30-cm telescope. We adopted a
standard-type heterodyne radio telescope that consists of an an-
tenna system, a local oscillator (LO), a mixer on a cryo-receiver,
an intermediate frequency (IF) system, a back end system, and
a control system.
Fig. 3 shows a schematic drawing of the configuration of

systems in the 30-cm telescope. The antenna optical system
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is placed on a box shaped main structure where the receiver
system is accommodated. The beam from the antenna system
(the main reflector and the subreflector) is reflected on the first
plane mirror (PM1) and guided into the telescope along the el-
evation axis. The second plane mirror (PM2) reflects the beam
to an alignment plate through a hollow of an azimuth motor.
The plate holds the third plane mirror (PM3) and the first el-
lipsoidal mirror (EM1), a quasi-optical single sideband (SSB)
filter, and a local oscillator system. It is mounted on an align-
ment reference plane under the antenna system directly to min-
imize misalignments.
A plane mirror (PM4) is placed on the 4 K stage of the re-

ceiver followed by an ellipsoidal mirror (EM2) and a feed horn.
The position and tilt of the receiver are adjusted so as to achieve
good alignment between the alignment plate on the antenna and
the 4 K stage. The box also accommodates the IF system, the
back end system, and the control system.

B. Optical System

1) Antenna System: The main reflector and a subreflector
construct an offset Cassegrain antenna system. There is no
blockage by the subreflector and its mount. This provides us
with high main beam efficiency, that is important for the obser-
vation of broad and weak emission lines seen in the Galactic
plane. The focal length of the main reflector is 258.40 mm.
The subreflector is an offset hyperboloid with the eccentricity
of 1.375 and its focal length of 166.39 mm. The diameter of
the subreflector is 60.40 mm. We stipulated an edge taper level
on the subreflector to be 17.0 dB, to suppress the side lobe
level. We designed the antenna to implement the Mizuguchi
condition for minimizing the cross-polarization loss and the
Rusch condition for minimizing the spillover loss [15]. As a
result, the axis of the subreflector tilts 1.311 respect to that
of the main reflector. The synthetic focal length of the antenna
system is 1627.91 mm. The effective focal ratio is 6.30 at the
synthetic focus. All of mirrors are made of Al 5052 for ease
of manufacture by the machining and the low-deformation
characteristic. The surface accuracy of the main reflector and
the subreflector is less than 5 m. This accuracy enables us to
observe a wavelength of 100 m in the future.
Two direct-drive hollow motors were employed for driving

the azimuth (Az) and the elevation (El) axis. The diameter of
the hollow is 50 mm. The relative and absolute accuracy of po-
sitioning are 0.5 and 10 , respectively. It is high accuracy
enough to operate with angular resolution of 9 . The low tem-
perature under 20 C would provoke damage to electronics
of motors and grease in a bearing. We attached rubber heaters
around motors and the bearing in order to solve this problem.
2) Transmission Optical System: We designed the transmis-

sion optical system that consists of elements from the subre-
flector to the feed horn, based on Gaussian beam propagation
[16]. We also adopted a condition of frequency-independent
matching between the subreflector and the feed horn [17]. The
frequency-independent matching is a technique so that the beam
parameters do not have frequency dependence at the surface of
the subreflector and the aperture of the feed horn. In this tech-
nique a real image of the subreflector is formed on the aperture
of the feed horn by ellipsoidal mirrors. This enables us to re-
place the receiver for an observation of higher frequency wave

TABLE I
BEAM PARAMETERS OF OPTICAL SYSTEM AT 461.04 GHZ

Fig. 4. Beam radius at an edge level of dB.

without a replacement of the optical system. We set the edge
taper of mirrors after subreflector to 40.0 dB. The edge clear-
ance of the beam to space in the telescope is set to 50.0 dB.
We show the parameters of the optical system at 461.04 GHz in
Table I and the calculated radius of the beam at 461 and 809GHz
in Fig. 4.
We show a simulated beam pattern at 461.04 GHz in Fig. 5.

