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Abstract

We have evaluated the beam pattern of the ALMA/ACA 12-m antenna with total power observations of Jupiter
and the Moon. Models of the expected beam pattern as it passes across Jupiter and the Moon were derived in
consideration of the radiation pattern of the actual receiving system and the surface error of the main reflector.
Since the profiles of the measured beam patterns were consistent with those of the models within the range from
the peak to �20 dB, we confirmed that the antenna achieved the beam pattern expected from its optical design.
After this confirmation, we performed astronomical observations. In addition to the detection of the CS J = 3–2
(146.969026GHz) spectrum toward Orion KL, the change in the Moon intensity was successfully detected during
the total lunar eclipse during 2008 February 20–21. A time lag longer than 10 min in the millimeter-wave eclipse
relative to the corresponding optical eclipse ephemeris was detected. Mapping observations of the Sun revealed the
structure of the chromospheric networks at 147 GHz. These astronomical observations confirmed that the ACA 12-m
antenna could be successfully operated under various operating conditions.
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1. Introduction

Atacama Large Millimeter/submillimeter Array (ALMA),
being built by a collaboration among Europe, North America,
and Japan, is located on the Chajnantor Altiplano in the
Atacama Desert of northern Chile, and operated by a trilat-
eral partnership (Beasley et al. 2006). To enhance the scientific
quality of only 12-m diameter antennas for the interferometer
(12-m Array), the Atacama Compact Array (ACA) will be built
by ALMA Japan (Iguchi et al. 2009). The ACA consists of
sixteen antennas, i.e., twelve 7-m antennas for interferometry
and four 12-m antennas for total-power measurements, aiming
to improve the short baseline coverage of ALMA observations,
especially for extended astronomical sources.

The optical parameters for the ALMA 12-m Cassegrain
antennas, including the four ACA 12-m antennas, were
proposed on the basis of focal plane aberrations, the focal
spot size, blockage and feasibility of implementing a nutating
subreflector (Lamb 1999), and adopted in ALMA (Beasley
et al. 2006). The ACA 12-m antenna was designed to possess
a high surface accuracy of 25�m, an offset pointing accuracy
of 0:006 within 4ı from any starting position (under primary
operating conditions, i.e., an ambient temperature range is
from �20 ıC to 20 ıC and a wind velocity of 6 and 9 m s�1

for day and nighttime). In order to evaluate the antenna
performances, including the surface accuracy and the pointing

accuracy, the four ALMA/ACA 12-m antennas were installed
in the Operations Support Facility (OSF) at an altitude of about
2800 m, before operations at the Array Operations Site (AOS)
at an altitude of about 5000 m.

Though the ACA 12-m antennas will be operated mainly
as single dishes, the antenna can also be used for elements
of the array. For observations, such as mosaic observations,
the antenna beam pattern must be evaluated to assure high
quality of the observations. In the present work, beam pattern
measurements were performed to confirm that the antenna
could achieve the expected beam pattern. The receiving system
for the beam pattern measurement is described in section 2,
the measurement result of Jupiter/Moon is given in section 3,
and the results of the astronomical observations are presented
in section 4.

2. Measurement System

The ACA 12-m antenna, operated for beam pattern measure-
ments, is shown in figure 1. In order to evaluate the antenna
beam pattern, it is important to determine the radiation pattern
of the receiving system, itself. Descriptions of the receiving
system and its radiation pattern are provided in subsections
2.1 and 2.2. The expected antenna beam pattern, which was
derived based on the measured radiation pattern of the actual
receiving system, is described in subsection 2.3.
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Fig. 1. Photograph of the ACA 12-m antenna #2. The antenna coor-
dinate system is defined as arrows in the figure. The x-axis is parallel
to the elevation axis of antenna, the z-axis is parallel to the focus axis,
and the y-axis is directed at the zenith when the elevation angle is 0ı.
The origin is the primary vertex.

