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1 INTRODUCTION

1.1 Purpose of Document

This document summarizes the current instrumental status d the Very Large Array. It is
intended as a ready reference for those contemplating use tie VLA for their astronomical
research. The information is in summary form { those requiring greater detail should consult
the VLA's sta members, listed in Section 7, or refer to the manuals and documentation
listed in Section 6. Most of the information contained here,and much more, is available on
the Web, and can be accessed through the VLA home page inforntian for astronomers, at
http://www.vla.nrao.edu/astro/ . A companion document for the VLBA is also available
from http://www.vlba.nrao.edu/astro/

The Very Large Array is a large and complex modern instrument It cannot be treated
as a black box', and some familiarity with the principles and practices of its operation
is necessary before e cient use can be made of it. Although te NRAO strives to make
using the VLA as simple as possible, users must be aware thatrpper selection of observing
mode and calibration technique is often crucial to the succes of an observing program.
Inexperienced and rst-time users are especially encouraafl to enlist the assistance of an
experienced colleague or NRAO sta member for advice on, or lect participation in, an
observing program. Refer to Section 4.14 for details. The VA is an extremely exible
instrument, and we are always interested in imaginative andinnovative ways of using it.

1.2 What is the Expanded VLA?

The Expanded VLA, or EVLA, is the product of a program to moder nize the electron-
ics of the VLA in order to improve several key observational mrameters by an order of
magnitude or more. Some of the details of the EVLA Project maybe found on the web,
at http://www.aoc.nrao.edu/evla/ . The EVLA is funded jointly by the US National
Science Foundation (NSF), the Canadian National Research Guncil, and the CONACyT
funding agency in Mexico. Total funding is approximately $94 million in Year 2005 dol-
lars, including $59 million in new NSF funding, $16 million in redistributed e ort from the
NRAO Operations budget, $17 million for the correlator from Canada, and $2 million from
Mexico. The EVLA project will be completed on time and on budget in 2012, 11 years
after it began. Its key observational goals are (1) completefrequency coverage from 1 to
50 GHz; (2) sensitivity improvement by up to an order of magnitude (nearly two orders of
magnitude in speed) by increasing the bandwidth from 100 MHzper polarization to 8 GHz
per polarization; and (3) implementation of a new correlata that can process the large
bandwidth with a minimum of 16,384 spectral channels per basline. A comparison of some
of the EVLA performance parameters to those of the VLA is provded in Table 1.
The remaining major milestones for the EVLA are shown in Table 2.

1.3 VLA to EVLA Transition

The years 2009 and 2010 will see a dramatic ramp-up in commigsing activities for the
EVLA. This will mark the changeover from the \old" VLA, based on analog data transmis-
sion to the original VLA correlator, to the \new" EVLA, based on digital data transmission
to the new EVLA correlator supplied by the Canadian Herzberg Institute of Astrophysics.
During the entire EVLA implementation, we are committed to k eeping the VLA observ-
ing and producing forefront science. However, this necesates some compromises, such as



Table 1: Overall EVLA Performance Goals

Parameter VLA EVLA Factor
Continuum Sensitivity (1- , 9 hr) 10 Jy 1 Jy 10
Maximum BW in each polarization 0.1 GHz| 8 GHz 80
Number of frequency channels at max. BW 16 16,384 1024
Maximum number of freq. channels 512 4,194,304| 8192
Coarsest frequency resolution 50 MHz | 2 MHz 25
Finest frequency resolution 381 Hz | 0.12 Hz | 3180
Number of full-polarization sub-correlators 2 64 32
Log (Frequency Coverage over 1{50 GHz) 22% 100% 5

Note: The \Factor" gives the factor by which the EVLA paramet er will be an improvement over the
equivalent VLA parameter.

Table 2: EVLA Major Milestones

Milestone Target Date
Complete testing of 4-station prototype correlator Q1 2009
Full EVLA correlator installation Q4 2009
Complete testing of 10-station correlator Q1 2010
Decommission VLA correlator Q1 2010
Shared Risk Observing begins Q1 2010
Last antenna retro tted Q3 2010
Last receiver installed Q3 2012

periods when the amount of observing time is reduced, and theverage number of anten-
nas available may be fewer than for the nominal VLA. The presat document supplies a
snapshot of the VLA capabilities and our expectations for the schedule of transition to the
EVLA, as of the beginning of 2009. Prospective usergust consult the up-to-date informa-
tion provided on the web before proposing or undertaking VLA observations. In particular,
impacts of the VLA-EVLA transition system on observers and their data reduction pro-
cesses are summarized dittp://www.vla.nrao.edu/astro/guides/evlareturn/ . Short,
medium, and long-term impact forecasts for the VLA-EVLA tra nsition system also may be
accessed directly fromhttp://www.vla.nrao.edu/astro/

We now are returning retro tted EVLA antennas to the VLA to be used as part of
normal VLA observations, at the rate of approximately one antenna every two months. At
present, most of the antennas present in a VLA observation ag these retro tted EVLA
systems. These antennas have new feed systems, widebandcélenics, and ber-optic
data transmission systems; their data are \translated" (and reduced considerably) to be
correlated against VLA antennas in the VLA correlator. Thro ughout this document, the
term \EVLA antennas" will refer to those that have gone throu gh this retro t and now speak
a digital language, whereas the term \VLA antennas" will refer to those antennas that have
not yet gone through their digital retro t. Although we have put considerable e ort into
making it possible to observe with mixed arrays of VLA and EVLA antennas, fundamental
hardware di erences (e.g., mismatched bandpasses) lead ta number of complications,



which often must be taken into account in constructing obsewing programs or in analyzing
data. Some information is provided in this document about otservations using VLA+EVLA
antennas, but details change frequently; the web links indtated abovemust be consulted
before VLA observations are undertaken.

2 AN OVERVIEW OF THE VLA

The VLA is a 27-element interferometric array, arranged alag the arms of an upside-
down \Y", which will produce images of the radio sky at a wide range of frequencies and
resolutions. It is located at an elevation of 2100 meters onte Plains of San Agustin in

Southwestern New Mexico, and is managed from the Pete V. Domci Science Operations
Center (DSOC) in Socorro, New Mexico. VLA users should note that 2009 and 2010

are key years in the transition from the original VLA to the Ex panded VLA.
The traditional VLA properties that are described in Sectio ns 2 and 3, such as
observing modes, data transmission system, and correlator setups, are expected

to change signi cantly at the beginning of 2010.

The basic data produced by the VLA are the visibilities, or measures of the spatial
coherence function, formed by correlation of signals fromhe array's elements. The most
common mode of operation uses these data, suitably calibrat, to form images of the radio
sky as a function of sky position and frequency. Another modeof observing (commonly
called phased array allows operation of the array as a single element through deerent sum-
mation of the individual antenna signals. This mode is commaly used for VLBI observing
and for observations of rapidly varying objects, such as pudars.

The VLA can vary its resolution over a range exceeding a factoof 50 through move-
ment of its component antennas. There are four basic arrangaents, called con gurations,
whose scales vary by the ratios 1 : 3.2 : 10 : 32 from smallest targest. These con gurations
are denotedD, C, B, and A respectively. In addition, there are 3 “hybrid' con gurati ons
labelled DnC , CnB , and BnA , in which the North arm antennas are deployed in the next
larger con guration than the SE and SW arm antennas. These hyrid con gurations are
especially well suited for observations of sources south of= 15 or north of =+75 .

Beginning in 1998, the standardC con guration was replaced by a slightly modi ed
one, formerly known asCS, in which one antenna from the middle of the north arm (N10)
is placed at N1 (at the center of the array) to give better shot-spacing baseline coverage.
See VLA Scientic Memos # 172 and 175, available from Referene 12 (see Section 6).

Traditionally, the VLA has completed one cycle through all four con gurations in ap-
proximately a 16 month period. However, this cycle will charge in early 2010 to ac-
commodate commissioning of the EVLA correlator and the onse of shared-risk science
with the EVLA. The present best estimate for the VLA con gura tion schedule in 2009
and 2010 is presented in Table 3, but prospective users shallconsult the web page
http://www.vla.nrao.edu/genpub/configs/ or recent NRAO and AAS newsletters for
up-to-date schedules and associated proposal deadlinesefRr to Section 4.1 for information
on how to submit an observing proposal.

Observing projects on the VLA vary in duration from as short as 1/2 hour to as long as
several weeks. Most observing runs have durations of a few t84 hours, with only one, or
perhaps a few, target sources. However, since the VLA is a twdimensional array, images
can be made with data durations of less than one minute. This mde, commonly called
snapshotmode, is well suited to surveys of relatively strong, isolagéd objects. See Section



Table 3: Predicted VLA Con guration Schedule for 2009{2010

Feb{May | Jun{Sep | Oct{Jan
2009 B C Dvia
2010| Degvia CevLa Bevia

Note: The current plan is to switch over to the new EVLA correl ator near the beginning of 2010, with an
initially restricted set of modes that includes those necessary to emulate the previous capabilities of the
VLA correlator. At that time, the order of con gurations is s cheduled to be reversed from Al B! C! D to
D! C! B! Ain order to facilitate commissioning of the new correlator with gradually increasing data rates.
This correlator changeover is denoted in the table by the change in con gurations from Dyia to Devia .

3.17 for detalils.

The VLA can be broken into as many as ve sub-arrays, each of with can observe a
di erent object at a di erent band. This is especially useful for multi-band ux density
monitoring observations, and for observing compact objed for which the VLA's full imag-
ing capability and sensitivity are not required. However, important restrictions apply when
multiple sub-arrays are used { refer to Section 3.9 for theseestrictions.

All VLA antennas are permanently out tted with receivers fo r seven wavelength bands
centered near 90, 20, 6, 3.6, 2.0, 1.3, and 0.7 cm. These bands are commonBbferred to
as P, L, C, X, U, Kand Q bands, respectively. However, the staing of the EVLA antenna
retro ts is such that the EVLA antennas have the old 2-cm systems removed, and they
will not be replaced with new wideband systems until 2010 andater. Thus, the maximum
number of antennas with 2 cm available has decreased to only few antennas in 2009; at
present, this generally is not a useful observing band for akervers. Furthermore, a technical
problem with the P band system has been encountered and P bandbservations are not
currently recommended. However, a new receiving system c&red near 1.0 cm (33 GHz,
“Ka-band") is beginning to be implemented on EVLA antennas,and a special call for rst
observing with this band is being made in January 2009. See $ton 3.3 for more details
about the availability of new bands and enhanced frequencyunability for EVLA antennas.

The 74 MHz system (also known as the “4-band' system) is now ailable on all antennas,
but is not permanently installed. The long dipoles needed toe ciently illuminate the
antennas have been shown to reduce the gain and increase thgstem temperature at
20 cm by about 5%. Because of this, and the experimental natw of this frequency band,
we will continue past practice of mounting the dipoles for limited periods of time during
which 74 MHz observing is concentrated. At present, this meas that, provided a su cient
number of project hours at 74 MHz have been approved, dipoleare mounted near the end
of the A con guration for observations in the A, BnA and B con gurations. Typically,
there has not been su cient proposal pressure to mount the dpoles in the more compact
VLA con gurations, although a special observing session fo CnB and C con gurations
was carried out in late 2006.

The VLA antennas in the array can tune to two di erent frequen cies from the same
wavelength band provided the frequency di erence does notxceed approximately 450 MHz
(the EVLA antennas can have frequencies separated by consédably more; see Section 3.3).
Right-hand circular (RCP) and left-hand circular (LCP) pol arizations are received for both
frequencies. Each of these four data streams is called an *IFor \Intermediate Frequency"
channel). These four data streams are known in VLA-ese as IFSA', 'B', 'C', and 'D'. IFs
A and B receive RCP, IFs C and D receive LCP. IFs A and C are alwag at the same



frequency, as are IFs B and D. [But the (A,C) frequency is usully di erent from the (B,D)
frequency.] The array also can observe simultaneously oneeqguency within L band and
one within P band (known as LP), or one within 4-band and one wthin P band (known
as 4P mode). However, the P band receivers have been found toebincompatible with
the wideband EVLA electronics due to strong, internally-generated interference. P band
observations are not recommended until this problem has beesolved.

Observations at seven di erent bandwidths (given by 502" MHz, with n = 0, 1, ...
6) are possiblé. A 200 kHz bandwidth is also available in spectral line modebut su ers
seriously from aliasing on EVLA antennas due to the hardwareused to feed the digital
EVLA signals into the VLA correlator. Observations using 200 kHz bandwidth are not
currently recommended, and users considering using this mwidth should rst consult
VLA sta. Dierent bandwidths can be used for each of the two separate frequencies.
Wider bandwidths provide better sensitivity, but also incr ease the chromatic aberration.
Refer to Section 3.5.2 for details.

The VLA correlator has two basic modes, Continuum and Spectral Line. In Contin-
uum mode the correlator provides the four correlations (RR, RL, LR, LL) needed for full
polarimetric imaging at both frequencies. This mode is partcularly well suited to high
sensitivity, narrow eld-of-view projects. The Spectral Line modeis a spectrum-measuring
mode principally intended for observing spectral lines. There are many options allowed in
this mode. Besides its use for all spectral line projects, ¢tin continuum projects which
require extremely high dynamic range, or large eld-of-viav at high spatial resolution, will
bene t from use of this mode. (These are sometimes referredotasmultichannel continuum
or pseudo-continuumprojects.) This mode also is used to great advantage when RH{Ra-
dio Frequency Interference) is expected within the bandpas. The Spectral Line modes are
further described in Section 3.15.

3 PERFORMANCE OF THE VLA

This section contains details of the VLA's resolution, sengivity, tuning range, dynamic
range, pointing accuracy, and modes of operation. Detailediscussions of most of the
observing limitations are found elsewhere. In particular,see References 1 and 2, listed in
Section 6.

3.1 Resolution

The VLA's resolution is generally di raction-limited, and thus is set by the array con g-
uration and frequency of observation. It is important to be aware that a synthesis array
is "blind' to structures on angular scales both smaller and drger than the range of fringe
spacings given by the antenna distribution. For the former imitation, the VLA acts like any

single antenna { structures smaller than the di raction lim it ( =D ) are broadened to
the resolution of the antenna. The latter limitation is uniq ue to interferometers { it means
that structures on angular scales signi cantly larger than the fringe spacing formed by the
shortest baseline are not measured. No subsequent procesgican fully recover this miss-
ing information, which can only be obtained by observing in asmaller array con guration,

1The VLA's maximum bandwidth is commonly referred to as 50 MHz per IF, but the actual e ective
bandwidth is closer to 43 MHz, due to bandpass roll-o .



using the mosaicing method, or with an instrument (such as adrge single antenna) which
provides this information.

Table 4 summarizes the relevant information. This table shevs the maximum and
minimum antenna separations, the approximate synthesizedoeam size (full width at half-
power), and the scale at which severe attenuation of large ste structure occurs.

A project with the goal of doubling the longest baseline avaliable in the A con guration
by establishing a real-time ber optic link between the VLA and the VLBA antenna at Pie
Town was carried out in the late 1990s, and used operationafl through 2005. This link is
no longer operational; there is a goal (unfunded, at presentof implementing a new digital
Pie Town link after the EVLA is operational.

