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1 Introduction

1.1 Purpose

This document is a comprehensive report about the actual status and perspectives of single-
dish continuum observations with ALMA. We present here all the observing modes that have been
so far defined for single-dish continuum observations with present day ALMA. In addition to that,
we present possible ways to improve the efficiency and alternative observing strategies requiring
modifications to the existing ALMA hardware and software. Each observing mode is described
in details and an estimate of the efficiency is given, in terms of observing time with respect to
interferometric observations. We refer to the values given in Table A-2 of the Cycle-7 Proposer’s
Guide [RD06] for the sensitivity of observations in different arrays and configurations.

1.2 Applicable documents

The following documents are part of this document to the extent specified herein. If not explic-
itly stated otherwise, the latest issue of the document is valid.

Appl. Document Title Doc.
[AD01] Acronym Finder http://wikis.alma.cl/ bin/ view/

AIV/ AcronymFinder
[AD02] Technical Specification for Design and Manufacture of

the ALMA Nutator
ALMA-35.03.00.00-002-A-
SPE

[AD03] ALMA Nutator Scientific Requirements SCID-35.03.00.00-001-D-
SPE

[AD04] Nutator Verification Plan AIVD-36.20.00.00-0225-A-
PLA

1.3 Reference documents

The following documents contain additional information and can be referenced in this docu-
ment.

Ref. Document Title Doc.
[RD01] Optimized Optical Layout for MMA 12-m Antennas MMA Memo 246
[RD02] The fastscanning observing technique for millimeter

and submillimeter astronomy
Reichertz et al. A&A 379,
735-739, 2001

[RD03] Scanning strategies for imaging arrays A. Kovacs Proc.SPIE
7020,2008

[RD04] A multiple beam technique for overcoming atmospheric
limitations to single-dish observations of extended radio
sources

Emerson, D. T., Klein, U.,
Haslam, C. G. T. 1979, A&A,
76, 92

[RD05] Recovering line profiles from frequency-switched spec-
tra

Liszt, H. 1997, A&AS, 124,
183

[RD06] Cycle-7 Proposer’s Guide https://almascience. eso.
org/ proposing/ proposers-
guide

[RD07] On using the shot noise in SIS tunnel junctions for char-
acterizing IF amplifiers

Proc. 6th Int. Symposium on
Space Terahertz Technology,
1995, CalTech
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1.4 Acronyms

For a complete set of acronyms and abbreviations used in the ALMA project, please go to the
Acronym Finder [AD01].
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2 Observing modes without modulation (existing hardware)

Single-dish continuum observations at mm/submm wavelengths require some sort of mod-
ulation of the signals to be able to separate the astronomical signal of interest from the bright
atmospheric emission.

In this section we describe single-dish continuum observing modes that can be performed with
the existing ALMA hardware without the use of any additional signal modulation devices. Some
modulation of the signals is generated by scanning at relatively high speed (fast scanning) with
the antenna beam across the source to be observed. The efficiency of this modulation method
depends on the scanning speed but also on the scanning pattern.

2.1 Rectangular On-The-Fly (OTF)

We evaluated the use of rectangular OTF and concluded that this observing pattern is not
useful for single-dish continuum at ALMA. The cycle time between the off-source positions at the
edges of each subscan (OFF - raster row - OFF) is by far longer than the expected timescale
of atmospheric fluctuation (antenna diameter divided by wind speed, i.e., '1 s for '10 m/s wind
speed). Atmospheric baseline subtraction is therefore very inefficient. Moreover, the observing
efficiency is expected to be low because the time spent on-source is a small fraction of the total
observing time.

2.2 Fast scanning - Lissajous patterns

In this subsection we summarize what we have learned from the commissioning of TP con-
tinuum observations using the technique of fast-scanning along Lissajous patterns. In short, the
noise level is determined by the artifacts common to all the basebands in each polarization (sup-
posedly gain fluctuation of the receiving system). The effective noise bandwidth is ∼100 MHz,
nearly two orders of magnitude lower than the 4×1.875 = 7.5 GHz total continuum bandwidth.
In addition, integration of Lissajous scan is '1.7 times shallower (in unit of integration time) in
the map center compared with raster, when the same amount of observing time is spent. When
compared with spectral line raster observations, 7.5 [GHz]/100 [MHz]×1.7 ∼ 102 times more on-
source time is needed to achieve the same TP-to-interferometer noise ratio. Since the map edge
has to be emission-free, the observing time can be even longer if the emission is more extended
than the interferometry mosaic area.

2.2.1 Antenna performance (CSV-2976)

To determine the optimum scanning frequency (which copes with both fast and accurate scan-
ning), we performed Lissajous scanning using various scanning amplitudes (A) and frequencies
(f ) and measured the deviation between the actual and intended trajectories (note that the scan-
ning amplitude is half of the map size). The test was done in January 2017 using antenna PM02.
The antenna was scanned in Lissajous pattern in the horizontal (AZ–EL) coordinates without in-
clination. The elevation range was 36–64◦ (majority at 60◦).

