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We have developed a 1.2 m submillimeter-wave telescope at the summit of Mt. Fuji to survey
emission lines of the npeutral carbon atom (Cp toward the Milky Way. A
superconductor-insulator-supesconductor mixer receiver on the Nasmyth focus is used fo observe
the 492 GHz band in SSB and the 345 GHz band in DSB simultaneously. The receiver noise
temperature is 300 K in SSB and 200 K in DSB for 492 and 345 GHz, respectively. The
intermediate frequency frequency is 1.8-2.5 GHz. An acousto-optical spectrometer which has the
total bandwidth of 0.9 GHz and 1024 channel outputs has also been developed. The telescope was
installed at the summit of Mt. Fuji (alt. 3725 m) in July 1998, It has been remotely operated via a
satellite communication system from Tokyo or Nobeyama, Atmospheric opacity at Mt Fuji was

4-1.0 at 492 GHz during 30% of the tims and 0.07-0.5 at 345 GHz during 60% of the time from
November 1998 to February 1999. The system noise temperature was 1000-3000 K in SSB at 492
GHz and 500~2000 X in DSB at 345 GHz. We observed the Ci (®P{~3Py: 492 GHz) and CO
(J=3-2: 345 GHz) emission lines from nearby molecular clouds with the beam size of 272 and
3’1, respectively. We describe the telescope system and report the performance obtained in the 1998

winter.

I. INTRODUCTION

Distribution of interstellar gas in the Galaxy has been
explored with the 21 cm line of the hydrogen atom (HI), the
2.6 and 1.3 mm lines of CO, and the 158 um line of the
ionized carbon atom (CII), Observations of the HI lines re-
vealed the total distribution of diffuse atomic gas in the Gal-
axy, and the CII observations demonstrated wide existence
of diffuse photon dominated regions. By contrast, the CO
observations clarified the distribution of dense molecular
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gas, which is directly related to the formation process of new
stars, Although distributions of atemic gas and molecular gae
have been unveiled through the above studies, the possible
interchange process between these two ultimate phases has
yet to be well understood. Observations of the neutral carbon
atom (CI), which traces an intermediate stage between the
atomic and molecular clouds, should be essential. When we
consider formation of molecular clouds from diffuse atomic
clouds, the major form of the gas phase carbon changes from
CII to CI, and then from CI to CO (e.g. Ref. 1). Carbon is the
fourth most abundant element after hydrogen, helium, and
OXygen in space, and its ionization potential of 11.266 eV is
the lowest among the abundaut atorms.

In diffuse clouds where the interstellar ultraviolet radia-
tion penetrates, most molecules are dissociated and the car-
bon atom is photoionized. As a result, the major form of the
gas phase carbon is CII. As the density of the cloud in-
creases, the ultraviolet radiation, which can ionize the carbon
atom, capnot pegefrate the inner past of the cloud. In this
situation, the neutral carbon atom becomes abundant. As the



density further increases, the carbon atom reacts with oxygen
containing species (e.g., OH, O3) to form a stable moleculs,
CO. Therefore we can study the formation process of mo-
lecular clouds by comparing the distributions of CII, CI, and
CO.

CT has twe submillimeter-wave magnetic dipole allowed
transitions between the three fine structure levels of the 3P
ground electronic state. The transitions are *P~3P; and
3p,—3p, with frequencies 492.1607 GHZ® and 809.3435
GHz,® respectively. These lines were first detected by Phil-
Lips et al.* with the Kuiper Airborne Observatory (KAQ) and
by Jaffe er al.® with the University of Hawaii 2.2 m tele-
scope. The critical density of these lines is as low as 1800

m” .8 Therefore the CI line is expected to be observed
widely over molecular clouds. In fact, the FIRAS on COBE
with a 7° beam has revealed that a large amount of CT exists
on the ga;ac‘iic pianc, 78

However, apart from COBE, CI observations have so far
been limited to small regions of representative objects. This
is because most observations have been carred out with
large submillimeter-wave telescopes such as the JCMT
(diam. 15 m) and the CSO (diam. 10.4 m). Such telescopes
are suitable for siudying detailed structure with high spatial
resolution of ~ 10", but not to explore the large avea distri-
bution of CI in molecular clouds. Some projects for large-
scale surve}!s of CI have recently been initiated: the AST/RO
1.7-m-diam telescope with the 15 beam at the south pole
(als. 2835 m};9 the KOSMA 3 m tslescope at Gornergrat (alt.
1R m>;10,11 the CSO focal reducer svstem with the 37
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beam;'? and the Submillimeter Wave Astronornical Sasellite.
In spitP of these efforis the observed area is still mwch
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emaller than that for the CO lines,

In fact, the distribution of CO in molecular clouds has
been extensively studied by several small sized telescopes.
Most significantly, the Columbia 1.2 m telescopes have sur-
veyed in the CO (J=1—0) line with an 8.7 beam toward the
Milky Way B1% Very small telescopes with 60 cm
diameter™ at Mobeyarna and Chile Have made qurveys in the

(SO EY / HE WA 1\' Yine with the same bears size as the Columbia

telescopes The Nagoya 4 m! 16 and NANTEN' telescopes
also have conducted CO (J=1-0) and *CO (J=1-0)
surveys of nearby molecular clovds with the moderate angu-
lar resclution of a 27 beam.

For ow puwrpose in studying the fommation process of
molecular clouds, we need a small sized telescope with high
sensitivity in order to map the whole of a molecular cloud
within a reasonable time. On the basis of this motivation, we
have developed the 1.2 m submillimeter-wave telescope sys-
tem as described below.

IL. SITE

Mit. Fuji is a dormant volcano with 600-m-diam crater,
and isolated from major mountaing in the mainland of Japan.
It is located at E 138° 437 3873, N 35° 217 4379, about 100
o west of Tokyo and aboui 100 km south of Nobeyama. In
winter months, low temperatures around —20°C and fine
days persist because the high-pressure system from Siberia
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FIG. 1. Schematic drawing of the M. Fuji submillimeter-wave telescope.

covers Japan. The average wind speed at the summit is 10
and 15 ms™! in summer and winter, respectively.

