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APPENDIX A

Copyrighted by IEEE.

Reprinted, with permission,

from the IRE TRANSACTIONS on Antennas and Propaga-

tion, January 1961, Vol.

AP-9, No. 1, pg. 22-30,

The Stanford Microwave Spectroheliograph Antenna, a
Microsteradian Pencil Beam Interferometer*

R. N. BRACEWELLfY, reLrow, IRE, AND G. SWARUP?

Summary—A pencil beam interferometer has been constructed
at Stanford, Calif., with multiple beams of 3.1 minutes of arc width
to half power (0.8 microsteradian). It is composed of two equa-
torially-mounted, 16-element, Christiansen arrays of 3-m paraboloids,
each 375 feet long (1255 wavelengths at a wavelength of 9.1 cm). The
half power beamwidth of the fan beam of a single array is 2.3 minutes
of arc. To form the pencil beam, the two arrays are switched to-
gether as in a Mills cross. Frequency range is from 2700 to 3350 Mec.
Phase adjustment and monitoring are handled by a new technique
of modulated, weakly reflecting gas-discharges maintained. at the
focus of the paraboloids. Television-type scanning yields maps of the
sun (spectroheliograms) revealing fine details of the microwave
source regions in the chromosphere and corona. All the transient
bursts and a large fraction of the steady solar emission at 9.1 cm
prove to originate in a small number of highly compact centers,
whose brightness temperatures may exceed 5X10%°K. The sensi-
tivity of the instrument also allows the thermal emission from the
moon (250°K) and a number of galactic and extragalactic sources to
be studied with high angular resolution. Ilflumination of the moon by
terrestrial radar can be detected. The pencil beam interferometer
furnishes the finest beams currently available from pencil beam
antennas of any type. Examination of the fundamentals of extracting
high resolution details of a source from its radiation field indicates
the fitness of pencil beam interferometers, incorporating steerable
multielement arrays, for future development to higher resolving
power. Adequate technique of phase preservation over wide spacings
is available.

* Received by the PGAP, October 10, 1960. This research was
supported by the Office of Sci. Res. of the U.S.A.F., Air Res. and
Dev. Command, under contract AF 18(603)-53.

. 1 Radio Astronomy Inst., Radioscience Lab., Stanford Univer-
sity, Stanford, Calif.

I. INTRODUCTION

Y 1954 it had become clear that a new type of

pencil beam instrument could be built by com-

bining the principles of the Christiansen array
and the Mills cross. Practical feasibility of the one had
been demonstrated by Christiansen and Warburton [1],
[2] on a large, albeit economical, multi-element array,
and of the other by Mills and Little [2]-[5] on a scale
model designed for the purpose. [t was therefore possible
to plan an ambitious microsteradian pencil beam project
with confidence that the basic principles were sound, an
important prerequisite, because in each case objections
had been entertained that could only be removed by
test. The {ruits of the new project would be microwave
spectroheliograms, built up television-wise by scanning
the sun with the pencil beam. During the tenure of a
visiting professorship in the academic year 1954-55, in
the Astronpmy departnient of the University of Cali-
fornia, Berkeley, the senior author studied the design
of an instrument for a wavelength of about 10 cm. Exe-
cution of the design was proposed for Sydney (where,
however, it was decided to embark on a different but
similar project) and for California. The proposal [6] to
build the present instrument was submitted to the
Office of Scientific Research of the United States Air
Force in September, 1955,
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The purpose of the instrument was to study the
chromospheric microwave emission with a view to as-
certaining physical conditions in an optically trans-
parent region which is the seat of important solar dis-
turbance phenomena. Here, in the transition between
the corona and the outer chromosphere, occurs the
changeover between the steady optical sun and the spec-
tacularly variable meter-wave sun. While the meter-
wave radio emission is in itself fascinating, it is a sec-
ondary phenomenon associated with ejection of mat-
ter from lower levels. An attack on.the very little known
outer chromosphere therefore offered the possibility of
coming to grips with the central problem of solar ac-
tivity. In fact, as now appears, the maximum of emis-
sion from the active centers occurs around the selected
wavelength of 9 cm; at shorter wavelengths their lack
of opacity renders them less conspicuous, and at longer
wavelengths the opacity of the overlying corona ob-
scures them. In the vicinity of 9 ¢m the active centers
have been up to 30 times brighter than the quiet sun.

Section II gives the principle of the instrument and
Section II1 the basic design parameters. Section IV
gives physical details of the installation. Section V dis-
cusses the vital item of technique on which the whole
possibility of adjusting large arrays depends, namely the
measurentent, maintenance, and control of relative
phase over great distances. Section VI gives samples of
observations to illustrate the functioning of the instru-
ment; their astronomical significance will be discussed
elsewhere. Finally, in Section VII thesignificance of the
instrument for antenna practice is discussed, with at-
tention to possible future development to even greater
resolution.

II. Basic PRINCIPLE

Let an even number N of isotropic point sources be
arranged in a straight line, each spaced at a distance d
from the next. The field radiation pattern of one pair of
identically excited sources at a distance nd apart will be

2w . 27 .
exp [}T % nd sin p} + exp l:—i—)\——%ndsm p:l,

where X is the wavelength, and nd sin p is the path dif-
ference between two rays that make an angle p with the
plane perpendicular to the line of the array. This ex-
pression is equal to 2 cos[(m/\) nd sin p]. If now the
whole array is considered to be composed of 1N sym-
metrical pairs, all equally excited, the field radiation
pattern is proportional to

N-—-1

w
2 Z cos [w— nd sin pit
ne=1,3,6"-- A

This is the Fourier series for a periodic function of sin p
consisting of sharp fringes of the form '

. d .
sin (er N sin p)

d .
7 — sin
)\ ?

b

repeated with alternation of sign at intervals \/d. In
Fig. 1 this periodic function is plotted for N=16 and
d/nN=83.68. The abscissa is 3438 sin p, which is ap-
proximately equal to the angle between the ray direc-
tion and the median plane, measured in minutes of arc.

