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0. Summary

The minimum detectable flux density S of a point source depends on the

diameter D of a paraboloidal reflector and the integration time r in the following

way:

Thus S is more sensitive to D than to r by a factor of 4 in the exponent. This

means, that a decrease in T, say by a factor 100, is nullified if D can be increased

by a factor of only 3. Fully steerable telescopes (FST) have the capability of achieving

long integration times T, but their size D is limited by gravitational deflections.

Clearly, to detect faint sources we should seek to increase D, rather then T.

The diameter D can be increased beyond the limiting size for fully steerable

telescopes by restricting the elevation steerability of the telescope in some way, and

hence restricting T. This has the consequence that a given celestial source cannot be

observed, at any ..time that it. is above the horizon, but only when the earth has turned

sufficiently to bring the source into the range of the telescope. To astronomers

accustomed to pointing their telescope to any spot in the sky at any time , this

appears to be a considerable hardship; with small telescopes, astronomers have grown

accustomed to instant accessibility to all sources above the horizon. But the fact

is that many routine and fundamental observing programs in radio astronomy are not

hampered by restricted steerability in elevation, and indeed a few hours of patience

would be a small price to pay for an incomparable minimum detectable flux and a

high gain coherent beam.

Chapter 1 introduces the concept of the Almucantar radio telescope (ART) as

a means of achieving a large collecting area at the expense of limited steerability
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in elevation. It is shown that the almucantar telescope is the logical generalization

of a fixed elevation telescope, a concept that was specifically.proposed in 1963

as a solution to a gravitational deflection problem (Usher 1963).

The structure of the remaining Chapters can be grouped into four parts:

(1) Chapters 2-4 deal mainly with the geometrical consequences of limited

steerability, in terms of (Chapter 2) sky coverage and Milky Way coverage,

( Chapter 3) the derivation and analysis of the hour angle AH over which

sources can;be tracked by antennas of various degrees of zenith angle

steerability AZ and (Chapter 4) the integration times and survey times for
•' ;

extended source distributions. The casual reader should avoid delving too

deeply into these Chapters, lest he get discouraged by the details. We

suggest a skim-reading with constant reference to the Figures at the back

of the report which tell the whole story. These Figures show; Figure 2.1,

the projection of the almucantars Z.,.,, and Z.._ • (small circles of
MAX MDSf x

equal zenith angle) onto the celestial sphere, between which the telescope

can point at any instant, with shaded areas showing the area of sky accessible

in one (sidereal) day. Figures 2.2 a-d give the total sky coverage graphically

for various cases of interest, Fig. 2.3 tells how to interpret the foregoing

graphs, Figure 2.4 is a projection of the celestial sphere showing

instantaneous positions of almucantars and the Milky Way, Fig. 2. 5 is

initially of marginal interest and Fig. 2. 6 gives the Milky Way Sky coverage.

Fig. 3.1 is a more detailed version of Fig. 2.1, defining the hour angle

AH = H^. - H over which one source can be tracked, Fig. 3.2 shows

how a fixed elevation telescope can track in azimuth, Figs. 3. 3 a-f give

AH (the integrating time on a point source) for varous cases, Fig. 3.4 is a
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nomogram for the beamwidth /3 = 4X/7iD, Figs. 4.1 a-c give the integration

time per unit beamwidth in a (sidereal) day for a point source that lies in a

range of right ascension of 1 hour at the equator.

(2) Chapter 5 deals with radiometric capabilities of almucantar telescopes.

(3) Chapter 6 is a very preliminary account of design possibilities.

(4) Chapter 7 enumerates our general conclusions and points out. the .need: for

further study, and in particular the need for an engineering feasibility study.

Let us summarize here some specific conclusions reached in the report.

(i) From Fig. 2. 2a, we see that at small latitudes A <^ 40° N,S a fully

steerable telescope (FST) that can point at the horizon can cover practically
i

the entire sky, whereas an almucantar radio telescope (ART) with Z
M.A.A.

= 30° and any AZ can cover about half that much. Since observations are

seldom made near the horizon at least at short centimeter and millimeter

wavelengths, the maximum zenith angle of the FST should be more like

Z .. = 60° which is shown in Figure 2. 2b. In terms of sky coverage, theMAX

FST has an advantage over the ART insofar as it can cover more sky by

about a factor 1. 75 at low latitudes, independent of the degree AZ of

steerability in elevation (see also (vi) be low)

(ii) Figures 3.3 a-f and 4.1 a-c deal with the lesser important factor T in

the expression (0.1) above. The figures 3. 3 a-f given r in the form of a

differential hounangle AH during which one source can be observed or

tracked, on one or other side of the meridian, as a function of the degree

AZ of elevation steerability. In practice, a source distribution is what

needs to be observed, and figures 4. 1 a-c gives F(6), the total time in a

. ' day (observations- on both:sides of the meridian) per unit beamwidth (in
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time units) for a point source lying along a range in right ascension of

1 hour at the equator (secant 6 hours at declination 6, with an appropriate

guillotine near the poles). The integration times per unit beamwidth for

the ART are seen to have greatly increased compared to those for the FST,

.because the rotation of the earth assists the ART in sweeping across the

source distribution. With T= F(<5)/3 ~ F(<5)X/D, equation (0. 1) gives

3/2 1/2
S ~ 1/D F (<5), s o that the ART with A Z small is equally as

sensitive as the FST when D « 2 D . -As the required task is defined
ART FST

to cover larger and larger ranges in right ascension, the advantage of full

steerability essentially disappears for source distributions accessible to

both telescopes (see also (vi) below on sky coverage)

(iii) To compare capabilities of the ART with those of the FST1. for the source

counting problem, it is necessary to choose some eosmological model. The

usual choice is a Euclidean model, with sources of some average constant

spectral index., With this choice, Figure 5.4 compares as a function of A.

the counts obtained in a year by a gravitational-deflection limited FST

according to von Hoerner's expression D-,.,— = 434 *X meters with a
Fo 1

DAD = 300 meters. Particularly at shorter wavelengths, a smaller value
Alx 1

of D. D would be more realistic but the principle of this example calculationART

remains the same, viz. , that however large the FST can be built, 'the ART

can be designed to outperform it for the eosmological source counting problem.

(iv) Results for variable quasi-stellar-source monitoring are shown in Figure 5. 6

for A= 3 cm. The result is intuitively obvious. from equation (0. 1), that the

larger D possible for the ART permits monitoring of much fainter sources

than, can be monitored with the FST. ;
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(v) It is well-known that source counting is sensitivity-limited at short

wavelengths. Figures 5.3 and 5.4 show that the greatest need is for

large collecting areas at short centimeter and millimeter wavelengths.

At these wavelengths, structures become highly sensitive to environmental

conditions (wind loads, temperature gradients across the structure). The

need is therefore for a radome to house say a 100 meter or 125 meter

almucantar telescope for operation at millimeter wavelengths, and therefore

particularly for an engineering feasibility study of a radome-almucantar

telescope combination,

(vi) Chapter 6 lists the limits on D for fully steerable telescopes, as found by

von Hoerner, and concludes that an almucantar telescope that is non-environmental

(e.g. radome enclosed) can exceed in size the largest FST by a large factor,

though this factor is not yet known. The need for an engineering feasibility

study is therefore once more evident. It is pointed out that the ART design

uses nature to advantage in achieving small minimum detectable flux densities,

even to the point where the earth itself can perform some of the functions of

a radome. The Chapter concludes with a rule-of-thumb discussion of cost,
3

pointing out that the cost of FST goes (it is believed) as D for small D

but for large D singular factors like (D . v crp - D) arise that make
MAX, r o i

the cost of large FST prohibitive. By contrast, the cost of the ART should

2
go more like D for D > >D. / r . v „,,„,. Further, the cost argument

MAX, r o i

points the way to achieving sky coverage for ART equal to or greater than

FST; complete sky coverage for ART can be obtained by an arithmetic

increase in the cost of a basically inexpensive unit (two or three ART at
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different geographical latitudes) whereas a single FST at the earth's equator

achieves full sky coverage but is singularly expensive and lacking in comparable

sensitivity and resolution.
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1. Introduction

The almucantar radio telescope is defined to be a paraboloidat reflector free to

rotate in azimuth (i.e. about an axis perpendicular to the ground) but free to move in

altitude (i.e. elevation) only between two angles Z. „. , and Z I T^T from the zenith, such
MAX MIN

that sources lying between two small circles parallel with the horizon (almucantars) are

accessible at any one instant. Almucantars are parallels of altitude, or small circles

parallel to the observer's horizon (Ghauvenet 1863).

The concept of almucantar antennas is an outgrowth of a proposal (Usher 1963)

to save the 600 foot telescope at Sugar Grove, West Virginia by turning it into a fixed

elevation transit instrument. Simply speaking, an almucantar antenna.is an intermediate

case between the two extremes of fully steerable and transit telescopes. For single para-

boloidal dishes, there is of course no substitute for full steerability, but this can be

achieved only for relatively smaller dish sizes and relatively longer wavelengths, with a

resultant loss in resolution. To increase resolution by decreasing A for a given D,

specifications on surface tolerance of large dishes become tighter, and steerability must

be limited. To minimize surface deflections, the limitation in steerability must clearly

be in elevation rather than in azimuth, but this will entail a loss in sky coverage. We can

therefore say:

I. To maximize gain at the expense of sky coverage, a paraboloidal antenna

should be limited in zenith angle steerability.

but that:

II. There exists a range in zenith angle (no matter how small) through

which the aperture of an antenna can be moved and still maintain a specified

surface tolerance.
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Statements I and II provide the necessary motivation for a preliminary reconnaissance

of the capabilities of the almucantar radio telescope (ART), How such a telescope could

be designed is discussed in Chapter 6, to which the reader might like to go first for an

overview. . • •

- In Chapters 2-4 we work out some of the basic geometrical considerations in the

almucantar design. These Chapters could well be skimmed to avoid bogging down, since

for the sake of completeness we present results to the complexity that they have been

worked out so far. Chapter 5 explores the capabilities of the almucantar telescope for

source counting and for monitoring which are essential to a resolution of the cosmological

problem. Finally, our conclusions are stated in Chapter 7.
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2. Sky Coverage

2.1 Diurnal sky coverage

The solid angle of sky accessible to observation by an almucahtar antenna during

24 sidereal hours is given as a function of latitude A, by

= 2ir (sin 0 - sin (A - Z ) }
IVLcLX

where there are three cases for 0 (see Figure 2.1):

(2. la)

2. 0 = 7T/2

3. 0= A + Z
MIN

, according as; ... <

(2. Ib)

These respective cases occur when the celestial pole lies (1) outside the Z.,. ...
MAX

almucantar, (2) between the Z,,.,, and Z.,_T almucantar, and (3) inside the Z.,^,x ' MAX MIN MIN

almucantar.