Sekimoto ef al.'® reported the atmospheric opacity at
220 GHz at the sumpmit of Mt Fuji (alt. 3776 m) for two
years, The 220 GHz opacity was lower than 0.06 for 2 sig-
nificant fraction (~45%) of time from November 1994 to
March 1995.'® Diurnal variation of the opacity a¢ the snmmit
of Mt. Puji is so small that continuous observations at
submiilimeter-wave bands are possible through day and
night.

The ielescope site is Nishi-yasugawara (3725 m), which
is 200 m north of the highest peak, Kengamine (3776 m). In
suminer, the telescope site is accessible by a bulldozer which
can transport 2 maximurn load of 1 ton. The electric power

o £,
has been supplied in the 220 V line from the weather station

of the Meteorological Agency at Kengamine.

fil. INSTRUMERNT

A schematic drawing and 2 photograph of the Mi. Fuji
submillimeter-wave telescope is shown in Figs. 1 aud 2, re-

FIG. 2. Photograph of the Mt Fuji submillimeter-wave telescope




TABLE L The Mt. Fuji submillimeter-wave telescope.

Parameter

Parabolic main reflector:
Diameter
Focal length
Focal ratio
Weight
Surface accuzacy
Material
Hypesbolic subreflector
Optics:
Elliptic mirror
Plane mirror
Cooled wire grid
Radoime:
Diameter
Mermbrane
Frame
Beara width (FIPBW):

Optical pointing

Radio pointing

Receivers

Receiver noise temperaiure

IF frequency
Back end:
AOS bandwidth
Separation
Effective resolution
Moon efficiency
(inclnding radome loss)
System noise temperature

Altitade

=12 m
f==0.48 m
D=0.4

81 kg

10 pom rms
Al 5052
D=72 mm

2
1
3 (20 pm wngsten wire)

292 m
Gore-Tex 0.3 mm thickness
40 pieces ruade of Al 6061
272 at 492 GHz
311 at 345 GHz
12" rms
20" s
SI8 492 and 345 GHz
300 K in SSB at 492 GHz
200 X in DSB at 345 GHz
1.8--2.5 GHz
AQS
1.7-2.6 GHz
0.9 MHz / channel
1.6 Miiz
T2% at 492 GHz
15% 8t 345 GHz
>1000 K in SSB at 492 GHz
> 500 K in DSB at 3435 Gz
3725 m

spectively. The parameters of the telescope are listed in

Table L

A. Anfenna

1. Maln reflector

A high precision 1.2 m main reflecior with a focal length
of 0.48 m has been developed (Figs. 3 and 4). We used Al
5052 for the material because of its good machinability. To
form the main reflector, an aluminum plate 20 sun thick was
pressed and curved. The curved aluminum plate was then

FIG. 3. The main reflector of the Mt. Fuji subraillimeter-wave telescope.
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FIG. 4. Optics design of the Mt. Fuji submillimeter-wave telescope, The
origins of the coordinate are the azirmuth axes 2nd the elevations axes.

welded o the backing structure. The stress in the plate has
been released by a controlled heat weatment lasting two
months. The plate was cut to a parsbolic shape with 15 mm
thickness by a lathe with 1.2 m diameter.

The surface accuracy was measured with a parabolic
template and a feeler gange of 10 pm. The parabolic tem-
plate has an accuracy of 8 wm peak to peak, which was
measured by a three-dimensional position sensor as shown in
Fig. 5. The main reflecior was hand polished by comparing
with the template. Then we confirmed that there is no space
for the feeler gauge of 10 pm between the main reflector and
the template on ail areas of the main reflector. There is no
surface coating for the main reflector.

The backing structure of the main reflector has a square
pattern with a rib of height 150 ran, widih 15 mm, and pitch
300 mm, which reduces the gravitational deformation (see
Fig. 6). There are many holes with about 50 mm diameter in
the backing structure and anienna structure to reduce the
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o Y
h
L7
o}

T | . - . A
19 a 200 400 800
Radiustmm)

FIG. 5. Residue of a parabolic template from the best fit parabola. It was
used to measure a surface accuracy of the main reflector with a feeler gauge
of 10 pm.



FIG. 6. The backing structure of the main reflector. There is 2 CCD camera
ai the top edge of the main reflector.

weight and to circulate the air. The total weight of the main
reflector is 81 kg.

2, Antenna structure

Almost ali mechanical compounenis above the azimuth
motor were selected to have the same thermal expansion co-
efficient as Al 5052, thus the antenna will deform homolo-
gously with temperature. As an exception, stainless steel has
to be used exceptionally for the elevation motor and its bear-
ing systern. In such cages, we designed an offset mechanism
to avoid the thermal stress caused due to difference in ther-

mal expansion between stainless steel and alominum.

A rigid box at the intersection between the azimuth and
elevation axes comnects the main reflector, the clevaiion
drive moior, ihe elevation bearing, and the counier balance
(see Fig. 4). The size of the elevation box is 30> 30X 30 e’
and 22 kg in weight. The counterbalance attached on the
elevation axis is made of lead with 110 kg weight.

The antenna sitructure is mounted on a control cabin, 2
X2xX72 m’. The azimuth table was aligned o horizontal
level within 2/ at the legs of the control cabin when the
telescope was installed. Three standard racks containing in-
struments are mounted in the cabin (see Fig. 1).

3. Drive system

Direct drive motors are used to conirol the azimmuth
(NSK M-RS1410) and elevation axes (NSK M-RS1010).
The components of these motors were modified to have a
similar thermal expansion to the steel. The torque of motors
is 235 and 147 N for azimuth and elevation axes, respec-
tively. The inertia around the azimuth and elevation axes is
~100 and 27 kgm?, respeciively. The maximum velocity
and maximum acceleration of the motors are limited to 3.6°
s™ ! and 3.6° 572, respectively, to minimize overshooting. On

the both axes, we employ an optical encoder {Heidenhain

RON 255) with an absolute accuracy of 1" and a magnetic
resclver with 2" resolution and 30" accuracy. All grease used
for this telescope is good for temperatures below
~30 °C. Four limit switches are equipped for both directions
of azimuth (% 190°) and elevation axes (20°-100°). An
electromagnetic brake is also installed for the both axes.
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FIG. 7. A deficition of the optics calculasion for a Gaussian beam.

