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ALMA Project Book:
INTRODUCTION

Robert Brown and Richard Kurz
Last changed 2000-Sept-27

Revision History:
2000-Sep-27: First ALMA version.

The Atacama Large Millimeter/Submillimeter Array (ALMA) is a revolutionary instrument in its
scientific concept, its engineering design, and its organization as a global scientific endeavor. ALMA
will provide scientists with precise images of galaxies in formation seen as they were twelve billion
years ago; it will reveal the chemical composition of heretofore unknown stars and planets still in their
formative process; and it will provide an accurate census of the size and motion of the icy fragments left
over from the formation of our own solar system that are now orbiting beyond the planet Neptune. These
science objectives, and many hundreds more, are made possible owing to the design concept of ALMA
that combines the imaging clarity of detail provided by a 64-antenna interferometric array together with
the brightness sensitivity of a single dish antenna.

The challenges of engineering the unique ALMA telescope begin with the need for the telescope to
operate in the thin, dry air found only at elevations high in the Earth’s atmosphere where the light at
millimeter and submillimeter wavelengths from cosmic sources penetrates to the ground. ALMA will be
sited in the Altiplano of northern Chile at an elevation of 5000 meters (16,500 feet) above sea level. The
ALMA site is the highest, permanent, astronomical observing site in the world. On this remote site the
64 12-meter diameter ALMA antennas will each operate superconducting receivers that are
cryogenically cooled to less than 4 degrees above absolute zero. The signals from these receivers are
digitized and transmitted to a central processing facility where they are combined and processed at a rate
of 1.6 x 101 operations per second. As an engineering project, ALMA is a concert of 64 precisely-tuned
mechanical structures each weighing more than 50 tons, superconducting electronics cryogenically
cooled, and optical transmission of terabit data rates--all operating together, continuously, on a site more
than 3 miles high in the Andes mountains.

ALMA is a joint endeavor of nations and science institutes worldwide. The cost and burden of building
and operating ALMA will be shared among the participants. This cooperation brings to the Project a
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broad base of experienced people and resources. Properly used, this breadth of experience has the
potential to reduce risk in many areas. Here the challenge is to manage the combined resources in a way
that empowers the participants and effectively coordinates their efforts.

The ALMA Project Book is the key used to unlock much of the solution to the scientific, engineering
and organizational challenges facing the Project. For ALMA, the Project Book is the description of the
science requirements, the technical specifications, the schedule on which tasks are to be accomplished,
and the task responsibilities. Where one task interacts with another either in design or integration, the

interface requirements are specified.

The Project Book is the controlled configuration for the Project. Specifications in the Project
Book--technical specifications, interface specifications or schedule—are controlled by ALMA System
Engineering. Changes cannot be made to the configuration without the process specified by System
Engineering, through the Control Board, being followed and approval gained.

The Project Book is the fundamental reference for what is, and is not, in the Project. As decisions are
made and implemented by System Engineering, or by the Control Board in the case of changes, those
decisions will be incorporated into the Project Book. The Project Book is kept electronically and is
always available on-line for reference by the Project and interested others. A revision history is included
to aid change tracking. Maintenance of the Project Book is the responsibility of ALMA System

Engineering.

The ALMA Project Book serves to cement the scientific, technical and organizational aspects of the
Project together. For the geographically distributed ALMA Project, the Project Book serves as a crucial
facility to aid communication within the Project and to anchor decisions. Although the Project Book is a
living document and will evolve, it is at all times the current, and complete, Project configuration to
which all participants in the Project are working to achieve. '
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~ALMA SCIENCE REQUIREMENTS

_ Robert Brown
Last revised 2000-April-25

Revision History
1998-08-08: First version

1998-11-23: Major revision: Table 2.1 added
1999-04-26: Minor Corrections
2000-04-25: Table 2.1 revised

Summary

U.S.: In the U.S. the scientific capabilities required.in the ALMA were refined in community science

workshops sponsored by the NRAO throughout the decade of the 1980s and confirmed by the September

1995 ALMA Science Workshop held in Tucson, AZ. Five reports were written following the Tucson
- Workshop that summariz; the science goals in the following categories:

Cosmology and Extragalactic

Star Formation and Stellar Evolution

Galactic Molecular Clouds and Astrochemistry
Solar System

Sun and Stellar

N

These reports are available on the ALMA www pages. While these different scientific areas emphasize
different capabilities, they all require precision imaging over the millimeter and sub-millimeter wavelength
bands and over resolutions from arcseconds to less than a tenth of an arcsecond.

Europe: In Europe the scientific requirements for the LSA were similarly discussed and summarized in
documents:

1.Science at high Z or the youth of the Universe
2.Planetary Formation or the youth of the Solar System

The arguments were summarized at a 1995 meeting in Garching, at which the motivation was written. The
LSA science requirements were issued, and in the 1998 April LSA/MMA Feasibility Study options for
combining the arrays were explored. At a meeting in 1999 February in Tucson, the science requirements were
joined.

The two projects merged into the ALMA project in 1999 June, resulting in a merger of the similar science
needs. The capabilities of the merged array were discussed at the 1999 October Workshop “Science with
the Atacama Large Millimeter Array.” The proceedings of this conference will be published. In the
meantime, unedited versions of the contributions to the Proceedings of that conference may be obtained at
the ALMA Conference raw material dropbox. The science requirements and the technical specifications that
derive from this material are summarized in Table 2.1.
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Table 2.1 ALMA Science Flowdown to Technical Specifications

Science Requirement and Examples

Technical Requirements Needed to Achieve

1. High Fidelity Imaging -

« Imaging spatial structure within galactic
disks;

» _ Imaging chemical structure within

molecular clouds;
»  Imaging protostars in star formation

regions

Reconfigurable Array

Robust Instantaneous uv-coverage, N, > 60
Precision Pointing, 6% of the HPBW

Antenna Surface Accuracy RMS = 20 microns
Primary Beam Deviations < 7% v
Total Power and Interferometric Capability
Precise (1%) Amplitude Calibration

Precise Instrumental Phase Calibration

(<10 degrees rms)

Precise atmospheric phase calibration

(<15 degrees rms) with compensation using
both fast switching and water vapor radiometry

N

. Precise Imaging at 0!'1 Resolution

*  Ability to discriminate galaxies in deep
images;

«  Imaging protoplanets orbiting protostars;

*  Imaging nuclear kinematics

Interferometric baselines longer than 3 km
Precise Instrumental Phase Calibration

(<10 degrees rms)

Precise atmospheric phase calibration

(<15 degrees rms) with compensation using
both fast switching and water vapor radiometry

3. Routine Sub-milliJansky Continuum

Sensitivity

*  To enable imaging of the dust continuum
emission from cosmologically-distant
galaxies; .

«  To enable imaging of protostars and
protoplanets throughout the Milky Way

*  To enable astrometric observations of
solar system minor planets and Kuiper-
belt objects

Array site with median atmospheric
transparency < 0.05 at 225 GHz
Quantum-limited SIS receivers
Antennas with warm spillover <5K, and
aperture blockage <3%

Antennas of aperture efficiency > 75%
Wide correlated IF bandwidth, 16 GHz
Dual polarization receivers

Array collecting area, ND? > 7000 m?

4. Routine Milli-Kelvin Spectral

Sensitivity
e Spectroscopic probes of protostellar
kinematics

*  Spectroscopic chemical analysis of
protostars, protoplanetary systems and
- galactic nuclei

»  Spectroscopic studies of galactic disks
and spiral structure kinematics

Array site with median atmospheric
transparency < 0.05 at 225 GHz
Quantum-limited SIS receivers

Antennas with warm spillover < 5 K, aperture
blockage <3%

Antennas with aperture efficiency > 0.75
Wide correlated IF bandwidth, 16 GHz

Dual polarization receivers

Array collecting area, ND? > 7000 m?

Array collecting length, ND > 700 m
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Science Requirement and Examples

Technical Requirements Needed to Achieve

5. Wideband Frequency Coverage

Spectroscopic imaging of redshifted lines
from cosmologically-distant galaxies

To enable comparative astrochemical
studies of protostars, protoplanets and
molecular clouds

To enable quantitative astrophysics of gas
temperature, density and excitation

Receiver bandwidths matched to the width of
the atmospheric windows

Tunable local oscillator matched to the
bandwidth of the receivers

Cryogenic capacity > 1 W at 4 K

(=)

. Wide Field Imaging, Mosaicking

Imaging galactic disks

Imaging the astrophysical context of star
formation regions

Imaging surveys of large angular regions
Searches for dusty and luminous
protogalaxies

Searches for minor planets in the solar
system

Solar astrophysics

Compact array configuration, filling factor > 0.5
Instantaneous uv-coverage that fills more than
half the uv-cells, N, > 60

Precision pointing, 6% of HPBW

Antenna surface accuracy 20 microns

Total power and interferometric capability
Precise amplitude calibration, 1%

Precise Instrumental Phase Calibration

(<10 degrees rms)

Correlator dump time 10 msec

Capability to handle data rates > 100 Mbyte/sec

<2

. Submillimeter Receiving System

Measurement of the spectral energy
distribution of high redshift galaxies
Chemical spectroscopy using CI and
atomic hydrides

Determination of the CII and NII
abundance in galaxies as a function of
cosmological epoch

Array site with median atmospheric
transparency < 0.05 at 225 GHz
Quantum-limited SIS receivers

Antennas with warm spillover < 5 K, aperture
blockage <3%

Antennas with aperture efficiency > 0.75
Precise Instrumental Phase Calibration

(<10 degrees rms)

Precise atmospheric phase calibration

(<15 degrees rms) with compensation using
both fast switching and water vapor radiometry

®

Full Polarization Capability

Measurement of the magnetic field
direction from polarized emission of dust
Measurement of the magnetic field
strength from molecular Zeeman-effect
observations

Measurement of the magnetic field
structure in solar active regions

Measure all Stokes parameters simultaneously
Cross correlate to determine Stokes V
Calibration of linear gains to <1%

. System Flexibility

To enable VLBI observations
To enable pulsar observations
For differential astrometry
For solar astronomy

Ability to phase the array for VLBI

Sum port on the correlator for external
processing

Sub-arraying, 4 subarrays simultaneously
Optics designed for solar observations
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II. General Requirements

1. Frequency Coverage

ALMA needs- eventually to cover all the available atmospheric windows between about 30 and 900 GHz. An
initial implementation of the four frequency bands of highest scientific priority was specified by the ALMA
Science Advisory Committee. Theése requirements are summarized in the Frequency Bands whitepaper. This
requires an outstanding site as discussed in the “Recommended Site for the Millimeter Array” document.

2. Spectral Line and Continuum

The ALMA must operate as both a sensitive spectral line and continuum array. This implies using the widest
continuum bandwidth practical from the point of view of the IF and the correlator. This appears now to be
8 GHz per IF; however, a 4 GHz per IF bandwidth may be accommodated should the wider bandwidth
compromise receiver performance. A flexible correlator as described in the MMA Correlator Whitepaper
will process a total of 16 GHz from each antenna. See also Chapter 10 of this Project Book and the
ALMA Correlator Home Page. .

3. Sensitivity

The array must maximize both point source and surface brightness sensitivity. For antennas with the same
overall properties, this requires maximizing the different quantities, nD* (for point source sensitivity), nD (for
surface brightness sensitivity in a sparsely filled array) and n” (for a tightly packed array or total power
mode). See MMA Memo 177, MMA Memo 243, MMA Memo 273.

4. High Resolution

Given the expected brightness and size of sources considered in the science documents, this implies array
configurations capable of providing precision, high fidelity imaging at 0"l angular resolution. Such
configurations will have an extent of 4 km. In addition, a very extended configuration of 12 km diameter is
needed for imaging at ~10 milli-arcseconds. This requirement demands the ALMA be adequately phase stable
both internally and in the presence of atmospheric phase fluctuations. This will be discussed further in

Section 3.
5. Large Source Imaging

On the other end of the angular scale, a further requirement exists for imaging objects both close to and bigger
than the primary beam. This requirement has several implications. First, 3)+ 4) + 5) require that the array be
reconfigurable into configurations optimized for the resolution and sensitivity required by each experiment.
Second, the array must be able to make large mosaicked images (multiple pointings) to image regions on the
order or larger than the primary beam. Third, the array must have a sensitive, stable total power system so
that spatial frequencies smaller than are available in interferometer mode can be measured. Since the primary
beams at the highest frequencies for antennas of 12 m diameter are < 10 arcseconds, modes 2 and 3 should
be very common, perhaps being the vast majority of all observations with the array. A goal of the array is
to produce images of similar size and resolution to those produced from optical telescopes, to facilitate direct
comparison. Such a goal entails mosaicking.

Page 4of 7



6. High Fidelity Imaging

Especially in the modes discussed in 5), a significant fraction of the experiments and some the most important
require high fidelity imaging. That is, the signal-to-noise must be high enough and the uv-coverage complete
enough that even for complex sources errors in pointing and calibration will not degrade the scientific

usefulness of the experiment.

Such problems require 1) excellent pointing, 2) high quality amplitude calibration and 3) accurate phase
calibration; these topics will be discussed quantitatively in Section III.

7. Polarization

Observations of both linear and circular polarization of lines and continuum emission are a significant part of
the 'ALMA science program. At centimeter and longer wavelengths interferometers produce linear
polarization by correlating the opposite circular polarizations from different antennas, that is R with L and L
with R. However, it appears technically difficult to do this at millimeter wavelengths across the broad bands
needed for with the ALMA. Thus it seems best to observe in the more natural linear polarization with the
AIMA. This means we crosscorrelate to calculate the V stokes parameter; we get I, Q and U from linear
combinations of the two linear correlations. This requires both linears be present all the time and that either
their relative gains remain very stable and/or we have the necessary internal calibration signals to measure
their changes. (see MMA Memo 208 , Cotton, 1998 and ASAC Report on Polarization ).

8. Solar Observations

Requirements for observing the sun are discussed in the Sun and Stars science document and by Bastian et al,
1998.

9. VLBI

The highest resolution with the ALMA will be obtained from VLBI observations using the ALMA as a single
element. The requirements for this are discussed by Claussen and Ulvestad, 1998.

10. Pulsar/High Speed

Pulsar observations will require a gating mode with the correlator as well as a sum port which can be attached
to specialized external recording equipment. This latter capability should also be available for other high speed
phenomena such as solar or stellar flares.

III. Implications

The requirements summarized above imply the need for the array capabilities summarized here.

1. Phase Stability

As the observing frequency increases into the submillimeter the electrical path length through the atmosphere
and through the electronics must be increasingly stable in order to enable the ALMA to produce high fidelity

images.
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* Internal Phase Stability. The electronics systems must be stable enough that they do not degrade
the imaging relative to those path length fluctuations caused by atmospheric effects. For example,
at 900 GHz the instrumental phase must be less than 10 degrees. A system to monitor and
compensate for electrical path length changes in the instrument is necessary.

e  Atmospheric Phase Stability. Atmospheric path length changes must be measured and corrected
to preserve the capability for high fidelity imaging. Techniques to be developed to accomplish this
include fast switching of the array antennas and radiometric techniques for measuring and

correcting atmospheric phase distortion.

e  Fast Switching. In this mode the antennas are rapidly cycled between a nearby calibrator source
and the program source before the atmosphere can change significantly. The method has proven
to be effective (MMA Memo 139, MMA Memo 173); it requires the antennas to have the
capability to move between source and calibrator that are separated by less than 2 degrees on the
sky on a cycle time of less than 10 seconds.

*  Radiometric Phase Correction. Since water vapor in the atmosphere is responsible for both
temporal changes in the sky opacity and changes in the electrical path length (the phase),
measurements of the changing sky brightness can be used to infer changes in the atmospheric
phase distortion. The techniques require stable radiometry and are best employed using either the
22 GHz atmospheric water line or the 183 GHz water line. The expected efficacy of the
techniques, and the precision required by the ALMA, are discussed in MMA Memo 210. This has
been updated in an ASAC White Paper.

2.  Amplitude Stability

The capability to measure and maintain amplitude stability of the ALMA at the level of one percent is needed
to combine imaging information from one array configuration to another reliably and permit accurate
comparison of line strengths to determine such physical parameters as the excitation temperature of
interstellar clouds or material in galactic nuclei This will require use of an external calibration system such
as discussed in MMA Memo 225. The specifications can be found in an ASAC White Paper and in

ALMA Memo 289.

3. Integration Times

The fastest integration time needed by the ALMA will be driven as much by the need to perform total power
continuum observations and fast on-the-fly mosaicking as it will be by the need to measure time variability
in astronomical sources. This issue is evaluated quantitatively in MMA Memo 192.

4. Contingency Scheduling

This is an operational issue. The ALMA will need to be scheduled to allow the most demanding submillimeter
observations, and mosaicking observations in the most compact configuration, to be done in conditions of
favorable transparency and low prevailing wind. To accomplish this the array will need to be scheduled in

near real time.
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5. Data Flow

This is another operational issue. The astronomer will benefit by the ability to see his or her data in near real
time. Most observations requiring longer than a few hours will be scheduled such that they are made over
several source transits so little or no data is taken at extreme hour angles where the low elevation will
compromise the system noise. This provides the opportunity for the astronomer to refine his or her
observational techniques as the observations are in progress. The design requirement is for real-time imaging
and for the capability for those images to be transmitted from the Chile site to the astronomer in the U.S. or
elsewhere in a timely way. This requirement and its implications are explored in MMA Memo #164.
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ALMA Project Book, Chapter 2.2

ALMA ENGINEERING SPECIFICATIONS

Darrel Emerson & Jaap Baars
Last revised 2000-Dec-12

Revision History
2000-12-01: First near-complete version

Introduction

In this chapter we give a summary of the engineering specifications of all aspects of the ALMA project. The material is drawn from
other chapters of this Project Book, but is collected here for convenience. This chapter is intended to be completely consistent with all
other chapters of the book. If discrepancies are found, please notify the editors DTE or JWMB as soon as possible.

Tables of specifications

Table 2.1 ALMA Science Flowdown to Technical Specifications

Science Requirement and Examples Technical Requirements Needed to
Achieve
1. High Fidelity Imaging o Reconfigurable Array
e Imaging spatial structure within galactic disks; ® Robust Instantaneous uv-coverage,
Nant > 60

* Imaging chemical structure within molecular clouds;
o Precision Pointing, 6% of the HPBW

® Antenna Surface Accuracy RMS =
20 microns

o Imaging protostars in star formation regions

e Primary Beam Deviations < 7%

e Total Power and Interferometric
Capability

e Precise (1%) Amplitude Calibration

® Precise Instrumental Phase Calibration
(<10 degrees rms)

e Precise atmospheric phase calibration
(<15 degrees rms) with compensation
using both fast switching and water vapor
radiometry

2. Precise 1maging at 0.1" Resolution e Interferometric baselines longer than 3
km

o Precise Instrumental Phase Calibration
(<10 degrees rms)

® Precise atmospheric phase calibration
(<15 degrees rms) with compensation
using both fast switching and water vapor
radiometry

e Ability to discriminate galaxies in deep images;
o Imaging protoplanets orbiting protostars;
o Imaging nuclear kinematics
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3. Routine Sub-milliJansky Continuum Sensitivity

o To enable imaging of the dust continuum emission
from cosmologically-distant galaxies

o To enable imaging of protostars and protoplanets
throughout the Milky Way

o To enable astrometric observations of solar system
minor planets and Kuiper-belt objects

e Array site with median atmospheric
transparency < 0.05 at 225 GHz

e Quantum-limited SIS receivers

e Antennas with warm spillover <5K,
and aperture blockage <3%

e Antennas of aperture efficiency > 75%

o Wide correlated IF bandwidth, 16 GHz
e Dual polarization receivers

e Array collecting area, ND2 > 7000 m?

4. Routine Milli-Kelvin Spectral Sensitivity
@ Spectroscopic probes of protostellar kinematics

e Spectroscopic chemical analysis of protostars,
protoplanetary systems and galactic nuclei

® Spectroscopic studies of galactic disks and spiral
structure kinematics

e Array site with median atmospheric
transparency < 0.05 at 225 GHz

o Quantum-limited SIS receivers

e Antennas with warm spillover < 5 K,
aperture blockage <3%

o Antennas with aperture efficiency >
0.75

o Wide correlated IF bandwidth, 16 GHz
o Dual polarization receivers

e Array collecting area, ND2 > 7000 m?
o Array collecting length, ND > 700 m

5. Wideband Frequency Coverage

@ Spectroscopic imaging of redshifted lines from
cosmologically-distant galaxies

e To enable comparative astrochemical studies of
protostars, protoplanets and molecular clouds

e To enable quantitative astrophysics of gas
temperature, density and excitation

o Receiver bandwidths matched to the
width of the atmospheric windows

o Tunable local oscillator matched to the
bandwidth of the receivers

e Cryogenic capacity > 1 W at4 K

6. Wide Field Imaging, Mosaicking

e Imaging galactic disks

e Imaging the astrophysical context of star formation
regions

o Imaging surveys of large angular regions

e Searches for dusty and luminous protogalaxies

e Searches for minor planets in the solar system

e Solar astrophysics

o Compact array configuration, filling
factor > 0.5

e Instantaneous uv-coverage that fills
more than half the uv-cells, N, > 60

e Precision pointing, 6% of HPBW

e Antenna surface accuracy 20 microns
o Total power and interferometric
capability

e Precise amplitude calibration, 1%

o Precise Instrumental Phase Calibration
(<10 degrees rms)

o Correlator dump time 10 msec
e Capability to handle data rates >

100 Mbyte/sec
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7. Submillimeter Receiving System

o Measurement of the spectral energy distribution of
high redshift galaxies

o Chemical spectroscopy using CI and atomic hydrides

e Determination of the CII and NII abundance in
galaxies as a function of cosmological epoch

e Array site with median atmospheric
transparency < 0.05 at 225 GHz

o Quantum-limited SIS receivers
e Antennas with warm spillover < 5 K,
aperture blockage <3%

e Antennas with aperture efficiency >
0.75

o Precise Instrumental Phase Calibration
(<10 degrees rms)

o Precise atmospheric phase calibration
(<15 degrees rms) with compensation
using both fast switching and water vapor
radiometry

8. Full Polarization Capability

o Measurement of the magnetic field direction from
polarized emission of dust

o Measurement of the magnetic field strength from
molecular Zeeman-effect observations

o Measurement of the magnetic field structure in solar
active regions

@ Measure all Stokes parameters
simultaneously

o Cross correlate to determine Stokes V
e Calibration of linear gains to <1%

g

9. System Flexibility

o To enable VLBI observations
e To enable pulsar observations
e For differential astrometry

e For solar astronomy

e Ability to phase the array for VLBI

o Sum port on the correlator for external
processing

® Sub-arraying, 4 subarrays
simultaneously

e Optics designed for solar observations

Calibration Requirements

The precision imaging to be attained by the ALMA will be achieved through accurate calibration. The types of calibration are

summarized in Table 3.1.
Table 3.1 ALMA Calibration Requirements.

Pointing 0.6" absolute
Primary Beam 2-3%
Baseline Determination 0.1 mm

Flux Calibration

1% absolute flux accuracy goal

Phase Calibration

0.15 radian at 230 GHz

Bandpass Calibration

10000:1 to 100000:1

Polarization Calibration 10000:1

Single Antenna Calibration Employed

Antenna Specifications

The ALMA radiotelescope is currently planned to consist of a goal of 64 antennas, each of 12 m diameter. In this chapter we outline the
general requirements for the antennas and the detailed specifications can be in the contract for the prototype antenna ( NRAQ, 2000 )

and in the Interface Control Documents (ICD, 2000) which are part of the contract. The principal requirements for the antennas are
shown in Table 4.1.
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Table 4.1 ALMA antenna principal performance requirements.

’Conﬁguration Elevation-over-azimuth mount, Cassegrain focus
[Frequency range 130 GHz to 950 GHz
- . Nightime: wind 9 m/s Daytime: wind 6 m/s and sun from
Precision performance conditions
_ -lany angle ‘
Reflector surface accuracy 20 microns rms, goal; 25 microns rms, spec

0.6 arcsec (offset, 2 deg in position and 15 min time), 2.0

Pointing accuracy, rms
J Y arcsec (absolute)

Fast switching (settle to 3 arcsec Move 1.5 deg in position in 1.5 seconds

pomtmg)

Phase stablhty ‘ ' 15 microns rms
[Close packmg 1.25 dish dlameters (15.0 m) between azimuth axis
[Solar observmg Allowed

-Transportabnhty v ‘Transportable ona rubber-tlred vehxcle ‘

The antennas will be designed and built by one or more commercial companies. Prototype antennas are being built for the US and
European ALMA partners by Vertex Antenna Systcms LLC (Santa Clara, CA) and European Industrial Engineering (EIE) (Mestre,
Italy) respectively.

Receiver Specifit:ations

The document Specifications for the ALMA Front End Assembly (latest version) contains the detailed specifications. Portions of this
have been approved by the AEC. The main specifications are:

e Frequency coverage: from 31.3 to 950 GHz in 10 bands (see Table 5.1)
e simultaneous reception of two orthogonal polarizations

e receiver noise between 6 and 10 times hv /k over 80% of the band, with a goal of achieving 3 to 8 times hv /k, depending on the
band

e IF bandwidth 8 GHz total per polarization
e observations at one frequency at a time (no dual frequency obervations)
e inclusion of a water vapour radiometer using the 183 GHz line for phase correction.

For details, see the full Specifications for the ALMA Front End Assembly (latest version).

Table .1 — Frequency bands for ALMA

| Band — from (GHz) to (GHz)
[1 BEEE 45

>2 k(‘)7 | 90

- . 89* o : o

- e 125 . —

. o 16.3 _ 211

6 "' : 21>1 275

7 T 275 » | 3;IO
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8 385 500
9 602 720
10 787 950

* change to 84 GHz has been proposed

LO specifications

The LO subsystem also forms part of the array master clock, in cooperation with a computer of the monitor-control

subsystem. It does this by providing an interface to an external time scale (currently GPS) and by measuring the difference

between external time and array time. Measures of time larger than 48 msec are obtained in the MC system by integration.

Further details are given in the LO chapter.

‘ N . Table 1: Speéification Sﬁmmary v

T ~ Specification [ Goal Gf different)
11st LO: 27.3 to 938 GHz (see Table 2)

Item »

Fréquéncy ‘Range, IstLO
2nd LO: 8-10 and 12-14 GHz

v Outplit Power 1st LO: band dependent (See Table 3) 100 %
2nd LO: +10dBm ea. to 2 converters.
Sideband Noise, 1st LO ‘ 10 K/uW v v 3 K/uW
Amplitude Stability, 1st LO .03% <1s; 3% between adjustments 01%; 1%
Phase Noise (>1 Hz) 63 fsec (18.9 um) !31.4 fsec (9.4 pm)
Phase Drift (<1 Hz) 29.2 fsec (8.8 pm) ' E6.9 fsec (2.1 pm)
Tuning step size, maximum On the sky: 250 MHz
SIS mixer 1st LO: 500 MHz
[Subarrays with independent tunability TBD (3 or more) I5
lSimultaneous different sky frequencies 1 per subarray
Time for frequency change, Within .03% (freq switching): 10 msec 1 msec
maximum s Otherwise: 1.5 sec » 1.0 sec
Repeatability 1. Phase-unambiguous synthesis

2. Stability specs apply across frequency changes.

LO Output Power

The local oscillator must provide adequate mixer drive power for both HFET and SIS based receivers. A conventional
balanced mixer used in a millimeter-wave HFET front-end requires approximately 5 mW of LO power. However, 20 mW
may be required if a sideband-separating mixer follows the low noise HFET amplifier.

Chapter 7, Table 3: First LQ Power Requirementé
ALMA |LO Tuning| Type of [Number of SIS| Minimum Required Required LO Power
Receiver{ Range | Receiver Junctions |Required Mixer Power at Power at Speciﬁc}ation
Band [GHz] {Front-End Power Input of LO port of an of
-20dB Image -Reject | 50% Over
& Balanced
Coupler of SIS Worst-Case
: Mixer Mixer
27-33 HFET --- 5mW --- 10 mW 15 mW
2 71-94 HFET -—- 5mW - 10 mW 15 mW

I € 4 AN PAAALIAAIAF 4T AN A



ALMA Engineering specifications

3a 101-104 | HFET - 5mW 10 mW 15 mW
3b 101-104 SIS 4 1 0.10 pyW K 10 pW * 0.40 pW ! 15 uW
4 | 137151 SIS | 4 [ 015w | 15 pW [ 060pW | 23uW
5 [ 175199 SIS | 4 | 026uW | - 26pW | 1.06pW | 39uW
| 6 | 223-263 SIS | 4 | 046pW | 46pW | 1.84uW | 69uW
| 7 | 287-358 SIS 2 [ o2tpw | 21pW | 084pW [ 32uW
| 8 | 397-488 SIS 2 [ 040pW | 40uW j | 60uW
| 9 | 614-708 SIS 2 [ 042uw | 4a2uwW | | 63uW
|10 | 799-938 SIS 1 | 037uW | 36pW | 073pW | 54pW

In the worst-case scenario where only single-ended, two-port SIS mixers.are used, a waveguide or quasi-optical LO coupler, having a coupling
factor of -20 dB, will be required to combine the LO and RF signals appropriately. The LO power required at the input of the coupler is also
given in Table 3. However, if a balanced mixer can be utilized, the LO power is supplied via a separate LO port on the mixer thus rendering the
coupler unnecessary. Column #7 in Table 3 lists the power requirements for a balanced mixer configuration that is both image separating and
balanced. The last column is a suggested specification per RF band based upon a 50 percent overhead for the worst-case conditions. The LO
power goal will be 100 uW per band to ensure adequate power to overcome losses within the mixer block.

The Downconverter

In each ALMA antenna there will-be two-Downconverter modules, one for each polarization;-and the two inputs to-each
module will carry upper and lower side-band signals. A block diagram of the Downconverter is shown in Figure 9.1.1 and
the specifications are in Table 9.1.1 The input and output noise power spectral power distribution will be nominally flat
over the passband as given in the specifications. The Downconverter will take the wideband 4 - 12 GHz input signals
received from the front end subsystem and produce four output signal channels each with a passband of 2 - 4 GHz suitable
for bandpass sampling at by the digitizers, which are clocked at 4 GS/s

Table 9.1.1 Specifications for Downconverter
DOWNCONVERTER MODULE
SPECIFICATIONS for ALMA CONSTRUCTION
Reference: Block Diagram, Document # ALMA06002KX0002

* indicates interfaces

Number of modules 142 (2 x 64 antennas plus 14 spares)

*Inputs from front end

Number of inputs per module Two: USB, LSB (upper and lower sidebands)
Frequency range, nominal 4-12 GHz or 4-8 GHz
Power level within any 2 GHz -40 +/-3 dBm, less loss of coax and connectors between front end

outputs and module inputs

Bandwidth when the antenna
(3m of phase stabilized Andrew FSJ1P-50A % inch diameter,

temperature is 290K attenuation = 2.4 dB @ 12GHz)

Variation of power spectral density vs. <+/-1.5 dB across the nominal frequency range

frequency (flatness)
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Headroom when the antenna >20dB

temperature is 290K (see definition)

*Inputs from Second LO (LO2)

Number of inputs per module : Four (A, B, C, D), independently tunable

Frequency range ' 8.0-14.0 GHz nominal;

frequency LO2 > frequency input

Power level - : : +13 +/-1 dBm
Power level of spurious frequencies <-70 dBc, except <-40 dBc for 2nd harmonic
*Outputs t.o digiiizers> |
[ Number of outputs ‘p;r module T [ Fon (A,B,C,D)
FAFrequen;:)‘r‘rang‘e | | i | 2 - 4 GHz nominal
lsc;wer level -TBD +/-TBD dBm plus loss of coax and connectors between

output and input to digitizer module

Headroom when the antenna >20 dB

temperature is 290K

LO2 spurious and leakage at <(power level -40 dB) for all combinations of frequencies of
LO2-A,-B,-C,-D
outputs

Throughput from front end inputs to outputs tq
digitizers

Input Sy, reflection magnitude 4 — 12 <-20 dB (VSWR < 1.22) to minimize spectral ripples

GHz

Input noise figure 4 — 12 GHz < 10dB (2 610K); SPpc < -164 dBm/Hz
<< SPgg =-133 dBm/Hz

| Image rejection >20dB

Filter, 4-12 GHz nominal passband <4.0 GHz and >12.0 GHz at -1 dB,

bandpass for total power max ripple +/-0.5 dB;

detection stopband 3.5 GHz and 12.5 GHz at < -20 dB,
0-3.0 GHz and 13.0-18 GHz at < -40 dB
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Filter, bandpass image reject

(may be revised after re-analysis of spurious mixer responses)

4-8 GHz nominal

passband <4.1 GHz and >8.4 GHz at -1 dB,
max ripple +/-0.5 dB;

stopband 4.0 GHz and 8.6 GHz at <-10dB,
0-3.0 GHz and 10-18 GHz at < -40 dB

8-12 GHz nominal

passband <7.6 GHz and >12.0 GHz-at -1 dB,
max ripple +/-0.5 dB;

stopband 7.4 GHz and 12.4 GHz at < -10 dB,
0-6.0 GHz and 14-18 GHz at < -40 dB

Filter, outputs A, B, C, D
(may be revised after re-analysis of

| mixer and digitizer spurious responses)

passband <2.1 GHz and >3.9 GHz at -1 dB,
max ripple +/- 0.5 dB;
stopband 0-2.0 GHz and 4.0-12 GHz at <-20 dB

Passband amplitude ripple

1 <1.0 dB peak-peak

| Passband deviation from linear phase

<40 degree peak-peak

Gain stability

<0.1 dB peak-peak over 1 minute,
<0.5 dB peak-peak over 60 minutes

Phase/delay stability

<10 degree peak-peak over 1 minute,

<40 degree peak-peak over 60 minutes

Range

Headroom! when the antenna >20 dB
temperature is 290K
Crosstalk (inverse of isolation) among >40 dB rejection
any input and any unconnected output
Attenuators in input path 4-12 GHz
Steps 1+/-0.3dB

>30 dB

Phase variation vs. attenuation

<20 degree peak-peak over attenuation range

0-20dB

Deviation from linear phase vs.

frequency 4-12GHz

<20 degree peak-peak over attenuation range

0-20dB

Attenuators in output path 2 - 4 GHz

Steps, nominal

0.25 +/-0.15 dB over attenuation range 0-20 dB

Range, nominal

>30dB
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Phase variation vs. attenuation

<10 degree peak-peak over attenuation range

0-20dB

Deviation from linear phase vs. input

<10 degree peak-peak over attenuation range

frequency 4-12 GHz 0-20dB

Matching among all downconverters

Amplitude vs. frequency ) TBD
TBD

Phase vs. frequency

Total power detectors (TPD)

Input path 4-12 GHz

Number

two, one for each input channel

Response vs. input frequency at any

LO2 frequency

<2 dB peak-peak.