Tracking errors (deviation between the intended and actual trajectories) were measured as a
function of the amplitude and frequency of the sinusoids of scan pattern (it was assumed that the
motions along the AZ and EL axes are independent of each other). The result is shown in Fig. 1.
The AZ error becomes large when the scanning frequency is close to the maximum allowed for
a given amplitude and also the frequency is lower than the “transition” line of the servo behavior
(cyan line in the middle panel). Seemingly the “transition” and 3◦/s2 on-axis acceleration lines
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Figure 1: The tracking error (RMS of the difference between the actual and intended trajectories
on each axis) as a function of scanning amplitude and frequency. Left to right : AZ (vertical axis
as on-sky amplitude), AZ (vertical axis as on-axis amplitude; the error is on-sky), and EL. The
limits on velocity (1◦/s on sky), acceleration (3◦/s2 on sky), and frequency (1.6 Hz) determined in
CSV-2772 (Limits_revised.pdf by R. Hills) are plotted. In the middle panel, the transition point of
the servo behavior (50′′/f2.5, CSV-2976 Servo Characterization PM01 and PM04.pdf by R. Hills)
and 3◦/s2 acceleration on axis are also plotted.

defines the parameter space in which the antenna follows the intended trajectories. The EL error
is, in general, smaller than that of AZ for the same on-sky amplitude and frequency. Therefore,
the AZ on-axis acceleration of 3◦/s2 determines the fastest scanning frequency f , e.g., 1 Hz for
the on-axis amplitude of 270′′ (on-axis map size of 546′′, or on-sky map size of 270′′ at EL = 60◦),
scaled with 1/

√
A. We consider that the typical scanning frequency is f ∼ 1 Hz.

2.2.2 Sky/receiver stability (CSV-2982)

In order to characterize the sky/receiver stability, we made fast-scanning “observations” of
blank sky under various weather conditions in March–August 2017. The measurements and re-
sults are described in PDF, summarized below.

The measurements were in all the bands which were available (B3–B10, excepting B5). The
PWV and pathlength RMS (at 50 m) ranged from 0.5 to 6.5 mm and 7 to 1000 µm, respectively.
The antenna(s) scanned at EL=60◦ with the Lissajous pattern at the scanning frequencies of 0.2–
0.8 Hz. The data were “calibrated” by removing the EL dependence and long-term variation and
characterized by calculating Allan variances. Fig. 2 shows an example. The power spectra of the
data (middle panel) indicate that (1) the short-timescale fluctuation dominates the overall stability,
(2) there are no features corresponding to the scanning frequency, i.e., the antenna motion does
not impact on the stability, and (3) there are spikes at 50 Hz and its multiples (seen in all bands).

Then we evaluated the data stability using the Allan standard deviation (ASD) and estimated
the atmospheric conditions required for fast-scanning observations. And example of ASD is shown
in Fig. 3 left. We used the ASD as a measure of available scanning frequency (temporal separation
between OFFs). Fig. 3 right shows the timescale at which the ASD becomes its minimum+10% as
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Figure 2: The time series of “calibrated” data (left), its power spectra (middle), and the Allan
standard deviation (right). Band 8, PWV = 0.7 mm, pathlength RMS = 10 µm, scanning frequency
= 0.6 Hz.

Figure 3: Left: The ASD as a function of timescale. The three criteria we considered (ASD be-
comes its minimum, minimum+10%, and the system spec) are drawn as vertical lines. Right: The
timescale at which the ASD becomes its minimum+10% as a function of pathlength RMS. The
vertical line indicates 200 µm, which corresponds to ' 20◦ in phase.

a function of pathlength RMS (for Band 3 as an example). The determined timescale is distributed
at around 0.1–1 s, since the ASD tends to be flat at that range, when the pathlength RMS is
relatively small (regardless of absolute PWV). However, when the pathlength RMS is larger than
a certain value, the ASD becomes its minimum(+10%) at very short timescales (less than 0.1 s
or so) at which frequency antennas cannot scan. We determined this as the required observing
condition for fast-scanning observations. The pathlength RMS corresponding to 20◦ phase seems
to be a criterion which is applicable to all the measured bands.

2.2.3 Overall sensitivity (CSV-2982)

We took several maps of blank sky in all the available bands to estimate the noise properties
and overall sensitivity. The pathlength RMS was within the threshold determined above, and
hence the receiver stability is supposed to dominate the sky fluctuations. The scanning amplitude
and frequency of 300′′ and 0.6 Hz, respectively, were used. The results are shown in 20171213
fast scanning Noise. pdf by S. Ishii and summarized below.