3.2 Sensitivity

Table 5 shows the VLA sensitivities expected for natural weghting of the visibility data.
The values listed are the expected rms uctuations due to themal noise on an image,
calculated using the standard formulae with the system temperatures and e ciencies listed.
A maximum number of 25 antennas is used in these calculationgexcept for U band); at
any given time, it is assumed that 3 of the possible 28 antenrsa are missing, one each
for EVLA mechanical retro tting, EVLA electronics outtti ng, and EVLA commissioning.
Hardware limitations prevent us from inputting more than 22 EVLA antennas to the old
VLA correlator, and no more than 25 antennas will be availabke by the end of 2009. The
tabulated sensitivity values are realized in practice excpt at low frequencies and in smaller
con gurations where the sensitivities are limited by confusing sidelobes from objects outside
the image. The rms limit due to confusing sources for the VLA n D con guration is
estimated in Table 5. Another case where the thermal rms noie will not be achieved is
in imaging very bright objects where the residual image nois is due to baseline dependent
errors (‘closure errors' { see 3.11).

For a comparison, Table 6 gives the sensitivity goals of the ELA, including the expec-
tations based on achieved values for those receivers thatr@ady have been implemented.

In general, the expected point-source rms noise in mJy on anugput image, for natural
weighting, can be calculated with the following formula:

K
B m
NN I)(NgTine w)

where N is the number of antennas, Tiy; is the total on-source integration time in hours,

m is the e ective continuum bandwidth or spectral-line channel width in MHz, and N
is the number of IFs (from 1 to 4) or spectral line channels (fom 1 to 512) which will be
combined in the output imagez. K is a system constant, equal to 1000, 50, 8.0, 7.8, 6.6, 27,
14, and 3% for 4, P, L, C, X, U, K, and Q bands respectively. This constant K also can be
expressed in terms of system temperature and e ciency as:

Im =

Jy (1)

_ 02Ty

a

K )

2For most continuum observations, N will be either 4 (all IFs), or 2 (one IF pair), and v Will be the
IF bandwidth. Thus, N =2 for Stokes' Q, U and (true) | images at a single frequency. F or spectral line
work, m is the spectral resolution (channel width) in MHz.

%The quoted value of K for Q-band assumes a dry and stable atmosphere, and excellenpointing char-
acteristics.



Table 4: Con guration Properties

| Con guration | A ] B ] C | D |

B max (km®) 36.4 11.4 3.4 1.03
Bmin (km®) 0.68 0.21 | 0.035% 0.035
Synthesized Beamwidth wpgw (arcsec)?iZd
400 cm 24.0 80.0 260.0 850.0

90 cm®
20 cm 1.4 3.9 12.5 44.0
6 cm 0.4 1.2 3.9 14.0
3.6 cm 0.24 0.7 2.3 8.4

2 cm®
1.3 cm 0.08 0.3 0.9 2.8

1.0 cm®
0.7 cm 0.05 0.15 0.47 15

Largest Angular Scale (as (arcsec)t¥
400 cm 800.0 2200.0 20000.0 20000.0

90 cm®
20 cm 38.0 120.0 900.0 900.0
6 cm 10.0 36.0 300.0 300.0
3.6 cm 7.0 20.0 180.0 180.0
2 cm®
1.3 cm 2.0 7.0 60.0 60.0
1.0 cm®
0.7 cm 1.3 4.3 43.0 43.0

These estimates of the synthesized beamwidth are for a unifamly weighted, untapered map produced from
a full 12 hour synthesis observation of a source which passesear the zenith.
Footnotes:

1.

Bmax is the maximum antenna separation, Bmin is the minimum antenna separation, npsw is the
synthesized beam width (FWHM), and as is the largest scale structure visible' to the array.

The listed resolutions are appropriate for sources with declinations between 15 and 75 degrees. For
sources outside this range, the extended north arm hybrid con gurations ( BnA , CnB , DnC ) should
be used, and will provide resolutions similar to the smaller con guration of the hybrid, except for
declinations south of 30. No double-extended north arm hybrid con guration ( e.g, ChA , or DnB )
is provided.

The approximate resolution for a naturally weighted map i s about 1.5 times the numbers listed for
wpew - The values for snapshots are about 1.3 times the listed values.

The largest angular scale structure is that which can be imaged reasonably well in full synthesis
observations. For single snapshot observations the quotednumbers should be divided by two.

The standard C con guration has been replaced by a slightly modi ed one, fo rmerly known as CS,
wherein an antenna from the middle of the north arm has been moved to the central pad "N1'. This
results in improved imaging for extended objects, but will d egrade snapshot performance. Although
the minimum spacing is the same as in D con guration, the surface brightness sensitivity to exten ded
structure is considerably inferior to that of the D con guration (but considerably better than standard

C con guration).

Data on resolution and largest angular size are not included for the 90 cm band because of the
technical issues with this band mentioned in Section 2. Neither of the 2 cm and 1.0 cm bands has
a full complement of antennas, so the exact values depend on he rate of antenna out tting and the
placement of individual antennas in the various con gurati ons. As the number of antennas equipped
at 1.0 cm increases, the relevant angular scales will approah values roughly mid-way between those
at 0.7 cm and those at 1.3 cm.

10



Table 5: VLA Sensitivity in Mid-2009

Frequency Band Name System Antenna Number RMS (10 min)
(GHz) Approximate Letter Temperature @ | E ciency @ Antennas Sensitivity
Wavelength Code (K) (%) (VLA+EVLA) (mJy)
0.073 - 0.0745 400 cm 4 1000-10000 15 5+20 1600
0.3-0.34 90 cm P 150-180 40 10 > 40)
1.24 -1.70 20 cm L 35 55 5+20 0.061
45-5.0 6 cm C 45 69 5+20 0.058
8.1-8.8 3.6 cm X 35 63 5+20 0.049
14.6 - 15.3 2cm ) 120 58 5+0 1.0
22.0 - 24.0 1.3 cm K 50 - 80 40 5+20 0.11®
40.0 - 50.0 0.7 cm Q 80 35 5+20 0.276)
Frequency Wavelength RMS Point-Source Beam-averaged Antenna Peak/Total RMS
Sensitivity Brightness Primary Confusing Confusion
(12 hours) Sensitivity ©) Beam Size Source Level
(D-con g) (FWHP) in Beam (D-con g)
(GHz) (mJy) (mKelvins) PB Jy) ( Jy/beam)
0.073 - 0.0745 400 cm 179 2000 700° 20/350 lots
0.3-0.34 90 cm 0.18®) 21.3 150° 1.8/15 4400
1.24-1.70 20 cm 0.0071 0.8 30° 0.11/0.35 86
45-50 6 cm 0.0069 0.8 Q0 0.002 3.6
8.1-838 3.6 cm 0.0057 0.6 5.4° 0.001 0.89
14.6 - 15.3 2cm
22.0 - 24.0 1.3 cm 0.013% 15 20 0.00001 |
40.0 - 50.0 0.7 cm 0.0320 3.8 10 | |

All sensitivity calculations assume 43 MHz bandwidth per IF , (except for P-band and 4-band, where 3.125 MHz and
0.78 MHz are used), two IF pairs (four IFs), natural weightin g, and an elevation of 45 degrees. Five VLA and 20
EVLA antennas are assumed, as will be the case in the period ne ar the middle of 2009; since there will be only a
few VLA antennas remaining with 2 cm installed, most informa  tion regarding this band has been removed. EVLA
antennas are assumed to have the same performance as VLA ante nnas, although they will be signi cantly better at
some bands (particularly at 6 cm = C band); since we mostly hav e \transition" EVLA receivers at present, the nal
system temperatures are not yet available. Performance wil | degrade for large zenith angles at high frequencies and
for sources close to the galactic plane at low frequencies. T he confusion limits (see Condon 2002, ASP Conf. 278, p.
155) for C con guration are approximately a factor of 10 less than thos e tabulated above for D con guration.
Footnotes:

1. Temperature ranges listed at P, K, and Q bands include sky t
(P-band) or Earth's atmosphere (K band). System temperatur es for VLA antennas at L band are increased
substantially at elevations below 45 due to ground pickup; this e ect is considerably reduced (th ough not
completely eliminated) in the EVLA antennas because of thei r larger L band feeds.

emperature variations due to the galactic plane

2. This is the system e ciency without the correlator factor (about 0.78). E ciencies at U, K, and Q bands at
low elevations (< 30 degrees) are considerably decreased due to gravitationa | distortions of the antenna gure.

3. Value listed for 74 MHz assumes observations near the gala ctic poles, and “3-D' imaging. Snapshot observa-
tions will not usually reach this level, as the confusion pro blem is insoluble with only snapshot u,v coverage.
Full-beam A con guration deconvolution at 74 MHz will be calibration-I imited due to the non-isoplanatic
ionosphere. At 327 MHz the imaging will be very poor due to the limited number of receivers available with
this sensitivity.

4. Listed sensitivity is for El = 45 and very dry atmosphere at 22 GHz. A wet atmosphere can increa se zenith
opacity from 5 to 15 percent, and increase the sky temperatur e from 10 to 40 K.

5. Listed sensitivity is for El = 45 and dry atmosphere at 43 GHz. A wet atmosphere can increase ze nith opacity
from 6 to 8 percent, and increase the zenith sky temperature f rom 15 to 24 K. Atmospheric attenuation and
temperature increase dramatically with increasing freque ncy { sky temperatures exceeding 55 K and zenith
opacity of 25 percent are expected at 49 GHz.

6. Values listed assume a uniform source that lls the synthe sized beam in D con guration. Since natural
weighting is assumed, the beam sizes are 50% larger in each dimension than the values given in Table 4.
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Table 6: EVLA Sensitivity Goals

Band® | Band | Sg@ | Sg@ | Cont. Sens. Line Sens.
Code | req. | actual 1,9hr |1 ,1kms? 9hr

(GHz) Gy) | Qy) ( Jy) (mJy)
1-2 L 325 335 1.6 0.5
2-4 S 235 TBD TBD TBD
4 -8 C 245 250 0.5 0.2
8-12 X 300 TBD TBD TBD

12 - 18 Ku 385 TBD TBD TBD

18 -26.5| K 650 450 0.6 0.2

26.5-40| Ka 760 675 0.85 0.2
40-50 | Q | 1200 | 1400 1.8 0.4

Footnotes:

1. Performance parameters in the bands above 18 GHz are baseddn actual performance for the nal
receiver designs. Performance parameters for the 1{2 and 48 GHz bands are for interim systems;
the nal systems are expected to be slightly better. The rema ining three bands are presently in the
design and prototyping stages.

2. The parameter Sg is the \System Equivalent Flux Density", a measure of the ux density of a natural
radio source that would be required to double the system temp erature. Thus, lower values of Sg are
better. Sg is given by the equation Sg = 5:62Tsys =, where Tsys is the total system temperature of
the receiver and is the antenna aperture e ciency in the given band. Two value s of Sg are given,
rst the required value from the EVLA Project Book, followed by the actual achieved value.

3. The nal performance of the 40{50 GHz systems is expected to be somewhat better than tabulated.
Because the EVLA feed is at a dierent feed-circle location t han the previous VLA feed, a new
round of holography measurements and re-setting of antenna panels will still be necessary to optimize
performance at the highest frequency band. There is some expectation for minor improvement in the
26.5{40 GHz band as well after panel re-setting.

where Tgys is the system temperature, and , is the antenna e ciency, as listed in Ta-
ble 5. (A correlator e ciency of 0.78 has already been incorprated into this expres-
sion). For the more commonly used uniform weighting employng the robust weight
scheme intermediate between pure natural and pure uniform wightings (available in
the AIPS task IMAGR the sensitivity will be a factor of about 1.2 worse than the
listed values. To aid VLA proposers there is an exposure toolcalculator on-line at
http://www.vla.nrao.edu/astro/guides/exposure/ that provides a graphical user in-
terface to these equations.

It is important to note that these listed sensitivities are calculated from data taken in
optimum conditions. For many bands, the system temperatureand gain are signi cant
functions of elevation and weather conditions (see next séon).

A useful alternate form of the point-source sensitivity equation is

. 42:4K
i NptsNIF tint M

mJy 3)

I'm

where N s is the number of visibility points (which is listed in the AIP S header), and  tjy
is the integration time per visibility in seconds. N, m and K are de ned as above.
The beam-averaged brightness temperature measured by a gim array depends on the
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Figure 1. System Temperatures vs. Frequency at K and Q bands. Above are plots
of the system temperature (solid red line) versus observindgrequency at K and Q bands.
The data were taken during night time in May 2003, under very good weather conditions.
This plot shows that the system temperature is stable acrosghe band. In blue is the
number of antennas that successfully locked at the given frguency.

synthesized beam, and is related to the ux density by

S 2
To=5—=F S (4)

whereTy, is the brightness temperature (Kelvins) and is the beam solid angle. For natural
weighting (where the angular size of the approximately Gausian beam is  1:.5=B yax),
and S in mJy per beam, the constantF depends only upon array con guration and has the
approximate value F = 190, 19, 1.6, 0.15 forA, B, C, and D con gurations, respectively.
The brightness temperature sensitivity can be obtained by sibstituting the rms noise, |,
for S. Note that Equation 4 is a beam-averagedsurface brightness; if a source size can be
measured the source size and integrated ux density should & used in Equation 4, and the
appropriate value of F calculated. A more detailed description of the relation betveen ux
density and surface brightness is given in Chapter 7 of Refence 1, listed in Section 6.

For observers interested in H in galaxies, a number of interest is the sensitivity of the
observation to the Hi mass. This is given by van Gorkom et al. (1986; AJ, 91, 791):

X
My =2:36 10°D?2 S V M (5)

where D is the distance to the galaxy in Mpc, andS V is the Hi line area in units of Jy
km/s.

The sensitivity varies across each observing band. Table 7iges the frequency ranges
for each band at which the sensitivity degrades by 10% and by dactor of two for the VLA
receivers. Also included are the maximum ranges over whichhe VLA receivers remain
operative. At these extreme ends, the system sensitivity igypically 10 to 100 times worse
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Table 7: Sensitivity Ranges of VLA Bands

Band 0.9 x Nominal 0.5 x Nominal Extreme Range
90 cm 305 - 337 MHz 303 - 342 MHz 298 - 345 MHz
20cm | 1240 - 1700 MHz 1170 - 1740 MHz 1150 - 1750 MHz
6 cm 4500 - 5000 MHz | 4250 - 5100 MHz | 4200 - 5100 MHz
3.6 cm| 8080 - 8750 MHz 7550 - 9050 MHz | 6800 - 9600 MHz
2.cm | 14650 - 15325 MHz| 14250 - 15700 MHz| 13500 - 16300 MHz
1.3 cm | 21200 - 25200 MHz| 20600 - 25200 MHz| 20400 - 25500 MHz
0.7 cm | 40500 - 44500 MHz| 39000 - 47500 MHz| 38000 - 51000 MHz

than at band center. Furthermore, not all antennas will operate at these frequencies. For
similar information for EVLA antennas, see Section 3.3. In Hgure 1, we show the system
temperature and number of operable antennas plotted as a fuction for frequency for K and

Q bands? For all bands, consider consulting a VLA sta scientist if you wish to observe
near the band edges.

In view of the importance of observations at the lower edge ofthe 20-cm band for
studies of red-shifted Hi, some special words are appropriate to describe the perforamce
of the VLA receivers at frequencies below 1250 MHz. The rolé of this band at the low
frequency edge is very gentle, and useful observations at 3% MHz and lower have been
made. However, not all frequencies can be tuned, as tests havshown there are four 10
MHz wide “notches', centered at 1212, 1182, 1162 and 1150 MHwithin which the array
can take no useful data. These notches exist in both RR and LL arrelations but vary in
shape and central frequency from antenna to antenna. A plot bthe relative sensitivity
between 1150 and 1250 MHz for the VLA receivers is shown in Fige 2.