Aﬂnnﬂﬂﬂ“
uuvuuuv

Fig. 1—Field radiation pattern of 16-element
array (theoretical).

If now we sum the series by noting that the N exponen-
tial terms form a geometrical progression, we obtain the
following closed expression for the field radiation pat-

tern:
. d .
sin <N7r N sin p)

o5 )
sin|{ = — sin
17r)\1p

Now if the isotropic point sources are replaced by
identical extended elements, the field radiation pattern
of the whole is derived from the above by multiplica-
tion with the field pattern of a single element. The power
pattern is the squared modulus.

It will be seen that when the individual elements are
driven so as to track an object moving across the sky,
the radiation pattern is the product of a moving en-
velope and the fixed pattern that is periodic in sin p.
Thus the object will be scanned by the sharp fringes of
successive order, even though the individual antennas
are tracking it.

The potential fringes form small circles on the sky,
coaxial with the line of the array, in our case 167 in
number (about 160 usable), and may be evoked in any
neighborhood where the elements are pointed (Fig. 2).
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When one array is crossed with another the principle
of the Mills cross enters. Let the voltages received: by
each array separately from a point source in the direc-
tion (6, ¢) be respectively Vi(8, ¢) and Va(6, ¢). When
the two arrays are connected together in phase, the volt-
age reception pattern of the combination is Vi(0, ¢)
+ V28, ¢), and if then a half wavclength of cable is in-
serted into the second arm before connecting the two,
the pattern is V1(8, ¢) — V2(8, ¢). The available power is

[Vi(6, ¢) £ Va6, $)][V1 (8, ¢) + Va(6, 6)]%

Fig. 2—Potential fringes (small circles) of a multi-element array and
effective fringes (those enclosed within the outline representing
the pattern of a single element).

Fig. 3—Skew (heavy curve) and principal (broken curve) sections
through the beam of an untapered cross of point sources.

the plus sign referring to the first condition and the
minus sign to the second. I now the hall wavelength is
switched in and out-at an audiofrequency (in our case
450 cps), and the receiver pays attention only to the al-
ternating component of the available power, the re-
sponse of the system as a function of direction will he the
alternating part of the previous expression, namely

Vi(6, ¢)V2*(0, ) + Va(6, $)V1*(6, ¢).

Thus the power response of the system to a point source
is the scalar product of the voltage responses of the com-
ponent arrays.

If the arrays produce sharp fringes, the net power re-
sponse when they are switched together consists of pen-
cil beams at the fringe intersections. The principal sec-
tions through the beam, those taken in planes contain-
ing one or other of the arrays, have the character of
Fig. 1; s.e., the power response may contain the nega-
tive lobes characteristic of a field radiation pattern. Sec-
tions through the beam in other directions tend towards
shapes more usually associated with power patterns,
e.g., the 45° section is shown in Fig. 3 (heavy curve) in
comparison with the principal section. The magnitude
of all the sidelobes is shown in Table I which represents
one complete quadrant of one periodic cell of the recep-
tion pattern; the ruled lines are null loci. The concentra-
tion of the field-type pattern along the principal sec-
tions (bold type) is well shown.

Useful alternative explanations that may be given in
terms of sensitivity to spatial Fourier components of a
source distribution [7], [8] should be referred to for
dealing with refinements.!

! Such as, for example, the question of suitable array tapering,
which is still under discussion.

TABLE 1

LoBe MaxiMA FOR AN UNTAPERED CRrOsS oF POINT SOURCES
(PrincIpAL SrcTiONS IN BoLp TYPE)

6 |t [T |3 7|4 |7F |1
AR IR A O 2 S A B
7 2 | T+ 1T s E s

8 |2 1|1y F | d
10 2 1 1 1 3 I 1
13 32|11y |1
22 513 | 2 2 {211 1
100 22 |13 |10 | 8 |7 |7 |6
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111. Basic DEsiGN PARAMETERS

As a minimum resolving power for revealing detail
on the disk of the microwave sun, which has a diameter
of about 33 minutes of arc, a beamwidth of 3 or 4 min-
utes of arc is a reasonable objective. This is about one
milliradian. To obtain such a beamwidth an antenna
aperture of about 1000 wavelengths is needed, say 100
m at a wavelength of 10 cm. Over the whole of this
aperture the excitation has to be maintained constant
in amplitude and phase to known tolerances [7], [9],
[10] which, in the case of phase, require electrical and
mechanical stability to a small fraction of a wavelength.
The necessary stability of one part in 104 or 10® could
be achieved only with great effort if the aperture had to
be moved bodily to track the sun, especially in two di-
mensions.

The essence of Christiansen’s multi-element inter-
ferometer is that the aperture is split into an array, each
element of which tracks separately on its own modest
mount. However, in doing this, one introduces a pe-
riodic variation along the antenna that results in the
appearance of multiple beams; if there are N elements
in the array, the multiple beams will appear at intervals
of about N beamwidths.

The number of elements is consequently set by the re-
quirement that the spacing of the multiple beams shall
exceed the diameter of the object to be studied. Under

this condition there can never be more than one beam
~ on the object at any time and so the multiple beams can
cause no confusion. With a 3 minute beam and a 33
minute sun (36 minutes when the spread due to an-
tenna smoothing is allowed for) one could split the 1000-
wavelength array into 12 elements. To allow for de-
terioration of the beam from various causes a narrower
beamwidth was aimed for, however, and 16 elements
were adopted.