Fig. 4 shows the noise levels of Band 6 maps as a function of integration time and their im-
provement (if any) by averaging antennas, polarizations, and basebands. The noise integrates
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down as 1/sqrt of time (top left panel), number of antennas (top right), and number of polariza-
tions (bottom left). However averaging basebands does not help (bottom right). Fig. 5 is another
expression of this behavior. The patterns (scanning artifacts) are similar among different base-
bands in the same polarization, but different between polarizations. The most likely cause is the
receiver gain fluctuations. Other bands showed the same behavior, although the integrations were
shallower.

Figure 4: Noise levels of Band 6 maps as a function of integration time. Top left: The noise
integrates down as 1/

√
t. Top right: The noise levels of the maps from individual antennas (points

on the red dotted line) are
√
3 times higher than those of the antenna-averaged maps (black dotted

line). Bottom left: The noise levels of the maps from individual polarizations (red dotted lines) are√
2 times higher than the polarization-averaged maps (black dotted line). Bottom right: The noise

levels of the maps from individual basebands are almost the same as those for baseband-averaged
maps.

The resultant noise levels of the maps were typically 4 times larger (ranging from 3.1× to 5.5×)
than the theoretical (thermal) noise. In other words, the typical noise-equivalent bandwidth was
∼ 100 MHz (in good agreement with the specification, 62.5 MHz).

Another factor which increases the TP-to-interferometer observing time ratio is that the an-
tennas move fastest in the center of the Lissajous pattern, unlike raster mapping. If the same
amount of on-source time is spent on a rectangular map, the integration of Lissajous map at the
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Figure 5: Band 6 maps for BB_1 pol X, BB_2 pol X, BB_1 pol Y, and BB_2 pol Y from one EB.

center is π2/4 times shallower in time (π/2 times in noise level) than that of the uniform coverage
(i.e., raster map). On the other hand, in Lissajous scans it is not necessary to visit a dedicated
“OFF” position. If we assume the typical overhead to visit OFFs during raster mapping is 30%,
the shallowness (in time) is π2/4 × 0.7 ' 1.7. Therefore, in total, 7.5 [GHz]/100 [MHz]×1.7 ∼ 102

times more on-source time compared with spectral line raster observation is needed to achieve
the same TP-to-interferometer noise ratio.

We also estimated how the map noise changes if the antennas scanned faster or slower. This
was realized by modifying the pointing tables of the data to simulate faster/slower scans. The
result is shown in Fig. 6. The noise level is roughly proportional to 1/

√
f .

Figure 6: Expected map noise as a function of scanning frequency.

2.2.4 Basket-weaving (requires CASA development)

A possible way to mitigate the scanning artifact is in data processing stage, namely basket-
weaving technique (e.g., Haslam et al. 1974). We wrote a code to apply the following simple
algorithm to each scan path; (1) take the T ∗A differences at the intersections between the path
and crossing ones, (2) fit the differences by a polynomial or spline curve as a function of time,
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Figure 7: (a) A Band 6 fast-scan map (f ' 0.8 Hz) with 3 antennas, 1 baseband, 2 polarizations.
The map size is 720′′×720′′. (b) Same data as (a), but basket-woven. (c,d) Same data as (a), but
gain calibrations using imaginary chopper wheel at 10 and 100 Hz, respectively, are applied (see
§3.2). The duty cycle of the chopper was assumed to be sky/load = 0.7/0.3 (without any dead
time).

and (3) subtract the curve from the data. An example of the comparison of the maps with and
without basket weaving is shown in Fig. 7. The scanning artifact seen in the original map (Fig.
7a) is reduced to some extent in the basket-woven map (Fig. 7b). The RMSs of the original maps
were 7.8 (1 baseband) or 7.4 (4 basebands) mK, those of the basket-woven maps were 6.5 (1
baseband) or 5.2 (4 basebands) mK, while the thermal noise is expected to be 2.5 (1 baseband)
or 1.3 (4 basebands) mK (Fig. 8). That is, basket weaving might save (7.4/5.2)2 '2× observing
time.

G. Kosugi has proposed a different algorithm (described in CSV-239, Precise Calibration 4
Lissajou 20120808. pdf) and a prototype code was kindly provided to us by him and T. Nakazato.
We have tried that algorithm but no significant improvements have been obtained so far.

Figure 8: RMSs of the maps obtained with a fast-scan mapping of blank sky and standard cal-
ibration (red), basket weaving (blue), and simulated observation using chopper wheels at a duty
cycle of sky/load = 0.7/0.3 (cyan, see §3.2). Circle and square symbols indicate single baseband
(BB_1) and four basebands, respectively.
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2.2.5 Mixer de-tuning

It was suggested that de-tuning the mixers could potentially help to reduce the gain fluctuation
(at a cost of increasing Trx), and hence we tried it in Bands 3 and 6. A Python script provided
by S. Asayama was used. It, in principle, kept forcing the SIS voltages to predefined values for
de-tuning, while observation was running. The obtained data, however, indicate that the ratio
between the map RMS and Tsys (presumably proportional to ∆G/G) remained the same while Trx
was more than an order of magnitude worse than that of the normal tuning. We (G. Siringo) think
it is unlikely that there exist tuning points which significantly reduce gain fluctuation.