The sensitivity at the low frequency bands (90 cm and 400 cm)s di cult to parame-
terize. There are two important e ects which limit the sensitivity.

1. The di use galactic background contributes an important fraction of the total system
temperature { especially at 400 cm, where it is the only impotant contributor. This
means that the sensitivity will vary by nearly a factor of 10 between locations on the
galactic plane and locations near the galactic poles.

. The primary beam at both bands is very broad, and the sidelbe levels comparatively
high, resulting in signi cant sensitivity to objects far fr om the target object. Because
of the di culty in imaging very large elds of view (due to the non-coplanar baseline
e ect, see Section 3.5.4, and the non-isoplanicity over lage angles), the sidelobes of
undeconvolved objects in non-imaged areas (essentially hentire 2 steradians visible
to the antennas!) will appear in the map of the target source.Use of the AIPS program
IMAGRwill permit removal of the major background objects, and shaild result in a
sensitivity not worse than a factor of two higher than that expected on the basis of
the system temperature.

4The number of operable antennas was determined when all antennas had old VLA electronics; the
retro tted EVLA antennas have wider tuning capabilities.
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Figure 2: VLA Sensitivity Between 1150 and 1250 MHz. This plot shows the relative

sensitivity of the VLA at the lower end of the 20 cm band. The dashed line represents the
sensitivity at the center of the band, so it can be seen that seous degradation in sensitivity
is not notable until below 1190 MHz. The four “notches' are irstrumental in origin.

3.3 EVLA Frequency Bands and Tunability

The EVLA electronics and local-oscillator systems enable wning over wider frequencies,
which is possible with the wideband feeds being installed onetro tted antennas (or already
present at K and Q bands). At this writing, wider-band tuning capabilities are available at
L, C, K, and Q bands (mostly with interim EVLA receivers at L an d C bands), and the new
1.0 cm band will be available on at least 14 antennas in mid-209. For example, the new
C band tuning enables observations of methanol at 6.7 GHz, wite the new K band tuning
enables observations of the 22.235 GHz 4D line at redshifts up to z  0:18. Figure 3
shows the present plan for EVLA receiver deployment over theremainder of the EVLA
Construction Project, while Table 8 gives a prediction of the new frequency capabilities
that we expect in June 2009 and December 2009.

Figure 3 does not tell the entire story of frequency availablity for observing with the
VLA, since there also are some interim receivers that may be sed in the absence of the
nal EVLA receivers. Thus Figures 4 and 5 give more detailed gshedules for each frequency
band, including the presence of these interim receivers.

The new Ka-band system is most sensitive around 33 GHz, and # default continuum
frequency has been set to 33.5 GHz. Th& factor to be used in calculating expected
sensitivities at the default continuum frequency is 20. Therelative sensitivity as a function
of frequency across the entire band is shown in Figure 6.

IFs B and D are able to tune over the full 26.5 to 40 GHz, while IFs A and C cover
32{40 GHz. IFs B/D must also be tuned to a lower frequency thanlFs A/C. For the EVLA
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Figure 3: EVLA Receiver Deployment Plan. Above is a plot of the availability of the
nal EVLA receivers from 2008 until the end of the EVLA Constr uction Project in 2012.
Only nal EVLA receivers are shown. Interim receivers with r educed frequency coverage or
polarization purity are available at some bands, and are shan in other gures. Approximate
installation dates for 2-GHz and 8-GHz bandwidths per polaization also are shown, but
these will not be accessible to observers until after the trasition from the VLA correlator
to the EVLA (WIDAR) correlator and the full commissioning of the new correlator.

Ka-band receivers it is possible to tune the two IF pairs up to11 GHz apart, while for other
EVLA receivers the IFs can be separated by the full tuning rarge. Please check with VLA
sta before attempting observations outside the standard VLA tunings.

3.4 Elevation E ects

The VLA's antenna performance changes with elevation. Thes changes are signi cant at
L, U, K, and Q bands, and must be corrected for high-precisionimaging.
The loss of performance is due to two di erent e ects:

1. The sky and ground temperature contributions to the total system temperature in-
crease with decreasing elevation. This e ect is very strongat L, K, and Q bands, as
shown in Figure 7, and is relatively unimportant at the other bands. The source of
the excess noise at L-band is the ground itself ("spillove), due to the microwave lens
feed structure; this e ect is greatly reduced in retro tted EVLA antennas, as shown
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Table 8: Tuning Ranges of EVLA Bands

Band Range Final EVLA Receivers Available

June 2009 December 2009
20 cm (L) 1.2 -2.0GHz 3 7
13cm (S) | 2.0-4.0GHz 4 7
6 cm (C) 4.0 - 8.0 GHz 11 17
3 cm (X) 8.0 - 12.0 GHz 0 0
2cm (U) | 12.0 - 18.0 GHz 1 2
1.3 cm (K) | 18.0 - 26.5 GHz 22 22
1cm (Ka) | 26.5 - 40.0 GHz 15 21
0.7 cm (Q) | 40.0 - 50.0 GHz 22 22

Note: The rightmost columns give the numbers of nal EVLA rec eivers available at each band; additional
interim receivers with poorer polarization purity are avai lable in the 1{2 GHz and 4{8 GHz bands, while
the old narrow-band VLA receivers are still available in the 8{8.8 GHz band.

Evolution of Receiver Capability on the EVLA
L-Band: 1.0 -- 2.0 GHz S-Band: 2.0 -- 4.0 GHz

28 ....... TOtalAVallabIe ........... ...................
: et : :

20139008 2009 2010 2011 2012 2013
X-Band: 8 -- 12 GHz

28 -»~~~~~-’Fét-aI~AvaEIable """ """"""""""
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16

2013

Figure 4: Low-frequency Receiver Availability. Above is a plot of the receiver avail-
ability at the four lowest-frequency EVLA bands, between 1 and 12 GHz, from 2008 through
the end of 2012. For each plot, the red line shows the number afld VLA receivers avail-
able, the light green line shows the availability of interim EVLA recievers (typically with
increased bandwidth coverage but without optimal polarizaion performance), and the blue
line shows the availability of nal EVLA receivers.
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Evolution of Receiver Capability on the EVLA
Ku-Band: 12 -- 18 GHz K-Band: 18 -- 26.5 GHz

28 TotalAVaIIab[e .............. ...................
o4 ; : : :

20
16
12
8
4

: d : : w : : :
9008 2009 ~2010 2011 2012 2013 ?008 2009 2010 2011 2012 2013
Ka-Band: 26.5 -- 40 GHz Q-Band: 40 -- 50 GHz

28
24
20
16
12

8

4

28 ”“'T'otal'éAvaiIabEfe .............. ...................

24 : ; : ‘

20

16

12
8
4

4 : : : 7 )

<

9008 2009 2010 2011 2012 20132008 2009 2010 2011 2012 2013

Figure 5: High-frequency Receiver Availability. Above is a plot of the receiver avail-
ability at the four highest-frequency EVLA bands, between 12 and 50 GHz, from 2008
through the end of 2012. For each plot, the red line shows the umber of old VLA re-

ceivers available, typically with more limited tuning capability, and the blue line shows the
availability of nal EVLA receivers.

in Figure 8. At K and Q bands, the extra noise comes directly fom atmospheric
emission, primarily from water vapor at K-band, and from water vapor and the broad
wings of the strong 60 GHz Q transitions at Q-band.

In general, the zenith atmospheric opacity to microwave radation is very low { typi-

cally less than 0.01 at L and C and X bands, 0.02 at U band, 0.05a 0.2 at K band,
and 0.05 to 0.1 at the lower half of Q band, rising to 0.3 by 49 GH. The opacity at K
band displays strong variations with time of day and seasonprimarily due to water
vapor. Conditions are best at night, and in the winter. Q band opacity, caused by Q
in the atmosphere, is considerably less variable.

Observers should remember that clouds, especially cloudsitl large water droplets
(read, thunderstorms!), can add appreciable noise to the sstem temperature. Sig-
ni cant increases in system temperature can, in the worst caditions, be seen at
wavelengths as long as 6 cm.

. The antenna gure degrades at low elevations, leading to @ninished forward gain at
the shorter wavelengths. In general, the forward power gairof the antennas can be
well tted by a simple parabola of form: G(E) = Gg G(E Em)?, whereE is
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Figure 6: Ka-band sensitivity as a function of frequency.

the elevation (in degrees), andE, is the elevation of maximum forward gain. The
average coe cients Gg, G», and E,, are given in Table 9. The gain-elevation e ect is
negligible at frequencies below 8 GHz.

Table 9: Average Power Gain Coe cients for the VLA Antennas

Band Go G, Em
Q 1.00( 30 10 4| 50
K 1.00| 1.5 10 4| 58
u 1.00| 36 10 5| 46
X 1.00| 0:7 10 5| 50

These power coe cients are not directly useful for correcting the e ects of antenna gain
loss, which require the individual antenna (inverse) voltage correction factors expressed as
the coe cients of a polynomial t to the voltage gain as a func tion of zenith distance. That
is, the AIPS suite of programs can implement gain correctios of the form

Ve= Go+ G1Z + GoZ?%+

where V; is the voltage gain corrrection of an antenna-IF, and theG; are the coe cients of
a polynomial series. Z is the zenith angle in degreesZ =90 E. The preferred method
for determining these is through direct measurement of the elative system gain using the
AIPS task ELINT on data from a strong calibrator which has been observed ovea wide
range of elevation.
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Figure 7: System Temperature Variations with Elevation at L, K, and Q B ands.

The data have been normalized by the system temperature at tb zenith { approximately

80K at 43 GHz, 170K at 23 GHz, and 35K at 1365 MHz. The observatins were taken in
good weather conditions. Since production of the data for tlis gure, the VLA 22 GHz

receivers were replaced by receivers with much-improved Vo-noise ampli ers, dramatically

reducing the overall system temperature (see Table 5), thusaising the fractional variation

at low elevations.

Starting with the 31DECO1 AIPS, the task FILLMapplies standard gains and an esti-
mated opacity in CL table version 1. (This correction can be turned o with appropriate
parameter choices.) For those with older versions of AIPS oless recent observations, an
approximate correction can be obtained using the amplitudecoe cients given below in
Table 10. These are applied using the AIPS taskCLCOR

Table 10: Average Inverse Voltage Gain Coe cients for the VLA Antenna S
Band Go G, Gy
Q 1.00 1:29 102|159 104
K |100| 041 102|069 104
U 1.00 0:17 102|019 104
X 1.00 023 10°| 033 10 °

These coe cients are averages over all the antennas, and arappropriate for an at-
mosphere of zero opacity. Considerable di erences exist aoamg antennas, particularly for
antennas #1 and #2.
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Figure 8: EVLA System Temperature Variation with Elevation at L Band. This

plot displays the EVLA improvement in system temperature performance as a function of
elevation at 1425 MHz. The blue and red lines are standard VLAantennas, while the more
shallowly sloped black line is an EVLA antenna. For more detdls, see EVLA Memo No.
85, available on the web (see Section 6).

When using these coe cients, one must rst correct for the opacity (typically measured
using the TIPPER procedure), via the AIPS program CLCORhen apply the gain coe -
cients in a subsequent run ofCLCORThe TIPPER procedure is an observing mode on the
VLA which entails a simple measurement of the sky brightnessas a function of elevation.
The on-line software uses these data to derive the atmosphier zenith opacity and system
temperature. This observing mode is known to theJObserve program. If no measurements
were taken, it also is possible to derive an estimate of the agrity from seasonal averages
or nearby observations (seéhttp://www.vla.nrao.edu/astro/calib/tipper/ ). Contact
Bryan Butler, Steve Myers, or Claire Chandler for advice on these techniques.

3.5 Field of View

At least four di erent e ects will limit the eld of view. The se are: primary beam; chromatic
aberration; time-averaging; and non-coplanar baselinesWe discuss each brie y:

3.5.1 Primary Beam

The ultimate factor limiting the eld of view is the diracti on-limited response of the
individual antennas. An approximate formula for the full wi dth at half power in arcminutes
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is: pg = 45= guz. More precise measurements of the primary beam shape have &
derived and are incorporated in the AIPS task PBCOB allow for correction of the primary

beam attenuation in wide- eld images. Objects larger than gpproximately half this angle

cannot be directly observed by the array. However, a technige known as "mosaicing', in
which many di erent pointings are taken, can be used to constuct images of larger elds.
Refer to References 1 and 2 for details, or contact Debra Sheprd.

3.5.2 Chromatic Aberration (Bandwidth Smearing)

The principles upon which synthesis imaging are based are sttly valid only for monochro-
matic radiation. When radiation from a nite bandwidth is ac cepted and gridded as if
monochromatic, aberrations in the image will result. Thesetake the form of radial smearing
which worsens with increased distance from the delay-tradkg center. The peak response
to a point source simultaneously declines in a way that keepghe integrated ux density
constant. The net e ect is a radial degradation in the resoluion and sensitivity of the array.
These e ects can be parameterized by the product of the fradbnal bandwidth ( = o)
with the source o set in synthesized beamwidths (= ypgw ). Table 11 shows the decrease
in peak response and the increase in apparent radial width aa function of this parameter.

Table 11: Reduction in Peak Response Due to Bandwidth Smearing

— 0 Peak | Width
0] HPBW
0.0 1.00 | 1.00
0.50 0.95 | 1.05
0.75 090 | 111
1.0 0.80 | 1.25

2.0 0.50 | 2.00

Note: The reduction in peak response and increase in width of an object due to bandwidth smearing
(chromatic aberration). = o is the fractional bandwidth; o= npew is the source o set from the phase
tracking center in units of the synthesized beam.

If you wish to obtain maximum sensitivity and resolution over the entire eld-of-view
of the antennas, then the spectral-line modes of the corretar (also known as multichannel
continuum or pseudo-continuum) probably will be required.

3.5.3 Time-Averaging Loss

The sampled coherence function (visibility) for objects nd located at the phase-tracking
center is slowly time-variable due to the changing array gemetry, so that averaging the
samples in time will cause a loss of amplitude. Unlike the badwidth loss e ect described
above, the losses due to time averaging cannot be simply pamgeterized. The only simple
case exists for observations at = 90 , where the e ects are identical to the bandwidth
e ect except they operate in the azimuthal, rather than the radial, direction. The functional
dependence is the same in this case with = ¢ replaced by! ¢ tin, where! ¢ is the Earth's
angular rotation rate, and tjy is the averaging interval.

For other declinations, the e ects are more complicated andapproximate methods of
analysis must be employed. Chapter 13 of Reference 1 considethe average reduction
in image amplitude due to nite time averaging. The results are summarized in Table
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12, showing the time averaging in seconds which results in 1%6% and 10% loss in the
amplitude of a point source located at the rst null of the pri mary beam. These results can
be extended to objects at other distances from the phase tr&ing center by noting that the
loss in amplitude scales with ( ti)?, where is the distance from the phase center and

tint IS the averaging time. Since the size of VLA continuum data sts typically is not a
limiting factor for modern computers, we recommend that mog observers reduce the e ect
of time-average smearing by using integration times of § seconds (also see Section 3.6) in
at least the A and B con gurations.