The simulation was done with GRASP8 software packages
using physical optics and physical theory of diffraction [18].
It calculates radiation from a mirror produced by the surface
induced current on the mirror. We obtained the beam pattern of
the telescope from calculations of the surface current and the ra-
diation for all mirrors starting from ideal Gaussian beam pattern
of the feed horn. The beam pattern has a symmetrical shape and
a correct directionality. Its angular resolution (HPBW) is ,
which is comparable to the resolution of the Columbia-CfA-U.
Chile telescopes and AMANOGAWA telescope. The level of a
first side lobe is less than 32.0 dB, which is sufficiently low
for the observation. The cross-polarization level is also low,
less than 26.8 dB to the peak gain of the main-polarization
pattern.
3) Feed Horn: We adopted a diagonal horn as the feed horn

because it produces a good beam despite of easy manufacturing.
Its coupling efficiency of the aperture field to the fundamental
Gaussian mode is expected to be 84% and the side lobe level
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Fig. 5. Simulated beam pattern of the 30-cm telescope at 461.04 GHz.

is less than 25 dB [16]. We designed the horn to fit the beam
parameters of the optical system based on Johansson and Why-
born [19]. The optimized aperture radius and the slant length
of the horn are given by

(1)

(2)

where and are the beam radius and the curvature of
Gaussian beam at the aperture of the horn. Using these relations,
we obtained the aperture radius as mm and the slant
length as mm.
4) SSB Filter and LO Injection: The observation is done with

the SSB mode to measure the intensity of lines in high accu-
racy. We adopt a pair of frequency selective polarizers (FSP)
as a quasi-optical-type SSB filter. A FSP consists of a wire-
grid backed by a flat mirror with a small gap. This filter is a
modified Martin-Puplett interferometer (MPI) [20] and used for
Superconducting Submillimeter-Wave Limb-Emission Sounder
(SMILES) [21]. Standing waves are expected to be low in FSP
compared withMPI because no rooftop mirror is used.We show
the configuration of the FSP for explaining, the principle of the
SSB filter and the injection of the LO signal in Fig. 6. They
work as a four-port dual beam interferometer with two 45 wire
grids. The transmission frequency characteristic of the signal
from radio frequency (RF) at Port 1 to a SIS mixer in the re-
ceiver at Port 3 is controlled by changing the gap width be-
tween the grid and the flat mirror [21], [22]. The SIS mixer at
Port 3 receives signals from Port 1 and Port 2. The width also
controls the coupling efficiency from the LO at Port 2 to the SIS
mixer at Port 3 (Fig. 6).
We designed the frequency characteristic of the filter to

achieve the SSB observation for CO in a lower
sideband and [CI] in an upper sideband for IF of
7.2 GHz. We found the optimum value of the gap width to
be 2.644 mm to transmit two emission lines with high image
rejection ratio.
The LO consists of a signal generator unit followed by an am-

plifier and a multiplier unit. The multiplier unit produces the LO
signal whose frequency is 108 times higher than that of original
CW signal of 4–5 GHz from the signal generator. The SIS mixer
receives thermal noise in the image band from Port 2 in addi-
tion to the LO signal. Therefore the thermal emission from LO

Fig. 6. Schematic view of the quasioptical SSB filter using FSPs.

port increases noise for heterodyne detection in SSB mode. We
inserted an additional wire grid in front of the LO port so as to
terminate 95% of the thermal emission from the LO port into a
cold load in the cryostat.
5) Optical Pointing System: The 30-cm telescope is

equipped with an optical pointing system because there is not
enough number of bright and point radio sources for the 9
beam in the 500 GHz band. A monochromatic CCD camera is
mounted on the mount of the subreflector. The CCD camera
is set with a lens whose the diameter and the focal length are
31.5 mm and 75 mm, respectively. The size of the image is
4.53 3.40 and the resolution is 24 /pixel. A R64 filter is
attached in front of the lens to cut the scatted light of the sky
shorter than wavelength of 640 nm. It enables us to get images
of stars that are brighter than 3.5th of magnitude in the twilight.
The output of the camera is converted into a digital image by a
video capture board for the analysis on a computer.