4., Subreflector

The hyperbolic subreflector with 72 mm dizineier is sup-
ported by four feed legs. The subreflector hides a stepping
motor and a ball screw to adjust the focal length with range
of £0.5 mm and resolution of 10 pm. The subreflector and
main reflector have an edge taper of —20 dB to optimize not
aperture efficiency but main beam efficiency of the survey
telescope {cf. Ref. 19). The cross section of a fee i

triangle pointed to the main reflector.

a9 =
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s

B. Opties

We designed the frequency independent optics between
the subreflector and feed homns based on a Gaussian beam
propagai:ionw”m (see Figs. 4, 6, 7). To achieve high beam
efficiency, the optics from the hyperboloidal subreflector’
(diam. 72 ram) to the mixer homs located at the Nasmyth
focus involve minimum optical components: 2 ellipsoidal
mirrors, 1 plane mirror and 3 wire grids (Fig. 4). The optical
components except for the subreflector were designed for a
Gaussian beam with an edge level of less than —30 dB at
340 GHz. Thus, RF signals between 340 and 900 GHz are
observable because of the frequency independent optics. To
reduce an asymumetry of the beam generated at ellipsoidal
mirrors, reflection angles at elipsoidal mirrors were de-
signed to be as small as 22.5°.

The surface of the main reflector is described as

x? -%-yz _

7= m‘z]‘f’" +Zg, (1)
where the origins of the coordinate are the clevation and
azimuth axes. In the elevation box at the intersection of the
azimuth and elevation axes, an elliptical mirror 1 (EM1) and
a plane mirror (PM) are mounted. The distance between the
elevation axes and the apex of the main reflector (7,270
min) is designed to be short as possible to minimize the size
of mirrors in the elevation box. The short distance also re-
duces the counterweight. Two hot loads for temperature cali-



TABLE IL Pasamsters of optics.

Pasameter [rom]
Diameter of main reflector (MR) D, 1200
Diameter of subreflector (SR) D, 72
Focal lenth of main reflector Vi 480
Length between the apex of MR and the elevation axes Ze 270
Curvatuge of SR to the focus of MR Ry 28.07
Cusvature of SR to the hom Ry 430
Gaussian beam radius of SR N 24
Distance between SR and elliptical mirror 1 (F341) Ly,zy 8910
Distance between SR and elliptical mirror 2 (EM2) 7, 1470.0
Distance between SR and a hora Zy 1515
Distance between SR and plane mircor (PM) Z, 792
Distance between EMI and intermediate image Ly 321
Gaussian beam rading of intermediate image @y 8.6465
Curvature of intermediate image to the hom R, 162.465
Distance between the elevation axis and PM 70
Distance between the azimuih axis and EM1 70
Distance between EM2 and s hom L, 45
Focal length of EM1 it 235.98
Focal length of EM2 fa 38.32
Gaussian beam radius of a hom Wy, 1.51
Curvature of a hora B R, 18.98
Cuzvaiure of EM1 toward SR Remys  477.90
Curvature of EM1 soward hom Remin  466.18
Curvature of EMZ toward SR Remas  148.55
Curvaiure of EM2 toward hiom Reown 5164

bration are also located in the elevation box. One of the hot
loads is planned to be warmed o 60 °C by a heater for more

accurate intensity calibration,

acour rtensity
For frequency independence, we determined parameters
ing the following relations under the assumption of Gauss-
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The definition of the parameters is given in Fig. 7. The optics
and the mechanical structore of the telescope were iteratively
optimized. Parameters for the telescope are tabulated in
Table I1, and the calculated beam diameter at 345, 492, and
809 GHz is shown in Fig. 8.

348, 492, 80€ GHz (-30 d8)

Drameter [mml
o

200 400 600 800 1000 1200 1400
Distance From Sub-Ref {mml

FiG. 8. Beam diameter of 345, 492, and 80% GHz at an edge level of
30 dB. The inuer and ouvier lines show a beam diameier of 809 and 345
GHz, respectively,

C. Front end
1. Receiver

We developed a superconductor-insulator-
superconductor (5IS) receiver which can receive both the
492 (CD) and 345 GHz (CO J=3—2) bands simultaneously
by cbserving orthogonal polarizations (see Figs. 9 and 10).
We employed a Nb-based parallel connected twin junction
{(PCTH™ for the 345 GHz mixer and 2 Nb-based distributed
10 junction (DI10)Y™ for the 492 GHz mixer.

The 492 GHz signal is received in lower sideband (LSB)
with a new quasi-optical S5B mixiag method.?* Jis principle

e o cwenlleoad e §EY £ H e aen e Tege DRI IR A
has been realized for 10 (Hz bands Oy CBUGPS ang
L T N S T S pemd T
Jefferts,” however, our method is new in that RF aud LO

signals are divided and coupled by means of a single wire
grid. The RF signal is fed to two mizer horns with a phase
difference of 180°, but the LO signal is with that of 270°.
The latter phase difference is generated by a reflective circu-
lar polarizer composed of a plane mirror and 2 wire grid with
110 pm separation. After the intermediate frequency (IF)
signais are diplered with 90° phase difference, the USE and
LSB sigrals are obtained (Fig. 10). We unsed only the LSB
signal,

The ¥ factors of two SIS mixers were independently
measured in DSB at various I-V points in the laboratory. The
LO power for two mixers is adjusted simulianeously. On the
other hand, ruixer bias for two mixers is applied indepen-
dently. Each mixer had a noise temperature of 120 K in
DSB. By combining the two mixers, the receiver had & noise

temperature of 300 K in SSB at 492 GHz. We measured the
image rejection ratio by using higher-order frequency ermis-
sion from the 345 GHz LO. The ratic was roughly 0.9 in the
IF band between 1.8 and 2.5 GHz.