2.3 Fast scanning - other patterns

Not only Lissajous patterns are possible, one can consider other patterns as spirals (used at
APEX), star, billiard box, and more. [RD03] provides a comparison of advantages and limitations
of several scanning patterns. The “double-circle” pattern is also available in the current ALMA
software. However we think that the atmospheric emission dependent on the elevation (airmass)
cannot be subtracted if the double-circle pattern is employed unless we can use an accurate
model of sky emission.

3 Observing modes with modulation (future development)

In this section we describe a few ideas that have been considerd to improve the efficiency of
ALMA single-dish continuum observations.

3.1 Nutators and EKH mapping (requires working nutators, software up-
date)

The ALMA Nutator system provides the capability to rapidly switch the optical axis of an an-
tenna’s primary beam between an observation source and nearby reference positions. If the
switching is sufficiently rapid, the atmospheric brightness and the gain of the receiver system are
the same for both the target and reference sources so the differential signal measures the flux for
the source being observed.

In this section we consider single-dish continuum observing modes with the Nutator system.
In section 3.1.1, we summarize the specification of the Nutator system briefly based on [AD02].
The observing sequence and the data processing with the EKH algorithm are discussed in section
3.1.2. The theoretical sensitivity with this observing modes is derived in section 3.1.3. In section
3.1.4, we estimate the sensitivity to be achieved with this mode under the realistic observing
parameters. We simulate this observing modes using the blank sky data and compare the noise
level with the theory and the fast-scanning mode in section 3.1.5. Finally, we summarize the
evaluation of the nutator mode in section 3.1.7.

In short, if we have working nutators at 10 Hz (or 5 Hz) chopping, the achievable noise levels
is 2 (2.3) times higher than that of the thermal noise per BB, i.e., the effective noise bandwidth
is ∼400 (300) MHz. On the other hand, the thermal noise of nutator mapping is inevitably higher
than raster mapping because of additional map size and transition between two positions of the
nutators. It depends on the map size and chopping frequency, but typically ∼2 in unit of observing
time. That is, 7.5 GHz/400 (300) MHz × 2 ∼ 40 (50) times more on-source time compared with
spectral line raster observation is needed to achieve the same TP-to-interferometer noise ratio.
Since it is assumed that the map edge is emission-free, the observing time even increases if the
emission is more extended than the interferometry mosaic area.
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3.1.1 Specification of the ALMA Nutator system

According to [AD02], the Nutator System shall satisfies following specifications:

Cadence: Adjustable, maximum 10 Hz, down to 1 Hz.

Amplitude: The maximum chopping throw shall be continually adjustable with a resolution of no
more than 0.1 arcsec up to 1.3 arcmin On-the-Sky.

Settling time: The ALMA nutator shall move between positions with 10 – 15 ms. The combination
of the chopping throw and setting time is given in Tab.1.

Mode of operation: The mandatory mode of operation for the Nutator system is Two Position
Switching. The implementation of options A, B and C below shall be investigated as options
for Nutator system operation.

• Two Position Switching: Square wave switching between 2 positions anywhere within
the range of motion. A dwell time is defined by the number of 48ms pulses. A settling
time can be set to the minimum settling time from 10 to 15 ms. depends on the chopping
range.

• Option A: Multi setups switching up to 10 steps, each of which has the parameters
defined above.

• Option B: Triangular motion at a constant-velocity between two positions. The settling
time parameter shall be ignored.

• Option C: Sinusoidal motion between two positions. The settling time parameter shall
be ignored.

Switching rate: The nutating action of the Nutator system is triggered by a TE (= 48 ms) pulse.
The switching frequency shall be determined by the number of pulses between switches.
The fastest chopping speed is for a chopping period of 96 ms, which corresponds to 10.4167
Hz.

The detailed parameters of the specification are summarized in Tab.1. Fig.9 represents real
data of the two position switching mode taken with one of the ALMA nutator during tests in January
2014.

3.1.2 Observing sequence and data processing with the EKH algorithm

Here we assume the observing sequence of the single-dish continuum observations with the
nutator system as follows:

• The scanning mode of antennas is the on-the-fly mapping with the raster scan along the
azimuth direction.

• The nutator throws the beam from −θ/2 to +θ/2 from the optical axis along the azimuth with
fnutator Hz during the raster scans.

• The waveform of the motion of the nutator is the two position switching pattern between
−θ/2 and +θ/2 with the transition time of Ttran .