C. Intensity Calibration

We use the standard chopper-wheel method for the intensity
calibration [23], [24]. A switching mirror is inserted between
the PM2 and the PM3 in the azimuth axis at certain intervals
(Fig. 3). The mirror terminates the beam to a radio absorber
(TK-RAM). Temperature of the absorber is monitored so as to
obtain the antenna temperature.

D. Receiver System

1) Cryo-Receiver: We adopted a Superconductor-Insulator-
Superconductor (SIS)mixer associated with Parallel-Connected
Twin Junctions (PCTJ) which was made at the Nobeyama Radio
Observatory. The junction consists of niobium and aluminum
oxide as the superconductor and the insulator, respectively. It
needs no mechanical tuner for impedance matching of the SIS
device, and low noise (less than 200 K in DSB mode) is ex-
pected. The size of the device is 180 m 2.2 mm and its thick-
ness is 90 m. The area of the junction is about 1 m . The re-
sistance of the device is about 40 at ambient temperature be-
cause of the combined resistance of the two junctions is about
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Fig. 7. Block diagram of the receiver system and level diagram of the signal from the feed horn to the spectrometer.

15 and a resistance of microstrip line in the device is about
25 . Two permanent magnets are attached to both sides of the
mixer block to give a magnetic field of 140 G to suppress the
Josephson current. The device is mounted on a mixer block,
which is made of gold plated copper. The RF signal and the LO
signal are led to the SIS mixer through the feed horn, which is
combined with the mixer block.
We selected a small 4 K Gifford-McMahon cryocooler for

cooling down the SIS mixer with the weight and power saving.
The cryostat has a cylindrical form and its size is 32 cm in diam-
eter and 50 cm of height. The weight of the cryocooler including
the cryostat is about 15 kg and its consumption power is 1.3 kW.
These are suitable for the operation at Dome Fuji. The cooling
capacities of the 60 K stage and the 4 K stage are 2.5 W and
0.1 W, respectively. A small helium pot is attached to the top of
the cryocooler to reduce the fluctuation of temperature of the 4
K stage using its large thermal capacity. A 50 m-thick film of
Kapton is used as a vacuum window of the cryostat. Two Zitex
films (G110) are attached on a window of a 60 K shield as in-
frared scattering filters in the cryostat.
AHEMT amplifier was employed as a first amplifier of the re-

ceiver system on the 60 K stage. The consumption power is less
than 30 mW. The gain and the noise temperature of the HEMT
amplifier are about 30 dB and 6.5 K within the fist IF band, re-
spectively. An isolator is inserted to reduce the reflection of the
signal between the HEMT amplifier and the SIS mixer. The iso-
lation level is larger than 30 dB. The SIS mixer is biased through
a port of the isolator using a source meter with the four-wire
method.
2) IF System: The signal from the cryostat is transmitted to

the IF system for adjustment of the level and the frequency to
match a back end system. Fig. 7 shows the configuration and
a level diagram of the receiver system. The system consists of
amplifiers, filters, mixer, attenuators, isolators, a divider and a
crystal oscillator. In the system, the first IF signal is amplified by
a 40 dB-gain amplifier and filtered by a 4–8 GHz bandpass filter.
A step attenuator is inserted to control the level of the signal.
Then the signal is divided into three outputs for a continuum
observation, a line observation and a monitor. The first output
is led to a power sensor for the continuum detection through a
4–8 GHz bandpass filter. The second output is led to a mixer
through a 6.7–7.7 GHz bandpass filter. It is down-converted to
the second IF signal of 0–1 GHz with a 6.7 GHz signal from the
crystal oscillator. The second IF signal is transmitted to a spec-

trometer after amplified by a 34-dB gain amplifier and filtered
by a 40 MHz high-pass filter and a 960 MHz low-pass filter.