The 345 GHz signals are received as upper sideband
with a mixer operation in DSB mode. The receiver noise
temperature was 200 K in DSB at 345 GHz. The estimated
loss of the RF signal due to various components, from the
radome o the mixer horm, is summarized in Table IIL

Radio frequency signal enters the Dewar and is split into
the 345 and 492 GHz signals by a cooled wire grid 1 (WG1),
The 345 GHz signal is reflecied by WG2, then is reflected at
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/ 40 K shield

FIG. 9. Schematic drawing of the receiver Dewar. The Dewar is made of Al

an ellipsoidal mirror (EMZ2) to the mixer horn. The 492 GHz
signal is split into two signals by WG3, and then the signals
are reflected at EM2 to the rmixer horns. The distance be-
tween WG3 and EMi2 is 100 mum. There is a polarization grid
(WG4) at the fromt of the mixer hom to reject cross-
polarization components generated by the mixer horn. All
these optical components in the Dewar are cooled to about 5
K. The unwanted signals are terminated by an absorber at a
temperature around 5 K.

343 GHz LO

345 GHz DSRoup

Ef@’!
&

1 -
‘i(
494 GHz LO

{

mmmmmm }&,\z.u _.M%
i
waz

Clrm{aar maﬁz@f

(H_H HHol

t
I
{
Focusing 1 /,Z ===
Mirror (EMZ) i i
; i 160
i i
i i
r—‘exmmmn splitier i
{
N S
e Ve ; Sas N
WG LO coupter
i

Foguging
Mirror (EME)

4K

FIG. 10, A block diagram of the 4 K opiics in the Dewar.

2, ifixer biock

The mixer block and its diagonal horn were integraily
formed by electroforming. The hom feeds the RF and 1O
signals to the mixer chip via the half-height waveguide with
a fixed back short cavity. The size of the waveguide is 508
pm in width X 127 pm in height for 492 GHz and 736 pm
in width X 184 gm in height for 345 GHz. For the 492 GHz
band, two horas and two mixers are integrated in a mixer
block (see Figs. 9 and 10). The Josephson curreni of the
saperconducior-insulator-superconductor (SIS) mixer is sup-
pressed by applying a magnetic field of 500800 G. The
field is generated by iwo permanent magnets.

A bias circuit for the SIS mixer is shown in Fig. 11. The
circuit is inserted in the mixer block for the 345 GHz, but is
mounted in a box with the 90° hybrid for the 492 GHz band.
By optimizing a choke inductor and a capacitor for a noise
filter, the return loss for the IF signal is less than —25 dB at
room temperature. The de bias for three SIS mixers is inde-
pendently applied by a bias driver (Nittuld 8842 G), which is
controlled via GPIB.

3. Local oscillator

The LO signals for 492 and 345 GHz are generated by
multiplying the ouiput of 2 W-band (~ 80 GHz) Guna dicde
oscillator with 3 X 2 and 2 X 2 multipliers (Radiometer Phys-
ics GmbH.), respectively. The LO power (~1 mW)} is
mainly adjusted by a mechanical attenuator. For the 492
GHz, we also adjusted the power by controlling the bias



TABLE I An estimated loss of the RF signal and the contribution to the noige temperature.

Loss 2t Losgs at Temperature at Noise 10 Noise to
492 GHz 345 GHz the loss 492 GHz 345 GHz
dB B K K K
Radome frame 0.5 0.5 300 37 37
Radome membrane 0.9 0.5 300 76 37
Main reflecior 1.0 1.0 150 40 40
Mimrors 02 0.2 200 10 10
Dewar window 0.1 0.05 300 7 3
Radiation shield 0.2 0.3 50 2 3
LO coupling 02 0.1 4 02 0.1
Hom 0.5 0.5 4 0.5 0.5
Total 3.6 3.15 166.7 130.6

voltage of the multiplier. The LO frequency is stabilized 1o a
synthesized signal generator in the 4 GHz region by the
phase-locked loop (PLL) as shown in Fig 12. The PLL is
adjusted and locked by remote control. The Doppler tracking
is carried out by adjusting the frequency of the signal gen-
erator, '

The LO signals are guasioptically coupled to the RF sig-
nals by cooled free-standing grids in the Dewar (see Fig. 10).
The polarization and LO coupling grids have Invar frames
and tungsten wires with 20 pm diameter and 60 a0 piich
(Thomas Keating Co.). The LO coupling ratio to the RF
signal is 5% at 492 GHz and 3% at 345 GHz. The LO power
of both frequencies is sufficient, so that the ratio will be
reduced in the future,

4. Cryogenics

The receiver employs a two-stage Gifford-MacMahon
cryocooler, which has a canling capacity of 0.3 Wonthe 4 £
cold stage and | W on the 40 K stage with 3 kW power
consumption (Sumitomo RD 203 LA4). The receiver Dewar
and the cooled optics are made of Al so that the weight of the
Dewar including the refrigerator (18 kg) is 40 kg. The com-
pressor for this cryocooler is cooled by water circulation. A
vachum purap, composed of a votary pump and a turbo-

3 tey the ~sdas
molecular pump, evacuates the receiver Dewar to the order

of 10™* mbar before cooling, The compressor, the water cir-
culator, and the vacuum pump are mounted on the azimuth
table.

The operating temperatures of the 4 K stage and the 40
K stage were 5 and 50 K, respectively. It takes 7 h to cool the
teceiver from room temperature to the operating temperature.
Though the temperature variation of the cryocooler is 0.2 K
at the head of the 4 K stage, it is reduced o 0.02 K at the
mixer because the 400 g aluminum block for the 4 K optics
serves as a thermal buffer,

A RF window of 32 mm diameter on the vacuum Dewar
employs a Kapton sheet of 12.5 pmn thickness. The loss of
the RF signal due to the Kapton is calculated to be 2% and
1% at 492 and 345 GHz, respectively. Two LO windows of
26 mm diameter are Mylar sheets of 100 pm thickness. A
radiation shield on the 40 K stage is a fibrous-porous form of
polytetrafiuoroethylene (PTFE) (Zitex G106) with 150 [
thickness and a pore of 50%. The semirigid cables for IF
signals are made of CulNi. We use a cable made of phosphor
bronze for the mixer bias. Thermal inputs to the Dewar are

estimaied in Table IV, To reduce thermnal radiation from the
300 X wall to the 40 X shield, 5 muliilayer thermal insulator