Table 12: Loss vs. Averaging Time for Time Averaging Smearing

Amplitude loss

Con guration 1.0% 5.0% | 10.0%
2.1 4.8 6.7
6.8 15.0 21.0

21.0 48.0 67.0

68.0 | 150.0 | 210.0

OO w>»

Note: The averaging time (in seconds) resulting in the liste d amplitude losses for a point source at the
antenna rst null. Multiply the tabulated averaging times by 2.4 to get the amplitude loss at the half-power
point of the primary beam. Divide the tabulated values by 4 if interested in the amplitude loss on the longest
baselines.

3.5.4 Non-Coplanar Baselines

The procedures by which nearly all images are made in Fouriesynthesis imaging are based
on the assumption that all the coherence measurements are nda in a plane. This is strictly
true for E-W interferometers, but is false for the VLA, with t he single exception of snapshots.
Analysis of the problem shows that the errors associated wit the assumption of a planar
array increase quadratically with angle from the phase-traking center. Serious errors result
if the product of the angular o set in radians times the angular o set in synthesized beams
exceeds unity. The e ects are especially severe at the 90 cmnd 400 cm bands, where
standard two-dimensional imaging can be done only foD -con guration data. This e ect is
noticeable at 20 cm in certain instances, but can be safely ignored at shoetr wavelengths.

A solution to the problem of imaging wide- eld data taken wit h non-coplanar arrays is
well known, and has been implemented in the AIPS programiMAGRThis program can now
correctly image up to 512 sub elds, su cient to handle observations in the B, C, and D
con gurations. We expect that as computer performance coninues to improve, full imaging
of evenA con guration data will soon be practical. Refer to the help le for this program, or
consult with Rick Perley or Frazer Owen, for advice. More conputationally e cient imaging
with non-coplanar baselines is being investigated, such athe \W-projection" method; see
EVLA Memo 67 for more details.

3.6 Time Resolution

The minimum integration time at which all data can be written is a function of the total
number of channels of data produced by the correlator. This nmimum time varies from
1% seconds for the continuum mode to 5 seconds for 512 channelesgral line modes. Note
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that in order to ensure the complete removal of correlator o sets, averaging times should
be an integer multiple of 3% seconds (which is the period of the Walsh functions that are
used to negate cross-coupling between antenna signal lines

Averaging times shorter than those listed above can be selesd, but only at the cost of
removing antennas from the array. For the spectral line mods, Table 13 gives the minimum
allowed integration time as a function of the numbers of IFs ad channels. In continuum
mode, integration times as short as 0.4 seconds are availall but are appropriate only for
EVLA testing and for fast aring activity such as solar ares . Contact Ken Sowinski for
details on their use.

Table 13: Minimum Integration Times for One Subarray of 27 Antennas

Nch 11IF 2 IFs 4 IFs
16 | 1-1/3 sec| 1-2/3 sec| 3-1/3 sec
32 | 1-1/3 sec| 1-2/3 sec| 3-1/3 sec
64 3-1/3 3-1/3 3-1/3
128 3-1/3 3-1/3 3-1/3
256 3-1/3 3-1/3 3-1/3
512 5 5 5

Note: The number of channels, Nev, is the number of channels per IF multiplied by the number of | Fs in
Normal mode (Table 18). For Hanning smoothing multiply by an other factor of 2.

The maximum recommended integration time for any VLA obsening is 60 seconds, but
given current computing capabilities there is no reason to ge integration times longer than
10 seconds. For high frequency observers with short scans.ge, fast switching, as described
in Section 3.13.2), a % second integration time may be preferable.

Users should keep in mind the data rate of the VLA when plannirg their observing.
The array's maximum data rate of more than 3 GByte per day presntly is only a minimal
problem for the modern computers that most astronomers usedr their data reduction. If
necessary, this rate may be reduced by increasing the averiugy time and/or decreasing the
number of spectral channels. Consult one of the spectral lia experts listed in Table 20 for
advice. °

3.7 Radio-Frequency Interference

The bands within the tuning range of the VLA which are allocated exclusively to radio
astronomy are 1400 { 1427 MHz, 1660 { 1670 MHz, 4990 { 5000 MHZz5.35 { 15.4 GHz,
22.2 { 22.5 GHz, and 23.6 { 24.0 GHz. No external interferenceshould occur within these
bands. Experience shows that RFI is a serious problem only whin the 20, 90, and 400 cm
bands. At 20 cm, interference is most serious to théd con guration, as the fringe rates in
other con gurations are often su cient to reduce interfere nce to tolerable levels.

RFI at the VLA is an increasing problem to astronomical obsewrations. To monitor this
increase, and to provide a rough guide to the severity of thisnterference, the RFI spectrum
at all bands from P through K is measured on an occasional basj using the VLA correlator
system. Plots of typical spectra in the L and P bands, taken wth 6 kHz resolution, are
shown in Figures 9 and 10.

Downloadable plots of all RFI observations from 1993 onward are available on the
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Figure 9: Typical L-band interference Spectrum.
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Figure 10: Typical P-band Interference Spectrum.

Web. For general information about the RFI environment, contact the head of the IPG
(Interference Protection Group) by sending e-mail to NRAO-RFI@nrao.edu.
Table 14 is a convenient summary of eight such observationsaken during 2001. This
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Table 14: VLA RFI Between 1260 and 1740 MHz

Frequency | Avg. Flux | Pk. Flux Source Comments
1277 MHz | 12 mJy 20 mJy Aerostat Radar Sometimes absent
1286 2 5 Farmington Radar Other weak lines nearby
1300 2 5 Internal RFI
1310 100 100 ABQ Radar
1316 ?7?77? ?2?77? ABQ Radar Weaker, often absent
1330 45 80 ABQ Radar Sometimes absent
1381 3 100 GPS L3 IONDS On < 3% of the time
1400 60 60 Internal RFI
1429-1435 15 130 Military Four separate lines
1444,1453 5 > 100 | High Altitude Balloons NASA/NSBF
1500 2 5 Internal RFI
1515 15 > 100 | High Altitude Balloons
1525 6 > 100 | High Altitude Balloons
1530-1544| > 130 > 200 INMARSAT Many ‘lines'
1557-1567 10 20 GPS Sidelobe? Wide spectrum
1570-1580, > 500 > 500 GPS-L2 Wide spectrum
1600 120 120 Internal RFI
1602-1616| > 500 > 500 GLONASS Many separate lines'
1610-1645 > 500 > 500 IRIDIUM! See text
1620 80 300 ?
1650 13 25 Internal RFI
1678-1698 50 100 Radiosondes, satellite > 6 variable ‘lines'.
1710 10 10 ?

table lists the ‘line' frequency, the average equivalent w density (in mJy) in 50 MHz,
and the peak ux density, also reduced to 50 MHz equivalent badwidth. A signi cant
di erence between these columns indicates that the RFI is itermittent. These equivalent
ux densities are approximate, and should be used only to gie a rough approximation to
the severity and likelihood of a problem. A more detailed vesion of Table 14 is available
on the web at http://www.vla.nrao.edu/astro/r /r freqs.  txt.

Between 1220 and 1255 MHz, very strong and very broad RFI is &lays present, primar-
ily due to the GPS-L2 signal at 1227.6 10 MHz, and a border radar at 1252 1:25 MHz
near Deming, New Mexico. It may be possible to observe in sateed, narrow bandwidths
in this region. Numerous other strong radars belonging to tle FAA's Air Route Surveil-
lance system exist between 1250 and 1350 MHz in the generalcinity of the VLA. Between
1435 and 1530 MHz, aeronautical telemetry from White Sands Mssile Range (WSMR)
occasionally will interfere with observing. These transmssions are very occasional, and
unpredictable. They are worst in the spring, during the WSMR wargames exercises. Above
1700 MHz, communications equipment previously used by the 8 Forest Service has largely
been decommissioned, and the spectrum in this region now isuch cleaner than it was pre-
viously.

Note that the listed RFI signal strengths are appropriate for the D con guration. These
signal strengths are considerably reduced in the larger cogurations { an average attenu-
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ation of perhaps a factor of 100 will be obtained in theA con guration due to fringe phase
winding.

In late 1998, the Iridium constellation of Low Earth Orbit (L EO) satellites was ac-
tivated. As is well known, this venture was not a commercial siccess, but it was pur-
chased by a consortium of investors called Iridium LLC, and § being operated by Boe-
ing. Thus these satellites are still broadcasting in the 162{1627 MHz band, but their
signals are strong enough that VLA observations between 161 and 1645 MHz gener-
ally are not possible. Filters have been installed to allow §12 MHz OH observations (see
http://www.vla.nrao.edu/astro/guidesl/ifilt/ ).

In general, it may be possible to observe in spectral regionsontaining strong
RFI provided: (1) That the RFI is not so strong as to cause serpus gain compres-
sion in the ampliers, and (2) That the RFI is kept out of the co rrelator through
use of a narrow back-end lter. This latter requirement is particularly important for
spectral line correlator modes, although use of Hanning smamthing is very e ective
in reducing the Gibbs ringing (described in the VLA Spectral Line Users Guide, at
http://lwww.vla/nrao/edu/astro/guides/sline/current/ ). Gain compression in the
antenna electronics often can be prevented by using a narrasv (12.5 or 25 MHz) \front-
end" Iter (actually present in the IF stage), rather than th e default 50 MHz Iter. Note
that use of these FE lIters greatly restricts the range of tunable frequencies. The scheduling
program JObserve is aware of these restrictions, and should be used when comimlating
use of the narrow front-end lters.

Observers can use Table 14 to assist in deciding which centérequencies and bandwidths
are most likely to result in good data at L band. There are veryfew good combinations for 50
and 25 MHz bandwidths. These are summarized in Table 15, whitshows the “statistically'
best frequencies to use at L-band with the listed bandwidths Note that the VLA LO
system restricts the selection of frequencies at both 50 MHand 25 MHz bandwidths. The
restrictions are particularly severe at a bandwidth of 50 MHz { for a given IF, the only center
frequencies (in MHz) which can be observed with that bandwidh are those ending in 15,
35, 65, or 85. (For example, between 1400 and 1500 MHz, the gnpermitted frequencies
are 1415, 1435, 1465 and 1485 MHz.) With the 25 MHz front-end &ndwidth lIters, regions
5 MHz wide centered on 1250, 1300, 1350, ..., cannot be tunednd when using the 12
MHz front-end bandwidth Iters, 8 MHz wide regions centered at 1225, 1275, 1325, 1375,
..., and 18 MHz wide regions centered at 1250, 1300, 1350, I4Q.., cannot be reached.

Table 15: Recommended Center Frequency/Bandwidth Combinations for L Band
Class A Class B Class C
BW No RFI Expected | Weak/Occas'l RFI | "Tolerable' RFI
50 MHz none 1365,1435,1465,1485% 1335,1385,1415
25 MHz 1343 {1347 1290 { 1297
1353 { 1387V 1453 { 1470 Use Table 14
1413 { 1417 1503 { 1517
1663 { 1665
Footnotes:

1. The White Sands Missile Range uses 1357 3 MHz for airborne telemetry once or twice per week.
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The ubiquity of L-band interference makes it di cult for use rs wishing high sensitivity
to nd signi cant bandwidths free of RFI. As a result of monit oring the RFI, we have
established a number of standard bands which are more likelyo be free of signi cant RFI.
These are shown below in Table 16.

Table 16: JObserve Names of L-band "Standard Frequencies'

JObserve AC BD
Name Center Frequency | Bandwidth | Center Frequency | Bandwidth
LL 1464.9 50 1385.1 50
L1® 1364.9 50 1435.1 50
L2 1515.9 25 1365.1 25
L3 1515.9 25 1435.1 25

Footnotes:

1. The L1 frequency combination was used for the NVSS and FIRST surveys.

Another important form of RFI consists of signals which are generated by each antenna.
These signals are picked up by nearby antennas, or by the geraing antenna'’s feed, and
produce correlated signals in the visibility data. This form of RFI is especially important in
the P and 4 bands when in theC and D con gurations. They appear at all multiples of 5
and 12.5 MHz - frequencies divisible by these numbers must bavoided. (It is this spectrum
of RFI which limits our P-band bandwidth to 3.125 MHz.) Anoth er family of RFI occurs
at multiples of 100 kHz - these are much weaker and can be igned for continuum work at
90 cm, but are important on many baselines at the 400 cm band.

At P band, the RFI situation can be particularly dicult. Int erference is relatively
infrequent in the evenings and on weekends, but during the dg very strong interference {
Su cient to saturate the receivers { is common. The best advice is to arrange observing to
fall outside of regular working hours. Very sensitive speatal line observations at P band
require special measures at the VLA site to turn o known sources of RFI. To implement
these measures, contact the interference protection groufsee Table 20). The situation at
4 band generally is better, as nearly all of the RFI is weak ands generated by the antennas
themselves (see above); the self-generated RFI can be rensal/in processing provided the
spectral line correlator mode is employed.

At P and 4 bands, use of the spectral line corelator modes is sbngly recommended
for all observations to allow diagnosis and removal of intenal and external interference.
For observations which do not require linear polarization nformation, use of the correlator
modes "1x', "2xy', or '4' is recommended to maximize the sp&al resolution. The labels
X' and 'y' are the IF designators, A, B, C, or D. Refer to Section 2 for a description. The
current default for 327 MHz is now 4.

For L, C, K, and Q bands, observers should avoid using an L6 (ssnd LO) setting
of 3760 or 3790 MHz, due to an internal birdie produced by thos LO settings. For X
and U bands, avoid using 3840 and 3810 MHz. ThdObserve program is aware of these
restrictions, so users should not inadvertently fall victim to this problem.
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3.8 Antenna Pointing

The pointing parameters of the antennas are measured montil under calm nighttime con-
ditions. The antenna model, using these parameters, su cesunder good weather to allow
blind pointing to an accuracy of about 10 arcsec rms. The poiting accuracy in daytime is
a little worse, due to the e ects of solar heating of the antema structures.

Moderate winds have a very strong e ect on both pointing and antenna gure. The
advertised maximum wind speed for precision operations is 2 mph (7 m/s), and careful
observations have demonstrated this to be the practical mainum wind speed for useful
observing at K and Q bands. Observations at these bands in wids signi cantly in excess of
this limit are not advisable, and users should consider movig to a lower frequency. Wind
speeds near the stow limit (45 mph) will have a similar negatve e ect at X and U bands.

To achieve better pointing, we have added a capability for repeated calibration and
correction of the local pointing error during astronomical observations. In this observing
mode, known as ‘referenced pointing', a nearby calibrators observed in interferometer
pointing mode every hour or so. The local pointing correctims thus measured can then be
applied to subsequent target observations. Tests show thathis mode reduces rms pointing
errors to typically 2 { 3 arcseconds if the reference sourcesiwithin about 10 degrees (in
azimuth and elevation) of the target source, and the sourcelevation is less than 70 degrees.
The JObserve program is aware of this observing mode.

Use of referenced pointing is highly recommended for all K- ad Q-band observations,
and for X- and U-band observations of objects whose total ex@nt is a signi cant fraction
of the antenna primary beam. It is usually recommended that te referenced pointing
measurement be made at X-band, regardless of what band youratget observing is at,
since X-band is the most sensitive, and the closest calibratr is likely to be rather weak.
Proximity of the reference calibrator to the source positin is of paramount importance.
The calibrator should have at least 300 mJy ux density and be unresolved on all baselines
to ensure an accurate solution.