E. Back End System

We employ an FX-type 1 GHz spectrometer and a power
meter for the back end system. A spectrum is produced as auto
correlation of the Fast Fourier Transformation of the 8-bit fast
sampled input signal. The 1 GHz wide spectrum consistes of
16384 channels corresponds to frequency channel width of 61
kHz. It covers 300 km/s in velocity at 500 GHz band that is
wide enough to cover observed CO line width at the
Galactic center [7]. The velocity resolution is 0.04 km/s which
is much narrower than the typical line width of CO line width
of a few km/s for molecular clouds. The linearity of the spec-
trometer is kept within 5% over 10 dB. An Allan time of more
than 300 seconds was measured under stable temperature varia-
tion less than 0.5 K. Integration time of the signal is selected as
multiples of 1 second. Typically we use 10 seconds integration
on source and the observed data is stored on a hard drive of the
spectrometer. It is compact with weight of 7 kg and works only
at power consumption of 140 W.

F. Control System and Data Acquisition

A central computer controls all instruments of the 30 cm tele-
scope. The computer is connected to a control box of the az-
imuth and the elevation motors of the antenna, the signal gener-
ator of the LO, the biasing power of the SIS device, the power
meter, the spectrometer, and a moving mirror for intensity cali-
bration. It also monitors ambient pressure and temperature, and
the temperature of the instruments. We developed observation
control software based on that used at the Nobeyama Radio
Observatory for Doppler tracking and position tracking. The
clock of the computer is synchronized to the GPS time.We store
spectra and observational logs, such as position of the antenna,
in a hard drive of the spectrometer and the central computer,
respectively. The observed data and monitoring data are acces-
sible from outside of the telescope through a network system. It
is also possible to control the telescope remotely.

IV. PERFORMANCES

A. Receiver Test at Laboratory

Fig. 8 shows the beam pattern of the feed horn alone mea-
sured in the laboratory. We derived the beam pattern from mea-
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Fig. 8. Beam pattern of the feed horn at 461 GHz. The x-axis and the y-axis
represent distance from the origin of the scanning. The color scale represent the
relative signal strength normalized to the central peak.

surement of {the response of the SIS current under a constant
biasing voltage by a planar scanning of a 461 GHz source at
142 mm away from the aperture. We checked in advance that
the current increased up to 100 A without significant satura-
tion as we changed the power of the source. The current was
controlled below 100 A during the scanning. We calculated
the beam pattern by normalizing the current for each position
by the current at the center. The pattern has symmetry shape
and its {beam radius} is 26.3 1.3 mm. It is consisted with the
designed value of 26.0 mm with correction of the beam pattern
of the 461 GHz source. There is no side lobe at a level higher
than 25 dB.
The image rejection of the SSB filter was estimated by the

measurement of the response of the SIS current also. We mea-
sured the current of the SIS by sweeping the frequency of the
LO signal. We estimated the gap width to be 2.488 0.006 mm
from fitting the frequency characteristic of the FSP. The image
rejection ratio was estimated to be dB and 17 4 dB
for observation of CO and [CI] , re-
spectively.
The receiver noise temperature is 900 K in SSB evaluated

at the window of the cryostat, that is derived from Y-factor
measurement for the output power of the IF system. The rather
high noise temperature results from high physical temperature
of 4.9 K of the SIS mixer, 60 K of the HEMT, and the loss in the
IF cable between the SIS mixer and the HEMT. We are plan-
ning to upgrade the cryostat without changing the low power
consumption 4 K cryocooler. We will insert an additional IR
blocking filter in the window.We will replace the thermal shield
made of aluminum with one made of copper. These will signif-
icantly reduce the heat input in thermal radiation. Therefore we
expect lower temperatures both in the 4 K and 60 K stage. We
could also shorten the IF cable.

B. Weight, Size and Power Consumption

All the equipment of the receiver system, the back end
system, and the control system, are set in a main box under the
antenna system, except the compressor of the cryocooler. The
main box is divided into three subsystems to satisfy the weight
limit of 60 kg for the transportability. The weight of equipment
in the telescope is about 300 kg. The total weight of the whole

Fig. 9. Photograph of the 30-cm telescope in Chile with its size. The antenna
subsystem is placed on 98 cm cube main box.