3 3 s - Fom WY T qernil
18 aitached inside the 300 K wall,

5. Aligniment of ihe recejver

To align the optical axes of the telescope and the re-
ceiver optics we employed a simple method using a diode
laser. Two pinholes with 1 mm diameter separated by 50 mm
are put at the position of the mixer hor with an accuracy of
10 um and they are used to define the optical axis of the
receiver optics. The lzser beam passing through these two
holes illuminates the subreflector with a spot size of 2 mm
diameter. We adjusted the position of the rteceiver at the
room temperature using a three-dimensional mechanical
stage between the receiver and the azimuth table so that ihe
iaser beam coincided with the cenmter of the subrefiecior
within 1 mm at a distance of 1.5 m, even if the elevation
angie of the main reflector changes from 90° to 20°, We
included that 1 mm contraction of the cryococler at the op-
erating temperature. This method aligns the receiver with
respect to the antenna opiics with an angular accuracy of 3'.

D. Back end
1. IF
Thas TIT dig s P}

ine IF cisgram is shown in Fig. 13, The intermediaie
frequency is 1.8-2.5 GHz. The IF signals from the mixers
are independently amplified by two cooled low noise ampli-
fiers (LNA, Nitsuki 983854) atiached to the 40 K stage. The

DC/IF Bias Clrcuit
material RT/duroid 6010
¥y (5: 10.5, thickness: 0.635 mem . 5B/, 5B )

Wﬁm Mixer block —
3 turm,$1.0 MWW

22pF
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W " Vg monitor
1L~v~w«—--—~>f ~ Ig

FIG. 11. A bias circuit for the SIS mixer.
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LNA is composed of 3 GaAs field-effect transistors (FETs),
each with a power consumption of 5 mW. An isolaior is
placed between the mixer block and the LNA.

After amplification by 40 dB at room iemperature, the

497 and 345 GHz signals are fed to an IF selecior. In order to
avoid eleciromagnetic interference from the weather station’s
radar, which is operated with the frequency of 2.88 GHz,
dedicated filters have been used in the main IF fine, whose
suppression level is —60 dB at the radar frequency. Then, it
is led to the acousto-optical spectrometer (AOS) in the con-
trol cabin. The outputs of the noise diode and comb genera-
tor are also coupled to the main IF line. These are used to
check AOS performance and to calibrate the frequency axis.
At the input of the ACS, the —20 db IF signal is fed to a
detector to monitor the total power. The length of the cables
from the antenna to the control voom, including the wrapping
length at the azimuth axis, is 5 m.

2, A0S

A wideband AOS has been developed for the back end.”®
The spectrometer was designed by reference o that built in
the wnivessity of Cologne*"™ A Bragg cell by GEC
Marconi (Y-36-1446-02) was used. Prior to mounting it o
the spectrometer system, the cell was held at —30°C and
+50°C for several hours 1o check that no degradation was
cbserved in its performance. The laser diode (Hitachi HL-
7851(G) was temperature controlled at 25£0.1°C by a
Peltier device. The imaging optics enables us to cover 900
WMiHz bandwidth with 2 1024 channel charge coupled device
(CCD) array. The effeciive frequency resolution is set to 1.6
MHz. The frame rate was set to 10 ms and the readout data
of the CCD is accumulated by a simple adder. The integrated
data are sent to a host machine through GP-IB interface. The
spectroscopic Allan variance minimum time was found to be

made

more than 60 s. Thaoks to compensation of the frequency
characteristics between the IF system and AOS, the gain
variation of the spectrum observed at the AOS is
dBp-p over 760 MHz bandwidih as depicted in Fig,

spectrometer unit was surrounded by 2 restnous maierial

Ao

with thickness of 3 cm so that thermal isolation is pariiaily

E, Radome

To protect the antenna from wind and precipitation, we
employ a 2.9-m-diam radome made by ESSCO. From an
experiment using 2 small radome at the suminit of M. Fuji
in 1994 and 1995,'® we expected ihat the radome surface
supplied with an adequate thermal fiux is free from accumi-
lation of ice and snow on the radome.

The radome consists of 40 tiangle panels made of Al
6061 frames (see Figs. 2, 3, and 6), whose average blockage
for the RF signal is 11%. The radome has no protuberance
such as screw caps on the outside surface to prevent coating
of ice and snow. The weight of the radome is 160 kg. The
inside diameter of the radome is 2.67 m. The membrane is

TABLE IV. Theomnsl input to the receiver.

4 K stage [mW] 40 ¥ stage [mW]
Radiation from 300 K 10 (9000)*
Radiation from 50 K 50 470
IF cables 30 36
Bias cables 30 5
Amp power consuroption 10 25
Sensor cables 30 8
Total 160 544

“The thermal input of radistion from 300 K is included in the specification
of the cryocooler.
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FIG. 13. A block diagram systern,

made of 0.3-mm-thick woven Teflon (Gore-Tex) which has
transparency of 81% and 89% af 492 and 345 GHz, respec-
tively. The radome with ten segments at the base is sup-
poried by a radome tower (see Fig. 1). The radome tower
stands directly from the foundation, so that it is independent
of the antenne structure/control cabin. This design reduces
the effects of vibrations due (o sirong winds and the effects

of thermal expansion of the tower due to solar radiation. The

height of the radome tower of 2.9 m was determined from
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FIG. 14. IF band characteristics of AOS. From 1.8 to 2.6 GHz, the band
flatness is less than 1 dB. The effective frequency resolution is 1.6 MHz full
width at half mazimuwm.

the average snow depth of 2.0 m at the summit of Mt Fuji in
winter.

Two blower fans with 0.5 kW power consumption cach
circulate the air between the radome and the cabin se as i
keep uniform teroperature.