When the transition happens every nswitch TE pulses, the chopping frequency is given by
fnutator = 1/(2nswitchTE) and the nutator stays at each position for Tstay = nswitchTE− Ttran in a
chopping cycle.
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Table 1: Required Settling Times and Pointing Errors (No Wind)

Chopping Range, θ Frequency Settling Time RMS Error
Subreflector On-the-Sky Subreflector On-the-Sky

(arcsec) (arcsec) (Hz) (ms) (arcsec) (arcsec)
100 7.7 1 10 1.3 0.10

7.7 2 10 1.3 0.10
7.7 5 10 1.3 0.10
7.7 10 10 1.3 0.10

360 27.7 1 10 1.3 0.10
27.7 2 10 1.3 0.10
27.0 5 10 1.6 0.12
27.0 10 10 1.6 0.12

540 40.5 1 12 1.6 0.12
40.5 2 12 1.6 0.12
40.5 5 12 1.6 0.12
40.5 10 12 1.6 0.12

720 54.0 1 15 1.6 0.12
54.0 2 15 1.6 0.12
54.0 5 15 1.6 0.12
54.0 10 15 1.6 0.12

1080 81.0 1 15 1.6 0.12
81.0 2 15 1.6 0.12
82.1 5 15 2.5 0.19
82.1 10 15 2.5 0.19

This is defined in Table 5-1 in [AD02].

Figure 9: Real data taken with one of the ALMA nutators during tests in January 2014. Left:
Switching at 1 Hz. Right: switching at 10 Hz. In both cases a 1080′′ throw was used.
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Figure 10: Mapped regions by the OTF scanning using the nutator that throws the beam to dAZ =
±θ/2.

The maximum speed of the scan vmax is determined so that the length of gaps in a scan taken
at each position of the nutator is shorter enough to avoid beam smearing. To keep the length of
gaps by individual integrations within 1/5 of the beam width,

vmax =
1

5

HPBW

(Tstay + 2Ttran)
, (1)

where HPBW is that for the highest-frequency baseband.
In order to remove rapid fluctuations of the signal by the atmosphere and the system gain, we

use the difference of outputs measured at dAZ = +θ/2 and −θ/2 in a switching cycle. As the
result of the beam chopping, two deferent regions on the sky are mapped. In most of the cases,
the mapped regions would be overlapped each other with the offset of θ in the azimuth because
the scan length 2a would be larger than θ to observe extended emissions (Fig. 10).

This is equivalent to a mapping observation by a virtual dual-beam system given by the con-
volution of the antenna beam with the dual-beam function, which consists of positive and negative
delta functions. The EKH algorithm [RD04] allows us to restore the observed data to the single-
beam image of the sky by deconvolution of data with the dual-beam function. This is carried out
by re-weighting the dual-beam function in the spatial frequency domain or convolution with the
inverted dual-beam function, which is the dual-comb function spaced intervals of θ in the spatial
domain. It is worth to note that [RD05] mentioned that the restoring process can introduce serious
artifacts from imperfections of data such as bad baseline and spikes. The scan length should be
determined so that the edge of scans is free from continuum emission.

3.1.3 Theoretical analysis on the sensitivity

In this section we analyze the theoretical sensitivity to be achieved by this observing mode.
For a square map with the size of 2a, the thermal noise from each cell in the restored map before
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gridding convolution is given by

σcell,ON =
2Tsys√

BBBtcell,ON

(2)

where, Tsys is the system noise temperature, BBB is the bandwidth for a baseband, and

tcell,ON =
d2

4a2
tOS,nutator. (3)

is the time an antenna spends on a cell d = HPWB/9. The factor of 2 appears in equation (2),
because 1) the half of the total on-source time is spent at each position of the nutator and 2) the
difference of outputs are used.

The effect of the EKH algorithm to the sensitivity is also discussed by [RD04]. When the scan
length is n times larger than the beam separation (i.e., n = θ/(2a)), each point of the restored
map is derived from a summation of n terms from the original data. The resultant noise level of
the restored map will be

√
n larger than that of the original data. However, the amplitude of the

signal is doubled as the source appears twice on the original data taken by the nutator system.
Thus the normalized factor

√
n/2 appears in the noise level.

σcell,ON,EKH =

√
nTsys√

BBBtcell,ON

. (4)

In addition to this, the effective on-source time for each cell is increased by convolution with the
gridding function. When we assume a spheroidal function as the gridding function, the noise level
is reduced to be

σcell,ON,EKH,GC = 0.156σcell,ON,EKH

= 0.156
Tsys√
BBB

2
√
na

d

1
√
tOS,nutator

. (5)

per antenna, per polarization, per BB. This is the sensitivity of the observations with the nutator in
the case the thermal noise is dominant.