The size of the individual elements is limited to rather
less than the spacing of the elements; in fact unless
there is room to spare, the elements will shadow each

other when pointing out of the median plane (the plane
perpendicular to the line of the array). The clements
must be large enough that their combined collecting
area is adequate for reception of the part of the source
in the beam. While each element receives radiation
from the whole source, the adjustment of the array is
such that much of this energy is reradiated by other ele-
ments, only the contribution from within the 3-minute
beam being delivered to the receiver. Standard spun
aluminum paraboloids 10 feet in diameter and with 36
inch focal length were selected, and purchased f{rom the
Gabriel Company. Feed horns were designed for con-
servative illumination with low spillover, circular
beam, and wideband match; a reflection-compensating
window was incorporated in the prototype which was
developed by K.-S. Yang. Prodelin Inc. manufactured
the feeds complete with gooseneck waveguide supports.

Table 11 summarizes the design parameters for each
of two identical arrays: Table III presents parameters
of other existing multi-element arrays of related types,
with literature references for further details.

TABLE II
Basic DESIGN PARAMETERS OF EACH ARRAY

Latitude 37°24" N
Longitude 122°11"' W
Elevation- 20 m

Slope of north-south array

Number of elements

Element spacing

Over-all length between centers of end

50.5" (north end low)
16
25 feet (83.68\)

elements 375 feet (1255.20)
Operating wavelength (frequency) 9.107 em (3292.1 Mc)
Beamwidth to half power* 2.3
Peculiar interval 1.28'

Spacing of beams 41’
Diameter of paraboloid 10 feet
Beamwidth of paraboloid 2.3°

1257 feet? (117 m?)

3 X4 inches
_ <1.4from 2700 to 3350 Mc
T <1.1at 3292 Mc

Physical area of array
Feed horn dimensions
VSWR

* Theoretical valuc. From observations of the most compact solar
spots available so far, it has been verified that the beamwidth is less
than 2.5’. Under operation as a cross the half-power beamwidth is
3.1’ (theoretical value; observational verification so far, <3.3').

TABLE III
PARAMETERS OF EXISTING MULTI-ELEMENT ARRAYS*
Type Elements Present
Location Wavilfingth b o Beam size Sp;/c)x\ng ( 165 Ellg)t;l o) Mounting f SD;IWAEL
eam N Description (c/s)7!

Stanford 9.107 | Penail | 3.1'X3.1/ 1616 | 3 m dishes 83.68 1255.2 Equatorial 12

Fan 2.3'%X2.3° 16
Sydney [11]-[13} 21 Pencil | 3 X3’ 32X 32 5.8 m dishes 58 1800 Equatorial 2000

Fan 2'x2.5° 32
Nangay {14} 3.2 Fan 4'x1.7° 16 1.1 m dishes 50 750 Meridian 3000
Nagoya {15] 3.18 Fan 2.25'X1.6° 16 1.2 m dishes 86.05 1290 Equatorial 3000
Nagoya {16] 7.5 Fan 4.5"x4° 8 1.5 m dishes 86.00 602 Equatorial 4000
Ottawa [17]-[18] 10 Fan 1.2'X2° 5 one 46X0.6 m Vand | 450 1800 Meridian 3000

four 3m X 2.4 m dishes

Washington [19] 88 Fan 4.8'X15° 30 Helical antennas |22 640 Meridian 1000
Nangay [20] 177 Fan 3.8"%20° 32 5 m dishes 25 780 Meridian 10
Nancay [21] 177 Fan 7.5'%X16° 8 10 m dishes 62 435 Meridian
Santiago 171 Fan 4/ X60° 16 10-element yagis 47 700 Meridian 2000

* Other Christiansen arrays are being brought into operation in Berlin, The Netherlands, and the U.S.S.R. The 90-element array at
Pulkovo, USSR, which is of a distinct type, is designed for a fan beam 1/X 10’ at the zenith at 3 cm [30].
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IV. PrysicAL DEscCrIPTION

Each element of the array is mounted on a concrete
pier that rises 5 feet above ground level (Fig. 4). The
piers extend about 8 feet below ground with a diameter
of 30 inches. Bolted to the top of each pier is a machined
and scribed cast-iron base-plate which was oriented,
leveled, aligned and spaced before grouting. On the
base-plate is a cannon-shaped housing containing the
polar axle (324 X 3 inches) and an oil-filied double worm
reduction gear box (360:1). Keyed to the polar axle is a
yoke carrying the declination axle (283 X 3 inches), two
castiron brake bands, and a worm box (20:1). Two cast-
iron supporting arms keyed to the ends of the declination
axle carry an adapting structure that finally bolts to the
back-spinning of the paraboloid at four points on a 431-
inch square. The back spinning is a pan that is riveted
to the paraboloid on two circles about 68 and 23 inches
in diameter. Counterweight arms bolted to the sup-
porting arms give balance about the declination axis
and two other counterweights attached to the polar axle
bring the center of gravity down onto the polar axis at
a point roughly above the pier,

Paraboloid 104, diameter
31t focal length

IDrive rod

Fig. 4—Equatorial mount for the ten-foot paraboloids.

A mechanical drive system turns all the paraboloids
in unison about their polar axes at a tracking rate of 1°
per minute or a slewing rate of 5° per minute. Other
rates are available. Two drive shafts, which run the
whole length of each array, turn at 5 rpm (tracking) or
100 rpm (slewing) and have flexible couplings and bear-
ings at 12% foot intervals.