F. Optical camera

A lightweight CCD camera with lens (750 g) is mounted
at the upper edge of the main reflector for the purpose of the
optical pointing. The lens (Tamuron SPS00F/8) composed of
two reflective mirrors has a focal length of 500 mm in spite
of compactness ($84X 91.5 mim, 535 g). A pixel of the CCD
corresponds to 3"X 3", The integration time of the CCD is set
to 100 ms by two external triggers. The system can detect a
5 magnitude star above 10 o with 0.1 s integration. The five
radome panels at the top were removed o carry out the op-
tical pointing with the CCD camera.

G. Control system

‘We have developed a remote conirol system for the tele-
scope by using a commercial satellite communication system
(JC satellite). All instruments are comixolled by a
MicroSPARC-II-based CPU board (Force SPARC CPU-5V)
with VME bus via GP-1B and RS-232C interfaces. The op-
erating system is Sun OS 4.1. The standard time is adjusied
by the network time protocol (NTP) system operated by the
National Astronomical Observatory of Japan and by the glo-
bal positioning system (GPS).

1. Communication

We used satellite communication at a speed of 64 kbps
in the 14/12 GHz band for the telescope control, monitoring,
and data transfer. The geostationary satellite is JCSAT-1. We
employed two antennas: one with 60 cm width and 82 cm
height in the annex of the telescope (see Fig. 1) and the other
with 1.2 m width is installed in the Nobeyama Radio Obser-
vatory. The window material for the former antenna is Te-
floni with 1 cm thickness. This system was very reliable dur-
ing observations.

For backup puiposes, we used a serial communication
method via & satellite mobile phone (NTT N-star system) at
a speed of 2400 bps. This system uses the S band (2.6/2.5
GHz). A small antenna (20X 20 cmz) was mounted at the
inside edge of the radome.
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FIG. 15. An example of opacity measurements at 492 GHz obtained on Jan,

2, 1999, The data were acquired by tpping the main reflector back and

forth. The solid line shows a fitted cruve for hot-load temperature of 290 K

and sky temperature of 233 K.

2, Boftware

We have developed observation control software includ-
ing a quick-look capability. The software is ran on the CPU
at the summit and the telescope status and various instromen-
tal parameters and housekeeping parameters are monitored
by using X-window protocols via TCP/IP from Tokyo and
Nobeyama. The telescope conirol software has a simple,
mufti-tasking structore, which was desigued to have high re-
lability. We employed the character-based user interface for

T £ et

contiol commands and the moniior of telescope status. This
reduces the communication load under the limited speed of
the satellite communication. We prepare various mapping
methods with position switching. A frequency switch is also
supported.

The datz are stored in the FITS format on the hard disk.
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FIG. 16. Atmospheric opacities at 492 and 345 GHz from Feb. [0 to Feb.
20, 1999. Atmospheric temperature and dew point were provided by the
weather station at the summit.

TABLE V. The fitted poisting parameters in the unit of degree.

Opical 345 GHz
x 0.0164(2) 0.0911(5)
Xy 85.4113(6912) 118.2382(3037)
X3 ~0,0007(fix) ~0.0097(fix)
Xe 0.3715(4) 0.0582(17)
X5 6.9767(1) 6.9422(24)
Xg =0.0002(1) 0.0001(1)
%q 0.1758(11) 0.2406(17)
data poiats 186 310
o 13 147

We analyze the data using the Newstar package developed
by Nobeyama Radio Observatory.

3. Monlior system

o cromitors aerodes Leve wnemivrome trymame namAd loasroaleonss

The monitor s Y8 1O TeCCIVEY VRIng and huu&zﬁusy*
ing uses a PGPLOT package developed by California Institute
of Technology. The phase lock spectrum from a spectiurm
analyzer, the AOS band characteristic from an oscilloscope
and variation of the total power are monitored. Housekeep-
ing data such as temperature and relay status are also moni-
tored every minute. The overhead of mapping observations
including the frequency and infensity calibrations and the
antenna movement were 40% of the accumulation time.

In the case of an electricity failure, some instruments are
safely halied by the CPU backup with uninterrupted power
supply (UPS) and others are antomatically stopped without
judgment by the CPU. Por ezample, the vacunm valve of the
receiver is closed automatically and the refrigerator is shut
down by CPU on power failure in order that they do not start

automatically at the recovery.

diry ai Wi IeLe

V. ATMOSPHERIC CONDITION

The atmospheric conditions at the surnenit of Mt. Fuji are
very good for submillimeter-wave observations in winter.
We measured the atmospheric opacity occasionally by tip-
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FIG. 17. The moon and sun at 452 and 345 GHz. These spectra were
obtained in the condition that the telescope was stopped. At the beginning

and end of the session, hot load calibretions were carmed ount.
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ping the main reflector. An example of the opacity measure-
ments at 492 GHz is shown in Fig. 15. Figure 16 shows the
distribution of opacity at 492 and 345 GHz, atmospheric
temperature and dew point for ten days from February 10,
1999. The aunospheric temperature and dew point were mea-
sured by the weather siation at the summit. The opacity and
dew point are roughly correlated.

The zenith opacity of 492 GHz was from 0.4 to 1.0 over
~30% of time in winter four months from November to
F‘ebma_v These resulies are consistent with the 220 GHz
opacity measurements at the swmmit of M Fuj'
model calculation at 4800 1o in Chile.””*® We note that the

s vy

opacity at 492 GHz cmnng the Ausiral winter and spring at
ihe &‘oum pole {(alt. 2835 m) was below 1.0 over 85% of the
! The zenith opacity of 345 GHz ranged from 0.07 to

0.5 over ~70% of time in winier months.

and a

V. PERFORMANCE
A. Optical pointing

The pointing calibration was carried out by measuring
the apparent position of 100 stars with a CCD camera on

September 1998, We utilized a software, STARLINK library
developed by the Rutherford Appleton Laboratory, to calcu-
late the Az-El position from the right ascension and declina-
tion. The instrumental efvors are removed by fitting seven
parameters in the following equations:>>

dAz=—x;Xcos(x,—Az) X tan(El)+xs X tan( El)

+xylcos(El +xs (8)
and
dE] xiyszn(}:z—-‘&z}w‘—ﬁ,éx El+x, (@
The fitted parameter is tabulated in Table V.