As well as maps by the fast-scanning mode, the sensitivity of the observations with the nutator
is affected by the limited bandwidth and the noise level would be higher than the theoretical value
that takes into account only the thermal noise. Based on the discussion in section 2.2.3, this factor
can be expressed empirically as X = XBandN,1Hz/

√
fnutator with XBandN,1Hz ∼ 4. Thus the level

of the map is estimated to be

σcell,ON,EKH,GC = 0.156
√
X2 + 1

Tsys√
BBB

2
√
na

d

1
√
tOS,nutator

= 0.156

√
X2

BandN,1Hz

fnutator
+ 1

Tsys√
BBB

2
√
na

d

1
√
tOS,nutator

(6)

3.1.4 Comparison between the nutator mode and the fast-scanning mode

In this section we compare the sensitivity between the observations with the nutator and the
fast-scanning under realistic observing parameters. In Tab.2, we estimate the maximum size of
the a square map for each band, which consists of 150 pointings of a 12 m antenna with the
margin of HPBW/2 for the 7m antenna in the map edges. For the nutator mode, we assume the
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Table 2: Maximum map size for each band

Band beam size of 12 m antennas maximum map size n = 2a/θ Improvement factor
HPBW (arcsec) 2a (arcsec) 5.2 Hz 10.4 Hz

3 55.7 415.5 5.1 1.3 1.5
4 38.3 285.7 3.5 1.6 1.8
5 27.7 205.3 2.5 1.9 2.1
6 24.1 176.3 2.1 2.0 2.3
7 16.6 123.5 1.5 2.4 2.8
8 14.2 104.3 1.3 2.6 3.0
9 8.5 62.6 1.0 3.0 3.4

10 6.7 49.5 1.0 3.0 3.4
The maximum map sizes are defined as the size of square maps with 150 pointings and the margin of
HPBW/2 for the 7m antenna in the map edges. θ = 82.1′′ and fnutator = 5.2 and 10.4 Hz are assumed.
Note that the minimum value of the factor n should be 1 when 2a/θ < 1.

beam chopping of θ = 82.1′′ and the chopping frequency fnutator of 5.2 Hz and 10.4 Hz, which
correspond to the transition by every 2TE and TE, respectively.

In the fast-scanning with Lissajous patterns, the sensitivity is derived to be

σcell,ON,Lissajous,GC = 0.156

√
X2

BandN,1Hz

fLissajous
+ 1

Tsys√
BBB

πa

d

1√
tOS

, (7)

where the typical frequency of fast-scanning is fLissajous.
The total on-source time of the observations with nutator is less than that of fast-scanning due

to the transition time of the nutator. For fnutator = 10.4 Hz and 5.2 Hz, the on-source times are
calculated to be tOS,nutator = (11/16)tOS and (81/96)tOS, respectively. For the case of fnutator =
10.4 Hz, the ratio of noise levels between the nutator mode and the fast-scanning mode is given
by

σcell,ON,Lissajous,GC

σcell,ON,EKH,GC
=

√√√√(X2
BandN,1Hz

fLissajous
+ 1

)
/

(
X2

BandN,1Hz

fnutator
+ 1

)
π

2
√
n

√
tOS,nutator

tOS
(8)

=

√
(42 + 1)

(42/10.4 + 1)

π

2
√
n

√
11

16

=
3.37√
n
. (9)

The ratio corresponds to a factor improved by the observation with the nutator system compared
with the fast-scanning mode. This improvement factor is expected to be 1.5 – 3.4 ( = 2.3 – 11.6
in observing time) at 10.4 Hz for Band 3 – 10 observations. In case of fnutator = 5.2 Hz, the ratio
is estimated to be 2.95/

√
n, which is ∼ 15% lower than the ratio at 10.4 Hz. In Band 3 – 10, the

improvement factor at 5.2 Hz ranges from 1.3 – 3.0 ( = 1.7 – 8.7 in observing time).
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Figure 11: Example of simulation of the observation with the nutator. (a) raw image: the dummy
source appears as positive and negative peaks with a separation of θ, (b) restored image: the
dummy source is restored as a single gaussian-shaped source, (c) dual-comb function spaced
intervals of θ used for convolution.

Figure 12: Result of the simulation for blank sky. (a) raw image and (b) restored image

3.1.5 Simulation of the single-dish observations with the nutator

For the verification of the theoretical estimation of the sensitivity on TP observations with ALMA
nutator, we simulated the observation using data sets taken by the TP array during EOC activities
of the fast-scanning mode.

Based on the observing sequence defined in section 3.1.2, the mock data was generated from
continuum data toward the blank sky taken by the SQLD detectors on the TP array. We modified
the pointing table to simulate the OTF mapping, added new flags to specify the nutator position
(+θ/2, −θ/2, or in transition), and overwrote the data table so that values are to be differences
of outputs between + and - positions of the nutator. The amplitude of the data was calibrated
to the antenna temperature through the standard method of ALMA using the result of the Tsys
measurement in the beginning part of the observation. Then the raw image was produced by
“sdimaging” task on CASA.

The sky image is restored from the raw image using the EKH algorithm. We applied convo-
lution to the raw image with the dual-comb function spaced intervals of θ in the spatial domain.
Fig.11 shows an example of the process. A single gaussian-shaped source is embedded in the
image as a dummy source, which appears as positive and negative peaks with a separation of θ
in the raw image.