When tracking, all 32 units are turned by a 1500 rpm,
1 hp synchronous motor. The slewing motor is a 1200
rpm, 3 hp induction motor connecting into the drive
line through a differential, as shown in Fig. 5. The
synchronous drive is accurate enough for tracking the
sun, but evidently, whenever the slewing motor is used,
absolute position is lost. For this, and other reasons, a
further “correcting motor” is connected into the drive
line.

If, during the course of the day, it is necessary to
bring the antenna onto the sun, one first slews roughly
into position and then turns on the tracking motor. A
synchronous clock, that is never disconnected from the
electrical supply, remembers where the sun should be.
A subsidiary shaft S says where the antenna actually is,
and a differential D; shows the discrepancy with the
clock shaft on a counter. A switch on the counter
turns on the correcting motor in the correct sense to
cancel the discrepancy. The antenna is thus brought
automatically onto the sun, after which the tracking

east-west drive shaft

———————————
n
[ ]
Z
o
Slewing £
(525 rpm) é
£
S
[=4
! 0
| Correcting [m]
T (320 rpm)

240:1

Lo

Tracking

Fig. 5~~Mechanical drive system. Numbers on shafts give
speeds in rpm during tracking.
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motor continues alone; provision is made for automatic
slewing back at the end of a run and starting up on the
sun the next morning. A synchro-transmitter shown in
the figure conveys antenna position to the control con-
sole, where a digital indicator shows the “antenna
time” (the hour angle at which the antenna is pointed,
plus 12 h).

Corrections for equation of time are incorporated
manually from the control console by pulsing a rotary
solenoid that can insert a lead or lag in the clock shaft
through the differential, Dy. The pulses also drive a digi-
tal time indicator, and the correct number of pulses has
been sent when this indicator shows the sun’s meridian
transit time at Stanford.

This correction mechanism can also be used for set-
ting on objects with other transit times, and for track-
ing at nonsolar rates.

The two hour-angle limit switches are located. on a
dummy polar axle geared to the subsidiary shaft S.
They are readily accessible for resetting for special pur-
poses. Two further limit switches, defining the range of
safe operation, are actuated directly by the polar axle
within the cannon of west no. 1 unit and cannot easily
be changed; they are set to £4h 20 m. Shear pins on the
drive rods of each unit guard against accidents.

V. PuaseE TECHNIQUE

The crucial step determining the success of a large
array is the adjustment whereby the excitation of each
element is brought into the same phase. Each element
must also be excited with the same amplitude, but the
measurement of amplitude is not especially difficult for
a large array except insofar as the number of necessary
measurements is large.? There is a basic difficulty in
phase equalization over long distances, however, be-
cause the same absolute precision in fractions of a
wavelength is required regardless of distance. Measur-
ing to an accuracy of 1 mm in 50 m, 7.e., one part in
50,000, demands careful attention to mechanical sta-
bility, thermal effects, frequency stability, and all
measurement procedures.

Swarup and Yang [22] have described the method
originally used to bring the arms of the array into phase
adjustment. The method which has subsequently
proved most satisfactory [23] is to introduce a weakly
reflecting, modulated gas discharge at the mouth of the
horn of the element under test. When a test signal is
sent out from the receiver room a faint, but modulated,
reflection is returned from the electron cloud in the dis-
charge. The modulation frequency component in the re-

2 When a signal generator is connected in place of the receiver,
reflected waves will return from the elements themselves (due to
mismatch) and from transmission system components, such as tee
junctions. Some of this energy returns to the generator, but the
bulk of it is redistributed among the elements, thus upsetting the
amplitude of excitation. If the tee junctions are replaced by hybrid
junctions with a matched termination on the fourth port, all returning
i'cﬂections are absorbed. Excitation errors due to mismatch are then
ess.

ceiver output can be cancelled by combining the reflee-
tion with a strong quadrature reference signal, By slid-
ing a probe in a slotted section of waveguide one finds a
null setting that indicates the phase path to the dis-
charge. The method has adequate accuracy and sensi-
tivity for the present purpose, but is also susceptible of
refinements suiting it to more extreme applications in
the future. Phase path measurements through space by
Swarup and Yang [24] show that the figure of giant
paraboloids could be continuously monitored without
further ado. : :

Assuming that the phases of both arrays have been
adjusted, we would find the potential pencil beams at
the intersection of the fringes of the arrays. The fringes
of the east-west array lie in the directions where the path
difference is an integral number of wavelengths m, i.e.,
where

dsin p = m,

In'this equation, d is the spacing of the elements and p is
the co-distance from the west point of the horizon. The
number m is the order of interference of the fringes of the
east-west array; the zero order fringe lies in the meridian
plane. The fringes of the north-south array lie where

d sin ¢ = n\,

Here ¢ is the co-distance from the south point of the
horizon, and # is the order of interference of the fringes
of the north-south array, being zero on the east-west
vertical circle (the prime vertical).

In terms of hour angle H and declination 8, coordi-
nates forced on us'by the earth's rotation,

sin p = sinlH cos 6
sin ¢ = — cos A sin 6+ sin A cos 8 cos H,

where A is the observing latitude.

To carry out scanning operations, the location of the
fringes may be shifted by introducing. a linear phase
gradient along the north-south arm by means of phase
shifters. If the phase gradient is such that the phase
path from each element to the receiver exceeds that
from its neighbor to the north by ® meters, then the
fringes of the north-south array will be displaced to-
wards the south in accordance with the relation

dsin g = #\ 4 &,

Hence the location of the pencil beam of order (m, n)
will be given by

mA .
—— = sin H cos §,
d
uh + @ . .
~—~d——— = — cos'A sin 6 + sin A cos § cos H.