Measuring the pointing o sets at K-band for subsequent K-band observing is usually
successful, but should not be attempted on objects of less #n 300 mJy ux density. How-
ever, attempting to measure these o sets at Q-band directlygenerally is not recommended,
since the blind pointing error is often larger than the Q-band half-power half-width { which
will cause the referenced pointing to fail.

Secondary referenced pointingi(e., using X-band referenced pointing to permit subse-
quent Q-band or K-band determination of the residual pointing errors), is recommended
only for high precision observations at Q and K bands when obsrving extended objects
which Il the antenna primary beam. For general observing of small objects, simple refer-
enced pointing using the o sets determined at X-band is nealy always su cient to keep all
antennas pointing to within 5 arcseconds.

Consult with Rick Perley, Ken Sowinski, or Claire Chandler for more information about
referenced pointing. The information above is largely take from the guide to high-frequency
observing on the VLA, found at http://www.vla.nrao.edu/astro/guides/highfreq/

3.9 Subarrays

The VLA can simultaneously process ve dierent observing programs if they are xed-
scheduled, or two if they are dynamically-scheduled. Howesr, the subarrays are not all
fully independent. If use of this capacity is contemplated,the following limitations must be
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understood and followed:

1. Each subarray uses a di erent observing le. The VLA operator must be told which
le is to control which subarray, and which antennas are to be in each subarray.
Once observing has begun, antennas should not be reassignétm one subarray
to another. The subarray with the largest number of antennasis designated the
\majority subarray".

2. All correlator parameters, including integration time, bandwidth, number of channels,
etc., are determined by that requested in the observe le forthe majority subarray.
Any correlator settings requested in the observe les for oher subarrays will be ig-
nored.

3. There are only two sets of Fluke synthesizers (the nal LOsn the frequency conversion
system for the VLA) { hence, only two subarrays can have compétely independent
frequency selection if they include VLA antennas. Most expeéments are likely to have
all remaining VLA antennas in the same subarray, but if VLA antennas need to be
included in more than one subarray please contact Ken Sowirké or Bryan Butler.

Single-antenna (or multiple-antenna) VLBI programs causespecial problems. Such pro-
grams use one of the Fluke sets, leaving only one for the remang four subarrays { these
must then share that single Fluke set, or use the same valuessaigned to the VLBI run.
Generally, VLBI Fluke settings are compatible with continu um observing. Fortunately, the
correlator restrictions listed above (point 2) do NOT apply to the single-antenna VLBI
subarrays.

3.10 Positional Accuracy

The accuracy with which an object's position can be determired is limited by the at-
mospheric phase stability, the closeness of a suitable (astmetric) calibrator, and the
calibrator-source cycle time. Under good conditions, inA con guration, accuracies of about
0.05 arcseconds can be obtained. Under more normal conditig, accuracies of perhaps 0.1
arcseconds can be expected. Under extraordinary conditian(probably attained only a few
times per year on calm winter nights in A con guration when using rapid phase switching
on a nearby astrometric calibrator { see Section 3.13.2), awuracies of 1 milliarcsecond have
been attained.

If highly accurate positions are desired, only “A' code (astometric) calibrators from the
VLA Calibrator List should be used. The positions of these sarces are taken from lists
published by the USNO.

3.11 Limitations on Imaging Performance

Imaging performance can be limited in many di erent ways. Sane of the most common
are listed in the following subsections. There are particudr limitations of the hybrid VLA-
EVLA systems. Some of these are described below, but the caious observer should consult
http://www.vla.nrao.edu/astro/guides/evlareturn/ for a complete discussion.
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3.11.1 Image Fidelity

With conventional point-source calibration methods, and even under the best observing
conditions, the achieved dynamic range will rarely exceed dew hundred. The limiting
factor is the atmospheric phase stability. If the target souce contains more than 50 mJy
in compact structures (depending somewhat on band), selfalibration can be counted on
in improving the images. Dynamic ranges in the thousands carbe achieved using these
techniques. At this level, the limitations are generally due to errors in the calculation of
the correlation coe cient (‘closure' errors). Recent (1998) software changes in the VLA's
calculation of these coe cients have dramatically reducedthe level of these errors for VLA-
only continuum observing, particularly for the narrower bandwidths where these errors were
larger.

If the target source is bright enough for dynamic ranges exaeding 10,000 (based on
peak/rms thermal noise) to be conceivable, use of one of thepgctral line correlator modes
should be considered, since the correlator errors which liththe dynamic range are greatly
reduced. However, due to inherent limitations in correlata capacity, this will necessarily
require a reduction in bandwidth by a factor of at least four. If the target source is only
slightly resolved, use of the continuum mode with phased amy observing will reduce the
“closure' errors without loss of bandwidth.

3.11.2 VLA-EVLA Closure Errors

Antenna calibration algorithms generally assume that calbration quantities (both in the
antennas and in the atmosphere) can be separated on an antearby-antenna basis. This
provides substantial strength in determining calibration quantities, since (for 27 antennas)
351 baselines of interferometer visibility data may be usedo determine 27 individual cal-
ibration values, one for each antenna. However, this assuntpn breaks down for a mixed
array of VLA antennas and retro tted EVLA antennas, since th e improved EVLA band-
pass response functions are not matched exactly to the poordbut identical to each other)
bandpass responses of VLA antennas. A symptom of the breaken of this assumption
is excessive amplitude closure errors when running the AlP$ask CALIB where the VLA-
VLA baselines (or EVLA-EVLA baselines, for data where the number of VLA antennas
exceeds those of the EVLA) may be reported to have closure eors as high as 8% for 50
MHz bandpasses, or even larger for narrower bandpasses. Tlodosure errors originate in
the mismatch of the VLA-EVLA bandpasses and the CALIBassumption that all calibration
guantities are antenna-based, and the ultimate result is a niscalibration of the VLA-VLA
baselines. For continuum observations, the closure errorsay be calibrated by observing a
strong calibrator and solving for baseline-dependent errs using the AIPS task BLCALFor
spectral-line observations, the standard bandpass calilations (e.g., AIPS task BPASPalso
will remove the e ects of the mismatched bandpasses.

3.11.3 Invisible Structures

An interferometric array acts as a spatial Iter, so that for any given con guration, struc-
tures on a scale larger than the fringe spacing of the shortédaseline will be completely
absent. Diagnostics of this e ect include dark bowls aroundextended objects, and large-

SThis limiting successful ux density can be considerably lo wer, if the atmospheric coherence time is
many minutes, or higher, for short coherence times and noisier frequencies
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scale stripes in the image. Table 4 gives the largest scalesible to each con guration/band
combination.

3.11.4 Poorly Sampled Fourier Plane

Unmeasured Fourier components are assigned values by the dmvolution algorithm. While
this often works well, sometimes it fails noticeably. The synptoms depend upon the actual
deconvolution algorithm used. For the CLEAN algorithm, the tell-tale sign is a ne mottling
on the scale of the synthesized beam, which sometimes evenganizes itself into coherent
stripes. Further details are to be found in Reference 1.

3.11.5 Sidelobes from Confusing Sources

At 90 and 20 cm, large numbers of background sources are load throughout the primary
antenna beam. Sidelobes from these objects will lower the iage quality of the target source.
Although bandwidth and time-averaging will tend to reduce the e ects of these sources, the
very best images will require careful imaging of all signi ant background sources. The
AIPS task IMAGRs well suited to this task at 20 cm. The problem at 90 cm is muchworse,
and is greatly complicated by the non-coplanar nature of thearray, as described in Section
3.5.4. Table 4 gives the highest ux density expected of thes background sources, and the
total background ux density. Note that there is an NVSS RUN le generator (available
from the NVSS page athttp://www.cv.nrao.edu/nvss/ ) that can be extremely helpful
in de ning the elds containing confusing sources.

3.11.6 Sidelobes from Strong Sources

Another image-degrading e ect is that due to strong nearby urces. Again, the 20 and
90 cm bands are especially a ected. The active Sun will be vible to any D con guration
daytime spectral line observation at these bands. Even with50 MHz bandwidth in con-
tinuum mode, the active Sun can ruin the short spacings of obsrvations within about 20
degrees of the Sun. The quiet Sun poses a lesser threat, so tgeneral rule is to go ahead
and observe, even if the target source is close to the Sun. At®®and 400 cm, observations
within approximately 10 degrees of Cygnus A, Cassiopeia A, @urus A, and Virgo A will
be greatly degraded.

3.12 Calibration and the Flux Density Scale

The VLA Calibrator List contains information on 1860 sources su ciently unresolved and
bright to permit their use as calibrators. Copies of the list are distributed throughout the
DSOC. The list is also available within the JObserve program and may be accessed on the
Web at http://www.vla.nrao.edu/astro/calib/manual/

Accurate ux densities can be obtained by observing one of 3286, 3C147, 3C48 or
3C138 during the observing run. Not all of these are suitablefor every observing band
and con guration { consult the VLA Calibrator Manual for adv ice. Over the last several
years, we have implemented accurate source models directip AIPS for much improved
calibration of the amplitude scales; see page 21 of the Julya®6 NRAO Newsletter for
details. At present, models are available for 3C48 and 3C28&or all bands from 1.3 to 20
cm, for 3C138 at all bands from 1.3 to 6 cm, and for 3C147 at all bnds from 0.7 to 2.0 cm.
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Since the standard source ux densities are slowly variablewe monitor their ux den-
sities when the VLA is in its D con guration. As the VLA cannot measure absolute ux
densities, the values obtained must be referenced to assumheor calculated standards, as
described in the next paragraph. Table 17 shows the ux dengies of these sources in
November 2001 at our standard bands. The accuracy of these Mes, relative to the as-
sumed standards, is set by the gain stability of the VLA. The estimated 1- errors in the
table, relative to the assumed standards, are less than 1% fdrequencies up to 25 GHz,
and about 2% for the 43 GHz band.

The ux densities shown in the table for frequencies below 10GHz are based on the
Baars et al. value for 3C295. For frequencies above 10 GHz, the ux densiés are based
on models of Mars and NGC 7027 which are themselves based onetliBaars scale below 10
GHz.

Polynomial coe cients describing the derived ux densitie s for the standard calibrators
have been determined which permit accurate interpolation @ the ux density at any VLA
frequency. These coe cients are updated approximately evey few years, and are imple-
mented into the AIPS task SETJY At present, a substantial new e ort is under way to
improve the long-term (past and present) accuracy of the VLA ux density scale; contact
Rick Perley or Bryan Butler for information on this work. Alt hough nal information is not
yet available, it appears that the ux densities of 3C48 and 3C286 relative to 3C295 have
changed by less than 1% over the last 25{30 years.

Table 17: Flux densities (Jy) of Standard Calibrators for November 20 01

Source/Frequency (MHz) | 327.5| 1465 | 4885 | 8435 | 14965| 22460 | 43340
3C48 = J0137+3309 4552|1554 | 547 | 3.22 | 183 | 1.23 | 0.63
3C138 = J0521+1638 | 19.34| 8.16 | 3.71 | 243 | 154 | 1.10 | 0.62
3C147 = J0542+4951 | 55.00| 21.32| 7.88 | 4.72 | 2.77 | 193 | 1.11
3C286 = J1331+3030 | 25.96| 14.49| 7.49 | 522 | 351 | 2.63 | 1.58
3C295 = J1411+5212 | 60.37| 21.49| 6.53 | 3.42 | 1.67 | 0.99 | 041

NGC7027 <0.2| 154 | 552 | 6.03 | 590 | 568 | 522
MARS { { 0.175| 0.528| 1.67 | 3.81 | 14.22

For most observing projects, the e ects of atmospheric extnction will automatically be
accounted for by regular calibration when using a nearby pait source whose ux density
has been determined by an observation of a ux density standed taken at a similar eleva-
tion. However, at high frequencies (most notably K-band, Kaband, and Q-band), both the
antenna gain and the atmospheric absorption may be strong emugh to make “simple' ux
density bootstrapping unreliable. The AIPS task ELINTis now available to permit measure-
ment of an elevation gain curve using your own observationsand subsequent adjustment
of the derived gains to remove these elevation-dependent ects. The current calibration
methodology does not require knowledge of the atmosphericxéinction (since the true ux
densities of the standard calibrators are believed known). However, if knowledge of the
actual extinction is desired, a simple antenna tipping pro@dure is available (and is known
to the JObserve program) which will provide both the vertical extinction an d the total
system temperature. For advice on these procedures, conta8ryan Butler, Rick Perley, or
Claire Chandler.
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3.13 Phase Calibration
3.13.1 General Guidelines for Phase Calibration

Adequate phase calibration is a complicated function of sorce-calibrator separation, fre-
guency, array scale, and weather. And, since what de nes adpiate for some experiments is
completely inadequate for others, it is impossible to de neany simple guidelines to ensure
adequate phase calibration in general. However, some geraistatements remain valid most
of the time. These are given below.

Tropospheric e ects dominate at wavelengths shorter than D cm, ionospheric e ects
dominate at wavelengths longer than 20 cm.

Atmospheric (troposphere and ionosphere) e ects are neayl always unimportant in
the C and D con gurations at L and P bands, and in the D con guration at X and
C bands. Hence, for these cases, calibration need only be deto track instrumental
changes { once per hour is generally su cient.

If your target object has su cient ux density to permit self -calibration, there is no
need to calibrate more than once hourly.

The smaller the source-calibrator angular separation, thebetter. In deciding between
a nearby °S' calibrator, and a more distant "P' calibrator, the nearby calibrator is
usually the better choice.

At high frequencies, and longer con gurations, rapid switching between the source
and nearby calibrator is often helpful. See the following setion.

3.13.2 Rapid Phase Calibration and the Atmospheric Phase In terferometer
(API)

For some objects, and under suitable weather conditions, th phase calibration can be
considerably improved by rapidly switching between the souce and calibrator. An observing
technique denoted “fast switching' has been developed to me conveniently permit the user
to implement this methodology. Source-Cal observing cycle as short as 40 seconds can now
be used { such a short cycle is impossible with traditional VLA observing techniques.

This method is not for everyone! Considerable integration ime is lost with very short
cycle times, so it is important to balance this certain loss @ainst a realistic estimate of
the possible gain. Experience has shown that cycle times of0OD to 150 seconds at high
frequencies have been e ective for source-calibrator sepations of less than 10 degrees.
The fast switching technique “stops' tropospheric phase vdations at an e ective baseline
length of  v4t=2 wherev, is the atmospheric wind velocity aloft (typically 10 to 15 m/ sec),
andt is the total switching time. This technique has been demongtated to result in images
of faint sources with di raction-limited spatial resoluti on on the longest VLA baselines.
Under average weather conditions, and using a 120 second dgdime, the residual phase at
43 GHz should be reduced to 30 degrees. Further details can be found in VLA Scienti c
Memos # 169 and 173. These memos, and other useful informatig can be obtained from
Reference 12 in Section 6.

The fast switching system has been implemented in the currerversion of the JObserve
program. Note that the technique will not work in bad weather (such as rain showers, or
when there are well-developed convection cells { most notdlp, thunderstorms). Contact
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Claire Chandler or Chris Carilli for details and advice, and see the high-frequency observing
guide at http://www.vla.nrao.edu/astro/guides/highfreq/ .