We simulated the mapping with the nutator using a blank sky data set in Band 6. We assumed
that the size of the map of 2a = 176.3′′, which corresponds to the size of the map with 150
pointings (see Tab.2). The chopping frequency of the nutator is assumed to be fnutator = 10.4
and 5.2 Hz with the chopping range of θ = 82.1′′. Fig.12 shows the result of the simulation for the
blank sky data. For the data that includes a baseband, 2 polarizations, and 3 antennas, the noise
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Figure 13: Comparison of the noise level between simulated maps by the nutator and the fast-
scanning. (Left) noise rms as a function of the scan frequency for a Band 6 data (Right) results of
the comparison in all bands.

rms of the restored map is measured to be σnutator = 2.95±0.22 mK at 10.4 Hz and 3.50±0.25 mk
at 5.4 Hz. The noise level is improved by factors of 1.83 at 10.4 Hz and 1.54 at 5.2 Hz compared
with the map taken by the fast-scanning with 0.6 Hz (σLissajous = 5.40 mK). The noise level of the
nutator mode at 5.2 Hz is 16% higher than that at 10.4 Hz.

In Fig.13 (Left), we compared the noise level of simulated maps between with fast-scanning
and with the nutator. The noise rms is potted as a function of the frequency of the scan f . The
noise level is scaled by the theoretical (thermal) noise for the mapping by the fast-scanning. The
sensitivity of the nutator mode at 10.4 Hz is comparable to one of the fast-scanning mode at
f = 3 − 5 Hz. The noise level of maps taken by both of the fast-scanning and the nutator modes
decreases with

√
f as mentioned in section 3.1.3, which is shown with a blue-dashed line for the

fast-scanning mode and with green-dashed line for the nutator mode in the plot. The noise level of
the nutator mode at 5.4 Hz is slightly lower than the line of the

√
f -dependency. This is because

that the on-source time is gained by ∼ 20 % with the less number of the transition of the nutator.
Fig.13 (Right) shows the result of comparison between the nutator mode at 10.4 Hz and the

fast-scanning mode at 0.6 Hz for all bands. The noise level of a map with the nutator is improved
by a factor of 1.3 – 3.8 compared with that of the fast-scanning and it is still higher than the
thermal noise level given by equation (5). This factor is consistent with the improvement factor
derived from the theoretical analysis in section 3.1.4.

3.1.6 Higher chopping frequencies

We discuss continuum observations with the nutator in case that the chopping frequency goes
to higher than 10 Hz. The effective bandwidth could be extended by removal of rapid gain fluc-
tuations. As we saw in the previous sections, it is expected that the noise level is reduced by√
fnutator. On the other hand, the on-source time decreases by fnutator since the settling time

would remain constant even the chopping frequency is high. Assuming the settling time of 15ms,
the duty cycle is reduced from 0.7 to 0.4 when the chopping frequency increases from 10 Hz to 20
Hz. Thus the sensitivity of the observation at high chopping frequencies is determined by trade-off
of these effects.

The result of the simulation at 20 Hz is shown in figure 14. The rms of the restored map
is σnutator = 2.60 ± 0.14 mK, which is ∼ 11% better than the rms of the map at 10 Hz. The
improvement factor is calculated to be 5.40/2.60 = 2.07 and this is in good agreement with the
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Figure 14: Result of the simulation of the nutator at 20 Hz for a Band 6 data. The others are same
as figure 13 (Left).

expected value (=2.1) from equation (8).
We note that the nutator uses the TE signal as the trigger of the motion in the current design.

Because of this the highest frequency of the chopping is limited up to fnutator = 10.42 Hz, which
corresponds to the motion of the nutator every 1 TE (= 48 ms). In order to realize chopping
frequencies higher than 10 Hz, another signal would be needed as the trigger. Also a short
settling time is highly required for high chopping frequencies to maintain reasonable values of
duty cycle.

3.1.7 Effective bandwidth

Summarizing the above, if we have working nutators at 10 Hz chopping, the achievable noise
level is 2 times higher than the thermal noise per BB, i.e., the effective noise bandwidth is ∼ 400
MHz. On the other hand, the thermal noise of nutator mapping is inevitably higher than raster
mapping because of additional map size and transition between two positions of the nutators. It
depends on the map size and chopping frequency, but typically 2(1+1/n2) ∼ 2 in unit of observing
time. That is, 7.5 GHz/400 MHz × 2 ∼ 40 times more on-source time compared with spectral line
raster observation is needed to achieve the same TP-to-interferometer noise ratio. When the
chopping frequency is 5 Hz, the achievable noise level incleases by ∼ 15%. This corresponds
to the effective noise bandwidth of ∼ 300 MHz and 7.5 GHz/300 MHz × 2 ∼ 50 times more on-
source time is needed compared with spectral line raster observation. Since it is assumed that the
map edge is emission-free, the observing time even increases if the emission is more extended
than the interferometry mosaic area.