The following useful version of the formulas gives the
coordinates of the pencil beam of order (m, n):
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§ = sin™! (

\
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B } sin A
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mA
H = sin™! <—~—— sec 6>
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Values of § and I for various values of (m, #) have been
tabulated on an electronic computer.

To track with a pencil beam on a fixed declination as
time elapses, one must vary ® between scans. As an
example, the required change A® over an interval A
is given, on differentiation, by

A® = — dsin A cos 6 sin H AH.

To scan in television fashion, along parallel circles of
declination, an additional change in ® must be inserted
between scans, according to the required spacing in dec-
lination.

We know by the discrete interval theorem (Bracewell
and Roberts [25], Bracewell [26]) that the brightness
distribution across the sun is completely determined
by parallel scans spaced a distance \/Nd cos g apart.
Thus one can make N independent scans per unit of #,
and provision must therefore be made for NV path length
increments ¢ up to one full wavelength.

Of the various ways of inserting phase gradient we
have chosen to place separate phase shifters at each
element. They must then insert phase at rates propor-
tional to +1, £3, +5, - +15, in order to produce
equal increments between one element and its neigh-
bor.

The phase shifter is simply a piece of dielectric about
1 m long that can be rotated into and out of the strong
electric field along the center line of the waveguide. The
difference in phase delay between the extreme positions
is exactly one wavelength. The dielectric is turned by
a pulsed rotary solenoid through a gear that inserts the
required factor mentioned above. A cam gives a linear
relationship between the number of pulses to the
solenoid and the amount of phase. Eighty pulses insert
one half cycle into Number 1 unit, which changes ® by
one wavelength. At noon, five minus pulses (i.c., 75)
would be needed between successive scans, but as the
sun begins to cross the fringes, the number of pulses
alters, following a simple program. For example, for a
map beginning at 11 hours 09 minutes 37 seconds at
the equinox, the program is 9, 9, 8, 8, 7,6, 5, 5, 5, 4, 2,
3,2,1,1,0,79,79, 77, - - -, 2.79 minutes elapsing be-
tween each batch of pulses. The program can be punched
on a card, inserted in a matrix switch on the control
console, and followed automatically by a timer, or the
program can be sent out manually. It is also practical to
take maps with the unequal scanning intervals that
result when the phase shifters are not used.

V1. OPERATIONAL BrEnavior

Records taken with a single arm of the cross show
that the design parameters have been essentially re-
alized. Very sharp multiple beams have been observed,
up to about the 80th order, located at equal intervals of
sin p and in the calculated positions within about one
minute of arc. A record taken tracking Cassiopeia A
shows that the effective area remains substantially con- -
stant out to large hour angles, but that the beamwidth
increases progressively. The precise value of the beam-
width has not yet been measured for want of a source
of sufficiently small angular diameter. However, {rom
the fact that ten or more maxima and minima have on
occasion been observed within a half degree of the
sun’s diameter, it is clear that the beamwidth is ap-
proximately as planned. Occasionally, compact sources
appear on the sun that permit an upper limit to be sct
to the beamwidth; from such cases we have concluded
that the half power beamwidth of the east-west array
is less than 2.5 minutes of arc. The expected value is 2.3
minutes.

Fan-beam scans of the sun are shown in Fig. 6. The
repetitive character of the record is apparent and it will
be seen that the repetition interval just exceeds the
width of the sun. A transient event accompanying a
solar flare may be seen taking place in one of the active
centers.

R \ MMMW
: IIB“ UT. | l"lso"‘ ~ UuT | 2n
(a) (b)

Fig. 6—Fan beam scans of the sun; (a) showing much fine
structure, (b) showiug a burst in one active center.

The effective area of the east-west array is now about
15 m?; i.e., it is equivalent to a single paraboloid of
about 6. m diameter. With the sun receiver; whose noise
temperature is about 1500°K, this means that four or
five of the brightest discrete sources, and the moon,
have proved observable. Since at present the trans-
mission system has an efficiency of only 25 per cent,
there is a considerable margin in hand for high resolu-
tion studies of nonsolar sources, which can be exploited
with superior receivers.

When the instrument is operated as a cross and used
to map the solar emission, again it is apparent that the
design has been realized. The procedure of phase ad-
justment is more critical for the cross than for the single
arm, (Swarup and Yang [23]); and in fact the quality
of the maps is a rather seusitive indicator of maladjust-
ment. Fig. 7 shows a sample map, together with one of
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Fig. 7—A map of the 9-cm solar emission prepared from pencil beam
scans such as that along 4-4 (below), together with a fan beam
scan (above). May 30, 1960, 19-20h u.t.

the pencil beam scans and a fan beam scan taken after
the map was completed. The extent to which the 9 cm
emission., is dominated by the active centers is much
clearer from the maps than from fan beam scans. Se-
quences of these maps are being studied to obtain
physical data on the emissive regions at the levels from
. which the 9 cm radiation comes.

A record of the moon passing through the fan beam,
taken with a bandwidth of 300 Mc, is shown in Fig. 8.
Sequences of such scans are being studied for evidence
of monthly variation by D. Cudaback. Cudaback has
also examined the moon under conditions of microwave
illumination by a radar transmitter.