The NRAO Atmospheric Phase Interferometer (API) is now operational at the VLA,
and software has been installed for real time monitoring of he phase stability through the
web. A detailed description of the API, and instructions for accessing its data, may be found
at http://www.vla.nrao.edu/astro/guides/api/ . The API continuously measures the
tropospheric contribution to the interferometric phase using an interferometer comprised
of two 1.5 meter antennas separated by 300 meters, observirgn 11.3 GHz beacon from
a geostationary satellite. The API data can be used to estimé& the required calibration
cycle times when using fast switching phase calibration, ad in the worst case, to indicate
to the observer that high frequency observing may not be posble with current weather
conditions. Contact Chris Carilli for further details.

3.14 Polarization

The continuum correlator mode provides full polarimetric information for both observing

frequencies. The polarimetric spectral line modes (PA and B) are also available for obser-
vations of linearly polarized spectral lines, or for obserations of continuum objects where
large eld-of-view or high dynamic range is necessary. Spé@l line modes "2AC', "2BD',

and “4' do not provide linear polarization information.

For each observation requiring polarization information, the instrumental polarization
should be determined through observations of a bright calilbator source spread over a
range in parallactic angle. In nearly all cases, the phase tiarator chosen can double as
a polarization calibrator. The minimum condition that will enable accurate polarization
calibration is four observations of a bright source spannig at least 90 degrees in paral-
lactic angle. The accuracy of polarization calibration is generally better than 0.5% for
objects small compared to the antenna beam size. At least onebservation of 3C286 or
3C138 is required to x the absolute position angle of polarzed emission. 3C48 also can
be used to x the position angle at wavelengths of 6 cm or shorer. The results of a
careful monitoring program of these and other polarization calibrators will be found at
http://www.vla.nrao.edu/astro/calib/polar/

High sensitivity linear polarization imaging may be limited by time dependent instru-
mental polarization, which can add low levels of spurious plarization near features seen in
total intensity and can scatter ux throughout the polariza tion image, potentially limiting
the dynamic range. The instrumental polarization averagedamong all baselines can vary
by 0.3% on timescales of minutes to hours, limiting the beligable fractional polarization to
about 0.1%.

Wide eld linear polarization imaging will be limited by the instrumental polarization
beam. For a snhapshot observation, the spurious linear polazation (after the standard
polarization correction for the on-axis polarization response is applied) is< 1% at angles
less than =4D radians (D is the antenna diameter), is 1 { 3% at =2D, and increases
sharply beyond this, reaching 10% at 3=4D. Since the instrumental polarization response
is directed radially and rotates with parallactic angle, the spurious polarization will tend
to average down for long integrations. However, if the objetbeing observed is very bright,
and has a low degree of linear polarization, errors in the palrization calibration will cause
Stokes | ux to be scattered into the Q and U images, thus limiting the polarization dynamic
range.

lonospheric Faraday rotation is always present at 20 cm and @ cm. The typical
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daily maximum rotation measure under quiet solar conditions is 1 or 2 radians/n?, so the
ionospherically-induced rotation of the plane of polarizdion at these bands is not excessive
{ 5 degrees at 20 cm, and perhaps 90 degrees at 90 cm. Howevender active conditions,
this rotation can be many times larger, such that accurate pdarimetry is impossible at
20 cm.

The AIPS program TECOIRas been shown to be quite e ective in removing large-scale
ionospherically induced Faraday Rotation. It uses currenty-available data in IONEX for-
mat. Please consult theTECORelp le for detailed information.

Circular polarization measurements are limited by the beamsquint { the RCP and LCP
primary beams are separated by 6 percent of the beamwidth alog the axis perpendicular to
the azimuth of the secondary focus feed position. Since ciwtar polarization is determined
from the di erence between RCP and LCP signals, there resuls an appreciable error in
all measurements of circular polarization o the pointing axis. The e ect is large { the
apparent circular polarization is 10% at =4D, and 20% at =2D. This false circular
polarization is antisymmetric with respect to the center of the antenna beam, so 12-hour
observations should partially cancel out the e ect { however, even so, the residual apparent
circular polarization is probably only accurate to a few percent.

Observers should be aware that detailed polarization testdiave not yet been carried out
for the retro tted EVLA antennas. In particular, we expect t hat the VLA-EVLA baselines
may have non-closing calibration problems similar to the tdal-intensity calibration (see
Section 3.11). In addition, the interim EVLA receivers genaally have poor polarization
performance outside the frequency range previously covedeby the VLA (e.g., outside the
4.5{5.0 GHz frequency range for C band), and the wider frequecy bands of these interim
receivers may be useful only for total intensity measuremets.

3.15 Spectral Line Modes

The VLA correlator is very exible, and can provide data in many ways. The various
spectral line modes currently available are shown in Tabled8 and 19 and described below.
Users should note that these modes will become obsolete when the VLA corre-
lator is decommissioned in early 2010, and will be replaced b y new options and
methods for specifying correlator setups.

Most spectral line modes are distinguished by a code compiiisg a humber followed by
zero, one, or two letters. The number refers to the number of gectra being produced; the
letters describe which IF channels are involved. Recall thaeach VLA antenna returns four
signals: these are the RCP and LCP for each of two separatelyuned frequencies. These
signals are referred to adFs, and are named A, B, C, and D. The rst two represent RCP,
and latter two LCP. IFs A and C are at one frequency (and cannot be di erent); B and
D are at another (and also must be the same). In normal usage,hie AC pair and the
BD pair are at di erent frequencies within the same band. The spectral line modes can
subdivide these IFs into 4 to 512 units, evenly spaced in fregency across the bandwidth of
the input IF. These narrower units are referred to asspectral line channels In addition to
these interferometric spectra, autocorrelation spectra ér all antennas are produced.

The single-IF modes provided by the spectral line correlato are known as 1A, 1B, 1C,
and 1D. In these modes, only one spectrum is produced. Theseades give the highest
spectral resolution at any given bandwidth. The dual-IF modes are denoted 2AB, 2AC,
2AD, 2BC, 2BD and 2CD, and provide spectral information for the two IFs named (.g.
mode 2AC provides AA and CC correlations). Linear polarizaion measurements are not
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Table 18: Available Bandwidths and Numbers of Spectral Line Channels in Nor-
mal Mode

Single IF Mode® Two IF Mode @ Four IF Mode ©
BW | Bandwidth No. Freq. No. Freq. No. Freq.
Code MHz Channels® | Separ. | Channels® | Separ. | Channels® | Separ.
kHz per IF kHz per IF kHz
0 50 16 3125 8 6250 4 12500
1 25 32 781.25 16 1562.5 8 3125
2 12.5 64 195.313 32 390.625 16 781.25
3 6.25 128 48.828 64 97.656 32 195.313
4 3.125 256 12.207 128 24.414 64 48.828
5 1.5625 512 3.052 256 6.104 128 12.207
6 0.78125 512 1.526 256 3.052 128 6.104
8 0.1953125 256 0.763 128 1.526 64 3.052
9 0.1953125 512 0.381 256 0.763 128 1.526
Footnotes:

1. Observing Modes 1A, 1B, 1C, 1D.
2. Observing Modes 2AB, 2AC, 2AD, 2BC, 2BD, 2CD.

3. Observing Modes 4, PA, PB. Note that modes PA and PB only pro vide correlations for a single IF
pair (A & C for mode PA, or B & D for mode PB). Mode 4 provides corr elations from both IF pairs
(A & C and B & D), but without any cross hand correlation produc ts. It is possible to use the output
from one, two or four IFs in such a way as to obtain di erent com binations of humber of spectral
line channels and channel separation. The minimum and maximum number of channels is 4 and 512
respectively.

4. These are the numbers of spectral line channels produced m the array processor. Any number of
spectral line channels that is a power of 2, that is less than or equal to the number in the table and
that is greater than or equal to 2 may be selected using the data selection options available within
the JObserve program.

possible with these modes, but circular polarization can beletermined using the 2AC and
2BD modes. The four-IF modes are known as 4, PA and PB. The rstof these provides
spectra for all four IFs. Circular, but no linear polarizati on measurements are possible in
this mode. The other two modes provide full polarimetric information { PA provides this
for the A and C IFs (that is, it performs the correlations AA, A C, CA, and CC, providing
a spectrum for each), PB for the B and D IFs. For the 4IF modes vey few channels are
available at the widest bandwidths and the bandpass formed hs high spectral sidelobes.
These sidebands will cause non-closing errors on sourcessi@int from the delay tracking
center. It is believed that modes PA and PB with 50 MHz bandwidth are unusable for any
practical case. Whether a 25 MHz bandwidth is usable or not dpends on the complexity of
the eld imaged and the required dynamic range. For the polaimetric modes, the descriptor
4 is omitted. The characteristics of all of these modes are sumarized in Tables 18 and 19.

Correlator modes 2AB, 2AD, 2BC, 2BD, and 4 allow the IFs to usedi erent bandwidths
as well as to be tuned to di erent frequencies within the sameband (e.g, mode 2AB will
permit the AA correlations to be at a di erent frequency and b andwidth than the BB
correlation). There are other restrictions. See Section ®, and the Spectral Line Users'
Guide (listed in Chapter 6) for details.

Of central interest to observers is the stability of the spet¢ra. Spectral line dynamic
range is commonly de ned as the ratio of the peak brightnessn the strongest channel to
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Table 19: Available Bandwidths and Numbers of Spectral Line Channels in Han-
ning Smoothing Mode

Single IF Mode® Two IF Mode @ Four IF Mode ©
BW Bandwidth No. Freq. No. Freq. No. Freq.
Code MHz Channels® | Separ. | Channels” | Separ. | Channels® | Separ.
kHz per IF kHz per IF kHz
0 50 8 6250 4 12500 2 25000
1 25 16 1562.5 8 3125 4 6250
2 12.5 32 390.625 16 781.25 8 1562.5
3 6.25 64 97.656 32 195.313 16 390.625
4 3.125 128 24.414 64 48.828 32 97.656
5 1.5625 256 6.104 128 12.207 64 24.414
6 0.78125 256 3.052 128 6.104 64 12.207
8 0.1953125 128 1.526 64 3.052 32 6.104
9 0.1953125 256 0.763 128 1.526 64 3.052
Footnotes:

1. Observing Modes 1A, 1B, 1C, 1D.
2. Observing Modes 2AB, 2AC, 2AD, 2BC, 2BD, 2CD.

3. Observing Modes 4, PA, PB. Note that modes PA and PB only pro vide correlations for a single IF
pair (A & C for mode PA, or B & D for mode PB). Mode 4 provides corr elations from both IF pairs
(A & C and B & D), but without any cross hand correlation produc ts.

4. These are the numbers of spectral line channels produced m the array processor. Any number of
spectral line channels that is a power of 2, that is less than or equal to the number in the table, and
that is greater than or equal to 2 may be selected using the data selection parameters available in the
OBSERVa&nd JObserve programs.

the minimum detectable line brightness in an image. This raio is limited by instrumental
e ects which must be calibrated out. The spectral dynamic range depends on bandwidth
in a poorly understood way. Applying the on-line autocorrelation bandpass correction only
should result in about 50:1 dynamic range and is strongly disouraged. Values exceeding
10,000:1 at C and X-bands can be achieved but require carefulata editing and bandpass
calibration. A more typical limit is around 1000:1. L-band spectral dynamic ranges of
1000:1 can be achieved by observing a suitable bandpass dahtor. Consult with Michael
Rupen or another spectral line expert for more details.

Because the operational array currently consists of a mix of VLA and EVLA
antennas, there are a number of additional complexities for spectral line obser-
vations.  Some of these are listed below, but the cautious useshould consult
http://www.vla.nrao.edu/astro/guides/evlareturn/ for a complete list.

Doppler tracking: Online Doppler tracking should be used only for projects emjoying
only EVLA antennas, such as those making use of the extended\A_A tuning ranges.
Online Doppler tracking should not be used if VLA-EVLA baselines are included in
an experiment because of phase jumps on VLA-EVLA baselinesniroduced by the
VLA Fluke synthesizers at any change in frequency or bandwith. For the same
reason, phase calibration must be included at any frequencgr bandwidth change for
observations using both VLA and EVLA antennas.

Closure errors:  One may expect signi cant closure errors on VLA-EVLA baselines due
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to their very di erent bandpasses; see Section 3.11 for moréanformation.

Phase jumps and narrow bandpasses: The ne frequency tuning of the VLA is done
by a set of \Fluke" synthesizers that may be set to an accuracyof 1 Hz. However, these
synthesizers undergo frequent phase jumps when they are s& an accuracy better
than 1 MHz (i.e., when any digits to the right of the decimal point are non-zero), and
occasional phase jumps even for settings at integer numberd megahertz. This has no
impact on VLA-VLA baselines, since all antennas jump together. However, the EVLA
antennas do not use the Fluke synthesizers, and do not undeogthe frequent phase
jumps, so VLA-EVLA baselines are compromised. We recommendhat observers
avoid the narrowest VLA spectral-line bandwidths (bandwidth codes 8 and 9; see
Tables 18 and 19), and restrict their observing frequencieso that only multiples of 1
MHz are used for the uke frequencies®

Aliasing in narrow bandwidths: The hardware used to convert the digital signals from
the EVLA antennas into analog signals to be fed into the VLA carelator causes power
to be aliased into the bottom 0.5 MHz of baseband. This a ectsall sources with con-
tinuum emission, most notably, commonly-used gain calibréors. The aliased power is
strongest at the very bottom of baseband, and decreases awdyom baseband. For all
bands except X and U band on the VLA, the bottom of baseband is &low-numbered
channels. For X and U band, the bottom of baseband occurs at lggh-numbered chan-
nels. This problem obviously a ects the narrowest observig bandwidths the most,
with bandwidth codes 6 (781 kHz total bandwidth, typically t he narrowest commonly
used on the VLA) and higher being a ected over the full width of the band. Although
we are investigating ways to mitigate this problem, it is likely that the e ect will re-
main with us until the new EVLA correlator comes online. In fact, the problem will
a ect more and more baselines as more VLA antennas are retrated to EVLA an-
tennas. Note that since the aliased signal does not correlaton VLA-EVLA baselines,
only EVLA-EVLA baselines are a ected.

3.16 VLBI Observations

The VLA often participates in VLBI observations with the VLB A, and in Global Network
sessions which occur three or four times per year. The VLA suports VLBI observations in
either single-antenna or phased-array modes. Data are recded on a Mark 5A disk recording
system after the single-antenna or phased-array data have den passed through the VLA's
VLBA data acquisition system. At this writing, we are just co mpleting the implementation
of phasing of the EVLA antennas together with the VLA antennas, so that the phased-
array VLA will contain 25 antennas added in phase rather than a maximum of 20.
A comprehensive document entitled "VLBI at the VLA' is avail able on the Web { point
your browser to http://www.vla.nrao.edu/astro/ and look under “Proposer Information
and Documentation'. Be aware that this guide is somewhat outof date. When the old
VLA correlator is decommissioned at the beginning of 2010, i t is possible that
the software required for VLBI observing may not yet be enabl ed. Thus, there
may be some period of time beginning in early 2010 when the EVL A cannot
participate in VLBI observations.

®Note that the phase jumps as a function of Fluke settings are still under investigation; please see
http://www.vla.nrao.edu/astro/guides/evlareturn/ for the latest information.
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VLBI at the VLA is overseen by Amy Mioduszewski, who can be corsulted for general
information regarding matters such as phased-array or sinlg-dish observations, or calibra-
tion of the VLA for VLBI. However, most VLBI projects involvi ng the VLA, whether run
during or outside of a Network session, will be assigned a DSD contact by the Scheduler.
Queries from an observer concerning speci ¢ information abut a speci ¢ project should be
directed to the DSOC contact assigned to the project. If the poject's principal investigator
or a co-investigator is an DSOC employee, then that person Wi be assumed to be the
DSOC contact.