3.2 Beam chopper (requires additional hardware, software update)

Yet another idea to calibrate the receiver gain fluctuation is to build and install chopper wheels
(or something equivalent). The receiver output when the chopper (room-temperature load) is
inserted should be proportional to the gain and can be used to cancel out the gain fluctuation up
to a certain timescale. In theory, if the chopping can be infinitely fast and the duty cycle is 1:1
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(without any dead time), the noise can be as low as 2× the thermal noise without chopping (
√
2×

because of halved integration on sky,
√
2× introduced by the calibration).

We made some simulations using blank-sky data to see whether chopper wheels help us. A
subset of the raw data were marked as the “chopper” assuming the chopping frequency and duty
cycle, the remaining data (“sky”) were calibrated using the interpolated “chopper” data, and then
the “sky” data were calibrated into T ∗A scale. Figs. 7c,d and 8 show the resultant maps and their
RMSs, respectively. At low chopping frequency (' 10 Hz), the RMS does not improve much (even
deteriorates for 1 baseband). Supposedly the chopper can not sufficiently remove the gain fluctu-
ation and just adds noise. As we increase the chopping frequency, the RMS decreases. At ' 50
Hz the RMS becomes similar to that of basket-woven map (in this particular case), although such
a fast chopping might be difficult to be implemented. The expected improvements of observing
time (for 4 basebands = 7.5 GHz) for the chopping frequencies of 10, 20, 50, and 100 Hz are 1.2,
1.7, 2.4, and 3.2×, respectively (in reality, dead time between load and sky lowers these numbers).

3.3 SIS bias chopping (requires software update)

This idea is based on the assumption (to be verified) that a major contribution to the noise
and gain fluctuations of the ALMA receivers are introduced by the IF-chain amplifiers. Accurate
characterization of this noise contribution is possible with a standard method using the shot noise
from the SIS junction, when biased above the gap voltage, as an in-situ calibrated noise source
(see [RD07] for a detailed description of this method). By switching fast between nominal opera-
tion bias point and shot noise, it should be possible to reproduce an alternate signal that can be
used for calibration, in the same way described in Sect.3.2 above but without the need for any
additional hardware. To be investigated, but the study of beam chopper (Sect.3.2) implies that the
improvement might be small as well.

3.4 Larger number of single dish antennas

DA antennas are technically capable to do fast scanning, DV antennas are not. The fast-
scanning performance of DAs have been studied by Richard Hills to some extent, although not as
much as PMs. It was proven that the noise of Lissajous maps integrates down as 1/sqrt(Nant) (see
4). Adding *all* 25 DAs as single dishes for the continuum observations would increase the total
number of antennas up to 29 and reduce the observing time by a factor 7.25, but that would affect
the availability of a minimum number of antennas for the main 12-m BL array. When preserving the
blocker number (41) of 12-m antennas for the main BL array, only 13 antennas would be in total
available for single dish continuum observations, with a factor of 3.25 improvement in observing
time.

4 Other alternatives (future development)

4.1 Dedicated multi-beam cryostat

The design of ALMA receivers has been optimized for spectroscopic observations and inter-
ferometry, these receivers, therefore, are not efficient for observations of the mm/submm contin-
uum. In the last ∼20 years, the experience of other observatories with single-dish telescopes has
demonstrated that the most efficient way to observe the mm/submm continuum is with the use
of large arrays of bolometers, as MAMBO at the IRAM 30-m (Pico Veleta, Spain), SCUBA at the
JCMT (Mauna Kea, Hawaii), LABOCA at APEX (Chajnantor, Chile). One could think to integrate
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in ALMA a set of such receivers specifically designed for continuum observations. One sugges-
tion would be to design a new cryostat, capable to host large focal plane arrays of continuum
detectors, to be used in replacement of the ALMA Front-End in a limited number of single-dish
antennas. Composite bolometers with transition-edge sensors (TES) are the most established
technology nowadays (SCUBA2, GISMO, ACT, POLARBEAR). Large arrays of kinetic inductance
detectors (KIDs), a newer technology that offers relatively simpler frequency scaling and very
efficient multiplexing, have been recently demonstrated as valid alternative to TES bolometers
(NIKA2, MUSIC, MKIDs). Following this solution, however, it would be impossible to have arrays
to cover all ALMA bands, such a development would be too demanding. We should select just
the two or three bands most important for this type of science and think of 4 cryostats or more,
for the PM antennas or more antennas, to be used for a limited time (e.g. three months) during
dedicated "single-dish continuum campaign", in temporary replacement of the ALMA cryostat. Or
we could think of one single, more complex unit, with more than 3 bands, for just 1 PM antenna
dedicated full-time to single-dish continuum observations.

4.2 Phased array of 7-m antennas

In alternative to the use of single-dish 12-m antennas, one could think of using the ALMA
Compact Array 7-m antennas (ACA) in phased array configuration. There would be an advantage
in terms of signal-to-noise at the price of irregular beam shape and need for beam deconvolution
in order to be able to merge the data. This capability is however not available at the moment, it
would require a significant extension of the ACA correlator software.
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