VII. DiscussioN

The instrument described in the preceding pages is
significant both for astronomy, to be discussed else-

1960°JUN 23

antenng temperature

T T

T
I5h20m i5h30m ur

Fig. 8—Record made by . Cudaback of a lunar passage through the
fan beam. The antennas were stationary and a wide band used
(300 Mc), so that the scansat #= +1 are reduced and dispersed.

where, and for antenna practice, with which we are
concerned here. The fierce demand for resolving power,
exerted from the beginning by the challenge of radio
astronomy, and the competitive international at-
mosphere in which it flourishes, has called forth tre-
mendous advances in antenna technique,'so that at the
present time the most refined antennas are those in the
hands of radicastronomers. The development has fol-
lowed several lines. In the category of pencil beam inter-
ferometers, to which our instrument belongs, the re-
solving power is unmatched in other branches of radio
science and technology where antennas are used. Even
higher resolving power is indeed attainable for special
purposes by the techniques of variable-spacing two-
element interferometry; but among pencil beam an-
tennas of all kinds, both fixed and steerable, and includ-
ing millimeter-wave paraboloids, the finest beams are
those furnished by pencil beam interferometers.

The demands of astronomy for resolving power are
not satisfied, however. A fruitful approach to the ques-
tion of resolving fine detail is to contemplate the radia-
tion field on the ground and to ask how the information
about the source that produced the field is spread over
the ground [27]. Fundamental to the problem are the
concepts of compléx coherence and principal solution. If
Fy and F, are the field phasors-at two points, the com-
plex.coherence I is defined as the normalized time aver-
age of the product FiF*; ie., D'={(FF*)/{(FF*),
and it depends only on the vector spacing of the two
points. One can show [7], [28] that I, as a two-dimen-
stonal function of vector spacing, is the two-dimensional
Fourier transform of the brightness distribution over
the source. However, the vector spacings represented
within a given antenna system, or accessible by variable-
spacing interferometry, cover only a finite area:; and the
Fourier transform of the part of T within this area repre-
sents the best approximation to the actual brightness
distribution (in the absence of outside information).
This distribution, which is encountered in the antenna
smoothing problem, is known as the principal solution
[7], [25]. (In the presence of errors such that the signal-
to-error ratio varies with spacing, as happens when re-
dundant spacings are embraced, there is a modification
to be allowed for [29]).

Two-element interferometry, or aperture synthesis,
in which the accessible vector spacings are occupied
sequentially, can be seen from this standpoint in its
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relationship to pencil beam scanning, where. the full
range of spacings is embraced simultancously, with
much redundancy. The pencil beam interferometer,
which is intermediate in character, avoids the slowness
of sequential occupation of stations, and is economical
as regards redundancy. It profits by the discrete inter-
val theorem for discrete sources [28], in that many
spacings may be left unoccupied.

These properties fit pencil beam interferometry, in-
corporating steerable multi-element arrays, for future
progress to higher resolving power; we'look forward con-
fidently to the appearance of giant arrays composed of
antenna units that are today considered large in them-
selves. The basic difficulty of coherence measurement,
preservation of relative phase over great spacings, is
under control by a technique that is not yet strained.
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APPENDIX B

Map explanation from the Descriptive Text,
Solar-Geophysical Data, February 1973.

9.1 cm Spectroheliograms -- Microwave spectroheliograms are made daily at the Radio-Astrgnomy
Institute, Stanford University, Stanford, California (37°23.9'N, 122°11.3'W) under the_d1rgct1on
of Professor R. N. Bracewell. This program is supported by The Air Force Office of Scientific
Research.

These spectroheliograms show the distribution of microwave emission over the sun's disk ‘as
~ observed with a pencil beam whose East-West width to half power is 3.1', and whose North-South
width varies from 3.1' in summer to nearly 6' in mid-winter (actual value 3.1' sec (38.2° - &)
at a declination & on the meridian). For a full description of the instrument and its response
see “The Stanford Microwave Spectroheliograph Antenna, a Microsteradian Pencil Beam Interferome-
ter", IRE Transactions on Antennas and Propagation, AP-9, 22-30, 1961, by R. N. Bracewell and

G. Swarup.

Since 1 January 1964 the maps have had 21 rows, each containing 25 temperature readings.
The original maps, prior to reproduction, have 10 characters per inch horizontally and 3 Tines
per inch vertically, as on a typewriter; the radius of the solar disk agrees with the inter-
national standard of 7.5 cm (2.95 inches). Two + signs at the bottom of the map are 15 cm apart
on the original. The center of the map, as fixed by absolute timing, is in the eleventh row,
between the units and tens digits of the thirteenth reading.

Each reading of microwave emission occupies three spaces, and refers to a point on the sun
centrally between the units and tens digits. The horizontal spacing of adjacent readings is
about 1.63"', and the vertical spacing is about 1.81'. Since the angular diameter of the sun
varies with the season by about 1.7 percent, more precise values are 0.3R/2.95 and 1/3 R/2.95,
where R is the sun's semi-diameter in minutes of arc taken from The American Ephemeris and
Nautical Almanac. Each reading thus refers to a solid angle of about 1.63 x 1.81 square minutes
of arc, or 2.50 x 10-7 steradians. We attempt to time our readings to better than 25 absolute
accuracy, or within about 0.5' at the worst in the horizontal direction. The precision with
which the rows of the map are positioned on the sun's disk is a certain fraction of the North-
South beamwidth, ranging from about 0.5' 49n summer to 1.0' in winter.