system of the telescope that includes two generators and five
wooden boxes for the transportation is 700 kg. The heaviest of
these subsystems is the antenna system whose weight is about
55 kg.
The 30-cm telescope was evaluated by the test observation

in Chile during winters of 2010 and 2011 after the laboratory
testing. We selected Parinacota in northern Chile as a site for the
test observation. It is located about 2000 km north from Santiago
and its altitude is 4400 m. The latitude and longitude are 18 12
S and W, respectively. We set the 30-cm telescope in
Parinacota as shown in Fig. 9. We succeeded in assembling the
telescope only by four people within three days.
The electrical power was supplied by two generators. A gen-

erator features a sine wave inverter was used stably with com-
puters and various measurement devices that are highly sensi-
tive to changes in frequency and voltage. Its rated voltage and
power are AC100 V and 2.8 kW at the sea level. However, the
oxygen-poor environment due to high altitude results in a lower
power output from the engine. We adjusted the radius of the
main jet in the generators to optimize the Air-fuel ratio for high
altitude environment. Atmospheric pressure at the site ranges
580–600 hPa, so the power would decrease to about 50% rela-
tive to the power at sea level. Therefore we operated generators
connected in parallel to have a sufficient power. The total con-
sumption power of the telescope was measured to be 2.4 kW in
operation. We attached an external tank to the generator to ex-
tend the operation time to longer than 24 hours.

C. Pointing Accuracy

The pointing of the telescope was established by two steps.
In the first step the pointing error due to the antenna mount is
adjusted by observation of bright stars with the CCD camera on
the 30-cm telescope. We selected stars from the Fifth Funda-
mental Catalog [25] that have magnitude greater than 3.5 with
correction of proper motion. The pointing error is removed by
optimizing parameters that describe imperfectness of the az-
imuth and the elevation mounts of the telescope. The position
error of stars is recorded as well as the azimuth and elevation
offsets. Then these offsets data are fitted with the 15 parame-
ters model with least-squared method. We iterated the pointing
three times to converge the model. We represent the distribution
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Fig. 10. Result of the optical pointing. (a) The distribution of the observed
stars plotted on the celestial sphere. Positions at the 1st, 2nd, and 3rd pointing
are represented with red plus, green cross, and blue asterisk, respectively. (b)
The residuals of the fit. Red plus as and green cross as represent the error before
the 1st pointing and after the 3rd pointing, respectively.

of observed stars over the sky in Fig. 10(a). After the fitting, the
root mean squared error along azimuth and elevation were
and , respectively. Fig. 10(b) shows that the large residual
before pointing (red plus) is corrected to the center of the image
at the after pointing (green cross). These errors are less than
one-thirty of the angular resolution and are small enough for
observations.
In a second step, we aligned the radio axis to the optical axis

that was established by the optical pointing. The radio pointing
was adjusted by observing bright and compact CO sources such
as Orion KL and M17. Final pointing error was , that is small
enough for the beam of the 30-cm telescope.

D. Beam Pattern and Angular Resolution

The beam pattern of the antenna was evaluated by scanning
the sun. The IF output power (4–8 GHz) was taken by the power
meter at 0.1 s intervals while the scanning of the sun at 461 GHz
(0.65 mm in wavelength) along in the azimuth and the elevation
axes. We inserted a Zitex film in front of the subreflector to
attenuate the sunlight in optical and infrared light for protecting
the telescope. The IF output is a convolution of the beam pattern

and the brightness distribution of the sun as follows:

(3)

The Gaussian beam pattern is evaluated assuming that sun is
modeled as a flat uniform circle.
Fig. 11 illustrates the scanning data and the beam pattern in

the azimuth (left) and the elevation (right) direction. The red and
green lines represent the IF scanning output and thefitting curve,
respectively. We fitted the scanning data using the following
model, with , and as free parameters:

(4)

where is scanning angle in the azimuth or the elevation direc-
tions, is a proportionality coefficient depending on intensity
of the sun, is the apparent radius of the sun, is the
offset between the center of the sun and the scanning origin,
is a constant component depend on radiation from the sky, and
is angular resolution (HPBW) of the beam of the telescope. The

Fig. 11. Results of scanning of the sun (red line) at 461 GHz and the fitting
(green line) a model of beam pattern. The left figure is IF output in azimuth
direction and the right figure in elevation direction.