We let

Z M A X - Z M I N = A Z <2-2>

which is the degree of altitude steerability. Figures 2.2 (a-d) give ft as a function of

A, Zx / r ,v and AZ, for Z,,. v = 0° to 90° and AZ = 0° to Z,,..v in increments of
MAX MAX MAX

10°. Figure 2. 3 is an aid to reading these graphs, which show firstly, Q and the

three domains of Eqns. (2. 1 a,b); secondly, the difference AJ2 = 2rr { 1 - sin (A + Z . )} ,
J. MAX.

and lastly the difference AJ2- = 2tr (l - sin (A + ZMTK[)} , where A J2 . and A &3 are the

circumpolar solid angles of the sky inaccessible to the almucantar antenna in cases 1

and 3 above. The instantaneous sky coverage is depicted in Figure 2.4 on an Aitoff

equal area projection of the celestial sphere for the special cases Z . = 30°, 40°,
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A = 40° and Z . =30°, A = + 20°. Also shown in the figure is the Milky Way, the
MLA..A.

Magellanic Clouds, and the ecliptic.

Special numerical values for fi in expression (2. la) are listed in Table 3.2.

2.2 Milky Way Sky Coverage

A sadly neglected area in spherical geometry is that bounded by three or more

small circles. It is necessary to evaluate such areas in order to answer practical questions

such as - what is the fraction of the Milky Way accessible to observations from a particular

locale, such that secant Z values do not exceed a specified amount?

To proceed with this question, we must first find the general equation for a small

circle. We rotate axes to bring a right circular cylinder (whose intersection with the sphere

is generally a small circle) into an arbitrary orientation shown in Figure 2. 5, starting

with the cylinder's axis coincinding with the C-axis, the first rotation occurs about the

£-axis through an angle (90 - A*), followed by a rotation about the C-axis through angle

a . The small circles are given by the solution of

2 2 2 2
cos 6 sin (a- a. )+ {sin A* cos 6 cos (a - a ) - cos A* sin 6} = sin Z* (2«3)

where a, d are the right ascension and declination and Z* is the angular distance between

the axis of the cylinder and any point of intersection of the cylinder with the sphere. From

the element of solid angle

2
d Q = cos 6 d 6 d a

the integrated solid angle between (for example) any two small circles and a great circle of

constant a is (for small A a)

^ rW ^
Q = Aa ) / cos 6 d 6 = Aa ) (sin S0(a.) - sin 6t (a.) } (2.4)

i—l Je / x Z_l / 1 11. . o.(o>.) . ,1=1 r i' 1=1
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where 6 , 6 are calculated from Eq. (2.3) (or, at the intersections, simply deduced

from the geometry) when i and hence a. are specified. Adding together the solid

angles for any number of such small-circle triangles gives the solid angle of an arbitrary

small-circle polygon. (The necessarily hazy definition of the Milky Way does not require

more accuration integration formulae than (2. 4) ).

We approximate the Milky Way by two small circles each at an angular distance

of 7° from the galactic equator which we assume is inclined to the celestial equator by 63°.

Thus A* = 27° , Z* = 97° , Z* = 83° , and the total solid angle of the Milky Way is

»™TT . 1219) where sin 7° = 0. 1219.
MW:

The excessive topological complexity of Milky Way solid angles accessible to

observers with arbitrary Z . , AZ and A precludes a complete evaluation like that

in section 2.1 above. Consequently, we have evaluated J2 for Z .. = 30°, 40°, 60°

and 90° for all 0° < A < 90° with the results shown in Figure 2. 6. In all cases, we

assume AZ = Z . , i.e. a fully steerable telescope within the limits of Z . . In
MAX MAX

practice, this limitation on AZ is of no importance, since only for (probably impractical)

latitudes greater than 70° N or S is there any relative diminution in J2 due to this effect.
MW

The maxima in the curves come about from the fact that, as (say northern)

latitudes increase, the loss in Milky Way coverage in the Southern sky is more than offset

by the gain in the Northern sky; this gain ceases near the northern limit of the Milky Way,

whereupon increasing the latitude simply results in decreasing the Milky Way coverage.

Thus, if a telescope is to be built with Z . = 30° or 40° say (irrespective of AZ), an
.MAX.

optimum Milky Way coverage is obtained from middle latitudes near 30° to 40° N and S.
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3. Properties of the hour angle function AH

3.1 Derivation and analysis

The function AH (6; A, Z . , ZMT ) gives the time taken for a source, on

either side of the meridian and at decimation 6, to move between the zenith distances

Z . and Z when viewed from latitude A (see Fig. 3.1) neglecting atmospheric
JVLA.X. JVHJN

refraction. The expression for AH that is valid between declinations A+ Z. ,^T can be
— MEM

found from a double application of the cosine formula of the astronomical triangle (e.g.

NCP/Z/S, in Fig. 3.1 in which'H ,A and H. ,TXT are defined), We let
1 MAX MIN

a = cosHx / r A V (3.2a)

(3.2b)
IVAAl'X

and it follows when

(3.3)

that

AH = cos"1 {ab + J(l - a.2) (I - b2) }

where

(3.4)

a = cos Z. ,.,r sec 6 sec A - tan 6 tan A (3.5a)MAX

b = cos Z. „., sec 6 sec A - tan 6 tan A (3.5b)
MIN
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When either

(3.6a)

or

(3.6b)

we have simply the expression for the hour angle east or west of the meridian:

= cos"1a (3.7)

(AH may be converted to units of time through Tr/12 radians = 15° = 1 hour, 15 arc minute

= 1 time minute, 15 arc second = 1 time second) •- :

We note the following points:

(1) Expressions (3.4) and (3. 7) for AH are identical at the interfaces

6 = A + Z between the domains of Eqs. (3.3) and (3. 6); for then cos Z = cos (A-6),

hence from Eq. (3.5b), b = 1 and then Eq. (3.4) reduces to Eq. (3. 7).

(2) It appears that expression (3.4) for cos AH could be the root of a quadratic

and, in fact, can be so derived by (for example) eliminating H ,A from Eq. (3.2a) using
MAX.

Eq, (3.1), then expanding the cosine of the sum of the angles H^.^ and AH, and

subtracting from it cos AH times Eq. (3.5b). We get

sin H.,_T sin AH = S (cos Z.,_T cos AH - cos Z. ..„) - T (cos AH - 1) (3.8)
MIN MIN MAX

where

S = sec 6 sec A (3.9a)

TH tan 6 tan A (3.9b)
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Now on multiplying (3. 5b) by sin AH, squaring and adding to the square of Eq. (3.8),

we have a quadratic in cos AH:

cos2 AH - 2 cos AH (S cos Z - T) (S cos Z. ..... - T) + U = 0 (3. 10)
MAX M.1JN

where

U = S2 (cos2 ZXATM + cos2 ZMAX) - 2 ST (cos ZX^T + cos ZX,A v) + 2T2 - 1.

After some further manipulation, the solution to expression (3. 10) reduces to Eq. (3.4).

(3) The expression (3.4) has a minimum when

1 + cos (Z. . .v+ Z.._T)
. .. . . _ MAX MIN /0 11Vsin o = sm A - - - - - (3. 11)

cos Z. ,AV + cos Z. .__ v '
MAX MIN

as can be ascertained at least by tedious algebra.

3.2 A Special case of fixed elevation

Consider the limit AZ/2 = x — 0 where by Eq. (2.2)

ZMAX - ZM!N

Let

Hence

(3.14a)

(3.14b)
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It follows from Eqns. (3.5) and (3.14) that

2 3
a = S cos Z-T + x S s i n Z - ^ x S cos Z + 0(x ),

2 3
b = S cos Z - T - x S cos Z r £;x S cos Z + 0(x ),

whereupon Eq. (3.4) gives

2 2 2
ATT i , 2 x S sin Z , ,w 4.cos AH =1+ — + 0(x ).

(S cos Z - T) - 1

Hence with the help of definition (3.9)

AH sin Z sec 6 sec A .„ ,,..
2 .1 - - »

V 1 - (cos Z sec 6 sec A - tan 6 tan A)

for small x- If we identify 2x with the half power beam width (HPBW) of a telescope,

expression (3. 15) gives the time AH taken for a source to pass through the beam

when the source is tracked in azimuth (i.e. the telescope is moved in azimuth to

compensate for the decreasing zenith distance between the time when the source first

"enters" the HPBW at S1 and when it "leaves" at S2> see figure 3. 2). This time

AH is proportional to the HPBW to first order in x-

We note the following points:

(1) We may regard the difference Z . - Z in expression (3. 12) as a

differential AZ, whereupon the distinction between Z and Z becomes

negligible and each may be replaced by (say) Z. Then Eq. (3.15) becomes an
QTJ

expression for — — • whose form can be verified by differentiation of Eq. (3. 7).
dZ

(2) Setting the partial derivative with respect to 6 of (3. 15) equal to zero,

we find that AH is a minimum in this case when

sin 6 = cos Z sin A. (3. 16)
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This agrees with (3. 11) when Z = Z = Z + 0(x). Furthermore, in this

approximation, the value of AH there is just 2 x sec A.

(3) The limits (3.3) of applicability in this case are

A - ( Z - x ) <5< A + (Z -x) (3.17)

by use of Eq. (3. 14b). Since x < <| A ± Z | , then for all practical purposes

A - Z< 6 < _ A + Z. (3.18)

However, near these limits the approximate equation (3. 15) breaks down, as can be

verified by setting Z = ± (A - 6) and observing the singularity.

(4) Consequently, at the limits (3.17), we use the exact expressions (3.4)

and (3. 7) to get AH. At 6 = A + Z - x, it can be shown that a = 1 and

AH -cos-1 [l- 2 s l n
A

Z s l n* T - - 1 (3.19)
|_ cos A cos (A + Z - x) J

and a t6 = A-Z + x » b = l and

... -1 f. 2 sin Z sin x _ 1 /0 omAH = COS 1- - - - -77= - — — : (3.20)
|_ cos A cos (A - Z + x) J

(5) Very little interest attaches to the equivalent of equations (3. 6) and

(3. 7) in this last case, because the declination range is 2x (or one HPBW) and is

negligibly small.

(6) When the telescope does not track in azimuth, i.e. it is used as a pure

transit instrument,

= 2xsec6 . (3.21)

In this case, once again there is little interest in the fine details of AH near the

northern and southern extremities of its almucantar.
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3.3 Catalogue of other cases

For reference purposes, we record here the different possibilities (cf

Figure 3,1) and the values for the hour angles East or West of the meridian. For

convenience, we have assumed A > 0.