2.1. Receiving System

A receiving system for measuring the antenna beam pattern
is shown in figure 2. The receiving system consists of
a 150 GHz cartridge-type SIS receiver installed in a cryostat.
The cylindrical cryostat, the diameter of which is 508 mm, can
accommodate 2 cartridges of 170-mm diameter and 1 cartridge
of 140-mm diameter. The cryostat is composed of 3 thermal
stages, and each stage is connected to the corresponding stage
of a 3-stage Gifford McMahon (GM) type cryocooler (4 K,
12 K, and 80 K stages), as demonstrated by Yokogawa et al.
(2003) and Sugimoto et al. (2004). Thermal links were used to
simplify any cartridge changes, and to maintain a high thermal
conductance between the cartridges and the thermal stages of
the cryostat (Sugimoto et al. 2003).

The 150 GHz cartridge-type receiver contains an integrated
sideband-separating SIS mixer (2SB mixer). The 2SB mixer
has the advantage of improving the sideband calibration accu-
racy and of reducing the folding noise from the opposite side-
band (Iguchi 2005). The receiver consists of components that
are equivalent to those of the ALMA band 4 receiver (Asayama
et al. 2008), i.e., the 2SB mixer, two cooled low-noise ampli-
fiers (CLNAs) for each sideband, isolators, and a feed horn.
All components were attached to a cartridge with a diameter
of 140 mm. The differences from the ALMA band 4 receiver
are: (1) no Orthomode Transducer (OMT) was installed in the
receiver, and (2) a signal generator with a frequency quadru-
pler was used for a local oscillator (LO) source. The 4–8 GHz

Fig. 2. Schematic drawing of the receiver system.

IF signals from the cartridge pass through an IF amplifier
and enter a total power detector for continuum observations,
or a spectrum analyzer for line observations. The measured
receiver noise temperatures were 49 (LSB) and 51 K (USB) at
a LO frequency of 144 GHz, which were almost consistent with
that of the ALMA-type receiver (Asayama et al. 2008).

The optics of the receiving system for the measurement of
the antenna beam pattern consists of a corrugated feed horn on
a 4-K stage of the cartridge and warm optics mirrors on top of
the cryostat. The optical parameter is almost same as those of
ALMA band 4 (Kimura et al. 2008; Rudolf et al. 2007), except
for the boresight angle. A schematic drawing of the optics for
the receiving system is shown in figure 3. The top surface of the
cryostat is located on the Cassegrain focal plane of the antenna,
and the horn axis has 150-mm offsets (dy = +150 mm) from
the antenna axis. The boresight angle of the receiving system
was designed to be �0:ı357 in order to point out the vertex of
the subreflector.

2.2. Measurement of Radiation Pattern of Receiving System

While the horn is fixed to the cartridge, the mirror assembly,
which consists of an elliptical mirror and a flat mirror, is placed
on top of the cryostat. Thus, it is difficult to mechanically align
the horn with the elliptical mirror. As reported by Lazareff
(2001), a misalignment between the horn and the elliptical
mirror, especially lateral offsets, causes an error in the bore-
sight angle. This error results in a degradation in the effi-
ciency and the asymmetry of the antenna beam pattern. To
correct for a misalignment, the position of the mirror assembly
was aligned by using a near-field beam measurement system
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Fig. 3. Schematic drawing of the receiver optics.

Fig. 4. (a) Measured radiation pattern of the receiving system for � =
0ı (Az-cut) with the USB port at 144 GHz. The dashed lines and solid
lines correspond to the results of a PO simulation and of a measure-
ment. The black and red lines indicate co- and cross-polar. (b) Same as
(a), but for � = 90ı (El-cut).