The reading printed on the map in the ith column and jth row is yij and the corresponding
brightness temperature in degrees Kelvin, to the resolution allowed by the instrument, is Cyij.
The unit C is currently 5000° K. (Before 1 July 1965, the unit C varied from day to day around a
value of 2000° K which was stated on the map.) The readings are normalized so that the flux den-
sity S of the whole sun is equal to the absolute measurement obtained the same day on 10.7 cm
by A. E. Covington at the National Research Council, Ottawa. No adjustment is made for the
difference in wavelength. The formula used is

_ 2 -5y [ R )2
2326 D Yig (250 x 107) (g5

-28 R \2 -2 -1
8.31 x 10 cz fy}.j (16_02) Wm~2Hz"2,
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where S is the flux density of the whole sun, k is Boltzmann's constant (1.38 x 10723 joules per
Kelvin), A(= 9.107 cm) is the operating wavelength, and R/16.02 is the ratio of the sun's semi-
diameter in minutes of arc to its mean. Active regions are emphasized by simplified contours;
intended as a visual aid to interpretation, the contours refer to the 50,000 and 100,000 K levels
on a smoothed map in which each reading is replaced by the mean of the nine values centered on
it. Negative readings which occur do so because of the sharp cutoff in the sensitivity of the
instrument to the spatial Fourier components of the source. The two-dimensional response pattern
of the instrument to a point source is

sinc 1gdx sinc 16d COSA(38.2° -8 )Y .

where sinc x = (sin mx)/mwx.

Flux densities of active regions may be calculated as follows. A point source on the sun
produces a peak excess brightness temperature T, (relative to the background temperature of the
adjacent quiet areas) from which the flux density S, of the source can be calculated using the
expression

2kT
S =5 92,

where Q is the effective solid anglie of the antenna beam.
Now © = (A/16d)* sec (38.2° - 8o ), where d(= 25.00 feet) is the antenna spacing. Hence

kTp sec (38.2° - 8o)
51 = 17802

1.85 x 10~27 Tp sec (38.2° - &g ).

Standardized spectroheliograms for the years 1964 through 1972 are available at Stanford Radio
Astronomy Institute, with virtually no gaps, in digital form on magnetie tape, or as mumerical print-

out, The contour charts in 15 cm diameter are also available from World Data Center A for Solar-
Terrestrial Physics.

183







UAG Series of Reports

Prepared by World Data Center A for Selar-Terrestrial Physics, NOAA, Boulder, Colorado, U.S.A.

These reports are for sale through the National Climatic Center, Federal Building, Ashevi!Tg, NC 28801,
Attn: Publications. Subscription price: $25.20 a year; $12.00 additional for foreign ma1}1ng§ s1ng1e
copy price varies. These reports are issued on an irregular basis with 6 to 12 reports being 1§sued
each year. Therefore, in some years the single copy rate will be less than the subscription price,

and in some years the single copy rate will be more than the subscription price. Make check or money
order payable to: Department of Commerce, NOAA.

Some issues are now out of print and are available only on microfiche as indicated. Requests for micro-
fiche should be sent to World Data Center A for Solar-Terrestrial Physics, NOAA, Boulder, Co 80302,
with check or money order made payable to Department of Commerce, NOAA.

UAG-1  "IQSY Night Airglow Data", price $1.75.

UAG-2  "A Reevaluation of Solar Flares, 1964-1966", price 30 cents.

UAG-3  "Observations of Jupiter's Sporadic Radio Emission in the Range 7.6-41 MHz, 6 July 1966
through 8 September 1968", microfiche only, price 45 cents.

UAG-4  "Abbreviated Calendar Record 1966-1967", price $1.25.

UAG-5  "Data on Solar Event of May 23, 1967 and its Geophysical Effects", price 65 cents.

UAG-6  "International Geophysical Calendars 1957-1969", price 30 cents.

UAG-7  "Observations of the Solar Electron Corona: February 1964-January 1968", price 15 cents.

UAG-8  "Data on Sg]gr-@eophysica] Activity October 24-November 6, 1968", price (includes Parts 1
and 2) $1.75.

UAG-9  "Data on Cosmic Ray Event of November 18, 1968 and Associated Phenomena", price 55 cents.

UAG-10 "Atlas of Ionograms", price $1.50.

UAG-11 "Catalogue of Data on Solar-Terrestrial Physics” (now obsolete).

UAG-12 "Solar-Geophysical Activity Associated with the Major Geomagnetic Storm of March 8, 1970",
price {includes Parts 1-3) $3.00.

UAG-13 "Data on the Solar Proton Event of November 2, 1969 through the Geomagnetic Storm of November
8-10, 1969", price 50 cents.

UAG-14 "An Experimental, Comprehensive Flare Index and Its Derivation for 'Major' Flares, 1955-1969",
price 30 cents.

UAG-15 "Catalogue of Data on Solar-Terrestrial Physics" (now obsolete).

UAG-16 “"Temporal Development of the Geographical Distribution of Auroral Absorption for 30 Substorm
Events in each of I0SY (1964-65) and IASY (1969)", price 70 cents.

UAG~17 "Ionospheric Drift Velocity Measurements at Jicamarca, Peru (July 1967-March 1970)", micro-
fiche only, price 45 cents.

UAG-18 "A Study of Polar Cap and Auroral Zone Maanetic Variations”, price 20 cents.

UAG-19 '"Reevaluation of Solar Flares 1967", price 15 cents.

UAG-20 "Catalogue of Data on Solar-Terrestrial Physics" (now obsolete).

UAG-21 "Preliminary Compilation of Data for Retrospective World Interval July 26 - August 14, 1972",
S price 70 cents.. - =

UAG-22 "Auroral Electrojet Magnetic Activity Indices (AE) for 1970", price 75 cents.

UAG-23 "U.R.S.I. Handbook of Ionogram Interpretation and Reduction", price $1.75.