Case 1 A+ Z...v < 90°MAX —

A+ Z.,.,, > 6 > A + Z.vT.TMAX — — MIN

A + Z. ,_.T > 6 > A - Z.,TKTMIN - - MIN

A - Z..TXT > 6 > A - Z.,AVMIN — — MAX

Case 2 A + Z > 90', A + Z £ 90'

9 0 ° > 6 >

180 - > A + Z
MIN

A - Z.,TXT > 6 > A - Z...
MIN — — MAX

JMIN

90° > 6 > A + Z
MIN

cos AH = a

cos AH =

cos AH = a

2 2
- a ) (1 - b )

AH=

cos AH = a

h
AH= 12

cos AH = -b

AH= 12
h

cos AH = ab + vl - a2) (1 - b )

cos AH == a

180 - (A+ Z... v)>6 >A - Z
MAX MAX

cos AH = a
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Case 3 , A + Z M I N > 9 0 0

180° - (A+ Z ) > 6 > 180° - (A+ Z •) cos AH = -b

180° - (A + Z)^ <5 > A - Z cos AH = ab +/(! - 2 2
MIN cos AH = ab +/(! - a) (1 - b)

A ' z > 6 > A - Z. .... cos AH = a— MAX

At some limits AH appears to be discontinuous. This is due to the assumption that

the beamwidth is vanishingly small.
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Table 3.1

Average time <AH> that a point source is accessible to an antenna with given A,

Z. .Av and AZ characteristics, when pointed either east, or west of the meridian.
ft^A-X. '

The total average times per day are 2 <AH> . Times are in seconds, angles in

degrees, (cf Figures 3.3(a-f)) Digits in parentheses denote powers often,

z "̂ -̂ A
MAX ! AẐ *\

30

30

30

30

30

30

40 -

40

40

40

40

40

40

60

90

0(*)

1

2

5

10

30

o<*)
1

2 .

5

10

20

40

60

90

0

4.196(0)

3.796(2)

7.456(2)

1.764(3)

3.197(3)

5. 722(3)

4.371(0)

3.894(2)

7. 679(2)

1.840(3)

3.417(3)

5. 814(3)

7. 708(3)

1. 197(4)

2. 160(4)

±20

4.530(0)

4.082(2)

8.015(2)

1.894(3)

3.427(3)

6.121(3)

4.794(0)

4.236(2)

8.347(2)

1.996(3)

3.696(3)

6.267(3)

8.287(3)

1.320(4)

2.428(4)

±40

5.959(0)

5.266(2)

1.032(3)

2.424(3)

4.355(3)

7. 690(3)

6.979(0)

5.881(2)

•I. 153(3)

2.717(3)

4.947(3)

8.213(3)

1.071(4)

2.023(4)

2. 774(4)

(*) entries for these cases are Times (seconds) per HPBW (arc minutes)

for no azimuthal tracking; see equation (3.15).
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Table 3.2

Fractional Sky Coverage for telescope of given A, Z... and AZ charac-
MLA..X.

teristics, evaluated from equation (2.1).

ZMAX

30

40

60

90

^\ A
AZ\^

0 to 30

0 to 40

60

90

0

0.50

0.64

0.86

1.00

±20

0.47

0.61

0.82

0.97

±40

0.38

0.49

0.67

0,88
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3.4 Graphical results for AH at particular latitudes

The values of AH derived above are presented in graphical form in

Figures 3.3(a-f) for those values of A, Z . v and AZ listed in Table (3. 1). The
JN^A.X.

entries in Table (3. 1) are average times that a point source is accessible to observation

on one side of the meridian or the other. Total times per day are double the values given

in the Figures and the Tables. In addition, Table (3.2) gives the fractional sky coverage

for these cases as deduced from Section (2. 1).

Figures 3.3(a-f) also contain the following information: the dot-dash curves

intersect each AZ curve at its minimum as predicted by expression (3. 11); they do

not extend quite to the cases Z. .TXT = 0 (i.e. AZ = Z, „, ) for which there are, strictly
MIN MAX

speaking, no minima, even though Eq. (3. 11) predicts the correct limiting values of

6 = A in these cases. Physical significance is attached, however, to the cases

AZ = 0 (i.e. ZM = ZMAY) f°r which expression (3. 11) predicts sin 6 = sin A cos Z .

These latter cases relate to the curves marked AZ = 0 (AT) for which a telescope of fixed

tilt tracks a source in azimuth in accordance with the special case of section 3. 2. Here

AH is proportional to 2x (= HPBW) by expression (3. 15); hence, we have presented the

AZ = 0 curves in Figures 3. 3(a-f) with the choice of HPBW = 1 arc minute. It is therefore

a simple matter to deduce other curves for the AZ = 0 cases by multiplying the AH

values by the required HPBW in arc minutes (i.e. by adding or subtracting the tog of the

HPBW in arc minutes over most of the range in 6 for which the linear AH <* x relation

(3. 15) holds.) The HPBW is further related to the diameter D and operating wavelength
s' 4X

A (in the same units) by the theoretical relation /3 (the HPBW in radians) = — — which

is given in nomogram form in Fig. 3.4. TMs nomogram thus further facilitates a

rapid exploration of different possibilities for the AZ = 0 (and other) cases. The
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branches of the .AZ = 0 curves labeled (NAT) refer to the values for no azimuthal

tracking (Eq. 3. 21). Finally, if it is of interest to locate the precise maximum at the

southern and northern limits of the AZ = 0 (AT) curves, these can be found from

expressions (3.19) and (3.20); more detailed analysis of the Figures to terms of order

X does not seem profitable at present.

3. 5 Discussion

Two major conclusions are evident from Figures 3.3 (a-f). The first is that

as the HPBW /3 becomes smaller and smaller (antenna aperture larger and larger for a

given wavelength) the time available to a fixed elevation telescope for a point source

becomes smaller and smaller, whereas if the telescope is designed with elevation

steerability that is even as small as 1°, about 300 seconds of continuous integration

time on a source are available in half a day independent of aperture. For example,

for a dish with /3 = 1 arc minute (400 ft. aperture at 3 cm) with AZ = 1° compared

2
to AZ = 0, we see that AH is larger by a factor of about 10 , which translates into a

decrease in the minimum detectable flux by a factor of 10 (see Eq. 5.3).

2
The second conclusion is that a further increase by a factor of 10 in the

AH integration time can only be achieved by increasing AZ from 1° to about 60°,

which for large dishes is mechanically difficult if indeed it can be achieved at all. In

fact, it is approximately correct to say for a 600 ft. dish at 3 cm that

AH (AZ - ZMAX - 90°) A H ( A Z = 1 « , ZMAX~30>
1UU -~

A H ( A Z = 1 ° '

which clearly spells out the advantage of striving for azimuth steerable telescopes

with even a modicum AZ ~ 1° of steerability in altitude. How this can be achieved

is discussed in Chapter 6.
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A minor conclusion that is apparent from Figures 3.3 (a-f) is that AH

for a transit telescope fixed in elevation and tracking in azimuth (the curves labeled

AT) is larger on the average than AH for a transit telescope fixed in azimuth which is

incapable of azimuthal tracking (the curves labeled NAT).

All three conclusions provide justification for exploring the consequences

of Statements I and II of Chapter 1.
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4. Properties of the hour angle function for extended source distributions

4.1 Preliminary remarks

We have shown in Chapter 3 that AH is the time that a point source is

accessible to the almucantar antenna on either side of the meridian. But in an ex-

tended region of sky with a range A~a in right ascension, the time during which

sources in this range can be observed is AH H- A a. This follows from the fact

(cf Figure 3) I) that on the eastern side of the meridian the most westerly (preced-

ing) point of the region is accessible to the telescope first at maximum zenith angle

and as the earth turns the most easterly (following) point is accessible last at the

minimum zenith angle. (On the western side of the meridian, the process is reversed

since the preceding or westerly point is first detected at minimum zenith angle}) In

the limit AH -* 0 (i.e. AZ ~*0) the time is just A a, the time taken for a stationary

beam to sweep across the source distribution. It follows that as the capabilities of

the antenna are made more flexible by allowing a finite elevation steerability, A a

is increased by the amount of time AH that the source distribution can be followed.

Conversely, once the goal to map a region of the sky is decided upon, the

total time spent integrating on the distribution of sources can be quite substantially

increased over AH, at the expense, of course, of the time on any one point in the

distribution. This corroborates the view that almucantar antennas are especially

suited for sky surveys, while at the same time retaining the flexibility of some degree

of elevation steerability for the study of individual point sources.

4. 2 Solid angle of extended distributions

Consider a source distribution bounded by declination 6^ and $2 and right

ascension cq and o^, where
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dz + 51 = 26, (4. la)

62 - 6j= AS, (4.1b)

a~ - a = Aa. . (4.1c)

The solid angle of sky contained within these boundaries is

& = A a cos 6 (2 sin^ AS). (4.2a)

When the declination range AS is small,

3
S2 = A a cos 6 (AS 4 terms) in. A 6 ) (4.2b).

In either case (4.2a or b),when mapping occurs over a given solid angle and declination

range, we require A a cos 6 = constant, or A a = constant /cos 6. We define Aa

to be the range of right ascension at the equator, that will produce a given J2 for a

specified AS range about 6, i.e.

,- Aa /cos 6
A a (6) = smaller of \ eq . (4.3)

L

(For example, suppose we wish to count sources over a portion of sky that is "square";

then if the range of right ascension of that region is A a at the equator, it is
eq

A a. /cos 6 at declination 6, and in any event is never greater than 24 hours; thus

if Aa = lh, then Aa = 24h for I 6 > cos'1 (1/24) or 87°37'.)

4.3 Integration times

Consider a HPBW of /3. At the equator this has a certain equivalent in time

units which we call /3 . The range in right ascension covered by /3 at declination
t ,eq

6 is thus ]3 /cos 6 (which, of course, must not exceed 24 ). For simplicity wet ,eq
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suppose that the integration time on a point source is the time that the source spends

within the HPBW. At a particular <5, these sources are spread out over a range in

right ascension of A a, and the time spent integrating on these sources is Aa(6) +

AH(<5). Therefore, if a time Aa(<5) + AH(S) is spent covering sources along a range

Ao;(<5), then the time T* spent on either side of the meridian covering one HPBW at

6 is

*= AH(6)T ~ cos 6 Aa(6) (4.4)

which, in the absence of source confusion (cf Section 5. 1) is the integration time for

a point source during one scan of the raster.

Equation (4. 4) has the following limits:

(1) When AH = 0, i.e. for AZ = 0, equation (4.4) reduces to (3.21) vis. ,

T* = A- ea
 sec ^» which gives the integration time for a single transit of a point

source.

(2) When AH y 0 and this time is spent tracking on one source, then

¥ < "<: AH and Equation (4.4) reduces simply to
e

— L

T* = AH(6)

which are the times given in Figures 3.3(a-f) for tracking on one source.

Expression (4.4) gives the integration time on a point source along a right

ascension range of Aa at declination 6 during a scan over an hour angle of AH(6) on

one side of the meridian. However , almucantar antennas have the feature that sources

are accessible on both sides of the meridian. We have the following cases (cf Figure 3. 1):
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(i) A + Z..TKT < 6 < A+ Z.,AV and A - Z... „ < 6 < A - Z.,TXT .v ' MIN - - MAX MAX - - MIN

These regions correspond to Equation (3. 6 a,b) for which AH(6) is given by Equation

(3. 7), and is thus measured from the meridian. Here one half the Aa range is tracked

on the eastern side of the meridian over AH , the other half on the western side also

AH I . Consequently, the integration time for some point in a day isover

i, t,eq 4Aa+ AH
r* = - rr — i ' or

cos o 5 A a

__ ft,eq_ A a (d) + 2 AH (6)
' cos 6 Aa(6)

Two sub-cases are apparent depending on whether there exists or does not

exist a range of 6 between these limits for which

H_
MIN

(4.6)

where H (6) = cos b is given by Equations (3. 2b) and (3.5b). lii other words, if

(4. 6) holds, then the entire range Aa can be observed over AH on the eastern side

of the meridian, without some portion of the preceding (western) edge of Aa becoming

accessible on the western side of the meridian. The telescope can then be re-oriented

on the western side of the meridian in time to repeat the second scan of Aa.