B. Radio pointing

The radio pointing was carried out by observing the Sun
and the Moon in the 345 GHz continuum at least once a
month (Fig. 17). The insirurental errors for the radio poini-
ing are also removed with the method used in the optical
pointing (Table V). During the winter months, we main-
tained the pointing accuracy with 207 rms. We confirmed
that the 345 and 492 GHz beams coincide with each other
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FIG. 20. The 345 GHz spectrum with a 3(1 beam toward Orion KL obfained
in the DSB receiver.

within 20”. We made nine point observations of Orion KL
and M17 with a 1’5 grid every day to confirm the pointing
accuracy as well as the intensity scale.

C. Moon efficlency

The moon efficiency including the radome loss (7yp)
was measured by observing the full moon (see Fig. 17). The
moon efficiencies at 492 and 345 GHz were derived fo be
0.72 and 0.75, respectively, by assuming the brightness tem-
perature of the full Moon to be 355 K% We derive the moon
efficiency of the telescope (1,,00,) 2t 492 and 345 GHz to be
(.80 and 0.83, respectively.

Antenna temperatwre (T,) was derived by the standard
chopper-wheel method every 3 min. Then, it were converted
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FIG. 21. The integrated intensity CI map toward M17 in the velocity range
from V.= 15 t0 25 km s~ ! The lowest contour is 26 K km s~ ', and the step
is 9 K kms™!. The peak emission is 136 K kms™ !
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FIG. 22. The integrated intensity CO (J=3~2) map toward M17 in the
velocity range from Vi, =15 0 25 ks~ 1. The lowest contour is 36 K km
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to the radiation temperatures T * by correcting for the
moon efficiency including the radome loss (7,r) and for a
difference between sky and radome ternperatures (7eop)

TS oo fen S (14
I Ydoosyt UnddY fuw e AV

The correction factor (#.) was 1.05-1.2 at 345 GHz and
1.2—1.4 at 492 GHz depending on the atmospheric condition.
We assumed that both sidebands at 345 GHz have an equal
gain {7, 0.5). An image rejection ratio is assumed to be
=10 dB (7,,=0.9) for 492 GHz based on the measurements
in the laboratory.

Intensities of the CI and CO (/=3-2) lines toward
Orion KL and M17 were monitored every day as far as they
wege observable. anm 18 shows 175 grid spectra at 492
GHz towards MITSW RA (1950)= 18%7’%305, Dec
(1950)=—16°13'0" The ON and OFF time for each spec-
trum is 20 s and it takes 8 min to obtain nine specira. The
intensities at 492 GHz are consistent with that observed with
a 3’ beam by the KAO.» Though daily variations of the
intensity were as large as = 15%, we normalized the main
beam temperature based on the intensity calibration,

The half power beam widths at 492 and 345 GHz were
measured {0 be 223072 and 312002, respectively, by scan-
ning the Sun (see Fig. 17).

)
7

E. Spectra

We show a spectrum at 492 GHz toward Orion KL in
Fig. 19. Some molecular lines (80,, H,CO, CH,OH, and
(CH;),0) were detected as well as CL. Figure 20 shows the
spectrum at 345 GHz towards Orion KL, which was obtained
in poor atmospheric conditions. According to a line survey
of Orion KL with CSO,%® the line around 34534 GHz is
HUCN (345.3398 GHz) or SO, (345.3385 GHz).



Interference fringes remain due to the IF cables in the
spectra, which actually limit the sensitivity of the telescope
system, It will be improved in the future.

Vi. OPERATIONAL STATUS

The ielescope was pre-installed in the site of the
MNobeyama Radio Observatory in June 1997, After we made
test observations at 345 GHz from December 1997 to March
1998, it was disassembled for transporiation to Mt Fuji in
June 1998. On 1998 July 29, the telescops was installed by a
helicopter at the summit of Mt. Fuji. Since the beginning of
November 1998, it has been continuously operated from the
University of Tokyofthe Nobeyama Radio Observatory via
satellite comumunication system.

We have carried out large-scale mapping observations
over 20 square degrees of molecular clouds, HCLZ in
TMC1,” Orion A, M17, NGC2264, W3, DR21, L134N,
W44, W51, W28, p-Ophiuchuis, NGC1333 and MBMI2 in
the CI and CO (J=3-2} lines from November 1998 to
March 1999. The SSB system noise temperature at 492 GHz
was 1000-3000 K during the observations. The DSB system
noise temperature at 345 GHz was 500-2000 K. For ex-
ample, Fig. 21 shows the distribution of the CI emission
toward a giant molecular cloud, M17. Figure 22 shows that
of CO (J=3-2) in the same region. These maps demon-
strate the capability of the Mt. Fuji submillimeter-wave tele-
scope to swvey submillimeter-wave emission lines of the
neutral carbon atom and the CO molecule,

ACKNOWLEDGRMENTS

The authors thank the staff of the weather station at the
surnmit for their kind support in this project. They also thank
the Meicorological Agency of Japan for support of this
project. They are grateful to Norio Kaifu and Hiroo Inokuchi
for their encouragement. The authors thank Hideta Habara, Ji
Yang, Hiroshige Yoshida, Tomoya Hirota, Naritomo Shiki,
Hiroshi Minowa, Eun Sok Kira, Hirckazu Seki, Yasuaki Hi-
Shigehisa Takaknwa, and Kei
Takayama for their cooperation. The authors are grateful to
Norio Tkura and Shuichi Norizuki for their work on the tele-
scope. The authors are indebted to R. Schieder for his valu-
able comments and to T. Horigome and H. Yoshida for their
cooperation in constructing AOS. The Mt Fuji
submilliroeter-wave felescope is developed as one of the re-
search projects of the Research Center for the Early Universe
under the financial suppoit of the Grant-in-Aid from the
Mindstry of Education, Science, and Culture (No.
O07CE2002). The authors also thauk the staff of Nobeyama
Radio Observatory for their help with the pre-installation in
the site. This study is partially funded by the joint research
program of the Graduate University for Advanced Siudies
and by the ““Ground Research for Space Utilization” pro-
moted by NASDA and the Japan Space Forum.

kita, Rintaroe Fuiimoto,

'H. Suzulki, S. Yamamoto, M. Chishi, N. Kaifa, S. Ismkawa, Y. Hzmhara
and-§. Takano, Astophys. J. 392, 551 (1992). :

S. Yamsmoto and S. Saito, Astrophys. J. 361, 318 (1991).

AL L. Cooksy, R. J. Saykally, J. M. Brown, and M. K. Evenson, Astro-
phys . 309, 828 (1986).