UAG-24~ "Data on Solar-Geophysical Activity Associated with the Major Ground Level Cosmic Ray Events

' of 24 January and 1 September 1971", price (includes Parts 1 and 2) $2.00.
UAG-25 '"Observations of Jupiter's Sporadic Radio Emission in the Range 7.6-41 MHz, 9 September 1968
through 9 December 1971", price 35 cents.

UAG-26 "Data Compilation for the Magnetospherically Ouiet Periods February 19-23 and November 29 -
December 3, 1970", price 70 cents.

UAG-27 "High Speed Streams in the Solar Wind", price 15 cents.

UAG-28 "Co]]gcted Data Reports on August 1972 Solar-Terrestrial Events", price (includes Parts 1-3)
4.50. _

UAG-29 "Auroral Electrojet Magnetic Activity Indices AE (11) for 1968", price 75 cents.

UAG-30 "Catalogue of Data on Solar-Terrestrial Physics", price $1.75.

UAG-31 "Auroral E1ectroje§ Magnetic_Activity Indices AE (11) for 1969", by Joe Haskell Allen, Carl
C. Abston and LesTie D. Morris, National Geophysical and Solar-Terrestrial Data Center,
Environmental Data Service, February 1974, 142 pages, price 75 cents.




UAG-32

UAG-33

UAG-34

UAG-35

UAG-~36

UAG-37

UAG-38

UAG-39

UAG-40

UAG-41

UAG-42

UAG-43

"Synoptic Radio Maps of the Sun at 3.3 mm for the Years 1967-1969", by Earle B. Mayfield and
Kennon P. White III, San Fernando Observatory, Space Physics Laboratory and Fred I. Shimabukuro,
Electronics Research Laboratory, Laboratory Operations, The Aerospace Corporation, E1 Segundo,
California, 90245, April 1974, 26 pages, price 35 cents.

"Auroral Electrojet Magnetic Activity Indices AE(10) for 1967", by Joe Haskell Ailen, Carl
C. Abston and Leslie D. Morris, National Geophysical and Solar-Terrestrial Data Center,
Environmental Data Service, May 1974, 142 pages, price 75 cents.

“Absorption Data for the IGY/IGC and IQSY", compiled and edited by A. H. Shapley, National
Geophysical and Solar-Terrestrial Data Center, NOAA, Boulder, Colorado, U.S.A., W. R.

Piggott, Science Research Council, Slough, U.K., and K. Rawer, Arbejtsgruppe fiir Physikalische
Weltraumforschung, Freiburg, G.F.R., June 1974, 381 pages, price $2.00.

"Catalogue of Digital Geomagnetic Variation Data at World Data Center A for Solar-Terrestrial

Physics", prepared by Environmental Data Service, NOAA, Boulder, Colorado, July 1974, 20 pages,
price 20 cents.

"An Atlas of Extreme Ultraviolet Flashes of Solar Flares Observed Via Sudden Frequency Devia-
tions During the ATM-SKYLAB Missions", by R. F. Donnelly and E. L. Berger, NOAA Space Environ-
ment Laboratory, Lt. J. D. Busman, NOAA Commissioned Corps, B. Henson, NASA Marshall Space
Flight Center, T. B. Jones, University of Leicester, UK, G. M. Lerfald, NOAA Wave Propagation
Laboratory, K. Najita, University of Hawaii, W. M. Retallack, NOAA Space Environment Laboratory,
and W. J. Wagner, Sacramento Peak Observatory, October 1974, 95 pages, price 55 cents.

"Auroral Electrojet Magnetic Activity Indices AE(10) for 1966", by Joe Haskell Allen, Carl C.
Abston and Leslie D. Morris, National Geophysical and Solar-Terrestrial Data Center, Environ-
mental Data Service, December 1974, 142 pages, price 75 cents.

"Master Station List for Solar-Terrestrial Physics Data at WDC-A for Solar-Terrestrial Physics",
by R. W. Buhmann, World Data Center A for Solar-Terrestrial Physics, Juan D. Roederer, Univer=-
sity of Denver, Denver, Colorado, M. A. Shea and D. F. Smart, A.F.C.R.L., Hanscom AFB, Massa-
chusetts, December 1974, 110 pages, price $1.60.

"Auroral Electrojet Magnetic Activity Indices AE(11) for 1971", by Joe Haskell Allen, Carl C.
Abston and Leslie D. Morris, National Geophysical and Solar-Terrestrial Data Center, Environ-
mental Data Service, February 1975, 144 pages, price $2.05.

"H-Alpha Synoptic Charts of Solar Activity For the Period of Skylab Observations, May, 1973-

March, 1974", by Patrick S. McIntosh, NOAA Environmental Research Laboratory, February 1975,
32 pages, price 56 cents.

"H-Alpha Synoptic Charts of Solar Activity During the First Year of Solar Cycle 20 October,
1964 - August, 1965", by Patrick S. McIntosh, NOAA Environmental Research Laboratory, and
Jerome T. Nolte, American Science and Engineering, Cambridge, Massachusetts, March 1975,

25 pages, price 48 cents.

"Observations of Jupiter's Sporadic Radio Emission in the Range 7.6-80 MHz 10 December 1971
through 21 March 1975", by James W. Warwick, George A. Duik, and Anthony C. Riddle, Depart-
ment of Astro-Geophysics, University of Colorado, Boulder, Colorado 80302, April 1975,

49 pages, price §$1.15.

"Catalog of Observation Times of Ground-Based Skylab-Coordinated Solar Observing Programs",
compiled by Helen E. Coffey, World Data Center A for Solar-Terrestrial Physics, May 1975,
159 pages.

USCOMM~NOAA-ASHEVILLE--6-10-75-~950