Fig. 12. Result of scanning of the sun at 461 GHz in elevation direction. The
data is same as Fig. 11 (right), but the data are plotted in decibels.

HPBW of the beam in the azimuth and the elevation directions
are estimated to be 9'.4 0'.4 and at 461 GHz, re-
spectively. The measured angular resolution is consistent with
the designed value of 9'.6. The scanning patterns have symmet-
rical shape and no significant side lobes. We found a small side
lobe at 22 from the center in elevation direction. The level of
the side lobe is 16.6 dB to the main beam (Fig. 12).

E. Moon Efficiency and Aperture Efficiency

We derived the moon efficiency using the scanning
data as follows:

(5)

where is the beam pattern of the telescope, is the
measured antenna temperature of the new moon, is the
brightness temperature of the new moon, which is assumed
to be 110 K (brightness temperature at 1 mm, [26]). and

are the solid angle of the main beam and the moon,
respectively. We obtained the antenna temperature on the
center of the new moon to be K from averaging of 4
points toward the center of the moon. The moon efficiency
was estimated to be 87 5% at 461 GHz by (5). The aperture
efficiency is also calculated to be 70 4% at 461 GHz from
the following equation, assuming that the moon efficiency is
regarded as the main beam efficiency:

(6)
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Fig. 13. Results of measurement of the Allan variance at the site. The data at 9
channels are selected randomly from 16384 channels of the spectrometer. The
function is also shown for the comparison with the data.

where is the wavelength and is the physical area of the main
reflector. This is a reasonable assumption because the angular
width of the first null of the beam pattern corresponds roughly to
the diameter of the moon. We assumed that . We also
regard the moon efficiency as the main beam efficiency when
we derive the main beam temperature of the line.

F. System Noise

The atmospheric opacity at 461 GHz was measured with
the tipping-scan method using the telescope at Parinacota. The
antenna was programmed to scan the sky from 0 to 80 in the
zenith angle. It took about 2 min for one scanning. We selected a
direction of scanning to south to avoid the incidence of sunlight.
The zenith opacity of the atmosphere ranged 0.6–1.5. The system
noise temperature including atmospheric loss was 2000–5000 K
during the observation. These values indicate the receiver noise
temperature is about 900 K in SSB mode. Therefore there is no
discrepancy between the results at laboratory and the observing
site. An average of the system noise temperature was 3000 K
during observation. We abandoned the observed data with
system noise temperature higher than 5000 K.
The ambient temperature changes between 20 C and

30 C. A daily minimum temperature increases from 20 C
in early August to 5 C in late October. It reaches its peak at
noon and decreases rapidly after setting of the sun. The relative
humidity fluctuate from 20% to 100% at night. On the other
hand, it shows steady value of about 10% at the daytime. The
atmospheric pressure hovers around 600 hPa, comparable with
that at Dome Fuji.
The stability of the receiver system was evaluated by the

Allan time at the site. We terminated the receiver with the ab-
sorber and recorded the output signal with the spectrometer in
a second interval. Fig. 13 shows the Allan variance of several
channels as function of the Allan time. The variance of some
channels increases from the line of at about sec-
onds. Although it allows us to integrate for about 30 seconds
each on-off interval, the Allan time is shorter than that of the
spectrometer alone. We speculate that the results from the gain
fluctuation are due to a vibration of the receiver temperature by
the cryocooler.

G. First Light Toward Orion KL and Test Observation

We show our first CO and [CI]
spectra toward Orion KL in Fig. 14. The spectra were ob-

Fig. 14. Spectra of CO and [CI] toward Orion KL,
the nearest massive star-forming region.

tained in the position-switching mode. The integration
time for each scan is 10 seconds. We set the on-position
to and .
The reference position is 30 east of the on-position. We
reduced observed data using the “NEWSTAR” package, which
is a reduction software developed by the Nobeyama Radio
Observatory. The reduction procedure included flagging out
bad data, integrating the data in time, and base line subtraction
by least-square fitting of a first order polynomial. The intensity
of the signal is expressed in main beam temperature corrected
by measured main beam efficiency of 87%.
In the CO observation, the total integration time was 760 s.