*T. G. Phillips, P. J. Huggine, T. B. Kuiper, and R. E. Miller, Aswrophys. 1.
828, L103 (1980).

1. T. Jaffe, A. 1. Harris, M. Silber, R, Genzel, and A. L
1. 298, 159 {1985).

¥ Schrodez, V. Staemmler, M. D. Smith, D. R. Flower, and R. Jacquet, J.
Phys. B 24, 2487 (1991).

"E. L. Write e al., Astwophys. J. 381, 200 (19%1).

8C. L. Bennet er ol., Astrophys. J. 434, 587 (1994).

®A. A. Stark, R. A, Chamberlin, §. G. Ingalls, I. Cheng, and G. Write, Rev.
Sci. Instrum, 68, 2200 (1997).

0. Winnewisser, M. Bester, R. Ewald, W, Hilberath, and K. Jacobs, As-
tron. Astrophys. 167, 207 (1986).

UG, Winnewisser, P. Zimmermang, J. Hernichel, M. Miller, R. Schieder,
and H. Ungesechis, Aswon. Astrophys. 230, 248 (1990).

R, Plume and D. T. Jaffe, Publ. Astron. Soc. Jpn. 107, 488 (1995).

BR. §. Coben, T. M. Dame, and P. Thaddens, Astrophye. J. Suppl. €8, 695
(1986).

Y1,. Bronfman, H. Alvarez, R, S. Cohen, and P. Thaddeus, Astrophys. J.
‘Suppl. 71, 481 (1989).

155, Sakamoto, T. Hasegawa, M. Hayashi, T. Hauda, and T. Oka, Astro-
phys. 1. Suppl. 168, 125 (1995).

% Kawabaia, H. Ogawa, Y. Fului, T. Takano, Y. Pujimoto, R, Kawabe,
K. Sugitani, and H. Takaba, Astron. Astrophys. 151, 1 (1985).

7y Fukui et al., Publ. Asuwon. Soc. Jpn. 51, 745 (1999).

By, Sekimoto, H. Yoshida, T. Hirotz, Y. Takano, E. Furuyama, S. Yama-
moto, S. Saito, H. Ozeki, 1. Inatani, M. Ohishi, A, G. Cariasmenos, and 8.
L. Hensel, Int. J. Infrared Millim, Waves 17, 1263 (1996).

P, ¥, Geldsmith, 1998 IEEE Press “‘Quasioptical sysiems.”’

27, 8. Chu, TEEE Trans, Antennas Propag. AP-31, 614 (1983).

p, F. Goldsmith, in Infrared and Millimier Waves, edited by K. 1. Button
{Academic, New York, 1982), p. 277.

%8, C. Shi, T. Noguchi, and J. Inatzni, JEEE Trans. Appl. Supercond. 7,
2587 (1997).

5. C. Shi, T. Noguchi, J. Inatand, Y. Iimajiri, and T. Saito, Proceedings of
the Ninth Inemational Symposium on Space Temshertz Technology,
Pasadena, CA (1998), p. 223

3. Inatani, S. C. Shi, Y. Sekimoto, H. Mashiko, and S. Ochiai, Ninth
International Symposium on Space Teraheriz Techuology, 1998, p. 337,

BT, G. Phillips and K. B. Jefferts, Rev. Sci. Instrums. 44, 1009 (1973).

4. Ozeld, H. Fujiwara, H. Yoshida, T. Horigome, 2nd S. Saito, Ann. Rev.
of Inst. Mol. Sci. T-B-2, 32 (1995).

2R, Schieder, V. Tolls, and G. Winnewisser, Exp. Aston. 1, 101 (1989).

20, Kinmb, J. Frerick, V. Tolls, R. Schieder, and G. Winnewisser, Proc.
SPIE 2288, 305 (1994).

7. Hirota, S. Yamamoto, Y. Sekimoto, K. Kotaro, N. Nakai, and R.
Kawabe, Publ. Astron. Soc. Jpn. 59, 155 (1998).

3. Matsushita, H. Matsuo, J. R. Pardo, and S, 1. E. Radford, Publ. Astron.
Sec. Jpa. 51, 603 (1999).

SR, A. Chamberlin, 4. P. Lane, and A. A. Stark, Astrophys. 1. 476, 428
(1997).

M. L. Mecks, J. A, Ball, and A. B. Hull, IEEE Autenna Propag. AP-16
F46 (1968).

33, G. Mangun, Astrophys. J. 185, 117 (1993).

14, L. Kutoer and B. L. Ulich, Astrophys. 1. 250, 341 (1981).

333. Keene, G. A. Bieke, T. G. Phillips, P. J. Huggiss, and C, A.
Astrophys. 1. 299, 967 (1985).

¥p. Schilke, T. D. Groesbeck, G. A. Blake, and T. G. Phillips, Astrophys. .
Suppl. 168, 301 (1997).

Y, Maszawa, M. Ikeda, T. Ito, G. Saito, Y. Sekimoto, S. Yamawmoto, K.
Tatematsu, Y. Arikawa, Y. Aso, T. Noguchi, §. C. Shi, K. Miyazawa, S.
Saits, H. Ozeld, H. Fujiwara, M. Ohishi, and J. Inatsni, Astrophys. J. 8§24,
L129 (1999).

0. Tkeda, H. Maezawa, T. Tio, G. Saito, ¥. Sekimoto, S. Yamamoto, K.
Tatematsu, Y. Asikaws, Y. Aso, T. Noguchi, S. C. Shi, K. Miyazawa, 5.
Saito, H. Ozeld, H. Fujiwara, M. Ohishi, and J. Inateni, Astrophys. J. 527,
159 (1999).

. Betz, Astrophys.