See Section 4.15 for information on absentee observing.

3.17 Snapshots

The two-dimensional geometry of the VLA allows a snapshot mde whereby short obser-
vations can be used to image relatively bright unconfused aarces. This mode is ideal for
survey work where the sensitivity requirements are modestDue to confusion by background
sources, use of snapshots is not recommended at 90 cm or 400.cm

Single snapshots with good phase stability should give dymaic ranges of a few hundred.
Note that because the shapshot synthesized beam contains dh sidelobes, the e ects of
background confusing sources are much worse than for full sgheses, especially at 20 cm
in the D con guration, for which a single snapshot will give a limiting noise of about 0.2
mJy. This level can be reduced by taking multiple snapshots gparated by at least one
hour. Use of the AIPS program IMAGRSs necessary to remove the e ects of background
sources. Before considering snapshot observations at 20 cmsers should rst determine if
the goals desired can be achieved with the existing FIRSTE con guration) or NVSS (D
con guration, all-sky) surveys. Both surveys can be accesd from the NRAO website, at:
http://lwww.vla.nrao.edu/astro/prop/largeprop/

3.18 Shadowing and Cross-Talk

Observations at low elevation in the C and D con gurations will commonly be a ected
by shadowing. It is strongly recommended that all data from a shadowed antenna be
discarded. This will automatically be done within the AIPS t ask FILLM when using the
default inputs. Note that for versions of AIPS up through early incarnations of 31DECOL1,
FILLMis ignorant of antennas in other subarrays, or antennas whig are out of the array,
so agging of antennas shadowed by antennas in other subarya will not occur. For the
nal 31DECO1 AIPS and all subsequent versions,FILLMis smart enough to know about all
antennas in all VLA subarrays.

Cross-talk is an e ect in which signals from one antenna are jgked up by an adjacent
antenna, causing an erroneous correlation. At 20 cm, this eect is important principally in
the D con guration. At 90 cm, C and evenB con gurations can also be aected. And
at 400 cm, all con gurations show strong cross-talk on many laselines. Careful editing is
necessary to identify and remove this form of interference.For the 90 and 400 cm bands,
use of the spectral line modes is strongly recommended to allv detection and removal of
these contaminating signals.

3.19 Combining Con gurations and Mosaicing

Any single VLA con guration will allow accurate imaging up t o a scale approximately 30
times the synthesized beam. Objects larger than this will rguire multiple con guration
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observations. For continuum projects, observers only nee@nsure that the frequencies used
are similar for each con guration. It is not necessary that they be identical, but di erences
greater than 50 MHz could cause errors due to spectral indexrgdients. The dierent
con gurations may employ di erent bandwidths { indeed, thi s is often required to prevent
bandwidth smearing (chromatic aberration). Objects larger than the primary antenna
pattern may be mapped through the technique of interferometic mosaicing. Time-variable
structures (such as the nuclei of radio galaxies and quasargause special, but manageable,
problems. See the article by Mark Holdaway in reference 2 fomore information.

3.20 Pulsar Observing

The hardware for pulsar-speci ¢ observing modes at the VLA B no longer supported, and
potential proposers should consider making use of telescep that are more suitable for
pulsar timing observations. The VLA is most fruitfully used for pulsar observations in
its more traditional observing modes, accepting the signdhoise penalty that is paid by
accepting data at all times rather than gating the correlator synchronously with the pulsar.
The EVLA will o er signi cant new pulsar observing capabili ty with its new correlator, in
2011 or later.

3.21 Observing High Flux Density Sources { Special Correcti ons

The VLA correlator is a digital device, which causes a small lnt noticeable error in the
calculation of the correlation coe cient when this coe cie nt is high. A recent change to the
AIPS program FILLMnow enables an approximate correction of this error when olervations
are taken in the continuum mode. Users may wish to apply this orrection (commonly
known as the "Van Vleck' correction) when observing relatiely unresolved objects with
ux densities exceeding about 100 Jy (depending on band). Ufortunately, no correction
for this e ect for data taken in the spectral line modes is yet available.

3.22 Using VLA and EVLA Antennas Together

Throughout this document, we provide some specic informaion that may be essential
for observing with the VLA while it combines both \old" VLA an tennas and retro tted
EVLA antennas. However, since this document is updated only(approximately) annually,
astronomers are urged to consultttp://www.vla.nrao.edu/astro/guides/evlareturn/

for the latest information, and follow the suggestions destbed therein. This is critical to
the successful use of the VLA-EVLA baselines. The good news ithat the ever-decreasing
numbers of VLA antennas means that this will become less of arissue throughout 2009.
Since the VLA antennas cannot be input to the EVLA correlator, the problems of EVLA-
VLA baselines will disappear once the old VLA correlator is cecommissioned in early 2010.

4 USING THE VLA

4.1 Obtaining Observing Time on the VLA

Observing time on the VLA is available to all researchers, rgardless of nationality or
location of institution. There are no quotas or reserved blaks of time. The allocation of
observing time on the VLA is based upon the submission of a VLAObserving Proposal
using the on-line VLA Proposal Submission Tool available va the NRAO Interactive Service
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web page, athttp://my.nrao.edu/ . Note that proposals using the old VLA ATEX form
are no longer accepted!The on-line tool permits the detailed construction of a cove sheet
specifying the requested observations, using a set of omk forms, and uploading of apdf -
format scienti ¢ and technical justi cation to accompany t he cover information.

It is also possible to receive VLA observing time by proposig to NASA missions, under
cooperation agreements established between NRAO and thosmissions. Currently, such
programs exist for the Chandra, Spitzer, and Fermi missions Astronomers interested in
those joint programs should consult the relevant mission poposal calls for more information.

Students planning to use the VLA for their Ph.D. dissertation may have a problem in
that such dissertations are frequently composed of piecesf @everal short proposals which
may not be suitable for combining into a single proposal for efereeing purposes. In this
case, we shall accept, one per student, a "Plan of Dissertati Research’', of no more than
1000 words, at the time of the rst proposal of the series, andwhich can be referred to in
later proposals. The plan can be submitted via the NRAO Interactive Services webpage, at
http://my.nrao.edu/ . This provides some assurance against a dissertation beirggriously
damaged by adverse referee comments on one component prophsvhen the referees may
not see the whole picture. This facility is o ered to students for which VLA observations
are the most important component of their planned dissertaions.

The VLA is scheduled on a trimester basis, with each trimeste lasting four months.
The proposal deadline for a particular con guration is 5PM (1700), Eastern Time on the
1st of February, June, or October which precedes the beginnig of that con guration by
three months or more. (If the rst of the month falls on a Satur day or Sunday, the deadline
is advanced to the next Monday.) As stated in Section 2, the taditional VLA con guration
rotation will be modi ed beginning in January 2010. Itis not necessary to submit a proposal
at the last possible deadline for a particular con guration, since all proposals will be refereed
immediately following the deadline of submission, regardéss of the con guration requested.
Early submissions (i.e., more than one deadline in advancefdhe relevant con guration
deadline) will bene t from referee feedback and the opportunity for revision and additional
review, if warranted.

All proposals are externally refereed by several experts imelevant subdisciplines (e.g.
solar system, stellar, galactic, extragalactic, etc.). The referees’ comments and rating
are strongly advisory to the VLA/VLBA Proposal Selection Co mmittee, and the com-
ments of both groups are passed on to the proposers soon aftelach meeting of the
committee (three times yearly) and prior to the next proposa submission deadline. See
http://www.aoc.nrao.edu/epo/ad/scheduling.shtml for a detailed description of the
time allocation process.

Because of competition, even highly rated proposals are naguaranteed to receive ob-
serving time. This is particularly true for programs that concentrate on objects in the
LST ranges occupied by popular targets such as the Galactic énter or the Virgo cluster.
Daytime observing will also be limited by EVLA commissioning tests throughout 2009.

4.2 Rapid Response Science

The NRAO has established three categories of proposals fordpid Response Science, which
are described below and athttp://www.vla/nrao/edu/astro/prop/rapid/ . At present,
Rapid Response Science is limited to a maximum of 5% of the tal observing time on
the VLA. All proposals for Rapid Response Science must be subitted using the standard
NRAO procedures, using the on-line proposal tool. Proposal submitted by any other means
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(e.g., phone calls, e-mails, faxes, word-of-mouth) will beejected.

1. Known Transient Phenomena. These proposals will request time to observe phe-
nomena that are predictable in general, but not in speci c ddail. For example, a proposal
to observe the next aring X-ray binary that meets certain cr iteria would be included in
this category. Speci c triggering criteria will be required. These proposals will be evaluated
as part of the normal refereeing and scheduling process, andgill be subject to the normal
NRAO proposal deadlines. The proprietary period for obserations of Known Transient
Phenomena will be 12 months.

2. Exploratory Time. These proposals generally follow up on recent discoveriesyith
observations requested in advance of the period allocatedt #he most recent proposal dead-
line(s). Examples include B con guration proposals that follow up on A con guration
discoveries made after theB con guration deadline, or a newly identi ed object that is a
hot enough topic to warrant an image within a couple months. In general, there will not be
a need for immediate scheduling with these proposals, but tey may need to be observed in
the current VLA con guration rather than waiting 16 months. Proposals for Exploratory
Time will be evaluated by a subset of the VLA/VLBA Proposal SelectionCommittee, and
may or may not be sent to external referees. The possibility hat a proposer forgets about
or misses a proposal deadline will not constitute su cient justi cation for granting of ob-
serving time by this process. Noti cation of the dispensation of Exploratory Time proposals
normally will be within two weeks of reception of the proposd; most of the accepted pro-
posals are placed in the dynamic scheduling queue, and are hguaranteed to be observed.
The proprietary period for Exploratory Time will be six mont hs.

3. Target of Opportunity. These proposals are for true targets of opportunity{
unexpected or unpredicted phenomena such as supernovae vae, or extreme X-ray, optical,
or radio ares in various types of objects. These proposals Wl be evaluated rapidly, with

scheduling done as quickly as possible and as warranted by ¢hnature of the transient phe-
nomenon. Noti cation of the dispensation of Target of Opportunity proposals will always
be within two weeks, and may be much faster, depending on theeguirements of the pro-
posed observation. The proprietary period for Targets of Oportunity will be decided on a
case-by-case basis, and will in no instances be longer thaixamonths.

4.3 Data Analysts and General Assistance

General assistance of all kinds is available through the dat analysts. They can be considered
to be advocates for all VLA users, and should be consulted rswhen you encounter any
problem. Note that they are not available to perform remote data calibration. The e-mail
address for all the data analysts is: analysts@nrao.edu.

4.4 Observing File Preparation

To use the VLA, an observing le must be prepared and submitted to VLA Operations.
This le may be generated by the NRAO-supplied program JObserve, which is a GUI-
based version of the oldelOBSER\{Eogram, o ering a more modern graphical user interface
without OBSERMEkeypad mapping problems. Some new capabilities have beeadded to
JObserve only.

After your le is prepared, e-mail it to the operators at observe@nrao.edu. Include
the program name in the subject line. The operators always dmowledge receipt of the
observing le by e-mail. If you do not receive a timely resporse, call the telescope operators
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at 575-835-7180. Please complete these operations at leasto working days before your
observing.

JObserve distributions are currently available for Solaris (Sparc) and Linux with
instructions provided to allow a user to port one of these digributions to any
machine which can run the Java 2 runtime environment. The laiest version of
JObserve is 1.7.4, released January 13, 2006, and it may be downloadedrom
http://www.aoc.nrao.edu/software/jobserve/

In 2009, the rst version of a new \Observation Preparation Tool," or OPT will become
available for the EVLA. The OPTwill be necessary to set up any observations at the new
observing band of 1.0 cm (26.5{40 GHz), which is expected to &écome available in mid-year.

4.5 Fixed Date and Dynamic Scheduling

Most of the observing time on the VLA is allocated as \ xed-ti me" observing, with the
observer being given a particular sidereal date and time atication on the VLA. However,
the VLA gradually is moving toward a system in which more obsevations are scheduled
dynamically, based on a combination of scienti ¢ priority and the expected properties of
the array and the weather. In particular, all time during ant enna moves and all \ ller"
time are scheduled dynamically. The procedure for generatig observing scripts is similar
to that described in Section 4.4, except that the individual scans must be specied in
time durations rather than by the absolute stop time. After p reparation, observe les for
dynamic scheduling are e-mailed to dynsoc@nrao.edu for queing. Since the details of
dynamic scheduling are changing on a more frequent basis tmathis document, we refer the
reader to the scheduling o cers' home page for further information; this page is located at
http://www.aoc.nrao.edu/ schedsoc/ .

4.6 The Observations and Remote Observing

Observers need not be present at the VLA to obtain VLA data. However, we encourage
VLA users to come to Socorro when observing. There is no betteway to interact with the
data, and to calibrate and image data quickly. And coming to Socorro is the best way to
bene t from discussions with sta members.

We recommend that observers who are coming to Socorro, and whintend to set up
their observing les there, arrive two working days before their scheduled observations to
allow su cient time to interact with key sta members. See Se ction 4.12 for information
on coming to and staying in Socorro.

For those who choose to process their data at home, the data cabe retrieved from the
VLA on-line archive after obtaining the project key from the data analysts, or by using
the NRAO Interactive Services login from the archive web pa@. Alternatively, the data
analysts will, upon request, mail you a tape (Exabyte or DAT) containing your uncalibrated
data in its original format. The AIPS task FILLMis used to load these data to disk.

4.7 Data Processing

NRAO supports the AIPS (Astronomical Image Processing Sysem) software as its primary
data-analysis package for the VLA. This portable package mg be run under various avors

of Linux or Unix operating systems, as well as Mac-OS. Most obervers install and use
the software on their desktop computers and/or laptops to reduce their VLA data. See
http://www.aoc.nrao.edu/aips/ for more detalils.
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NRAO is presently developing the CASA (Common Astronomy Sofware Applications)
package, primarily for data analysis using the EVLA and ALMA . CASA is currently un-
dergoing beta testing and is available upon request. Sekttp://casa.nrao.edu for more
information.

4.8 Travel Support for Visiting the DSOC and VLA

For each observing program scheduled on an NRAO telescopegimbursement may be re-
guested for one of the investigators from a U.S. institutionto travel to the NRAO to observe,
and for one U.S.-based investigator to travel to the NRAO to reduce data. Reimbursement
may be requested for a second U.S.-based investigator to &#r observe or reduce data
provided the second investigator is a student, graduate or ndergraduate. In addition, the
NRAO will, in some cases, provide travel support to the Obsevatory for research on archival
data. The reimbursement will be for the actual cost of econom airfare, up to a limit of
$1000, originating from within the U.S. including its terri tories and Puerto Rico. Costs
of lodging in NRAO facilities can be waived on request in advace and with the approval
of the relevant site director. No reimbursement will be madefor ground transportation or
meals.

To qualify, the U.S. investigator must not be employed at a Federally Funded Research
and Development Center (FFRDC) or its sponsoring agency. Tle NSF maintains a master
government list of some FFRDCs athttp://www.nsf.gov/statistics/nsf06316/

To claim this reimbursement, obtain an expense voucher fronbori Appel in the Assistant
Director's o ce in the DSOC.