But if (4. 6)does not hold (as must be the case at least for some declination

range near either limit of thfe case and possibly, if A a is large enough, for the entire

declination range) then some other scheme of faster tracking must be devised to

maximize the value of r*. For this subcase we shall assume for present purposes

that Case (i) (eqn. ;4.5) holds, i.e. that 1/2 Aa is tracked on each side of the meridian.

Returning to the subcase for which Equation (4. 6) holds, we have for the

integration time per day
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^t.eq2 Att(6.)+AH(6)
cos 6 A. a (5) I • /

Combining the cases we have in general

cos 6 A a (5)

where CpW = 1 for case (i) and when condition (4. 6) does not hold, and C = 2

when (4. 6) does hold, i.e. C_,Tll. = 2 when two scans per day are possible, otherwise
JiW

we simply take C . = 1.
liW

For convenience we define

F<3)=T*/ j8 (4.8)
L,t;q

where

is the integration time per day, per unit beamwidth, per unconfused point source ..

in the range Aa. We return to a discussion of F(<5) in the next section.

The formula (4.9) can also be understood by considering its two parts:

firstly, the part C-.-.-./cos 6 arises from a single transit of a source through the
JiW

stationary beam (if the source is observed twice in a day, C_,Tir = 2; if once, C_,1T = 1),
EW EW

and secondly, the part - r- — r — fr* is twice the additional integration time
' ^ cos 6 6

gotten on either side of the meridian by moving the telescope through AH relative to

the sky as sources along A a are scanned. This second part can be simplified by

virtue of Equation (4. 3) and the discussion preceding it, when a constant scanned

area must be maintained; for then Aa(S) cos 6 equals the constant Ao , and we have
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for the last part 2 AH(6)/A ci -eq

Equation (4.9) once again shows the desirability of even a modicum of

elevation flexibility in the design of large radio telescopes. Consider for example

the mapping of a single source of small angular extent, for which Ao;«AH. Then

the last term in Equation (4.9) dominates, and F(6) can be substantially increased

over the value Cpw/cos 6 that it would have if its elevation were fixed. At the

other extreme of mapping the entire sky, this last term in Equation (4.9) vanishes

because we must set AH = 0 (there is no advantage in tracking because what could

be gained in i* in one day would be lost the next); thus almucantar telescopes are at

no disadvantage, when it conies to: mapping, the entire ;.skyv; and'will provide pencil

beam resolution that would be otherwise unattainable, by a, filled aperture .telescope.

4.4 Some graphical results for particular cases

The function F(6) of Equation (4.9) is shown in Figures 4. l(a - c) for latitudes

A = 0, ± 20", ± 40° and Aa = 1 hour, and various Z x - . - . and Zx~ T ranging from
eq MAX MIN

fully steerable to fixed elevation telescopes. The graphs give the integration times

per day per half-power beamwidth for a point in a range of right ascension Ac^S) =

A a sec 6. (With Aa = 1 hour, the solid angle for a "square" area of the sky,

i . e . A 6 = 1 5 ° , is 4TT (0.00544) or 0.54% of the celestial sphere; see Section 4.2)

In analysing the function F(6) and understanding the Figures 4.1 (a - c),

let us first deal with the apparently troublesome singularity at the poles of Equation

(4.9). F(6) can be re-written

F(6)= -2 AH (6)+ -v ' Aa I 2eq

by virtue of (4.3), and the singularity seems to have disappeared. Actually it lurks
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still in A« (6) which must be made extremely large if it is to encompass the same

number of sources as Aa(6 = 0) = Ao1 . But in fact, Aa cannot be greater than 24 ;

or, to put it another way, in order to maintain the constant solid angle of sky

£2 = Aa cos 6(2 sin \ A6)as 6 increases, then must effectively reach a maximum

< 90°. Nevertheless, the mathematical singularity is not totally devoid of
1YLA.A-

meaning, because it is certainly possible, for example, to let the beam point at the

very poles for a full 24 per day, thereby obtaining a good deal more than 24/3t, eq

seconds worth of integrating time. But we are ultimately concerned with the reality

of the average behavior over all accessible declinations for a given solid angle of sky,

so we avoid bias in favor of telescopes that are singular in their ability to reach the

poles, by a cut-off in T* at 24 . The resulting average values of F(S) given in

Table 4.1 are thereby more realistic in connoting relative capabilities over the ranges

of accessibility.

The fine structure of Figures 4. l(a - c) is probably unwarranted in an

exploratory report of this nature, but serves at least to illustrate graphically the

discussion of cases (i) and (ii), Equations (4. 5) - (4.9). For example, F(6) when

AZ = 0°, AH = 0, is just 2/cos 5 and appears in all three figures 4. l(a - c). This

dependence ceases when the condition (4. 6) is violated and reverts to I/cos 6

near the limits A ± Zx/rAY as can be seen in the Figures. A similar argument applies

to cases with AZ > 0° except here, of course, there is a further change in F(6) near

the outer limits as AH(6) itself changes at A ± ZM ; in fact, the behavior of F(6)

mimics that of AH(6) in Figures 3.3 (a - f), but modified by the effect of Aa(6)

and C^.... Approximate values of <5, (correct to 0°5) for which condition (4. 6) isEW

violated are given in Table 4.2. The full solution for the fine behavior of F(6) depends

on the slew rate in azimuth and hence on the telescope characteristics that we are
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investigating. (Another interesting problem for the dedicated spherical geometer

is to find an expression for the minimum of F(S) as a function of Aogq.)

The results of Table 4. 1 show that there is at most only a factor of about

7 difference in the integration times for a given HPBW between fully steerable and

fixed elevation telescopes for Aog = I . Since the horizon to horizon coverage is

rarely used in practice, perhaps a factor of 4 would be more realistic. Since the

2 T~~minimum detectable flux Sv goes as l/D \/T , a factor of 4 in T is offset by an in-

crease in D by a factor of 4* ~ 1.4. Again, this is a factor that the almucantar

design is easily capable of achieving and exceeding.
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Table 4.1

Average values of F(6), (the integration time per point source per day per

half-power beamwidth in time units)for given almucantar telescope characteristics

and latitudes in degrees and Aa = 1 . Values of the integration time for a point

source which lies in a declination range distribution are found by dividing by the

number of scans necessary to cover that range in declination.

ZMAX

30

30

30

30

30

30

60

90

^>-<^

0

1

2

5

10

30

60

90

0

2.06

2.23

2.40

2.84

3.45

4.23

7.91

14.66

± 20

2.21

2.40

2.57

3.06

3.70

4.53

8.86

14.73

±40

2.87

3.10

3.32

3.93

4.74

5.76

12.68

16.26
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Table 4. 2

Values of 6 correct to 0". 25 for which condition (4. 6) is violated,

for Z = 30°. All values are in degrees.
IVLA.A

A

0

± 20

± 40

AZ

1

2

5

10

1

2

5

10

1

2

5

!0

6. 601 2

± 27.75

±27.00

± 23.50

± 18.25

± 8.25

± 6. 75

±4.00

± 1.25

± 12.00

± 12. 75

± 15. 75

±21.00

± 47. 75

±4 6. .75

±43.25

±38.00

± 66. 75

± 66. 00

± 63.00

±58.00
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4. 5 Survey times

We wish to distinguish between the times taken to accomplish certain goals

by single dishes of various capabilities. Typical projects are (1) mapping of individual

sources, (2) mapping the entire accessible sky and (3) mapping of solid angles of the

sky for the cosmological problem. Evidently a thorough study is so excessively

multi-parametric that some simplifications have to be made. Let us begin by considering

only sources near the celestial equator and observers at the geographical equator, and

consider almucantar telescopes of Z . = 30° and AZ = 1°. This greatly simplifies
wlA-X.

the analysis without much loss of generality. Project (1) covers cases for which

almucantar telescopes are least competitive with fully steerable telescopes of a given

dish size, while for project (2), they are about equally capable. Project (3) Section 4.5.3 is an

intermediate case whose results are used in. Chapter 5.

In the following Sections 45.1 to 4. 5.3 we evaluate the T/T relation

(equations 4.15, 4.18 and 4.24) for the above cases, for fully steerable and almucantar

telescopes. (T in the integration time per source, T the number of days)

4. 5.1 Single sources

For single sources we must choose between the analysis of the case of one

point source or several. Mutatis mutandis, the most disadvantageous case for

almucantar telescopes is that of one point source, so we choose that one.

Suppose that the source is not confused when it lies in a solid angle of C
L>

half power beam areas (cf Section 5.1), where Cn is of order 50. Suppose further
c_>

that the area is scanned at successive declinations with separations of C HPBW's
B

2
where C is of order 0.5. The square area about the source is o; = C TT 0 /4

B v_i

where we take /3 = 4A/7TD, i.e.
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4 C

The range in right ascension and decimation is (in radians)

c
T--7-- (4-U)

The number of scans per raster

(4.12a)

TrC,y cwhich is thus 1 + v
 0 _ . For C = 50, C = 0.5, we see that \— = 12.5 > > 1.

B B
Thus

(4.12b)

We wish to compare capabilities under the following conditions:

(1) Almucantar telescope, AH(<5 = 0, AZ = 1°)

(2) Fully steerable telescope AH(6 = 0, AZ = 90°)

each for

(a) one scan of the raster per day

(b) one complete raster coverage per day.

Case (a)

For case (a) we have from Equation (4.9) that an integration time of

2 AH
T* = /3 (Cyjw + "A - ) time units/raster is obtained in S days per raster wheret j ccj

C-,.. = 2 in case (1) and C_... = 1 in case (2). Therefore in T sidereal days a point
EW Ew

is integrated upon for a time
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<4-13)

where

T = nS, (n > 1), (4.14)

is the number of days to complete the n rasters of S scans per raster at a rate of

1 scan per day. Equation (4.13) can be rewritten using Equations (4.11) and (4.12);

8CL / /C"

4
where CT = 1.375 x 10 time seconds/radian and X and D are in meters, T in days,

AH, and T in time seconds.