(for the details of the system, see Asayama et al. 2008). The
measured radiation pattern of the receiving system after the
alignment process is shown in figure 4. The measurement was
performed with the USB port at an RF frequency of 144 GHz
under the condition that the cartridge was cooled to 4 K, and
was inclined to 90ı at a laboratory. An azimuth–elevation
coordinate, Az and El , is introduced to describe the radiation
patterns:

Az = �cos�; (1)

El = �sin�; (2)

where � and � are the angles on the polar coordinate; i.e.,
a direction on the polar coordinate, Or , is described as

Or = Oxsin�cos� + Oysin�sin� + Ozcos�; (3)

where, Ox, Oy, and Oz are the normalized axes defined in figure 3.
The peak of the co-polar radiation was at Az = �0:ı3736,
El = +0:ı0374. The residual error from the designed angles is
dAz = +0:ı0166 (�0.3 mrad), dEl = +0:ı0374 (�0.7 mrad),
which is expected to be negligible as compared to the error
angles of 6 mrad for an efficiency loss of 1% (Lazareff 2001).

2.3. Expected Antenna Beam Pattern

It is important to derive the expected antenna beam pattern
in order to evaluate the result of a celestial measurement. The
calculation method and four examples of the antenna beam
pattern are described in this subsection. A calculation of the
antenna beam pattern was based on the Physical Optics (PO).
The measured radiation pattern of the receiving system, shown
in subsection 2.2, was used for the input to the PO calcula-
tion on the antenna optics. To calculate the beam pattern of the
antenna, we performed a Fourier transform of the electric fields
on the aperture plane masked with the blocking area (shadow
area of the subreflector and of the quadripod, the hole for the
optical telescope). We could include two types of phase errors
into the calculation, i.e., the surface error on the main reflector
and the phase error caused by the subreflector offsets from the
optimal position.

Figure 5 shows four examples of the calculations at
144 GHz: (1) the antenna beam pattern with the subreflector
illuminated by the ideal receiving system, (2) the antenna beam
pattern with the subreflector illuminated by the actual receiving
system, (3) the antenna beam pattern with the surface error
on the main reflector, and (4) the antenna beam pattern with
the surface error and the phase error caused by the subre-
flector offsets from the optimal position. Figures 5a–5d show
the antenna beam pattern in case (1). The radiation pattern
emitted by the ideal receiving system, which was calculated
by the PO calculations on the ellipsoidal and flat mirrors, was
used for the input to the antenna optics. Electromagnetic fields
emitted from the horn were assumed to be a pure HE11 mode.
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Fig. 5. (a)(b) Estimated co-polar and cross-polar antenna beam patterns with the ideal illumination of the receiving system. (c)(d) Patterns for the Az

and El cuts. (e–h) Same as (a–d), but for the antenna beam patterns with illumination of the actual receiving system. (i–l) Same as (e–h), but for the
antenna beam patterns with the surface error on the main reflector. (m–p) Same as (e–h), but for antenna beam patterns with the surface error on the main
reflector and the phase error caused by subreflector offsets.
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The beam width of the main beam was estimated to be 39:004 �
39:004 (along Az � El cuts). Figures 5e–5h show the antenna
beam pattern in case (2). The measured radiation pattern of
the receiving system was used for the input to the PO calcula-
tion on the antenna optics. No phase error on the main dish
was applied. The beam width of the main beam along El
cut, 39:005, was estimated to be narrow by 0:006, as compared
with the beam width along Az cut, 40:001. This was caused
by the asymmetry of the illumination. A cross-polar level is
predicted to be slightly higher than that for case (1); however,
the peak of the cross-polar is still below �20 dB, and the power
contribution of the cross-polar within the main beam is very
low, 0.3 %. The antenna beam pattern in case (3) is shown
in figures 5i–5l. We applied the corresponding phase error
predicted by the result of the photogrammetry at El = 60ı
to the electric fields on the aperture plane before performing
a Fourier transform. The applied surface accuracy of the main
reflector was 58.9�m rms. The effect of the surface error on the
shape of the main beam was negligible at 144 GHz, as shown
in figure 5. Figures 5m–5p show the result of case (4). We
added a phase error caused by the subreflector offsets from
the optimal position of dy = �1.0 mm, which was calculated
from an analytical equation, as described by Butler (2003). The
coma lobe on the �El side can be seen.