Output path 2 - 4 GHz

Number

four, one for each output channel A, B, C, D

Response vs. input frequency at any

LO2 frequency

< 1.5 dB peak-peak.

Linearity

<1 % deviation from square law over range -6 dB to +13 dB
relative to antenna temperature = 290 K

Monotonic resolution of digitizer,

minimum

16 bits for 13 dB headroom above antenna temperature = 290 K

*Readout

2 millisec integrations and dumps to MC-AMBTP card via serial
or parallel interface

*Offset calibration

MC sets the input power to zero by either setting the preceding
attenuator to >(20 dB + headroom) or by removing bias to the
preceding amplifier

Stability of output relative to inputs

from front end

<50 ppm in 1 second, <500 ppm in 60 seconds

*Interface to MC-AMBTP

dedicated total power data link to antenna bus master (ABM)

*MC control functions

Set levels of input total power detectors

1 byte for each of two attenuators

Set levels of output of each total power

detector and input level of each

output digitizer

1 byte for each of four attenuators
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i

Set to zero all inputs to total power

detectors

1 byte to remove bias to six amplifiers; or set all attenuators to
maximum

Set all 3 matrix switches (select image

filters for each output)

1 byte

*MC monitor functions

Total power detectors

3 bytes every 2 milliseconds for each of 6 detectors

Temperatures

2 bytes every 10 seconds for each of 8 locations

Supply voltages derived within module

2 bytes every 10 seconds for each of 8 voltages

*External power supply inputs

+18 +/-0.5VDC @ <2.2A,
-18 +/-0.5VDC @ <0.7A,
+8 +/-0.3VDC @ <0.6A,
+5 +/-0.1VDC @ <0.6A

Internal voltage regulators

Output voltages @ amperes

+15 @ 2.2 (total of >1 regulator),
-15@0.6,+5 @ 0.6,-5 @ 0.1

Output regulation plus noise

0.01% peak-peak over time interval > 60 seconds

Timing generator

*Inputs from Reference Receiver

25 MHz sine wave at 0 dBm;
20.833 Hz positive edge, 5V differential

Output for timing total power

integration

500 Hz TTL pulses of >1 usec width synchronized to 20.833 Hz
timing reference

Output for digitizer clock

TBD MHz to match digitizer; synchronized to 20.833 Hz timing
reference

*QOperational environment

Altitude 5000 meter (16,000feet)
Shock Negligible
Vibration TBD
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Temperature of air flow past sides of Plenum temperature set 16 — 22 Celsius, variation <2 C
‘ | peak-peak

module

Air mass flow rate past sides of module ‘ TBD

Specific heat of air flow TBD

Packaging

Module . 3 to 6 width x 5U high x TBD depth standard module (ATNF)
with extruded vertical heat fins on one side or both sides

*Multi-pin connector (power, One double density 100 pin D type [male]

MC-AMB, MC-TP)

*Coaxial connectors 12 OSP (M/A-COM) blind mating [male]

1. Define headroom as the dB ratio of available power at 1% gam compression {P(-1%)} to the total system noise power {P}. Typically,
P(-1%) is 16 dB less than the available power at —1 dB gain compression and 26 dB less than the available power at third order

intercept. -end-

The Digitizers

9.2.1 Introduction, Top Level Specifications

The analog-to-digital converters, or digitizers, installed in the antennas provide the flexibility required for the fiber
optic transmission of the IF. Signal digital conversion is of course indispensable to the correlator in order to derive
the correlation function as a function of digital lags for spectroscopy. The digitizers are thus crucial and
single-point-failure elements in the system. The ALMA system incorporates 3-bit digitizers thus improving the
overall sensitivity compared to the classical 2-bit case.

The goal specifications are given in Table 9.2.1
Input BW 2-4 GHz

Sample clock 4 GHz (250 ps)

Bit resolution 3 bits

Quantization levels 8

Aperture time ~ 50 ps

Jitter a few ps

Threshold indecision region a few mV

Output demultiplexing factor 1/32 (125 MHz system clock)
PLL Clock distribution 4 GHz, 125 MHzj (system)
Fine delay command |

Low power consumption
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ALMA Correlator

This section describes the ALMA correlator. The design described here is for a lag correlator with a system clock
rate of 125 MHz. The goals of Phase 1 are to produce paper designs and some simulations of all major correlator
elements, including the correlator chip, and to fabricate and test prototype hardware. The goals of Phase 2 are to
produce a prototype minimally populated correlator, deliver such a prototype for use in the test interferometer, and
deliver the complete correlator to the ALMA site.

Table 10.1 ALMA Correlator Specifications

Item Specification
Number of antennas 64
Number of baseband inputs per antenna 8
Maximum sampling rate per baseband input 4 GHz

Digitizing format

3 bit, 8 level or
4 bit, 16 level

Correlation format

2 bit, 4 level

Maximum baseline delay range

30 km

Hardware cross-correlators per baseline

1024 lags + 1024 leads

Autocorrelators per antenna

1024

Product pairs possible for polarization

HH, VV,HV, VH (fof orthogonal H and V)

Table 10.3 Selected correlator modes

# of Digitizers Bandwidth/ Cross-pol Channels/ At 230 GHz, in velocity space:
Digitizer Products? Product Range Resolution
km/s

8 2 GHz Yes 64 9391 40.8

8 2 GHz No 128 18783 20.4

8 1 GHz No 256 9391 5.1

8 500 MHz Yes 256 2348 25

8 250 MHz No 1024 2348 0.32

4 2 GHz Yes 128 4696 204

4 1 GHz No 512 4696 2.5
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4 500 MHz Yes 512 1174 13
4 250 MHz No 2048 1174 0.16
2 2 GHz Yes 256 2348 10.2
2 1 GHz 'No 1024 2348 1.3

2 506 MHz © Yes 1024 587 >O.64
2 250 MHz ch> 4096 587 0.08

ALMA Computing, principal requirements

. . 6 MB/s (Average)
Sustained data rate, science data 60 MB/s (Peak sustained)
. First-look images produced automatically for standard
Image pipeline .
observing.

Nearly automatic scheduling of the array, accounting for
current weather and other conditions, to optimize the
scientific throughput of the array.

Dynamic scheduling

Networked archive of all ALMA raw science data and

[Archiving associated calibration data and derived data products.
Antenna configuration on the Chajnantor site
Table 15.1 Guidelines for Configuration Design
Main D&D Task Design a set of configurations which allow for a range of angular resolution and

sensitivity

[Flexible design philosophy Configurations must allow for graceful expansion through possible collaboration

Costing Optimize for shared stations to - minimize cost

Site placement

Choose specific locations for antenna placement on Chajnantor site

The table below outlines different designs up to 3 km maximum baseline. A larger, 12 km baseline will now be included
as well; the beam size at 345 GHz will be approximately 0.013 arc seconds. The choice between a donut or a spiral
configuration is being discussed.

Table 15.3 Specifications for the ALMA strawperson configurations.

Array Minimum | Maximum |  Array ~ Time for Natural
Baseling » [ Baselinc Style FOC =0.5 ‘ Beam at 345 GHz

[m] [m] [hours] [arcs]

A 30 3000 donut 10 0.050
B 24 1430 donut 2 0.101
C 18 680 ~donut 0.1 0.22
D 16 325 donut | 0.1 0.47
E 16 150 filled 0 0.97

Table 15.4 Specifications for the compact configuration N-S elongations.

N rmAaA A~ A i s o~
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; Array Min. N-S ‘ Elev. of first t Min. observing = Max. observing [ N-S
Distance i Shadowing Elevation Elevation } Elongation

El 13D | 50 deg 40-45 90 | 1.2

I E2 | 1.9D ] 31 deg ‘ 30 § 50+ l 1.6

| B3 | 30D | 19 deg | 14 | 33+ | 2.9
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ALMA SYSTEM BLOCK DIAGRAM

Larry D'Addario et al.
Last changed 2001-Feb-05

Revision History:
2001-02-02: Revision D

Introduction

The system level block diagrams presented here are intended to show the high level design of the

telescope. They depict the main astronomical signal path and all levels of its processing; the generation
and distribution of auxilliary signals, such as timing references; and the organization and breakdown of

the equipment into its logical parts.

The diagrams do not necessarily show the packaging of the equipment -- that is, its physical breakdown
into assemblies. The blocks are logical ones only.

The level of detail is necessarily limited, so as to depict the high level structure clearly. However, any
other diagrams that show additional detail must be consistent with these. Any discrepencies between
what is shown here and other engineering documents (e.g., those of subsystems or specific assemblies)
must be reconciled. Proposals for designs that require deviating from what is shown here should be

reviewed before being adopted.

Some important elements of the telescope are missing from the present versions of these diagrams, but
they are intended to be added in future versions. These include most elements of the Monitor/Control
system; the antenna and associated hardware supplied by contractors; power distribution and conversion;

and certain calibration instruments.

See the ALMA System Block Diagrams
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Calibration Issues for the ALMA

Mark Holdaway
Revised by Al Wootten & others
Last changed 2001-Feb-06

Revision History:

1998-Nov-03: Format modified to Project Book Standard

1998-Nov-11: Memo references and text brought up to date

1998-Nov-11: Memo references, text brought into ALMA standard

2001-Feb-06: Update on reference to nutator design, and some minor stylistic changes.

Summary

The precision imaging to be attained by the ALMA will be achieved through accurate calibration. The

types of calibration are summarized in Table 3.1.
Table 3.1 ALMA Calibration Requirements.

Pointing 0.6" absolute

Primary Beam 2-3%

Baseline Determination 0.1 mm

Flux Calibration 1% absolute flux accuracy goal
Phase Calibration 0.15 radian at 230 GHz
Bandpass Calibration 10000:1 to 100000:1
Polarization Calibration 10000:1

Single Antenna Calibration Employed

Calibration strategies will be developed and implemented on the OVRO and BIMA arrays. The principal
goals to be achieved by the end of the ALMA Design and Development (D&D) Phase are to demonstrate
radiometric phase correction at 22 GHz, including demonstration of correction algorithms at OVRO and

BIMA; and to demonstrate improved instrumental amplitude calibration.
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3.1.1.0 Introduction

Calibration is the process by which the astronomer converts electronic signals from the telescope into
meaningful astronomical data. Calibration is crucial for the ALMA. As millimeter and submillimeter
wavelength radiation will be adversely affected by the atmosphere and the electronic signal path in a
variety of ways, and as the antennas will also be affected by the observing environment, we must
understand how we will correct for or remove these various effects. The calibration strategy interacts
heavily with the science requirements, the system design, the receivers' functioning, the antenna's
physical behavior, the site conditions (i. e., site characterization), the scheduling of the telescope, the real
time computing, and the post-processing software which will take most of the burden of implementing
the required calibration schemes.

Never before has a radio astronomical instrument been built with such a detailed understanding of the
site and its impact on the telescope. With this knowledge in hand, we can optimize the full calibration
strategy to produce the maximum scientific output for the ALMA.

We are convinced that all the calibrations that are required can be effectively achieved, but we have not
yet made all the decisions as to how to achieve these calibrations. Furthermore, many of the options
which we lay out for the various calibrations interact with each other, so we have a long way to go yet
before we have a coherent picture of all calibration systems and their interdependencies. This chapter
tries to express the astronomical requirements for the various calibrations which need to be performed, as
well as the hardware and software requirements for the competing methods for performing these

calibrations.

3.1.2.0 Pointing

3.1.2.1 Astronomical Requirement for Pointing

Cornwell, Holdaway, and Uson (1993) show a requirement of 1 arcsec for pointing accuracy, based on
the requirements of good mosaicing image quality with 8m diameter primary aperture. Observations at
the highest frequencies (900 GHz) will also require this pointing accuracy for even single pointing
observations, and high frequency mosaics would often benefit from even better pointing. However, a
large fraction of the ALMA observations, such as single pointing observations at frequencies up to
500 GHz, mosaic observations at 115 GHz or lower frequency, or low SNR mosaics at millimeter
wavelengths will not require this precision pointing spec.

With an increase in D from the ALMA 8m to the ALMA 12m, the pointing spec should tighten to 0.6
arcsec. Holdaway (1997; Memo 178) performed a more detailed analysis, showing the effects of pointing
errors ranging from totally random to totally systematic. While we do not divide up the 0.6 arcsec
pointing error specification into various systematic and random terms here (but see Table 3.4.3-2 of the
ALMA Antenna RFP), we note that the effects of any pointing error budget with various systematic and
random terms could be translated to an estimated image quality. We do note here that random errors have
less effect than systematic errors, but we also assume that systematic errors can be calibrated out.

With only minor exceptions, pointing calibration must be performed prior to astronomical observations
or the data are useless. This also means that we cannot generally interpolate pointing solutions backwards
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in time. This makes pointing calibration all the more crucial.

3.1.2.2 What Affects Pointing?

The antenna pointing will be affected by several slowly varying terms such as systematic imperfections
of the antenna and the pad, gravitational forces, and thermal loading from the sun. Depending upon the
strategy of the astronomical observations, much of these slowly varying effects can be removed by
frequent offset pointing observations Some active corrections might also be incorporated into the antenna
design. Thermistors have been employed on existing antennas to monitor solar thermal response. Lamb
and Woody investigated the use of tiltmeters and a carbon fiber reinforced plastic (CFRP) pointing
reference structure in their investigation of a 12m antenna design. Lugten (ALMA Memo 232) discussed
implementation of a CFRP reference structure in detail, showing that use of such a structure might
improve pointing performance.

In addition to these slowly varying systematic pointing errors, there will also be highly random pointing
errors caused by wind loading and anomalous refraction. Measurements of the wind indicate that a great
deal of the power in the wind is often in a constant speed and direction, so it is only the gusts about this
mean speed and direction which will result in differential pointing errors between the calibration and the
target source (see Holdaway 1996, Memo 159). The refractive pointing will usually not be a severe
problem, but will sometimes limit the pointing (Holdaway, 1997, Memo 186; Butler, 1997, Memo 188;
Holdaway and Woody, Memo 223, Lamb and Woody Memo 224). Since the refractive pointing is
random on time scales of the antenna crossing time of the atmosphere (ie, 1 s), we mainly need to have
statistically many different atmospheric instantiations for each of the five points of a pointing calibration
to ensure that we are not applying an erroneous pointing position when we collect data on the target

source.

Finally, at some level there will be a limit to the mechanical repeatability of the antenna pointing. At this
level, we are left with completely random pointing errors which cannot be calibrated. If these purely
random errors are too large, they will spoil the imaging characteristics of the ALMA and will not be
correctable. If they are small to moderate in magnitude (ie, < 0.5 arcsec), we can tolerate them quite well
as these random errors are the least damaging of any pointing errors.

3.1.2.3 Pointing Calibration Strategy

Our basic goal is to have systematic pointing errors which can be calibrated and removed completely so
we are left with purely random pointing errors which are small enough not to bother us.

3.1.2.3.1 Pointing Model

The first step in removing the systematic pointing errors is to determine the systematic imperfections of
the antenna and pad and the effects of gravity. Most radio telescopes periodically undergo a pointing
routine which samples the sky with pointing measurements on about a hundred astronomical sources
taken at night to minimize thermal and wind pointing errors. The ALMA will take about 60 minutes to
perform 100 pointing calibrations across the sky. The results of these pointing measurements are then
used to fit about 10 parameters in a pointing equation which accounts for various physical terms, such as
misalignment of optical axes or four fold sag due to the antenna base being supported at four locations.
Some experimenting will go into determining the optimal form for the ALMA pointing equation (see
Mangum Memo 288).
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The ALMA will probably rely heavily upon a lower frequency (e.g. 90 GHz or below) system for
determining the pointing model. The wider beam at this low frequency and the high sensitivity and bright
astronomical sources will facilitate pointing measurements, even after a reconfiguration. However,
precise pointing offsets among the different frequencies will also need to be determined. It is our hope
that the blind pointing after application of the pointing model is on the order of 2 or 3 arcsec rms. To
achieve the precision pointing specification, frequent (i.e. every 30 minutes) offset pointing calibration
will be required, to remove local deviations from the pointing model, or systematic slowly varying
effects due to wind and/or thermal gradients.

3.1.2.3.2 Offset Interferometric Pointing on Quasars

Holdaway (1996; Memo 159) and Lucas (1997; Memo 189) have both demonstrated the feasibility of
performing pointing calibration on quasars close to the target source; adequate SNR can be obtained with
sufficient speed. The minimum calibrator flux, and hence the typical minimum distance to a pointing
calibrator for pointing calibration, is a function of both the collecting area and the number of elements in

the array.

A key question concerning the efficiency of these offset pointing calibrations: what are the differential
pointing errors as a function of distance between cal and target sources? This depends upon the direction
of wind, the sun angle, etc, and probably needs to be answered experimentally. Also, we must understand
the stability of the pointing offsets among the different frequency bands, as the pointing calibration will
usually be done at 30 or 90 GHz.

Both the pointing model solution and the offset interferometric pointing will require an extensive,
up-to-date catalog of pointing calibrator sources, and the observing schedule program should allow for
automation of the choice of a pointing calibrator and the pointing calibration strategy.

3.1.2.3.3 Infrared Pointing

The ALMA prototype antennas, and perhaps the production antennas will be outfitted to perform infrared
or optical offset pointing. Offset interferometric pointing should work well enough. However, infrared
pointing will increase the overall efficiency of the instrument, may improve the antennas' pointing and
may help characterize mount components in the pointing equation. The infrared pointing will be largely
immune to refractive pointing. Since our main strategy concerning refractive pointing is to minimize its
random effect on the pointing measurements, the infrared pointing is not at a disadvantage because it is
not affected.

3.1.2.3.4 Scheduling and Editing

A particular experiment's demands for precision pointing need to be combined with the current site
conditions (phase stability for refractive pointing, wind and wind stability, and solar loading and
variability) and qualitative rules of thumb for the success of pointing calibration and pointing stability in
various conditions to determine when that experiment should be scheduled. Records of the pointing
solutions, phase stability, wind fluctuations, and solar loading can be used to locate times when the
pointing solutions are suspect, and the astronomical data during these times can be edited accordingly. If
the pointing solutions show large drifts with time, but all antennas are behaving similarly, the mean array
pointing position as a function of time can be corrected in post-processing.

3.1.2.3.5 Pointing Self-Calibration
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Pointing self-calibration, an unimplemented algorithm, may not work well at all unless there is at least
one bright point-like source within the target area. Once the antenna pointing offsets have been
determined, it is simple and not too cpu-expensive to apply the mean array offset as a function of time to
mosaic or single pointing data and use that in the imaging. However, if there is significant scatter among
the antennas' pointing positions at each time, imaging wide field sources considering the correct pointing
data may be prohibitively expensive (Holdaway, 1993; Memo 95).

3.1.3.0 Primary Beam Calibration

A detailed unde'r%standing of the primary beam will be required to image wide field astronomical objects.
At lower frequencies, pointing errors will tend to limit mosaic image quality, but at high frequencies,
surface errors resulting in primary beam distortions will dominate the errors in mosaic image
reconstruction (Cornwell, Holdaway, and Uson, 1993). Early simulations (Holdaway, 1990; Memo 61)
indicated that an[understanding of the primary beam down to the 2-3% level is desirable. If this cannot be
achieved, mo‘saiﬂz dynamic range will be limited by primary beam uncertainty more than pointing errors.

The desired primfary beam information will result naturally from the low frequency holography
campaigns. While the high frequency primary beams will not simply scale like the frequency, we can
estimate them from a surface error model and the feed placement. However, we will probably want an
independent measurement of the beam at several frequencies. At the highest frequencies where we
expect the most problems with the primary beams, the primary beams will be hardest to measure due to
decreased sensitivity and a lack of appropriate sources. '

We may require primary beam models with different levels of complexity to achieve different scientific
goals. The simplest primary beam model, which will suffice for low to intermediate dynamic range
observations, will be a mean rotationally symmetric primary beam, measured out to the first or second
sidelobe. The next level of complexity may be a mean 2-d (i.e., non rotationally symmetric) beam. It is
conceivable that we would someday require the use of different 2-d primary beams or voltage patterns
for each antenna, for several different elevation angles, or even for both.

'3.1.4.0 Baseline Determination

The relative positions of the antennas must be determined accurately so the geometrical delay can be
correctly applied to the antenna voltages prior to correlation. Residual delays will result in phase errors
which change across the observing band and differential phase errors between two different sources on
the sky. For the ALMA with, e.g. an 8 GHz bandwidth, a reasonable limit of 1/3 radian phase difference
across the band requires a baseline accuracy of about 1 mm. Requiring the differential phase error
between two sources 5 degrees apart on the sky to be on the order of 5 degrees results in a baseline
accuracy of about 0.1 mm. Atmospheric phase errors of more than 5 degrees would not severely impact
the imaging, as these errors are random in time and among antennas. However, baseline errors will be
partially systematic as they will be slowly varying in time, so we need to be more conservative with them

than with the atmosphere.

3.1.4.1 Baseline Measurement Strategy
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The baselines, or delays, may be measured by determining the delay on each baseline for on order of a
hundred observations of point sources sampling the entire sky. Individual delays can be fit across the
spectrum, as in VLBI. The complete set of delays is used to solve for the three dimensional locations of
all antennas relative to a reference antenna. The observing strategy is similar to that for the pointing
model determination, and should take about an hour to complete. Signal to noise is not an issue for 0.1
mm accuracy, and the 1 hour time scale is set more by the minimum time to sample many sources around
the sky. Atmospheric phase fluctuations may affect the baseline delays, so ideally the observing
conditions should be excellent. In poor conditions, the delays can probably still be determined based on
the statistics of many differential measurements, as the atmosphere should tend towards a zero mean in

differential measurements.

Of some concern is the time scale over which we can expect the antenna positions to remain fixed to
within 0.1 mm. Permafrost has been anecdotally reported on the ALMA site, which enables an entire
class of soil movements. We can probably expect some amount of soil creep, especially after
earthquakes. We will gain experience concerning the frequency of baseline calibration once the ALMA

begins to be operational at Chajnantor.

3.1.5.0 Flux Calibration

3.1.5.1 Astronomical Requirements for Flux Calibration

Yun et al. (ALMA Memo 211) have written a white paper on flux calibration which addresses most of
the issues mentioned here. The primary scientific requirement for accurate absolute flux calibration is the
comparison of astronomical images made at different frequencies. While the current 10% estimated
absolute accuracies permit many qualitative conclusions, 1% absolute flux accuracy will really open up
new quantitative scientific possibilities. This flux calibration accuracy must apply to both total power and

interferometric modes.
3.1.5.2 What Affects Flux Calibration?

Changes in the receiver temperature, electronic gain drift, variable atmospheric opacity and emission,
variable ground pickup, decorrelation (atmospheric and electronic) and gravitational deformation at high
frequencies are some of the parameters affecting accurate flux calibration.

3.1.5.3 Flux Calibration Strategy
3.1.5.3.1 Instrumental Amplitude Calibration

The currently used ambient load chopper wheel method is accurate to about 5% (see Ulich & Haas
(1976), Kutner (1978)). Bock et al. (1998; ALMA Memo 225) are investigating a two load system
located behind the secondary and viewed through a hole in the secondary; see also ALMA Memo #318
by Jeff Mangum: "Amplitude Calibration at Millimeter and Sub-millimeter Wavelengths". This system
could theoretically achieve 1% amplitude calibration of a well understood antenna/receiver system, but
would rely upon accurate ancillary measurements of the decorrelation and the opacity. BIMA is
prototyping this system, and is evaluating how well it works. An accurate estimate of the atmospheric
opacity will be required for accurate flux calibration. At frequencies at which the atmosphere is opaque
at the low elevation angles and partially transparent at high elevation angles, it will be possible to solve
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for the sky temperature and the opacity with a sky tip. However, at frequencies at which the atmospheric
transmission is excellent, a sky tip will only give the product of the opacity and the sky temperature, and
the temperature must be assumed to calculate the opacity. Currently, atmospheric models are not
sufficiently accurate to measure the opacity and sky temperature at a partially opaque frequency and
accurately estimate the opacity at another frequency. The Water Vapor Radiometry (WVR) system
should provide a measure of emission and absorption at its operational frequency of 183 Ghz. Actual
measurement of the sky temperature and water vapor profiles via radiosonde are currently underway,
along with modeling of the data. Continuous radiosonde monitoring, however, seems unwieldy and
expensive. A more cost effective solution would be to float a tethered balloon over the site several times
a day. The temperature, pressure, and water vapor information would also be useful for the radiometric

phase correction schemes.
3.1.5.3.2 A Gain-Based Instrumental Amplitude Calibration

Larry D'Addario points out that tracking Tsys fluctuations may not be the easiest way to get good flux
calibration. He points out that with a multi-bit correlator, we can measure the correlated power instead of
the correlation coefficient; hence, we need to track the electronic gain from receiver to correlator. The
electronic gain does not vary with atmospheric opacity, changing ground pickup, etc, and is therefore
much easier to track, perhaps by injecting a broad-band signal through the system. Even so, we still need

an accurate opacity measurement.
3.1.5.3.3 Astronomical Flux Calibration

While an instrumental amplitude calibration accurate to 1% is a desirable goal, it is unclear that we will
be able to understand the antennas and the atmosphere well enough to achieve this ambitious goal, so it is
important to find astronomical sources that could serve as flux standards. Currently, planets are used as
astronomical flux standards for millimeter wavelength observations, but the estimated accuracy of the '
planets' fluxes is only about 10%, so new flux standards need to be found. ‘

The ALMA will have the sensitivity to use much fainter sources as flux standards. At the highest
frequencies (650 and 900 GHz windows), some stars will be bright enough to achieve the 1% flux
calibration goal in a few minutes. A knowledge of their temperatures from optical data will determine the
expected submillimeter flux, but this may be complicated by confusing emission from dust or even time
variable gyrosynchrotron emission from sunspots or flares. Some efforts at stellar measurements are

underway at BIMA to evaluate this possibility.

‘As the blackbody spectrum falls off very fast at lower frequencies, millimeter observations will not be
able to use stars as astronomical flux standards. However, although still subject to the same blackbody
spectral law, asteroids appear promising. Many are unresolved to many ALMA baselines, the bright ones
are in the range of 50-1200 mJy, permitting fast detection at 1% accuracy, and they are fairly simple
systems. One drawback is their non-uniform emission as they rotate and as they move with respect to the
sun, which could change their flux by several percent. Observational tests are required on these
prospective astronomical flux standards as the ALMA comes on line, and we can always hope for a less
problematic class of sources for an accurate astronomical flux standard. See Yun et al. (1998) for a more
detailed discussion of stars and asteroids for flux standards.

3.1.5.3.4 Phase Decorrelation

An uncorrected antenna based phase error of 10 degrees rms will result in a 3% decrease in the visibility
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amplitude due to decorrelation. As the characteristics of the phase noise change, the amount of
decorrelation will also change. The primary defense against decorrelation is to try to correct the phase as
much as possible. However, when the phase cannot be fully corrected, we can estimate the magnitude of
the decorrelation and correct the visibilities. Decorrelation could be estimated from:

e phase calibrator data (fast switching)

o independent phase monitor (atmospheric) PLUS injected LO signal (antenna mechanical &
electronic)

e radiometric data (atmospheric) PLUS injected LO signal (antenna mechanical & electronic)

For atmospheric coherence times, see Holdaway 1997 (Memo 169).

3.1.5.3.5 Changes in Transparency

At millimeter wavelengths, the changes in atmospheric transparency will be very modest, under 1% over
10 minutes about 80% of the time. Since the same amount of water vapor results in much larger opacities
in the submillimeter, the transparency fluctuations in the submillimeter over characteristic calibration
time scales will be much larger, typically several percent during median stability conditions. Due to the
lack of submillimeter calibration sources available for fast switching and the current uncertainty in the
transmission models, we will probably need to perform frequent tipping measurements to solve for the

transparency at the observed frequency.
3.1.5.3.6 Polarization Complications

As mentioned below under polarization calibration, if a linearly polarized calibration source is used to
track changes in the amplitude gain or opacity, a telescope with linear feeds will produce parallel hand
visibilities which are modulated by the linear polarization. The extra signal varies as a sinusoid of the
parallactic angle, so the errors are systematic. This will not be a problem for the astronomical flux

calibrators mentioned here, but would be a problem for quasars.

3.1.6.0 Phase Calibration

Phase errors limit resolution, limit the dynamic range of images, introduce artifacts, and reduce
sensitivity by decorrelation. Without effective phase calibration, the maximum usable ALMA baseline
would generally be about 300 m. Amplitude errors would limit image dynamic range and skew the flux

scale.
3.1.6.1 Astronomical Requirements for Phase Calibration

The phase calibration working group report (Woody 1995; Memo 144) considered three cases at 230
GHz: high quality imaging with 8 deg phase errors, median conditions with 19 deg phase errors, and
poor imaging with 48 deg phase errors. The phase errors have a budget which includes the atmosphere,

the antenna, and the electronics.
3.1.6.2 What Affects the Phase?

At millimeter wavelengths, the main atmospheric constituent which causes phase errors is
inhomogeneously distributed water vapor. Up to about 300 GHz, atmospheric water vapor is very nearly
non-dispersive. Above 300, water vapor can be quite dispersive, especially near the water vapor lines in
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the atmosphere. Submillimeter wavelength observations will need to account for this dispersion if the
phase is being calibrated indirectly (i.e., scaled from a lower frequency or determined by scaling the
differential water vapor column as determined by water vapor radiometry).

The dry air results in a major contribution to the absolute phase. If there are appreciable temporal or
spatial fluctuations in temperature or pressure in the dry air above the array, phase fluctuations will

- result. Furthermore, the absolute dry air phase depends upon the observing elevation angle and the
topographical elevation, which will change from one source to another. It is believed that the dry phase is
non-dispersive at millimeter wavelengths.

Any change in the distance between the subreflector and the feed will cause phase errors.
The stability of the LO and other‘electronics will also influence the phase.

3.1.6.3 Phase Calibration Strategies

3.1.6.3.1 Fast Switching |

If a calibrator is sufficiently close and the telescope is sufficiently fast, fast switching between a
calibrator source and a target source can effectively stop the atmospheric, electronic, and antenna phase
fluctuations. If fast switching is used as the phase calibration method, it makes minimum requirements
on the system sensitivity, the slew speed and settle down time of the antennas, and the online and data
taking systems. Fast switching has been studied extensively (ALMA Memos 84, 123, 126, 139, 173, 174,
221, 262), and we are fairly confident that it will work for the ALMA.

3.1.6.3.1.1 Sensitivity Requirements

The basic criteria for fast switching to work is that the phase calibration source needs to be detected with
sufficient SNR and the target source be observed for some amount of time within the coherence time and
distance of the atmosphere. This translates into a requirement that there be sufficiently many calibrator
sources which are sufficiently bright (Memo 123), and a requirement on the sensitivity of the array. In
practice, this means that the calibrator source will typically be within a degree of the target source, the
calibrator will usually be detected in less than a second, and the entire cycle time will be about 10 s,
though the details vary with observing frequency. Spectral line observations will need to use wide
bandwidth continuum observations of the calibrator.

With the current sensitivity of the ALMA and our understanding of the quasar source counts and their
dependence on frequency, we will not always be able to perform fast switching calibration at the target
frequency, but often we will get a higher SNR phase solution by observing the calibrator at a low
frequency (like 30 or 90 GHz) and scaling the solution up to the target frequency.

3.1.6.3.1.2 Scaling the Phase to High Frequency Observations

The falling source counts and sensitivity at high frequency will often require fast switching to observe
calibrators at low frequencies and scale the phases up to the observing frequency of the target source.
This requires a much more accurate phase solution at the lower frequency. Since the dry atmosphere is
non-dispersive, this extrapolation basically relies upon the wet differential delay to be non-dispersive as
well. In the submillimeter, the wet differential delay is dispersive, which will either limit the
effectiveness of fast switching or require more complications in the fast switching observing strategy,
such as less frequent multi-frequency calibrator observations to help separate out the non-water vapor
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phase contributions.
On longer timescales, set by the phase stability of the electronics, it is necessary to measuring the

instrumental phase offset between different frequencies, by observing a single source at both wavebands.
See section 7.0.6 of the Local Oscillators chapter of this Project Book for a discussion of this point.

3.1.6.3.1.2 Requiremenfs on Antenna Movements

The antenna movement requirement is currently a slew of 1.5 degrees and settle down to 3 arcsec
pointing in 1.5 seconds.

3.1.6.3.1.3 Requirements on Antenna and Electronics Stability

At the very least, the antenna needs to be mechanically stable to within a small fraction of a wavelength
(ie, 5-10 degrees at the target frequency) over a calibration cycle time, even when the antenna is moved
by a few degrees on the sky. Similarly, the electronics need to be equally stable over the calibration cycle
time. However, if we are to succeed in the submillimeter, the antenna and electronics need to be stable
over much longer times, such as the cycle time between the multifrequency observations required to
separate the wet and dry phase errors. These performance requirements are specified in the Anntena
Request for Proposal.

3.1.6.3.1.4 Requirements on Computing

The on-line system needs to control the antennas gracefully enough to move them quickly without
exciting the lowest resonant frequency. Also, the quanta of integration time and scan length need to be
sufficiently small so as not to restrict the integration time spent on the target source and calibrator or the
time spent between sources. Flexibility at the 100-200 ms level is desirable. Fast switching data can be
calibrated with existing software, but some extensions in spatial-temporal interpolation will be useful.

3.1.6.3.1.5 Sensitivity Loss from Fast Switching

Fast switching will reduce the sensitivity of observations due to time lost observing the calibrator and
moving the antennas, and due to decorrelation from residual phase errors. Both effects can be reduced by
observing in the best conditions, which often result in very low residual phase errors at a minimum
expense in time lost to the calibration process. However, not all projects can be observed during the best
phase conditions. ALMA Memo 174 concludes that fast switching will generally result in less than a
20% decrease in sensitivity for the phase conditions at the Chajnantor site.