Case (b)

When the task is to be completed in one day, the effective range of right

ascension to be covered is SAa, and the time available to do it in that day is

C_w Acx + 2 AH. Therefore, the time spent within a HPBW of B is
C/ VV L j c CJ

__

which is the same as Equation (4.13) when T = 1. Thus Equation (4.13) is a general

one for all cases and T may be regarded essentially as a continuous variable with the

following provisos: (i) when T is large but not an integer, special tracking requirements

are needed to complete the task in a non-integral number of days and (ii) when T is

small say 0 « 1 day, special tracking requirements are also needed which will in

general depend on source declination. This is true particularly for the almucantar

case (Ib), in order to utilize all available time in a day. These requirements are also

dependent on telescope design which cannot be analysed at this point, but Equation

(4.13) will, nevertheless, provide an accurate approximate value in these cases.
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4.5.2 Accessible Sky Coverage

Mapping the sky with telescopes of various capabilities raises complex

questions on the optimum design of observing programs. Any built-in degrees of

freedom in the telescope can be used to decrease the total time for sky .coverage ,

but at the expense of the minimum detectable signal. We avoid these issues by

confining our attention to telescopes used as transit instruments, in order to detect

the faintest possible sources. In particular we consider a fully steerable telescope

and an almucantar telescope with ZMA = 30°.

The following estimates are sufficient for our purposes. The number of

drift scans in A6 separated by CL parts of a HPBW are A6/C /3. For
B • B

A6 = TTC (4.l6a)

say, we have

C 7T2

T= -— j- days (4.16b)
4S

where C ~ 0.5. When C . = 1, this gives an upper limit which for D = 300 m,B A
4

X= 0.1 m say is about 1.5 x 10 sidereal days or about 40 years. T is in fact less

by a factor of about C. = 2/3 for fully steerable telescopes used at zenith angles

less than 60°, and less by about a factor of C. = 1/3 for almucantar telescopes of

Z, ,AV = 30°. The important points to note here are (i) that the almucantar telescope
MAX

can be duplicated at other locations, so that in fact the sky coverage afforded by one

fully steerable telescope can be accomplished simultaneously by two or more
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almucantar telescopes, and probably at lower cost (see Chapter 6); and (ii) that a

fully steerable paraboloid with D = 300 m and A = 0.1 m is most likely unrealizable

on earth.

We estimate the average integration time on an unconfused source as

where the average of sec 6 is always finite in reality.

Table 4.3

Average values of sec 6 over declination range A6 for given
telescope characteristics.

A

0

±20

±40

ZMAX

30

40

30

40

30

40

A6

-30

-40

-10

-20

+10

0

+ 30

+ 40

+ 50

+ 60

+ 70

+ 80

<sec6>

1.05

1.09

1.13

1.20

1.49

1.75

Table 4. 3 gives < sec 6 > for a number of cases , for which we can

simply take

(4.17a)

to within a factor of 2. (Comparative evaluations are even less important by factors

of 25 « 1. 2; see discussion following Equation (5.4) below). Thus

T » C
4A

'T 7TD
(4.17b)
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time seconds for sky surveys with fully or partially steerable telescopes, where

4
C^ = 1.375 x 10 is the number of time seconds per radian. For a given sky area ;

about equal to that for an almucantar telescope (C. « 1/3) we have for the unconfused

point source integration time

24C
r«T T^(^) 2 seconds, (4.18)

7T °

where from Equation (4.16b)

2
T > -|-(-^-) days,

for one or more complete sky rasters over a declination range given by equation

(4. loa) with C . = 1/3. Needless to say, these project times T can become extremely

large for high gain antennas. For example, with D = 300 m at X= 3 cm, T is greater

than 4. 5 centuries! Clearly, a multiple off-axis system of receivers is called for to

reduce these times to reasonable amounts. This calls for a longer focal length

Cassegrain design (Christiansen and Htfgbom 1969) whose properties are ideally

suited to the almucantar concept (see Chap. 6).

4.5.3 • Partial Sky Coverage

We derive here the r/T relation for an almucantar telescope that is used

primarily as a transit instrument. This will provide a lower limit on its capability

as a source-counting machine in the preliminary stages of full sky coverage. In other

words, its ability to track in elevation will be ignored, but if it is used, it would

provide longer integration times and hence lower minimum flux densities of the

observed sources. Thereafter we derive the T/T relation for a fully steerable
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telescope for the same total observing time and equivalent sky coverage, and compare

the two capabilities in Chapter 5. In both cases, a total of 1 + A6/C )3 scans, or
B

S «A6/CB /3 (4.19)

are required for one raster coverage of a declination range A6, where successive

scans are separated by CD /3, and occur twice in 24 hours.
D

Since the almucantar antenna is restricted to its minimum capability as an

azimuth steerable fixed elevation transit instrument, the right ascension coverage is

12 per day (actually slightly less because of the finite slew rate in azimuth) and the

integration time on a point source for C ~ 0. 5 is
B

T«flt, eq

since for simplicity we are confining our attention to sources near the equator. In T

days the integration time is

r * -T— /3 (4.20)^S Ft, eq v '

where the minimum value of T must be ^S in order to complete one raster. (The

factor 2 in Equation (4.20) arises from the fact that one scan over A a ~ 2 Z. ..,.v ' MAX

is made in the eastern hemisphere, followed by the next scan of the chosen area in

the western hemisphere, and so on in a day, thus covering slightly less than 12 hours

of right ascension). Thus

T> is, (4.21a)

or by Equation (4.19)

A 6 < 2 C n T / 3 . (4.21b)
~~ B
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On the other hand A6 must be greater than or about equal to the number of times

C that the diameter VcT/3 of the confusion circle about a source is exceededa (_,

(confusion of sources is discussed in Section 5. 1) i.e.

A6 > C ycT/3. (4.21c)

Combining Equations (4. 21b and c), and letting /3 = 4 A/TT D, we have

8 C T . 4 C ,
Afl > _SL_C * (4>22)

- ^ '7T D - - . 7T D

where A6 is in radians, X and D in meters, Tin days, CD ^0.5, C _ = 50 and
B C

C should preferably be at least about 10. To fix ideas, we consider an almucantara

antenna with the following characteristics: for example

D = 300 meters, Z = 30°, A = 0°, 6 = 0 ± A6; (4.23a)

also we choose an area that can be mapped in

T = 366 days with r = 50, C =0 .5 , C =51.8 (4.23b)
L. B 01

for which the equality signs in Equation (4.22) are satisfied, i.e. ,

T = C /C~?2C_ • (4.23c)
Oi L> D

Then we have already

Aor w TT radians (4.23d)

and also

A6 K 1.55 X radians (4.23e)
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which varies between 26°.6 at X= 30 cm, to 0°. 89 at 1 cm; thus these ranges are well

within the range of accessibility of the almucantar antenna. Equations (4. 19), (4. 20),

and (4. 23e), give the required T/T relation provided T > 366 days (Equation 4. 21a)

and D = 300 meters, i.e.

T=T 1.44 x 103 A/D2 (4.24)

We next derive the r/T relation for a fully steerable telescope, which we

assume is being employed on the source-counting job full time, like the almucantar

telescope. The area of sky covered with this instrument can be made square, and in

fact there must be two squares in opposite hemispheres if the telescope works on one

area for 12 (or 3 squares if it works for 8 per square, etc.)

In order to compare satisfactorily the capabilities of the two antennas , we must

assign them equal areas of the sky and hence equal numbers of potential sources. The

area to be surveyed by the fully steerable telescope must be (A a A 6) to within about 5%

or less. Therefore we take the total area to be

ft = 4. 87 X steradians (4. 25)

by Equations (4. 23d and e). In so doing, we are assigning the sky area to a fully steerable

telescope on the basis of an area devised for a 300 meter almucantar telescope. The

fact that a fully steerable 300 meter dish (most likely) cannot exist on earth for most A

we are considering, constitutes, of course, one of the main arguments of this report.

Unlike the almucantar antenna, the fully steerable telescope could supposedly

cover this entire area in a day or less, but then the number of sources counted will not

be significant. Since we have taken 366 days as a reasonable time for such research,

it seems most reasonable to compare capabilities over such a time scale or longer.
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There is no gainsaying that the shorter the time scale, the more heavily favored

is the fully steerable telescope, but then also the less significant are the results

it produces.

Nevertheless, it is a simple matter to derive the general r/T relation for

fully steerable telescopes, under the same assumptions on geographical and source

locality as before. The total area of sky to be surveyed is given by Equation (4.25).

If this is divided into n separate square areas, each has a side of about v 4.

radians (A. in meters). If the sum of these separate areas is to be scanned in a day,

then the effective range in right ascension is the product of the number of areas, n,

the number of scans per area AS/CL /3 = -J±. 87 Vn /C_. /3, and the range in rightB B

ascension per scan v/4.87 A/n. Thus the parameter n cancels (we might just as

well have considered a single area given by Equation 4. 25) and we have that in (slightly

less than) 24 sidereal hours the effective right ascension range is 4. 87 VC 0. Thus
B

if r is the integration time spent when the beam /? traverses a point source, then

2
T= 24 CD /3 /4.87 A hours per day; thus in T days,

B

3 2
T = T 8. 87 x 10 ]3 A seconds,

where /3 is in radians, X in meters. This then is an approximate but general

expression for the r/T relation for fully steerable telescopes, where there is no

limit on T in this case. In terms of dish diameter for the fully steerable telescope

we have therefore

3 2
T=T 1.44x10 A/D seconds (4.26)

which not surprisingly is the same as Equation (4.24) except that there are no (analytical)

restraints on T or D.
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The applicability of Equation (4. 24) for almucantar antennas can be extended

within the constraints of Equations (4. 22) and (4. 23e) on D and T. We have

1.55.

and

1.557TD

- 8S

i.e.

D > 300 meters

and

T > 366 days,

for the parameters chosen in Equation (4.23b).

To summarize, the conditions assumed in Equations (4.23a and b) lead to

t = T 1.44 x 103 VD2 seconds (4.26)

for

0.3m> X> 0.01 m (4.26a)

where for fully steerable telescopes

T ^ 1 day (4.26b)

while for almucantar telescopes

T > 366 days, D > 300 meters (4.26c)

A similar analysis can be made for smaller almucantar telescope diameters which may

be considered in a later report.
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5. Radiometric Considerations

5.1 Confusion Limit

We assume that source confusion arises when there is more than one point source
2

in C half-power beam areas u* = irB /4, where we take the HPBW to be
v^

0 = 4X/7ID (5.1)

(A. is the wavelength and D the diameter of the dish in meters). Thus the total

number of sources in the sky that are separated in this way is 47T/C to* and the numberC

per steradian is N = 1/C w*. Thus we have for the number of sources per
(-* V_-<

steradian at the confusion limit

For N to be as large as possible, D must be large and \ small, which are conditions\j

more easily realized for almucantar antennas than other single-dish designs. The

value of C is estimated to lie between 20 (Talen 1967) and 75 (von Hoerner 1961).
\^i

We choose C = 50, for which confusion problems in source counting are negligible.
L^

(Shimmins, Bolton, Wall 1968)
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5. 2 Minimum Detectable Flux Density

The r.m. s. output noise temperature of a receiver is

where T is the total system noise temperature.equaltoctfre receiver/plus sky noise

temperatures and is frequency dependent, r is the integration time in seconds,

&.v the bandpass in Hz and C the sensitivity constant whose value depends on the
o

type of receiver (Kraus, 1966, Table 7.3) and lies between 0. 7 and 2. 8. The minimum

• ' • ' - —9 A — 9 —1
detectable flux density for point sources in fluxoinits of >10 watts m Hz is

4 P C T

s - io2\ s N N
v ire CA ^:

p A D

-23
where k= Boltzmann constant 1.380 x 10 joule/K, C.. is the signal/noise ratio

whose value can be chosen in the range of say 5 to 10, C = 0. 5 for non-polarized

or randomly polarized light and C.^ 1 is the aperture efficiency. We let A v

8 -1
be the fraction C ~ 0.05 to 0. 1 of the frequency v and C = 3 x 10 m secH

be the speed of light.
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s . TN<X>

D2
(5.3)

We choose C =1.5 , C = 7.5, C. = 0 . 5 , C_ = 0.1; for purposes of comparison, our
s N A F

results are not much dependent on the precise values chosen. We let

= K

*CpVCFC

(5.4)

and we have in MKS units K = 14.36. Flux densities for typical sources are shown

diagramatically in Fig. 5.1. For the function T (A) adopted in Table 5.1, we assume

maser noise temperatures of 50K and sky noise temperatures from the data of Drake

(1960) and von Hoener (1961).