3. Measurements and Results of Antenna Beam Pattern

Since the position of the subreflector is changed by the
observation angle because of the gravitational deformation of
the antenna structure, the position of the subreflector needs to
be determined for a comparison between the measured beam
pattern and the models. The actual subreflector position is
estimated in subsection 3.1. The details of the beam-pattern
measurements with Jupiter and the Moon are described in
subsections 3.2 and 3.3.

3.1. Measurement Setup: Subreflector Position

The subreflector has the capability of having offsets along
the azimuth (x), elevation (y), focus (z) directions, and being
tilted on each axis. In order to evaluate the position of the
subreflector, we performed observations of Jupiter using raster
scans with a scanning velocity of 0:ı05 s�1. Maps with a scan
area and a resolution of 50 � 50 and 500 were created from data
sets taken by scans for various positions of the subreflector
at each elevation angle. It took about 3 min to finish obser-
vations for a map. The optimal position of the subreflector
was evaluated so as to maximize the intensity and to achieve
a symmetry profile of Jupiter at each elevation. Figure 6
shows the elevation dependence of the positions (y and z) and
the beam pointing offsets (Az and El). The data sets were
fitted with

f .El/ = c0 + c1 � cos.El/ + c2 � sin.El/; (4)

where c0;1;2 are the coefficients. The residuals between the
measured data sets and the fitting curve were 0.04 mm and
0.2 mm rms for the subreflector position of z and of y. These
errors correspond to efficiency losses of 0.04% and of 0.05%,
respectively. The residuals of the beam pointing offsets were
1:009 and 1:005 rms for the Az and El . The coefficients, c0;1;2,

Fig. 6. Elevation dependence of the subreflector positions and the
beam pointing offsets. (a) Optimal positions of subreflector z. The
line describes the result of least-squares fits. (b) Same as (a), but for
the optimal positions of the subreflector y. (c) Az beam offsets from
the optical axis of the optical pointing telescope. (d) Same as (c), but
for El beam offsets.

were determined to be �0.173, 0.071, 2.477 for the position
of z, �1.159, 3.608, �3.612 for the position of y, 164.07,
�20.795, �8.850 for the Az pointing, and �158.71, �12.703,
130.18 for the El pointing.

3.2. Beam Pattern and Aperture Efficiency with Jupiter

Total power measurements scanning Jupiter at 147 GHz
were performed to evaluate the antenna beam pattern. In order
to evaluate the measured outputs across Jupiter, we performed
a calculation of the 2D convolution between the estimated
antenna beam pattern and the brightness distribution of Jupiter,
which was assumed to be a circular disk with a diameter of
34:002. The solid lines in figure 7 describe the calculation result
with the surface error on the main reflector. The photogram-
metry result at El = 60ı was applied to model the surface
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Fig. 7. Total power scans across Jupiter at El � 73ı. The solid lines
describe the 2D convolution result, which was calculated from the esti-
mated antenna beam pattern and a circular disk with a diameter of 34:002.

Fig. 8. Total power of scans across Jupiter on an antenna temperature
scale, T �

a , at 147 GHz.

error. The phase error caused by the subreflector offsets was
not applied for the calculation because the subreflector position
was optimized during the measurement. The calculation result
has a FWHM of 43:006 � 43:003, derived by fitting with the 2D
Gaussian. The calculation result above �20 dB, which corre-
sponds to the contribution of the main beam, is consistent with
the observed outputs whose FWHM was 43:008 � 44:001. The
difference in the FWHMs between the measured outputs and
the calculation result was 0:008. This indicates that the antenna
beam pattern estimated in subsection 2.3 was calculated accu-
rately. Bumps around �20 dB in the measured outputs, which
correspond to the contribution of the first sidelobe, seem to also
be consistent with the calculation result including the surface
error.