3.1.6.3.1.6 Interaction with Scheduling

During poor phase stability conditions, fast switching won't work at the high frequencies. Also, a given
target field may have a dearth of calibrator sources, requiring that the field be observed during better
phase conditions than the average field. For reasons like these, dynamical scheduling is absolutely
required to optimize the utility of the ALMA. We envision one or more phase stability monitors
providing real time information to the array control center, and contributing to observing decisions - e.g.:

e what project should run on the telescope?

e do the present conditions permit the current project to continue?

e what is the optimal calibrator for the current project in the current atmospheric conditions and hour

angle?
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3.1.6.3.1.7 Calibrator Survey and Maintenance of a Calibrator Database

The quasars which will form the bulk of the fast switching calibrators will be highly variable at
millimeter wavelengths, and a quick survey of a few square degree region about the target source will
sometimes be required. The ALMA has the sensitivity to perform a blind search for calibration sources in
a few minutes. Surveys directed with lower frequency source catalogs will be even faster. Whenever a
potential calibrator is observed, the source information will need to go into a comprehensive calibrator
database, which can also be used for choosing an appropriate calibrator.

3.1.6.3.2 Radiometric Phase Correction

The most promising alternative to fast switching is radiometric phase correction (ALMA Memo 209,
ALMA Memo 210: 'Radiometric Correction white paper’, Weidner 1998 Ph. D. Thesis, Woody and
Marvel 1998, ALMA Memo 252). Radiometric phase correction utilizes the variable emission caused by
inhomogeneously distributed atmospheric water vapor to determine the phase fluctuations caused by
water vapor. While water vapor is not the only source of phase errors, it is the dominant source of short
time scale phase fluctuations. This method has had several early successes, but the correlation between
the radiometric fluctuations and the interferometrically measured phase fluctuations changes with time,
and there are some times when the method does not work well at all.

The current plan for radiometric phase correction is that the 183 GHz water vapor line will be monitored
on 1 s or better intervals through a water vapor radiometry (WVR) system. The partial saturation of this
line, even in the driest conditions on Chajnantor, initially seemed problematic, but Lay (Memo 209)
indicates the unique line shape helps to discriminate between water vapor and errors like spillover, water
droplets, temperature fluctuations, height fluctuations, and gain fluctuations. A total of 16 channels each
of 500 MHz bandwidth would permit good discrimination between the water vapor and these errors. The
ALMA Science Advisory Committee has noted that the benefits of a cooled system in terms of stability
and noise probably outweigh the costs. Stable, sensitive WVRs may also contribute to amplitude
~calibration via measurements of emission and absorption (e.g. ALMA Memo 300). When the PWV
column w is under 4 mm, residual antenna based rms path errors of under 10(1+w) microns should be
achievable on 1 s timescale over a period of 5 minutes and elevation change of 1 degree. Larger water
vapor columns preclude high frequency observations, so the larger phase errors associated with high
opacity conditions may not be critical.

In the ALMA Design and Development (D&D) Phase there exists an instrument present at Chajnantor to
investigate but not implement radiometric correction at 183 Ghz (ALMA Memo 271). At existing sites
this line will be saturated much of the time (e.g. Memos 237 and 238 estimate this for Kitt Peak and the
VLA site). Hence MDC partners OVRO and BIMA will build and demonstrate 22 GHz radiometric
phase correction systems. This will include construction and deployment of hardware and development
of algorithms for application of the correction to astronomical data. The CSO/JCMT interferometer
operated a 183 GHz phase correction radiometer at Mauna Kea (Memo 252). ESO has duplicated this
system at Chajnantor for operation with the 12 GHz interferometers at the site. Reduction of data from
this system will help the project to decide how to implement the 183 GHz water vapor spectrometer on
theALMA: do we use a standalone cooled or uncooled system, a dedicated radiometer in the receiver
dewar, or do we simply use the 183 GHz astronomical receiver as a water vapor spectrometer? See
Memo 271 for a report on this system, and Appendix E of the Report of the ALMA Scientific Advisory
Committee March 2000 Meeting.
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3.1.6.3.4 Calibration of the Electronic and Antenna Phase with an Injected Signal

Radiometric phase correction will only correct for those phase fluctuations which are caused by water
vapor, and will not correct for any phase errors caused by variations in the dry atmospheric delay,
mechanical instabilities in the antenna, or instabilities in the electronics. Therefore, radiometric phase
correction requires some supporting observations or calibration technique to remove phase errors caused

by these other sources.

It should be possible to periodically inject a stable signal, perhaps derived from the LO, into the feed to
calibrate the electronic contributions to the phase errors. If the calibration signal is injected from the
subreflector, then this calibration system will also track the most important mechanical phase drifts of the
antenna. If the calibration signal is derived from the LO, and the LO itself has phase instabilities, they
will either cancel or be doubled, depending upon the relative phase of the LO and the injected signal. In
fact, by alternating the relative parity of the injected signal and the LO, we can solve for both phase
errors in the LO and in the rest of the electronics and the antenna up to the subreflector. So, between a
reference signal injected at the subreflector and radiometric phase correction, only fluctuations in the dry
atmosphere will be unaccounted for.

The on-line system would need to control the details of the injected signal. Information about the injected
signal would need to be recorded with the data, and an option for determining and correcting for the
electronic phase errors in real time should exist.

The injected signal calibration scheme is an area of research for the design and development phase of the
project and will be developed in coordination with the LO system.

3.1.6.3.5 Paired Array Phase Correction

It is possible to use some of the antennas to observe a calibrator and the rest of the antennas to observe
the target source. At this time, no special plans are being made for this "paired array" phase calibration
technique. Specifically, the array is not being designed in a way that closely pairs antennas to optimize
paired array calibration. In the smaller arrays, the configurations will naturally permit paired array
calibration. See ALMA Memo 262 for results of VLA tests.

3.1.7.0 Bandpass Calibration

In rough terms, the dynamic range of a single spectral channel which is limited by errors in continuum
subtraction caused by bandpass errors will be

DR=(S}ine sqrt(N))/(S¢onSBp)

where Sy, 18 the strength of the line, N is the number of antennas, S_ is the continuum strength of the
target source, and sgp is the rms error in the bandpass. For the spectral line observations to be limited by

thermal noise and not by bandpass errors, and assuming the bandpass errors are themselves due to
thermal noise in the observations of the bandpass calibrator, we have the condition that N
sqrt(te)/sqrt(tine)™ Scont /Scal Where S is the flux of the bandpass calibrator.

3.1.7.1 Scientific Requirements
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A majority of the spectral line observations made with the ALMA will probably have no problem meeting
the condition of being limited by thermal noise before they are limited by bandpass calibration.
Observations of weak spectral lines in the host galaxy of a bright flat spectrum quasar will be about as
demanding on the bandpass calibration as these experiments currently are for the VLA or the AT.
However, observations of spectral lines on planets in the solar system will be extremely demanding.

For example, the continuum brightness temperature of a planet might be 200 K, and the thermal noise for
a bandwidth of 20 m/s and a 1 hour observation at 200 GHz with a Tg,s = 40 K would be about 0.006 K,

requiring a lot of time on a very bright source free of spectral emission to provide a good bandpass
calibration. Furthermore, a large fraction of the ALMA's targets will be galactic, and it will be difficult to
find bandpass calibrators which are not affected by galactic emission or absorption given the large
bandwidth of ALMA.

3.1.7.3 Bandpass Calibration Strategy

We will always have the capability of calibrating the bandpass in the current manner, by observing a
strong source for a sufficiently long time. However, injection of a strong noise signal which is flat over
the observed frequency range would be an ideal solution to both the planet problem and to the galactic
confusing line problem. The injection can be made directly into the feed, or can be part of the ancillary
LO system which has been proposed to be injected from the subreflector. The injected noise will need to
be much stronger than the 400 K signal at a few percent coupling mentioned in the flux calibration

section.

At millimeter and submillimeter wavelengths, the atmosphere will also contribute to the bandpass for
wide bandwidth observations, so we must either perform an independent determination of the bandpass
astronomically to solve for the atmospheric bandpass component, or we would measure the precipitable
water vapor from opacity measurements made at a fiducial frequency and determine the atmospheric
contribution to the bandpass through the use of an atmospheric transmission model. Currently, the
atmospheric transmission models are probably not good enough for this sort of work, but the ALMA
would provide enough data for an ad hoc model or to improve the theoretical models. We will be
concerned with changes in the atmospheric component of the bandpass on reasonably short time scales

and among the different antennas.

There is an implicit specification placed on the system design that the electronic bandpass be either stable
or that it vary linearly with time to something like 10000:1 to 100000:1. If the bandpass changes are
mainly linear, we can remove them through interpolation if we calibrate often enough.

3.1.8.0 Polarization Calibration

Linearly polarized feeds have a wider usable bandwidth than circularly polarized feeds, and the ALMA
will most likely use linear polarization in order to get complete coverage of all millimeter wavelength
atmospheric windows with a reasonable number of receivers. Sault et al. (1991) and Cotton (1998, Memo
208) have both treated the problem of polarization calibration with linear feeds in detail (see also
Appendix C to the Report of the ALMA Science Advisory Committee March 2000 Meeting. The main
details that we must be concerned with here are that linear polarization leaks into the "parallel hand"
visibilities, and that it is not easy to distinguish circular polarization from the instrumental polarization
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terms.

Because the linear polarization is entangled with the total intensity in the parallel hand visibilities, there
are times when all four cross correlations per baseline will need to be performed, which will probably
result in halving the bandwidth and cutting the sensitivity by root two. We consider several cases which
could come up with the ALMA to demonstrate when we may need to consider all four cross correlations
and when we may use approximations to make use of just the two parallel hand cross correlations:

e Amplitude calibration is performed instrumentally and phase calibration is performed on a quasar
(or a combination of radiometric plus a quasar). The quasars will generally be a few percent
linearly polarized, but may be as much as 10-20% polarized, and hence Stokes Q and U will
influence the parallel hand visibilities. These sources have almost no circular polarization. For a
point source, the calibrator's linear polarization will not affect the phase, only the amplitude. If the
amplitude calibration is performed instrumentally, as in the scheme of Bock et al., there is no
problem with a polarized calibrator and linear feeds. We further consider two subcases:

o Total intensity imaging with no polarization in the target source. Many millimeter spectral
line sources will have little or no linear polarization. Nothing special needs to take place, as
the parallel hands will basically contain Stokes I.

o Total intensity imaging with appreciable linear polarization in the target source. The linear
polarization in the target source will corrupt the parallel hand visibilities in a systematic
way. However, when the XX and Y'Y visibilities are added together, the linear polarization
corruptions cancel out. This is acceptable for low to moderate dynamic range total intensity
observations, but may not be sufficient for high dynamic range total intensity observations,
as residual gain errors will limit the cancellation of the linear polarization and adding the
XX and YY correlations results in a condition in which gain errors no longer close, limiting
the use of self-calibration. High dynamic range total intensity imaging of a source with
appreciable linear polarization may require full polarization calibration and imaging.

o Polarization imaging. A bright calibration source must be observed to determine the
instrumental polarization leakage or "D" terms. If the calibrator has known (or zero) linear
polarization and no circular polarlzatlon the D terms can be determined in a single
snapshot. If the calibrator has unknown linear polarization, the calibrator must be observed
through sufficient parallactic angle coverage to permit separation of the calibrator and the D
terms. Application of the D terms will permit the polarization imaging. -

e Amplitude calibration is performed astronomically. If the amplitude calibrator is not polarized,
there is no problem. If it is linearly polarized, then the parallel hand visibilities will vary
systematically with parallactic angle, the XX and YY visibilities varying in opposite senses. There
are several options:

o For total intensity observations of a target source at low to moderate SNR, the array-wide
XX and YY gain ratios can be determined and corrected for.

o High SNR total intensity observations will require accounting for the different parallactic
angles of each antenna, which will result in imperfect cancellation when using the
array-wide gain ratios. In this case, the full polarization calibration will need to be
performed, even if there is no interest in polarization.

In all cases in which the cross hand visibilities are explicitly used, the X-Y phase offset must be
monitored for each antenna. As there is no simple way to determine the X-Y phase offset astronomically,
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the ALMA could inject a tone into the feeds, as the AT does. Cotton (1998) points out that it is difficult
to generate a millimeter RF tone, and that injecting an IF tone further downstream in the electronics is
simpler, though not as good instrumentally. On the other hand, we could derive an RF signal from the
LO and inject it into the feeds for the X-Y phase calibration.

The choice of a flux calibrator may also interact with the polarization calibration. Unresolved asteroids
which are not azimuthally symmetric will have some time dependent linear polarization, which will
-complicate the flux calibration. If stars are used for a flux standard, they may display some circular
polarization, which would require that another source be used for the D term calibration.

As stated above, the full polarization calibration requires good coverage in parallactic angle to separate
the constant instrumental polarization (D term) signal from the sinusoidally varying astronomical
polarization signal. This causes some concern since the ALMA is envisioned to be predominantly a
near-transit instrument with real time imaging capability. If instrumental polarization calibration is
required for many observations, it may be prudent to keep a database of the instrumental polarization
solutions at the various frequencies and bandwidths and rely upon that whenever possible. Unlike the
VLA, the ATNF compact array shows essentially no time variability in the instrumental polarization
(less than 1:10000 over 12 hours, with variations of-0.1% over months). Given the constraints of the
ALMA, time constant instrumental polarization may be a good design goal for the feeds, but not a strict

requirement.

One way around the complication of good parallactic angle coverage is to use sources of known
polarization (ie, unpolarized sources). Holdaway, Carilli, and Owen (1992, VLA Scientific Memo 163)
have demonstrated that it is possible to solve for the instrumental polarization for a single snapshot, (ie, a
single parallactic angle) if the source polarization is known in advance. So, it would be beneficial to
ALMA observing to identify bright, compact sources with known polarization or no polarization for use
as polarization calibrators.

3.1.9.0 Special Single Dish Calibration Issues

The ALMA differs from any other aperture synthesis array in that, from the outset, the instrument will
support no-compromise single-dish observing modes in addition to the more usual interferometric
modes. Some of the issues are discussed in ALMA Memo 108 ( "Single Dish Observing and Calibration
Modes", D.T. Emerson, P.R. Jewell). Receiver stability and other issues are addressed in ALMA Memo
289, and in Appendix D of the Report of the ALMA Scientific Adv1sory Committee March 2000

Meeting.

Because single-dish observing is in total power, albeit it switched against, for example, blank sky, there
are extraordinary demands on instrumental gain stability. In addition, the extra, variable emission from
the sky comes in directly, and tends to mask the much weaker (by perhaps 4 orders of magnitude)
astronomical emission. This is in contrast to interferometry, which of course by the use of
cross-correlation rather than self-correlation, is relatively immune to these factors.

Astronomical sensitivity calibration in single-dish mode has to be on a dish-by-dish basis; calibration
sources need to be detectable with adequate signal-to-noise ratio by one single dish of the array. This is
again in contrast to interferometric astronomical calibration measurements, in which the large collecting
area of the entire array can contribute to the signal-to-noise ratio achievable in calibrating individual
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dishes of the array.

Polarization calibration of single dish observations has its own problems. At mm-waves, polarization
measurements are conventionally made with a "widget" in front of the receiver feed. This "widget"

- introduces changes in the polarization response of the receiver - for example a rotating grid and screen
combination can continuously rotate the incident plane of linear polarization. The astronomical
polarization is then detected by synchronous changes in total power intensity through the receiver as the
sense of polarization changes. |

The ALMA may indeed have to provide such "widgets" for each of the antennas. However, the
complexity and potential unreliability of such a device could be avoided if it were shown possible to
measure polarization reliably, in single-dish mode, by cross-correlation of the signal from orthogonally
polarized feeds. Tests of the feasibility of this techniques are planned by early 2000.

3.1.9.1 Atmospheric Emission Cancellation

The emission from the atmosphere is much stronger than the emission from most astronomical sources,
and, even worse, the atmospheric emission is variable as well. The variable part of the emission is mainly
due to inhomogeneously distributed water vapor, which also causes the phase fluctuations. Since we have
excellent statistics of the phase stability on the Chajnantor site, we can infer the severity of the variable
“atmospheric emission at any desired frequency by using a transmission model or FTS measurements.

For an interferometer, the atmospheric emission above two different antennas is not correlated, so it does
not affect the visibilities. In total power continuum observations, the variable atmospheric emission is a
major problem which requires some sort of switching on the sky. The total power spectral line case is
much less demanding, as large atmospheric fluctuations can be tolerated, considering the much smaller
channel widths and much higher thermal noise and the possibility of fitting an average baseline to each
spectrum. The spectral line data will have secondary effects, such as the bandpass changing in response
to the changing atmospheric load. However, the spectral line observations are much easier than the
continuum case, so if we can beat the atmosphere for continuum observations, the spectral line
observations will be no problem. The detailed treatment of this problem is presented in an upcoming
ALMA Memo (Holdaway, Lugten, and Freund, 2000). ALMA Memo 300 presents a novel method for
calibration to remove atmospheric emission which makes use of the very wide bandwidths of ALMA.

3.1.9.1.1 Beam Switching

Traditionally, beam switching by nutating subreflector has been used to remove the variable atmospheric
emission. Our study indicates that most beam switching is non-optimal. For any given observation, we
would like to be roughly equally limited by thermal SNR and by the residual variable atmospheric
emission. If the noise is dominated by the variable atmospheric emission, we need to switch faster. The
faster we switch, the better the atmospheric cancellation, but the lower the duty cycle, so the thermal
noise will increase. Furthermore, the distance of the throw also needs to be considered. In general, it is
optimal to have the smallest throw which gets completely off source. However, in an unstable
atmosphere, multiple short throws are better. Hence, the detailed use of a nutating subreflector needs to
be fine tuned to match the atmospheric conditions and the observing frequency. As with fast switching,
we hope that the observer does not have to perform the calculations to find the optimal switching
strategy; the observer should provide high level guidelines, and the program which performs the
micro-scheduling should calculate the optimal switching strategy for the current atmospheric conditions.

~r ~ ~ fAaA P AR\ FAAAdIAAIAA 4~ A4 ARY



ALMA Chapter 3.1: Calibration issues for ALMA

The nutator design (see specifications in paragraph 4.2.9 of the Antenna chapter of this ALMA
Construction Project Book) for the ALMA prototype antenna allows for a maximum throw of about 1.5
arcmin for symmetric beam throwing. Maximum nutating frequencies of about 10 Hz are planned. If it is
affordable, nutators with higher peak acceleration and larger maximum throws would be desirable for the
production antennas. The two beams should be as similar as possible to reduce the level of systematic
errors in beam switching. :

The analysis of the On-The-Fly technique for total power continuum observations indicates that it will be
as good or better than beam switching in all situations. However, there is considerable risk involved in
relying on the On-The-Fly method to cancel all atmospheric fluctuations. For this reason, it is generally
agreed that the prototype antennas need to have nutating subreflectors. Currently, this is planned
according to the Payne design referred to above. V

3.1.9.1.2 On-The-Fly

In On-The-Fly (OTF) observing, the antennas scan quickly across a source at constant elevation angle,
using the off-source regions on other side of the source region to define the sky emission. Very large
sources will need to be pieced together at some SNR expense. The OTF technique promises to be quite
effective at removing the atmospheric emission for three reasons:
e cach Nyquist sample on the sky is observed for a very short time, so the system noise is large and a
larger amount of sky fluctuation noise is tolerable. (The large number of Nyquist samples observed
in each scan compensates for this large noise per Nyquist sample.)

e since more time is spent observing the OFF than an individual ON Nyquist sample, the atmosphere
is well determined, unlike beam switching where we are differencing two noisy numbers.

e since the OFF's are observed over a range of time, we can remove a second order polynomial trend
in the atmospheric emission time series, which greatly reduces the residual sky emission
fluctuations.

For sources which are about one beam across, the OTF observing strategy works about as well as beam
switching. For larger sources, OTF wins because of the relative increase in the SNR of the atmospheric
determination and because multiple throws begin to degrade the beam switching SNR.

Because the entire antenna is moving, many systematic errors which plague beam switching (such as
differences in the shapes and gains of the ON and OFF beams) are eliminated. However, it takes much
more energy to move the entire antenna, and there is more risk in general with an observing strategy that
attempts to move the entire antenna.

- 3.1.9.1.2.1 Controlling Antenna Movements

OTF will work only if we can slew and reaccelerate the antenna quickly without exciting the lowest
resonant frequency of the antennas. An initial analysis of this problem has been performed by Holdaway,
Lugten, and Freund (2000). Using a Gaussian acceleration profile and an error function velocity profile,
they predict the antennas will be able to turn around from one scan direction to the other in about 0.2 s
without appreciably exciting the lowest resonant frequency. This acceleration profile is a good one, but
probably not an optimal one, so further work could help optimize the profiles for both OTF antenna

motion and fast switching antenna motion.

In order not to excite the antenna motions, the acceleration must be very smoothly varying. This will put
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strong constraints on both the control system and on the servo system.

3.1.9.1.2.2 Maximum Velocity and Acceleration

OTF simulations of sources of various sizes indicate that the optimal slew velocity varies linearly with
source size. For a maximum interesting source size of 1 deg, a maximum slew rate of about 0.5 deg/s is
required. This requires a maximum antenna angular acceleration of about 12 deg/s/s. Since the profile is

- Gaussian, we do not require this maximum acceleration for very long. These maximum velocities and
accelerations are for an antenna with lowest resonant frequency of 6 Hz. An antenna which was less stiff
could not utilize such large accelerations and velocities in OTF observing. A stiffer antenna would permit
faster turnarounds, requiring larger accelerations and velocities. However, the 6 Hz antenna is effectively

beating the atmosphere already, so not much is gained from a stiffer antenna.

3.1.9.1.23 Reading Out Encoders, Dump Time

OTF requires that we know where the antenna is for each Nyquist beam. At the 0.5 deg/s maximum slew
rate, observing at 850 GHz with a half beam size of 0.001 deg will require that we dump the data and
know where the antenna is every 2 ms. We don't need to make the antenna go to any precise place at any
precise time, we just need to know where the antenna was at a precise time. We may not need to read the
encoders every 2 ms; if the antenna position changes smoothly over time scales of 10 ms, we can read
out the encoders more coarsely and interpolate. We do not require that the encoders be accurate to within

the pointing specification of 0.6 arcsec.
3.1.9.1.2.4 Antenna Motions Don't Need to be Synchronized

Since we are only talking about total power OTF here, we need not synchronize all the antennas in their
dance across the sky. The antennas could be staggered to permit a more constant utilization of electrical

power.
3.1.9.1.2.5 1/f Noise

In addition to atmospheric brightness fluctuations, beam switching and OTF will remove a portion of the
receivers' 1/f noise. From the optimizations we have performed, we can set specifications on the 1/f noise
for each observing frequency. Even though the beam switching is performing the switching faster than
OTF, the integration time spent on each ON is often larger than the integration time spent per Nyquist
sample of an OTF observation, so OTF and beam switching are similar in their ability to switch out 1/f
noise. If these specifications cannot be met, we must reoptimize the OTF observing strategy, which
would result in moving more quickly to accomplish faster switching and less time or more white noise
per Nyquist sample on the source. This would favor both higher maximum accelerations and a stiffer

antenna.

Freq Beam Size Source 0.5 deg Source
[GHz] noise break frequency noise break frequency
[yl [Hz] [Jy] [Hz]
90 0.047 1.2 0081 0.34
230 0.088 ) 12 0.25 0.29
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345

0.14

1.2

0.47

0.29

650

0.33

1.3

1.6

0.34

Table 1:For continuum (8 GHz bandwidth per polarization) OTF observations, what noise level must the
1/f noise be below, and at what frequency, for 1/f noise to have essentially no effect on OTF
observations' sensitivity? .

3.1.10.0 Solar Calibration

For solar observing, some type of attenuating "widget" in front of the receiver may be required, to reduce
the necessary dynamic range of the receiver and backend electronics. Some special calibration scheme
needs to be thought out specifically for calibration of solar observing. This is under study.

3.1.11.0 Editing

Both the on-line and post-processing software should provide for carrying various monitor data through
the system and allowing easy editing of astronomical data based on the monitor data, on a per time or per

antenna basis.
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Summary

In this section, hardware solutions to the problem of calibrating the ALMA amplitude and phase are
described. Both solutions use the blocked area in the center of the subreflector as the source of radiation
from either a two-temperature load or a coherent signal source. A simple mirror mechanism is used to
select between the two systems. The coherent source may be made phase stable through a round-trip
measurement scheme so raising the possibility of continuous phase measurement and correction as well

as providing a valuable trouble shooting tool.

The details are still (February 2001) under discussion between the international partners. This chapter is
taken with minor changes from Chapter 3.2 of the original MMA project book. As calibration plans for
the international ALMA project become more certain, the content will be updated. Although the
2-temperature load scheme presented here is the baseline plan, alternative chopped-load designs are still
actively being considered; for example a semi-transparent vane. If further study indicates this to be an
advantageous option, the concept may be tested on the Test Interferometer in 2002-2003.

3.2.1 Introduction

The previous section describes a number of schemes for calibrating the ALMA amplitude and phase.
This section outlines two specific hardware schemes which can help to calibrate the instrumental phase
and amplitude of ALMA. Other instrumental calibration schemes, such as round-trip phase calibration
for the local oscillator, and AGC/total power monitors in the I.F. chain, are described elsewhere.

The two calibration schemes outlined here are:
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Absolute amplitude calibration, which represents the conversion of total power signals from the radio
astronomy receivers to calibrated antenna temperatures, and Relative amplitude and phase calibration,
with an artificial coherent calibration signal suitable for interferometric calibration

3.2.2 Absolute Amplitude Calibration

It has been suggested by Jack Welch and others, and is currently the subject of a joint MDC development
between BIMA and NRAO. It gives an absolutely calibrated signal of a few K at the receiver, over the
complete frequency range covered by the ALMA. This system has been described in MMA Memo 225

by Bock, Welch, Flemming and Thornton.

The essence of this technique is that a black body radiator is placed at the center of the subreflector of
each antenna, within the unused area of subreflector matching the central blockage of the antenna. In this
way there is no effect on antenna sensitivity.

Within this central part of the subreflector, a plane mirror switches between two (or more) loads of
different temperatures. The two loads have very precisely controlled and calibrated temperatures. The
total power output of the receiver is sampled synchronously with the mirror switching between the two

calibrated loads.

The added switched receiver noise is, to a first approximation, equal to the difference in temperature of
the two hot loads, multiplied by the beam solid angle of the absorbers at the subreflector seen from the
receiver feed, divided by the beam solid angle of the subreflector - assuming the receiver feed itself is
matched to the angle subtended by the receiver. This ratio will be reasonably constant with frequency,
but at a given frequency can be calibrated precisely by measurements of the feed antenn a pattern.

For more details see the memo by Bock, Welch, Flemming and Thornton. The joint development with
BIMA will show, on a timescale of a few months, how well the technique can be expected to work in

practice.
3.2.3 Relative phase and amplitude calibration

In the debugging stage of the ALMA, there will be a need for a generic test signal that can be used to
debug the entire electronic system of a given antenna or antenna pair, from front-end to correlator. When
the antenna surface and pointing are sufficiently reliable, astronomical sources can be used for this
purpose, but having an independent, artificially generated signal that is not dependent on antenna
performance will be invaluable in checking out and maintaining the system.

If the calibration signal can be made coherent at all individual antennas, it opens up the possibility of
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calibrating the entire receiver system, front-ends, back-ends and correlator, amplitude and phase as a
function of frequency, in a way independent of antenna tracking, pointing, or efficiency performance.
The calibration system should be sufficiently stable that it can be used as a secondary calibration system,
with only occasional cross-calibration with astronomical sources.

3.2.4 The Photonic Calibration System

3.2.4.1 Introduction

The photonic calibration system has a broad-band, radiating antenna situated at the center of the
subreflector, where no extra antenna blockage is introduced. At the feed of the broadband antenna, there
is an uncooled photomixer device. A single optica 1 fiber, carrying laser signals generated at a central
laboratory or control room, feeds this photomixer. In the simplest form, the optical signal would come
from two lasers, whose difference frequency corresponds to the telescope observing frequency, and
which is phase-locked to the telescope frequency standard. The equipment required to do this would be
nearly identical to that being developed for the photonic laser local oscillator system. Only one pair of
lasers would be required for the entire array; the combined laser output would be split optically N ways
(where N is the number of antennas) and routed via N independent fibers to each antenna.

In slight variants of this scheme, either a single laser signal, or the dual laser system tuned to the required
mm-wave difference frequency, could be modulated. The modulation might take the form of a regular
comb spectrum, simulating broadband noise. This becomes quite analogous to the pulse cal system
developed for the VLBA, and could be used for checking the relative amplitude and phase response over
the entire interferometric IF passband. The modulation might also be a truly random, or a pseudo-ra
ndom digitally generated sequence, which would also provide a broad-band coherent test signal. This
random or pseudo-random noise needs to be coherent at each antenna, so timing considerations, within a
fraction of the reciprocal bandwidth, are important.

Naturally this injected signal needs to be stable, both in amplitude and phase. It may require round-trip
delay compensation of some type, and perhaps an AGC system to keep the signal amplitude constant.
However, attention to the stability of this cali bration signal may relax the technical requirements

elsewhere in the system.

Most of the development for this coherent photonic calibration scheme is already being undertaken in the
context of the photonic local oscillator development. The calibration scheme should in principle be much
simpler, because several orders of magnitu de lower radiated mm-wave power is required. The main

additional development needed is that of the broad-band radiating antenna, to be sited at the subreflector,

fed by the signal from the photomixer.
3.2.4.2 Requirements

The first thing we did was evaluate the minimum power required at the receiver. The total noise power
(Pn) for a receiver with system temperature (Tgy) of 100 K and observation bandwidth (Av) of 2 GHz is
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given by
Py =kTyAv =2.76 10-12 W = -85.6 dBm

We want the received calibration power to be at least 1% of the total noise power: 2.76 10-14 W =-105.6
dBm.

Another requirement is that the injected signal should be linearly polarized at 45 deg with respect to the
OMT or polarization grids inside the receiver so that the power is equally distributed into the two

channels.

As this signal should work as a reference we need its characteristics to be as constant as possible in the
whole spectral range we are going to use it: 100 GHz - 1 THz.

3.2.4.3 Review of antennas for radiating the signal

The best way to launch the signal towards the receiver is use an antenna placed in the blind spot of the
subreflector.

As we look at the requirements, we need an antenna with the following characteristics:

e very broad bandwidth

e linear polarization

e relatively small dimension (the transmitting system should fit in the system sketched in Fig. 4 in
MMA Memo 225: "Radiometer Calibration at the Cassegrain Secondary Mirror.” )

e possibly high directivity (this depends on how much power we can drain from the diode that will
drive the antenna)

There are few antennas that fit these requirements. We focused our attention on the self-similar and
self-complementary planar antennas.

The self-similarity is the geometric property of invariance under a uniform expansion or reduction of
size. This property implies the absence of any characteristic length scale so that the geometry is entirely
defined in term of angles. This guarantees the broad bandwidth.

There are several type of self-complementary and self-similar planar antennas: Bow-Tie, Equiangular
Spiral and Log-Periodic.
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Equiangular®

Log-Periodic*

The Bow-Tie is the simplest, however its pattern is double-peaked off-axis> and therefore is not suitable
for coupling to gaussian or other commonly encountered beams.

The Equiangular is circularly polarized!.

The beam pattern, the impedance and the rotation of the linearly polarized emitted signal of the
Log-Periodic antenna are exactly periodic with the logarithm of frequency the period being given by the
ratio of two successive teeth (R/R ,). We decide to study with more attention this antenna because its

characteristics are closer to our requirement's than the others'.

The self-complementary is the geometric property of invariance (with a rotation) under an interchange of
metallized and non-metallized regions. The Booker's relation in free space for complementary antennas!
states that the impedances (Z;, Z,) of any pair of complementary antennas are related to the free space
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impedance (Zy = 1201 Q) by

212, = (Zo/2)? = (189 Q)2

As a result self-complementary antennas in free space have constant real impedance of 189 Q at all
frequency.

- The purpose of our feed antenna is to couple power from a device that is much smaller than a wavelength

‘into a wave in free space. For the frequency range we are interested in, the linear dimensions of these
antennas are so small? that the b est way to build them is by lithography. This manufacturing process has
also the advantage to allow for an easier coupling to the emitting device since usually it is built by the
same process and, by slight changes to the design, it is possible to build e mitting device altogether with

the antenna.

This manufacturing procedure implies a dielectric substrate over which the antenna will be deposited.

An antenna at a dielectric/air interface will preferentially couple into the dielectric substrate. In a first
order the phase velocity and impedance are both reduced by3 g.¢ = [(€ + 1)/2]1/2 it follows that for a

self-complementary antenna the impedance will be Z = Zy/e ¢!/2 (for example 74 Q for Si 0 GaAs and
114 W for crystalline quartz)3.

Another problem araising from the coupling in the substrate is that, in case the substrate geometry is
simply a plane-parallel slab, any ray radiated from the antenna at angles exceeding the critical angle will
be totally internal reflected by at the b ack surface of the substrate. There are two main ways to get rid of
this problem. The first is to deposit the antenna on a very thin substrate (for example a free-standing
membrane of silicon oxynitride and shape the holder as a horn to use all the power from the antenna).
The second solution is to shape the substrate in such a way that it acts like a lens on the emitted wave.
There are several shape that can be used to increase the directivity of the beam pattern: Hemisphere,
Hyperhemisphere, Cartesian O val, Dielectric Filled Parabola. We are still investigating whether and
which of these shaped dielectric substrate is suitable to our purposes.

3.2.4.4 Diode-Antenna matching

These impedance values have been calculated using 10 kQ for the diode resistance and 10-2 pF for the
diode capacitance and making the assumption that the diode behaves like an ideal current generator in
parallel wi th the resistance and the capacitance. The impedance of the diode should change with the

frequency approximately as in the following figure.
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The real impedance has been multiplied by a factor 100. Using this evaluation for the impedahce values
and assuming that the antenna has a real impedance of 74 Q we found the following results for the

diode-antenna coupling.
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This represents the power delivered by the antenna to free space assuming that the diode is driven with a
current of 100 pA.
3.2.4.5 Antenna-Receiver matching

Let us consider now the efficiency of the coupling between the small antenna and the horn of the
- receiver. During the operation of the telescope several feed-horns will be changed to match the different
frequencies so that the subreflector will always be fully illuminated, we can assume the beam pattern to

be a gaussian with -11 dB point at the edge of the subreflector (3.58 deg?).