Table 5.1

A(m)

KGHz)

TN(K)

0.003

100

250

0.005

60

350

0.008

37.5

130

0.012

25

160

0.015

20

90

0.02

15

66

0.03

10

59

0.1

3

54

0.3

1.0

56

1.0

0.3

90

The most important property of Equation (5.3) for S is the factor of 4 larger depen-

dence in the exponent, on D (the dish diameter)compaTed:to T (the integration time on a

source). Thus if a telescope is designed in such a way that T must be reduced by a

factor of iOO say, then S will be unaffected if the reduction in T can somehow be

1/4
translated into an increase in D by just a factor of (100) « 3. In the discussion of

Section 3.5, we have seen how the time that a given point source is accessible to an

4
almucantar antenna of fixed elevation is reduced by a factor of about 10 over that for

a telescope that is essentially fully steerable, but is reduced by just a factor of only

2
about 10 for an almucantar antenna with a very modest AZ = 1°. Moreover, this

factor becomes less as more realistic tasks are defined, such as source counting over



5.-4

finite sky areas (Section 4.4), mapping of individual sources (Section 4.5.1) and of

the accessible sky (Section 4.5.2). The question is, therefore, whether a sufficiently

large dish with AZ = 1° can be designed to offset these reductions in observing time.

If so, and remembering from the discussion following Equation (4. 5b) that an almucantar

antenna is at no disadvantage in sky survey work except insofar as the area of sky

covered is concerned, then an almucantar antenna has a decided advantage over fully

steerable telescopes, particularly at short wavelengths. Furthermore, even the

disadvantage of smaller sky coverage can be offset by suitable geographical spacing of

a number of similar telescopes whose unit cost should be reduced when more than one is

constructed. This in turn raises a number of interesting questions concerning the

possibility of interferometry between telescopes suitably spaced in both latitude and

longitude. Further discussion of these questions and a design proposal is found in

Chapter 6.

5. 3 Sensitivity and time limits

The quest for the number of sources per steradian N (S , A) brighter than flux
S "

density S at wavelength A, has motivated a great deal of observing and has produced

sometimes contradictory results. The major source of difficulty can be traced to the

problems of confusion in the interferometric source counts and edge effects, and how to

correct for them. Perhaps one major motivation for a pencil beam antenna is to check

the source counts found^ for example-, by i the/-Cambridge"orig: mile

interferometer (Pooley and Ryle 1968) and the single paraboloidal 210 foot Parkes telescope

(Shimmins, Bolton, Wall 1968) for which confusion errors are believed to be negligible.

Figure 5.2 shows the approximate behavior of the log N - log S counts for the 2700

MHz Australian survey, the 408 MHz counts of Pooley and Ryle and the 178 MHz results
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of Gower (1966) from the 4 C Survey, adapted from the data of those papers. The

Pooley-Ryle results show a steeper slope of about -1.8 and curvature towards

smaller S , whereas the Australian results have a flatter and constant slope of - 1.4.

Before conclusions on cosmological models can be drawn from these results, it is

necessary to disentangle any effect of evolution as it affects the spectral indices of

the sources. This can be attempted when surveys are completed for as many wave-

lengths as possible, and to numbers of sources per steradian of

. , N w 105 (5.5)

where cosmological model discrimination ;starts to be possible (e. g. Ringenberg and

McVittie 1970).

The present state of flux concerning the log N - log S relation suggests that

we simply adopt an expression for N (S , A) that is appropriate to a Euclidean universe

homogeneously filled with sources whose average spectral index is, say, a = 0. 75

Oi(where S « A. ). In this case, the slope of the log N - log S relation is -1.5 which

lies within the range of values found at present. We have then for the number of sources

per steradian limited to sensitivity S in flux units

\ Qn n

where . a ..= 0. 75, n = 1.5 (5. 7a)

and, normalizing the formula to the 2700 MHz data of Shimmins et al (1968), we have

= 0.11, N = 110. (5.7b)
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If we eliminate S between Equations (5. 6) and (5. 3), we get the number of

sources limited by time

N / ( c v - 0 . 5 ) 2 1/2 xn
N = — 2— (-^-= - — - ) (5.8)

5.4 Results for the Cosmological Problem

5.4.1 Optimum Wavelength and Aperture

Comparing Equations (5. 2), (5. 3) and (5. 8), it is evident that the number of

sources limited by confusion increases for decreasing A., whereas the number limited

by time or sensitivity increases for increasing A, other things being equal. In general,

a telescope is confusion limited at longer wavelengths and sensitivity limited at shorter

wavelengths. The question arises as to the optimum operating wavelength as a function

of dish size, time, and the defined task.

To evaluate this, we set

Nc = Nt (5.9)

and solve for T as a function of wavelength, dish size and task. For the task, we choose

source counting in the cosmological problem, for which the r/T relation is given

by Equation (4. 26).

Solving Equation (5. 9) with the help of Equations (4. 26),(5. 2), (5. 8),

and (5. 9) we have at the confusion limit

) 2 TV> - " . . . .
/c. im
^ '2

1.44xl03 -
n

under the conditions (equations 4.26a-c)

ART: T>366 , D > 300 meters, 0.3 > X meters > 0.01.
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With n= 1.5, a= 0.75, A = 0.11, N = 110, «= 14.44, C= 50, we have
o o C

T= 3 .94x10 —— j-jrr (5.H)
A '

which is very sensitive to A. The run of T versus A is shown in Figure 5.3 for

values of T (A) listed in Table 5.1, and as a function of D. The optimum A is

highly insensitive to D, and varies between 2 and 8 cm, depending slightly on the

time available. Roughly speaking we can conclude that a telescope operating at wave-

lengths of maximum efficiency A ~ 2 to 8 cm can be employed for the foreseeable

future on the source counting problem.

5.4.2 Source counts

Substituting the T/T relation for source counting from Equation (4. 26) in the

number of sources limited by time, Equation (5. 8), we have

- 5.61« 1 0 3 x - ' ) D T ' (5.12)

while the number N_ limited by confusion is given by Equation (5. 2). For almucantar
C

telescopes this equation is applicable for D > 300 m, T _> 1 year. For fully steerable

telescopes on the other hand, D is limited by thermal, and gravitational deflection and

stress considerations (von Hoerner 1967 and Chapter 6). We let the maximum value of

D for a gravitational-deflection limited fully steerable telescope operating at wavelength

A be

2 1/2
D = 10 ( A/A ) ' meters. (5. 13)

where A. is a constant. When A. = 0.053 meters, von Hoerner's expression is
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recovered; if the Bonn 100 meter telescope is efficient at 1. 2 cm then A could be

as small as 0.012. For the FST case, Equation (5. 12) gives
i

c A! in6 T,1'875 ^°-75 AT i'5/^ ^ 0. 75 .- .. .Nt, FST / N () I1 (5.14a)

while for the almucantar case,

Nt ART = 5. 61 x 103 D1'5 X1' 125 T°' ?5 /TN
L5(X) , (D > 300 m)

(5. 14b)

Similarly, expression (5. 13) gives for the confusion limit (5.2):

= 1.57x 10/AA r (5.15a)

while for the almucantar telescope

= 1.57x 10~2D2/A2. (5.15b)

The functions (5. 14)-(5. 15) are plotted in Figure (5.4) for D = 300 m and the
A.IV 1

value A = 0.053 as given by von Hoerner (1967). The figure shows that as A decreases

from about 50 cm, the almucantar telescope with D = 300 m, outperforms the largest

fully steerable dish by ever increasing numbers of sources , reaching a factor of about

6 .more at the optimum wavelength limit at N_, = N , and up to a factor 20 more at
c^» t

millimeter wavelengths. The time limited curves have been drawn for T = 1 year,

and can be scaled upward according to the factor T ' in Equations (5. 14) and (5. 15)

if longer observing times are sought. Similarly, other values of D > 300 m and of

A can be used in equations (5. 14-5. 15).

The actual number of sources observed, n, is the product of the numbers per

steradian and the solid angle in Equation (4. 25). These are shown in Figure 5. 5 for the

cited conditions. It is seen that the A-dependence in the confusion limit n
(_• ,

cancels , leading to the horizontal line in Figure 5.5. This figure shows that

statistically meaningful numbers of sources can be counted in 1 year for
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wavelengths longer than about 1 or 2 cm, for the chosen cosmologlcal model. Once

3/4again, upward scaling by T can be done for longer project times.

Both Figures 5.4 and 5. 5 show the great desirability of large receiving areas

at short wavelengths, where source counts are time limited. It is precisely at centimeter

and the longer millimeter wavelengths that almucantar radio telescopes should demonstrate

their greatest superiority. Note further that it becomes increasingly difficult to achieve

the limit (5.13) for fully steerable telescopes, whereas the value of D for the almucantar

case can be increased well beyond this limit (see Chapter 6).

5.4.3 Source Monitoring

The study of the variability of quasi-stellar radio galaxies in both radio and optical

wavelengths is important for an understanding of the nature and evolution of these objects

(see e.g. Pacholczyk and Weymann 1968) and hence also for the solution of the cosmological

problem. The radio flux of the Seyfert galaxy 3C120, for example, varies by up to a

factor of 3 at wavelengths between 2 and 10 cm(Pauliny-Toth and Kellerman 1968) which

may be correlated with variability on a similar time scale at optical wavelengths (Usher,

1972). Thus it behoves us to investigate the capabilities of ART and FST designs in

monitoring quasi-stellar sources, due to their cosmogonieal significance to cosmology.