4.9 Student Assistance for Data Reduction Visits to the DSOC

Students visiting the Array Operation Center for the purposes of working on a VLA or

VLBA observing program may be eligible to have their lodging expenses in the NRAO
guest house covered by NRAO. To qualify, the student must be ayraduate or undergraduate
enrolled at a University in the U.S., working on an approved dserving program. These are
the same quali cations as required for NRAO support of air travel costs described above. In
addition, the duration of the visit should be between 5 and 30days. Requests for support
should be made to Claire Chandler at least 4 weeks in advancef ahe proposed visit. |If

this is a rst time visit then the student should be accompanied by a collaborator on the

project, or alternatively an NRAO collaborator may be requested.

4.10 Real-Time Observing

A workstation, connected to the on-line computers by an Ethenet link, is now in place
at the VLA site. A special version of the AIPS task FILLM will Il VLA data into this
workstation's disks in real time. Each scan is available forediting, calibration, and imaging
with AIPS within a few seconds of the end of that scan. Data al® can be written to a local
Exabyte tape.

The real-time data pipeline also has been extended to the DSO. Any workstation at
the DSOC can now receive VLA data as it is produced. However, lis capacity is not
available beyond the DSOC.
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4.11 Computing at the DSOC

A primary goal of the computing environment at the DSOC is to allow every user full
access to a workstation during his/her visit. There are 8 public workstations available at
the DSOC for full-time data reduction by visitors. They are m ostly four-processor, 2.0-GHz
PCs running Linux.

For hardcopy, we have a number of high volume B&W laser printes, two color Postscript
laser printers which can reproduce on both paper and transpaencies, and one wide-bed color
printer.

Visitors may reserve time on these workstations when they mke their travel arrange-
ments with the Reservationist (see Section 4.12). The reseationist's e-mail is: nmre-
serv@nrao.edu.

If you require computing assistance while at the DSOC, contat the help desk (e-mail
to helpdesk@aoc.nrao.edu, extension 7213, o ce 262).

For a more complete description of computing facilities at he DSOC, see
http://www.aoc.nrao.edu/computing/

412 Reservations for VLA and/or DSOC

Advance contact with the Reservationist (nhmreserv@nrao.du) at least 1 week prior to your
visit to the NRAO/NM is required, and 2 weeks' notice is preferred, in order to optimize the
logistics of room occupancy, transportation, computer loal, and sta assistance. You may
now book your visit to the DSOC through the WWW. From the NRAO h ome page, press
the "Astronomers' link, then "VLA/EVLA', then Visit Array  Operations Center (AOC)
Website', then "O cial Visitors', and nally the “Visitor' s Registration Form' link.

First-time visiting students will be allowed to come to the NRAO/NM for observations
or data reduction only if they are accompanied by their facuty advisor, or if they have a
collaborating NRAO sta member.

4.13 Staying in Socorro

Visitors to Socorro can take advantage of the NRAO Guest Hous. This facility contains
eight single, four double, and two two-bedroom apartments,plus a lounge/kitchen, and
full laundry facilities. The Guest House is located on the Nev Mexico Tech (NMIMT)
campus, a short walk from the DSOC. Reservations are made tlough the Reservationist
(nmreserv@nrao.edu.)

4.14 Help for Visitors to the VLA and DSOC

We encourage observers to come to Socorro to calibrate and sge their data. This

is the best way to ensure the quickest turnaround and the bestresults from their ob-

serving. While in Socorro, each observer will interact with members of the DSOC sta

in accordance with his/her level of experience and the comlxity of the observing pro-

gram. If requested on the original VLA application form, the visiting observer will be

guided through the steps of data calibration and imaging by aprearranged sta friend

or scienti c collaborator. A list of sta scientists and the ir interests can be found at
http://www.aoc.nrao.edu/epo/AD/aoc-research.html . The data analysts and the com-
puter operations sta are also available for consultation an AIPS procedures and systems
guestions.
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4.15 VLBI Remote Observing

The VLA supports absentee VLBI observations, whether condwted during, or outside of,

a Global Network session. Queries from an absentee observeoncerning a spec c project
should be directed to the DSOC contact assigned to that projet (see Section 3.16). VLA
schedule le preparation assistance is provided by the dataanalysts (see Section 4.3). Ab-
sentee observers must provide the data analysts with all nexssary scheduling information.
For a Network project, this information is due at least two weeks before the start of the
appropriate Network session. For a non-Network project, this information is due by the

schedule le due date assigned by the VLBA scheduler.

Although VLA Operations fully supports absentee VLBI observing, visits by observers
are welcomed and are especially encouraged if the observais are in any way atypical.
Included in this category are VLBI spectral line projects regardless of recording format,
and any phased-array VLBI projects for which radio frequeng interference is expected.

For more information, consult "VLBI at the VLA, at
http://www.vla.nrao.edu/astro/guides/vibivla/curren t/ .

4,16 On-Line Information about the NRAO and the VLA

NRAO-wide information is available on the World Wide Web thr ough your favorite Web

browser at URL http://www.nrao.edu , and information speci ¢ to astronomers using the

VLA may be found at http://www.vla.nrao.edu/astro/ . We strongly recommend usage
of this on-line service, which is regularly updated by the NRAO sta..

5 MISCELLANEOUS

5.1 VLA Archive Data

The VLA archive contains all VLA data since observing started in 1976. The entire archive
is how on disk, and is available via the web. A catalog descriimg these observations can
be accessed fronhttp://archive.nrao.edu/archive/ . Data-base searches may be made
based on a large humber of user-speci ed criteria, and automttic downloading of the data
via standard ftp protocols. With the exception of some rapid response and laye proposals,
VLA data associated with a given proposal normally are resticted to proprietary use by
the proposing team for a period of 12 months from the date of tle last observation in a
proposal.” Proprietary data may be downloaded by the observing team by naking use of
the project key (see Section 4.6).

5.2 Publication Guidelines

5.2.1 Acknowledgement to NRAO

Any papers using observational material taken with NRAO instruments (VLA or otherwise)
or papers where a signi cant portion of the work was done at NRAO, should include the
following acknowledgement to NRAO and NSF:

"Data taken more than 12 months previously may still be propri etary, if additional data for the same
proposal have been taken within the last 12 months.
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The National Radio Astronomy Observatory is a facility of the National Sci-
ence Foundation operated under cooperative agreement by saciated Universi-
ties, Inc.

5.2.2 Dissertations

Students whose dissertations include observations made thi NRAO instruments are ex-
pected to provide copies of, or links to, their theses for inkusion and maintenance at the
NRAO library. These will be catalogued and made available va the NRAO library cata-

logue. If a paper copy (unbound is acceptable), it may be subiitted to the DSOC Librarian

who will send it to Charlottesville for cataloguing.

5.2.3 Preprints

NRAO requests that you submit the astro-ph link or an electronic copy of any ac-
cepted papers that include observations taken with any NRAOinstrument or have NRAO
author(s) to the Observatory Librarian. For further inform ation, contact the Librar-
ian in Charlottesville (library@nrao.edu) or read the instructions on the web page at
http://www.nrao.edu/library/preprints.shtml

5.2.4 Reprints

Given the prevalence of electronic access to the literatureNRAO will no longer pay for the
purchase of reprints of published papers.

5.2.5 Page Charge Support

The following URL contains complete information on the obsevatory's policy regarding
page charge support: http://www.cv.nrao.edu/library/page _charges.html . The fol-
lowing is a summary:

When requested, NRAO will pay the larger of the following:

{ 100% of the page charge share for authors at a U.S. scienti croeducational
institute reporting original results made with NRAO instru ment(s). See the
VLA web pages for more details.

{ 100% of the page charge share for NRAO sta members.
Page charge support is provided for publication of color plées.

To receive page charge support, authors must comply with albf the following require-
ments:

{ Include the NRAO footnote in the text (see Section 5.2.1).

{ Send the astro-ph link or an electronic copy of the paper upon acceptance or
posting on astro-ph to the Observatory Librarian (library@nrao.edu), with the
request for page charge support. The Librarian will respondwith the amount
covered (based on the NRAO page charge policy) and will requst the page
charge form, with manuscript information completed, via fax (434-296-0278) or
e-mail (library@nrao.edu). For questions, contact the Obsgrvatory Librarian at
434-296-0254.
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6 DOCUMENTATION

Documentation for VLA data reduction, image making, obsening preparation, etc., can be
found in various manuals. Most current manuals are availabé on-line via the World Wide
Web (see Section 4.16). Those manuals marked by an asterisk)(can be mailed out upon
request, or are available for downloading from the NRAO webge. Direct your requests for
mailed hardcopy to Lori Appel. Many other documents of interest to the VLA user, not
listed here, are available from our website.

1. PROCEEDINGS FROM THE 1988 SYNTHESIS IMAGING WORKSHORP: Sy nthesis
theory, technical information and observing strategies ca be found in: “Synthesis
Imaging in Radio Astronomy'. This collection of lectures given in Socorro in June
1988 has been published by the Astronomical Society of the Rac as Volume 6 of
their Conference Series.

2. PROCEEDINGS FROM THE 1998 SYNTHESIS IMAGING WORKSHOP: Th isisan
updated and expanded version of Reference 1, taken from the998 Synthesis Imaging
Summer School, held in Socorro in June, 1998. These proceads are published as
Volume 180 of the ASP Conference Series.

3. INTRODUCTION TO THE NRAO VERY LARGE ARRAY (Green Book): Th is
manual has general introductory information on the VLA. Topics include theory of
interferometry, hardware descriptions, observing prepaation, data reduction, image
making and display. Major sections of this 1983 manual are no out of date, but it
nevertheless remains the best source of information on muchf the VLA. Copies of
this are found at the VLA and in the DSOC, but no new copies are &ailable. Much
of this document is available for downloading through the NRAO's website.

4. *A SHORT GUIDE FOR VLA SPECTRAL LINE OBSERVERS: Thisisani mportant
document for those wishing to carry out spectral- line obsevations with the VLA. The
revised, 1995 version is still fairly current.

5. *AIPS COOKBOOK: The ‘Cookbook' description for calibrat ion and imaging
under the AIPS system can be found near all public workstatims in the
DSOC. The latest version has expanded descriptions of data adibration imag-
ing, cleaning, self- calibration, spectral line reduction and VLBI reductions. See
http://www.aoc.nrao.edu/aips/cook.html

6. *GOING AIPS: This is a two-volume programmers manual for those wish-
ing to write programs under AIPS. It is now somewhat out of date. See
http://www.aoc.nrao.edu/aips/aipsdoc.htmi#GOAIPS

7. *VLA CALIBRATOR MANUAL: This manual contains the list of V LA Calibrators
in both 1950 and J2000 epoch and a discussion of gain and phasalibration, and
polarization calibration. See http://www.vla.nrao.edu/astro/calib/manual/

8. *VLBI AT THE VLA. Everything you ever wanted to know
about VLBI at the VLA. Somewhat out of date. See
http://www.vla.nrao.edu/astro/guides/vibivla/curren .

9. *The Very Large Array: Design and Performance of a Modern $nthesis Radio Tele-
scope, Napier, Thompson, and Ekers, Proc. of IEEE, 71, 295,9B3.
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10. *OBSERVE, A GUIDE FOR SPECTRAL LINE OBSERVERS. A tutoria | manual
for observers, with special emphasis on spectral line apmations.

11. *HIGH FREQUENCY OBSERVING GUIDE. A web-based manual wit h a great deal
of information for users about observing with the VLA 0.7 cm and 1.3 cm observing
systems. Seéttp://www.vla.nrao.edu/astro/guides/highfreq/

12. *VLA MEMO SERIES. See http://www.vla.nrao.edu/memos/

13. *EVLA MEMO SERIES. See http://www.aoc.nrao.edu/evla/memolist.shtml

7 KEY PERSONNEL

Table 20 gives the telephone extensions and DSOC room numberof personnel who are
available to assist VLA users. In most cases the individualdhave responsibilities or special
knowledge in certain areas as noted in the right hand column.You also may contact any
of these people through E-mail, as noted at the end of the tald.
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Table 20:

Key VLA Personnel

Name Phone Room | Notes
Lori Appel 7310 340 | Scheduling administrator, AD o ce
John Benson 7399 366 | Data archive
Sanjay Bhatnagar 7376 309 | CASA; Imaging algorithms
Walter Brisken 7133 373 | Pulsars; EVLA calibration
Bryan Butler 7261 344 | EVLA Computing Division Head; VLA high frequencies
Chris Carilli 7306 356 | NRAO Chief Scientist; VLA high frequencies
Claire Chandler 7365 328 | Deputy AD for Science; VLA high frequencies
Barry Clark 7268 308 | VLA/VLBA scheduling
Mark Claussen 7284 268 | VLA user support; VLA scheduling
Vivek Dhawan 7378 310 | EVLA commissioning
Bob Dickman 7300 336 | VLA/VLBA Assistant Director
Dale Frail 7338 332 | NRAO Assistant Director for Science & Academic A airs
Miller Goss 7267 332 | Spectral line
Eric Greisen 7236 318 | AIPS
Helpdesk 7213 262 | Computer Helpdesk
Leonid Kogan 7383 312 | AIPS
Mark McKinnon 7273 326 | EVLA Project Manager
Dan Mertely 7128 | VLA-128 | RFI monitoring and mitigation
Amy Mioduszewski 7263 208 | AIPS; VLA calibrator models; VLBI at the VLA
George Moellenbrock 7406 368 | CASA, polarimetry
Emmanuel Momijian 7452 301 | EVLA commissioning
Steve Myers 7294 376 | VLA calibration; polarimetry; CASA Project Scientist
Frazer Owen 7304 320 | High dynamic range; wide- eld imaging
Peggy Perley 7214 282 | Deputy Assistant Director for Operations
Rick Perley 7312 362 | EVLA Project Scientist; ux calibration
Receptionist 7300 Front | DSOC receptionist; aocrecep@nrao.edu
Reservationist 7357 218 | DSOC reservations; nmreserv@nrao.edu
James Robnett 7226 258 | Computing Infrastructure Division Head
Michael Rupen 7248 206 | EVLA scienti c software; spectral line
Debra Shepherd 7398 266 | Mosaicing
Lorant Sjouwerman 7332 367 | VLA Pipeline
Ken Sowinski 7299 375 | On-line systems
Meri Stanley 7238 204 | Lead data analyst
Jim Ulvestad Lead editor of this document
Gustaaf van Moorsel 7396 348 | User support
VLA Operator 7180 VLA | On-duty VLA Operator
VLBA Operator 7251 269 | On-duty VLBA Operator
Stephan Witz 7335 316 | JObserve
Joan Wrobel 7392 302 | VLA/VLBA scheduling
Wes Young 7337 378 | Real-time observing
Note: You may e-mail any of the above individuals by addressing your message to " rst initial last

name'@nrao.edu. Thus, you may contact Joanne Astronomer at: “jastrono@nrao.edu’. The name is trun-
cated to eight characters. For contact with the AIPS softwar e group, please e-mail \daip@nrao.edu". For
guestions about telescope time allocation, please e-mail \schedsoc@nrao.edu”. The listed four-digit numbers
are su cient for calls made from within the DSOC. If you are ca lling from the U.S. or Canada, the 4-digit
numbers must be preceded with: 1-575-835 from landlines, or575-835 with mobile phones. (Note that the
area code for the VLA site and the DSOC changed from "505' to "575' in 2007; calls using the old area code
will no longer be connected.) If you are calling from outside the U.S. or Canada, the 4-digit numbers must

be preceded with 1-575-835.
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