Also assume that the beam pattern of the planar antenna is a gaussian with -3 dB point at 20 deg’. As we
saw we can increase the directivity by shaping the dielectric substrate.

Using these parameters we can evaluate the transmission loss of the antenna-receiver system and obtain
the following result
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Now if we consider the result achieved in the previous paragraph we can say that the total power
available at the receiver is
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The minimum power is -105.6 dBm and this result shows that with this configuration we can satisfy the
power request in the whole spectral range of interest..
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3.2.5 Combined Calibration System

The incoherent calibration scheme described earlier switches between blackbody radiators of different
temperatures using a mirror. In principle, by allowing an extra position on this mirror, the radiated
calibration signal can be switched between the incoherent blackbody loads and the coherent radiator. At a
later stage in the development, when the feasibility of both coherent and incoherent calibration schemes
has been demonstrated, the combination of the different calibration radiators into one packa ge will
receive attention, as will studies of how to achieve the necessary amplitude and phase stability.

3.2.6 Work to be done

The photonic calibration builds on work already in progress in the context of the photonic local oscillator
scheme, with the exception of the broadband antenna. Some simple design work is required now (e.g.
exactly how much coherent power needs to be radiated from the subreflector, with what requirements on
amplitude and phase stability?) but the bulk of the effort can be expected fairly late in the ALMA

development phase.

Reference:

D. Bock, J. Welch, M. Flemming and D. Thornton, MMA Memo 225: "Radiometer Calibration at the
Cassegrain Secondary Mirror.” _ (See also the Appendix below.)

APPENDIX

The following figures are from the MMA Memo 225 by Bock, Welch, Fleming and Thornton,
"Radiometer Calibration at the Cassegrain Secondary Mirror.”

Figure 1 shows the general Cassegrain optics, which normally has a scattering cone covering the central
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part of the subreflector to direct unwanted rays on to cold sky. Figure 2 shows a scattering mirror behind

the subreflector, giving mu ch the same effect.
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Figure 3 shows the absorbing black body load that would be placed behind the central hole of the
subreflector '
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Figure 4 shows the arrangement of a rotating 45-degree mirror which will choose between one of two

hot loads, whose temperatures differ by ~100 K, and the scattering cone from which rays which

eventually reach cold sky.
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ALMA Project Book, Chapter 4.
ANTENNAS

Torben Andersen and Peter Napier
Last changed 2001-Feb-06

Revision History:
1998-Aug-23: Added information from PDR; test plan, earthquake spec, receiver cabin power and mass requirement.

1998-Sep-01: Added Summary, corrected typo in fast switching time spec. Added requirement for metric compatibility,

electrical supply voltage and frequency.Added chapter number to section numbers.

1998-Sep-18: Changed resonant frequency requirement in 4.2.8; added 3 phase voltage in 4.2.2; corrected wind speed typo in
4.2.1.3.

1999-Apr-13: Changes resulting from the decision to use 12 m diameter antennas, and updates on some of the specifications as
a result of preparing the Request For Proposal. Significant specification changes include bottom elevation limit, survival stow
position, operational cycles for fatigue design, optics layout and phase stability.

2000-May-31: Changes resulting from transition from MMA to full ALMA project. Also, most specifications firmed up as a

result of placing the EIE and Vertex contracts.
2001-Feb-06: Corrections and updates after review by the ALMA Systems Group.

Summary

The ALMA radiotelescope is currently planned to consist of a goal of 64 antennas, each of 12 m diameter.
In this chapter we outline the general requirements for the antennas and the detailed specifications can be
found in the contract for the US prototype antenna ( NRAO, 2000 ) and in the US Interface Control

Documents (ICD) (ICD, 2000) which are part of the contract. The specifications and ICDs for the European
prototype antenna can be found on the ALMA-Europe Antenna WWW Page. The principal requirements for
the antennas are shown in Table 4.1.

Table 4.1 ALMA antenna principal performance requirements.

Cbnfigurétion Elevation-over-azimuth mount, Cassegrain focus
|Frequency range 30 GHz to 950 GHz
. . Nightime: wind 9 m/s Daytime: wind 6 m/s and sun from
Precision performance conditions
. any angle
Reflector surface accuracy 20 microns rms, goal; 25 microns rms, spec

0.6 arcsec (offset, 2 deg in position and 15 min time), 2.0

|Pointi r
|Pointing accuracy, rms arcsec (absolute)

Fast switching (settle to 3 arcsec Move 1.5 deg in position in 1.5 seconds

|pointing) |

[Phase éta'bility B — [15 microns rms_

[Close packiﬁg | T ~ [1.25 dish diameters \('15.0/ rri) between azimut’
Solar observing . Allowed '

v Transpdrtability ’. Transportable on a rubber-tired vehicle
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The antennas will be designed and built by one or more commercial companies. Prototype antennas are
being built for the US and European ALMA partners by Vertex Antenna Systems LLC (Santa Clara, CA)

and European Industrial Engineering (EIE) (Mestre, Italy) respectively.

4.1. Introduction

The "antenna” subsystem of ALMA is here defined to include the following equipment:

12 m diameter primary reflector ﬂincluding quadripod subreflector support legs.
Secondary reflector and its servo-controlled positioning platform, including nutation.

A receiver cabin and its HVAC system.
Alt/az mount, the drive systems on the mount and the servo-system controller for the drives.

Metrology instrumentation such as temperature probes, tiltmeters, laser metrology systems, etc.
Power distribution cabling on the antenna and the cable wraps for these cables.

Platforms for mounting auxiliary equipment such as cryogenic compressors.

Antenna foundation design but not fabrication.

Antenna transporter vehicle.

The detailed specifications for all of this equipment, except for the Antenna transporter, can be found in the
contract for the prototype antenna (NRAO, 2000) and in the ICD's (ICD, 2000). A summary of the

requirements, including the antenna transporter, is provided below.

4.2. Specifications and Requirements

4.2.1 Operating Environment

The following operating environment defines the environment on the ALMA site in Chile. The first two
prototype antennas will be tested at the VLA site in New Mexico (altitude 2100 m). It is likely that all
production antennas will be assembled and undergo preliminary testing at San Pedro de Atacama (altitude
2440 m). Survival conditions at these test sites are no worse than the survival conditions on the ALMA site,
except for the temperature maximum which has been selected as adequate for the test sites.

4.2.1.1 Location: Northern Chile, latitude -23d01m S, longitude 67d45m W.
4.2.1.2 Altitude: 5000 m (16400 ft) The barometric pressure at this altitude is 55% of its sea-level value.

4.2.1.3 Maximum Wind Velocity: The antenna must survive 65 m/sec (145 mph) without damage when
positioned in its stow position.

4.2.1.4 Temperature: The antenna must operate correctly in the temperature range -20 C to 20 C. It must
survive without damage the range -30 C to 40 C. The annual average temperature on the site is -4 C.

4.2.1.5 Precipitation: Annual precipitation on the site is in the range 10 cm to 30 cm per year. Most of this
falls as snow but thunderstorms do occur and so brief periods of heavy rain and hail are possible. The
antenna must be designed to survive, without damage, the following conditions: maximum rate of rainfall 5
cm/hr, hailstones 2 cm diameter at 25 m/s, snow load 100 kg/sq.m on reflector surface, radial ice on all
exposed surfaces 1 cm. Surface heating to prevent snow and ice buildup not required.

4.2.1.6 Humidity: The monthly average humidity in the summer (January) is 53% and in the winter (June) it
is 31%. The annual average is 39%. The monthly average water vapor pressure in the summer (January) is
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4.0 hPa ( 4 gm/sq.cm) and in the winter (July) it is 1.2 hPa. The annual average is 2.3 hPa.

4.2.1.7 Insolation: The site location on the southern tropic, the high altitude and low water vapor result in
insolation rates amongst the highest in the world. The median midday solar flux in the wavelength range
0.3-60 micrometers for the months of December and June are 1290 w/sq.m and 840 w/sq.m respectively.
Ultraviolet radiation will be approximately 70% higher than at sea-level.

4.2.1.8 Lightning. Thunderstorms occur on the site so the antenna must be equipped with a lightning
protection system.

4.2.1.9 Dust and Grit. The site ground surface is volcanic soil and gravel with no vegetation of any kind to
stabilize the surface. It is likely that wind-blown dust and grit will be a factor for machinery operating on the

site but this problem has not yet been well quantified.

4.2.1.10 Earthquake. The ALMA site is in a seismically active zone, but the source of the earthquakes, the
tectonic plate interface, is more than 100 km below the surface so that the strength of the earthquakes is
lower than the strength experienced closer to the Chilean coast. Design for 0.3G horizontal or 0.3G vertical

acceleration. ’

4.2.2 General Configuration

The antenna will be a symmetric paraboloidal reflector, of diameter 12 m, mounted on an elevation over
azimuth mount. Subreflector support legs will be a quadripod configuration. A reflector surface consisting of
machined aluminum panels, or a panel technology providing equivalent accuracy, will be used. The
reflector surface will be mounted on a carbon fiber reinforced plastic (CFRP) reflector backup structure
(BUS). The BUS could be built completely of CFRP or could consist of CFRP structures connected by metal
connectors. The quadripod will be made of CFRP. The reflector surfaces of the antenna will not be painted.

~All drawings will have metric dimensions. All fasteners will be metric. The use of standard metric
cross-sections for construction materials is preferred but will not be required if it results in a cost increase.

The antenna will be designed for a lifetime of 30 years. For design purposes it will be assumed that the
antenna will execute not less than 270,000 complete cycles of elevation motion, where a complete cycle of
elevation motion is defined to be movement of the reflector from its lower elevation limit up to its upper
elevation limit and back down to its lower elevation limit. During its lifetime the antenna will execute not

less than 200,000,000 degrees of total motion about each axis.

The supply voltage for the antenna will be the European standards, 230 v (single phase), 400 v (3 phase). All
electrical systems must operate correctly on both a 50 Hz or a 60 Hz supply.

The antenna will be designed so as to conform to all relevant Occupational Safety and Health Administration
(OSHA) or European safety codes.

4.2.3 Reflector Geometry

The receivers will be located at the secondary focus of the Cassegrain geometry shown in Figure 1 (taken

from Lamb,1999).
Figure 1. Optics Layout for ALMA Antenna
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4.2.4 Range of Motion

Antenna foundations will be constructed so that the azimuth axis of an antenna is parallel to local gravity at
the pad. For observations close to the zenith this will result in a difference in parallactic angle between

antennas.
Minimum elevation angle for observations: 2 deg

Maximum elevation angle for observations: 125 deg. Cone of avoidance at the zenith: 0.2 deg in radius for
normal sidereal tracking. Because of the high velocities and accelerations required for fast switching or
on-the-fly mapping (see section 4.2.8 below) there will be a region around the zenith about 30 deg in radius,
where azimuth switching times are degraded .

Stow position for wind survival: elevation 15 deg (this position was chosen so that, during a winter storm,
the reflector can be oriented with its back into the wind to prevent build up of snow and ice in the dish. Stow
position for maintenance: zenith (this position was chosen to prevent an antenna undergoing maintenance
from mechanically interfering with an adjacent antenna in the most compact array).

Range of azimuth motion: 270 degrees either side of due north.

4.2.5 Reflector Surface Accuracy

The surface accuracy goal is 20 microns and the hard specification is 25 micrometers rms, including the
subreflector contributions. The 20 micron and 25 micron surfaces will provide antenna surface efficiencies
at 300GHz /900 Ghz of 94%/57% and 91%/41% respectively. At night this accuracy is to be achieved in a
wind of 9 m/s which is approximately the 90th percentile wind for nighttime (2000 hrs to 0800 hrs)
observing. During the day this accuracy is to be achieved for any orientation of solar illumination in a wind
of 6 m/s. During the day the focus can be calibrated astronomically every 30 min.

The final, precision measurement of the surface will be done by the ALMA Project using holography. For
the prototype antenna the contractor will provide a surface setting accuracy of 100 microns.The panel
adjusters will be calibrated so that an adjustment point can be moved with a resolution of 5 micrometers. A
full surface adjustment must require no more than 16 person-hours of work.

4.2.6 Pointing Accuracy

A pointing accuracy in "offset” pointing mode (calibrator 2 deg away every 15 minutes of time) of 1/30th
primary beamwidth rms at 300 GHz is required. The antenna specification is 0.6 arcsec RSS for offset
pointing, 2.0 arcsec RSS for absolute pointing. At night this accuracy is to be achieved in a wind of 9.0 m/s
which is the 90th percentile wind for nighttime (2000 hrs to 0800 hrs) observing. During the day this
accuracy is to be achieved for any orientation of solar illumination in a wind of 6 m/s.

4.2.7 Metrology

Provision will be made in the antenna design for inclusion of metrology equipment which will allow antenna
pointing to be corrected for structural deformation caused by wind or thermal loading. Metrology systems
for possible incorporation into the antenna include: a laser/quadrant-detector system to measure quadripod
movement, tiltmeters, temperature probes and laser/retroreflector systems. The antenna contractor will
provide any metrology that he considers essential for meeting performance specifications. An optical
telescope with CCD camera for pointing on stars will be supplied by the ALMA Project.

4.2.8 Fast Motion Capability
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Three obsefving modes require the ALMA antenna to have special fast motion capabilities: fast switching
phase calibration, on-the-fly total power mapping and on-the-fly interferometric mosaicking.

Fast switching: The antenna will move 1.5 degrees on the sky and settle to within 3 arcsec peak pointing
error, all in 1.5 seconds of time. The switching acceleration profile will be carefully designed so as to avoid
exciting the lowest structural resonant frequency of the antenna. The maximum velocity and acceleration
required for fast switching are 3 deg/sec and 12 deg/sec/sec on the sky respectively, with both axes able to
“move at this rate simultaneously. It is expected that this velocity and acceleration will be achievable in
azimuth only for zenith angles greater than 30 deg (this implies maximum azimuth velocity and acceleration

of 6 deg/sec and 24 deg/sec/sec respectively).

Analysis of the expected use of this fast switching mode (Holdaway, 1997) indicates that the antenna should
be designed to survive 30-50 million cycles of fast switching during an assumed 30 year life.

On-the-fly mapping: In this mode the antenna will scan at a rate of up to 0.5 deg/sec across a large object,
several or many beamwidths in size, and then turn around as rapidly as possible and scan back across the
source in the opposite direction. A maximum acceleration of 12 deg/sec/sec is required for the turn around.
While the antenna is scanning across the source the antenna position must be recorded at a rate sufficient to
provide an angular sampling interval on the sky of wavelength/(2D) radians. For 0.5 deg/sec motion and 900
GHz observations this requires antenna position readout every 2 msec. The antenna positions should be
accurate to 1 arcsec. As the antenna tracks across the source it is not necessary for the position at any time to
be precisely a precommanded position; it is sufficient to simply know where the antenna is actually pointing
and all antennas need not point precisely at the same position.

On-the-fly interferometric mosaicking requires interferometry data to be taken while the antenna is
continuously scanning across the source. It is expected that the antenna velocity will be only one-tenth of its
mapping-on-the fly value (see previous paragraph), but in this case all antennas must point to the same
position at the same time to within 1 arcsec rms. :

4.2.9 Subreflector Position Control

The subreflector will be supported on a platform which allows movement in all 3 linear directions. The
precision of the mechanism will be adequate to allow the subreflector to be positioned, under computer
command, with sufficient accuracy to prevent gain loss of more than 1% at 900 Ghz due to focus, comatic or
astigmatic aberration. Position will be correctable on timescales of seconds. Total axial focus motion is 2.0

cm.

In addition to the above listed linear motions the prototype antennas will also be equipped with a
subreflector nutator with the following specifications: 10 ms transition time, 10 Hz repetition rate, +- 1.5’
throw, full dynamic balance. The decision as to whether all antennas will be equipped with nutators will be

made after testing the prototype antennas.

4.2.10 Phase Stability

Phase errors caused by variations in the propagation pathlength through the antenna can be rapidly or slowly
varying. Fast phase changes are primarily caused by the wind and the peak pathlength variation in a 9.0 m/s
wind must be no more than 15 microns. Slow phase changes are primarily due to variations in the
temperature of the antenna and the goal is to keep these phase errors small enough so that the residual errors
after an astronomical phase calibration every 3 min are small enough to allow observations at 900 Ghz.
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4.2.11 Close Packing

In the smallest array the antennas must be placed close together. It will be possible to place the antennas
with their azimuth axis within 15 m (1.25 D) of each other without any possibility of the antennas hitting
each other, no matter what the relative orientation of the two antennas.

4.2.12 Solar Observing

Direct observations of the sun will be allowed. All surface accuracy and pointing requirements must be met
while observing the sun and a suitable surface treatment of the primary reflector surface must be provided to
prevent solar heating damage of the subreflector or its support legs. When observing the sun the solar
heating of the secondary focal plane must be less than 0.3 W/sq.cm.

4.2.13 Low Antenna Noise

Contributions to system noise from the antenna, due to such mechanisms as scattering of ground noise into
the feed and resistive loss of reflector surfaces, will be minimized as much as possible without
compromising the surface accuracy and pointing requirements. Design features to be considered to achieve
this goal include supporting the subreflector support legs close to the edge of the reflector and shaping the
underside of the support legs to reduce ground pickup. Geometrical blockage will not exceed 3.0% and
resistive loss of any reflective surface will not exceed 1.0% at frequencies up to 950 GHz.

4.2.14 Transportability

To move the antennas from one array configuration to another the antennas will be picked up and carried on
a transporter vehicle which runs on a gravel road on rubber tires. The transporter with an antenna on board
will be able to negotiate a 15 % grade, turn a corner with a minimum turning radius of 10 m and travel at 10
km/hr on the flat and 5 km/hr up a 10% grade. An unloaded transporter must be able to travel at 20 km/hr on
the flat. The transporter must be able to safely move an antenna in winds up to 16 m/s (this is approximately
the 95th percentile for the winds on the site at 1600 hrs local time, the time at which the winds are maximum
each day). A stationary transporter with an antenna on board will survive winds up to 65 m/s; if necessary,
structure can be deployed to stabilize the transporter on the ground in this survival mode. To withstand the
bumps and jolts of transportation and pickup/putdown the antenna will be designed to survive shock loads of
4 G vertical and 2 G horizontal acceleration.

The transporter will carry an auxiliary generator to keep all electrical systems on the antenna operational
during a move. The transporter will pick up the antenna above its azimuth bearing so that the azimuth
bearing and drive can be used to rotate the base of the antenna to simplify bolt hole alignment when an
antenna is placed on a pad. It may be desirable to oxygenate the air in the transporter operator's cabin so the

cabin must not have large air leaks.

When an antenna is picked up a time goal of 20 min is required from the time of arrival of the transporter to
the time of departure with an antenna on board. When an antenna is placed down on a pad a time goal of 30
min is required from the time of arrival of the transporter until the transporter has departed and the antenna is

ready to be pointed.

A current design concept for the transporter can be found in ICD NO. 5 ANTENNA/TRANSPORTER

INTERFACE available at ICD, 2000
for the US antenna and ALMA-Europe Antenna WWW Page for the European antenna. Because of

differences in the antenna design, the US antenna has 4 transporter attachment points and the European
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antenna has 3. The current goal is to design the prototype transporter so that it can pick up either antenna.

4.2.15 Receiver Cabin

A receiver cabin with dimensions approximately as shown in Figure 1 will be provided at the Cassegrain
focus. Temperature in the equipment air supply plenum will be maintained by an antenna mounted HVAC
system at a setpoint in the range 16-22 C to an accuracy of +- 1C. The electrical power consumption of
equipment in the cabin will not be greater than 10 kw. The mass of equipment in the cabin will not be

greater than 1600 kg.

A built-in mechanism will be provided so that a receiver can be lifted from the ground, through the cabin
door and into its observing location, all without significant man-handling of the receiver. Part of the
installation of a receiver may involve the use of a separate special purpose vehicle, such as a high fork-lift,
which lifts the receiver through the cabin door.

The cabin will be watertight and a thin RF-transparent membrane will cover the aperture through which the
RF beam enters the cabin. A computer actuated shutter will be deployable to protect the membrane when

necessary.

It may be desirable to oxygenate the cabin air when workers are inside so the cabin must not have large air
leaks.

A typical layout for the receiver cabin is shown in Figure 2.

Figure 2. Typical layout for ALMA receiver cabin.
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4.2.16 Monitor and Control
Lists of monitor and control points for the antenna can be found in
ICD NO. 9 ANTENNA/MONITOR AND CONTROL INTERFACE, available at (ICD, 2000) for the US

antenna and at ALMA-Europe Antenna WWW Page for the European antenna.

4.2.17 Interfaces to Other Subsystems

Interfaces to the various ALMA subsystems are defined in the ICDs available at (ICD, 2000) for the US
antenna and at ALMA-Europe Antenna WWW Page for the European antenna. :

ICD NO. 1 ANTENNA/RECEIVER INTERFACE

ICD NO. 2 ANTENNA/APEX INTERFACE

ICD NO. 3 ANTENNA/SITE ELECTRIC POWER INTERFACE
ICD NO. 4 ANTENNA SITE FOUNDATION INTERFACE

ICD NO. 5 ANTENNA/TRANSPORTER INTERFACE

ICD NO. 6 ANTENNA/CABLE WRAP INTERFACE

ICD NO. 7 ANTENNA/HELIUM COMPRESSOR INTERFACE
ICD NO. 8 ANTENNA/OPTICAL POINTING TELESCOPE INTERFACE
ICD NO. 9 ANTENNA/MONITOR AND CONTROL INTERFACE
ICD NO. 10 RECEIVER CABIN EQUIPMENT RACK INTERFACE
ICD NO. 11 BASIC ANTENNA DEFINITIONS

4.2.18 Maintenance and Reliability
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Because of the remote site and large number of antennas the reliability and maintainability of the antennas
are important. The antennas will be designed so that, with normal preventive maintenance, they should
operate for 30 years without requiring elevation or azimuth bearing or reflector surface replacement.
Although they should not be required, straightforward elevation and azimuth bearing replacement
procedures must be included in the antenna design. All normal repair and maintenance actions should be
able to be completed by a two- person crew in 4 hours. To the maximum extent possible all equipment on
the antenna should be "modularized"” so that a failure can be cured by simply swapping out the failed
component without the need for any repair in place. Examples of equipment which should be designed for
easy replacement includes gear boxes, drive motors, HVAC equipment, servo-system electronic components
and the subreflector position control mechanism.

4.2.19 Manufacture and Assembly
The antenna will be designed for economic production costs.

The first two antennas will be tested initially at the VLA site in the US. At least one of the prototype-
antennas will later be shipped to the ALMA site so the ability to disassemble the antenna into pieces for

overseas shipping is required.

The high altitude and remoteness of the ALMA site make it desirable to minimize the amount of work
required on the high site. It is expected that the antennas will be assembled, outfitted and tested at an
Operations Support Facility in San Pedro de Atacama 50 km from the ALMA site at an altitude of 2400 m.
They will be carried to the ALMA site on the transporter vehicle or, in the event that this proves not to be
feasible, they will be disassembled into just two pieces, the mount and the reflector, for transportation to the
site on trucks. Thus the antenna will be designed for easy disassembly at the elevation axis and both the
reflector and mount must have pickup points for handling as single units.

4.3. Design Concepts

Four antenna concepts were developed within the ALMA Project.

A 10 m concept developed principally at NRAO and BIMA( Lugten et.al., 1999 )

A 10 m concept developed principally at OVRO( Woody and Lamb, 1999 )

A 12 m concept developed principally at ESO ( Andersen, 1999 )

A 12 m concept developed principally at IRAM ( Plathner, 1999 )

These concepts were provided to the bidders during the proposal phases for the NRAO and ESO contracts to
assist the bidders in making their proposals..

Concept pictures of the antennas being designed by the two contractors are shown in Figures 3 and 4.

Figure 3. European Industrial Engineering antenna concept.
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4.4. Procurement and Construction Plans

The following is a list of the principal tasks, with date goals for the major milestones, required in the ALMA
Project to progress from prototype antenna delivery to a contract for production antennas:

Installation of prototype antennas at VLA site - 4Q 2001
Contractor Acceptance Tests - 4Q2001

Tests

Evaluation

Selection of production design

Specification for Production Antennas (build to print) - 2Q 2003
Call for Tenders
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Bidding -
Selection

Approval
Contracting - 4Q 2003
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5 Alma Project Book. Front End

5.1 Introduction
This chapter of the Project Book describes the front ends that will be built for ALMA. As with
all of the Project Book this chapter should be regarded as a "living document" subject to change
at any time. Many of the details of the front end are undecided at the present time and will be
included as the final design evolves. The present form of the front end is the result of efforts by
several groups, each of which has contributed to the Project Book. From its conception it was
recognized that the front end for ALMA would be quite different from any front end previously
built for radio astronomy. Listed below are the major considerations that have driven the
concepts behind the present front end design.

e For reasons of access, weight and all the usual reasons the decision was made at the start of
the project to install the front end at the Cassegrain focus.

e Good performance over the complete range of frequencies to be covered by ALMA. This
resulted in the frequency range of 31 GHz to 950 GHz being divided into ten separate bands.
This division permits the optimization of both noise performance and optical coupling at all
frequencies over the array's operating frequency band.

e Each frequency band will have two channels tuned to identical frequencies. The decision has

- been made to have these two channels receive two linearly polarized orthogonal signals.

e High reliability. It is recognized that building a front end that must be replicated at least 64
times is quite different from building a single front end for one telescope. High reliability is
obviously a major consideration. It has been recognized that high reliability and the very best
performance may not always be achievable together. '

e The front end should be modular so that one easy to install self-contained receiver should
cover that one particular frequency band. This was felt to be necessary to accommodate the
desire to have groups in different locations produce receivers for the different bands. These
self-contained receivers have become to be known as "cartridges".

e The front end itself, containing the ten cartridges should be one self-contained unit, easily
removable from the antenna for servicing.

e The front end and all its components should be able to be produced, assembled and tested in
a manner appropriate to the manufacture of front ends on this scale. It is recognized that the
resulting design may be quite different from that produced for optimum performance on a
single telescope.

e Servicing and all matters to do with installation on the antenna should be as easy as possible
and appropriate to conditions at the high site.

e The front end should operate for long periods - around one year - with no maintenance.
Experience at various telescopes in operation for many years suggest that this is a realistic
goal although it was felt that this requirement ruled out the use of a "hybrid" cryostat
involving the use of liquid helium.

5.2 Specifications

The document Specifications for the ALMA Front End Assembly (latest version) contains the
detailed specifications. These have been approved by the AEC with a pending change request
regarding the extension of band 3 down to 84 GHz. The main specifications are:

e Frequency coverage: from 31.3 to 950 GHz in 10 bands (see Table 5.1)



simultaneous reception of two orthogonal polarizations
receiver noise between 6 and 10 times ~v/k over 80% of the band, with a goal of achieving 3
to 8 times hv/k, depending on the band

e IF bandwidth 8 GHz total per polarization

e observations at one frequency at a time (no dual frequency obervations)

¢ inclusion of a water vapour radiometer using the 183 GHz line for phase correction.

For details, see the full Specifications for the ALMA Front End Assembly (latest version).

Table 5.1 — Frequency bands for ALMA
Band from (GHz) to (GHz)

1 313 45
2 67 90
3 89" 116
4 125 163
5 163 - 211
6 211 275
7 275 370
8 385 500
9 602 720
10 787 950

change request to 84 GHz underway

5.3 Overall System Description

The following is a brief description of the overall front end system. Details may be found in the
relevant sections of the chapter. The receiver consists of a circular dewar 1.0 m in diameter and
0.7 m in height. The individual receivers (cartridges) are inserted into the bottom of the circular
dewar. LO, IF and circuit connections are made to cartridges from the bottom of the cartridge:
the millimeter/sub-millimeter signal enters the top of the cartridge via a vacuum window and
infra-red filter. The entrance to the various frequency band cartridges is in the focal plane of the
antenna so frequency selection is achieved by adjusting the telescope pointing. This very simple
configuration is shown in Figure 5.1
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The necessary IF processing, various control circuits and computer interfaces will be packaged
external to the dewar with the configuration yet to be decided. The overall configuration of the

front end is illustrated in block diagram form in Figure 5.2 (the front end configuration) and
Figure 5.3 (the cartridge configuration).
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Figure 5.3

5.4 The optical arrangement

(See separate sub-chapter on Optics in Project Book Table of Contents)
5.5 The dewar and Cryogenic Cooler

(See separate chapter on Cryogens in Project Book Table of Contents)
5.6 Reéeiver Band Cartridges

5.6.1 Introduction »
The concept of receiver cartridges is being developed for various reasons. The idea of a
millimeter front end consisting of various well defined inserts is not new and was developed at
NRAO many years ago. For the ALMA receivers the idea of each receiver band being a single
unit, testable separately of the main receiver Dewar was particularly appealing given the
participation of various groups geographically separated and the desire of these groups to be
responsible for different receiver bands. The cartridge approach also minimizes the number of
interfaces (optical, mechanical, electrical and thermal) and allows that a cartridge may be built
and tested in one location and installed in the main front end dewar later. The constraints on
cartridge size are outlined in *** along with drawings of the basic cartridge. The ALMA
Scientific Advisory Committee (ASAC) has identified four receiver bands out of ten as first
priority for development and installation. These are bands 3 (89 — 116 GHz), 6 (211 — 275 GHz),
7 (275 — 370 GHz) and 9 (602 — 720 GHz). The design approaches for these four initial bands are
described in the following sections.

5.6.2 Band 3 Cartridge development at NRAO

Last revised on November, 05 — 2000 by A.R. Kerr, S.-K. Pan and John Webber

Revision History: 2000-10-05: New

5.6.2.1 Introduction

This band is presently defined as covering 89-116 Ghz. However there is a change order in

process to change the lower end of this band to 84 Ghz. In recent years HFET amplifiers have

been developed which meet the ALMA specifications with one exception and would be most

‘attractive to use. Since the ALMA receivers are intended for both interferometric and single-dish -
total power observations the radiometric stability of the receivers is important. Based on the

work of Wollack and Pospiezalsky [?] the so called 1/f noise produced by a wideband HFET

amplifier would exceed the ALMA specifications. This problem has been well summarized by

Webber (see section 5.6.2.2.3). Due to this potential problem work had progressed on the

development of a fixed tuned SIS mixer for band 3 as described below.



5.6.2.2 SIS Mixer Development for band 3

5.6.2.2.1 Summary

This section describes the SIS mixer development plan for the ALMA front-ends for Band 3,
nominally 90-116 GHz, for which the science group has requested assessment of the feasibility
of extension to 86-116 GHz. The primary driver for this development is the 1/f gain noise of
HFET receivers (discussed below). The goals for the design and development phase are:

1.

2.

3.

carry out a thorough study on the feasibility of developing balanced sideband-separating
mixers with integrated IF amplifiers meeting the ALMA specifications, _

develop and evaluate a fully-integrated (MMIC) fixed-tuned waveguide mixer and use it as a
building block in the balanced and sideband separating mixer, and

provide technical and budgetary information gathered in this study to ALMA management
and scientific advisory committee as one of the basis of choosing SIS or HFET receivers for
this band. If it is decided to use SIS receivers in this band, the goals for the construction
phase are to mass-produce SIS mixers with repeatable performance at minimum total cost.

Table 5.2 - SIS Receiver Specifications

Item Specification

Receiver noise temperature | noise referred to the vacuum window of 60 K over 80% of

Noise sufficiently low to produce single sideband receiver

band and 80 K at any frequency

Frequency band covered Band 3, 90-116 GHz, extended to 86-116 GHz if possible

Minimum of 4 GHz total, falling in band 4-12 GHz; want 8

IF bandwidth GHz for each sideband if possible
Linearity TBD

. Balanced operation, sideband separation > 10 dB, no
Configuration

mechanical tuners

5.6.2.2.2 Development

5.6.2.2.2.1 Design Requirements
In order to meet the receiver specifications listed in Table 5.2, the following properties are
required in Band 3 SIS mixers:

Low mixer noise temperature.

Low mixer conversion loss (~0 dB DSB). While gain is possible in SIS mixers, substantial
conversion gain is undesirable because of the reduced dynamic range and greater possibility
of out-of-band instability.

High saturation power. Receivers should be capable of performing solar observations.

Wide RF bandwidth (minimum of 26 GHz total, from 90 to 116 GHz, but extended to 30
GHz total, from 86 to 116 GHz, if possible).

Wide IF bandwidth (minimum of 8 GHz total, from 4 to 12 GHz).

A moderately well matched input.

Operation into a 50-O IF amplifier with no matching impedance transformer is desirable. SIS
mixers with matched output tend to have poor input match and, in certain cases, may have
input reflection gain, which may increase the baseline ripples and the receiver’s instability.

¢



5.6.2.2.2.2 Single-Junction vs. Array

Theoretically, the performance of an N-junction array is the same as that of a single junction,

which has the same overall impedance, provided that

e current is in phase all along the array and

e that all of the junctions of the array are identical.

The advantages of using N-junction arrays are:

e a greatly increased dynamic range (proportional to N?),

e casy suppression of Josephson-effect noise

e less susceptibility to electric transients and

e casier fabrication (better yield).

The disadvantages of using arrays are:

e some experiments have shown that, contrary to the theoretical predictions, array mixers may
have higher noise temperature than single-junction mixers and

e it requires N> more LO power to operate.

Since the NRAO is experienced in developing and operating quantum-limited low-noise array

mixers in this frequency band and sufficient LO power is not an issue in Band 3, we have

decided to use arrays in this band.

5.6.2.2.2.3 MMIC Design vs. Waveguide Hybrids

There are many ways to construct balanced sideband-separating mixers in the millimeter- and
submillimeter-wave bands.

Two designs, a single-chip (MMIC) design developed at NRAO [1-3] and a design based on
waveguide hybrids reported in ALMA Memo 316 [4], are in particular suitable for ALMA
balanced sideband separating mixer development work. However, for Band 3, because the large
size of single-chip balanced sideband-separating mixers will permit very few mixers per wafer,
the approach using waveguide hybrids may be preferable to the MMIC approach.