The FST design is superior insofar as such a telescope can track one source for

extended periods of time in a day, and can reach a greater number. This must be

weighed against the advantage of the ART design with shorter observing times but1 which

can be built with larger aperture. The question, therefore, devolves once again to a

trade-off between r and D in Equation (5. 3). Let us assume that the source position

is well enough known that a single scan of the source is sufficient, and that we observe

only sources very much brighter than the confusion limit. The minimum detectable

flux at the confusion limit is found by solving the equation N = N for S by use
(j S ^

of Equations (5. 2) and (5. 6). We have
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I

N 4-C ,2+ an \n
S = I- -- __ (5.16)

v X °" * D2

o

whence at A = 3 cm it follows that

D2S/ /2=1.47.

This is the dashed line plotted in Figure 5. 6. To find the minimum detectable flux

limited by time, we substitute the appropriate expression for r into Equation (5.3).

From Section 4.3 (Equations 4.8 and 4.9) we have for a source at the equator

where we recall that AH is the hour angular duration of the observing time on one

or the other side of the meridian, and where we have taken C_, „ = 2 in order to give
— JbW

two scans over the source per day (This implies a time resolution for variability of

less than or about a day; a similar analysis would pertain for finer time resolution

for which the almucantar design has a clear advantage due to its greater collecting

area and because it becomes less hampered by its limited elevation steerability as

smaller time resolution is demanded).

For purposes of relative radiometry we take

A a = 8 / 3 = -2L -g- (5.18)

where 8 «vC is a little greater than the diameter of the area in which sources are .
k_-»

not confused (see Section 5. 1). For AH we choose the values listed in Table 5.2

.which cover the possibilities for an ART design of AZ =1° (i.e. AH < 4 min, on

either side of the meridian at the equator) and an FST design for tracking above a
r.

zenith angle of 60° (i.e. AH < 4 )
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Table 5.2

AH (A me)

4sec

SPC
24
4min

mm
40
.hours

4

AH (rad)

Tr/18000

7T/3000

7T/300

7T/30

7T/3

Design applicability to .

ART, FST

ART, FST

ART, FST

FST

FST :

From Equations (5.15), (5.16) and (5.4), the expression (5. 3) for the minimum

detectable flux in flux units as a function of D in meters becomes at A= 3 cm

c —
v

4.55

2 n—"—D J -±- + 3.27 AJ

(5.19')

D

which is plotted in Figure 5. 6 for values of AH given in Table 5. 2.

Figure 5. 6 once more demonstrates the superiority of the ART design.

Compare for example the minimum detectable flux S at the FST limit, with a

300 meter ART design, both at the confusion limit. S is smaller for the ART

design by nearly an order of magnitude, requiring 24 seconds of observing time

compared to 4 minutes for the FST design. This implies also that up to about a

factor of 10 more sources can be monitored by the almucantar telescope in the

same time.

Needless to say, the superiority of the almucantar telescope design is once

again a consequence of the fact that dish diameter is more important than integration
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time by a factor of 4 in the exponent, in reducing the minimum detectable flux.

The almucantar design is at a disadvantage however, if absolute flux measurements

of variable sources is required, unless standard sources are readily available in

the sky, or unless a reliable internal calibration source is available. Nevertheless,

standard celestial sources are a sine qua rion for absolute radiometry, whatever

type of telescope is being used.

5.5 Miscellaneous Considerations

We have evaluated the relative capabilities of ART and FST designs under

the assumption that a single on-axis receiver is used. It is conceivable that off-axis

receivers can be used, but this consideration is not taken into account because it

would not affect the relative performances of the two types of telescopes.

There are two considerations along these lines that should be mentioned however.

The first is that the ART design has the unique and desirable feature (as was pointed

out originally by Usher 1963) that the focus tower can be built directly upon the ground

(see Chapter 6 concerning a preliminary design proposal). Thus if a 'Cassegrain system is

used or even if the.: ;prime: focus is used, the installation of a multiple feed system

is more easily accomplished for ART designs since, one way or another, heavy

equipment at the focus rests directly on the ground and does not cause unnecessary

gravitational distortions of the dish.

The second consideration's that increasing the number of off-axis receivers

decreases the time necessary to reach the confusion limit. Thus the time T can be

replaced in the above equations by rT' where r = number of receivers. The full

implications of this need working out, but qualitatively the effect would be to move to

shorter wavelengths in Figure 5.4 and 5.5 the point where N = N for reasonable
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observing times. Thus multiple off-axis receivers are more urgently needed at

centimeter and millimeter wavelengths.

Finally we note that the dependence of the minimum detectable flux

-2 -1/2S ~ D ( T A v) on diameter D, integration time T and bandwidth Av is

such that a decrease in Ai> for spectral line work can be compensated more

effectively by an increase in D rather than an increase in r.
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6. A Preliminary Design Proposal

The results of Chapter 5 have shown the greater importance of dish size

compared to dish steerability for source monitoring and the cosmological problem.

We have seen how some degree of steerability is desirable to achieve some flexibility

in the use of the telescope. The question arises as to how these goals might be achieved

and the mechanical limitations and cost-effectiveness of the different possibilities.

The discussion here is by necessity of a qualitative yet heuristic nature.

von Hoerner (1967) has spelled out the natural limits (as against economical

limits) of a telescope. These are

1) Gravitational deflections

1/2
D = 100(A/5.3 K) ' (6.1)

O

(D in meters, X in cm) for telescopes tillable through Z = 90e with

K~ 1.2 to 1.8

2) Bearing stress limit

D •» 600 meters ' (6.2)

for large AZ.

3) Thermal deflections

Dt= 100 (X/2.4) (6.3)

for temperature differences of ~ 5°C.

4) Wind deflections

D=100(\/7.5) (6.4)

for survival conditions
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5) Maximum height limit

/- 1790 meters for steel
h ~ -I (6.5)[_ 3370 meters for aluminum

The first two limits are beaten by. the ART design, the first because the

telescope is not tilted. Therefore the second limit is overcome because there are

no bearings; the telescope weight is distributed over the ground without being vectored on

the bearings of the tilt axis. How a AZ >. 1° can be achieved will be discussed shortly.

The next two limits are beaten beaten by enclosing the structure in a radome or its

equivalent. Even so, a thermal gradient can exist, but this can be effectively eliminated

by forced air conditioning. Alternatively, an environmental telescope can be designed

to undergo homologous deformations under varying ambient temperatures (diurnal and

season) thus preserving its focusing properties, and its use would then be restricted

to low wind velocities.

We conclude that the only natural limit that exists for the ART design is the

last, which sets a limit on the maximum height that a structure can reach. For the

ART design, this is

D = h cosec Z (6.6)
MAX.

or from Equation (6. 5) for Z = 30°
JVLA..A.

r 2580 meters for steel
D= \ (6.7)

^ 6740 meters for aluminum

These values are so large that they approach the separations of the Cambridge,

England one-mile interferometer. (In fact the limits of Equation (6. 7) can be

increased even more by such schemes as filling the structural members with helium.)

The preceding discussion does not presume to suggest that a telescope of this

size be built. Rather it points out that there is effectively no limit to the size of an

almucantar antenna short of its maximum height.
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We consider next the question of the radome and how AZ ~ 1° (say) can be

achieved<that is additional to any AZ obtained by moving the feed.

In ART designs, the large diameters and the basic tilt of Z is achieved
JVLA..X.

by converting the entire support structure from an active to a passive role, and a

degree, of steerability is superposed as a perturbation (as it were) by introducing a

a movable surface structure which will accomplish the steering in elevation.

One can imagine, for example, coupled extensible rods, strong enough in a radome

m erely to support their own weight and that of the antenna surface, and resting upon

the gross passive infra-structure; this in turn rests directly on circular azimuthal

tracks on the ground to accomplish the desired steering in azimuth. In jfa'ots, such a

design would also enable the surface tolerance to be maintained to the 67% efficiency

predicted by the Ruze formulae (Ruze 1966) at AX~X/10, under whatever environmental

conditions might exist. (It is appropriate to note that one can also rely on this form of

active compensation to maintain surface tolerance 'in :the; -absences of a radome.)

Moreover the use of active compensation is most suitable for the antenna under

discussion here (see e.g. Rothman and Chang 1969) because of the large structural

size (for which homology methods for fully steerable telescopes may be either

uneconomical or impossible) and because the telescope can be non-environmental

(see the discussion of a radome below). The amount by which the extensible rods

must extend should be at most about D AZ, or about 500 cm for a 300 meter telescope

with AZ = 1°. For use at wavelengths of 8 mm, the tolerance on the compensating elements

would have to be less than about 1 mm. or about one part in 5000. Through the use of such

a low mass active compensation surface, accurate source location should be possible.
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The basic geometric simplicity of the ART design argues strongly in favor

of a radome, for two reasons. The first concerns the nature of the focus mount.

As we pointed out some years ago, a telescope fixed in elevation (or clearly also

one with limited steerability in elevation) can be designed with a focus tower built

directly upon the ground, thus not only freeing the surface support structure from

its distorting loads, but also enabling the azimuthal rotation to occur about it. In

a radome enclosure, the focus mount can then also serve (if necessary) as a means

of supporting the radome in the center, thereby enabling it to be larger in size.

Concerning the nature of the focus tower, it is clear that, just as the telescope has a

gross passive and small active structure, so the focus tower must have the same

properties, the active part being steerable to the same degree that the telescope is

steerable.

The second advantage of the natural simplicity of the ART design is that the

greater part of the radome can consist of the earth itself, since only those solid angles

in the sky that the telescope is designed to reach need be transparent to radio waves.

It seems entirely reasonable to suggest, therefore, that the telescope be built in a

hole in the ground where the earth protects it from wind and in which a temperate

environment is more easily maintained.

For reasons both mechanical and optical, a Cassegrain system is the preferable

design. A tiltable secondary mirror returns the converging beam to the base of the

telescope where it is more accessible, virtually fixed in position, and where heavy

equipment can be placed with impunity. Several options exist for the support of the

secondary; either it can be supported by a focus tower built directly on the ground,

or it can be suspended by cables in much the same manner as the prime focus feeds

are supported at Arecibo, thereby minimizing shadowing on the main reflector.
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Further advantages of a Cassegrain design have been spelled out by Christiansen

and Htfgbom (1969). With double mirror optics the focal ratio can be increased

to say f/1 or f/2 with a resultant suppression of coma in off-axis images. This

allows an increase in the number of receivers and consequently an increase in

observing efficiency. The full capacity for steerability in elevation can also be

ascribed to motion of the feed through the error-free field. The use of a Gregorian

elliptical secondary rather than a hyperbolic secondary protects the prime focus

from extraneous lateral radiation. Also the secondary focus feed points towards

the sky which is cold at short wavelengths, whereas a prime focus feed would

point towards the ground which is hot. In addition, the greatly enhanced ability

of the almucantar design to minimize deflections in reflecting surfaces is just

what is required for multiple reflecting systems such as a Cassegrain telescope.