We measured the antenna temperature of Jupiter, T �
a , as

shown in figure 8, and its elevation dependence, as shown in
figure 9. The antenna temperatures were calculated by the

Fig. 9. Peak of T �
a of Jupiter as a function of the El angles at

147 GHz. No El dependence could be found. The peak-to-peak error
of the temperature was about 3.5 K.

chopper wheel method (Kutner & Ulich 1981). No eleva-
tion dependence of T �

a could be found within a peak-to-peak
error of 3.5 K. The averaged T �

a was determined to be 52.4 K.
Table 1 lists the aperture and main beam efficiencies, �’s,
which were derived as demonstrated by Mangum (1993).

3.3. Beam Pattern with the Moon

Total-power measurements scanning the Moon are useful to
evaluate the beam pattern of the telescope, because it can be
derived from the differential of the power under the assumption
that the slope of the Moon’s edge is a step function. However,
the pattern derived from the differential is not the actual beam
pattern for two reasons: (a) the brightness distribution of
the Moon edge is not an ideal step function, and (b) widely
distributed sidelobes seem to be enhanced by the effect of the
2D convolution, as demonstrated by Sugimoto et al. (2004).
Therefore, we call this pattern a composite profile.

Figure 10 shows the relation between the Moon positions
and the scanning direction during the total power measure-
ments. The total power outputs across the Moon along with
the El axis were measured at 147 GHz, as shown in figure 11a.
The 8 scans were integrated to improve the signal-to-noise
ratio. As described in figure 10, the rotation of the Moon on
the celestial sphere during observations was negligible, and
no difference was found in the outputs between each scan.
A composite profile derived from differentiating the outputs
along the scan direction (the side of the +El offsets) are shown
in figure 11b. The profile has an asymmetry pattern, i.e., the
lobe on the right side seems to be a gentle slope, and a bump
appears in the left lobe. The right lobe shows the differential
of the outputs when the main beam had already passed through
the edge of the Moon; thus, the effect of the first sidelobe of
the antenna beam pattern is barely visible because of the large
output from the coupling between the main beam and the disk
of the Moon. The bump in the left lobe corresponds to the
effect of the first sidelobe (on the �El side) of the antenna
beam pattern. Figure 11c is the same as figure 11b, but for the
side of the �El offsets. No bump can be seen within the right
lobe in figure 11c.

We performed a 2D convolution between the estimated
antenna beam pattern and the brightness distribution of the
Moon, which is an available model (Krotikov & Troitskii 1964;
Linsky 1966, 1973; Mangum 1993). The black dotted lines in
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Fig. 10. Moon during beam pattern measurements (2008 February 27,
UT 11:01–11:11, about 5.5 d after the full moon). The El angle of the
Moon was 64:ı4–62:ı1. The scans were performed along with the El

axis.

figures 11b and 11c describe the calculation result without the
surface error on the main reflector. This model predicts bumps
of �20 dB in the left lobe of figure 11b and in the right lobe
of figure 11c. The red lines indicate the calculation results
with the surface error on the main reflector and the coma phase
error caused by the subreflector offsets. The photogrammetry
result at El = 60ı was applied to model the surface error.
The case of the subreflector offsets of dy = �1.0 mm is very
consistent with the measurement, especially for the level of
the bump. The subreflector position during the measurements
was set at y = �3 mm, which had offsets of dy � �0.7 mm
from the optimal position around El angles of 60ı, as shown
in figure 6. Thus, we conclude that there was a remaining coma
lobe caused by the subreflector offsets from the optimal posi-
tion during the Moon measurement.

4. Celestial Observations

On 2008 February 29, a spectrum of CS J = 3–2
(146.969026GHz) was detected toward Orion KL (˛J 2000 =
5h35m14:s5, ıJ 2000 = �5ı22029:006) as shown in figure 12.
The resolution bandwidth was 1 MHz, which corresponds to
�2 km s�1. The spectrum on the main beam temperature, Tmb,
scaled by �mb, has a peak of 14.9 K, which is very consistent
with other observations (e.g., Zeng & Pei 1995).

Table 1. Aperture efficiency and main beam efficiency at 147 GHz.