5.6.2.2.2.4 Junction Parameters

Kerr and Pan [5] and Ke and Feldman [6] have developed SIS mixer design procedures. At 100
GHz, both procedures give similar optimum source and load conductance and junction ? RNC
product. Table 5.3 lists the junction parameters calculated using the design rules outlined in [5]
with a source impedance of 35 O and load impedance of 50 O, a specific capacitance Cs = 65
fF/um? Rylc= 1.8 mV and ? RyC = 3.5 at 115 GHz.

Table 5.3 - Band 3 Device Parameters for UVA=s Niobium Trilayer Circuit Process

Jc 2,500 A/cm?

Junction size (diameter) 2.3 um

Normal Resistance of the Array | 70 O
Cs 65 fF/um?

Si0 dielectric constant 5.7

12 (SiO) 2,000 A




M3 4,000 A
300 A

'PA/AU

5.6.2.2.2.5 Mixer Design
A fully integrated (MMIC) fixed-tuned 86-116 GHz SIS waveguide mixer, similar to the NRAO
373 mixer [7], is currently being developed at the CDL for ALMA Band 3. Special design efforts
have been made to meet ALMA’s specifications. The circuit parasitics (capacitance and
inductance) seen at the mixer's IF port have been minimized using a circuit layout similar to that
described in [7] to meet ALMA's IF bandwidth specification. An additional RF matching circuit
has been implemented to increase the RF bandwidth.
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Figure 5.4 - Return loss of the coupling network to the SIS array. The return loss is the
match seen at the 50 O waveguide probe to a 35 O optimum array source impedance.

Initial circuit analysis using MMICAD [8], shown in Figure 5.4, shows that it is possible to
design a coupling network to provide good matching between waveguide probe and the array’s
optimum source admittance over the entire ALMA Band 3 frequency range. The RF embedding

admittance seen by the array is shown in Figure 5.5.
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Figure 5.5 - RF embedding admittance seen by the array. The junction capacitance is taken
as part of the embedding circuit. The circle is at |?| = 0.4. The Smith chart is normalized to
' the optimum source conductance. '

The Smith chart is normalized to the optimum source admittance for the array, 0.0286 mhos in
the present case. The junction capacitance is taken as part of the embedding circuit in this
calculation. The circle at |?| = 0.4 indicates the range of embedding admittance within which
acceptable SIS mixer performance will be attained.

5.6.2.2.2.6 Band 3 Milestones

Table 5.4 - Band 3 building block mixer milestones
shows the proposed development schedule for Band 3 SIS building block mixer:
Table 5.4 - Band 3 building block mixer milestones

Finish mixer circuit analysis 2000-11-30
Mask layout 2000-12-21
Mask fabrication 2001-01-15
Junction fabrication by UVA | 2001-02-15
Mixer block fabrication 2001-02 -15
Mixer evaluation 2001-03-15

5.6.2.2.3  1/f Gain Fluctuations



Since the ALMA receivers are intended to perform duty both for interferometric and for single-
dish total power observations, the radiometric stability of the receivers is important. M.
Pospieszalski of NRAO has already developed a wideband 68-116 HFET amplifier with noise
performance which nearly meets the ALMA specification. However, based on work by Wollack
[9] and Wollack and Pospieszalski [10], it may be calculated that the 1/f gain fluctuation of a
smgle channel radiometer (no switching) would produce total power fluctuation of about 3-10™
in one second, exceeding the ALMA receiver specification of 1-10™ in one second. Preliminary
results on a 230 GHz laboratory SIS receiver indicate that it meets the ALMA specification; a
detailed investigation is in progress.
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5.6.2.3 Orthomode Transducer for band 3.

As mentioned previously each ALMA band is divided into two channels, each channel
responding to a linear polarization with the two polarizations being orthogonal. For the lower
frequency bands we are developing waveguide orthomode junctions based on the Biofort
junction. Ed Wollack, now at NASA Goddard has pioneered this work (We need references and
possibly results here). We now have good results from such an orthomode transducer for band 3
and are working now on a similar design for band 6. An outline drawing of the OMT is given

below.

Figure 5.6

5.6.2.4 Band 3 Cartridge outlines.
A preliminary outline of a cartridge design that will satisfy the mechanical dimensions of the
present cartridge design is given below.



Figure 5.7

5.6.3 Band 6 SIS mixer development at NRAO

Last revised on November, 05 — 2000 by A.R. Kerr, S.-K. Pan and John Webber

Revision History: 2000-10-05: Revised from 1999 MMA version for ALMA.

5.6.3.1 Summary

This section describes the SIS mixers to be used in ALMA front ends for Band 6, 211-275 GHz.
The goals for the design and development phase are to produce working prototypes of balanced,
sideband-separating mixers with internal IF amplifiers (see section 5.6.4) meeting the general
specifications. The goals for the construction phase are to produce large numbers of mixers with
repeatable performance at minimum total expense.

Table 5.5 - SIS mixer specifications

Item Specification
Noise sufficiently low to produce single sideband receiver noise
referred to the vacuum window of 77K over 80% of band, 126K

Receiver noise temperature




at any frequency

Frequency band covered Band 6, 211-275 GHz

Minimum of 8 GHz total, falling in band 4-12 GHz; want 8 GHz

IF bandwidth for each sideband if pos51ble—otherw1$e 4 GHz per s1deband 18
acceptable . » ,
Linearity - | TBD
” Balanced operatlon sideband separation >10 dB, no mechanical
Configuration funers

Table 5.6 - SIS mixer Band 6 milestones

First sideband-separating (SBS), balanced mixer tests 2000-10-30
Integration of SBS, balanced mixer with 4-12 GHz IF amghﬁers 2001-03-01
Critical Design Review -1 2001-04-01
Beginning of production B 2001-06-01

5.6.3.2 Performance
Figure 5.8 shows the DSB noise temperatures of SIS receivers reported in the last few years. The
best fixed-tuned receivers have DSB noise temperatures in the range 2-4 hv/k up to ~700 GHz.
Above ~700 GHz, receiver noise temperatures rise rapidly because of RF loss in the Nb
conductors. Work on new materials is likely to improve high frequency results in the next few
years (e.g., NbTiN for 700-1200 GHz).
Note that in calculating SSB system noise temperatures from DSB receiver noise temperatures,
care must be taken to include the appropriate image input noise. The appropriate value of SSB
receiver noise temperature is given (in the absence of window, lens, mirror, and IR filter losses)
by: :

Trsss = 2Tross + Timage

This formula applies to a SSB receiver composed of a DSB receiver with a sideband separating
network at its input. Since Tgrpss presumably includes window plus IR filter plus horn loss, that
will be included in both signal and image channels, so the value of Trsss above is pessimistic.



SIS RECEIVER PERFORMANCE ARK 3 Jun 96

250

A=Nagoya University : g
C=CalTech : : — Schottky
c=Caltech(quasi-optical) : .
E=SEST
G=GISS/Princeton

.| |H=Hertzberg Inst.
200 I=IRAM
J=JPL
K=KOSMANJ. of Koln
M=Max Planck
N=NRAO
O=Nobeyama
S=SRON
s=SRON(quasi-optical)
$=SA0
W=Cambridge

-
[6)]
Q

T(Rx) DSB (K)
=

. ﬁ$$$ 553”

“m,ur

R

0 100 200 300 400
’ Freq. (GHz)

Figure 5.8 - Reported SIS mixer DSB receiver temperatures

Most of these receivers use a ~1.5 GHz IF, an exception being the SAO receivers which use 4-6
GHz. The IF for ALMA is chosen as 4-12 GHz to give the desired 8 GHz IF bandwidth. The best
individual tunerless SIS receivers reported to date in the 150-400 GHz range have frequency
ranges 1.37:1, 1.42:1, and 1.54:1. Their noise temperatures degrade quite precipitously beyond
the band edges. In making the 64 receivers required for each band on ALMA, we cannot expect
to achieve identical Tr vs. freq. characteristics, and the maximum bandwidth common to all 80
receivers will be somewhat less than that of the individual receivers. (Nb process control is
something we are starting to work on with our SIS fabricators, but hitherto there has been little
consideration given to such matters in SIS mixer production). It is hoped that by the time we start
building the ALMA receivers we will be able to achieve a 1.5:1 common bandwidth, but until
this is actually demonstrated we should be conservative to ensure we do not end up with
unexpected gaps in the frequency coverage. This has governed the choice of frequency bands for

the SIS receivers.
5.6.3.3 Development

5.6.3.3.1 Capacitively loaded coplanar waveguide



To achieve wide RF bands (an upper to lower frequency ratio of 1.3 or greater) without
mechanical tuning, a fully integrated (MMIC) mixer design is desirable. The resulting "drop in"
mixer chips are relatively easy to mount in blocks in which they are coupled to RF and LO
waveguides. Conventional microstrip MMIC technology is difficult to use above ~100 GHz
because of the very thin substrates necessary to prevent coupling to unwanted substrate modes.
The use of coplanar waveguide (CPW) circuits allows a thick substrate, but is prone to odd-mode
resonances excited by bends or near-by obstacles, and has poor isolation between adjacent lines.
CPW also requires inconveniently narrow gaps when a substrate of low dielectric constant is
used. To overcome these difficulties, we have developed capacitively loaded coplanar waveguide
(CLCPW), a CPW with periodic capacitive bridges. The bridges are grounded at the ends, thus
suppressing the odd mode, but they also add a substantial capacitance per unit length to the
CPW, which allows desirable characteristic impedance levels to be obtained with convenient
dimensions. Figure 5.9 shows a 200-300 GHz quadrature hybrid composed of CLCPW with

periodic capacitive bridges.
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Figure 5.9 - A 200-300 GHz quadrature hybrid using capacitively loaded coplanar
waveguide (CLCPW).

The bridges are 4 microns wide, and are connected to the ground plane at their ends. The fourth
port (lower left) has a built-in matched termination. The substrate is 0.0035" fused quartz.

5.6.3.3.2 Sideband separating mixer

Even at the proposed site in Chile with its low atmospheric water vapor, atmospheric noise in the
image band of an SIS receiver will add substantially to the system noise. The advantages of
sideband separating mixers with their image terminated in a 4 K cold load have been discussed
(see ALMA Memos 168 and 170), and we expect to use sideband separating mixers in at least
the lower frequency SIS receivers. A developmental MMIC 211-275 GHz sideband separating
mixer is shown in (Figure 5.10, Figure 5.11, Figure 5.12, Figure 5.13 and Figure 5.14). The IF
outputs from the mixer are combined in an external quadrature hybrid which phases the down-
converted signals from the upper and lower sidebands so they appear separately at the output
ports of the hybrid. A useful property of the sideband separating SIS mixer is that the sidebands
can be swapped between the two outputs simply by reversing the polarity of the bias on one of
the component mixers.
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Figure 5.10 - Block diagram of an SIS sideband separating mixer
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Figure 5.11 - 211-275 GHz sideband separating mixer, showing the signal and LO
waveguides, suspended stripline coupling probes, and the main substrate.
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Figure 5.13 - Receiver temperature for the experimental mixer.
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Figure 5.14 - Receiver sideband separation for the experimental mixer.

5.6.3.3.3 Balanced mixer

The use of balanced SIS mixers has two potential advantages for ALMA. Compared with the
usual ~20 dB LO coupler or beam splitter in front of the mixer, a balanced mixer requires ~17
dB less LO power. This greatly eases the task of developing wideband tunerless LOs. The other
benefit of a balanced mixer is its inherent rejection of AM sideband noise accompanying the LO.
A MMIC balanced mixer design is shown in (Figure 5.15, Figure 5.16 and Figure 5.17).
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Figure 5.15 - Block diagram of a balanced SIS mixer.
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Figure 5.16 - Substrate of a 211-275 GHz balanced mixer, showing the quadrature hybrid

and two SIS mixers.

ALMA Memo 308 describes the 211-275 GHz balanced mixer depicted in Figure 5.16. The
measured noise temperature is shown vs. frequency in Figure 5.17. The first such chip tested was
tuned slightly high due to normal variation of wafer parameters, but it exhibits good noise
performance and LO noise rejection. The LO noise rejection was >10dB over the tuning range.
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Figure 5.17 - Noise of a balanced SIS mixer.
56.3.34 Sideband-separating balanced mixers



Now that the designs of the sideband-separating and balanced mixers have been verified, we
have designed and expect soon to test a mixer which incorporates both these features: a balanced,
sideband-separating mixer. This will incorporate the circuit elements whose design has already
been proven individually. This will produce for the MMA a mixer that requires a minimum of
LO power, provides good immunity to LO noise, and substantially reduces the contribution to
system noise of atmospheric noise in the unwanted sideband.

A photograph of a single MMIC chip is shown in Figure 5.18.

Figure 5.18 - Photograph of a balanced, sideband-separating SIS mixer chip.

5.6.3.3.5 Balanced sideband-separating balanced mixers in waveguide hybrids

An alternate means of achieving balanced, sideband-separating, and balanced sideband-

separating operation with SIS mixers is by the use of waveguide hybrids and power splitters with

two or four simple DSB mixer chips. The waveguide components can all be machined into a

single split-block which also serves as the SIS mixer block. An example of this approach appears

in ALMA Memo 316. We have designed and tested such waveguide hybrids in WR-10

waveguide (the highest band for which band we have a vector network analyzer). Figure 5.19

and Figure 5.20 show the computed and measured results for an experimental WR-10 quadrature

hybrid. The performance of these experimental structures is satisfactory for use in ALMA

receivers, and the required tolerances appear achievable with modern CNC machining techniques

for all bands except, possibly, band 10 (787-950 GHz).

This configuration may be preferable to the single-chip balanced sideband-separating mixers in

the following circumstances:

1. at the lowest SIS mixer band, for which a completely integrated chip would be relatively
large, so a production wafer would contain only a few mixers;

2. at the highest bands, for which ohmic losses in the niobium transmission lines of a single-
chip mixer may be too high;

3. if the yield of junctions of acceptable quality were low, so the chance of obtaining four good
component mixers on a single chip was reduced to an unacceptable level.



Figure 5.19 - An experimental WR-10 quadrature hybrid.
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Figure 5.20 - Comparison of a simulation using QuickWave with measured results. The
smooth curves are the predictions, and the noisy curves are measured data.

In order to achieve the 8 Ghz bandwidth needed to satisfy the ALMA specifications new
techniques are required. One option is to integrate the IF amplifier into the mixer. Work carried
out at the CDL in this regard is described below.

5.6.4 Integrated IF Amplifier

Last revised on November, 05 — 2000 by Eugene Lauria, A.R. Kerr, S.-K. Pan, J.C. Webber.
Revision History: 2000-10-05: Revised from 1999 MMA version for ALMA.

5.6.4.1 Introduction



Two options were considered for the 8-GHz-wide IF in the 211-275 GHz SIS receivers for
ALMA. The conventional approach uses an IF isolator between the mixer and IF amplifier, while
a new scheme, based on earlier work done at OVRO in collaboration with the NRAO, uses an IF
amplifier stage inside the SIS mixer block and no isolator. The latter scheme allows an IF
covering more than an octave, chosen as 4-12 GHz. The need for an isolator in the conventional
scheme would force the IF center frequency to at least 12 GHz (IF = 8-16 GHz) to achieve an 8
GHz bandwidth, probably with a significant noise penalty. The penalty is not simply a result of
the increase in amplifier noise temperature at the higher frequency, but includes the noise from
the cold termination of the isolator which is reflected from the mixer output.

The use of a high intermediate frequency, as required by both the above schemes, imposes a
constraint on the output capacitance and inductance of the SIS mixer. In most SIS mixers, the RF
tuning circuit adds substantial IF capacitance in parallel with the SIS junction. We have
developed an SIS mixer with low IF capacitance, and this design was used as a building block in
the sideband separating and balanced mixers described in section 5.6.3.3.4.

5.6.4.2 Development

In collaboration with M. Pospieszalski of the NRAO Central Development Laboratory, we have
developed and interfaced to a 211-275 GHz SIS mixer a 3-stage IF amplifier covering 4-12 GHz
(Figure 5.21). This amplifier uses discrete InP HFET transistors to achieve minimum noise and
power dissipation, a critical factor in maintaining the SIS junctions at the lowest possible
temperature. Due to the high fr of InP devices, the frequency dependence of their noise
parameters is much lower than that of GaAs devices. This is important in order to obtain low
noise over broad bandwidths.

Initially, the IF amplifier was optimized for minimum noise with a 50 ohm input load
impedance. The SIS mixer is connected to the IF amplifier with a single bond wire and requires
no additional matching circuitry. In this particular case, further optimization of the input circuit
does not yield any substantial improvement in noise performance over the existing network used
for the amplifier by itself. Although this matching network happens to work in this case, it may
not work for other mixers. Having the input matching circuit optimized for an input load
impedance of 50 ohms makes it handy for testing the amplifier because the mixer block and a
type-K connector can be interchanged. To minimize parasitic reactance between the mixer and
amplifier, the bias circuit for the mixer is incorporated in the existing amplifier block. This has
the added advantage that the amplifier and the mixer bias circuit are tested together which

reveals any undesirable interaction between them.
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Figure 5.21 - Physical layout of the experimental integrated mixer/amplifier.

Initial experiments have been carried out with a single-ended building-block mixer. The results
are shown in Figure 5.22 and Figure 5.23. The performance with the 4-12 GHz IF as a function
of RF frequency is essentially the same as for the 1.5-GHz IF chain.
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Figure 5.22 - Initial results for a SIS mixer with the experimental IF amplifier, as a
function of LO frequency.
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Figure 5.23 - Initial results for the experimental integrated SIS mixer/wideband IF
amplifier, as a function of intermediate frequency.

5.6.4.3 Further plans

The next step will be to try different mixers to see how they interact with the amplifier. There
may be some cases in which the amplifier will see a negative input load impedance from the
mixer. It is not certain how the amplifier will perform if it sees such an impedance. Also,
integration of a balanced image-separating sideband mixer will be undertaken. In this
configuration, the amplifier input circuit has to allow for two bias-T’s for the biasing the two
building block mixer junctions of each balanced mixer. Since there are two balanced mixers
(four junctions), two amplifiers will be required. The output of these two amplifiers will be
combined by a quadrature hybrid which separates the upper and lower sidebands across the IF

band.

5.6.5 Band 7 Mixer Development at Onsala Space Observatory, Chalmers
University

Last revised on November 23, 2000 by V. Belitsky

Revision history: 2000-10-30: New



5.6.5.1 Introduction

A baseline for ALMA Band 7 SIS mixer design, proposed by Onsala Space Observatory, s a
sideband separation mixer using quadrature scheme with two identical DSB SIS mixers pumped
by a local oscillator (LO) with 90° phase difference. This technology at short mm-waves was
pioneered by NRAO and demonstrated at 200-280 GHz band [1]. The main advantage of the
sideband separation scheme is that no further tuning is required to provide single side band
(SSB) operation compare to other schemes even though fixed-tuned DSB mixers are used. The
upper (USB) and the lower sidebands (LSB) are available simultaneously at the two mixer
outputs and this relaxes the ALMA requirement of having 8 GHz IF frequency band by a
polarization channel, allowing to use a sum of USB and LSB with 4 to 8 GHz IF band for each
SIS mixer. The description below outlines the suggested design of the mixer for one polarization
channel with assumption of having identical mixer for the second polarization channel.

The block-diagram of a-quadrature sideband separation mixer is presented in Figure 5.24: the
~ input RF signal is divided and distributed between the two identical DSB mixers, the LO power
is also divided and coupled to the mixers with 90° phase difference. The IF outputs of the two
mixers are connected to an IF quadrature hybrid, thus the down-converted USB and LSB signals
appear separately at the two output ports of the hybrid.

Lo ﬂ
90° L
RF 1/2 P. LSB LSB" US
SIGNAL o ® IF amp i,_<): = %
__Pin MIXA JSB 3dB “‘»'-SB_,' s

F w0 | |F
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IF amp L USB USB
12P, USBUHLSB
(56 s

Figure 5.24 - Layout of the sideband separation mixer. The crossed out items at the hybrid
outputs are the rejected sidebands (180 phase difference). LSB and USB stand for low and

upper side band respectively.
5.6.5.2 Mixer Block Layout

In the present design we take advantage of a new device, a double-probe coupler structure that
splits the input RF signal between the two ports, apparently, with minimum losses over a wide
frequency band and provides transition from a waveguide to a microstrip line for easy integration
of the SIS mixers [2]. In that design the SIS mixers are integrated on the same substrate as the
double-probe structure. The layout of the mixer, corresponding to the block-diagram in the
Figure 1 and employing the double-probe coupler is presented in the Figure 5.25. It is possible
to use the spilt-block technique and CNC machine for the mixer block fabrication, which would
ease mass fabrication; both mixers are located on the same substrate providing a high degree of
similarity in the SIS junction performance and the geometry of all the mixer elements including
the transmition lines. Balance between the two mixers is extremely important to keep symmetric



phase and amplitude for the signal and LO and achieve required image band rejection (>10 dB)

[3].
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Figure 5.25 - On the top: The layout of the sideband separation mixer employing the
double-probe coupler; on the bottom: the substrate with the two-probe coupler, the two
SIS mixers and the single-probe LO injecting feeds.

5.6.5.3 Mixer Chip Layout

The substrate penetrates the three waveguides; the middle waveguide is coupled to the integrated
corrugated horn. The two outer waveguides bring the LO signal from the outputs of the 3-dB,
90° branch-line waveguide coupler of a similar type as in [4]. On the chip we place the two
mixers with their respective tuning circuits and LO injection coupler with local oscillator guiding
circuitry. Figure 5.26 shows schematically layout of the mixer chip.
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Figure 5.26 - Mixer chip layout: the figure covers area around Mixer I (as in Figure 5.25).
SIS mixer tuning circuit consists of an inductive section followed by an open quarter-wave
stub. A quarter-wave transformer is coupled from another side for matching of the tuned
mixer to the double probe structure connected through the LO injection quarter-wave
coupler. All shown lines are microstrip type transmition lines.

5.6.5.4 Mixer Interfaces

5.6.5.4.1 Optics

At the moment of writing these notes the ALMA optical design is still in the discussion stage and
no optical interfaces for cartridges have been defined. The cartridge design is pending readiness
of the main receiver optics design.

The mixer described above will be fabricated using split-block technique and employing CNC
milling machine. Depending on complexity requirements by the optical interface we plan to
integrate the scalar horn into the mixer block (fast beam) as it is depicted in Figure 5.25.
Alternatively, if the horn should be long (slow beam required) we will use a standard waveguide
flange connection between the mixer and the horn.

5.6.54.2 LO Feed and LO Power

The LO power required for one polarization channel was calculated as follows: we included in
the model 2 SIS junctions (R,=5 Q, A=5 um?), —15 dB for the LO injection via the coupler,
frequency dependent loss in the transmition lines on the substrate and waveguides, 2 dB ripple in
both couplers (on the substrate and WG 3-dB coupler) and margin 3 dB. Calculations of the LO
power are made following model suggested in ALMA MEMO 264; additionally we added a
provisional dependence of the SIS power coupling with RF integrated tuning.
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Figure 5.27 - LO power required by the sideband-separating mixer for one polarization
channel.

For the mixer described here the LO interface would be just a waveguide feed connected to the
input of the integrated 3-dB 90° coupler as in Figure 5.25. The two mixers fabricated on the
same substrate are matched with respect to the required LO and we do not consider at the
moment any individual LO level adjustment inside the mixer. We expect though that the LO
distribution circuitry for different polarizations will have a balance attenuator to allow different
level of LO power between the polarization channels (LO injection scheme pending finalizing of
the optical interfaces and the cartridge design). As a result, the total power for the two-
polarization system would be somewhat more than 2 times higher (insertion loss) than the one

depicted in Figure 5.27 .

5.6.54.3 Intermediate Frequency

The mixer will use two cryogenic IF amplifiers connected to the mixers with isolator and
coupled to 3-dB 90-degree coupler at the output. IF block diagram is shown in Figure 5.24.
ALMA IF band is 4 — 8 GHz and two options for IF amplifiers are considered: i integrated
amplifier with direct connection to the SIS mixers (no isolators, bias tee integrated into the first
stage of the amplifier); #. IF amplifier based on discrete components with an isolator at the input.
The first option is under development at NRAO, Charlottesville. Onsala group, in collaboration
with Microwave Technology Dept., Chalmers University, works on the developing of a low-
noise cryogenic amplifier based on GaAs HEMT transistors for 4 — 8 GHz band (later plan to go
for InP HEMT). The amplifiers should be matched in phase and gain to achieve required
sideband rejection. Onsala design considers built-in adjustment of the amplifier gain to equalize
overall gain (including mixers) in both channels of the mixer.

5.6.5.44 DC Bias, Magnetic Field, Heater and Temperature



DC bias uses circuit with a shunt resistor. The circuit similar to the presented in Figure 5.28 is in
use at Onsala SIS mixers (and many other places) and has a number of advantages, including
protection against static discharges (SIS junction is always connected to the ground via the shunt

resistor (2 resistors of 10 € in series in our case).
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Figure 5.28 - DC bias circuit diagram with 10 Q shunt resistor. Normally, all the shown
components, chip resistors and capacitors, are integrated into the mixer block. Depending
on the type of IF amplifier used, the bias tee would be integrated into the amplifier instead.

Both passive bias voltage stabilization (stable voltage between the contacts #2 and #5 as in
Figure 5.28) and active voltage/current source with feedback are possible to use with the
circuitry above. To avoid problem with ground loops we suggest using floating DC bias with the
only grounding point at SIS junction mounting in the mixer block (separate ground return). Each
of the two SIS junctions will require 5 wires for DC bias, total 10 wires.

Magnetic field to suppress Josephson current will be generated by the two separate coils
dedicated for each of the two SIS junctions (Figure 5.25 shows position of magnetic poles
around the two SIS mixers). We plan to use magnetic field guiding (high p metal) to minimize
required currents. The coils should be fed by a separate driving electronics (current stabilization,
two-wire circuitry) to provide individual tuning for the two SIS mixers, preferably with floating
power supply to avoid ground loop problem. Magnetic field will require in total 4 wires.

In order to better control Josephson current via applying of the magnetic field we need also
control over magnetic fields while the system is cooling down and possibly “frozen-in” or
trapped fluxes of the magnetic field could be a potential problem. The fluxes may also appear as
a result of abrupt change of the DC bias current or using electro powered instruments nearby the



receiver. Temporary warming up of the mixer above the temperature of the superconducting
transition, T~ 9.2 K for Nb film would allow us to remove the frozen fluxes. We suggest
including a heater for each mixer to control frozen fluxes and simplify suppression of the
Josephson current. The two-wire circuitry with current stabilization, floating power supply, total
2 wires per mixer block. :

Mixer ambient temperature information is very essential for understanding and solving possible
problems during SIS mixer operation. We suggest installation of a temperature sensor on every
mixer block. If the IF amplifiers employing circulators would be used, we suggest to monitor the
temperature of the termination load installed on the circulators. Standard Lake-Shore
temperature sensors or simular, 2 wires per sensor. ’
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5.6.6 Band 7 Mixer and Cartridge Development at IRAM

Last revised on 27 Nov 2000 by S. Claude, IRAM
Revision history: 2000-11-23 first version

5.6.6.1 Summary

We describe here IRAM's development for the realisation of Band 7 cartridge. Our baseline

design involves two DSB mixers for each orthogonal polarization with waveguide couplers LO

injection. The polarizations are separated by one grid. The 17 dB crossguide coupler allows LO

injection in a compact configuration. The mixers to be used in the cartridge are DSB, fixed
tuned across the RF frequency range (275-370 GHz) and low noise for an IF covering 4 to 8

GHz. Future development involves integrated sideband separation mixers in waveguide.



5.6.6.2 Cartridge layout and optics

The cartridge contains three cold plates, one at 4K for the mixers, mirrors and grid, one at 15 K
for the IF LNA and one at 70 K for the input LO multiplier. The baseline system involves two
orthogonal polarizations with two DSB (double side band) single-ended mixers. Fig. 1 shows
the layout of the components in the cartridge with the input optics.

A more precise description of the optics layout will be given in the chapter on the receiver optics,
and we give here only a brief description (Fig. 2). The telescope beam waist is at the cryostat top
plate, which is situated 130mm off the cryostat axis. The beam enters into the cryostat and is
reflected at an angle of 116° on to an elliptical mirror. A reflection of 26° gives an intermediary
waist of 2.4mm, where a compact polarization grid is placed. The two orthogonal polarizations
are then directed onto two elliptical mirrors of reflection angle of 26° and then reflected onto flat
mirrors into the corrugated feed horns.

The reasons for the added complexity of the optics were to ease the layout for the mixers and the
local oscillator injection. Moreover, the low angles of reflections on the input elliptical mirror
will reduce any crosspolar. With this scheme we have two signals of orthogonal polarizations
coming into parallel waveguide paths of the same orientation, which allows a series of upgrades
for the mixers without modification of the optics.

The LO is injected in both mixers from a multiplier on the 70 K stage via two crossguide
couplers in series. A magnetic coil is attached to each mixer to suppress the Josephson current.
Finally the output IF signals are amplified by cooled HEMT amplifiers at 15 K.

70K 15K 4K

Figure 5.29 - Layout of the main components in the cartridge



Figure 5.30 - Close up view of the optics

5.6.6.3 Component development

5.6.6.3.1 LO injection: a compact crossguide coupler
A compact crossed guide coupler for the frequency range of 275 to 370 GHz has been developed
for the injection of the LO signal. The design is shown in Fig. 3.

Pout

Be_

P

- Figure 5.31 - Schematic view of the crossed guide coupler with Pc and Pb corresponding to
forward coupled power and backward coupled power, respectively.



Coupling is achieved via two round holes. Simulations carried out with an electromagnetic
simulation software (CST Microwave studio) indicates that this simple type of coupler achieves
a coupling around 16 dB varying only by 1 dB over the whole frequency range and a directivity
of about 10 dB.

Since the performance of our VNA is better in the frequency band around 230 GHz, the design
was scaled down to this frequency range for the fabrication of a prototype. Results of simulation
and measurements of this prototype are shown in Fig. 4. The directivity is not very good, but
that should not be a problem since the input match of the mixer is not expected to be very good.
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Figure 5.32 - Simulation and measurements of the crossed guide coupler, scaled to band 6

5.6.6.3.2 Mixer baseline design

A full height waveguide SIS mixer covering the 275-370 GHz frequency band has been
designed. The fixed tuned single junction Nb/Al-AlOx/Al mixer will operate in Double Side
Band. A ~30 % operating bandwidth can be achieved by using an "end-loaded" tuning stub to
tune out the junction capacitance of 75 fF (junction size 1 um?2) followed by two quarter-wave
transformer sections. All the transmission lines integrated in the mixer chip are implemented in
superconducting microstrip with the exception of a section of the quarter-wave transformer,
which is realized as a Capacitively Loaded Coplanar Waveguide (CLCPW). The junction is
mounted on an 80 um thick quartz that stretches only part way across the waveguide. Fig. 5
shows a three-dimensional view of the mixer including the full height waveguide to suspended
microstrip transition, the low pass "hammer" type filter and the antenna probe.
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Figure 5.33 - View of the mixer substrate and the input waveguide

A detail of the mixer chip is illustrated in Fig. 6, which includes the SIS junction and its
integrated matching structure. In Fig. 7, the simulated results for the embedding impedance seen
by the junction are displayed as a function of frequency. The SSB noise temperature of the
receiver Trec consisting of the mixer cascaded with a LNA operating at a central IF frequency of
6 GHz (TIF= 6 K is assumed) has been calculated from the complete quantum mechanical
treatment. In Fig. 8, the expected value of Trec referred to the mixer input is plotted as a function
of IF frequency for three different RF frequencies. SSB receiver noise temperature in the range
23-35 K is expected in the 275-370 GHz frequency band.



Figure 5.35 - Simulated embedding impedance of the junction in the mixer block,
normalized to the RF impedance of the junction (18.70)
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Figure 5.36 - Expected SSB receiver noise temperature referred to the input of the mixer
for three RF frequencies, across the IF band.

5.6.6.3.3 Mixer future developments

In parallel with our baseline DSB solution, we are developing a 2SB (sideband-separating)
mixer. The mixer integrates an input quadrature hybrid in waveguide, an in-phase LO splitter, 2
cross-guide couplers for the LO injection and 2 single-ended mixers as described in Fig. 9.
Provision has been made so that the layout in the cartridge and the input optics would allow the
integration of one 2SB mixer for each polarization.
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5.6.6.4 Timeline

Figure 5.37 - Schematic diagram of the 2SB mixer
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5.6.7.1 Summary




This section describes the SIS mixers for ALMA band 9, 602 to 720 GHz, developed at SRON
and funded by NOVA. Starting from a design of a single-ended fixed tuned SIS mixer for the
JCMT D-band (625 to 710 GHz) and a quasi-optical SIS mixer for HIFI (800-1050 GHz), we are
developing balanced mixers both in waveguide design and quasi-optical design for ALMA band
9. The two quite different design approaches have been chosen in order to assess the advantages
and disadvantages of each design in terms of performance, ease and cost of manufacturing and
assembly. The goals for the design and development phase are to produce prototypes of each
design. The goals for the construction phase are to produce large numbers of mixers of the
chosen design with repeatable performance at minimum total expense.

5.6.7.2 SIS Mixer Specifications and Development Schedule

Table 5.7 shows some of the SIS mixer specifications. Although the ALMA front end
specifications call for a 8 GHz IF bandwidth, this issue can only be assessed in detail after
having available experimental results which prove that this wide IF bandwidth is indeed the best
choice for the science to be done with ALMA. The 8 GHz IF bandwidth is scientifically driven
by the desire to have maximum continuum sensitivity. However, to ensure this scientific goal,
the 8 GHz bandwidth needs to be achieved without increase of receiver noise temperature and
without decrease of receiver stability as compared to a lower IF bandwidth.. Intense development
work to make an 8 GHz IF integrated amplifier available is being carried out at NRAO. SRON
will integrate such an amplifier (produced at NRAO) into the mixer designs for band 9.

Table 5.7 SIS mixer specifications

Item Specification

Receiver noise temperature Noise sufficiently low to produce double sideband
receiver noise (referred to the vacuum window) of
168 K over 80% of band, 250 K at any frequency

Frequency band covered Band 9, 602 — 720 GHz

IF bandwidth 8 GHz, falling in band 4-12 GHz

Configuration Balanced or single ended DSB operation, no
mechanical tuners, waveguide or quasi-optical beam
coupling

We intend to carry out the first tests of a balanced mixer in April 2001 and integrate the 4 — 12
GHz IF amplifier from NRAO into the mixer by June 2001. A front end CDR is planned for end

of 2001.