Finally, we must deal with the only apparent advantage of a fully steerable

telescope over an almucantar design, viz. , its ability to reach a greater fraction of
3

the sky. For small D, the cost (it is believed) goes as D for a fully steerable

2
telescope, whereas it should go more like D for an almucantar design. But as D

increases, and as the natural limits on FST telescopes are approached, exponential

2
factors arise which send cost -» °°, whereas the D dependence should remain for

the almucantar telescope well past these limits. Almucantar telescopes are

economically justified not only for this reason however. A second practical article

of faith among economists is that mass production lowers the unit cost. So if this

abe true, the cost of sky coverage for almucantar antennas should go as nD where

n = number of telescopes, and where a. is probably « 2 when the cost of the active

steering mechanism in altitude is reckoned with. Whatever the precise form of this

dependence, the fact is that the basically simple geometry of an almucantar antenna
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system allows one to achieve complete sky coverage with a high resolution coherent

beam at a cost that does not approach infinity, but rather increases linearly with

the cost of a basically inexpensive unit. Furthermore, the payoff (in terms of

observational results) is immediate for source monitoring, source location and

source identification, by the almucantar telescope whereas for source counting to

cosmologically significant levels, the payoff comes after longer periods of time.

Yet as time goes by, the value of the results in the wavelength range considered are

incomparably better than those obtained after equal effort by the largest feasible

fully steerable telescope. Objectively speaking it is hard to argue at this point

with the apparent conclusion that almucantar telescopes should provide possibly the

greatest return for the least investment of capital.
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7. Concluding Remarks

We have made a preliminary evaluation of a highly complex and multi-

parametric problem, and clearly much work remains to be done. To begin with,

the formulations and calculations in this report need to be expanded to cover all

reasonable parametric combinations, and secondly, an engineering study should be

initiated to evaluate the mechanical problems. Other aspects that need exploration

are: (i) explore the possibility of interferometry by almucantar (and other) antennas

spaced appropriately in latitude and longitude; (ii) work out the details on slew rates

and tilt rates; (iii) evaluate the telescope's use as a radar instrument; (iv) determine

the affect of multiple off axis receivers.

In conclusion, we feel

(1) that the case for the almucantar antenna has been adequately demonstrated,

but that much work remains before a final verdict can be reached;

(2) that just as the concept of homology utilizes nature to advantage in

solving the problem of the small telescope, so the almucantar design

avoids brute-force methods, and employs nature to full advantage for

all telescopes,. large or small;

(3) that an almucantar telescope system is cost-effective;

(4) that almucantar telescopes employ the tested capabilities of present

technology and need not necessarily go through prototype and development

stages as would be the case, for example, with homology telescopes;

(5) that the solution for the best high gain telescope cannot be found until

the almucantar telescope is thoroughly evaluated.
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Figure 2.1

Celestial sphere showing the three cases described in the text i. e. ,
as the latitude of the observer increases, the north celestial Pole
falls (1) completely outside both the almucantars, or (2) between
them or (3) completely inside both. Sources lying within the shaded
area are accessible to observation on both sides of the meridian.
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Figure 2.2a

Sky coverage for an Infinitesimal beamwidth and partially and fully steerable
antenna, as a function of geographical latitude. See Figure 2.3 for aid in reading.
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i LATITUDE (DEGREES)
Figure 2.2 b

Sky coverage for an Infinitesimal beamwidth and partially and fully steerable
antenna, as a function of geographical latitude. See Figure 2.3 for aid in reading.
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Figure 2.2c

Sky coverage for an infinitesimal beam width and partially and fully steerable
antenna, as a function of geographical latitude. See Figure 2.3 for aid in reading.
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Figure 2.2d

Sky coverage for an infinitesimal beamwidth and partially and fully steerable
antenna, as a function of geographical latitude. See Figure 2.3 for aid in reading.
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Figure 2.3

Schematic representation of the family of curves in Figures 2.2(a-d) for
given Z... v and Z....,, showing the zones 1, 2 and 3 in which casesMAX. MIN
1, 2, and 3 of Equation (2.1) are applicable. Also shown are the inaccessible
circumpolar solid angles Aft in case 1 and An, in Case 3.
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Figure 2.4

Aitoff equal area projection of celestial sphere, showing the
instantaneous sky coverage for the cases A = 40°, Z = 30°
and 40°, and A = - 20° with Z = 30°, Also shown is the
Milky Way, the Magellanic Clouds and the ecliptic. Coordinates
are right ascension in hours, declination in degrees.
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Figure 2.5

Parameters defining the position and size of a
general small circle on the celestial sphere.
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Figure 2.6

Milky Way sky coverage as a function of geographical latitude for Z . = 30°,
60° and 90°. On the curves for Z , = 30°, 40° and 90° " the first40 MAX

discontinuity (indicated by a vertical line) represents the latitude at which the
highest declination reached by the telescope just passes the most northerly point
of the southern edge of the Milky Way. The second discontinuity represents
the latitude at which the highest declination reached passes the northern edge
of the Milky Way. The maxima are due to the relatively large area which is
added in the north between these points. On the Z = 60 curve the first
discontinuity represents the most southerly declination reached passing the
southernmost point of the northern edge of the Milky Way, while the second
discontinuity represents the northernmost declination passing the northern edge.
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Figure 3.1

Geometry on the celestial sphere for the hour angle function AH = H,-. -
for an observer centered on O at latitude A. AH gives die time (hour angle)
for a source to move from position Sj on one almucantar to position S2 on
another, neglecting atmospheric refraction.
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Figure 3.2

As in Figure 3.1, for azimutbal tracking
with a finite half power beam width 2 x.
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Figures.3a DECLINATION (Degrees)
Time AH (seconds) for which a point source is accessible under parametric conditions
on ZMAY and AZ stated on the graph, ft gives the percentage solid angle of the sky
accessible. AT and NAT in the case AZ = 0 refer to azimuthal tracking and no azimuthal
tracking (i,. e.mre transit) telescopes for HPBW /9 = 1 arc minute. Average values for AH
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Figure 3.3b DECLINATION (Degrees)
Time AH (seconds) for which a point source is accessible under parametric conditions on
ZMAX an° AZ stated on the graph. 0 gives the percentage solid angle of the sky
accessible. AT and NAT in the case AZ = 0 refer to azimuthal tracking and no azimuthal
tracking (i.e. pure transit) telescopes for HPBW /? = 1 arc minute. Average values for
AH are given In Table 3.I.
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Figure3.3d DECLINATION (DEGREES)
Time AH (seconds) for which a point source is accessible under parametric conditions on Z
and AZ stated on the graph. Ji gives the percentage solid angle of the sky accessible.
AT and NAT in the case AZ = 0 refer to azimuthal tracking and no azimuthal tracking (i.e.
pure transit) telescopes for HPBW 0-1 arc minute. Average values for AH are given in
Table 3.1.
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Figure 3.3e DECLINATION <5
Time AH(seconds) for which a point source is accessible under parametric conditions on
and AZ stated on the graph. 0 gives the percentage solid angle of the sky accessible,
AT and NAT in the case AZ = 0 refer to azimuthal tracking and no azimuthal tracking (1. e.
pure transit) telescopes for HPBW ft = 1 arc minute. Average values for AH are given in
Table 3.1.
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Figure3.3f DECLINATION (degrees)
Time AH(seconds) for which a point source is accessible under parametric conditions on Z
and AZ stated on the graph. Ji gives the percentage solid angle of the sky accessible.
AT and NAT in the case AZ = 0 refer to azimuthal tracking and no azlmuthal tracking (i.e.
pure transit) telescopes for HPBW /3 = 1 arc minute. Average values for AH are given
in Table 3.1.



M

3xl64

I03'

3xl(33

io-2-

3xltf2-

itf':

3x10"'

1 :

•

3

M

CM

0.03

• O.I

0.3

OJ-

.

i";
2 . :

1 •

O
, a 3 •

< :
10-=

.

30 -
• 10 :

100-=

30

- 100 >

NOMOGRAM

300

CM

M

3xl03-

-0.1

• 0.3 I03-

: co :
- 1 o

UJ
CO

3 3xl02-
0
a:

ho <

: * lo2"
L 100 -

30 -

; 0.3

; . co |o-- I uj
UJ.

- 3 o
UJ

: Q
^10 3-

} •-

FOR/?-^ :
0.3 -
M

F

•I04

.

3x1

:I0
3

.
•

•

- 3x1

•

-I02

•

•

• 3 0

:IO

• 3

"

• 1
F1

Figure 3.4

Nomogram for 0 = 4X/uD.



±30 ±60 i90

DECLINATION 6
Figure 4. la

The integration time F(6) per day per unit; half power beamwidth for
a point source in a range of right ascension Aor= A ar_ sec 6 under
the conditions indicated on the graph, where F(6) is
according to Equation (4.9).
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The integration time F(6) per day per unit half power beamwidth for a point source
in a range of right ascension Aor = Aa sec 6 vinder the conditions indicated on the
graph, where F(6) is calculated according to Equation (4.9).
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Figure 4. Ic
The integration time F(6) per day per unit half power beamwidth for a point source in a
range of right ascension Aa = Aa 6Q sec 6 under the conditions indicated on the graph, where
F(6) is calculated according to Equation (4.9).
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Continuum power spectrum for selected sources. Dotted lines
are surmised or interpolated.



I05

I03

(Ster-i)
I02

10

178 MH,

10"̂  10"' I 10 10*

Sv (FLUX UNITS)

Figure 5.2

An approximate representation of source counts at 178 MHz, 408
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Figure 5.4

The number of sources per steradian limited by confusion (N_) and by an observing

time of 1 year (N ) for an almucantar radio telescope (ART) of diameter 300 meters

and a largest feasible fully steerable telescope (FST) with diameter estimated from

an equation of von Hoerner (1967). . Maser capabilities are assumed and total noise

temperatures are given in Table 5.1. The observed solid angle of sky is 4.87 A.

steradians, 0 .01>A.>0 .3 . The point of intersection of the N and N curves
**** /**J \̂ i L

agrees with the value given by Figure 5.3. The function N assumes a homogeneous

Euclidean universe with mean spectral index of sources of a = 0. 75 and slope for the

log N-log S function of -1.5, which has been normalized to the data of Shimmins,

Bolton and Wall (1968). Cosmological model discrimination can occur for
-1 4N(ster ) > 10 sources. For project times that are a factor f greater than one year,

~ 3/4the N family of curves must be displaced upward (or downward) by a factor f ,

or 5.6 for f = 10.

Results show that almucantar telescopes outperform fully steerable ones in the

source counting problem for all A. < 50 cm, by ever increasing amounts as A.

decreases, for project times of 1 year or greater.
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Minimum detectable flux as a function of dish diameter for right ascension scans of about
8 half-power beamwidths at a wavelength of 3 cm, for durations of observation of
2AH per day. The confusion limit is shown as well as von Hoerner's value for the
largest feasible fully steerable dish at 3 cm. Curves with AH< 4h are applicable to
fully steerable dishes operating up to maximum zenith angles of 60°; curves with
AH < 4m are applicable to almucantar telescopes with AZ = 1°. The much larger
dish sizes realizable by the almucantar design clearly overcome any advantage that
accrues from full steerability.