The velocity channel of the spectrumwas smoothed to 0.12 km/s
of resolution. The peak temperature is 21.7 0.5 K and the
integrated intensity from 6 to 12 km/s is 92 2 K km/s. The
peak velocity is 9.4 0.1 km/s and the velocity width (FWHM)
of the spectrum is 4.4 0.1 km/s.
In order to assess the adequacy of the data, we compared our

CO spectrum with an existing data taken by the 2.2-m ESO tele-
scope at La Silla in Chile [27]. The beam size and the beam ef-
ficiency of the 2.2-m telescope are 75 and 57%, respectively.
They estimated that the absolute error of their antenna temper-
ature is less than 20%. The velocity resolution of the spectrom-
eter is 0.3 km/s.
We compared the peak velocity and the integrated intensity

of the spectra. The peak velocity ranges between 7.5 km/s and
9.5 km/s within the Orion KL map by the 2.2-m telescope. This
agrees with our result because velocity components are mixed
within the one beam of the 30-cm telescope. We calculated ex-
pected intensity by the following equation so as to com-
pare the integrated intensity taken by different beam sizes:

(7)

where is the integrated intensity taken by the 2.2-m tele-
scope, is the beam pattern of the 30-cm telescope, which
is assumed to be a 2-dimensional Gaussian function with HPBW
of . The expected intensity is estimated to be between 86 and
106 K km/s. This result is also consistent with the observed in-
tegrated intensity by the 30-cm telescope, 92 2 K km/s.
The [CI] spectrum was taken with 770 s of total

integration time. The velocity channels were smoothed to 1.3
km/s to reduce rms of the spectrum in Fig. 14. The peak temper-
ature is K and the integrated intensity is 7 1 K km/s.
The peak velocity is 1.3 km/s and the velocity width of
the spectrum is 5.6 1.3 km/s.
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Fig. 15. Integrated intensity map of the CO toward Orion A
GMC.

We performed large-scale mapping of CO in
Orion A GMC during September and October 2011. Fig. 15
shows the integrated intensity map in the velocity range between
0 and 20 km/s in . We observed a 3 deg-by-4 deg area that
includes 690 positions. The achieved rms noise level was 0.5 K
after integration of the signal for 5 min per position, which is
consistent with the system noise temperature. We also mapped
M17 GMC with the CO line.

V. CONCLUSION

We have developed a transportable 30-cm telescope for a
Galactic survey in CO at 461.04 GHz and [CI]

at 492.16 GHz at the Dome Fuji station in the
Antarctic plateau. All systems of the 30-cm telescope were
designed to be divided into small subsystems whose mass
allowance is restricted to be less than 60 kg for handling only
by hand, while keeping the system noise temperature of less
than 900 K in the SSB mode. An SIS mixer was employed for
the small receiver that has cooling capacity of 0.1 W at the 4
K stage. The 30-cm Offset Cassegrain produced a beam
that was the same beam size as those of Columbia-CfA-U.
Chile 1.2 m telescopes for the CO survey and
AMANOGAWA telescope for the CO survey.
We operated the 30-cm telescope at a 4400 m-altitude site of

Parinacota in northern Chile during winters in 2010 and 2011.
We succeeded in assembling the telescope only by four peoples
in three days. The typical system noise temperature including
the atmosphere was 3000 K (SSB). We made the first observa-
tions of CO and [CI] lines toward Orion
KL using the telescope. We found no discrepancy between our
data and existing data in the peak velocity and the integrated
intensity. We succeeded in mapping GMCs (Orion A and M17
SW) in the CO line.
We are upgrading the receiver to install a sideband-separating

SIS mixer based on ALMA band 8 receiver [28]. We expect to
achieve lower noise temperature of the receiver with this up-
grading. We will insert thermal insulating sheets (AEROFLEX)

on the outer wall of the telescope.We will also cover motors and
bearings with heaters and the insulating sheet. Our thermal sim-
ulation shows inside temperature of the telescope will be kept
above 20 C under the environmental temperature of 70 C.
The telescope performance will be tested in cold environment
in a laboratory. We plan to start the operation of the telescope
at Dome Fuji in 2014.
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