5.6.7.3 Balanced waveguide SIS mixer



As already mention in Section 5.6.3.3.3 the use of balanced SIS mixers has two potential
advantages for ALMA. One is the lower LO power requirement as compared to single-ended
mixers (typically —17 dB), the other is the inherent rejection of AM sideband noise
accompanying the LO. For the development of a balanced waveguide mixer, we start from a
proven design of a single-ended fixed tuned mixer for the 650 GHz band (developed at SRON by
H. van de Stadt, H. Schaeffer, J. R. Gao, L. de Jong, and W. Laauwen). Details of this design are
given in Section 5.6.7.4.8. The balanced waveguide mixer will use similar end pieces (junction
holders) and SIS junctions as the single-ended design, which have demonstrated a large rf
bandwidth (on the order of 150 GHz) and low noise. These parts will be optimized for the
required rf bandwidth and receiver noise of ALMA band 9. An advantage of this design is its
simplicity and potential suitability for series production.

The balanced waveguide mixer basically consists of a magic-T with two integrated horns (one
for the rf coupling and one for the LO coupling) and two junction back pieces. The principle is
shown in Figure 5.38. The rf signal is coupled in-phase and the LO is coupled in anti-phase to
MIXER1 and MIXER2, respectively. The IF output of the two mixers can be combined if the
SIS junctions are biased in opposite directions. The magic-T will be fabricated in split block
technique. For ease of manufacturing we chose to start with a diagonal feed horn. It is
straightforward to change it to a corrugated feed horn since the horn is inserted into the magic-T
block. The Magic-T has larger dimensions (and consequently simpler machining) as compared to
other hybrid structures for the same band.

A magnetic field which is needed for suppressing the Josephson noise, is supplied to each
junction back piece individually. This allows to compensate for a possible spread in production
parameters. Figure 5.39 and Figure 5.40 show the basic design. We expect a performance similar
or better to the fixed tuned JCMT D-band mixer (see Section 5.6.7.4.8).
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Figure 5.38 - Principle of a magic-T as waveguide hybrid for a balanced mixer.



Figure 5.39 - Balanced waveguide mixer design. Clearly visible are the rf feed horn (here a
diagonal horn) and the LO feed horn on the top of the block. The SIS junctions of the two
mixers are mounted in the round end pieces.

Figure 5.40 - Left: The balanced mixer consists of an inserted horn, magic-T and two end
pieces (not shown here). Right: View of the front part of the magic-T with inserted rf feed
horn and part of the LO feed horn.

5.6.7.4 Quasi-optical balanced SIS mixer

In parallel with the waveguide design, we also develop a quasi-optical SIS mixer for band 9. A
quasi-optical mixer has some potential advantages over a waveguide mixer. These mixers are
- produced with optical lithography which allows to reproduce antenna dimensions with high
accuracy. The lens can be produced quickly and in greater quantities (about 200 pcs a day). The
estimated cost of the lens is much less than the cost of a corrugated horn for these frequencies.
The chip is made of silicon and does not require polishing. The lens can readily produce the
beam with an F-number matching the telescope beam without any intermediate optics. In the
balanced mixer configuration the LO can be injected in orthogonal polarization with respect to



the rf signal. That allows to use only one grid for LO injection and polarization separation.
Disadvantages of the quasi-optical design include the difficulty to achieve high coupling
efficiency to a telescope.

Figure 5.41 shows an example of a quasi-optical mixer basically consisting of the mixer chip
with integrated antenna structure mounted on a silicon lens. The lens will have an anti-reflection
coating made of Stycast ™ epoxy or Parilen™ C plastic.

Figure 5.41 - Quasi-optical SIS mixer configuration

5.6.74.1 General description

The quasi-optical receiver chip will be based on Nb film technology. The losses and additional
dispersion that occurs in Nb film above the gap frequency of Nb (~670 GHz) does not allow to
use a simplified microstrip line model to be applied for parameter tuning. A full rf model
including losses in Nb films has been developed during the design. It was found that it is possible
to reach good receiver sensitivity at the upper part of the ALMA band 9 (602 — 720 GHz).
However, the maximum sensitivity for some design has to be sacrificed in order to get a
reasonably flat response across the band. ‘

The rf structure of the receiver chip can be divided into four basic elements: the planar antenna,
SIS junctions with integrated matching/tuning structure, dc/IF leads with IF on-chip transformer
and magnetic field control line. The design includes different combinations of antenna structures,
number of junctions per mixer, single-ended or balanced configuration and ex1stence of control
lines.

5.6.7.4.2 Antenna types

In our design two types of planar antennas are used, the double slot line antenna (DSA) and
cross-slot antenna (CSA), Figure 5.42. The DSA is the most commonly used two-port antenna
and the CSA is an experimental four-port antenna to be used in connection with the balanced on-
~ chip mixer. The dimensions of the antennas are chosen to give an optimal far~ﬁeld beam pattern
of lens-antenna combination.

Four mixers can be connected to the CSA as shown in Figure 5.42. If the LO and rf signals are
applied in the indicated polarizations, then the LO and rf signals appear in-phase for mixers M3,
M4 and in anti-phase for mixer M1, M2. This symmetry with the proper combination of mixer IF
outputs allows to use this configuration as balanced mixer.



Figure 5.42 - Cross-slot antenna (left) and double slot line antenna (right). The cross-slot
antenna in combination with four SIS mixers can be used as a balanced mixer.

5.6.7.4.3 Design types and rf properties

Nine design types are included in the mask set for the quasi-optical SIS mixer and are
summarized in Table 5.8. The first four types represent a quasi-optical balanced configuration.
Each of the four ports of the antenna is connected to a separate junction/tuning circuit.
Depending on the polarization of the LO and interconnection of the IF output signals this type of
receiver can be used as double polarization or balanced receiver. Type 5 represents a classical
design that was developed also for 950 GHz at SRON. Each design type is reproduced on the
mask at least 6 times. The calculated frequency response for types 1 and 2 is shown in Figure
5.43. It represents the rf power match from the antenna to the junction. The typical IF transient
properties are shown in Figure 5.44. The additional IF tuning element improves the response in
the range 2 to 12 GHz.

Table 5.8 — Quasi-optical mixer design types summary

Design Tuning Antenna Control Comments

type structure line

Type-1 Single Cross-slot No Balanced mixer
junction

Type-2 Single Cross-slot Yes Balanced mixer with
junction control line

Type-3 Twin Cross-slot No Balanced mixer
junction

Type-4 Twin Cross-slot Yes Balanced mixer with
junction control line

Type-5 Virtual Double-slot No End-point mixer (classical
ground design)

Type-6 Single Double-slot No End-point mixer (reference
junction for type-1)

Type-7 Single Double-slot Yes End-point mixer (reference




junction for type-2)
Type-8 Twin Double-slot No End-point mixer (reference
‘ junction for type-3)
Type-9 Twin Double-slot Yes End-point mixer (reference
junction , for type-4)
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Figure 5.43 — Calculated frequency response of quasi-optical mixer types 1 and 2 (see Table
5.8).
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Figure 5.44 — Calculated IF frequency response of mixer types 3 and 4.

56.74.4 Mask layout



The 2" mask working area is divided into 177 3 x 3 mm square sections. Each section represents
a different chip. Four places are used for alignment markers. The total amount of receiver chips
is 173. Each mask plate contains the mask set name “SIS-16” and its individual number 0...4.
The ground layers of all chips are connected with each other and with the large contact pad at the
edge of the wafer by means of an anodization grid. Each chip is marked with an individual
number as well as with its type marker.
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Figure 5.45 - Device chip layout

The SIS16 chip layout is presented in Figure 5.45. The antenna is situated in the center of the
chip. The contact pads of size 0.5 x 0.5 mm are placed symmetrically at the four sides of the
chip. Half of the designs contain test junctions of area 10 um?* (TEST 10) and 25 pm? (TEST 25).
There are 9 different types of chip designs on the mask. There are three variations of junction
size available for each design type. They are marked by the symbols “-, “+” and “ “ in the lower
right corner. The junction area is 0.8, 1 and 1.2 um?* respectivelyly.

5.6.7.4.5 Layer sequence

Table 5.9 summarizes layering structure of the chip. The microwave properties for SIS16 were
calculated assuming thickness and materials from the table and the following junction
parameters:

Trilayer RnA 25...30 Qxum’
Junction quality factor >15
Junction area Set of 0.8, 1 and 1.2 pm?.

Table 5.9 - Layer structure



Name Material Thickness Maskplate ## | File name | Definition
1 | Base electrode Nb 100 nm Mask0 Sis16m0 Liftoff
2 | Junctions Nb/AlOx/Nb 100/1/100 nm | Maskl, Mask2 | Sisléml Etch
3 | Dielectric SiO, 300 nm Mask1, Mask2 | Sis16m2 Liftoff
4 | Counter electrode | Nb >400 nm. Mask3 Sis16m3 Etch
5 | Gold Al/Gold >100 nm Mask4 Sisl6m4 Lift off
5.6.7.4.6 Tolerances

The tolerance of all structures in the mask unless specified in the following must be better than
0.5 pm for maskO ... mask3 and 1 pm for mask4. Tolerances for “critical dimensions” and the

smallest structure size are specified in Table 5.10.
The dimensions in mask 1,2,3 layers are corrected for technological parameter deviations. For

the counter electrode it is assumed that all line widths are decreased by 0.3 pm, for the
junction definition layer it is assumed that the final dimensions will be decreased by 0.4 pm as
a result of all processing steps.

5.6.74.7 Alignment

The alignment markers (Figure 5.46) on this mask allow to align layers 1...4 with respect to
layer 0. There are coarse and fine alignment elements. Nonius type structures technically allow
to align layers within £ 0.05 um. The required alignment tolerance is * 0.25 pm. This means that
the two following layers can be misaligned by not more than 0.5 pm. The marker for each layer
is supplied with its own number.

Table 5.10 - Tolerances for critical dimensions for mask set SIS16

Layer name GDSII file GDSII layer | Smallest size | Tolerance | Mask type
name number (m) (Lm)*

Base electrode . 1 3.5 (slot) +0.3 « -
(ground plane) Sis16m0.gds > 5 (slot) 0.5 Negative
Junction . 1 1.2 (line) +0.1 « -
definition 1 Sisl6ml.gds 3 5 (o) Tos Negative
Junction . 1 1.2 (line) +0.1 « -~
definition 2 Sisl6m2.gds 3 5 (line) 0.5 Negative
Cquptcr electrode Sis16m3.gds 1 2.7 .(lme) +0.1 “Negative”
(wiring) 2 5 (line) +0.5
Gold pads Sis16m4.gds 1 20 (line) +1 “Negative”

*Tolerances are specified as the absolute deviation of line (slot) width.
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numbers

Figure 5.46 - SIS16 alignment markers structure. The base electrode is shown in red.
Numbers in the figure correspond to layer numbers.

5.6.7.4.8 Other materials and technologies

The current design is tuned up for standard Nb/AlOx/Nb junction technology. The same mask set
can be used without any modification with very high current density junctions (RnA=15 Opm?).
These junctions could be made using a novel Nb/AIN/Nb process.

5.6.7.5 Single-ended 650 GHz mixer

Figure 5.47 shows a photograph of a so-called "D band" mixer, which is in use at the JCMT. The
design tried to minimize the number of pieces and opted for simplicity. The mixer itself consists
of a back piece, which holds the SIS junction and a corrugated feed horn (fabricated at RAL,
UK), to which an Al lens holder is attached. Figure 5.48 shows the mixer noise temperatures
across the rf band from 620 to 710 GHz for three different D-band mixers (called D5, D6, and
D7). These fixed tuned SIS mixers provide a large rf'bandwidth of about 150 GHz (Figure 5.49).
The dip at around 560 GHz stems from water absorption in the atmosphere.




Figure 5.47 - Fixed tuned SIS mixer for the JCMT D-band (625 to 710 GHz) basically
consisting of a corrugated horn (upper right) and a junction end piece (lower right). The
larger aluminum piece (left) is a lens holder. :
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Figure 5.48 - DSB noise temperatures for three different D-band SIS mixers.
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Figure 5.49 - Bandwidth of three fixed tuned SIS mixers. The mixers have been optimized
for operation at 690 GHz.

5.7 The Water Vapor Radiometer.

A short version of the WVR proposal by Hills, Belitsky et al. could be inserted here. The original
has 12 pages. "



ALMA Receiver Optics Design
A. Baryshev (SRON), M. C. Carter (IRAM), L. R. D’Addario (NRAO), B.
N. Ellison (RAL), W. Grammer (NRAO), Y. Sekimoto (NRO), J. W.
Lamb (Caltech)

1 Introduction

Since the establishment of the Joint Receiver Design Group (JRDG), the requirements for the
frontend have been refined and several major design decisions made, as summarized in
Section 2. Principally they prescribe a single dewar for all the receiver bands, and these bands
will be realized as individually testable cartridges.

A Workshop was held in Tucson in September 2000 to define a layout for the optics and
dewar. Section 3 lists the design goals for the Workshop, and the configuration that emerged is
detailed in this document. This includes the overall arrangement, and the details of the optics
of the individual Bands. These bands are those defined by Wootten et al. [1] and endorsed
with minor adjustment for Band 3 by the ALMA Scientific Advisory Committee (ASAC) [2].
The design goals led to a natural division of the bands into three groups. Representative
designs for the optics of each of these groups are given.

2 Previous Design Decisions

During the project there have been several major decisions which are documented here for
completeness. Some of these significantly influence the layout of the optics. Major decisions
are

1. All cryogenic components will be in a single dewar.
2. There will be three temperature stages in the dewar at ~70 K, 12 K, and 4 K.

3. Each receiver band (frequency range covered by a single set of components) will be
contained in a cartridge that may be tested as a unit and inserted into the dewar
without disturbing any other cartridges.

4. The water vapor radiometer will be operated in a separate package at ambient
temperature. It therefore requires a pick-off mirror to put the beam within 10 arcsec of
any of the observing beams.

5. There will be no cold load for receiver calibration. However, provision will be made
for a cold load for the vapor radiometer.

6. There will be no quasioptical diplexers for sideband rejection. This is based on a
compromise between sensitivity and complexity (reliability)

7. The different bands will share the focal plane so that no switching mirror is required to
select a given frequency.
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These decisions were influenced by both performance criteria and practical considerations.
Testability and mass production by separate groups dictated that the different receiver bands
should be constructed in individual cartridges that can be inserted into a single dewar. The
major disadvantage of this is that the dewar is larger than it would be with a more integrated
approach, but the advantages of being able to change and test individual bands was deemed to
be worth this sacrifice.

3 Design Goals

Because of the large number of bands (10 dual-polarization), the wide frequency coverage
(>4 octaves), and the high sensitivity requirements needed to profit fully from the excellent
site, the trade-offs between some of the parameters is not straightforward. In general those
parameters which affect most of the observing modes (e.g., sensitivity, reliability) were
favored above parameters which were for more specialized modes (such as circular
polarization). The physical complexity of the receiver dictated that practical issues had to be
seriously considered. These trade-offs are discussed in the text. ‘

The design goals are divided into two categories according to whether they are
fundamental to the performance of the receiver, or related to. the practicality of construction
and maintenance. In some cases there may be conflicts between these goals, but wherever
possible the sensitivity should not be compromised.

3.1 Practical Goals

1. Receivers will be interchangeable between antennas (no on site alignment)
2. Optics part of Rx — Fixed alignment between optics and dewar

3. Antenna mounting flange should be preset within tolerances

4. Cartddges interchangeable between dewars with no re-alignment required
5. Alignment sensitivity to thermal contraction minimized

6. Alignment insensitive to dewar deflections under vacuum

7. Alignment ensured by machining

8. Optics in cartridge where practical

9. Optics cold where practical

10. No moving parts

11. Flexible for future upgrades/clearly defined interfaces

12. Standardize designs among bands

13. Maximize reliability

14. Minimize costs
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3.2 Performance Related Goals

1. Minimize window apértures (IR loading, RF loss minimized)

2. "Hom aperture less than 10 Wavelengths

3. Minimize added noise

4. Maximize aperture efficiency: Reduction <5 % relative to ideal corrugated horn
5. Aberrations: <1%

6. Truncation loss: <1%

7. Dissipative losses: <1%

8. Scattering losses: <1%

9. Polarization loss: <1%

10. Polarization: Beam squint: <1 % of FWHM
4 Design Details
4.1 Cartridge Designs

4.1.1 Cartridge Style A

Band 1 (31.3-45 GHz) is the most demanding in terms of size. The optical elements are too
large to place in the dewar, so only the feed horn will be cooled. Re-imaging optics are needed
to allow a reasonable size of horn, and achieve high efficiency that is essentially frequency
independent. Two mirrors, one plane and one ellipsoidal, were considered but the folded
geometry resulted in optics that were too large to fit in the space above the dewar. Using a
corrugated horn and a lens results in a much more compact design. Since a design for Band 1
had already been developed for the prototype antenna evaluation receiver [3] this was used for
Band 1 and scaled for Band 2.

Figure 1 gives the layout and dimensions for the Band 1 optics. It comprises a conical
corrugated horn and an aspheric PTEE lens. The corrugated horn was designed using a mode-
matching program to optimize the pattern and the return loss (shown in Figure 2). It has an
aperture radius of 30 mm and an opening angle of 4.57°. To determine the lens focal length
and location, a frequency independent design was used so that the position of the waist from
the horn/lens would match the required antenna waist position. Since the lens is quite thick it
has a significant dielectric loss, and its diameter was chosen to make the loss due to truncation
and dissipation roughly the same at 1.5-2 %.
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Figure 1: Band 1 optical design (will show IR filters and dewar wall).

Antireflection layers may be made by machining groo'(/es in the surface. Straight grooves
should be used on the flat surface of the lens, but this would be extremely difficult to do on the
curved surface. Circular grooves can be used instead but those generate some cross-
polarization and astigmatism. A viable alternative is to drill a regular array of holes into the

surface, which is the choice for these lenses.

The lens is used as the vacuum window, which avoids an extra element in the optics.
Since the truncation by the lens is at the level of a couple of percent, care has to be taken that
the power not passing through the lens is terminated at ambient temperature.

Performance of the system was determined by calculating the antenna aperture field to
find the aperture efficiency. Starting with the homn aperture field determined by mode-
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matching, the field was propagated to the lens by integration. This field was traced through the
lens by geometrical optics and a diffraction integral gave the distribution at the secondary
mirror. Most of the contributions to efficiency are therefore accounted for, including:
departures of the horn aperture field from the ideal Jo(r) distribution; phase errors in the feed
aperture; cross-polarization due to the feed; truncation loss at the lens, absorption in the lens;
and blockage in the aperture plane. Losses which are not included are: reflection, scattering,
and absorption in the filters; reflections at the lens surfaces; aberrations at the lens due to the
phase center of the wave not being precisely at the focus; and losses due to the offset of the
feed from the antenna axis. These were separately estimated.

Table I summarizes these various contributions. The feedhorn contribution was found by
repeating the calculation with an idealized horn aperture field.

Because of the relatively small aperture of the lens, there is a perturbation of the pattern at
the secondary due to edge diffraction. This appears mainly as a phase error which can be
removed by refocusing the secondary mirror, which is assumed to be the case in the Table.

Band 1 ‘ |

e S

Return loss [dB]

|
I
I
I
I
I
I
I
I
|
|
|
|

L ! 1 L I 1 1
30 32 34 36 38 40 42 44

Frequency [GHZ]

Figure 2: Return loss calculated for Band 1 corrugated horn.
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TABLE I: ESTIMATED APERTURE EFFICIENCY LOSS AND ADDED NOISE FOR STYLE A CARTRIDGES

Frequency Efficiency Loss Added Noise

Band [GHz] [%] K]
1 315 115 6.4
38 8.5 87

45 8.1 11.0

2 67 TBD TBD

81 TBD TBD

90 TBD TBD

4.1.2 Cartridge Style B

Band 3 (84-116 GHz) and band 4 (125-164 GHz) are both Style B (Figure 3). External
reflecting optics are used to produce a beam-waist close to the dewar wall to minimize the
radiative heat load on the cryogenic system. A second focusing element is required inside the
dewar since it is impractical to have the feed aperture very close to the dewar window. Since
the cold optics are within the 140-mm diameter of the cartridge, it can easily be inserted into
the dewar as a single unit. These cartridges occupy the outer circle at a diameter of 670 mm.

A plane mirror offset by 210 mm in the telescope focal plane reflects the incoming beam
through an angle of 52° to an offset ellipsoidal mirror with a focal length of 87 mm. The
ellipsoid reflects the beam through a 50° angle, making it parallel to the telescope axis, and
produces a mid-band beam-waist of about 4.5 mm at the 24-mm diameter dewar window.
After passing through an infrared filter anchored to the first stage shield of the dewar, the
beam is imaged by a 60-mm focal-length lens on to a corrugated hom.

The corrugated horn supports both polarizations, which are separated in waveguide by an
orthomode transducer.
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Figure 3: Layout and dimensions for Band 3 optics.

Table II lists the expected performance measures for Style B cartridges.

TABLE II: ESTIMATED APERTURE EFFICIENCY LOSS AND ADDED NOISE FOR STYLE B CARTRIDGES

Frequency Efficiency Loss Added Noise

Band [GHz] [%] [K]
3 84 TBD TBD
100 TBD TBD
116 TBD ‘ TBD
4 125 TBD "TBD
144 TBD TBD.
163 TBD TBD
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4.1.3 Cartridge Style C

Style C cartridges include Bands 5-10. Internally, the optics vary among the cartridges
according to the specific requirements, but they share some common features. For all the
bands the antenna secondary focus is close to the dewar wall. All the imaging of the beam is
done by cold reflective optics with 2 to 4 mirrors. Corrugated homs are the preferred beam-
forming elements, but ‘planar’ structures such as twin-slot antennas on hyper-hemispherical
will be considered. For the higher frequencies quasioptical polarizers and LO injection
components may be required. '

Optics for Band 6 are shown schematically in Figure 4.

. |
Optics band 6 ‘ 1 —
£1=286 ] -
d1=62.7 .
fP=25.62 Dewar To
d2=82.33 "~ o 245mm to center
d3=140 CLL of dewar

S0

Figure 4: Optics layout and dimensions for Band 6.

Figure 5 presents the configuration for Band 7. The dewar window is radially offset by
130 mm from the dewar axis. The beam passing through the window and infrared filters is
reflected through an angle of 116° by a plane mirror. It is then reflected by an ellipsoidal
mirror where it is turned by 26° and focused onto a grid with a waist radius of about 2.4 mm.
The grid separates the two linear polarizations, which are then incident on two identical
ellipsoidal mirrors. They are then reflected down by 26° to converge into the corrugated horns
by way of two flat mirrors.
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Losses due to the beam distortion and cross-polarization are low due to the small
incidence angles of the ellipsoidal mirrors.

Although it appears .comple){, this optical arrangement allows some flexibility in mixer
design and LO injection.

Band 7 optics
win=1.95
F1=37J

Fos08

de=145.4
d3=110

Figure 5: Schematic of the Band 7 optics configuration.

Band 9 optics are based on the optical design by van de Stadt for the FIRST HIFI receiver.
The original design comprised two ellipsoidal (converging) mirrors with an intermediate
hyperboloidal (diverging) mirror. The intention of this was to achieve significant cancellation
of the distortion and cross-polarization of the individual ‘mirrors according to known
geometrical optics criteria. In adapting this to the ALMA receiver requirements, the
hyperboloidal mirror was found to be close enough to a planar surface to omit entirely.

Draft: 3/9/2001 -9-



Frequency = 600 GHz
Band 600-720 GHz
Edge Taper =12 dB

HuY

2 =28.43

11=25.62

P
o

Figure 6: Optical scheme for Band 9 derived from the HIFI receiver optics concept.

For Bands 5-10 the expected performance measures are listed in Table III

TABLE III: ESTIMATED APERTURE EFFICIENCY LOSS AND ADDED NOISE FOR STYLE C CARTRIDGES

Frequency Efficiency Loss Added Noise

Band [GHz] [%] K]

5 163 TBD TBD

187 TBD TBD

211 TBD TBD

6 211 TBD TBD
243 TBD TBD

275 TBD TBD

7 275 TBD TBD

323 TBD TBD

370 TBD TBD

8 385 TBD TBD

442 TBD TBD

500 TBD TBD

9 602 TBD TBD

661 TBD TBD

720 TBD TBD

10 787 TBD TBD

868 TBD TBD
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950 TBD TBD

4.2 Dewar Layout

A view of the cartridge locations is shown in Figure 7. The outer vacuum container of the
dewar is 970 mm in diameter and 400 mm high. Ten cartridges may be accommodated in it,
each containing a dual polarization receiver with an optical input, a waveguide LO input, co-
axial IF outputs, and bias wiring. For cartridges with a diameter of 180 mm are located on the
inner circle at a diameter of 300 mm for Bands 7-10. Bands 1, 2, 5, and 6 also utilize 180 mm
diameter cartridges and are arranged on a 590 mm diameter circle. Cartridges with diameters
of 140 mm located on a 670 mm circle house the remaining Bands, 3 and 4.

Cryostat Base
Cariridoe configuration

. 4 onoaod

Y g an o

s £ cartrliges dismeter 140nn
Sy ar boreis 3 oand 4 on o dionster

£
of 670mm

N "6 cortrikiges 170mm diu.
< ]

¢ cartridges for bends 1 and &
£ digmeter=170nm
%‘74—«%.___0.-\ o Jameter of SSOmn

Figure 7: Locations of cartridges in dewar.
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Figure 8: Arrangement of windows on the top of the dewar.

All of the cold optical elements are integral with the cartridges. As shown in Figure 8, the
vacuum windows are directly above the cartridge axes for Bands 1-4. Windows for Bands 5—
10, however, are offset towards the dewar axis by the folded optics in the cartridge.

Figure 9: Layout of the optics showing the beams going into the dewar.
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4.3 The Water Vapor Radiometer

The water vapor radiometer will be a self-contained unit with a pickoff mirror on the axis of
the cryostat. This puts the WVR beam within 10 arcmin of any of the observing beams. This
pickoff mirror may be rotated about an axis ata slight angle to the normal at its center to scan
the beam and obtain information for atmospheric refraction correction. This requires a mirror
which is about twice the size of the mirror which would be used to fully illuminate the
aperture, but there is sufficient room for this. Note that the WVR beam can pass over the
windows for other bands without problem.

5 Annex: Alignment Tolerances

Alignment tolerances for ALMA optics
Version 1.9
B.Lazareff IRAM 09-Nov-2000

Preliminary draft
1 Abstract

The purpose of this report is to define alignment tolerances for ALMA optics. A short
note was circulated in April-2000 (hereafter referred to as version 1.0). It gave results for
the alignment tolerances for what was then the optical train for band 10, believed to be
the most critical w/r to alignment. '

What is new compared with the version 1.0?

e Results are presented for bands 1-7, based upon the "final" optical design
elaborated by the optics design workshop (Tucson, 25-29 Sep 2000), and the
numbers provided by M.Carter (ALMA-Optics-130ct00.xls).

e A second type of misalignment is considered, i.e. displacement of an individual
element, as opposed to a "break" in the optical train.

e Refocussing off-axis mirrors are treated specifically for geometrical mlsallgnment
(were previously treated as in-line thin lenses).

What is still missing
e A check of the tolerance w/r to aberrations with the present "final" configuration.
Version 1.0 of this note note showed that the tolerances w/r to aberrations were, in
the case of band 10, significantly larger than those w/r to geometrical alignment in
the aperture plane. It seems a safe assumption that this conclusion will hold for
modified versions of band 10 optics, and a fortiori for optical trains operating at
longer wavelengths.
e Bands 8-10, that were not defined by the September optical workshop, and whose
optical design was left to the respective groups in charge of those bands.
Although incomplete, the present report is circulated to provide input to the dewar

design.
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2 Method, assumptions

In each of the 10 ALMA bands, an optical train is designed to couple the feed (horn, QO
radiator) to the telescope. Its goal is to provide maximum coupling of the feed to a point
source in the sky. Mechanical misalignments cause the parameters of the beam

illuminating' the secondary to deviate from their nominal values. Such dev1at10ns can be

classified as:
'1) Displacement
a) Along propagation axis
b) Lateral shift in focal plane (= tilt in aperture plane, = pointing offset on the sky)
¢) Tilt in focal plane (= lateral shift in aperture plane, =loss of aperture efficiency)
2) Distorsion (coupling to higher order modes, if the launched beam is fundamental
gaussian)
Effect 1a is not considered here, because even in the nominal design, the various bands
are not constrained to have a common focus. Effect 1b is not considered either; lateral
shifts of the beam illuminating the secondary would be at most of the order of a few mm,
and cause a negligible loss of efficiency; they also cause a pointing offset which needs to
be calibrated for each aband anyway. Effect 1c is what is considered in the present draft
version, and is believed to be the main driver for alignment tolerances. A calculation of
the loss of on-axis efficiency versus aperture plane misalignment was made in version
1.0, concluding to a tolerance of 6mrad in the focal plane for 1.3% loss of efficiency.
Effect 2 was considered in version 1.0, and will be computed for the sake of
completeness in the final version.
I use the ABCD equations of geometrical optics to propagate the perturbation of the chief
ray; one can show that the same equations apply to the main axis of a gaussian beam. It is
assumed that the unperturbed optical path is contained in a plane — which is true for the
present ALMA design —, and only perturbations of the chief ray within that plane are
computed, which simplifies the work while still providing a valid estimate for tolerances.

2.1.1 Perturbation matrices

Two types of perturbations to perfect alignment are considered: breaks and isolated
displacements. The difference between the two is illustrated in the figure below, in the

case of an inline lens system.

! As is common practice, I regard the optics and telescope working as a transmitter.
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Note: The displacement (shift+rotation) of an optical element is reckoned in its image (i)
space in the case of a break, and in its object (o) space in the case of a displacement. The
center of rotation is defined in either case at the optical center of the element. These two
frames are distinct only in the case of mirrors, of course.
In the case of a break, the (X,0) displacement is propagated through the rest of the
system, for example, in the case of a break after lens/mirror 1:

P = Space(d3)-Lens(f2)-Space(d2)
where Lens(f) is the usual ABCD matrix for a thin lens/mirror, and Space(d) the matrix
for free propagation over a distance d. ‘
In the case of an individual displacement of an optical element, we need the perturbation
of the image ray as a function of the displacement of that element:

X

X; 1-cos(a) 0 sin(o) o
;= 1 . 0
0, — 2 0 °

]

in the case of a mirror (the only case where a Z-displacement along the ray path is
significant); and:

i o

0. i 1 0 2 0 -

1 f o
in the case of a lens (insensitive to lens tilt in the paraxial approximation); in either case,
the perturbation is then propagated through the rest of the system. |
The end result is a 2x2 matrix (2x3 for the individual displacement of a mirror) that
relates the X,0 displacement of the beam in the focal plane to the misalignment

parameters. Only the second line of that matrix (that provides the 8-displacement of the

beam) is used, together with the tolerance on the shooting angle 6. =6x 1073rd , to
derive the positioning tolerance for the misalignment under consideration:
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Tol(X) =[Py, | x6c

Tol(8) =|Py | x6c

Tol(Z) =|Py| " x6c

3 Results

I give for each band the tolerance (lateral shift X and tilt 0) for breaks and individual
displacements. I also give the relevant elements of matrix P, that can be useful in the case of
simultaneous and deterministic shift and tilt displacement, where one should combine
algebraically the effects on the output beam before estimating the tolerance. Units are mm,
radians. The tolerance for a break after the last element is trivial, and is shown only for

(only in the case of a mirror's individual displacement)

completeness.
Band Feed break | Displ Break after | Displ Break after
element #1 | element #1 | element #2 | element #2
1 Tol(x) 1.14 1.14 oo N.A. N.A.
Tol(0) oo o6 6x1073 -
[Tol(Z)]
1 Py -5.3x10° | 5.3x10°
P,y 0 0
[P3]
2 Tol(x) 0.58 0.58 oo N.A. N.A.
Tol(6) o oo 6x10™
[Tol(Z)]
2 o8 -0.010 0.010
P 0 0
[23]
Draft: 3/9/2001 -16-




Band Feed break | Displ Break after D_ispl | Break after
element #1 | element#1 | element#2 | element #2
3 Tol(x) 0.47 0.27 0.63 0.63 ”
Tol(6) 0.34 o0 4.3x10? 3107 6x107
[Tol(Z)] , -
3 Py 0.013 -0.022 -9.5x10° -9.5x10°
5,2 -0.017 0 -1.38 2
[P 3] 0
4 Tol(x) 0.437 0.25 0.58 0.58 o0
Tol(6) 0.749 oo 3.7x10° 3.0x107 6x107
[Tol(2)] : -
4 Py 0.014 -0.024 -0.010 -0.010
Py, -8.0x10° 0 -1.59 2.0
[P3] 0
5 Tol(x) 0.35 0.20 0.37 0.37 oo
Tol(6) 0.052 2.2x107 4.3x10° 3.0x107 6x107
[Tol(Z)] 0.687 oo
5 Py 0.017 0.031 -0.016 -0.016
P, 0.115 -2.808 -1.404 2
[P3] -8.7x10° 0

Since the optical trains for bands 5, 6, and 7 have nearly identical parameters (from the point of
view of geometrical optics), the tolerances for band 5 apply also to bands 6 and 7, and I have not

performed separate calculations.

When the optical train comprises a final planar mirror (bands 3 and 4), an angular tolerance of
3x107 rd applies to that mirror.

If you have read so far, you have certainly noticed that, for bands 3, 4, 5, the matrix element P, ;
has the same value for "Break after element 1" as for "Dlsplacement of element 2", instead of
having opposite signs. That is because I have been lazy: for the propagation of the ray, I used the
matrix Lens(d) for a mirror while I should have used — Lens(d). This affects neither the values
of the tolerances, nor the relative signs of matrix elements in the same box of the table, which are
of concern when combining deterministic X, 6 displacements in the optical train.