Source Date (yy/mm/dd) �eq � �pol
� (00) T �

a (K) Tsource
� (K) �ap (%) �mb (%)

Jupiter 08/02/27 34.2 � 34.2 52.4˙3.5 167 70.7˙4.7 77.8˙5.2
� �eq and �pol are equatorial and poloidal diameters of calibration source, respectively.
� Reference: Ulich (1981).

Fig. 11. (a) Total power outputs across the Moon along the El axis. The sampling resolution corresponded to 0:0036. The outputs of 8 scans were
integrated. (b) Differential of the total powers for the edge of the El offset plus. The black dotted line describes the differential of the 2D convolution
map, which was calculated with the estimated beam pattern without any phase error and the brightness distribution of the Moon. The red lines show the
calculations with the surface error of the main reflector and the coma phase error caused by the subreflector y offsets. (c) Same as (b), but for the edge of
the El offset minus.
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Observations of the total lunar eclipse were made at
147 GHz during 2008 February 20–21. Raster scans of the
antenna were performed with a scanning velocity of 0:ı28 s�1

and with a 50 Hz sampling rate of the total power detector.
Figure 13 shows maps, whose scan area and resolution are

Fig. 12. CS J = 3–2 (147 GHz) spectrum from Orion. The LO
frequency was 153 GHz (LSB observation). The resolution and the
video bandwidth are 1 MHz and 100 Hz, respectively. The total inte-
gration times are 1.3 s per sampling.

500 � 500 and 4500. It took about ten minutes to finish obser-
vations for a map. The change in the antenna temperature,
which corresponds to the change in the physical temperature
on the Moon surface during the eclipse, was detected as shown
in figure 13. During the eclipse, the antenna temperature on the
center of the Moon was changed by �7%, which is consistent
with previous work (e.g., Fukui et al. 1979; Ulich 1972). The
time lag in the millimeter-wave eclipse relative to the corre-
sponding optical eclipse ephemeris was estimated to be longer
than 10 min.

ALMA/ACA antennas are capable of solar observations.
Total-power observations of the Sun were performed on 2008
March 1–3. During these observations of the Sun, the attenu-
ators before the total power detector were optimized to avoid
saturation in the detector, itself. Figure 14 shows two of the
images, whose scan area and resolution are 400 � 400 and 1000.
It took about 20 min to finish observations for a map. The
image shows characteristics of the quiet Sun, i.e., chromo-
spheric networks and plage regions. The motion of the plage
structure due to the rotation of the Sun could be observed from
the data sets of the different days. The T �

a of the bright region
on the solar disk was about 7000–8000K.1

Fig. 13. 2D maps of the Moon on 2008 February 21 total lunar eclipse at 147 GHz. (a) Predicted optical view of the Moon during observations.
(b) 2D maps of the Moon at 147 GHz. (c) Differential from the first map. The area outside the 270-diameter circle was masked.

1 The absolute calibration is expected to be inaccurate because of gain
compression (saturation) in the receiver. The receiver system for ALMA
will be equipped with a solar filter to prevent saturation.
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Fig. 14. (a) Solar image at 147 GHz on 2008 March 1, UT
19:20–19:45. (b) Solar image on 2008 March 2, UT 17:21–17:46.

5. Summary

To evaluate the antenna beam pattern of the
ALMA/ACA 12-m antenna, total-power measurements
scanning Jupiter and the Moon were performed. The measured
outputs across Jupiter had an FWHM of 43:008 � 44:001, and
were consistent with calculation results of the 2D convolution

between the estimated antenna beam pattern and the Jupiter-
size circular disk. The total power measurement across the
Moon was also consistent with the calculation result for the
Moon. The measurements of Jupiter and the Moon proved that
the ACA antenna achieved the expected beam pattern from its
optical design. Astronomical observations were performed,
and successful results were obtained, i.e., the detection of
a spectrum of CS J = 3–2 toward Orion KL, and 2D mappings
of the total lunar eclipse and of the Sun. It was confirmed that
the results of astronomical observations with the ACA antenna
was consistent with previous work observed by other antennas,
and the ACA antenna could be successfully operated under
various operating conditions.
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