The symbol e should not be understood literally, it just means that the considered displacement
produces a pure lateral shift of the beam, and within a few mm, such a shift is negligible. Large
angular tolerances are found for the feed, especially in bands 1-4; this is due to the feed being
imaged approximately to the aperture plane (in fact, with the numbers supplied by M.Carter, that
condition is not always met exactly). There again, that large tolerance should not be interpreted
literally: beyond a certain point, the beam from the feed might spill off the finite aperture of the
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mirrors; but with easily achievable angular tolerances (like 0.01rd) for feed placement, this
should not be a concern.
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| ALMA Memo #303
 Water Vapour Radiometers for ALMA

Richard Hills and John Richer

Introduction

This is a discussion document setting out the options for performing atmospheric
phase corrections by means of radiometry. It is a lightly edited version of a paper
prepared for the March 2000 meeting of the Science Advisory Committee. We have
tried to take account the comments received but not yet responding to the conclusions
of that meeting.

A great deal already been written on this subject. In particular, the relevant memos
and other documents have been summarised on the ALMA web site at
http://www.alma.nrao.edu/development/cal imaging/phasecal.html.

Status of current 183 GHz phase correction experiments

The JCMT-CSO single-baseline interferometer was the first to demonstrate phase
correction using the 183 GHz line, using equipment built by Martina Wiedner,
Richard Hills and colleagues. Only a limited quantity of data were gathered but the
results (ALMA memo 252) were encouraging and suggested that even an uncooled
system could provide effective phase calibration at submillimetre wavelengths. Single
baseline interferometry at JCMT-CSO is no longer a supported mode of operation, so
further observations would be difficult though not perhaps impossible to arrange. It is
however possible that two SMA antennas can be equipped with 183 GHz systems,
using the radiometer currently at CSO plus a clone of it being built in Canada by
Christine Wilson and the HIA. It is unclear when this experiment might produce
results on Mauna Kea, but access to a large set of data in a variety of atmospheric
conditions would certainly be useful in establishing the capabilities of the technique.

On the Chajnantor site, two further 183 GHz radiometers are in operation; these were
built as a collaboration between Onsala and Cambridge and are very similar to the
Mauna Kea systems, again using uncooled DSB mixers and three roughly 1-GHz wide
filters. These two independent systems are aligned with the twin 11-GHz site testing
interferometers, with their beams matched as well as possible using newly designed
mirrors. The intention is to see how effectively and for what fraction of the time it is



possible to use the 183 GHz systems to correct the 11GHz atmospheric phase
measurements. It is possible to estimate the height of the turbulence from the lag
between the two 11 GHz phase measurements (which are obtained by looking at
different satellites) together with information on wind speed and direction. This will
be important in establishing how strongly the quality of radiometric phase correction
depends on the turbulent scale height, both in practice and through models.

Initial results for both the lag estimates and radiometric phase correction have been
obtained in the past 2 months, although operational difficulties (principally power
outages, and the difficulties in performing system upgrades and receiver tests on site)
have restricted the quantity of data so far obtained. Work on analysing the existing
data and on improving the measurements will continue as a high priority, with the
goal of producing a report in about 6 months.

Although the results from these more detailed studies will be needed in order to
answer some of the questions, we need to have an initial set of specifications for the
ALMA radiometer system and a baseline design for inclusion in the plans and cost
estimates. We do in fact have sufficient information to provide much of this
information already. The following sections summarise our current thinking on the
requirements and the design choices.

Design Considerations for the ALMA water vapour monitors

1) Requirements

The first question to be decided is whether we wish to correct just the phase error in
the interferometric signal or whether we should also plan to take out the tilts in the
wavefront across the individual dishes which cause pointing errors. (The latter effect
is sometimes called anomalous refraction, although it is only anomalous in the sense
that it would not occur if the atmosphere were uniform.) The correction of such
pointing errors with radiometers was discussed by James Lamb and Dave Woody in
MMA Memo 224. The problem has been studied in the context of the LMT/GMT 50-
metre project by Luca Olmi. (Radio Science, 35, 275-286, Jan 2000.)

In each case we then need to set detailed requirements. We need to decide the path
length error allowed as a function of integration time, weather conditions, zenith angle
(z) and change in z. For pointing corrections, we need to set the required accuracy
(which should be a term in pointing error budget) again presumably as a function of
weather and z.

. The rms path error given as the goal in existing documents is 38.5 fs (femtoseconds)
which is 11.5 micrometers of path. Note that, at this level, the loss of correlation from
this cause is only 5% at 950 GHz and 0.7% at 350 GHz, so this is setting the goal very
high. (Compare these to the transmission losses of about 70% and 20% for these
same frequencies with 1 mm of water vapour.) No reference is made to whether this
figure degrades in less than ideal conditions, but is clear that it can be allowed to
without seriously affecting the data. A more realistic goal would be to multiply the
above figure by (1 + wy) where wy, is the amount of water in the path in millimetres.



The time allowed for achieving this accuracy is also not presently specified. We have
generally been assuming that this refers to a one-second timescale, but we really need
to look more closely at the data to see if we are justified in going as fast as this. (Note
that the question of whether the correction is applied to the phase in real time or the
data taken with short dump-times and stored for later processing has only a small
effect on the radiometer requirements but quite large implications for the software.)

A "systematic (avg)" error of 8.4 fs is also quoted in Larry D’ Addario’s “Phase
Stability Specification Note”. This is intended to.cover things like drifts and offsets
that do not integrate down with time in the way that white noise would. The relevant

“timescale here is the time between calibrations because anything that varies more
slowly than this will be taken out by the observations of the calibrator. We will
presumably observe calibration sources much less often than we would if we were
using only them to remove atmospheric phase fluctuations, but a typical calibration
cycle of 50 or 100 seconds seems reasonable. We can, if necessary, move further and
use brighter sources than is planned for fast-switching phase correction. Presumably
the same observations will generally be used;to check the pointing and/or the

" amplitude calibration. We should try to extend the stability of the radiometers to at
least a few times the calibration cycle so that the results on the calibrators give us an
independent estimate of how well the correction is working. Stability over about 5
minutes is therefore the requirement. (Note that this implies that the phase stability of
the rest of the system must be maintained for at least this length of time.)

It is however essential that we can measure the atmospheric term accurately as we
move from source to calibrator. This is certainly more difficult if there are large
changes in the total water in the path-and/or ground spillover (although it is only the
dish-to-dish differences in these effects that are important). At low elevations it
would be beneficial to look for calibration sources that are closer to the target in
zenith angle than in azimuth, i.e. to search in an elliptical patch of sky.

The value given above (8.4 fs) is an extremely tight specification: it corresponds to
less than a degree of phase at 345 GHz, well below that given for the path stability on
the antennas for example. We think it unrealistic to insist on this stability from the
radiometer system and suggest instead that the value proposed for the short-term noise
should apply for the stability over the calibration cycle as well. Obviously the goal
will be to do better.

The key sensitivity number is that at the optimum frequency the change in brightness
temperature is ~15/w, mK per micrometer of added path. This suggests that a
radiometric precision of order 150 mK (corresponding to ~10 microns of path) would
be sufficient in good conditions. Given bandwidths of >100 MHz and an integration
time of 1 second, this looks reasonable, even for a room temperature mixer, for which
Tsys of 1500K should be possible.

For antenna pointing corrections a suitable budget allocation is 0.3 arcsec rms (in dry
conditions). This is a wavefront slope of 1.5 microns per metre, which leads to a
figure of 9 microns when taken between two points 6 metres apart on the dish. The
measurement is however now a difference between two numbers and it probably has



to be measured in shorter times than the interferometric phase. This looks marginal
with a single uncooled mixer.

Studies of the existing site data (e.g. MMA Memo 223 and references therein) show
that much of the observing time will be seriously affected by single dish pointing
errors: the overall median seeing is about 1 arcsec compared to the specification for
the antennas of 0.6 arc seconds. More study is needed of how fast the pointing
fluctuates and how the bad seeing correlates with the other conditions. The obvious
conclusion at this stage is that we do need to correct the pointing and that we should
assume that this needs to be updated once per second. (With a wind speed of several
metres per second and a 12-metre aperture, we can obviously expect some pointing
changes on timescales as short as this, but the bulk of the power will normally be a
periods of more like 10 seconds.) Note that this has to be done in real time and that
we will therefore need to use an algorithm that anticipates the error for a time about
one second ahead of the most recent reading.

Other requirements: Compatibility of interfaces (CANbus, etc.) Minimum
interference with other systems. . A special problem is leakage of the LO and its
harmonics into other systems via various paths e.g. out of the feed and by reflection
off the subreflector. It is unlikely that we can suppress these completely. The LO's
should therefore be locked to system clock so-any interference is at an accurately
defined frequency. The design should use the fixed reference frequencies already
provided at each antenna. (Using 2 GHz and 125 MHz would provide a satisfactory
combination). We might add a requirement that the LO can be shifted by a small
amount (say 125 MHz) so that any mterference can be moved away from a critical line
(by about 200 km/s in that case).

Suggested baseline spec: 10(1 + wy) microns of path and 0.3(1 + wy) arc sec of
pointing over a 5 minutes of time and 1 degree in z, with 1 sec time resolution.

2) Basic techmcal approach

The obvious options are line measurements at 183 GHz, 22 GHz, and in the mid-
infrared (10 or 20 microns), or measurement of the (sub)mm continuum as for
example used at IRAM.

The latter is unlikely to provide accurate enough path estimates and could not easily
accommodate a wide range of conditions.

22 GHz is now essentially ruled out by the size of the optlcs The feed would be ~250
mm diameter to measure the interferometric phase and at least 500 mm for correcting
the pointing. Sensitivity would in any case be problematical - a cooled system would
certainly be required.

The use of infra-red radiometers is a new suggestion from Dr David Naylor
(Lethbridge, Canada). The principle is essentially the same as with the millimetre
radiometers but uses water vapour emission bands in the mid-IR. The system uses
detectors cooled to 77 K. We could not use the telescope’s optics so to measure the
pointing corrections we would probably need either several detectors per dish or some



optical relay system to give an appropriate spreading of the beam. The initial report
on sensitivity and stability looks encouraging, but questions such as how much the
results are affected by the temperature and pressure in the fluctuating layer and the
effects of cirrus clouds have yet to be investigated. This needs to be done before we
can judge whether this might be a viable option for ALMA.

Meanwhile the baseline should remain 183 GHz.

3) Mixer or HFET?

183 GHz HFETS will probably be available but will be expensive, noisy and with
poor short-term stability. The baseline should be to use mixers.

4) Cooled or uncooled?

The main advantages of cooled systems are sensitivity and stability. It would also be
easy to provide a cold reference load. There.is however some concern about how one
would calibrate out losses in the Dewar window, especially if there is a possibility of
getting dirt or water on it. External optics would almost certainly still be required for
the pointing system and it might be possible to introduce some additional calibration
signal there. With cooled systems, the radiometer will essentially take up one
complete slot in a Dewar and the development path will interact strongly with the
main receiver programme. It will also take up some of the cooling power budget (IF
amps, windows, connections, etc.) and there would be greater likelihood of LO power
leakage.

An uncooled system is clearly simpler, and should cost less to develop and build.
Uncooled Schottky mixers can be obtained commercially and are robust and stable.

We therefore believe that an uncooled system should be adopted as the baseline.
Assuming, however, that the goal of correcting the pointing is confirmed, there is
some question as to whether sufficient sensitivity can be obtained with an uncooled
system. Until this is established the cooled option should be kept open as the backup.

Digression on cooled systems:

Sa) SIS

If we use SIS mixers, these will have to go in the main Dewar and will presumably be
based on the ALMA band 5 mixers. Sensitivity is then excellent and stability almost
certainly acceptable given a suitable switching scheme. One can argue that no
significant development effort on the mixers is required. The standard IF choice is not
ideal (1 to 9 GHz would be better), but we could live with it. For example the LO
could be at about 180 GHz so that the upper-sideband IF range of 4 to 12 GHz would
correspond to line offsets of ~0.7 to 8.7 GHz. The lower sideband would not be used
and would have to be rejected at about the 25 dB level. The mixers would provide a



certain amount of sideband rejection and this could be enhanced by having a
waveguide filter at the input to the mixer, since the operational frequency is fixed.
Although there will naturally be strong resistance to giving up one of the astronomical
"slots" (or making the Dewar larger and more complicated), this option is sufficiently
attractive that it should probably be kept open for the present. A straw-man design for
it could be worked up and costed but no development work seems to be needed now.

We should also consider here the possibility of using the astronomical band-5 receiver
to do the radiometry. Given the high sensitivity it might be possible to obtain ,
sufficient accuracy from the shape of the line plus perhaps frequency switching, in
which case it should not be necessary to compromise the astronomical performance of
the receiver by adding additional switching components.inside the Dewar. Another
option would be to insert a 45-degree polarising grid into the beam when selecting this
mode. This would make it possible to use the two polarisation channels as a cross-
correlation receiver. This should also provide a way of doing sideband separation.
This would of course mean that correction would not be available when using this
receiver for astronomy. (Under good conditions, however, it might be possible to do
the water vapour measurements with the band-7 receiver using the 325 GHz water
line.) Some additional electronics for generating the LO and processing the IF would
need to be added. Extra optics would be needed to do the single-dish pointing
corrections and these would have to be inserted into the beam to select this mode.

An important additional consideration is that using an SIS mixer should give
sufficient sensitivity to provide a correction for the water vapour emission when
making total power observations with another receiver. One can see that this should
be possible from the fact that, for Imm of precipitable water, the extra emission AT,
for a given Aw, is several times stronger between 181 and 185 GHz than it is at say
345 GHz. '

Again these options seem sufficiently attractive that they should be explored in more
detail. The interactions with the rest of the system are nevertheless a substantial
negative factor. If nothing else we would be compelled to have band 5 available on
all antennas from day 1, which may not coincide with the astronomical priority.

5b) Cooled Schottky

The advantage of using a cooled Schottky system is that it could be housed in a
separate Dewar with the band 1 receiver (if that is the outcome of other discussions)
where it could be cooled to 15 — 20 K. The interactions with the more critical part of
the receiver system would then be reduced. It would however probably be necessary
to undertake a new development to obtain suitable mixers and we are not clear what
performance could be obtained: The IF amplifiers would probably play a major role
here and it may again be best to use the ALMA 4 to 12 GHz ones. If we decide to use
a Dicke switch (see below) then we would probably need to develop a suitable
coolable switch. This option should be considered further if detailed planning for a
band 1 Dewar is undertaken.



Finally in this section, we should note that very compact and relatively cheap
refrigerators are now available which could cool a simple radiometer to say 70K.
Although reliability might be an issue, it may turn out that this is the most cost-
effective way of getting the necessary sensitivity if it cannot be obtained with an
uncooled system. :

6) Form of switching

For-an uncooled system, there seems little chance of obtaining ~0.1 K stability with a
total power system given a system temperature of at least 1000 K. (Note that we can
get some relief because we are observing a line and are to a considerable extent only
concerned with the differences between frequencies. We believe that some form of
comparison with a load of known temperature will however be necessary.) We should
therefore plan to use either a Dicke switch or a continuous-comparison radiometer
which takes the difference between the sky temperature and a temperature-controlled
load. For the pointing correction we also need to take the differences between
different parts of the aperture. Many options$ are available but we clearly wish to
select the simplest, cheapest and most reliable that can do the job. -

The most basic option is a single mixer with a Dicke switch operating between the sky
and a fixed-temperature load. Ideally this load should be at a temperature close to that
of the sky brightness at which one obtains the best sensitivity (around 170 K). A
modulated calibration signal would also be injected via a coupler on the input. An
alternative to injecting a cal signal is to switch between the sky and two loads at -
different temperatures. This gives more flexibility in the choice of temperatures:
something like 100 K and 250 K (spanning the sky brightness range of interest) would

" be best, but combinations like 200 K and 370 K would also be good. The existing '
MRAO design uses two loads and an optical switching scheme (a “flip-mirror””). This
works quite well, but for ALMA it would probably be worth developing an all-
electronic switching scheme, using ferrites or diode switches, for both reliability and
stability reasons. With a single mixer the system would normally run in double-
sideband mode and, provided the gain stability was adequate, the sensitivity would be
~-given by the normal radiometer equation: AT =2 Ty (DSB) / root(Bt).

The next level of sophistication is to use two mixers. With a hybrid before the mixers
and a correlating backend one can then arrange that the output is the difference
between the sky temperature and the load. (The use of a correlation receiver in this
application is suggested in Luca Olmi’s paper and he refers to the work of Predmore
et al. (IEEE Trans MTT-33, 44, 1995) as a successful example of a millimetre-wave
continuous comparison radiometer. The sensitivity improves by root 2 and with
appropriate switching we can presumably separate the sidebands as well, although the
advantages of doing this do not seem very great. (It would perhaps give better
information about any contribution from clouds.)

To obtain the gradient in the emission, which gives us the pointing correction, we
need to arrange the optics so that the radiometer illuminates a patch on the
subreflector, covering about half of it. For a switching scheme the beam then has to



be moved around (most naturally as a circular scan about half way out) and the signal
put through a pair of synchronous detectors to generate the required error signal.
Lamb and Woody suggested a rotating prism to do this but a rotating mirror with its
normal slightly tilted with respect to the axis of rotation would also do the job.

An alternative is to again use correlation (i.e. continuous differencing) receivers. The
most obvious arrangement would be to have 4 horns in a square, which are optically
re-imaged onto the secondary. The two diagonal pairs are connected to 4 mixers via
hybrids in such a way that the outputs are the differences in the sky brightnesses
required. A mechanism for switching against loads would still be needed to give the
interferometric phase correction. Although these schemes sound complicated, the
technology does probably now exist to build such combinations of splitters, hybrids
and mixers in a stripline form at these frequencies.

More discussion of these schemes seems appropriate before a choice is made here.

7) Form of vbackend

In principle we could scan the LO and use a fixed and very simple IF with just one
fixed frequency. Given that we are struggling for sensitivity this seems unattractive.
The stability would probably not be good either. We therefore need a multichannel
backend. The obvious choices are a set of filters (as in the MRAO and Onsala
systems) and an analogue correlator along the lines developed by Andy Harris. This
latter approach is being adopted for a 22 GHz water vapour phase correction scheme
on BIMA. (See http://bima.astro.umd.edu/memo/memo67.ps )

More modelling is needed to determine the number of filters required. Studies such as
those performed by Bryan Butler (http://www.nrao.edu/~bbutler/work/nraomemos/VLAwvr.ps)
in the context of the VLA need to be carried out for the ALMA circumstances. The
existing MRAO/Onsala design uses only 3 but it seems likely that at least 4 would be
beneficial to give more information about what is going on in the atmosphere. The
bandwidth should increase with increasing offset from the line to give more sensitivity
where the water emission is weaker: a possible combination mightbe 0.5-1,1-2,2
—4and 4 -8 GHz. ltis of course possible to make a cross-correlation filter '
spectrometer to use with a correlation front-end, although twice as many filters are
needed in a true multiplication scheme.

The analogue correlator form looks attractive as a compact device suitable for mass
production. The existing design is limited to about 4 GHz by the analogue multipliers
but faster devices are being worked on. An alternative approach using passive
detectors is under development at MRAO for CMB work. Because the frequency
spacing is fixed, one would need at least 16 lags to cover plus and minus 8 GHz of IF
with adequate resolution. (The BIMA scheme expects to use 32 channels.)

We suggest that the analogue correlator be adopted for further investigation with
filters as a safe fallback. o




8) Local Oscillator

In order to use DSB systems (or a SSB one with modest rejection) we need to put the
LO at the line frequency, 183.31 GHz. First harmonic mixers would require 91.155
GHz, which is easy with a fixed-tuned Gunn. Alternatively it may be more
economical to adapt components from the:standard ALMA LO system even though
the tuning flexibility and pahse stability are not required. Fundamental mode mixers
are better because there would be fewer LO harmonics and somewhat lower noise.
These could be driven with a Gunn plus a doubler, but would need quite a lot of
power, especially for several mixers. Using biased mixers rather than self-biasing
ones would reduce this problem.

No tuning is needed, except possibly a step of a few MHz to move it out of the way of
a particular line. Although with an SSB system one can in principle fit for the
frequency, phase locking the LO to the system clock is clearly advisable, so that all
the interference spikes are at accurately known frequencies (and with zero fringe rate).

9) Beam Offsets

It is clearly important that the radiometer samples the same path through the
atmosphere as the incoming astronomical signal. It is in fact not possible for these to
match absolutely perfectly. (For one thing the radiometer signal is incoherent
emission from the water molecules and is therefore sampled by the intensity pattern of
the antenna, which is always positive. The path length change is a coherent effect and
therefore depends on the amplitude pattern. Molecules in certain locations will not
contribute to the phase delay and some will even produce an advance!) The question
of how well the beams need to overlap depends on how much small-scale structure
there is in the water vapour and how far away it is in front of the aperture. We need
more data on the height of the fluctuating layers to make quantitative statements on

this.

It is however clear that it is desirable to keep the radiometer close to the astronomical
feeds but this is not likely to be a very critical parameter because most of the phase
fluctuation is in scale that are considerably larger than the beam. If we can place the
radiometer feed in the centre of the ring or cluster of feeds, then the beam offsets are
likely to be in the range 3 to 10 arc minutes. This corresponds to distances of 1 to 3
metres at a distance of 1 km, i.e. a modest offset compared to the dish diameter. To
illuminate a suitable area on the subreflector to be able to do the pointing correction
would require a feed about 75 mm in diameter. It is more likely that a much smaller
feed (or group of feeds) would be used which would be reimaged onto the subreflector
by an optical relay. The final mirror of this could then be in the central position and it
would be advisable to allow about 100 mm clear diameter to accommodate it.



The baseline should be to keep the radiometer beam within 10 arc minutes of the
astronomical ones and, if it is practical to do so, make this offset smaller than that for

the higher frequency channels.

Conclusions

The critical issue at this stage is to decide whether we should aim to correct the single-
dish pointing errors or not. Once that is determined more detailed specifications can
be drawn up and design choices made. It is also important for the SAC to consider the
issue of whether options involving use of the astronomical receivers should be kept
open or ruled out now as an undesirable approach.
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6.1

6.2

Introduction

The ALMA cryogenic system performs a critical role within the array operational infrastructure by
providing the necessary cooling for all low noise receiver front-ends associated with the
instrument. It is vital for successful operation of the array that the eryogenic system provides
appropriate thermal cooling capacity and stability, mechanical robustness and a high degree of
reliability. Furthermore, the system design must offer a degree of flexibility for planned and future
receiver technology development and yet be sufficiently simple to ensure minimum and
straightforward construction and maintenance. . Achieving these requirements is a demanding
development task and one that requires the application of novel design and construction methods
coupled with the selection of the most suitable cryogenic cooling engine.

This report provides a summary of the design progress to date and although preliminary in a
number of aspects, for example thermal heat loads, mechanical deflections tolerances and
dimensional constraints need to be refined, it represents the envisaged structure and design

methodology.
Design Summary

The present preliminary design is able to accommodate ten receiver observational bands operating
in the millimetre to submillimetre wavelength range. In addition, sufficient room has been
allowed for inclusion of an atmospheric water vapour monitor (for either cooled or room
temperature operation) and, should it be necessary, a receiver calibration cold load. The radio
frequency and other electronic components that form an individual receiver band are integrated
into an autonomous support structure known as a cartridge assembly. All ten cartridges are
inserted into a single large vacuum vessel (see Figure 6-1) that provides thermal insulation,
radiation shielding and cryogenic heat lift, the latter via a close cycle cooling system. Further, the
outer vacuum container (OVC) supports external optical components associated with the receiver-
antenna optical interface: internal optical components are supported on individual cartridge
assemblies. Thermal connection to each cartridge assembly heat sink stage is provided via a novel
low resistance thermally activated link arrangement that requires no permanent mechanical
attachment, i.e. it does not need to be physically bolted to a stage. This mechanism provides a
significant operational advantage in that withdrawal of a cartridge, and hence a complete receiver
band, can be simply performed at room temperature and ambient atmospheric pressure without
disturbing the rest of the receiver and cryogenic system. This minimises risk of damage to the
remaining receiver bands, reduces maintenance time and avoids a potentially lengthy and difficult
readjustment of the external optical assembly since this need not be separated from the vacuum
vessel. Furthermore, adoption of the cartridge principle allows construction and test of individual
receiver assemblies to be performed at separate development facilities prior to final integration
into the main vacuum vessel. We believe that this approach will provide a significant advantage to
the ALMA receiver development community and is consistent with the likely multinational
distribution of receiver development tasks.

Figure 6-1: ALMA cryogenic system concept showing optics, cartridge and cryocooler arrangement



IXCVISIUIL OIDWIY ZUVI-JUN. Y. TSt ALIVILA version

6.3

Individual elements of the cryogenic system conceptual design are described in greater detail
within the following sections.

Cryostat Design Requirements and Objectives

The basis of the cryostat-design can be divided into a number of key requirements as shown below.
Associated with each requirement heading are a series of design objectives that, when met though
the design process, will ensure the construction and operation of a cryogenic system that is well
suited for the ALMA instrument.

Efficient millimetre and subillimetre wavelength observation band operation.

o Configuration: - System must be flexible and able to accommodate various observation
band component configurations, including:

> Optical interface (off-axis mirror, lenses etc.)
Superconducting-tunnel-junction (SIS) mixer front-ends
IF amplifiers.

Local oscillators

Low noise amplifier front-ends.

V V V V VvV

Associated cabling and ancillary electronic components.

o Signal input windows: - Accommodate various window sizes and infrared filter designs.

e Alignment: - Maintain RF optical alignment between observational band components

and external optic units during cool down and operation.

Sufficient cooling capacity.

e Baseline front—end cooling: - Cool SIS mixer front-ends to 4.0 K (maximum) and low

noise amplifier front-ends to 15 K (maximum).

e General cooling: - Intercept radiative and conductive heat loads from windows, wiring

and wave-guides etc.

e Stability: - Provide a 4 K stage short term temperature stability of < 2 mK (rms). Provide

a long term temperature drift that does not exceed 0.2 at the 4 K stage for 1 year.

Physical mass and size compl ance.

e Mass: - Total receiver package, including vacuum vessel, cartridges and coolers, must be

less than 750kgs (mass estimate suggested by the ALMA Antenna Group) including
receiver components and optics.

e Size: - Cryostat OVC must be able to fit though the antenna receiver cabin door. This

limits the total receiver package (including external optics) to an envelope size of 1.1m
width x 1.6m height.

Suitability for production plse manufacturing.

e Technology: - Cryostat design should baseline existing and proven technology whenever

possible. Novel technologies should be properly evaluated and tested prior to
commencement with the production phase.

e Mass production: - Cryostat design should give a high degree of consideration to

construction and assembly methods and techniques. Complexity of the design and
mechanical structures should be simplified wherever possible.
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6.4

5.  Observatory operational issas

e Evacuation and cool down: - Total cryostat evacuation and cooldown time (from room
temperature) should not exceed 5 days. The cryostat must have the ability to be
evacuated to a suitable pressure to allow cooldown consistent within this time frame and
to ensure long term operation (> 1 year) on a given antenna.

o Vacuum integrity: - Achieve reliable operation = 1 year. This will require a total system
vacuum integrity (including signal windows and other feedthroughs) that corresponds to
a leak rate of order 10-3mbar litres/sec. We anticipate that implementation of a suitable
gettering material will maintain the vacuum level to an acceptable level, typically < 10
mbar, during normal operation and will minimise the contamination of cold surfaces.

® Maintenance: - Cryostat must have a minimum service interval of 1 year. Anticipated
servicing to include examination of cryocooler systems (cold-head and compressors)
and evacuation of vacuum chamber.

o Reliability: - Repeated thermal and vacuum cycling of the cryostat structural
components; including cartridges, vacuum vessel, windows etc., should not cause
catastrophic system failure. A qualifiable limit of 100 thermal and vacuum cycles is
specified.

e Transportation: - The cryostat must be capable of being safely transported, e.g., from
construction location to observatory site .or from a given antenna to operational
maintenance centre) either at room temperature or cold. The system should be able to
withstand and survive a 3g-shock loading.

Detailed Cryostat Design

The ALMA cryostat must fulfil the cryogenic requirements of the front-end receiver technology
and, in addition, must operate with high degree reliability, efficiency and be compliant with large-
scale production. To ensure that the cryostat satisfies these objectives, it is essential that
contributing factors that could limit the system performance or be a cause of reliability concern are

identified and resolved.

Our design procedure has established the main criteria that affect both system performance and
reliability to be associated with:

e Maintaining adequate alignment of the internal cooled receiver components with the
external optical assembly.

e Provision and maintenance of sufficient cooling capacity and thermal stability.

Alignment issues are predominantly associated with the ability of individual cartridges to remain
co-aligned with the room temperature -external optical assemblies as the cryostat is tipped on the
telescope. Furthermore, the cartridge structure must be sufficiently rigid to resist distortion during
receiver component integration, general handling and subsequent thermal cycling.

Provision of appropriate cooling capacity is dependent upon selection of the most appropriate
cryocooler technology and careful evaluation of parasitic heat loads due to radiative, conductive
and power dissipating sources. The cartridge structure provides a significant contribution to the
conductive load and, as a result, its design is crucially important to successful cryostat operation.

The following sections describe of the major features of the cryostat design by splitting the whole
cryogenic system into two main parts namely, the vessel structure, including OVC, radiation
shields and cartridges, and the cryocooler. Detail and drawings are those available at the current
time of issue of this report..



IEVISIUN MRISWIEY 2UUL-vun. £y; rrst ALIVIA version

6.4.1

Outer vacuum container

The conceptual design of the OVDC is shown in Figure 6-2. It essentially consists of a metal
cylinder (mid-section) capped at both ends with metal plates that support the signal input windows
at one end and the receiver cartridges at the other. With the exception of the cryocooler system, all
porthole access ports (window, cartridges, vacuum vale and vacuum gauges) are placed on the

surface of the two endplates.

Figure 6-2: Cut-away view of outer vacuum container (OVC)

The ‘top’ endplate has 12 portholes with a suitable ‘O’ ring seals that provide locations for the
input signal windows, water vapour radiometer (signal input window if cooled or cold load
window if warm) and, if required, a generic receiver cold load. The base of the vessel has 10 ‘O’
ring sealed interfaces for the cartridges and four additional ports for vacuum pump and vacuum
gauge attachment, thermometry and heater electrical cabling feedthroughs. The envelope
dimensions for the OVC are approximately #1m x 0.7m high, and are consistent with the antenna
cabin access door. Figure 6-3 shows the bottom end plate with the cartridges extended from the

OVvC.

Figure 6-3: Bottom view of cryostat with cartridges extended

The mid-section provides the radial support structure of the vessel and contains the suspension
supports. It also provides ‘O’ ring sealed access for the attachment of the cryogenic cooler. A
central internal tube has been introduced between the two end caps (see Figure 6-4) in order to
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reduce the endplate deflection when the system'is evacuated. Figure 6-5 shows the extent to which
a simple endplate structure (holes excluded) deforms without the addition of the tube. Additional
metal ribbing is also included to reduce the residual deflection to < 0.1mm. It is anticipated that
addition of the window and cartridge access holes will weaken the endplates, particularly at the
cartridge end, and some additional mechanical stiffening may be required in order to achieve the

required deflection. This is currently being investigated.

I 7 s L
i
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Figure 6-4: Cross-sectional view of cryostat showing internal support bar

Vacuum vessel end plate deflections at centre under vacuum load
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Figure 6-5: Unsupported Vacuum vessel endplate deflection
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6.4.2

643

The OVC construction material can be either stainless steel or aluminium and in both cases
fabricated in accordance with a pressure vessel design code BS5500. The final material choice
requires detailed structural analysis that is currently ongoing, and selection will most likely be a
compromise between structural mass and rigidity rather than cost. Additional consideration must
also be given to the ability of the chosen material to provide a low surface emissivity, low
outgassing properties and ruggedness. This normally implies a preference for stainless steel, but
the total cryostat mass: restriction of <750 kg means that material thickness must be minimised
and resulting deformation carefully evaluated. We. have also considered the use composite
materials since they may provide a significant mass advantage. However, our concerns with
regard to their suitability, they are not proven in this area and therefore introduce production and
performance uncertainty with little cost benefit, lead us to reject their use at the present time..

Attachment to and accurate alignment between an antenna and cryostat is achieved by use of
precision registers and dowel pins located at appropriate intervals on an interface ring. Our
intention is that registration between an antenna and cryostat be non-specific. That is, individual
cryostats can be interchanged between any of the array antennae and external optics assemblies.
The will greatly ease assembly, test and maintenance requirements though, for a cryostat of the
size conceived, will not be a trivial task. Final definition of cryostat — antenna interface alignment
tolerance is currently awaiting outcome of analysis from the ALMA Optics Group.

Internal radiation shields (70 K and 12 K)

The function of the cryostat internal radiation shields is to reduce the radiative thermal load on the
4K stage. An addition function is to provide a good heat path between the thermal link
arrangement and the cryocooler heat lift stages. The shields are constructed of pure aluminium
(BS1470 grade 1200 or equivalent) and provide good thermal conduction properties, relatively low
outgassing, low mass, ease of manufacture and low cost. In order to reduce the emissivity and "
outgassing rate further, a specialist surface treatment using chemical cleaning will be used to clean
the surface. An acid etching technique, which has been proven in a production environment, is a
cost-effective surface treatment method. Once clean, however, surfaces will be prone to
contamination and it is therefore essential that careful procedures are employed, preferably in
clean room environment, during assembly and maintenance.

A substantial load has been calculated to be incident upon the 70K shield from the room
temperature OVC. Even though the cryocoolers specified in Section 6.5.0 provide a large heat lift
capacity, this amount of radiation represents a significant load on the cooling system and may
ultimately impact cooling effectiveness and reliability. A standard technique to reduce this load is
to apply several layers of multi-layer insulation, often interleaved with polyamide netting to reduce
thermal conduction, to intercept the radiative heat load. Although the use of multi-layer insulation
will increase the evacuation time, our initial estimate of the reduction in radiative heat load onto
the 70 K shield (typically to by 20 W) leads us to believe that its introduction is well worth while.
A similar reasoning applied to 12 K shield indicates that a single layer of aluminium foil 0.08mm
thick would be sufficient to reduce the radiative heat load from the 70 K shield to acceptable
levels. The aluminium foil is a cost effective method of providing a surface with a very low
emissivity without the use of more expensive polishing or plating processes.

The effectiveness of the radiation shields is also a function of how they are supported. For
example, it is essential that the support structure implemented does not introduce an excessive
thermal conduction path since this would raise the temperature of the shield either throughout or in
local areas. However, it is also essential that any support structure be sufficiently rigid to prevent
excessive displacement of the shield as the cryostat is tipped on the telescope. Although the shield
structure is connected to the cartridge via highly flexible links (see Section 6.4.4.3), alignment
must still be maintained within £0.5 mm in order avoid to the introduction of additional cartridge
deflection. Clearly, achieving tolerance of this order require the minimisation of the shield mass.

4 K heat sink stage

The 4K plate construction is of machined OHFC copper plate. OHFC copper has been selected
primarily due to its properties as a good thermal conductor at 4K but also because of its low
outgassing properties, ease of manufacture, availability and cost. The grade selected will be to
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BS2870 grade C103/110 or equivalent. The plate will have features for attachment of thermal
links, low conductivity supports, and suitable cooling engine connections. The overall shape must
be optimised in order to provide adequate thermal conductance at 4K. Consideration also needs to
be give to the mass of the plate and this should be minimised in order to provide increased
cooldown efficiency. : '

644 Cartridge design
6.4.4.1  Benefits
Adoption of a receiver cartridge philosophy provides the following benefits:

e Relatively large working volume that can accommodate a variety of receiver
configurations.

e Standardisation providing reduced production and assembly costs and minimising
production lead times since a substantial fraction of the structure can be subcontracted
to industry. '

e Ease of receiver assembly, integration, and maintenance.

e Individual RF receiver bands cartridges ma;) be assembled and tested independently to
main cryostat. This will reduce potential ‘bottle-necks’ in the cryostat production and
assembly phase.

e Minimising internal cable and harnessing inside the OVC since all individual signal
band waveguide and electrical connections are located on the base of a cartridge.

e Minimised shield thermal conduction loads. The cryostat radiation shields are not
required to support receiver components. This significantly reduces the shield heat load
and alignment requirements since only individual cartridges must achieve the necessary
alignment tolerances.

o Flexibility for future receiver upgrades.

Maintaining the optical alignment between observing band components and external optical units
during transportation cool down, and operation is of a fundamental importance to the proper
operation of the receiver system. All radio frequency (RF) optical components have a requirement
to be mounted on mechanically stable structures. The mechanical loads have been identified which
could adversely affect optical alignment are deflections of the vacuum vessel after evacuation,
thermal contraction during cool-down, tilting of the antenna, transportation of the receiver and the
interchange of production receiver components during maintenance, or complete front-end
replacement.

6.4.4.2  Configuration and accommodation

The cryogenic system is capable of support a total of 10 individual cartridges. Each cartridge
contains all the necessary components, ancillary electronics and cabling associated with a specific
front-end band. There are 8 cartridges with an.outside diameter of 170mm and 2 cartridges with
an outside diameter of 140mm. Ideally, cartridges would be identical in shape, but space
limitation within the OVC has prevented this. In Figure 6-6 we show a example of a typical
cartridge structure and in Figure 6-7 the corresponding cartridge location on the OVC endplate.
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4K, 12K and 70K X
Component o T _
mounting plates, , : Vacuum flange and.
Electrical feed
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Figure 6-6: : Example of an ALMA receiver cartridge

Figure 6-7: : Cartridge location on OVC endplate

The structural form of a cartridge comprises a room temperature base plate, that mates with the
OVC, to which is attached a series of thermal insulators that separate three cold surfaces, referred
to as the 70K, 12K and 4K stages. In the case of receiver bands 1 and 2, a 4K surface in not
required and can be simply omitted from the cartridge assembly during construction. All
necessary electrical connection and feedthroughs are located on the room temperature base plate
making each cartridge and autonomous assembly. The thermal isolation between cold stages is
accomplished by use of thin walled fibre glass tubing that has been optimised for thermal
resistance and mechanical rigidity. Figure 6-8 indicates a preliminary finite element (FE) analysis
of the cartridge structure: the smaller diameter indicates the distribution of the 4K end load
(mirrors, mixers etc.) and increasingly blue area indicates the region of greatest deflection. Figure
6-9 indicates the corresponding conductive heat flow through the corresponding tube structure.
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Figure 6-8: : Illustrates FE model of estimated cartridge deflections when cryostat axis is horizontal
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Figure 6-9: Illustration of cartridge support conductive heat flow

The concept of the cartridge assembly is very similar to that employed in hybrid helium dewars
used at a number of observatories for millimetre and submillimetre wave system. Further, it
benefits from the heritage gained of a similar, though smaller system, successfully developed and
employed by NRAO on the 12m Kitt Peak antenna. However, the current design differs from past
systems in one important aspect namely, the thermal anchor or link arrangement. In this case, a
novel mechanism is proposed in which connection between a cartridge cold stage and the
cryocooler heat sink point is achieved via a temperature dependent thermal link.

6.4.4.3  Cartridge thermal link arrangement

An early version of the link, which has undergone preliminary tests, is shown in Figure 6-10. The
basic mode of operation involves the thermal contraction of a nylon and copper ring assembly
surrounding a specific cartridge cold stage, as the cryostat temperature is reduced. The cartridge
assembly passes through the ring, which is a relatively loose fit, and is self-aligned with the
appropriate cartridge temperature stage. On system cool down, the nylon ring contracts at a
greater rate than its metal counterpart and, as a result, squeezes the metal ring into contact with the
cartridge and thereby forms a thermal link. Tolerance between the link inside diameter and stage
outside diameter are selected such that when cooled operation is achieved a substantial force is
exerted between the surfaces and a low thermal resistance joint is formed. An estimate of the
clamping force produced by this arrangement is shown in Figure 6-11: a clamping force in excess
of that obtainable from a conventional bolt arrangement is predicted. A series of radial flexible
braids attach the link to the cryocooler cold plate and allow free mechanical movement of the link.
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This is necessary to avoid distortion of the cartridge during cooldown and any deflections that may
arise from movement of the radiation shields during use on a telescope. The clear advantage of
this system is that it provides minimum mechanical intervention to insert or remove a cartridge
assembly since when the cryostat is a room temperature, the link compression is relaxed and
becomes free of the cartridge stage. In addition, the system also allows cartridges to be placed
closer together and results in a more compact cryostat envelope.

Captivating Alwminium
plate

Flexibie braid
assemblics

Nyton clamping ring

Segmented copper
clamping ring

Clearance to allow sadial
musabipnment of radiation shicids

Figure 6-10: Preliminary design of the ALMA cryostat thermal link arrangement

Figure 6-11: : Estimated thermal link clamping forces when cold

A thermal link similar to that shown in Figure 6-10, but reduced in scale, has been manufactured
and tested. Measurements indicate successful operation and repeatable performance: the link was
thermally cycled 10 times between sets of measurements with no apparent degradation in function.
Table 1 shows the measured thermal gradient across the link which, although limited by the test
arrangement, appear to be acceptable at 12 K and 70 K. The conductivity at 4 K needs to be
improved if heat loads higher than 30 mw are anticipated. A full report on the tests is available'
Improvements to the design have been made, reducing the number of interfaces, and a new link
will be tested.

'ALMA Receiver Cartridge Thermal Link Test Results
A report on the experimental test results of the proposed receiver cartridge cryogenic thermal link for the ALMA cryostat
MC Crook RAL October 2000

an
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Table 1: Thermal conductance and temperature gradients at different heat loads and stage temperatures

Temp (K) K (W/K) Load (mW) 2T (K)
4 0.12 40 0.33
100 0.83
12 0.74 40 0.05
100 0.14
80 13 40 0.03
N 100 0.08

Achieving adequate thermal conductivity of the links at 4K is crucial. The temperature distribution
across the link must be maintained to ~ 0.2K to avoid degradation of the superconducting mixer
performance. This reduces the link material selection for the link to high purity metals, e.g.,
aluminium or copper. Since flexible copper links are readily available commercially it was felt
that their use would provide the most cost-effective selection for the flexures. Furthermore, good
connection of the link to the radiation shield base is essential is cartridge stages are to be properly
cooled. Because of the large number of links that are required on each stage, space is at a
premium and must be therefore used very efficiently. An arrangement shown in Figure 6-12 is
proposed for link distribution on the radiation shield (and 4K stage) plates.

Figure 6-12: Distribution of thermal links on the 4K base plate A similar arrangement is used for the
radiation shield links

Due to the number of thermal link assemblies required (provisionally 28 per cryostat) the links
must be compliant with existing commercial production techniques and large-scale manufacture.
For example, all components in the link assembly should be capable of manufacture using
conventional milling, turning, brazing processes or laser/water cutting techniques. Several flexible
thermal braids have been considered. The structure selected is provided by a local expert cryogenic
company (Oxford Instruments) and has a great deal of production and cryogenic heritage (approx.
250,000 in service). Estimated cost per braid is.approximately $1.5 each. It is proposed that a
vacuum brazing technique be employed for attachments of the braids into a copper clamping ring.
Although vacuum brazing is a relatively expensive process for 1 off production due to the high
cost of heating the oven, for volume production there are significant cost savings. The:flexible
braid has a crimped end that eliminates the wicking effect of the solder that will occur during
brazing or soldering. An additional benefit of brazing is that no expensive post manufacture
cleaning is required; conventional soldering generates large oxide layers which require cleaning
which can often be a lengthy and unsatisfactory process and can leave residual outgassing
components.

The utilisation of laser/water cutting is proposed for the production thermal links where precision
machining is not a requirement on non-critical surfaces and can achieve tolerances to approx.
0.3mm. Laser/water cutting is a cost-effective process for cutting profiles in volume component
production since it is automated, quick and with a minimal amount of set-up time. It is becoming
common place in most metal stockholder or machine shops.
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An updated design for the thermal link arrangement is shown in Figure 6-13. We intend, through
collaboration with the NRAO, to manufacture and test this new version prior to the cryostat
production phase. The new design is of a larger link, suitable for all the 170 T cartridges and has
eliminated one bolted joint per braid. This should lead to an increase in conductivity.

4 K link 12 and 70 K link
Figure 6-13: Modified thermal link arrangement

6.4.4.4  Cartridge manufacture and assembly issues

As previously indicated, the cartridge is composed of 3 main sub-assembly sections (77K, 12K
and 4K stages), vacuum plate, and thermal isolation support structure. The vacuum plate will be
manufactured from stainless steel. Associated waveguides and electrical interfaces will be
required to be integrated onto the base of the vacuum plate and stainless steel is the most suitable
material for this. The grade selected will be to BS1501 grade 304S12 or equivalent. This grade has
been selected for its high strength, machine and weld ability, corrosive resistance, cost
effectiveness, and availability. The cold plates will be manufactured from pure aluminium The
grade selected will be to BS1470 grade 1200 or equivalent as for reasons previously stated. The
cold plates can be modified to suit individual RF band design configurations and if required
additional fixing holes and cut-outs may be added. An appropriate surface finish will be required
around the periphery of the cold plates to ensure the thermal link assemblies can make good
thermal contact thereby minimising joint thermal resistance. The cold plate support structure will
be manufactured from GRP (Glass re-enforced plastic). The tubes will be slotted to increase the
thermal path and the slots optimised utilising finite element analysis techniques to provide a
suitable trade off between rigidity and thermal resistance. It will be important to control the
manufacturing process and quality of the tubes since orientation of the glass fibres and resin epoxy
significantly affects the thermal and mechanical qualities of the composite material. In addition,
construction and assembly of the whole cartridge will need to be carefully specified and monitored
since specific tolerances must be achieved in order to ensure proper function of the thermal link
and adequate alignment and interchange of the assemblies.

6.5 Cryocooler selection
6.5.1 Cooler requirements

Cooling the SIS mixers to = 4.0 K and achieving appropriate temperature stability is a critical
objective if optimum receiver performance if to be attained and maintained and is a function of the
overall system efficiency. In order to achieve good cooling efficiency we must first identify all
sources of significant heat input. With the ALMA cryostat the areas that contribute to the system

thermal loading are:
e Radiation from the surrounding environment.

e Conductive heat flux from mechanical support structures, electrical wiring, and wave-
guides.

e Power dissipation from electronic components that form part of the internal receiver
system.

An additional radiative heat source is from the signal input windows (see Figure 6-14). This heat
load will be intercepted at the different heat stages utilising a method of infrared (IR) radiation
filtering. Each IR filter corresponds to a signal observing band and will be optimised to ensure that
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it does not compromise receiver system sensitivity and hence observing performance. At present
the IR filters designs for the ALMA IR filters are unavailable and thus, only budgetary estimates
based on the past experience of receiver development groups are utilised.

Figure 6-14: Top view of cryostat showing signal input window layout

The prime design driver for the support structure is to ensure that RF optical alignment is
maintained but as for the reasons stated earlier it is beneficial to minimise the heat leak transfer
onto the cold stages. Due to the conflicting nature of these requirements optimisation of the
supports will be required and a suitable trade off between rigidity and thermal conductivity made.
A more detailed analysis will be conducted using finite analysis techniques that give high degree
of accuracy in predicting both mechanical stability and thermal conductivity and so providing a
high level of optimisation

In addition to satisfying the cooling requirements for ALMA, selection of the cooler must include
the additional following considerations:

e Reliability.
e Low vibration.
e Low input power including ease of cooling the compressor at high altitude.

Serviceability, including clearly defined service intervals straightforward serviceability,
the latter preferably without significant disassembly of the cryostat.

e Be affordable.
6.5.2 Heatloads

The cryostat thermal models are preliminary and further analysis is underway in respect of some
parameters such as filtering, mechanical supports, local oscillator dissipation etc., are indicated in

Table 2 (all TBC).
Table 2: Estimated maximum cryocooler heqt lift requirement

Temp. Stage Loading Total Stage Load (Max.) Comment

70K 26 W + support + LO 40W Plus extra if JT used
+IR loads + margin
12K 5 W + support + 8-10 W Plus extra if JT used
margin

4K 0.6 W + support + 075 -1W Cooling required at

uncertainty in IR loads T = 38K
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6.5.3

6.5.4

6.5.5

6.5.6

Number of stages

Depending upon the type of cooler selected, two configurations can be considered, (each with

- several possible means of realisation)

® A 3 stage with cooling stages at 70 K, 15 K and 4 K.
e A two stage with cooling at about 40 K and 4 K.

The cryostat will be large with extended surface areas incurring large radiative loads. Many
decisions, yet to be confirmed, will affect the thermal loads (number/size of windows, use of Multi
Layer Insulation, optical design etc) and a margin on cooler performance will be required. It is
much more thermodynamically economical to intercept heat loads at about 70 K where cooling is
relatively cheap, rather than at a lower temperatures. Although input power is not the primary
consideration in selection, the problems of heat dissipation at high altitudes have to be borne in
mind. For these reasons the 3 stage system is preferred.

Cooler type

A 3 stage system could either be implemented. by one cooler type, e.g. a three. stage Gifford-
McMahon (GM) or pulse tube, or by a two stage cooler with the coldest stage provided by a
further stage of a different type, e.g. a two stage pre-cooler with a helium JT stage. Both systems
have some advantages; simplicity and ease of integration in.the case of a smgle cooler, distributed
cooling and efficiency in the case of the JT option.

Both GM and pulse tube coolers operating at low frequencies suffer considerable loss of cooling
when run in orientations more than about 30 degrees from optimum (cold finger pointed down).
This is a problem at all temperatures but more significant at 4 K. GM coolers lose about 10% of
their cooling power when horizontal, pulse tubes probably more.

Temperature

A maximum temperature of 4 K at the receivers is a requirement. Some margin in the temperature
is necessary in order to provide for heat transfer at the receivers and hence sub 4 K operation is
required at the cryocooler cold finger. To achieve a temperature of 3.8 K, however, a JT system
would require an exhaust pressure of less than 0.657 bar, lower temperatures require lower
pressures, but the temperature remains constant with heat lift (until the maximum heat lift is
reached). This is a challenging requirement.

A GM or pulse tube cooler would have a base temperature below 4 K, but the temperature would
be dependent on heat lift, and possibly orientation. Currently available two stage GM coolers have
base temperatures below 3 K.

Heat transfer at 4 K is an important issue. A JT stage offers distributed cooling with potentially
shorter conduction paths to the receiver channels. This advantage must be weighed against the
additional complexity of the cold plumbing. A 4 K or GM cooler gives single point cooling and
heat must be conducted from each of the channels. For a large system this is disadvantageous but
such methods have been used successfully on smaller systems.

Temperature stability

Temperature stability requirements at 4 K are extremely stringent, around 2 mK peak to peak over
one minute (TBC). The temperature of both GM and pulse tube coolers is orientation dependent so
such coolers would be used with their axis parallel to the elevation axis.

Temperature stability of JT systems is good, as the temperature only depends on the exhaust
pressure at the orifice. To achieve similar stability with a 3 stage cooler high heat capacity such as
a rare earth (or a helium reservoir) would have to be introduced at the 4 K plate.
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657 Cycle

Both GM and pulse tubes can be considered. The GM cooler is well established commercially
with a number or manufacturers and known reliability. Such coolers are produced in very large
numbers for the MRI and cryopumping markets. Service intervals of about 10,000 hours for the
expander and 20,000 hours for the compressors are quoted although anecdotal evidence points to
longer life. The main source of wear problems is the sealing of the displacer unit and the valves.
Vibration levels are relatively high, but such coolers have been used successfully on telescopes
and in the laboratory. The vibration levels of mechanically driven expanders are significantly
lower than those generated by pneumatically driven systems.

Pulse tubes are becoming established commercially although fewer manufacturers are involved.
The compressor units used are the same as those for GM coolers and will have the same service
intervals. The pulse tube itself has no moving parts and the valves cans be mounted at a slight
distance (say 30cm) from the cold unit, simplifying servicing and greatly reducing any vibration
in the cryostat. Pulse tubes are less efficient than GM coolers and a pulse tube would require a
larger compressor than a GM cooler of equivalent heat lift.

The original baseline of two stage PT (70K, 12 K) and a 4 K JT appears to be receding due to
the uncertainty of a commercial PT of adequate heat lift being available in time for the ALMA
procurement. The major cooler manufacturers are all working on PT development to replace
GM s in their largest market — MRI magnets, unfortunately no suitably large systems are yet on
the market, though they may be available within the next 1-2 years. However, our design is
sufficiently flexible to allow use of a variety of cooler types. These include:

e Large 3 stage 4 K GM from Sumitomo. Designed for 1 W at 4K, 10 W at 15 K and 40 W
at 70 K. Complete with He pot at 4 K for temperature stability. At present few (one?)
have been made and it is not clear whether it would have sufficient heat load at a
sufficiently low temperature or whether it would do so if horizontal. Uses standard

7.5kW compressor.

e 2 stage 12 K GM + JT system. A number of manufacturers, certainly both Sumitomo and
Leybold could provide the GM but we would have to design the JT. The GM would
require a 7 kW compressor; the JT system would need a smaller one. On manufacturer

(Daikin) provides a complete system.

e 2 separate cold heads, one to provide 4 K and possible a 40 K shield. One to provide the
12 K and 70 K cooling. This system would most likely require 2 compressors in order to
maximise the 4 K cooling power. It would be possible to replace one or both of the cold
heads with PTs, either now, or eventually, as the systems become more commercially

available.

The current options for cooler selection are shown in Table 3 and depend on the priority of
requirements. For example,

e is cost more important than input power,
¢ how much emphasis do we place on temperafure stability over performance margin,
e how do we trade off cooldown time vs. cooler cost?
However there are some overriding issues that include
o Performance — The cooler has to give the required amount of cooling at 4 K — there is
some leeway in the temperature of the other stages. Not only does the total heat lift at 4

K have to be met, but we must be able to maintain base temperature, and achieve 4 K on
the cartridges. This implies an actual cooler temperature of below 3.8 K
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e Cost does not just involve the cost of the cooler components but also the impact on the

cryostat design, servicing, mass manufacture, input power etc

e There should be sufficient margin at 70 K to allow for vacuum degradation over time.

e Reliability of the cooler system must not jeopardise the project.

Table 3: Summary of available and suitable cooler technology

System Advantage Disadvantage I/P Pwr Cost*
Simple Only one supplier
. . 7.5kW | £30k?
3 stage Lowest power Little performance margin
GM Commercially procured No reliability/heritage
Only one compressor
Smallest volume in cryostat
Use He pot for temperature
stability
Lowest mass
Several GM manufacturers Complex
. . L. . ~ 9kW | £30k +JT
2 stage Medium power Little margin in JT heat lift devel. costs
GM+JT . . )
JT to our design JT head loads impose- heat
Good temperature stability at 4 penalty on other stages Posmbly more
K 2 compressors expenstve
cryostat
Easy to distribute cooling Risk of JT blockage
Complete system (Daikin) More servicing (compressors)
available Heat switches required
Lowest vibration at 4 K .
High mass
Performance margin 2 Large compressors
=12kW | £35K?
2 GMs Intermediate shield More servicing
(or PTs) Commercially available Large volume of cryostat
Several manufacturers .-. required
known heritage Needs He pot or other
Fast cool down temperature stabiliser
Higher vibration levels

6.5.8 Cryocooler selection summary

* Note all prices are approximate, and we anticipate a reduction for bulk orders

The option of two cold heads offers the most margin in cooling power and is the system about
which we have most information on reliability. We would have an extra cold stage to provide
shielding and relieve the pressure on the other system. The additional cost of coolers would be
outweighed by the simplicity of the system. This option would have by far the fastest cool

down time

The single 3 stage GM option is attractive for its simplicity and low input requirements but at
present the actual performance is not confirmed to meet the ALMA requirements.

The JT option would offer the best temperature stability, but the performance may become
marginal if the 4 K heat lift requirement rises. Lower input powers are militated by higher
complexity. Compressor availability is uncertain.
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6.5.8.1

Baseline selection

The optimum solution would be the 3 stage GM cooler provided that this can be demonstrated
to have sufficient performance with margin (and in a horizontal orientation). A viable
alternative would be to use the two cold head system. Although this is less desirable from the
cost and complexity . point-of-view, it offers guaranteed heat lift using currently available
technology and we therefore believe that it should be maintained as a cryocooler option. The
use of a J-T system is not precluded from out design, following recent consultation with cooler
manufacturers we have concerns about availability and reliability.

6.6 Production and construction

6.6.1

6.6.2

Issues

Issues relating to future cryostat large-scale construction and production have yet to be fully
evaluated. However, some immediate points that we con51der worthy of mention and

consideration include:
e Selection of appropriate production sne(s) Large scale facilities required including
clean room environment.
e Creation of skilled production and assembly team.
e Appropriate selection and monitoring of constructional materials.

e Division of cryostat system into sub-components for outsourcing. Will require
evaluation and selection of appropriate manufacturing companies.

e Construction and assembly quality control at production site(s) and within industrial
sub-contractors.

e System test and evaluation plan.
o Integrated cryostat-receiver test and evaluation - where is this best performed?

It is essential that these and other potential concerns that may arise within Phase 1, are resolved
speedily if the ALMA cryogenic system is to be produced within a timescale consistent with

Phase 2.
Proposed method of assembly
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The above flow diagram indicates a suggested methodology for effective production and
evaluation of the ALMA cryostat system for the production phase. Completed receiver
cartridge assemblies (provided by the receiver groups) would be integrated and tested with

the cryogenic system. '

6.7 Performance summary

Currently not available.

6.8 Compliance table

Currently not available.

an
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(Figures and Tables are numbered separately within each major section. Reference citation numbers are uniform throughout with references
collected at the end.)

7.0 REQUIREMENTS AND SPECIFICATIONS

The local oscillator subsystem is responsible for establishing all of the time and phase synchronization in the array, -
on scales ranging from 48 msec (20.8 Hz) to << 1 psec (1 THz). It is also responsible for generating the sinusoidal
signals necessary for converting the received signals from RF to IF to baseband, and for tuning these as required to
establish the desired sky frequency and interferometer phase (including fringe tracking, phase switching, and other
interferometer-specific features). The latter are more properly known as "local oscillator" signals, but the
subsystem must also supply various coherent references to other devices so as to achieve synchronization and
accurate timing. These include digitizers, computers, and the correlator. It does this by distributing periodic
reference signals derived from a common master oscillator.

The LO subsystem also forms part of the array master clock, in cooperation with a computer of the monitor-control
subsystem. It does this by providing an interface to an external time scale (currently GPS) and by measuring the
difference between external time and array time. Measures of time larger than 48 msec are obtained in the MC
system by integration. Further details are given in a later section.

Table 1: Specification Summary

Item Specification Goal (if different)
Frequency Range, 1st LO Ist LO: 27.3 to 938 GHz (see Table 2)
2nd LO: 8-10 and 12-14 GHz
Output Power 1st LO: band dependent (see Table 3) 100 pW
2nd LO: +10dBm ea. to 2 converters.
Sideband Noise, 1st LO 10 K/pWw 3 KpwW

Amplitude Stability, 1st LO

.03% <1s; 3% between adjustments

.01%; 1%

Phase Noise (>1 Hz) 63 fsec (18.9 pm) 31.4 fsec (9.4 pm)
Phase Drift (<1 Hz) 29.2 fsec (8.8 pm) 6.9 fsec (2.1 pm)
Tuning step size, maximum | On the sky: 250 MHz

SIS mixer 1st LO: 500 MHz

Subarrays with independent | TBD (3 or more) 5
tunability

Simultaneous different sky 1 per subarray

frequencies

Time for frequency change, | Within .03% (freq switching): 10 msec | 1 msec
maximum Otherwise: 1.5 sec 1.0 sec

Repeatability

1. Phase-unambiguous synthesis
2. Stability specs apply across
frequency changes.

7.1




The main specifications for the LO subsystem are summarized in Table 1, and some of them are discussed in more
detail below.

7.0.1 Frequency Ranges

Table 2 shows the first LO frequency range for each band. The RF receiving band specification is based on [4].
The LO tuning range specification is the range in which the LO will provide appropriate mixer drive power for the
heterodyne receiver of that band for an IF band. The numbers in Table 2 assume an IF band of 4-12 GHz. For the
HFET receivers, low-side LO is used for band 1 and high-side for band 2. For the SIS receivers, both sidebands are
assumed to be accessible (DSB or sideband separating); therefore, the LO range is 12 GHz inside the RF range on
each end. If some SIS receivers have a maximum IF less than 12 GHz or have one sideband inaccessible, the LO
range must be increased to cover the full band; this may be difficult to achieve. For band 3, the range shown is for
an SIS receiver under the same conditions. If an HFET receiver is used, a very different configuration will be
necessary, probably involving two conversions to IF; this is not shown in the table.

Table 2: First LO Frequency Range

Band | RF Band, Front 1st LO Band,
# GHz End Type GHz
1 31 .3-45 HFET - 27.3-33
2 67-90 HFET 79-94
3 89-116 TBD 101-104
4 125-163 SIS 137-151
5 | 163-211 SIS 175-199
6 211-275 SIS 223-263
7 275-370 SIS 287-358
8 385-500 SIS 397-488
9 602-720 SIS 614-708

10 787-950 SIS 799-938

The second LO converts from either the lower half of the IF band (4-8 GHz) or the upper half (8-12 GHz) to
“baseband” at 2-4 GHz. High-side LO is used in either case, so as to avoid spurious responses associated with the
second harmonic of the LO. This requires 8-10 GHz for the lower half and 12-14 GHz for the upper half. There
are 4 baseband channels provided for each polarization, so 4 separately-tunable second LO synthesizers will be
provided, one for each polarization-pair of channels. To keep all modules the same, a synthesizer that tunes the

whole range 8-14 GHz is planned.

7.0.2 Output Power

The local oscillator must provide adequate mixer drive power for both HFET and SIS based receivers. A
conventional balanced mixer used in a millimeter-wave HFET front-end requires approximately 5 mW of LO
power. However, 20 mW may be required if a sideband-separating mixer follows the low noise HFET amplifier.

The LO power required for SIS mixers will depend upon several factors. Based on the theory of Tucker and
Feldman [7] the required LO power is given by
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where N; is the number of junctions, / is Plank’s constant, f'is the operating frequency, o is a parameter that
characterizes the normalized level of LO amplitude across the SIS junction and is usually set to unity, e is the
‘electron charge, and R, is the normal state resistance taken here to be approximately 20 ohms [8]. These
requirements are given in Table 3. These values are supported by measurements on practical mixers.

Table 3: First LO Power Requirements

ALMA LO Type of | Number | Minimum | Required Required LO waer
Receiver | Tuning | Receiver of SIS Required Power at Power at Specification
Band Range Front- | Junctions Mixer Input of LO port of a of
[GHz] - End Power -20 dB balanced, 50% Over
Coupler of sideband- Worst-Case
SIS Mixer separating
Mixer
1 27-33 HFET - 5 mW - 10 mW 15 mW
2 71-94 HFET - 5mW - 10 mW 15 mW
3a 101-104 HFET — 5mW --- 10 mW 15 mW
3b 101-104 SIS 4 0.10 pW 10 pW 0.40 pW 15 W
4 137-151 SIS 4 0.15 pW 15 pW 0.60 pW 23 pW
5 175-199 SIS 4 0.26 yW 26 W 1.06 pW 39 uW
6 223-263 SIS 4 0.46 pW 46 yW 1.84 yW 69 pW
7 287-358 SIS 2 0.21 pyW 21 pW 0.84 pW 32 yW
8 397-488 SIS 2 0.40 uWw 40 uyW - 60 pW
9 614-708 SIS 2 0.42 pW - 42 pW --- 63 uW
10 799-938 SIS 1 0.37uW 36 uW 0.73 pW 54 pW

In the worst-case scenario where only single-ended, two-port SIS mixers are used, a waveguide or quasi-optical LO
coupler, having a coupling factor of -20 dB, will be required to combine the LO and RF signals appropriately. The
LO power required at the input of the coupler is also given in Table 3. However, if a balanced mixer can be
utilized, the LO power is supplied via a separate LO port on the mixer thus rendering the coupler unnecessary.
Column #7 in Table 3 lists the power requirements for a balanced mixer configuration that is both sideband
separating and balanced. The last column is a suggested specification per RF band based upon a 50 percent
overhead for the worst-case conditions. The LO power goal will be 100 pW per band to ensure adequate power to
overcome losses within the mixer block.

SIS mixer LO power requirements have also been studied by Belitsky [10], whose results are close to the above
below 550 GHz, but considerably larger at higher frequencies due to assumed higher losses. We are reasonably
confident that the 100 uW goal, if achieved, will be adequate through band 9. If balanced mixers or LO diplexers
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are implemented for bands 9 and 10, then the specifications listed in the table should provide substantial margin at
all bands.

7.0.3 Sideband. Noise.

Sideband noise refers to noise accompanying the LO at frequency offsets within the IF band of the mixer, and thus
in its RF sidebands. The sideband noise should not be a significant portion of the receiver noise at any band. In
Figure 1, the effective sideband noise is plotted against frequency for LO SNRs of 3 and 10 K/uW, where the LO
power at the mixer is calculated from the formula in the previous section. We assume the following configurations,
which we believe to be realistic: four junctions in a balanced mixer with 10 dB of LO-IF isolation through 275
GHz (bands 1-6), two junctions unbalanced from 275-720 GHz (bands 7-9), and one junction unbalanced for band
10, all with a normal resistance of 20 ohms. Above 275 GHz, the lack of LO isolation due to unbalanced mixers is
compensated by the smaller power requirement due to using fewer junctions. The reduction above 750 GHz is due

to assuming a single-junction mixer for band 10.
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Figure 1: Effective LO sideband noise vs. frequency. Balanced mixers assumed below 275
GHz; 4-junction mixers for 100-275 GHz, 2 junctions for 275-750, and 1 for above 750; 20 o

hm junctions.

These results form the basis of the specification of 10 K/uW maximutﬁ LO SNR in the RF sidebands, as listed in
Table 1.

7.0.4 Tuning Resolution (step size)

The maximum tuning step achievable by a combination of first and second LO settings is limited by the desire to
place any selected sky frequency near the middle of a 2 GHz baseband channel. A separate requirement is placed
on the first LO for the SIS mixer bands so as to ensure that a line of interest can be placed near the middle of a

selected sideband.

The present design exceeds the requirements. The second LO operates with steps of about 62 MHz (62.5 MHz
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average). The first LO has steps of 5 MHz times the total multiplication factor, which ranges from 3 (band 1) to
88 (band 10), resulting in step sizes from 15 to 440 MHz. In addition, the first and second LOs each allow very
fine tuning over a small range (10-40 MHz times the high-frequency multiplication factor, exact range TBD)

around each nominal lock point.
7.0.5 Fringe Tracking, Phase Switching, Sideband Suppression
These issues are considered in detail in [3] and are briefly summarized here.

The second LO is required to support 180d phase switching at intervals of 250 usec so as to suppress spurious
signals and d.c. offsets between the Downconverter and the Digitizer. It is desirable, but not required, that the first
LO also support this feature. The present design allows either or both LOs to include such phase switching.

To allow sideband separation after correlation, 90d phase switching would be needed in the first LO. However, this
feature is not required for ALMA. Sideband suppression will be supported by offsetting the first and second LO
frequencies by the same amount within each antenna, but different among antennas.

Fringe tracking can be provided in either LO. The present design provides hardware to support fringe tracking in
both places, so the choice can be made in software.

All of these features are achieved through direct digital synthesizers. A common Fine Tuning Synthesizer assembly,
based on a DDS chip, will be built for use a component of the first LO Controller and of each of the four Second

LO Synthesizers.
7.0.6 Phase Errors

The goals for phase accuracy and stability include:
« Greater than 90% interferometric coherence at 950 GHz (77 fsec rms), after all calibrations and

corrections, on all time scales from 1s to 1e4 sec.
 Absolute visibility calibration to 0.1 radian at 950 GHz (16.8 fsec).

Assuming that phase errors are independent among antennas, we allocate half of the squared error budget to each
antenna. Of this, we allocate half to the atmosphere, one-third to electronics, and the balance to the antenna

structure. This gives:
Table 4: Phase Error Goals

Atmosphere | Electronics | Structure | Total per antenna

systematic (avg), fsec 8.4 6.9 4.8 11.9

random (rms), fsec 385 314 222 54.5

These allocations are somewhat different from those assumed by Woody et al. (MMA Memo 144). There it was
planned to achieve 90% coherence only 50% of the time at 300 GHz; here we use 950 GHz, and do not specify the
time distribution. Of the error sources, only the atmosphere is non- stationary, and it is uncertain whether the above
goals for it can really be achieved; if not, then the goals for the other components can be rela